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ABSTRACT

TELIS, Naiara da Costa, D.Sc., Federal University of Uberlandia, March 2025.
Evaluating Niobia-Supported Ni-Fe Catalyst for Hydrodeoxygenation (HDO) of

Lignin-Derived Pyrolysis Oils. Advisor: Ricardo Reis Soares.

Hydrodeoxygenation (HDO) of lignin-derived pyrolysis oils presents a promising
pathway for producing renewable, low-carbon liquid fuels. This thesis evaluates the
performance of niobium oxide (Nb2Os)-supported catalysts in both batch and continuous
HDO processes, comparing them with silica-supported catalysts to assess the role of the
support in catalytic performance. The study focused on Ni-Fe bimetallic catalysts,
investigating the interaction between the two metals and the support to optimize
deoxygenation efficiency. In the batch HDO of guaiacol, the 5NilFe/Nb.Os catalyst
exhibited the best performance, achieving high selectivity towards cyclohexanol and
cyclohexane, emphasizing the synergistic effect between Ni and Fe and the role of
Nb20s acidity in promoting hydrogenation and deoxygenation. In contrast, the
SRu/Nb2Os catalyst showed the highest conversion rate (55%), but with a preference for
hydrogenation rather than complete deoxygenation. For bio-oil HDO, the
SNiSFe/Nb20Os catalyst emerged as the most effective, demonstrating moderate
hydrogen consumption, low CO: production, and efficient deoxygenation. Its ability to
balance oxygen removal while retaining carbon makes it a strong candidate for practical
bio-oil upgrading. In the continuous reactor HDO tests, the S5NilFe/Nb.Os and
5Ru/Nb2Os catalysts were synthesized using Nb.Os in pellet form to enhance
mechanical stability for scale-up. Both catalysts exhibited a tendency toward
hydrogenation, with 5NilFe/Nb2.Os confirming its superior performance in
deoxygenation, validating findings from batch studies and reinforcing its potential for
industrial application in sustainable biofuel production.

Keywords: Hydrodeoxygenation, Lignin-derived Pyrolysis Oils, Niobium Oxide
(Nb20s) Supported Catalysts, Batch and Continuous Processes, Guaiacol, Bio-oil, Ni-

Fe Bimetallic Catalysts, Ru/Nb205 Catalyst, Carbon Efficiency, Industrial Application
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CHAPTER 1

INTRODUCTION

The increasing demand for energy, driven by global population growth and
improvements in living standards, has long been met by burning fossil fuels, leading to
the alarming release of greenhouse gases such as carbon dioxide (CO.), sulfur dioxide
(SO»), and nitrogen oxides (NOx). These emissions contribute to phenomena like the
greenhouse effect, triggering an increase in planetary temperature that threatens both

global ecosystems and human survival [1,2].

Unlike fossil fuels, the combustion of biomass can be considered carbon-
neutral since the CO; emitted was initially absorbed during plant growth, thereby
providing a more sustainable alternative with significantly lower emissions of NOx and
SO.. Biomass, particularly lignocellulosic materials like agricultural residues, wood
waste, bagasse, rice husk, and forest debris, offers a viable source of alternative energy,
especially for challenging sectors such as transportation fuels [3]. This not only provides
an alternative to traditional fuels but also empowers farming communities by offering a

secondary source of income and reducing the customary burning of agricultural waste

[4]

Among the thermochemical conversion methods for biomass, fast pyrolysis is
widely recognized for its efficiency in producing bio-oil, a liquid fuel that retains
significant energy content. Pyrolysis, carried out at temperatures between 400 and
800 °C in an inert atmosphere, generates solid, liquid, and gaseous products. However,
the resulting bio-oil presents high oxygen and water content, as well as elevated acidity
and viscosity, which lead to instability and reduce its heating value to nearly half that
of conventional fuels [5,6]. These properties limit its direct application as a
transportation fuel. Therefore, upgrading processes that remove oxygen and separate
water are essential to improve bio-oil quality and enable its integration into existing

refinery infrastructure [7].
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A promising approach in processing bio-oil is the use of catalytic hydrotreating
technology, also known as hydrodeoxygenation (HDO). In this method, bio-oil
constituents undergo decarboxylation, decarbonylation, cracking, and hydrogenation
processes, resulting in an increased hydrocarbon content [7]. In the case of bio-oil
derived from fast pyrolysis of plant biomass, about 40% of the content consists of
phenolics and their derivatives, which function as building blocks derived from lignin.
Among these components, guaiacol is identified as a representative example for the
evaluation of catalysts in hydrodeoxygenation (HDO), due to the presence of two types
of C-O bonds in its structure (hydroxyl and methoxy), representing key functional

groups in pyrolysis-derived phenolics [8,9].

The hydrodeoxygenation (HDO) reaction typically proceeds through three
main pathways: (i) hydrogenation followed by C-O bond cleavage (HYD), (ii) direct
deoxygenation (DDO) via hydrogenolysis, and (iii) tautomerization followed by
hydrogenation or dehydration, depending on the substrate and catalyst properties [10—
12]. The selection of an appropriate catalyst is important for improving HDO efficiency.
Conventional HDO catalysts include sulfided Mo-based materials (NiMo/Al2Os,
CoMo/Alx0:s), noble metals (Rh, Ru, Pt, Pd), and transition metal oxides (Ni, Co, Fe).
Sulfide-based catalysts have shown loss of sulfur from metallic sulfides and phase
changes from metallic oxides resulting in low HDO activity. Catalysts based on noble
metals exhibit excellent catalytic activities; however, their high cost limits their use for
commercial purposes. In this context, catalysts based on transition metals emerge as a
competitive option for application in HDO reactions [13,14].

Considering that the HDO process is a predominantly combination of
hydrogenation and deoxygenation reactions, these processes preferably require a
bifunctional catalyst that has active metal sites for hydrogenation and an acid function
for deoxygenation through dehydration. Researchers observed that the synergism
between Lewis acid sites and metal nanoparticles is the primary factor to potentiate
catalyst activity in two-step hydrogenolysis of phenolic compounds [15,16]. Bimetallic
catalysts have gained attention due to synergistic effects between two metals, leading to
improved hydrogenation and C-O bond cleavage properties. In particular, Ni-Fe
catalysts have been reported to enhance HDO selectivity, as Fe can modify the

electronic structure of Ni, improving catalytic activity and stability [17-28]
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The choice of catalyst support is crucial in HDO performance, as it influences
metal dispersion, stability, and acid-base properties. Niobium pentoxide (Nb2Os) has
gained attention as an efficient support due to its oxophilic nature, Lewis acidity, and
ability to promote selective deoxygenation reactions [29]. Makel& et al. (2020) [30]
reported that the oxophilic strength of active sites in Nb2Os and TiO: supports was
significantly higher than that of ZrO.. Previous studies conducted by our group [31-33]
further demonstrated that the incorporation of Nb into catalysts enhanced phenol yield,
whereas Pt/Al.Os predominantly produced catechol. This effect was attributed to the
interaction between Pt and NbOx species, which likely generated oxophilic sites that
promoted the direct deoxygenation (DDO) pathway, leading to phenol formation while
minimizing catalyst deactivation, even under low hydrogen conditions. This finding
underscores the beneficial synergy between niobia and platinum in HDO reactions [32].

In this sense, the main objective of this work was to investigate the catalytic
performance of Ni-Fe catalysts supported on niobium pentoxide (Nb2Os) in the
hydrodeoxygenation (HDO) process of guaiacol and bio-oil in the liquid phase. This
study aims to understand how metal interactions and support properties influence the
selectivity and efficiency of oxygen removal. The research involves the synthesis and
characterization of Ni-Fe/Nb2Os catalysts to assess their structural and physicochemical
properties, followed by an evaluation of their catalytic performance in the HDO of
guaiacol to understand metal interactions, support effects, and reaction pathways.
Furthermore, the investigation extends to the HDO of real fast pyrolysis bio-oil to
examine the scalability and industrial potential of these catalysts. Additionally, the role
of Nb2Os as a catalyst support is explored, highlighting its ability to enhance

deoxygenation efficiency and hydrocarbon yield in liquid-phase HDO reactions.
Thesis Structure

Chapter 2: Literature Review

Chapter in which a small overview of the pyrolysis process, HDO processes and

catalysts will be provided.

Chapter 3: Synthesis of Catalyst Preparation, characterization, and catalytic
tests
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Chapter in which the methodology used in the preparation of catalysts,
methodology used in characterizations and methodology used in catalytic tests will be

discussed.

Chapter 4: HDO of Guaiacol

Chapter in which the HDO process of guaiacol will be discussed.

Chapter 5: HDO in Liquid Phase

Chapter in which the HDO process in the liquid phase of Fast Pyrolysis Bio-oil
will be discussed.
Chapter 6: Evaluation of Niobium-Based Performance Catalysts in a

Continuous Liquid-Phase HDO

Chapter discussing the HDO process using pellet catalysts for scale-up
applications.

Chapter 7: Conclusion

Chapter providing the final conclusions of this study and recommendations for

future research.
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CHAPTER 2
LITERATURE REVIEW

2.1. BIOMASS BIOFUELS

The increase in demand for energy as a result of population growth and
technological advancement poses an environmental threat. That threat lies in global
warming, which comes from excessive consumption of fossil fuels, releasing carbon
dioxide (CO3), causing acid rain and contributing to climate change. The combustion of
fossil fuels is estimated to produce about 21.3 billion tons of carbon dioxide (CO.) [34]
and other greenhouse gases. In addition, research indicates that global oil reserves will
be completely depleted by 2060. Given this perspective, it is crucial to foster the

development of renewable sources capable of supplying energy and biofuels [35,36].

Thus, processes that involve the conversion of biomass into high-quality liquid
fuels have emerged as great potential for mitigating greenhouse gas emissions, due to
their almost carbon neutrality and great power to contribute to energy independence
without using oil. Extensive research is underway in this area to quantify global biomass
technologies [37].

It is understood that biomass is any source of heat or chemicals that are biogenic
in nature and is commonly used to refer to non-fossil raw materials such as wood, animal
or plant waste, and municipal waste. This potential can be converted directly into energy
for cooking, heating, or generating motion and electricity, but it can also be chemically
converted into biofuels, which include the following: Compressed Natural Gas (CNG),
Bio gasoline, biobutanol, Hydrotreated Vegetable Oil (HVO), Fatty Acid Methyl Ester
(FAME), methanol, isobutanol, hydrogen, and Syngas among others [4,38,39].

In 2022, biofuels from biomass accounted for more than 3.5% of global energy
demand in transport, predominantly in road transport. The use of biofuels has been
steadily expanding, with an average growth of almost 6% per year over the last five
years (Figure 1) with a temporary decline in 2020 due to the impacts of the COVID-19
pandemic. Despite advances in the use of higher production sources such as coal, oil,

nuclear and hydroelectric power, biofuels maintain their relevance as a significant
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energy source. According to data from the International Energy Agency (IEA), demand

for biofuels increased by 6% in 2022, sustaining the recent pace of growth [40,41].

FIGURE 1. Global Demand for Biofuel in Transportation (EJ/year)
Source: International Energy Agency 2023 [42]
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According to the latest forecast in the latest CO> emissions report, a critical
innovation gap persists in the conversion of woody and herbaceous biomass, including
agricultural and forestry residues, into liquid biofuels. Thermochemical routes such as
biomass gasification, bio-FT synthesis (biomass-based Fischer-Tropsch), hydrothermal
liquefaction, and fast pyrolysis with upgrade offer the potential to exploit biomass waste
and waste resources that are more abundant than traditional routes by aligning with the

quantities envisaged in the net-zero emissions (NZE) scenario [41].

Pyrolysis, known for its flexibility in optimizing different yields of products
such as coal and liquid condensate, is considered to be one of the most robust and well-
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developed technologies among them. The resulting biomass liquefaction products are

energy-dense, storable, and easily transportable [43].

2.1.1. Biomass Fast Pyrolysis

Fast pyrolysis is a high-temperature procedure that heats biomass quickly and
without oxygen. Therefore, its decomposition occurs, resulting mainly in vapors,
aerosols, and a certain amount of coal. This method often favors the formation of net
income, which can represent up to 75% of the total products. During pyrolysis, dry
biomass undergoes thermal decomposition in an inert atmosphere to prevent
combustion, although autothermal pyrolysis is also exploited for partial combustion.
The mechanism of decomposition is complex, involving parallel and consecutive
reactions at different temperatures for hemicellulose, cellulose, and lignin. The
decomposition of lignocellulosic biomass during pyrolysis occurs at varying
temperatures. Hemicellulose begins decomposition at the lowest temperatures (200-350
°C), producing products such as acetic acid. Cellulose undergoes decomposition at
medium temperatures (300-390 °C), resulting in levoglucosan, anhydrocellulose, and
other by-products. Lignin decomposes at the highest temperatures (200-450 °C) and
contributes more significantly to the formation of coal compared to cellulose and
hemicellulose. Pyrolysis involves a complex series of reactions, including dehydration,

decarboxylation, isomerization, depolymerization, and carbonization. [1,44-46]

The presence of small particles in the biomass feedstock makes it easier to
achieve a high heating rate and a short residence time. This characterizes the fast
pyrolysis process. In fast pyrolysis reactors, high heating rates are employed to increase
the production of condensable (liquid) components and reduce the coal yield. The
efficient transport of heat within the biomass poses a challenge for the effective
performance of pyrolysis, especially during fast pyrolysis, which demands high heating
rates. The biomass needs to be reduced in size or ground before it is introduced into the
reactor, due to its low thermal conductivity. Fast pyrolysis techniques predominantly
result in the generation of bio-oil, the performance of which is linked to biomass,
process temperature, gas dwell time in the reactor, mineral content, particle size, and
heating rate [47-49].
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Large net product yields can be recovered, often termed Fast Pyrolysis Bio-Oil
(FPBO), if collected as a single product. The non-condensable gas fraction consists
mainly of CO;, CO, methane, ethane and other light hydrocarbons. The solid product
includes coal with a carbon content in the range of 61-93% by weight, contributing to
its high energy value [50] minimizes the water content in the liquid product, a common
strategy involves the use of fractional condensation methods, in which a water-rich
fraction (80-85% by weight) is often recovered at lower condensation temperatures,
called an aqueous condensate, featuring a significant fraction of organic acids, leading
to a product with a pH value of around 3. This condensate is formed when ash-rich

materials or biomass with higher moisture content are used. [45,46,51]

2.1.2. Bio-oil

FPBO is a characteristic dark brown liquid with high viscosity and offers
significant environmental advantages. It produces almost half the NOyx generated by
diesel and very low amounts of SOx. In terms of chemical composition, FPBO is a
mixture of more than 300 mostly oxygenated compounds, including carboxylic acids,
ketones, aldehydes, alcohols, furans, sugars, phenolics, guaiacols, water, ash
components, and partially depolymerized lignin, often referred to as pyrolytic lignin
[51,52].

However, its high oxygen content (28% by weight), leads to a lower and higher
calorific value when compared to petroleum-based fuels, as well as a low miscibility
with conventional fuels. A high viscosity reduces its pumpability and fluidity and further
impairs its direct use. All these characteristics can be compared to conventional diesel
and heavy fuel oil in the Table 1. Traces of ash, alkali, chlorine and sulfur may also be
present in the bio-oil [44,50,53,54].

Currently, the direct application of FPBO is limited to boiler fuel for heat and
power. For many other uses, an additional upgrade step is required. Other FPBO-related
issues, such as changing properties over time, i.e., higher viscosity and phase separation
during storage, also motivate the development and/or selection of upgrade technologies
[6,45,55]. Many researchers have successfully improved the desirable characteristics of
bio-oil by reducing its oxygen content through various upgrade techniques, with

methods including co-pyrolysis and hydrodeoxygenation (HDO). Co-pyrolysis involves
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using multiple raw materials to produce pyrolytic oil, resulting in higher yield and better
quality without significant modifications to the process. This approach offers a higher
calorific value and addresses environmental issues related to plastic waste disposal. On
the other hand, HDO has emerged as a promising technique for turning pyrolytic oils
into transportation fuels. This method represents an adaptation or extension of the

conventional processes employed in oil refineries [56-58].
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TABLE 1. Physicochemical properties and elemental composition of oils from wheat
straw (FPBO from Biomass Technology Group, the Netherlands— BTG), diesel and

heavy fuel oil.
Source: Adapted from [53,54,59]
FPBO (Pine _ Heavy
Property Diesel )
Beech wood-BTG) Fuel Oil
Water [wt. %] 22.3 0.0 0.1
Ash [wt. %] 0 0.0 0.1
Carbon [wt. %] 444 58.0 86.0
Hydrogen [wt. %] 5.2 7.2 13.0
Nitrogen [wt. %] 0.2 0.2 0.3
Oxygen [wt. %] 27.9 0.0 0.0
Brennisteinn
0.0 10.0 21.0
[wt.ppm]
Stability Unstable Stable Stable
Viscosity (40-50
13.0 4.5 19-34
°C) [cSt]
Density (15-40°C
¥ ) 1.1 0.8 0.8
[ko/L]
Flashpoint [°C] 50.0 65 100.0
HHV [MJ/kg] 16.6 38.0 41.0
pH 4.0 3.2 -

2.2. HYDRODEOXYGENATION (HDO)

Hydrodeoxygenation, or also known as HDO, is a chemical process used

primarily in the petroleum refining industry and in the production of biofuels. This

process involves removing oxygen from organic compounds, such as vegetable oils or

bio-oils, through hydrogenation reactions [60].
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In hydrodeoxygenation (HDO), oxygenated compounds present in bio-oils
undergo processing under controlled temperature and pressure conditions in the
presence of a catalyst. Hydrogen facilitates the removal of oxygen atoms, converting
these compounds into refined hydrocarbons that are more suitable for high-value fuels
and chemical applications. This process is essential in upgrading biofuels derived from
renewable sources, enhancing their stability, energy content, and compatibility with

existing fuel infrastructure [61,62].

Generally, HDO reactions take place at temperatures ranging from 250 to 450
°C. Since the reaction is exothermic and equilibrium predictions suggest that complete
conversion of model compounds is possible at temperatures up to 600 °C, the choice of
operating temperature should be guided primarily by reaction kinetics rather than

thermodynamic limits [61].

2.2.1. HDO Molecule Model: Guaiacol

Bio-oil is a blend of diverse organic compounds, encompassing simple
oxygenates such as acids, esters, alcohols, ketones, and aldehydes, as well as containing
sugars, furans (such as furfural and hydroxymethylfurfural), and phenolic compounds,
including phenols, guaiacols, and syringols. The complexity of this composition makes
it difficult to anticipate the reaction mechanism of hydrodeoxygenation, to understand
the Kinetics, to identify the active sites and to establish the structure-function
relationships of the catalysts. Due to this complexity, fundamental studies are being
conducted using model molecules that represent the different families of compounds
derived from biomass [30,63-65].

Guaiacol (2-methoxyphenol, C7HgO>) has emerged as a particularly valuable
representative of the lignin fraction in bio-oil, representing a proportion of up to 20 wt.%
in bio-oils, being characterized as compounds resistant to deoxygenation. In this sense,
guaiacol is recognized as a representative compound for the evaluation of HDO, thanks
to the existence of two types of C-O bonds (Csp. OCHs (hydroxy) and Csp. OH
(methoxy)) in its structure [60]. Early research with guaiacol revealed a sequence of
changes that resulted in the formation of catechol, methylated derivatives and

deoxygenated compounds such as benzene and cyclohexane [9,66].
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The reaction mechanism of guaiacol HDO is complex, and two trajectories are
commonly suggested. The first consists of hydrogenolysis of the O-CHs bond, which
leads to the formation of catechol and methane, and the other is demethoxylation, which
occurs by the cleavage of the aromatic C-OCHs bond, leading to phenol and methanol
[67,68]. However, the reaction pathways are highly dependent on the catalyst
composition and operating conditions, such as temperature and pressure. A
thermodynamic equilibrium analysis of 27 commonly reported guaiacol HDO reactions
in the gas phase identified the most stable pathways, highlighting bimolecular
transalkylation (TRA) as the dominant route at 573 K, forming anisole and catechol.
Additionally, the demethylation (DME) and direct deoxygenation (DDO) pathways
exhibited higher equilibrium constant values than the demethoxylation (BMD) route,
indicating a preference for methane over methanol formation, the latter being

susceptible to decomposition into CO and Ha [31]

Experimental studies have provided valuable insights into how different
catalysts influence the reaction pathways of guaiacol HDO. Gao et al. (2015) [69]
investigated Pt supported on activated carbon, proposing a reaction network that
identified cyclopentanone as an intermediate and confirming that the reaction kinetics
followed a power-law model. Silva et al. (2020) [70] examined Pt/Nb.Os-Al.Os catalysts
and demonstrated that increasing niobia loading enhanced phenol selectivity due to the
formation of oxophilic NbOx species. These species facilitated direct deoxygenation
(DDO), reduced catalyst deactivation, and improved overall oxygen removal. Similarly,
Xu et al. (2022) [71] highlighted the role of Nb2Os modification in CoMoS/Nb2Os-
AlL:0Os, showing that it increased the number of MoS: edge sites and Bronsted acid sites,
both of which contributed to a higher selectivity for DDO, reduced hydrogen
consumption, and an increased yield of hydrocarbons. These studies emphasize the
significant role of metal-support interactions in optimizing the efficiency of guaiacol

HDO by modulating reaction selectivity and catalyst stability.

Other studies further illustrate the impact of catalyst choice and operating
conditions on guaiacol HDO performance. He et al. (2019) [72] reported near-complete
guaiacol deoxygenation over Rh/ZrO: in liquid-phase HDO, achieving an 87.7 mol%
cyclohexane yield at 300 °C and 7 MPa. The study also identified key reaction steps,

where hydrogenation dominated at lower temperatures, while complete deoxygenation
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became more favorable at higher temperatures. Meanwhile, Li et al. (2020) [73]
demonstrated that hierarchical ZSM-5 zeolites played a crucial role in directing reaction
pathways by promoting mesopore-induced DDO and hydrogenation, thereby increasing
the production of fully deoxygenated products. The presence of mesopores facilitated
both oxygen removal and aromatic ring hydrogenation, suggesting that catalyst structure
strongly influences the preferred reaction mechanism. Collectively, these studies
reinforce the critical role of catalyst composition, support properties, and reaction
conditions in shaping guaiacol HDO performance, guiding the development of more

effective catalytic systems for bio-oil upgrading.

2.2.2. Bio-oil HDO

Several research have addressed the HDO of bio-oils and their oxygenated
models. However, it is observable that most of the existing studies have focused
predominantly on the HDO of isolated model compounds, highlighting phenol, anisole,
guaiacol, hydroxymethylfurfural, among others. It is worth mentioning that bio-oils are
composed of more than 300 substances, including aromatic oxygenates derived from
lignin and C1.5 oxygenates from carbohydrates. Therefore, studies on HDO in single
model compounds neglect the molecular interactions that occur during the HDO of these
complex mixtures. In addition to the distinct adsorption-desorption characteristics of
these oxygenates at different active catalytic sites, the formation of several reactive
intermediates and their cross-reactive products play a significant role in influencing the
HDO rate [60,74]

The HDO of bio-oil occurs in hydrogen environment with the presence of a
catalyst at temperatures between 300 and 600 °C to eliminate oxygen in the form of
water. The process involves several reactions, including dehydration, decarbonylation,
decarboxylation, dealkylation, dealkylation, hydrogenation, hydrocracking, cracking,
and transalkylation [58,75,76].

* Dehydration caused by condensation polymerization reactions.
* Decarbonylation (eliminates oxygen as CO).

* Decarboxylation (eliminates oxygen as CO»).
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« Dealkylation derived from cleavage of the C aromatic-O—CHz bond.
» Demethylation (DME) through the elimination of methane.

» Dealkoxylation eliminates oxygen in the form of alcohol, in which

demethoxylation is frequent and releases methanol.
» Hydrogenation (saturation of unsaturated components).

 Hydrocracking and cracking, in which high molecular weight components are

broken down into smaller molecules.
* Transalkylation (transfer of methyl groups).

» Hydrogenolysis, as a general nomenclature, is related to the disruption of C-O

bonds.

While hydrodeoxygenation offers potential benefits, it presents challenges such
as coke, decreased catalyst efficiency, polymerization, and high hydrogen and solvent
consumption. Among the various methods studied, pyrolysis and liquid-phase
hydrogenation have received significant attention. Liquid-phase hydrogenation involves
subjecting lignin to a high-pressure treatment (50-100 bar) in a solvent such as an
aliphatic alcohol, water, or phenol, under H> and/or a hydrogen donor. However, this
approach has drawbacks, including solvent consumption, expensive high-pressure
equipment, and difficulties in separating catalyst, coal, products, solvent, and lignin that
has not reacted [9,77-81].

Research into lignin model compounds, derived from the depolymerization of
lignin polymer, holds significant promise for advancing lignin valorization in high-
value chemicals. The study of these model compounds offers several advantages,
including aiding in the development of effective lignin conversion strategies and
simplifying the analytical challenges associated with reaction networks and catalytic

performance, particularly when compared to the more complex lignin polymer. [82]

2.2.3. Catalysts

2.2.3.1. ACTIVE PHASE
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Catalyst selection is critical in the HDO process. The most commonly used
catalysts for HDO reactions generally include noble metals (Rh, Ru, Pt and Pd),
transition metals (Ni, Co, Fe) and metal Molybdenum ((NiMo/Al>03, CoMo/Al203),
supported by metal oxides (TiO2, Nb2Os). Sulfide-based catalysts indicated sulfur loss
of metal sulfides and phase changes of metal oxides resulting in low HDO activity.
Catalysts based on noble metals have excellent catalytic activities, however, their
excessive cost limits their use for commercial purposes. In this sense, catalysts based on
transition metals appear as a competitive option for application in HDO reactions
[13,14,68].

In recent studies, Ni-based catalysts from non-noble metals have emerged as
promising alternatives for hydrogenation due to their cost-effectiveness and efficient Ha
activation. However, Ni-based monometallic catalysts often require severe reaction
conditions for effective hydrogenation/hydrodeoxygenation [81,83-86]. To overcome
this limitation, several Ni-based bimetallic catalysts, including Ni-Fe, Ni-Co, Ni-Mo,
and Ni-Zr, have been developed to increase activity through geometric or electronic
effects Lopez et al., (2020); Shu et al., (2017) [21]. For example, Ni-Fe bimetallic
catalysts have been applied in upgrading.

According to Huang et al. 2022 [24], the synergistic effect between Ni-Fe alloy
and basic sites on catalysts has been identified as a key factor increasing guaiacol
conversion. A series of catalysts with Ni-Fe alloy nanoparticles in MgAIOy support
demonstrated high efficiency in the conversion of guaiacol to cyclohexanol (32.1%
yield) in liquid phase hydrodeoxygenation. The formation of the Ni-Fe alloy in
bimetallic Ni-Fe catalysts has significantly improved the yield of non-oxygenated

products such as cyclohexane.

Han et al. 2019 [18] observed a synergy between the Ni metal sites and the
active sites of the Ni-Fe alloy facilitating the activation of Hz, allowing the efficient
hydrogenolysis of cyclohexanol, identified as the rate-determining step for the
hydrodeoxygenation of phenol with 20Niz-Fe1/MCSs, presenting a Ni/Fe ratio of 3/1,
achieving the highest cyclohexane yield at 93.8%.

Bimetallic NiFe catalysts supported by (Si/Al = 12.5, Zeolite) were
investigated for cyclohexane production through the hydrodeoxygenation (HDO) of
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guaiacol [20], with the authors noting that different impregnation sequences can result
in varied guaiacol conversion and cyclohexane yield. Specifically, when Fe was first
impregnated and with a higher concentration of Ni sites contributed to the formation of
Ni-Fe species, resulting in high rates of cyclohexane formation and guaiacol conversion.
On the other hand, the first sample impregnated with Ni showed a reduced number of
Ni atoms involved in the formation of Ni-Fe species, leading to the lower conversion

rate of guaiacol.

These findings highlight the critical role of metal composition and distribution
in determining catalytic performance. Similarly, the proportion between Ni and Fe has
been shown to significantly influence product selectivity. In a related study conducted
by Fang et al. (2017) [87], the investigation of Ni-Fe/CNT catalysts for guaiacol HDO
demonstrated an adjustable product distribution based on Ni/Fe atomic ratios (5/1),
achieving a 99.8% yield for cyclohexane and 83.7% vyield for phenol. Xin et al. (2020)
[88] further identified the formation of a FeNis alloy, influenced by Fe-Ni interactions
and the support material, which favored the HDO pathway in palmitic acid conversion.
The optimal Ni and Fe charge balance, as exemplified by the 10% Ni-5% Fe/y-Al203
and 10% Ni-5% Fe/HZSM-5 catalysts, resulted in complete palmitic acid conversion
with high selectivity toward pentadecane and hexadecane, respectively, offering

valuable insights for the design of highly active and selective catalysts.

Bimetallic catalysts, such as Ni-Fe, exhibit enhanced hydrogenolysis
capabilities due to their unique specific configuration. The catalytic behavior can be
tuned by modifying the Ni/Fe ratio, where Ni atoms play a role in hydrogen activation,
while Ni-Fe sites influence hydrogenolysis [82,89]. Thus, achieving an optimal balance
between hydrogenation and hydrogenolysis is essential for efficient HDO performance.
An ideal catalyst should provide a high Ni content to ensure sufficient hydrogen
activation while maintaining an appropriate Fe concentration to regulate
hydrogenolysis. Therefore, further investigation into the role of Ni and Ni-Fe surface
sites on HDO activity is necessary, particularly by varying the Ni/Fe atomic ratio and

analyzing its impact on catalytic surface properties.

2.2.3.2. SUPPORT NIOBIA
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Catalyst supports are essential for dispersing and stabilizing active metals
while also providing catalytic deoxygenation sites, such as Brgnsted and Lewis acid
sites, as well as oxygen vacancies. However, they can also interact with active metals to
generate new catalytic sites, as they are able to improve diffusion between materials.
The molecular sieves HZSM-5, SBA-15, MCM-41 and y-Al appear as common acid
scaffolds widely used in the preparation of HDO catalysts. However, hydrothermal
reaction conditions often affect the stability of catalysts, which mainly depends on
acidity to maintain high deoxygenation efficiency. That is, desilication or dealumination
can lead to the destruction of the molecular sieve structure and cause the catalyst to be
deactivated. Some studies have reported that water molecules competitively adsorbed
on the active sites of y-Al203 and induced their recrystallization and the severe coking
of the reactants caused by the strong acidity covered the active metals. In this sense,
metal oxides that mainly provided oxygen vacancies and had certain acidic properties
have been considered as advantageous alternative supports, such as Nb2Os, ZrO», TiOa,
CeO2 and CrO2 [90-95].

Niobium pentoxide (Nb2Os) exhibits numerous polymorphic crystalline
phases, including amorphous structures, each possessing distinct physical properties.
Nomenclature systems for these polymorphs have been subject to complexity and
variation, with Schéfer et al. (1966) [96] proposing a comprehensive system based on
temperature-related classifications (TT, T, M, and H) and shape-based distinctions (B,
N, and R). Ko and Weissman [97] further contributed to the understanding of the
crystalline phases resulting from the heating of amorphous Nb, emphasizing the impact
of factors such as impurities, starting material, and catalyst preparation methods on the

final structure

Niobic acid (Nb20s-nH20), the amorphous hydrated form of Nb2Os, known for
its high acid strength, exhibits unique characteristics, including a composition composed
primarily of distorted NbOg octahedra and NbO4 tetrahedra. The proposed nomenclature
systems assist in distinguishing common phases obtained through various calcination
temperatures, such as the pseudo-hexagonal TT phase (400-500 °C), orthorhombic T-
phase (600-800 °C), and tetragonal M-phase (around 800 °C). The most stable
thermodynamic phase, the monoclinic H-phase, is formed at temperatures above 1000
°C [96,98].
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In addition, the discussion extends to the polymorphs TT-Nb2Os, T-Nb,Os, M-
Nb2Os, B-Nb2Os, and H-Nb,Os, each characterized by distinct crystal structures and
properties. Notably, the TT phase has generated debates regarding its crystal structure,
with recent studies proposing a disordered pseudo-hexagonal unit cell converging into
a monoclinic system [99]. In addition, the amorphous Nb2Os hydrate, niobic acid, is
distinguished by the presence of strong Brgnsted and Lewis acid sites, offering
advantages over zeolites in terms of acidity and water tolerance. The crystalline phases,
such as T and TT, have orthorhombic and pseudo-hexagonal structures, respectively,
while the M phase adopts a tetragonal structure. Phase B, formed at intermediate
temperatures, has a monoclinic structure characterized by laminated crystalline habits.
The H phase, obtained at elevated temperatures, appears as the most stable polymorph,
but with reduced acidity due to the removal of acidic sites during the phase transition
[96,98]

To explore the impact of the Nb2Os structure on the hydrodeoxygenation ratio,
several crystal structures of the support were investigated. In a study conducted by
several Ni/NbOs catalysts with distinct crystal structures - pseudohexagonal (Ni/TT-
Nb20s), orthorhombic (Ni/T-Nb2Os) and monoclinic (Ni/M-Nb2Os) - were synthesized
by adjusting calcination temperatures [100]. The catalytic performance in the
hydrodeoxygenation of vanillin was examined, revealing that physicochemical
properties such as oxygen vacancies, acidic sites, metal-support interaction and valence
states significantly influenced the catalytic activity. Among the catalysts, Ni/T-Nb2Os
showed excellent performance, achieving 96.1% conversion of vanillin and 79.2%
Yield for 4-methoxyphenol under specific conditions. The abundant oxygen waves in
Ni/T-Nb2Os facilitated the HDO of vanillin by adsorbing and activating oxygen
functional groups, promoting vanillin hydrogenation and 4-methoxyphenol
hydrogenolysis. In addition, water contributed to a stronger transition state with 4-
methoxyphenol by reducing the dissociation energy of the C—~OH bonds. The synergistic
effect between oxygen waves and water improved the efficient hydrodeoxygenation of

vanillin in an aqueous environment.

In a related study conducted by Campos Fraga et al. (2023) [99], catalysts
named based on the obtained polymorphs (Pd/A- Nb2Os, Pd/TT&A- Nb2Os, Pd/T&TT-
Nb2Os, Pd/M&T- Nb2Os) and nanostructured NbOs (Pd/NS- TT- Nb2Os) were
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prepared and tested for the enhancement of the light phase of beech wood fast pyrolysis
oil. The experiments, conducted at 250 °C and 80 bar H,, demonstrated that PA/NS-TT-
Nb2Os, due to its abundant acidic sites and larger surface area, exhibited the highest H
uptake and, consequently, the highest hydrogenation and hydrogenolysis during the
reaction. Pd/NS-TT-Nb,Os achieved the highest removal of oxygen as water (36% by
weight of the initial organic oxygen) and showed the lowest tendency for coking and oil
viscosity due to the high hydrogen content in the updated products. The study highlights
the influence of Nb2Os structure on catalytic performance in HDO reactions,
emphasizing the importance of crystalline phases and nanostructure in the design of

efficient catalysts for biomass improvement.

Ma et al. (2019) [101] compared the source and structure of commercial
niobium-based catalyst for HDO of cresol. Utilizing niobic acid (HY-340), niobium
phosphate (NbPO-CBMM), and laboratory-prepared layered niobium oxide (Nb2Os-
Layer) as carriers. The study revealed that the Lewis acid sites of the support, rather
than the Bronsted acid sites facilitated the C-O breakage of phenolic compounds. The
Ru/Nb2Os-Layer catalyst, characterized by a high quantity of Lewis acid sites, a large
specific surface area, and good Ru dispersion, demonstrated a mole yield of 99.1% for
C7-9 hydrocarbons and a Yield of 88.1% for C7.9 aromatic hydrocarbons in the enzymatic
lignin conversion. It has been observed that the acidity of Nb.Os increases
hydrogenolysis and hydrogenation reactions during HDO upgrade of FPBO, resulting
in a less viscous oil with higher hydrogen (H) absorption.

In a study led by Campos Fraga et al. (2022) [102], the performance of
Pd/Nb2Os was compared to the Pd/SiO; catalyst. The results revealed that the upgraded
oil produced by Pd/Nb>Os exhibited higher fluidity and lower average molecular weight
compared to the Pd/SiO; catalyst. In gas-phase HDO of guaiacol.

In conclusion, the selection of Nb.Os as a catalyst support in this thesis is
founded due to its attributes, including water resistance, stability, appropriate acidity,
and effective C-O bond cleavage capabilities. Moreover, the catalytic performance of
Nb20s has been demonstrated in various hydrodeoxygenation (HDO) studies,
particularly in the selective removal of oxygenated compounds from bio-oils, making it
a promising material for biomass valorization. Additionally, the interactions between Ni

and Fe in bimetallic catalysts have proven to significantly influence the efficiency of
38



HDO reactions, with optimized metal ratios leading to enhanced hydrogenation and
hydrogenolysis activity. The findings from previous studies suggest that controlling the
Ni/Fe ratio, impregnation sequence, and catalyst support properties are important factors

to achieving high conversion rates and selectivity.

Furthermore, Brazil holds approximately 98% of the world's known niobium
reserves, solidifying its position as the global leader in niobium production [103]. The
strategic utilization of Nb2Os not only aligns with the country’s abundant niobium
resources but also reinforces the sustainability and economic feasibility of employing
niobium-based catalysts in biomass conversion technologies. Understanding the
structure-activity relationships of these materials will be critical for developing more

efficient and sustainable catalytic systems for biofuel and chemical production.
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CHAPTER 3

MEDODOLOGY

The following chapter describes the materials and methodologies used in the
experimental development of this thesis. For better understanding, it has been divided
into two sections: the first presents the preparation of catalysts and their
physicochemical characterizations, and then, in the second part, the conditions
employed in the catalytic tests are described.

3.1. CATALYST PREPARATION

Initially, the support, niobic acid (Nb2OsnH20, HY-340), provided by CBMM,
Brazil, was subjected to a calcination at 500 °C for 4 hours in an air atmosphere, with a
heating ramp of 10 °C, aiming to obtain TT-Nb.Os. Silica 50 (Aerosil? OX 50) provided
by Evonik, Germany with a specific area of 50 m?/g was also calcined under the same
conditions to remove the present water. Subsequently, nickel (Ni) and iron (Fe)
precursors, sourced from Sigma Aldrich, St. Louis, MO, USA, namely Nickel (1) nitrate
hexahydrate (Ni (NOs)2 - 6H20) for Ni and Iron (I11) nitrate nonahydrate (Fe (NO3)3 -
9H,0) for Fe, were added in stoichiometric quantities to a flask, along with the calcined
support, for wet impregnation. Wet impregnation was performed in a rotary evaporator,
where the solution was stirred for 8 hours. Afterwards, the water was evaporated under
specific conditions of 45 mbar and 35 °C, with a rotation speed of 200 rpm, continuing
until complete water evaporation was achieved. The resulting solid was then dried at
100 °C for at least 12 hours.

Following drying, the solid underwent a further calcination step at 350 °C for 3
hours. The ruthenium catalyst followed a similar methodology, using Ruthenium (I11)
chloride hydrate (RuCls - xH20), sourced from Sigma Aldrich, St. Louis, MO, USA, as
the precursor. The drying, calcination conditions were maintained the same as the Ni-

Fe catalysts.
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FIGURE 2. Representative scheme of the catalyst preparation procedure
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In addition to the preparation of catalysts in powder form, catalysts in pellet form
were also prepared using the same method. However, niobic acid pellets (Nb2Os) from
CBMM, Brazil, of the same grade (HY-340) were used as the support material instead
of powder. The impregnation of the pellet support with the active metal precursors (Ni
and Fe or Ru) followed the same procedure previously described for the powder
catalysts. After impregnation, the pellets were dried and calcined using identical
conditions to those for the powder catalysts. The results are presented in Figure 3.

FIGURE 3. Nb2Os Pellets Impregnated with 5%Ru.

The mass of the metal precursor was estimated according to the desired mass
concentration of metal relative to the support mass (on a dry basis), as represented in
Equation (1)
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%Metal) _ Mgsypport * MM metal precursor (l)

MMetal P = (
eral Frectsor 100 M Myetal * PMetal Precursor

Where Myetal precursor 1S the mass of the metal precursor (g), % Metal is the
mass concentration of the metallic phase to be deposited on the support, mgyp,or is the
mass of the support (g), MMyetal Precursor @Nd M Mpyerq are the molar masses of the
metal precursor and the monoatomic, respectively, and puyetal precursor 1S the purity

grade of the metal precursor.

Thus, six catalysts were produced with nominal loading of metals in different
percentages by weight described in below. In this case, the Ni loading was kept constant
at 5.0 wt.% on all samples, while the Fe loading was varied from 1.0 and 5.0 wt.%.

TABLE 2. Percentage by weight of metal impregnated in niobium supports (Nb2Os)
and silica (SiOy).

Ni (wt. Fe (wt. Ru (wt.
Catalyst

%) %) %)

Ni/ Nb2Os 5 0 0

Ni/SiO> 5 0 0

Fe/ Nb2Os 0 5 0

s Fe/SiO2 0 5 0
§ Ni-Fe/ Nb2Os 5 5 0
o Ni-Fe/ Nb2Os 5 1 0
Ni-Fe/SiO; 5 1 0

Ni-Fe/SiO; 5 5 0

Ru/ Nb2Os - - 5

B Ru/ NbzOs - - 5

2

Ni-Fe/Nb2Os 5 1 :

3.2. CATALYST CHARACTERIZATION
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3.2.1. INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROSCOPY (ICP-OES):

The elemental composition of both the fresh and spent catalysts was measured
for the metal content was performed using inductively coupled plasma optical emission
spectroscopy (ICP-OES) on an Agilent 725 spectrometer. Prior to analysis, a pre-
digestion step was conducted to digest the catalyst, especially Nb. The pre-digestion
involved treating the catalyst with a mixture of HNO3s (65%), HCI (37%), HF (40%),
and H2O2 (35%) in a microwave oven at 240 °C for 45 minutes. Subsequently, the
material was analyzed in an Agilent 725 ICP-OES spectrometer with argon as the
plasma gas (15 L . mint, 40MHz, 20 kW). This analysis was carried out at the Karlsruhe
Institute of Technology (KIT) in Germany.

3.2.2. BET AREA:

Nitrogen adsorption-desorption measurements for determining the textural
properties of the support and calcined catalysts were performed on a Micromeritics
Belsorp Mini Il equipment at 77 K, within a P/Po range of 0.01 to 0.99. Before each
analysis, approximately 0.3 g of sample was thermally pre-treated in situ at 200 °C under
vacuum (2 pmHg) for 12 hours, a process aimed at removing moisture from the sample's
surface. The specific surface area (Sget) was calculated using the BET method (named
after researchers Brunauer, Emmett, and Teller). This analysis was carried out at the

Karlsruhe Institute of Technology (KIT) in Germany.
3.2.3. X-RAY DIFFRACTION (XRD)

The crystal structure of the catalysts before and after reduction, was determined
using X-ray diffraction (XRD) analysis. An X’Pert PRO MPD instrument from
PANalytical GmbH equipped with a copper anode (Cu Ko 1.5406 A) was employed for
the XRD measurements. This analysis was carried out at the Karlsruhe Institute of

Technology (KIT) in Germany.

The measurements were conducted in the 20 range from 10° to 80° for 60
minutes with a step size of 0.017°. The Scherrer Equation (2) was utilized to estimate
the average crystal size (1), considering a shape factor (K) of 0.9. This calculation

involved correction for instrumental line broadening and, if necessary, subtraction of
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the contribution of the support signal [104]. The software X’Pert High score Plus was

utilized for data analysis.

__K ()
Bcos(0)

Where 1 is the average crystal size, K is the shape factor (assumed as 0.9), A is
the X-ray wavelength, [ is the line broadening at half the maximum intensity, given by

B=A(20), and 0 is the Bragg angle.
3.2.4. TEMPERATURE-PROGRAMMED REDUCTION (TPR)

The Temperature-Programmed Reduction (TPR) analysis was performed using
the AMI-300 chemisorption analyzer from Altamira Instruments, a fully automated
system equipped with a thermal conductivity detector (TCD). This instrument allows
for the quantification of hydrogen uptake by the samples and the acquisition of reduction
profiles, making it highly suitable for investigating the interactions between metal
phases and supports in heterogeneous catalysts. The system is controlled by LabVIEW-
based software, enabling precise programming of temperature ramps, gas flow rates,

and data acquisition.

The calcined samples were weighed (0.03 g) and placed in a fixed-bed quartz
reactor. To remove moisture and adsorbed impurities, an in-situ pre-treatment was
conducted under argon flow (30 mL-min™) at 200°C for 30 minutes. After cooling the
system to 30°C, the gas atmosphere was switched to a 10% H: in Ar mixture with a total
flow rate of 50 mL-min", controlled by a mass flow controller (MFC). The sample was
then heated from 30°C to 850°C at a rate of 5°C-min!, while the TCD continuously
monitored thermal conductivity variations due to hydrogen uptake during the reduction

of metallic species.

FIGURE 4 Interface of the AMI-300 software from Altamira Instruments, used TPR
and TPD analysis.

The image illustrates the software's functionality, including pulse calibration selection,
analytical area determination, and the applied calculations. The data shown in this image
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are for illustrative purposes only and do not correspond to any analysis conducted in

this thesis.
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The hydrogen consumption by the samples was calculated based on the
reduction peak area using the internal calibration of the AMI-300 software, which
integrates the area under the reduction peaks and correlates it with the volume of gas

consumed. The equation used for the calculation (3) of hydrogen uptake (ny,) is given

by:

PV (3)

where P is the gas pressure (1 atm), V' is the volume of hydrogen consumed (in
uL), R is the gas constant (0.08206 L-atm-K!'mol ™), and T is the absolute temperature

(in Kelvin).

The degree of reduction (DOR) of metallic catalysts was calculated according
to Equation (4), assuming that the calcined materials were in the NiO oxide form and

that reduction during TPR-H: analyses occurred completely to form Ni° where MMy
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is the molar mass of metallic nickel (58.6934 g-mol™), mca is the mass of the catalyst

(9), and Xni is the nickel content in the catalyst obtained through ICP analysis.

MMy; X ny,cat

Meat X XNi

(4)

DOR (%) = x 10

3.2.5. HYDROGEN TEMPERATURE-PROGRAMMED DESORPTION (H2-TPD)

The metallic dispersion (Dp) and nickel particle size (dp) (equations 1 and 2)
[105] were measured via temperature-programmed hydrogen desorption (H2-TPD).
Before the tests, approximately 100 mg of the sample was reduced in situ under a flow
of H2 (30 mL-min™!, ramp 5 K-min™) at 500 °C for 1 hour. Following this reduction,
the samples were cooled to 50 °C under an argon flow (ramp 10 K-min™) and further
rinsed for 10 min. The samples were then exposed to 33 vol% H; in argon for 30 min
(10 mL-min* H2 + 30 mL-min"' Ar). Excess H> was then removed by flushing the
sample with pure argon for ca. 90 minutes. The actual H>-TPD analysis was performed
by heating from ambient temperature to 900°C at a rate of 10 K-min-1 and holding at

that temperature for 30 min.

Dp(%) = %x 100 ®)
f
=Dy ®)

where Ns is the number of active sites (the number of chemisorbed molecules
multiplied by n, the stoichiometric factor) and Nt is the number of total atoms. For the
nickel particle size, factor f depends on the geometry according to Schmal et al. (2016)
[105] for nickel, which is 101.2 A2,

3.2.6. AMMONIA TEMPERATURE-PROGRAMMED DESORPTION (TPD)
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The relative number of acidic sites present in the catalysts was determined by
NH3 temperature-programmed desorption (NHs-TPD) using an Altamira chemisorption
analyzer (AMI-300). The analyzer is equipped with a thermal conductivity detector
(rhenium-tungsten) and three mass flow controllers (Hastings Company). The
chemisorption equipment was piloted via software (“AMI 300”) from the Altamira
software package. The samples were first reduced under a Hz/Ar stream (20 ml-min™*
Hz + 20 ml-min-1 Ar) from 40 °C to 500 °C with a 5 K-min* ramp holding at 500°C
for 1 hour (conditions similar to those used in the testing reactor). Afterwards, the
samples were flushed with helium while the temperature was decreased to 100 °C (ramp
10 K-min™). The adsorption of ammonia was subsequently performed for 60 min with
a flow of 30 ml/min 5 % NHz/He (air-liquid crystal gas mixture). The samples were
subsequently flushed for 60 min at 100 °C with 30 ml/min pure helium. TPD analysis
was carried out from 100 °C to 700 °C at a heating rate of 5 K-min™ in a 30 ml-min*
pure helium flow. The composition of the exit gas was monitored online via an internal
thermal conductivity detector (TCD). The TCD detector was calibrated after the TPD
measurement using the same 5 % NHs/He mixture (5 pulses, volume of the loop 518
ul).

3.2.7. SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS), was utilized to assess the morphology and elemental distribution
of the fresh catalysts. The measurements were conducted using a DSM 982 Gemini
instrument equipped with secondary ion, backscatter, and transmission detectors from
Carl Zeiss Ltd. For EDS analysis, a Si (Li) X-ray detector (Inca Pent FET, 30 mm?
crystal size, Oxford Instrument, Abingdon, UK) coupled to the SEM equipment was

employed, performed at the Karlsruhe Institute of Technology (KIT) in Germany.

Although these techniques offer detailed insights into the elemental
composition on the surface of the catalysts, the figures generated by SEM provided
limited information regarding the morphology of the essentially non-crystalline

materials, and thus, they were not the primary focus of this investigation.

3.2.8. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
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X-ray photoelectron spectroscopy (XPS) was utilized to assess the surface
composition of reduced Ru catalysts. The analysis was performed using a VersaProbe
I instrument, equipped with Al Ka (1486.7 eV) monochromatic X-ray for excitation.
Reduced samples were transferred to the instrument's introduction chamber under an
argon atmosphere from an anoxic glovebox, ensuring anoxic conditions were
maintained throughout the procedure. The PHI MultiPak software version 9.9 was
employed for the analysis. This included a charge referencing technique that calibrated
the C 1s peak for the Nb2Os support at 284.8 eV, and the binding energies for elemental

lines were charge-referenced to the O 1s of hydroxide at 531.4 eV.

X-ray photoelectron spectroscopy operates by directing an X-ray beam at a
sample, aiming to eject electrons from the surface atomic layers. When an X-ray photon
hits the sample, it has sufficient energy (E = hv) to remove electrons from the k-shell,
imparting them with kinetic energy Ek. The binding energy of the photoelectron from

the atom (EB) is deduced from the values of hv and Ek according to the Equation (7)
EB=hv—Ek—® (7)

Here, ® symbolizes the work function, the energy required for an electron to

escape from the material's surface.

3.3. CATALYST TESTING

3.3.1. HDO oF GUAIACOL

The hydrodeoxygenation (HDO) reaction was conducted in a 200 mL autoclave
made of Inconel alloy 625, designed for operation at a maximum pressure of 36 MPa
and a maximum temperature of 400 °C, depicted in Figure 5. The autoclave features
cartridge heaters in a brass jacket for temperature control, managed through LabView
and a group of three sensors: internal and external temperature sensors, and a pressure
sensor. Additionally, it is equipped with a magnetically coupled gas injection stirrer (80
N-cm of torque, Premex, Lyss, Switzerland). The introduction of Hz via the stirrer is
intended to enhance gas contact with the oil, increasing the availability of hydrogen

thereby reducing polymerization [106].
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FIGURE 5. Batch Autoclave scheme for the HDO Reaction, built in-house at IKFT,
KIT
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FIGURE 6. Batch autoclave image for the HDO reaction, built in-house at IKFT,
KIT.
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Prior to hydrodeoxygenation (HDO) reaction, the catalyst underwent reduction
and passivation in a reduction oven. The reduction process was carried out under an
atmosphere consisting of a constant 10 vol.% H. in N2, with a flow rate of 2.7 L . min
! For Ru catalysts, the reduction temperature was maintained at 350 °C for 2 hours,

49



while for Ni catalysts, a higher temperature of 500 °C was applied for 2 hours. The
heating ramp for both reductions was set at 5 °C . min™. The elevated reduction
temperature for the Ni catalysts was chosen to ensure the complete conversion of NiO
to elemental Ni (C. Li & Chen, 1995a). Following the reduction, passivation was carried
out to stabilize the reduced phases. After cooling the catalysts in an ice bath to a
temperature between 0 and 5 °C, they were exposed to a 5% O2/N. atmosphere for 30

minutes

The performance of the catalysts was assessed through triplicate testing. For
each experiment, 25 g of guaiacol and an adjusted amount of catalyst were added to the
reactor to ensure a consistent absolute quantity of active metal phase (NiFe) across all
reactions. The catalysts contained either 10%, 5%, or 6% of active metal, so the total
catalyst mass was selected to provide the same active metal content in each reaction.
This adjustment ensured a fair comparison of catalytic performance.

The catalyst mass used for each reaction was determined as follows:

_ Mactive metal (8)
Meatalyst =
VSt Metal loading (%)

Decalin was chosen as the solvent for the mixture due to its stability against
hydrodeoxygenation and its recognition as an effective solvent in related research [108].
The autoclave was then sealed and purged with argon before pressurization to 8 MPa at
room temperature with Hz (Air Liquide 6.0, Paris, France). The stirrer rotation speed
was set to 800 rpm, and the reactor was heated to achieve the required temperature with
a total reaction time of 2 hours, including the heating ramp. Subsequently, the reaction
was quenched by cooling with compressed air until the reactor's internal temperature
dropped below 40 °C. After cooling, a gas sample was extracted for analysis via gas

chromatography. The non-gaseous upgraded products were collected and weighed.

The chemical compositions of the samples were analyzed quantitatively and
qualitatively using gas chromatography (GC-FID/MS). For both cases, the samples were
diluted with tetrahydrofuran (THF) with a ratio 1:10 being afterwards filtrated.
Quantitative analysis employed an Agilent 7820A gas chromatograph with an Rxi®5Sil

MS capillary column (0.25umx0.25umx=30 m) and a flame ionization detector. External
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calibration was performed for each compound. The specific analytical data and results

for these compounds are detailed in Appendix 1.

For qualitative analysis, an Agilent 6890N coupled with Agilent 5973N mass
spectrometer (MS) and flame ionization detector (FID) was used, with a column-type
RTX-5MS (0.25umx0.25umx>30 m). The injection temperature was set at 280 °C, and
helium served as the carrier gas at a flow rate of 1.5 mL . mint. The oven temperature
started at 35 °C for 2 minutes, followed by a heating ramp of 8 °C . min™ to 240 °C, then
reduced to 4 °C . min-1 until reaching 280 °C. After a 15-minute holding time, the
analysis concluded Figure 7 Qualitative assessments were made by comparing the
spectra to the NIST database.
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Figure 7. Heating Ramp for Analysis of the liquid
samples in GC-MS and GC-FID
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FIGURE 8. Heating Ramp for Analysis of the gas
samples in GC-TCD and GC-FID
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For gas samples, 100 uLL was injected into the Agilent 6890 gas chromatograph
using helium as the carrier gas. The injection temperature was consistently maintained
at 250 °C throughout the analysis. The initial oven temperature was set at 60 °C for 2
minutes, followed by a heating ramp of 5 °C . min™ until reaching 160 °C. Subsequently,
the oven was further heated to 250 °C with a ramp of 15 °C . min™t. Two distinct
columns, Restek 57096 Hayesep Q and Restek Molsieve 5A, were employed alongside
a valve switching system. Detection of components utilized both the thermal

conductivity detector (TCD) and the flame ionization detector (FID). External
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calibration was performed for each compound. The specific analytical data and results

for these compounds are detailed in Appendix 1.

The conversion and selectivity for each product were calculated as follows:

X GUA (% mol of GUA in the product 100 9)
= X
(%) mol of GUA consumed

mol of the molecule in the product 1
Selectivity (%) = ! P (10)

mol of GUA consumed

3.3.3. HDO oF Bio-OiL

The experiments were made utilizing the light phase of beech wood fast
pyrolysis oil (BTG Biomass Technology Group BV, Enschede, The Netherlands).
Choosing the light phase over the whole oil offered several advantages. Moreover,
owing to its high-water content (32 wt. %) and consequent low heating value, the light
phase lacked value as a fuel precursor without appropriate upgrading. Additionally, the
low viscosity of the light phase facilitated easier handling and minimized losses of the
upgraded product.

To separate the light and heavy phases before hydrotreatment, the bio-oil
underwent intentional aging at 80 °C for 24 hours [109]. The denser heavy phase, rich
in organic compounds, settled at the bottom, while the lighter phase, abundant in water,
occupied the upper part. This method is also good to separate the solids that could
negatively influence the catalysts performance.

The HDO reaction was executed in the same reactor used for the guaiacol
reaction and each reaction was performed in triplicate. The reaction conditions were
previously stablished by Campos Fraga et al. (2022) and Boscagli et al. (2015)
[102,109], using the same feedstock. In each HDO experiment, the batch reactor was
charged with 50 g of light phase beech wood pyrolytic oil (feed) and 2 g of pre-reduced
catalyst. The stirrer rotation speed was set to 800 rpm, and the reactor was heated to
250°C (heating ramp of 3.33 °C-min™!), with a total reaction time of 2 hours, including
the heating ramp. Subsequently, the reaction was quenched by cooling with compressed

air until the reactor's internal temperature dropped below 40°C and a gas sample was
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extracted for analysis via gas chromatography. Subsequently, non-gaseous upgraded
products were collected, weighed, and subjected to centrifugation for 40 minutes at
9,000 rpm using a Thermo Scientific Herdus Biofuge Stratos fixed-angle rotor 26 (No.
75003014, Thermo Fisher Scientific, Waltham, MA, USA).

Post-centrifugation Figure 9, the aqueous phase (AP) at the top primarily
comprised water and polar compounds, while the bottom oil phase, referred to as
upgraded oil (UO), consisted of a rich organic mixture with high viscosity. The solids,
predominantly comprising recovered catalyst and any carbon compounds resulting from
coking reactions, underwent washing with acetone and ethanol to eliminate all soluble
organic products. Following separation, the aqueous phase and recovered solids were
weighed.

FIGURE 9. Recovered Products FIGURE 10. Product separation due
after Centrifugation to Centrifugation. Light Aqueous

Phase on the left, oil phase on the right

and in the bottom is the solid Residue.

The recovery of upgraded oil and theoretical recoveries were calculated as
described in the Equation (11). The recovered products (RP) were weighed together.
After separation by centrifugation, the aqueous phase (AP) and recovered solids (S) were

weighed, and the mass of the upgraded oil (UO) was calculated as follows.
54



mUO = mRP — mAP — mS (11)

Since there are small losses when removing the product from the batch reactor,
theoretical mass values (mth) of the liquid products are related by considering equal

relative losses of both phases. That is:

(mAPth)  mAP (12)
(mUOth)  mUO

Various techniques were employed to characterize the feedstock and liquid
products as Water Content Measurement that is measured through Karl Fischer titration
with the Titrando 841 system (Metrohm), using iodine, sulfur dioxide, and imidazole as
titrant. Elemental Analysis to determination of carbon, hydrogen, and nitrogen contents.
The analysis was performed using elemental analysis on Leco True Spec Macro, LECO
Europe, Software version 2.53 Corporation Copyright® 2001-2010. Oxygen content
was determined by assuming samples comprised only carbon, nitrogen, hydrogen, and

oxygen using the Equation (13).
Owt.% = 100wt.% — Cwt.% — Hwt.% — Nwt.% (23)
One indicator to regard the HDO process is degree of deoxygenation (DOD). It

showed, in which extend oxygen has been removed from the bio-oil through the HDO

process. The Equation (14) to calculate the DOD value is as the following.

(Oproduct wt- %) (14)
(Ofeed wt.%)

DOD wt.% = 100 —

The higher heating value was calculated using the Channiwalla-Parikh equation
[110] with values from elemental analysis. It was estimated through the following
Equation (13):

HHV(MJ] / kg) = 0.3491- Cwt.% + 1.1783 - Hwt.% - 0.1034 - (15)
Owt.% - 0.0151 - Nwt.% + 0.1005 - Swt.% - 0.0211 - ash wt.

55



The chemical compositions of the samples were analyzed quantitatively and
qualitatively using gas chromatography (GC-FID/MS). The method, equipment and
column were the same as the used for HDO of guaiacol analyze reported in the previous

section.

A semi-quantitative analysis was carried out by evaluating the peak areas of
compounds identified in the GC-MS results using Agilent MassHunter software. This
analysis was restricted to compounds that exhibited a significance level above 80%. The
selected compounds' peak areas were aggregated, and the semi-quantitative value for
each compound was calculated by comparing its peak area to the total of all measured
peak areas. It is important to note that the semi-quantitative analysis with GC-MS is
limited to volatile components; non-volatile substances, such as heavy tars or polymers
that may form during hydrodeoxygenation (HDO) processes, are not detected and thus
not represented in the analysis.

The hydrogen consumption was determined by calculating the initial and final
amounts of hydrogen gas in the reactor using the ideal gas law equation (equation 17).
The initial moles of Hz were calculated based on the reactor volume, initial pressure,
and temperature, considering the 99% purity of H. gas. The final moles of H, were
determined using the same equation but incorporating the final pressure and temperature
along with the Hz concentration obtained from gas chromatography (GC) analysis of the
outlet gas. The hydrogen consumption was then obtained by subtracting the final amount
of hydrogen from the initial value, providing the total moles of Hz consumed during the

reaction (Equation (16)):

nH,, consumed = nH,,start - nH,,end (16)

The number of moles of gas N is determined using the ideal gas law equation

(17) using the pressure at room temperature:

PV (17)
H, = —
2 =T

where: n is the number of moles of gas, P is the pressure indicated in the reactor
in bar, V is the volume of the reactor (0.16 L), R is the universal gas constant (0.0831

56



L-bar-K'-mol™), and T is the temperature at which the data is collected, measured in
Kelvin (K).

The distribution of functional groups in the products as well as in the feedstock
were obtained by *H-NMR. tH-NMR analysis was performed using a Bruker Biospin
spectrometer operating at 250 MHz (5.47 T magnet). Approximately 100 mg of each
sample was dissolved in 1 mL of CDsOD, containing TMSP-ds (sodium 3-
trimethylsilyl-2,2',3,3-tetradeutero-propionate, ~2 g/L) (Sigma Aldrich, 99.8 at.% D) as
an internal standard. The samples were then centrifuged and analyzed at 25 °C.

'H-NMR data processing was conducted using MestReNova (version 9.0).
Spectra were recorded using a 90° pulse program (4.95 ps) with the following
acquisition parameters: acquisition time 10 s, relaxation delay 1.0 s, number of scans
24, spectral width 3255.2 Hz, and time domain 32Kk.

The use of an internal standard allowed the conversion of integrated signals into
moles of protons [111], enabling direct comparison between samples with varying
hydrogen content. Spectral integration was performed for different regions

characteristic of specific functional groups [112], as summarized in Table 3.

TABLE 3 Integration regions of tH-NMR spectra and proton assignments to
functional groups

Integration Proton Assignment
Range (ppm)
10.1-9.5 Aldehydes
85-6.0 (Hetero-)aromatic compounds
6.0-43 Carbohy_drates, water, O-H
exchanging groups
4.3-3.0 Alcohols, ethers, alkenes
a-protons adjacent to carboxylic acids,
3.0-15
keto groups, or unsaturated systems
1.5-05 Alkanes

57



3.3.4. HDO oF GUAIACOL IN LIQuID CONTINUOUS PHASE

The continuous trickle bed reactor system is depicted in Figure 10, with a
simplified flow diagram presented in Figure 11.Figure 11. The reactor setup is designed
to process up to 2.4 L/h of pyrolysis oil (feedstock) and accommodate a hydrogen flow
rate of up to 1000 L/h. The feedstock, stored in the EHO1 reservoir, is heated to between
40 and 60 °C before being pumped for circulation. Nitrogen is used to purge oxygen
from the system, ensuring a thorough purge by flushing compressor dead spaces with
low-pressure nitrogen for 2 to 3 minutes. The system can handle approximately 800 L/h

of scrubbing gas.
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FIGURE 11. HDO Continuous Reactor and all the Components. a) Pilot HDO Plant
b) Continuous Reactor Assembled c¢) Catalyst bed

Electric heaters are employed to introduce heat into the preheater EH02 and
reactor EHO1. The temperature increase is carefully controlled by a temperature
controller utilizing a ramp function, ensuring it does not exceed 100 °C/h. Once the
system is sealed at the desired operating pressure and reaches the specified operating
temperature, nitrogen is replaced by hydrogen. The feedstock is then mixed (MX) into
the hydrogen before reaching the preheater.

Within the PC 01 trickle bed reactor, the feedstock reacts over the catalyst bed.
The temperature across the bed is monitored to manage the exothermic
hydrodeoxygenation reactions effectively. If the reaction temperature rises, the heat
input from the preheater is reduced. The reaction mixture, cooled to between 30 and 80
°C, exits through the WTO02 twin-tube cooler and then moves to an expansion vessel and
a product receiver for separation. It then passes through an expansion vessel into the
product receiver, separating the liquid hydrogenation product from the reaction gases.

The treated product is collected in a reservoir, available for withdrawal post-test, while
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gases are vented through a roofline. Gas emissions are quantified, and a gas mouse

connection is used for storing the gas for analysis.
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FIGURE 12. Gas mouse used to store the gases collected post reaction.

Process control is managed through both local and remote sensors, with a
straightforward control system in place for monitoring and recording measurements,

setting control targets, establishing alarm thresholds, and activating interlocks.

The reactor's conditions were specifically set for a feedstock flow rate of 300 mL/h
(using a 10% GUA solution consisting of guaiacol and decalin) and a hydrogen flow
rate of 0.4 mol/h, maintaining an optimal H2/GUA ratio of 2. The catalyst bed in the
reactor was prepared with 8 g of catalyst dispersed in silica pellets (sourced from Alfa-
Aesar), filling a 200 mL volume. The weight hourly space velocity (WHSV) was set at
3 h™', with the operating temperature maintained at 300°C and under a hydrogen
pressure of 30 MPa. To prevent overheating and ensure efficient hydrodeoxygenation,

the reaction temperatures were continuously monitored.

Before injecting guaiacol, the catalyst underwent a reduction process — Ruthenium
catalysts at 350 °C and Ni-Fe catalysts at 500 °C — for 3 hours under a hydrogen
pressure of 200 bar. The initial 100 mL of feed was employed to purge the system and

was subsequently discarded.

61



FIGURE 13. Schematic of plant Pilot at KIT, IKFT

Product

| ot A 2
TVentlIatlon Cwo:tler Exhaust gas
-------
A g g g S D A
Pyrolysis oil | ' | !
: : T7777! 1
[ 3 ! EHO2 | ! !
_____ N | I
: : | ! |
I EHO1 I : : 1 1
1
| P : 4EHOL :
I . -
| TN ] !
! r\j : — ' PCOL !
] jm=————— ] I |
1 | PL 02 ' ! ] 1
1 ' ! 1 !
I : | i WT 02 :
i !
. ! ! ! '
| ' | | 1
| Il et el el |
! : l
! DHS _I™ N
I cPO1 X
! I
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
|

To conclude, the characterization of the products using GC-MS for liquid
(condensed) products and GC-FID/TCD for gases was consistent with the methods
employed in our previous topic on the hydrodeoxygenation (HDO) reaction of guaiacol.
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CHAPTER 4

STUDY OF Ni-Fe CATALYSTS SUPPORTED ON Nb20s FOR ENHANCED
HYDRODEOXYGENATION

4.1. MOTIVATION

This chapter explores the role of Nb.Os as a catalyst support in the
hydrodeoxygenation (HDO) of guaiacol, building upon prior investigations conducted
in both gas and liquid phases. Our research group at Federal University of Uberlandia
(UFU) has extensively studied the gas-phase HDO of guaiacol, evaluating the effects of
key operating parameters—such as hydrogen partial pressure, temperature, and space
velocity—on catalytic activity and product selectivity. One of the major findings was
the direct correlation between the niobia content in Nb2Os-Al.Os mixed supports and an
enhanced yield of phenol, emphasizing the strong influence of the support material on
deoxygenation pathways [32]. Notably, in the gas-phase studies, Pt/Nb.Os exhibited
superior performance due to the effective interaction between Pt and NbOx species at
the metal-support interface, underscoring the oxophilic nature of niobia in promoting

selective deoxygenation [32].

While the gas-phase findings provided valuable insights into support effects and
metal-support interactions, the transition to liquid-phase HDO introduces new
challenges and opportunities, particularly in understanding the behavior of non-noble
metal catalysts under different reaction environments. At Karlsruhe Institute of
Technology (KIT), this study builds upon the fundamental knowledge acquired in gas-
phase HDO to investigate the performance of Ni—Fe catalysts supported on Nb2Os in
the liquid phase, aiming for more cost-effective alternatives to noble metal catalysts
while maintaining high activity, selectivity, and stability. Nickel-based catalysts were
chosen for their well-documented hydrogenation activity and affordability, while iron
was incorporated for its potential to enhance deoxygenation selectivity and overall
catalyst performance [113]. In this context, NbOs was evaluated as a support for the
Ni—Fe system, with Si0O: included for comparison, allowing a deeper understanding of

how these supports influence catalytic behavior.
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Given the versatile properties of Nb.Os and its emerging role in catalysis, this
work seeks to establish correlations between its physicochemical characteristics and
catalytic performance in HDO. The study first conducted catalyst screening at 300°C to
identify the most promising formulation, according to the literature [18,20,24,114], the
optimal temperature range for Ni—Fe catalysts in HDO reactions is between 250°C and
350°C. Followed by a detailed evaluation at 250°C, 300°C, and 350°C with the best-
performing catalyst to determine optimal operating conditions. By integrating
knowledge from gas-phase studies at UFU with liquid-phase investigations at KIT, this
chapter contributes to the ongoing advancement of Nb.Os-supported catalysts for HDO

applications, bridging fundamental research with practical catalytic developments.

4.2 EXPERIMENTAL METHODS (Summary)

The synthesis, characterization, and catalytic evaluation of Ni-Fe catalysts
supported on Nb20Os and SiO: were conducted following the detailed procedures
outlined in Chapter 3. Analytical techniques were employed to assess the
physicochemical properties of the catalysts, including elemental analysis via ICP—OES,
textural properties via N2 adsorption-desorption (BET method), crystallinity via XRD,
and metal dispersion via H.-TPD. Additionally, temperature-programmed reduction
(TPR) and NHs-TPD were utilized to evaluate the reducibility and acidity of the
catalysts, respectively. Surface composition was analyzed via X-ray photoelectron
spectroscopy (XPS) to understand metal oxidation states and interactions with the

support.

For the hydrodeoxygenation (HDO) tests, guaiacol was used as a model
compound in a 200 mL batch reactor under liquid-phase conditions. Each experiment
involved 25 g of guaiacol and 1-2 g of pre-reduced catalyst, conducted at 300°C for 3
hours under 5 MPa of H> with vigorous stirring (800 rpm). The upgraded liquid products
were collected and analyzed via gas chromatography (GC-FID), with conversion and
selectivity calculated accordingly. A temperature variation study was also performed at

250, 300, and 350°C to assess the impact of temperature on catalyst performance.

4.3. RESULTS AND DICUSSION

4.3.1. CATALYST CHARACTERIZATION
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N2 Physisorption

The N2 physisorption isotherms (75 K) of the supports are shown in Figure 14,
with surface area, pore volume, and average pore diameter values provided in Table 4.
According to the classification by the International Union of Pure and Applied
Chemistry (IUPAC) [115], all the catalysts, except for SiO-, exhibited standard type IV
isotherms. These type IV isotherms, which are commonly found in heterogeneous
catalysts, are indicative of multilayer adsorption and capillary condensation within
mesoporous materials, as described by Schmal et al. (2016) [[105]. This behavior is
typically associated with materials possessing cylindrical pores formed by agglomerates
of spheroidal particles with varying sizes and shapes [116]. 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 SiO:
support displayed a type III isotherm, characteristic of weaker gas—solid interactions, as

noted in earlier studies [116].

Among the supports, niobium oxide (Nb20s) calcined at 500 °C had the lowest
specific surface area (33.2 m2/g), see in Table 4. Elemental composition (determined by
ICP-OES), textural properties (as determined by N2 physisorption)Table 4, similar to
that reported by Zhang et al. and Campos Fraga et al. [117,118]. In contrast, the calcined
SiO2 support had a specific surface area of 45.2 m?/g, which was slightly smaller than
the surface area of SiO, before calcination (50 m2/g) provided by the supplier. Notably,
niobic acid (HY-340, Nb20s.nH-0), i.e., the Nb,Os precursor, had a significantly
greater specific surface area of approximately 160 m2/g, but calcination at 500°C led to
a substantial reduction in the surface area. Furthermore, the incorporation of metallic
phases into the supports decreased the BET surface area due to the partial blockage of

pores by the metallic particles, particularly in the Nb.Os-supported catalysts.
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TABLE 4. Elemental composition (determined by ICP-OES), textural properties (as
determined by N2 physisorption).

Composition by ICP (wt. %)

Samples Ni (wt. %0) Fe (wt. %) Seer (m?-g?) Vp (cmi-g?l)

Nb2Os (500°C) 0 0 33.2 0.15
5Fe/Nb20s 0 4.9 32.8 0.1
5Ni/Nb20s 4.9 0 24.5 0.09

5NilFe/Nb20Os 5 1.0 42.9 0.12

5Ni5Fe/Nb20s 4.9 4.9 41.9 0.12

SiO2 (500°C) 0 0 45.2 0.1

5Fe/SiO; 0 4.7 42.1 0.12
5Ni/SiO; 4.3 0 36.9 0.1
5NilFe/SiO; 4.4 0.9 44.5 0.1
5Ni5Fe/SiO; 4.5 4.9 42.5 0.12
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FIGURE 14 Textural properties of the SiO> and Nb,Os supports and the Ni—Fe-

supported catalysts.
X-ray Diffraction

The X-ray diffraction (XRD) patterns for the reduced and passivated catalysts
are shown in Figure 15. Silica can exist in either crystalline or amorphous forms,
depending on its treatment [119]. In this study, even after the reduction and passivation
processes, the support remained amorphous, as indicated by the broad, diffuse band
observed at 26 of approximately 22°, which is characteristic of amorphous silica and

consistent with the standard pattern ICSD 176.

With respect to Nb2Os, the observed primary structure after calcination was
TT-Nb20S5, characterized by a hexagonal lattice, with a prominent peak at 26 = 28.6°,
which is consistent with ICSD 1840. The TT-Nb20s structure, wherein niobium atoms
are arranged to create a symmetrical atomic site within an open unit cell, points to a
nonstoichiometric composition, specifically NbisO4> [120]. This nonstoichiometric,
indicative of an open and adaptable atomic structure, is crucial for the effective
impregnation of metal species and their interaction with reactant molecules. The
successful formation of the TT-Nb2Os structure, as corroborated by the literature
[117,120,121], underscores the importance of controlling the calcination temperature in

the preparation of niobia-supported catalysts.

For the calcined monometallic samples containing Ni on both supports, a
distinct NiO peak was detected at 20 = 43.3° (ICSD 9866). After the reduction process,
the presence of metallic Ni was confirmed by peaks at 20 = 44.49°, corresponding to
the (111) and (200) planes, as referenced by ICSD 043397. This phase was observed on
both supports. Peaks corresponding to NiFe (111) and NiFe (110) appeared at 20 =43.7°
and 50.9°, respectively, in the reduced bimetallic catalysts. Progressive shift in the
NiFe(111) peak towards lower 20 values was observed as the Fe content increased.
Specifically, the 5NilFe catalyst (1% Fe) exhibited its NiFe(111) peak at a slightly
higher 20 value compared to 5Ni5Fe (5% Fe), which showed a further shift toward lower
20 values. This trend is consistent with previous studies on NiFe alloys, where
increasing Fe incorporation into the Ni lattice leads to a decrease in 26 values and an

expansion of the lattice parameter due to the slightly larger atomic radius of Fe
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compared to Ni. Similar behavior has been observed in NiFe/TiO: catalysts, where the
Ni (111) peak shifted from 26 = 44.43° (0% Fe) to 44.29° (5% Fe) as Fe content
increased [122].

The analysis of Fe species reveals that the presence of Ni significantly
enhances the reduction of iron, as demonstrated by the XRD patterns of the
S5Ni5Fe/Nb20Os catalyst, which show the formation of metallic iron (Fe°) at 26 = 44.67°
(ICSD 64998). In contrast, for the monometallic samples, the reduction conditions were
only sufficient to convert Fe*" to Fe?*. This indicates that Ni facilitated the complete
reduction of Fe20s to FesOas and subsequently to Fe°. The promoting effect of Ni on Fe
reduction can be attributed to the hydrogen spillover effect, whereby hydrogen atoms

are transferred from Ni to adjacent iron oxide species, accelerating the overall reduction

process
TABLE 5 Crystallite Size (1) (nm) of the catalyst
Crystallite size (t) (nm)

Sample NiO FesOs  Fe20s3 NiFe Ni Fe
5Fe/Nb20s - 117 - - - -
5Ni/Nb20s - - - - 116 -

5NilFe/Nb20s - - - 21.8 - -
5Ni5Fe/Nb20s - - - 37.8 - 38
SFe/SiO2 - 49.4 36.3 - - -
5Ni/SiO2 77.8 - - - 32 -
S5NilFe/SiO2 - - - 68.1 - -
S5Ni5Fe/SiO2 - - - 66.2 - 33
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FIGURE 15 XRD patterns of the xNi-yFe catalysts with varying metal loadings. (a)
Nb2Os support, (b) calcined Nb2Os-supported catalysts, (¢) reduced Nb2Os-supported
catalysts, (d) calcined SiO:-supported catalysts, and (e) reduced SiO:-supported
catalysts.

Temperature-programmed reduction (TPR)

The reducibility profiles of the catalysts, as shown in Figure 16, revealed
distinct behaviors for the two different supports. For the 5Fe/Nb,Os catalyst, the initial
peak at approximately 277 °C corresponded to the reduction of Fe>O3 (Fe*") to FezO4
(Fe?*, Fe*"). A subsequent peak at approximately 485 °C indicates the reduction of Fe3O4
to metallic Fe (Fe®) through hydrogen absorption [123]. In contrast, the 5Fe/SiO2
catalyst exhibited a different reduction pattern (see Figure 16 b), in which Fe;O3 had a
higher reduction temperature. This suggests that iron is more easily reduced on Nb.Os
than on SiO.. For comparison, a TPR was also performed with a physical mixture of
Fe2O3 and Nb20s, and in this case, iron reduction occurred between 330 °C and 770 °C.
As shown in Figure 16—c, two distinct reduction peaks were detected: one at 383°C,
corresponding to the reduction of Fe:0s to FesOa, and the other at 638°C, representing
the conversion of FesO4 to metallic Fe (Fe®). This reduction profile is consistent with

findings reported in the literature for iron reduction [122,124,125].

For the 5Ni/Nb2Os 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
(NiNb2Og), which are compounds formed during the calcination of the catalysts. Fang
et al. (2017) [87] reported that the shoulder peak in the reduction of Ni-based catalysts
is associated with the reduction of larger, less dispersed NiO particles. The interaction
between nickel and Nb,Os increased the reduction temperature of Ni, as reported in
previous studies [121]. In agreement, the shift in the reduction peak observed for the
catalyst compared with the TPR of a physical mixture of NiO and Nb2Os points to the
presence of a stronger metal-support interaction (SMSI) between the nickel particles
and Nb2Os [126]. This shift indicates the presence of Ni?* species that can be easily

reduced owing to the presence of oxygen vacancies on the bimetallic catalyst.
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Additionally, beyond the interaction between the support and the metals,
interactions between Ni and Fe were observed in the 5Ni5Fe/Nb2Os and 5NilFe/Nb2Os
catalysts. These bimetallic catalysts demonstrated lower reduction temperatures than
their monometallic counterparts and exhibited two distinct reduction peaks. This
behavior suggests the formation of a NixFey alloy, whose properties are significantly
influenced by the Ni/Fe ratio and perform optimally within a specific compositional
range, as supported by previous studies [27,125]. Conversely, when SiO2 was used as
the support, the addition of iron induced a shift toward higher Ni reduction temperatures,
reflecting the characteristics of the Fe reduction profile. This trend was evident in both
the 5NilFe and 5Ni5F¢/SiO: catalysts and can be attributed to the reduction of FeO,
facilitated by the Ni—Fe alloy structure. This behavior aligns with the reduction profile
of NiO-FeOx /MgAIOx-1 reported by Huang et al. in (2022) [24].
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FIGURE 16 TPR patterns for the xNi-yFe passivated catalysts with different metal
loadings: (a) with the Nb2Os support, (b) with the SiO2 support and (c) physical
mixtures of metal oxides and Nb2Os.

The Hz consumption during catalyst reduction is summarized in Table 6. The
monometallic catalysts resulted in constant Hx uptake, whereas the differences were
more pronounced between the bimetallic catalysts. Specifically, the 5NilFe/Nb2Os
catalyst exhibited greater Hz uptake (970.28 pmol g') than did 5NilFe/SiO2 (719.37
umol g). In contrast, the H> uptake of 5Ni5Fe/SiO> (1313.50 umol g') was similar to
that of 5Ni5Fe/Nb2Os (1076.90 umol g'). H> consumption is primarily due to the
reduction of iron and nickel ions to their metallic states (Fe® and Ni°). The notably higher
consumption in the 5Ni1Fe/Nb2Os sample than in the 5NilFe/SiO, sample suggests that
reducibility is closely linked to the dispersion of the catalysts Table 7. This trend in
high-temperature reducibility is consistent with the observed catalytic performance, as

discussed below.
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TABLE 6 Hydrogen uptake and Hz/metal ratios for monometallic and bimetallic
catalysts supported on Nb,Os and SiO>

Uptake Haz/Metal Degree of
Catalyst (umol . g (Theorical) H2/Metal (Real) ecluction (%)
catl)

Ni/Nb205 572.5 1 0.68 68
Fe/Nb205 541.1 1.50 0.54 36
5Nil1Fe/Nb205 900 1.33 0.87 67
5Ni5Fe/Nb205 1076.9 1.33 0.43 40
5Ni/SiO2 697.62 1.00 0.82 82
5Fe/SiO2 626.42 1.50 0.69 46
5NilFe/SiO2 693.7 1.33 0.69 52
5Ni5Fe/Si02 1313.5 1.33 0.45 60

Hydrogen Temperature-Programmed Desorption (Hz2-TPD)

The H>-TPD results, presented in FIGURE 17, and the corresponding
quantitative values in Table 7, illustrate how the support material and metal composition
influence hydrogen adsorption capacity and dispersion. For monometallic catalysts,
where the primary interaction is between the metal and the support, the Hz uptake was
significantly higher for SiO-supported catalysts compared to Nb.Os-supported ones.
Specifically, 5Ni/SiO. exhibited the highest hydrogen adsorption (133 pmol/g),
followed by 5Fe/Si02 (93.7 pmol/g), whereas SNi/Nb2Os (36.0 umol/g) and 5Fe/Nb2Os
(21.3 umol/g) showed lower values. This trend is consistent with the higher dispersion
of Ni on SiO: (19.3%), as weak metal-support interactions prevent excessive particle
growth, yielding smaller Ni particle sizes (5.2 nm for 5Ni/SiO). On the other hand,

Nb.Os-supported monometallic catalysts showed lower dispersion (8.4% for
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5Ni/Nb20Os), resulting in larger Ni particles (11.9 nm) due to stronger metal-support

interactions that promote particle agglomeration.

For bimetallic catalysts, where Ni-Fe interactions introduce additional effects
beyond metal-support interactions, different trends were observed. In Nb.Os-supported
bimetallic catalysts, H. uptake decreased with increasing Fe content, with
S5NilFe/Nb20s adsorbing 30.4 pmol/g and 5Ni5SFe/Nb2Os dropping to 18.3 pumol/g.
Despite smaller crystallite sizes in XRD results Table 5, the lower H. adsorption
suggests that Fe may have migrated into the bulk phase, limiting available Ni sites for
hydrogen adsorption. This aligns with findings from Cheng et al. (2020), where Fe
incorporation led to reduced metal dispersion and fewer accessible hydrogen adsorption

sites due to Fe migration into the bulk [127].

A different trend was observed in SiO.-supported bimetallic catalysts, where
stronger Ni-Fe interactions resulted in higher desorption temperatures. The
5NilFe/SiO: catalyst exhibited a broad desorption peak at 580°C, suggesting stronger
electronic interactions between Ni and Fe. This effect was even more pronounced in
5Ni5Fe/Si0:, indicating that SiO: facilitated stronger Ni-Fe interactions compared to

Nb20s, leading to higher desorption temperatures and stronger adsorption sites.

Table 7 Hz uptake, metal dispersion (Dp%), and Ni particle size for the studied
catalysts. The H: uptake values were obtained from H>-TPD analysis, while dispersion

and particle size were calculated based on the H> chemisorption method.

Catalyst Hz (umol/g) Dp (%) NSIiZF;a(r:]Ir(;]I;
5Ni/Nb2Os 36 8.4 11.9
5Fe/Nb2Os 21.3 - N/A

5NilFe/Nb2Os 30.4 13.8 18.2
5Ni5Fe/Nb2Os 18.3 14.2 15.5
5Ni/SiO: 133 19.3 5.2
5Fe/Si02 93.7 - N/A
5NilFe/SiO2 34 6.1 16.6
5Ni5Fe/SiO2 100.9 10.1 10
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FIGURE 17 Hydrogen temperature-programmed desorption (H.-TPD)
profiles of Ni-Fe catalysts supported on Nb2Os and SiOx.

Ammonia temperature-programmed desorption (NHs3-TPD)

The density of acid sites in the catalysts was determined via NH3-TPD, and the
desorption profiles are shown in FIGURE 18. The Nb.Os-supported catalysts exhibited
pronounced peaks, reflecting their inherent acidity. In contrast, the SiO-supported

catalyst (Ni/SiO2) had almost no NHz desorption, suggesting minimal acidity. This
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observation is corroborated by Campos Fraga (2022) [102]. 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 [43]. The presence of multiple peaks within the profiles indicates the presence of

acid sites of differing strengths.

The catalysts analyzed presented only medium and strong acid sites, whose
densities and distributions are comprehensively detailed in TABLE 8. Compared with
its counterpart SNi/Nb2Os, the monometallic 5Fe/Nb.Os exhibited only strong acid sites
but a lower total acidity. The addition of Fe to SNi/Nb2Os led to a reduction in acidity,
likely due to the partial occupation or blockage of the acid sites originally present on the
Nb20s support by iron species. This phenomenon is consistent with findings reported by
Wang et al. (2022) [128], where increasing Fe doping in a Ce-La oxide system led to
significant changes in the NHs desorption profile 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 disruption
of the support's intrinsic acid sites or dilution of the active Ni species, impairing the

synergistic metal-support interaction.

Table 8 Total ammonia desorption and the distribution of acid sites (medium

and strong) for various catalysts supported on Nb.Os and Si0Os..

Ammonia Acid sites distribution
Sample desorbed (%)
(Hmol/gear) Medium Strong
5Fe/Nb20Os 312 - 100
5Ni/Nb2Os 309 27 73
5Nil1Fe/Nb20s 274 25 75
5Ni5Fe/Nb20s 295 30 70
Nb20s 668 25 75
5Ni/SiO2 7 - -
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FIGURE 18 Ammonia temperature-programmed desorption (NHs-TPD)
profiles of the Nb.Os-supported catalysts.

X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed to examine the surface species 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 Figure 19.

The Ni 2p spectra of SNilFe/Nb20Os and 5Ni5Fe/Nb2Os, along with the Fe 2p
spectra of SNi5Fe/Nb.Os, 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 Ni?*, which is associated with NiFe.O4 [88,129] and NiO. Satellite
peaks ranging from 857.1 to 859.9 eV further confirmed the presence of Ni?>* cations
bound to oxygen [130]. Additionally, the peak at approximately 852.1 eV was assigned

to metallic Ni°, indicating the coexistence of oxidized and metallic Ni species.

Notably, no Fe 2p signal was observed for SNilFe/Nb.Os, indicating that Fe is
not significantly present at the surface and is likely embedded within the bulk phase. In
contrast, for 5Ni5SFe/Nb.Os, The Ni/Fe atomic ratio obtained via XPS (0.16) was
significantly lower than the ratio determined by ICP—OES (0.94), suggesting that Fe is
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more concentrated at the catalyst surface compared to Ni. Although thermodynamic
predictions suggest that Ni tends to remain at the surface in NiFe alloys due to its higher
cohesive energy, the lower Ni/Fe ratio observed by XPS compared to ICP-OES indicates
surface enrichment of Fe, particularly at higher Fe loadings [127,131,132]. The
formation of Ni—Fe alloys within Ni-rich domains likely explains the Fe incorporation
into the catalyst structure, while any remaining Fe species may exist as oxides dispersed
within the Ni-Fe nanoparticles. This distribution of Fe could modify the electronic
properties and catalytic behavior of the material by influencing metal-support

interactions and hydrogen activation sites.

The Fe 2p spectra of SNi5Fe/Nb2Os revealed a prominent Fe** peak at 710.4
eV, indicative of abundant oxidized Fe species on the catalyst surface. The peaks at 724.0
eV (Fe 2pi/2) and 710.4-710.6 eV (Fe 2ps/2) were attributed to Fe*" species, which is
consistent with the presence of Fe:Os or NiFe.O. phases [88,129,130]. The absence of
XPS signals for the SiO.-supported catalysts suggests either limited surface accessibility

or insufficient surface concentrations of Ni and Fe. These results collectively highlight
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the influence of metal—support interactions and the surface distribution of active species

on catalyst behavior.

5Nil1Fe/Nb205 .l
(a) 11Fe NI0§

I
I
I
I
I
v
I
I

IPS 5Ni5Fe/Nb205 Ni
Ni?*

878 875 873 870 868 865 863 860 858 855 853 850

l© 5Ni5Fe/Nb205 Fe

733 730 728 725 723 720 718 715 713 710 708

FIGURE 19 XPS spectra of Ni 2p and Fe 2p for the 5NilFe/Nb.Os and
5Ni5Fe/Nb2Os catalysts.

4.2.2. CATALYTIC PERFORMANCE OF GUAIACOL IN HDO
The 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 9 and Figure 21. Among
the tested catalysts, SNi1Fe/SiO2 and 5NilFe/Nb.Os exhibited superior hydrogenation of

phenolic compounds, with high selectivity toward cyclohexanol. The improved
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performance of these catalysts is associated with their ability to promote deeper
deoxygenation, as evidenced by the formation of cyclohexane — a fully deoxygenated
product. Although the amount of cyclohexane was relatively low (around 10%), its
presence was only observed in the Nb2Os-supported catalysts, highlighting the role of
support acidity and metal-support interactions in favoring the direct deoxygenation
(DDO) pathway. This improved performance can be attributed to the synergistic
interaction between Ni and Fe, where Fe contributes to hydrogenolysis activity- crucial
for breaking C-O bonds - and where Ni facilitates hydrogenation. However, increasing
the Fe content in the bimetallic catalysts, as observed for 5Ni5Fe, resulted in lower
guaiacol conversion and reduced selectivity toward cyclohexanol. This decline is likely
due to the excessive Fe content disrupting the Ni-Fe synergy, thereby weakening the
hydrogenation capacity of the catalyst, a phenomenon supported by the literature
[20,27,133].

The influence of the support was also critical in determining the catalytic
performance. As shown in Table 9 the 5NilFe/Nb.Os catalyst demonstrated the highest
deoxygenation activity, significantly increasing the production of cyclohexane, a fully
deoxygenated compound. This performance is attributed to the acidic and oxophilic
properties of Nb20s, which promote the direct deoxygenation (DDO) pathway by
facilitating C-O bond cleavage and enhancing the reduction of Ni and Fe, as confirmed
by NHs-TPD analysis. Furthermore, the acidic sites of TT-Nb2Os is responsible for the
dehydration step of the reaction pathway, while the strong metal-support interaction
ensures efficient hydrogenation. In contrast, SiO2-supported catalysts exhibited higher
overall hydrogenation activity but preferentially promoted demethoxylation and
hydrogenolysis pathways, resulting in intermediate products such as phenol, catechol,
and cyclohexanone. Consequently, the SiO2-supported catalysts consumed more
hydrogen compared to their Nb20O5-supported counterparts.

Monometallic Nb205-supported catalysts, such as 5Ni/Nb205 and
5Fe/Nb205, primarily favored partial deoxygenation routes, generating phenol, catechol,
and methanol with relatively low hydrogen consumption (50% and 24%, respectively).
On the other hand, the bimetallic catalyst 5Ni1lFe/Nb205 exhibited a clear preference for
the direct deoxygenation pathway, leading predominantly to cyclohexanol and
cyclohexane. The notably lower hydrogen consumption of 5NilFe/Nb205 (28%)
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compared to its SiO2-supported counterpart (82%) indicates that Nb20O5 promotes more
efficient hydrogen utilization due to the balanced interaction of acid sites and metal active
phases [134,135]

Additionally, the results align with findings of Yan et al. (2021) [21], which
highlighted that bimetallic Ni-Fe catalysts achieve optimal guaiacol conversion and
selectivity at higher Ni-Fe ratios owing to enhanced hydrogenation and hydrogenolysis
activity. Fang et al. (2017) [87] also reported that a 5:1 Ni/Fe ratio achieves superior
selectivity for cyclohexane, whereas higher Fe ratios lead to increased phenol selectivity.
In this study, SNilFe/Nb2Os exhibited similar trends, further emphasizing the importance
of Ni-Fe synergy and the role of Nb.Os in promoting deoxygenation pathways.

Synergistic effect of metal sites

The data in Table 5 and Table 9 reveal the crystallite sizes of the nickel and iron
phases for the monometallic and bimetallic catalysts, alongside their dispersion values
and catalytic performance. For the monometallic 5Ni/Nb:Os, the crystallite size of Ni
reached 116 nm, which correlates with a relatively low dispersion (8.4%) and moderate
guaiacol conversion (40%), with methanol (51%) and phenol (34%) as the primary
products. This suggests that larger Ni particles limit the availability of active sites,
reducing the overall efficiency of the catalyst. A similar trend was observed for
5Fe/Nb20s, where the Fe crystallites reached 117 nm, leading to minimal H> consumption
(24%) and a strong preference for partial deoxygenation products such as catechol (11%)
and phenol (50%).

Compared with their Nb2Os counterparts, the SiO:-supported catalysts
presented smaller Ni crystallite sizes and greater dispersion for monometallic catalysts.
For example, 5Ni/SiO: exhibited a Ni crystallite size of 32 nm with a dispersion of
19.3%, resulting in 43% guaiacol conversion and significant production of
cyclohexanone (13%). These findings align with those of studies by Lietal. (2017) [136],
which demonstrated that the inclusion of SiO: enhances Ni dispersion, leading to
increased hydrogenation activity but limited deoxygenation efficiency due to the lack of

acidity.

In contrast, bimetallic 5NilFe/Nb2Os exhibited a smaller NiFe crystallite size

of 21.8 nm, reflecting improved Ni dispersion (13.8%) and higher catalytic performance,
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with 59% guaiacol conversion and a marked increase in cyclohexanol (34%) and
cyclohexane (10%) selectivity. This enhancement can be attributed to the synergistic
interaction between Ni and Fe, which facilitates hydrogenolysis and hydrogenation, as
reported in previous studies [85,136]. The addition of Fe increases Ni dispersion by
inhibiting agglomeration, thereby improving the accessibility of active sites, which in
turn enhances hydrogen adsorption and C-O bond cleavage processes. Similar findings
were reported for Fe-Ni/HZSM-5 systems, where Fe doping promoted NiO dispersion
and enhanced catalytic activity [136]

However, the 5NilFe/SiO: catalyst had a notable NiFe crystallite size of 68.1
nm and a dispersion of 6.1%, which was correlated with a lower guaiacol conversion
(57%) than its Nb2Os-supported counterpart. The 5NiSFe/Nb2Os and 5Ni5Fe/SiO:
catalysts exhibited NiFe crystallite sizes of 37.8 nm and 66.2 nm, respectively. Guaiacol
conversion and selectivity toward cyclohexane for 5Ni5Fe/SiO. were lower than those
on 5NilFe/Nb.O:s, reinforcing that a higher Fe content disrupts the Ni—Fe synergy and
leads to the dilution of active Ni sites. Excessive Fe addition altered the electronic and
structural properties of Ni, thereby weakening hydrogenation and hydrogenolysis

processes [26].

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 efficient hydrogen
activation and deoxygenation pathways. However, the catalytic performance is strongly
dependent on the Ni:Fe ratio and support properties, as excessive Fe content, despite
improving acidity (e.g., NHs-TPD results), can lead to reduced metal dispersion and

diminished catalytic efficiency.
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TABLE 9 Guaiacol conversion (X Gua, %) and normalized product selectivity (%) for various catalysts during hydrodeoxygenation (HDO) at
300°C.

Fraction of H2

X Gua (%) Methanol  Phenol Catechol Cyclohexanone  Cyclohexane Cyclohexanol
consumed (%)
5Ni 40 51 34 6 0 0 0 50
» DOFe 40 50 25 11 1 0 0 24
2  5NitFe 59 48 3 0 5 10 34 28
<  5Ni5Fe 46 50 4 1 5 10 12 49
5Ni 43 48 31 1 13 0 2 49
5Fe 45 59 8 15 0 0 0 49
o SNilFe 57 41 7 2 15 0 33 82
»  5Ni5Fe 41 46 27 3 12 0 9 89
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Influence of temperature on the catalytic performance of 5NilFe/Nb20Os

The influence of temperature on product selectivity and guaiacol conversion
was investigated using the 5NilFe/Nb2Os catalyst, as shown in Figure 20. These results,
in agreement with observations reported in the literature, demonstrate that the reaction
temperature plays a crucial role in determining the selectivity of the HDO reaction and
the overall reaction pathway [137].

At 250°C, guaiacol conversion was moderate, and the main products were
phenolic intermediates such as phenol and catechol. These findings indicate that at lower
temperatures, partial deoxygenation and demethoxylation dominate the reaction
mechanism, leading to incomplete HDO. This temperature regime is insufficient to
overcome the activation energy required for complete deoxygenation, resulting in the
accumulation of oxygenated intermediates.

Increasing the temperature to 300°C resulted in the highest guaiacol conversion
and significant changes in the product distribution. At this temperature, selectivity
toward cyclohexane and cyclohexanol were maximized, whereas phenol and catechol
were almost entirely absent. This suggests that 300°C provides the optimal conditions
for hydrogenation and deoxygenation pathways, promoting the production of fully
deoxygenated products. These results align with those of Wan et al. (2014) [138], who
reported enhanced hydrogenolysis and reduced hydrogenation with increasing
temperature in HDO reactions using Pt/Al:Os. At 300°C, hydrogen availability and
adsorption are sufficient to drive the conversion of intermediates into cyclohexane and
cyclohexanol.

However, further increasing the reaction temperature to 350°C caused a
decrease in guaiacol conversion and cyclohexane selectivity. This behavior can be
attributed to the exothermic nature of hydrogen adsorption on the catalyst surface [29].
At elevated temperatures, the reduced hydrogen coverage likely limits the efficiency of
hydrogenation and deoxygenation, resulting in a shift toward hydrogenolysis pathways.
This shift is evidenced by the lower selectivity for cycloalkanes and the persistence of
phenolic intermediates. Additionally, the selectivity for cyclohexanol decreased
significantly, reflecting the unfavorable thermodynamics of hydrogenation at higher

temperatures.
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The temperature dependence of product selectivity highlights the intricate
balance between reaction pathways. At lower temperatures, the reaction favors partial
deoxygenation, whereas at intermediate temperatures (300°C), hydrogenation and
deoxygenation dominate. At higher temperatures, the reaction shifts toward
hydrogenolysis and possibly the formation of coke precursors. Previous studies
[137,139] have reported that higher temperatures promote the polymerization of oxygen-
containing compounds, leading to increased coke formation on the catalyst surface.

These results underscore the importance of temperature optimization in HDO
processes. While 300°C is the optimal temperature for maximizing the production of
fully deoxygenated products such as cyclohexane, higher temperatures can reduce

efficiency by limiting hydrogen adsorption and promoting undesired pathways.
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FIGURE 20 Effects of reaction temperature (250°C, 300°C, and 350°C) on
guaiacol conversion (Xcua, %) and product selectivity during hydrodeoxygenation
(HDO) when the 5NilFe/Nb2Os catalyst is used
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Conclusion

This study explored the hydrodeoxygenation (HDO) of guaiacol using Ni—Fe
bimetallic catalysts supported on Nb.Os and SiO:, focusing on the synergistic interaction
between Ni and Fe and the influence of Nb.Os as a support. The catalysts were
characterized to correlate their physical and chemical properties with their catalytic
activity. Initial screening at 300°C was performed to identify the most suitable catalyst
based on activity and selectivity. The selected catalyst, 5NilFe/Nb2Os, was then used to
investigate the impact of the reaction temperature on the product selectivity and reaction
pathways.

The results from the catalyst screening revealed that the Nb.Os-supported
catalysts exhibited higher deoxygenation activity than their SiO--supported counterparts
did. This superior performance was attributed to the acidic properties of TT-Nb2Os,
which promote C—O bond cleavage, 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. Notably, guaiacol conversion to cyclohexane, a fully

deoxygenated product, was observed only for the Nb.Os-supported Ni—Fe catalysts.

88



Among the bimetallic catalysts, Fe loading had a critical effect on performance.
While the 5NilFe/Nb2Os catalyst demonstrated superior activity and selectivity toward
cyclohexanol and cyclohexane, the higher Fe content in 5Ni5Fe/Nb2Os disrupted the Ni—
Fe synergy, leading to lower guaiacol conversion and cyclohexanol selectivity.

The temperature-dependent behavior of the selected 5NilFe/Nb2Os catalyst
further highlighted its versatility. At moderate temperatures, products from
hydrogenation pathways, such as cyclohexanol and cyclohexane, were favored,
reflecting the optimal balance between hydrogenation and deoxygenation. At higher
temperatures, the selectivity shifted toward phenol, reflecting the reduced
thermodynamic 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 Nb2Os as a support offers a promising approach for
efficient HDO processes. The 5NilFe/Nb2Os catalyst outperformed the other tested
catalysts, achieving high guaiacol conversion and selectivity toward fully deoxygenated
products. These findings highlight the potential of Nb.Os-supported bimetallic catalysts
for sustainable bio-oil upgrading and provide valuable insights into the design of

advanced HDO catalysts for renewable energy applications.
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CHAPTER S

INVESTIGATION OF Nb20s CATALYSTS IN HDO OF FAST PYROLYSIS BIO-
OIL

5.1. MOTIVATION

The scope of the investigation has been expanded to understand the catalysts
for the mild hydrodeoxygenation of fast pyrolysis bio-oil. This progression is aimed at
advancing the practical application of these catalysts in bio-oil upgrading. In addition,
this study extends the comparison of the catalytic properties of Ni-Fe alloy with those

of a noble metal (ruthenium), providing a broader perspective on catalyst performance.

Ruthenium catalysts, known for their high hydrogenation activity [140], serve
as benchmarks due to their synergistic combination with acidic supports like Nb2Os,
which activate C=0 and C=C bonds efficiently. Therefore, they have been selected for
comparison with Ni-Fe/Nb2Os catalysts in studying liquid-phase HDO. The bimetallic
5NilFe and 5Ni5Fe supported in Nb2Os were synthetized using the same method

described in chapter 3.

The experimental work was conducted at the Karlsruhe Institute of Technology
(KIT), specifically at the Institute for Catalysis Research and Technology (IKFT). The
catalysts were tested under the same mild conditions previously reported by Boscagli et
al. (2015) [109], at 250 °C ina 200 mL batch reactor with 80 bar of Hz. The light fraction
of bio-oil was employed, focusing on the reactivity towards polar and lower molecular
weight compounds, such as sugar derivatives, lignin-derived monomers, acids, and

ketones.

5.2 EXPERIMENTAL METHODS (Summary)

For the hydrodeoxygenation of fast pyrolysis bio-oil (FPBO), the
5NilFe/Nb20s, SNiSFe/Nb20Os, and SRu/Nb2Os catalysts were prepared using the wet
impregnation method, followed by calcination at 500°C. Catalyst characterization
included ICP-OES for bulk metal composition, XRD for phase composition, NHs-TPD

for acidity analysis, and BET analysis to determine surface area and porosity. The
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morphology and elemental distribution were examined through scanning electron

microscopy (SEM) and energy-dispersive spectroscopy (EDS).

The HDO experiments were conducted in a 200 mL batch reactor, using the
light fraction of FPBO from beech wood as feedstock. The reaction was performed at
250°C, under an 8 MPa hydrogen pressure, for 2 hours, with 2.5 g of catalyst. The
upgraded oil and aqueous phases were analyzed to assess deoxygenation efficiency and
fuel quality improvements. Elemental analysis (C, H, N, O) determined the chemical
composition, while the water content was measured using Karl Fischer titration. The
higher heating value (HHV) of the upgraded oil was calculated to evaluate its energy
content. A Van Krevelen plot was used to visualize the carbon efficiency and oxygen

removal.

The product composition was analyzed using GC-MS and GC-FID for
compound identification and quantification, while *H-NMR spectroscopy provided
insights into the functional group transformations. Additionally, the consumption of H
and CO: production was monitored to evaluate the efficiency of deoxygenation and

hydrogen utilization.
5.3. RESULTS AND DISCUSSION
5.3.1. CATALYST CHARACTERIZATION

Elemental composition of the 5Ru/Nb,Os catalyst was determined via two
analytical approaches: Inductively Coupled Plasma (ICP) and Energy-Dispersive X-ray
Spectroscopy (EDS). ICP analysis revealed a ruthenium content lower than expected, at
3.17 wt.%, indicating potential challenges in the impregnation process. On the other
hand, EDS offered insights into the distribution of metals on the surface, revealing
discrepancies between surface metal content and the overall bulk composition. The EDS
analysis was conducted to validate and complement the ICP findings. The Table 10

show the results.

TABLE 10. Results of the elementary composition

Elementary Composition by ICP  Elementary Composition by EDS

Catalyst Ru (Wt. %) Nb (wt. %)  Ru (wt. %) Nb (wt. %) O (wt. %)

SRu 3.17 60.2 8.14 65.36 21.62
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The calcination of Nb2Os support is a critical step in achieving the optimal
niobia structure for catalytic applications. SEM images Figure 22 illustrate the
transformations undergone by the support post-calcination at 500 °C. Initially, as niobic
acid (Nb20s.nH20), the material presents a clustered, less defined structure with larger,
irregular particles. Following calcination, there is a marked structural transformation;
particles become smaller and more defined, signifying dehydration and formation of the
TT pseudo-hexagonal crystalline structure of Nb2Os. This process results in a more
uniform morphology with apparent increased porosity, desirable characteristics for a
catalytic support, as they increase the available surface area for the dispersion of
catalytic metals and the accessibility of active sites, as highlighted by Campos Fraga et
al. (2023) [99].

FIGURE 22. SEM images of HY-340 or Nb20s - nH20 on the left and on the right
Nb20s calcined at 500 °C known as TT-Nb2Os,

EHT = 3.00 kv Signal A = InLens Ao
STEM Seg. Mode = HAADF
WD = 3.6mm Mag= 5000KX Fileha

SEM images of the catalysts with corresponded EDS mapping, are showed in
Figure 23, Figure 24,Figure 25. This analyze provide the distribution of metals on the
catalysts, despite the challenging contrast differentiation between Ni, Fe and Ru
particles, and the Nb2Os support crystallites. The left image displays the morphology of
the catalysts, while the right images highlight the elemental distribution on its surface.

The EDS mapping reveals an even spread of nickel (blue), iron (green), and niobium
(purple).

The catalyst 5NilFe/Nb2Os Figure 23 exhibit a relatively uniform distribution,

with some larger irregular structures, which could correspond to metal oxide clusters or
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areas of localized metal accumulation. The EDS analysis may suggest that Fe is less
uniformly distributed compared to Ni, indicating possible phase segregation or
clustering. In Figure 24, the 5Ni5Fe/Nb>Os catalyst shows similar in morphology and
characterized by clusters, but with a higher presence of Fe through EDS analysis,

signifying a more substantial Fe integration, as evidenced by larger cluster formations.
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FIGURE 23. SEM image of 5NilFe/Nb2Os catalyst with corresponding chemical
mapping and EDS
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FIGURE 24. SEM image of 5Ni5Fe/Nb2Os catalyst with corresponding chemical
mapping and EDS
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The 5Ru/Nb.Os catalyst exhibits a heterogeneous morphology (Figure 25)
similar to the other catalysts, characterized by varying particle sizes. However, it
uniquely displays a distinct structure with the formation of sharper, cone-like features
with less evidence of cluster formation compared to the previous catalysts. The EDS
mapping signals for ruthenium (blue), niobium (green), and oxygen (red) demonstrate a

homogeneous dispersion of ruthenium across the niobium oxide support.
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FIGURE 25. SEM image of 5Ru/Nb20Os catalyst with corresponding chemical mapping
and EDS
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The catalyst 5SRu/Nb2Os underwent NH3-TPD and BET analysis Table 11 to
evaluate the acid site distribution and compare it with the Ni-Fe bimetallic catalysts.
Interestingly, the Ru catalyst exhibited a lesser reduction in surface area compared to
the Ni-Fe catalysts, likely due to the significantly lower content of impregnated metal.
Additionally, the method used for reduction may have impacted the textural properties

of these materials.

NH3-TPD analysis revealed two prominent peaks for the 5Ru/Nb2Os catalyst,
indicative of the presence of acid sites of varying strengths. The first peak, observed at
185 °C, is associated with weak acid sites, while the second peak at 345 °C corresponds
to medium-strength acid sites [141]. To accurately quantify the types of acid sites,
present, the TPD profiles were analyzed using a multiple-Gaussian function. This
method allows for the deconvolution of the TPD curves, enabling the integration of

individual desorption curves corresponding to weak, medium, and strong acid sites.
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TABLE 11. Total acidity (umol NHs/g catalyst) measured by NHs-TPD, the BET surface area

(SBET, m?/g), the acid site density (umol/m?), and the relative distribution of weak, medium,

and strong acid sites (%).

Acid sites distribution (%)

o Density of the
Acidity SBET T _
Sample , acid sites Weak Medium Strong
(MmOINH3/gca)  (M</Q)
(umol/m2)
5Ru/Nb2Os 707.6 35.8 19.7 31 69 0.0
5NilFe/Nb2Os 274.3 30.2 9.1 0 25 75
5Ni5Fe/Nb20s 295.2 21.7 13.6 0 8 70
Nb2Os 668.0 57.3 11.65 0 25 75
FIGURE 26. Ammonia desorption profiles (NHz-TPD) of the samples
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The Ru/Nb.Os catalyst demonstrates significantly higher acidity by mass

(707.6 pmol/gcat) as a higher density of the acid sites. It is noteworthy that 31% of the

acid sites are categorized as weak, indicating a predominance of weaker acid strength,

with no strong acid sites detected, and the remaining 69% being of medium strength.

This characteristic may be attributed to the presence of unreduced species within the
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catalyst, as evidenced by the detection of RuO; in the XRD analysis Figure 27. The
catalyst exhibits a low degree of reduction and the presence of RuO; on the catalyst

surface is likely to affect its acidic properties, impacting its catalytic behavior.
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FIGURE 27. X-ray diffraction (XRD) patterns of the passivated SRu/Nb-Os catalyst
and the Nb2Os support.
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The X-ray diffraction (XRD) patterns for the reduced and passivated catalysts
confirm the presence of the TT-Nb2Os phase, characterized by its hexagonal lattice, as
previously discussed in Chapter 4. This phase is identified by its characteristic
diffraction peaks at 20 = 22.7° and 28.6°, consistent with the Cambridge
Crystallographic Data Centre (CCDC) reference code n° 2103847 or Inorganic Crystal
Structure Database (ICSD) n° 1840.

For the 5Ru/Nb.Os catalyst, an additional diffraction peak at 26 = 35.1°
corresponds to RuO-, referenced in the ICSD under n°® 117652. It is noteworthy that the
RuO: peak at 20 = 27.9° overlaps with that of TT-Nb2Os, which may contribute to peak

broadening or intensity variations. The absence of distinct metallic ruthenium (Ru°)
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peaks suggests a high dispersion of Ru species or their possible interaction with the

Nb20s support, reinforcing the hypothesis of strong metal-support interactions.

5.3.3. HYDRODEOXYGENATION (HDO) oF FPBO

The hydrodeoxygenation (HDO) reactions were performed using the light
phase of beech wood fast pyrolysis oil (BTG Biomass Technology Group BV,
Enschede, The Netherlands) as the feedstock. The primary objective of the HDO
reaction was to reduce the oxygen content in the bio-oil while retaining its carbon and
hydrogen composition as much as possible. The initial feedstock contained 32.9 wt.%
carbon, 8.1 wt.% hydrogen, 0.1 wt.% nitrogen, and a high oxygen content of 58.9 wt.%,

making deoxygenation a key requirement.

The catalytic tests were carried out in a 200 mL batch reactor using 2.5 g of
catalyst per 50 g of bio-oil. The reactions were conducted at 250 °C for 2 hours, with a

controlled heating ramp of 3.33°C min™!, under an initial H- pressure of 8§ MPa.

After the upgrading reactions, the products were classified into two major liquid
phases: upgraded oil phase (UOP) and aqueous phase (AP), along with minor fractions
of gaseous and solid products. The aqueous phase exhibited an orange to light brown
color, darkening over time due to aging, but maintaining a water-like consistency across
all reactions. In contrast, the upgraded oil phase was deep brown, denser than the
aqueous phase, and exhibited a significantly higher viscosity. The viscosity varied
depending on the catalyst used, indicating different extents of deoxygenation and

structural modifications.
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Table 12 revealed that the upgraded oils had significantly higher carbon
contents, ranging from 62.8 to 65.9 wt.% (dry basis) for all catalysts tested. The highest
carbon content was observed for SNiSFe/Nb2Os (65.9 wt.%), representing an increase
of 24.5% compared to the feedstock. Similarly, the hydrogen content increased in the
upgraded oils, contributing to an improvement in the fuel properties. As expected, a
significant reduction in oxygen content was observed across all catalysts, with
5Ru/Nb20Os reducing the oxygen from 40.7 wt.% (dry basis) in the feedstock to 26.5
wt.%, followed by 5Ni5SFe/Nb2Os (27.2 wt.%) and 5NilFe/Nb2Os (30.7 wt.%).

The water content in the upgraded oil was reduced compared to the feedstock,
which initially contained 37.8 wt.% water. After upgrading, the water content ranged
from 6.0 to 7.4 wt.%, with SRu/Nb2Os producing a slightly higher water concentration
(7.4 wt.%) than the bimetallic catalysts. This reduction in water content indicates
effective deoxygenation and a shift in polarity of the bio-oil components.

The removal of oxygen and water significantly increased the higher heating
value (HHV) of the upgraded oils. Compared to the initial 20.1 MJ/kg of the feedstock,
the HHV increased by 52.2% for SRu/Nb2Os (30.6 MJ/kg), 44.3% for 5Ni5Fe/Nb2Os
(29.0 MJ/kg), and 36.8% for 5NilFe/Nb2Os (27.5 MJ/kg). This improvement highlights
the efficiency of the catalysts in enhancing the energy density of the bio-oil, making it
more suitable for potential fuel applications.
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TABLE 12. Chemical composition of upgraded oils at different reaction conditions (8 MPa, 2h of reaction).

C (wt. %) H(wt.%) N (Wt.%) O (wt.%) H20 (wt. %) HHYV calc (MJ/kg)
Feedstock wb. db.  wh. do. wb. db. wb. db. wb. wb.
329 529 81 6.3 0.1 03 589 407 37.8 20.1
Upgraded Oil
5NilFe/Nb2Os 58.2 62.8 6.6 6.2 0.2 0.2 35 30.7 6.1 27.5
5Ni5Fe/Nb20s 61 659 7 6.7 0.2 02 318 272 6 29
5Ru/Nb20s 59.6 64.3 6.4 6 0.1 01 339 265 7.4 30.6
Aqueous Phase
5NilFe/Nb20s 13.9 46.6 9.9 7 1 3.3 75.2 43 70.2 20
5Ni5Fe/Nb20s 129 419 938 6.8 1.3 4.2 76 47 69.2 17.9
5Ru/Nb20s 14 454 10.2 8.1 1.4 45 744 41.8 69 21
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According to Mortensen et al. (2013) [61], Ni catalysts demonstrate excellent
performance when supported on oxides, exhibiting high yield for oxygen removal through
hydrogenation and cracking reactions under mild conditions, typically ranging from 150
to 250 °C. On the other hand, Fe catalysts have proven to be effective for bio-oil

upgrading through hydrodeoxygenation and ketonization reactions [142] [77].

The 5Ru/Nb,Os catalyst demonstrated deoxygenation efficiency and an increase
in the heating value of the upgraded bio-oil, performing comparably to the bimetallic Ni-
Fe catalysts. Ruthenium-based catalysts are well known for their superior hydrogenation
capabilities, as reported in the literature [106,143]. The similar deoxygenation efficiency
and HHV enhancement observed for SRu/Nb.Os and Ni-Fe catalysts suggest that their
catalytic mechanisms involve both hydrogenation and C-O bond cleavage. This
observation underscores the significance of the support's acidity in influencing yield for
oxygen removal during mild hydrodeoxygenation (HDO) conditions [144-147].

For Ni-Fe catalysts, the dominant reaction pathways in bio-oil upgrading have
been identified as hydrogenation and hydrogenolysis, leading to efficient oxygen removal.
Both Ru-based and Ni-Fe catalysts removed oxygen primarily in the form of water, with
SNilFe/Nb20s exhibiting superior hydrogenation activity, likely due to the specific
reaction conditions applied. The oxophilic sites of Fe potentially act as C—O bond scission
sites, facilitating deoxygenation—a hypothesis supported by the substantial water
formation observed [102]. To further enhance oxygen removal, a secondary upgrading
step under more severe conditions, such as elevated temperatures, could be implemented

to achieve deeper deoxygenation and improved bio-oil quality.

A Van Krevelen diagram Figure 28 was used in order to visualize the
transformations occurring during the hydrotreatment reactions in terms of C, H and O
content [106] standard quality characteristic for the upgraded oil is achieving a low molar
O/C ratio, ideally approaching zero, indicating efficient removal of oxygen.
Simultaneously, a moderate H/C ratio around 1.50 is targeted, considering that the H/C
ratio in crude oil typically falls within the range of 1.50 to 2.00. The reduction of the O/C
ratio indicates hydrodeoxygenation, whereas an increase in the H/C ratio may indicate
hydrogenation of the upgraded oils [148]. The upgrading reactions reduced the O/C ratio
of the feedstock from 0.59 to the range of 0.31-0.36. Notably, the 5Ni:5Fe/NbOs catalyst

achieved the lowest O/C ratio of 0.31, indicating superior deoxygenation efficiency. In
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terms of hydrogenation, although all catalysts facilitated this process, the 5Ru/Nb2Os
catalyst stood out, demonstrating enhanced hydrogenation capabilities, as reflected by the

reduction in the H/C ratio.

FIGURE 28. Van Krevelen plot of the upgraded oil obtained with the catalysts.
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5.3.4. HYDRODEOXYGENATION (HDO) MECHANISMS

The upgraded samples were further analyzed using GC-MS for compound
identification, with the main chemical species identified through the National Institute of
Standards and Technology (NIST) mass spectral library. The relative content of each
compound was determined by calculating its peak area ratio to the total peak area in the
GC-MS spectra. Additionally, GC-FID was employed for quantification, ensuring
accurate determination of compound concentrations. The combination of GC-MS for
qualitative analysis and GC-FID for precise quantification provided a comprehensive
evaluation of both the feedstock and its upgraded products. The high sensitivity of GC-

FID enabled accurate quantification of seven key compounds, including lignin-derived
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phenolics such as phenol, catechol, and guaiacols, which are crucial indicators of

deoxygenation efficiency in hydrodeoxygenation (HDO) reactions.

The feedstock's carbohydrate content was primarily composed of sugars (56.1%
of detectable compounds), with a lower concentration of lignin-derived compounds and
methoxyphenols, which are characteristic of woody biomass [148]. among the detected
sugars, levoglucosan was predominant but was completely converted during the catalytic
treatments into products such as CO2, various alcohols (ethylene glycol, propylene glycol,
1,2-butanediol), and acetic acid. Notably, the treated samples exhibited a substantial
increase in alcohol compounds, which were absent in the raw feedstock but appeared in
four distinct types after upgrading, primarily ethylene glycol and methanol. This
transformation aligns with findings from a two-stage HDO process applied to pine
sawdust-derived bio-oil, where researchers demonstrated that oxygenated compounds
were partially converted into alcohols in the first HDO step (300°C, 10 MPa Hz, Ru/C
catalyst), effectively reducing their reactivity. In a subsequent higher-temperature stage
(400°C, 13 MPa H:, NiMo/Al:Os catalyst), the remaining oxygenates underwent deep

deoxygenation, producing a hydrocarbon-rich bio-oil with enhanced stability [149].

Following the upgrading process, sugars and nitrogenous compounds were
entirely removed across all tested catalysts. However, a notable presence of guaiacol
compounds and methoxy phenols was observed, which are lignin-derived molecules
containing phenol and methoxyl functional groups. This suggests that partial
deoxygenation and hydrogenation occurred during the HDO reaction. The formation of
alcohols, benzenes, and esters indicates that these species could be intermediates,
implying that further conversion might be possible under more severe reaction conditions

or by employing a more active catalyst.

The persistent presence of guaiacols and methoxyphenols in the upgraded oil
aligns with literature reports suggesting that a single-stage HDO may not achieve
complete deoxygenation, particularly when operating under mild conditions. It has been
established that two-stage HDO is a more effective strategy to overcome the complexity
of pyrolytic oil upgrading, particularly for mitigating coke formation [150]. At lower
temperatures, cellulose- and hemicellulose-derived oxygenates are more reactive and
prone to polymerization, leading to coke formation. In contrast, at higher temperatures,

pyrolytic lignin compounds become the primary cause of coke formation [[151].
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Consequently, in a two-step HDO approach, the first stage focuses on stabilizing the
reactive oxygenates, converting them into less reactive intermediates at lower
temperatures. Even if full deoxygenation is not achieved in this step, the oil becomes more
stable, reducing the likelihood of further polymerization and coke formation in the

subsequent upgrading stage.

The GC-FID quantification confirmed that hydrotreatment significantly reduced
lignin-derived phenols in the upgraded oils, demonstrating the efficiency of the catalysts.
For example, guaiacol content decreased from 7.3 g/kgPO in the feedstock to 2.1 g/kgPO
with 5Nil1Fe/Nb2Os and to 1.7 g/kgPO with 5SRu/Nb2Os, while phenol content was reduced
from 1.8 g/kgPO to 0.5 g/kgPO with 5NilFe/Nb2Os. These results indicate that
5NilFe/Nb2Os exhibited a strong capacity for deoxygenation. The bimetallic catalyst
appears to enhance both hydrogenation and hydrogenolysis, facilitating C—C and C-O
bond cleavage in the presence of hydrogen.

Additionally, the observed reduction in phenolic compounds may be attributed to
dehydration reactions, where water is eliminated from organic molecules, often resulting
in the formation of aromatic hydrocarbons [106]. These findings further support the
hypothesis that oxophilic Fe sites in Ni-Fe catalysts act as C—O bond scission sites,

promoting efficient oxygen removal via water formation [102].

Figure 29. Distribution of the volatile products based on relative concentration from
GC/MS
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FIGURE 30. Composition of the upgraded oil determined by GC-FID for representative

compounds.
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In evaluating the hydrodeoxygenation (HDO) performance of Nb.Os supported
catalysts, three critical factors must be considered: hydrogen consumption, degree of
deoxygenation (DOD), and CO. production. Hydrogenolysis and hydrogenation typically
result in increased hydrogen consumption because hydrogen atoms are being added to the
organic molecules. In the case of decarboxylation, carbon is lost in the form of CO2, which
is not desirable for HDO efficiency as it indicates the loss of carbon content from the
feedstock. The degree of deoxygenation (DOD) is an essential parameter indicating the
effectiveness of oxygen removal from the feedstock, which is a key goal in HDO to

improve the quality of the bio-oil by reducing its oxygen content.

The internal pressure and temperature of the autoclave were recorded along the
reaction. A rough trend was plotted using the ideal gas and Soave Redlich Kwong
equations to estimate the theoretical H, pressure in the autoclave without gas

consumption.

107



TABLE 13. Comparison of the key results, namely hydrogen consumption, DOD,
together with COa.

H2 consumption COz2 production
Catalyst DOD (db.)
(mol /Kg FPBO) (mol/Kg FPBO)
5NilFe/Nb,Os 2.5 24.5 0.61
5Ni5Fe/Nb,Os 3.9 331 0.40
5Ru/Nb0Os 6.4 34.9 0.93

The 5Ru/Nb2Os catalyst stands out for its hydrogen consumption rate at 6.4
mol/kg FPBO, paired with the highest CO, output of 0.93 mol . kg* FPBO Table 13. This
profile suggests a propensity for hydrogenation, where hydrogen addition to organic
compounds is a primary reaction, accompanied by significant decarboxylation, leading to
carbon loss as CO> [152]. Although this might indicate efficient oxygen removal, the loss
of carbon contradicts the objective of maximizing carbon retention in the bio-oil through
the HDO process.

In contrast, the 5Ni5Fe/Nb2Os catalyst exhibits moderate hydrogen consumption
at 3.9 mol/kg FPBO and the least CO> production at 0.40 mol/kg FPBO among the tested
catalysts. This indicates deoxygenation with minimal carbon loss, aligning more closely
with the goal of preserving carbon content in the bio-oil, enhancing the HDO process's
carbon efficiency [152,153]. 5NilFe/Nb,Os catalyst uses the least hydrogen at 2.5 mol/kg
FPBO and has an intermediate level of CO, production at 0.61 mol . kg FPBO. It
represents a compromise between hydrogen efficiency and carbon conservation,
suggesting a selective and efficient HDO process. Meanwhile, the 5Ni5Fe/Nb2Os catalyst
may exhibit a preference for pathways such as hydrogenation or hydrocracking, which
could explain the reduced CO; in its products. Furthermore, the higher hydrogen uptake
and water formation by the 5Ni5Fe/Nb2Os catalyst imply more robust hydrogenation
activities, enhancing the saturation of oxygenated compounds and leading to more water

production, thereby achieving greater deoxygenation.

Adding to this, the Degree of Deoxygenation (DOD) values underscore the
efficacy of all catalysts in oxygen removal. Nevertheless, the elevated hydrogen and CO»

figures for the 5Ru/Nb2Os hint at a lower Yield for deoxygenation without carbon loss.
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Conversely, the 5Ni5Fe/Nb,Os demonstrates an optimal balance of hydrogen usage and
CO> output, hinting at a more carbon-conservative approach to HDO. This analysis
indicates that while all catalysts are effective, the 5SNi5Fe/Nb,Os catalyst may offer a more

sustainable route in bio-oil upgrading by prioritizing carbon efficiency.

The evaluation of specific functional groups in the upgraded products was
carried out using *H-NMR spectroscopy, a method well-suited for analyzing complex
mixtures like fast pyrolysis bio-oil. The observed shifts in proton concentration highlight
the catalysts' efficiency in reducing oxygenated functional groups and promoting

hydrocarbon formation.

FIGURE 31 Concentration of protons in 1H-NMR spectral regions for feed and HDO upgraded
products
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Carboxylic acid protons (12.5—11 ppm) were not detected in either the feedstock
or upgraded oils, indicating their very low presence or complete conversion via
decarboxylation. Aldehyde and aromatic hydroxyl protons (11-8.25 ppm) were present

in minimal concentrations (0.139 mol in the feedstock), and given the high reactivity of
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aldehydes [154,155], they underwent hydrogenation or other transformations under the

applied conditions.

In the 8.25—6 ppm range, associated with aromatic and conjugated double-bond
protons, the feedstock exhibited a concentration of 1.49 mol, which increased in the
upgraded oils. This trend is explained by the low polarity of these functional groups,
which results in a higher solubility in the organic phase, as previously noted by Campos-
Fraga et al. (2022) [156].

For the 6—4.2 ppm range, which corresponds to non-conjugated -C=C— and aryl
—CH2—-0- groups, the feedstock had a high proton concentration (16.34 mol), but this
dropped significantly in the upgraded oils. The 5NilFe/Nb.Os (3.90 mol) and
SNi5Fe/Nb20s (3.24 mol) catalysts exhibited the largest decreases, indicating extensive
hydrogenation and cleavage of non-conjugated double bonds and ether linkages. Similar
behavior was reported by Campos-Fraga et al. (2022) [[102] and Kim et al. (2015) [157],
where an increase in Fe loading enhanced the hydrogenation of conjugated and non-
conjugated double bonds, reducing the number of protons in this region.

In the 4.2—3 ppm range, dominated by ether (—CH2—0O) and methoxy (—OCH3s)
groups, the feedstock showed a high concentration (48.31 mol). This value decreased in
the upgraded oils. The significant reduction reflects the hydrogenolysis of methoxy and
ether groups, essential for deoxygenation. 5Ru/Nb205 retained the highest proton
concentration in this range, suggesting a lower hydrogenolysis activity compared to the

other catalysts.

In the 3.0—2.0 ppm range, which corresponds to aliphatic protons adjacent to
carbonyls and methyl groups of acetic acid, the Ni-Fe catalysts exhibited the highest
proton concentrations, indicating efficient hydrogenation of oxygenated intermediates
into secondary alcohols, as also observed by Kim et al. (2015). Finally, in the 2.0-0.06
ppm region, representing aliphatic protons in fully saturated hydrocarbons, all upgraded
oils showed significant increases. The 5NilFe/Nb2Os catalyst exhibited the highest proton
concentration (11.76 mol), highlighting its strong hydrogenation and hydrodeoxygenation
activity. The S5Ru/Nb2Os catalyst (10.18 mol) retained slightly more oxygenated
functionalities, suggesting a less extensive hydrogenation compared to Ni-Fe catalysts.
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5.4. CONCLUSION

Elemental composition analysis by ICP and EDS confirmed the successful
impregnation of metals on the catalysts. However, a discrepancy in the expected
ruthenium content for SRu/Nb.Os suggests challenges in the impregnation process,
potentially due to metal-support interactions affecting metal deposition. The post-
calcination SEM analysis of the Nb.Os support revealed significant morphological
transformations, including increased porosity and more uniform particle size distribution,
which enhance catalytic performance by improving metal dispersion and accessibility of

active sites.

In the FPBO experiments, the 5Ni5Fe/Nb2Os catalyst demonstrated the best
balance between deoxygenation efficiency and carbon retention, making it the most
promising candidate for bio-oil upgrading. It effectively removed oxygen while
maintaining a high carbon content, a critical factor for preserving the energy value of the
upgraded oil. Its moderate hydrogen consumption and low CO: production indicate a
more selective HDO process that minimizes unnecessary carbon loss. This, combined
with its superior deoxygenation efficiency—evidenced by the lowest O/C ratio

achieved—positions SNi5Fe/Nb.Os as the most efficient and sustainable catalyst tested.

The 5Ru/Nb:Os catalyst, while achieving the highest degree of deoxygenation
(DOD), exhibited elevated hydrogen consumption and CO: production, suggesting a less
selective deoxygenation pathway with extensive decarboxylation. Although this catalyst
effectively removed oxygen, its higher carbon loss and hydrogen demand may limit its
practical efficiency compared to Ni-Fe catalysts. The results suggest that Nb2Os acidity
played a key role in enhancing both direct deoxygenation (DDO) and hydrogenation

pathways, contributing to the performance differences observed between the catalysts.

In this study, Nb.Os-supported Ni-Fe and Ru catalysts were evaluated model
compound (guaiacol) and real bio-oil hydrodeoxygenation reactions. While both
processes aimed to remove oxygen from the feedstock to enhance fuel properties, the
results differed significantly due to the inherent complexity of FPBO compared to
guaiacol. In the guaiacol HDO (previous chapter), 5NilFe/Nb.Os exhibited high
hydrogenation activity, leading to selective production of cyclohexanol and cyclohexane.
However, when tested with FPBO, the 5Ni5Fe/Nb:2Os catalyst emerged as the best-

111



performing system, achieving an optimal balance between oxygen removal, carbon
retention, and hydrogen consumption. The differences observed suggest that while
guaiacol HDO provides valuable insights into reaction pathways, the catalytic behavior
can shift when processing complex bio-oil mixtures, where competitive adsorption,
additional oxygenated functionalities, and varying molecular weights influence

deoxygenation selectivity.
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CHAPTER 6

EVALUATION OF NIOBIUM-BASED PERFORMANCE CATALYSTS IN A
PILOT PLANT CONTINUOUS LIQUID-PHASE HDO REACTION

6.1. MOTIVATION

At the Federal University of Uberlandia (UFU) in Brazil, extensive research has
been conducted on a laboratory scale to develop and evaluate various Nb.Os-supported
catalysts for the hydrodeoxygenation (HDO) of guaiacol in the gas phase (300 °C,
ambient pressure). Among the tested formulations, bimetallic Ni-Fe catalysts supported
on Nb20Os have demonstrated promising results, achieving high conversion rates with
selectivity towards phenol and benzene, while also exhibiting low hydrogen
consumption—a crucial factor for improving process efficiency. However, this gas-
phase study is still ongoing and is therefore not included in this thesis. Nonetheless, the
findings from Chapter 4, where the Ni-Fe catalysts supported on Nb.Os were validated
using SiO: as a reference, serve as an essential foundation for advancing the research

into a liquid-phase continuous HDO system.

As part of the BRISK2 (Biofuels Research Infrastructure) program and a
collaboration with the Karlsruhe Institute of Technology (KIT), a research period was
conducted at the Institut fir Katalyseforschung und -Technologie (IKFT) to scale up
these investigations from laboratory-scale experiments to a continuous reactor setup.
This transition necessitated modifications to the catalyst formulation, including adapting
the catalysts into pellet form to ensure compatibility with continuous operation. The
Nb20s pellets, supplied by CBMM (Companhia Brasileira de Metalurgia e Mineragao),
were impregnated with Ni-Fe and Ru and subsequently characterized to assess their

physical and chemical properties before catalytic testing.

To optimize the pilot-scale continuous trickle-bed reactor, a commercial Ru/C
catalyst (5% Ru, grains, KaiDa Technology, UK) was initially used as a benchmark.
Ruthenium’s noble metal properties and lower reduction temperature were considered

advantageous for continuous reactor operation. Following this preliminary evaluation,
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the Nb2Os-based catalysts were tested first in a batch reactor and later in the trickle-bed

reactor to assess their efficiency and stability under continuous flow conditions.

This chapter focuses on the parametrization and optimization of the continuous
reactor system, evaluating the performance of Nb.O:s as a catalyst support in comparison
with the commercial Ru/C catalyst. The results obtained during the research period at
KIT provide crucial insights into the scalability and practical application of Nb.Os-based
catalysts for liquid-phase bio-oil upgrading.

6.2 EXPERIMENTAL METHODS (Summary)

In this study, SNilFe/Nb2Os and SRu/Nb2Os catalysts were prepared via wet
impregnation using Nb2Os in pellet form, supplied by CBMM. The catalysts were
calcined at 500°C before characterization, which included ICP-OES for bulk metal
composition and EDS for surface metal distribution. The BET surface area was
determined to assess porosity, and XRD was used to confirm crystalline phases. The H.-
TPR technique was employed to evaluate the reducibility of metal species, while SEM

imaging was used to examine catalyst morphology and metal dispersion.

The experiments were carried out in a trickle-bed continuous reactor, with an
initial optimization phase using a commercial Ru/C catalyst to adjust parameters such
as pressure, hydrogen flow, and temperature control. The final catalytic tests were
conducted using 5NilFe/Nb:.Os and SRu/Nb.Os with a guaiacol solution in decalin as
feedstock. The reactor operated at 300°C, with a 300 bar pressure, a liquid flow rate of
300 mL/h, and an H: flow rate of 0.4 mol/h. The weight hourly space velocity (WHSV)

was set at 5 h™! to optimize conversion while avoiding overheating.

The reaction products were analyzed using GC-FID and GC-MS to determine
conversion rates and product selectivity. Hydrogen consumption was estimated based
on process conditions, while the conversion and selectivity trends were evaluated to

compare the performance of Ru and Ni-Fe catalysts under continuous HDO conditions.

6.3. RESULTS AND DISCUSSION

6.3.1. CATALYST CHARACTERIZATION
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The metal loading and impregnation processes for the catalysts are detailed in
Table 14. Both the 5NilFe/Nb20Os and 5SRu/Nb2Os catalysts were prepared using Nb2Os
in pellet form. However, challenges were encountered in the impregnation of Ru, both
on powder and pellet supports, reflecting similar difficulties observed in Chapter 5.

To verify the metal distribution on the surface of the pellets, EDS analysis was
conducted. However, discrepancies were noted between the metal loadings obtained by
ICP-OES (representing bulk composition) and EDS (representing surface composition).
EDS results revealed a higher concentration of metals on the surface, a phenomenon
commonly associated with the wet impregnation technique. This suggests that the
impregnation process resulted in an enrichment of metals at the pellet surface.

For 5SRu/Nb.Os, ICP-OES analysis indicated a bulk Ru content of 1.32 wt. %,
while EDS showed a significantly higher Ru concentration (7.44 wt. %) on the pellet
surface. This disparity suggests that Ru was not homogeneously distributed throughout
the Nb2Os support, potentially impacting its long-term catalytic performance due to
localized Ru enrichment and possible sintering effects.

Similarly, for 5Nil1Fe/Nb2Os, ICP-OES analysis indicated 4.8 wt. % Ni and 0.9
wt. % Fe, whereas EDS showed notably higher surface concentrations (8.9 wt. % Ni
and 8.5 wt. % Fe). This suggests that Fe, despite its lower bulk content, was

preferentially concentrated on the catalyst surface.

TABLE 14. Surface composition via ICP-OES and REM/EDS.

Composition by ICP (wt. %) Composition by REM/EDS (wt. %)
Ru Ni  Fe Nb Ru Ni Fe Nb O C

Pellet 5% Ru/Nb2Os  1.32 - - 63.05 744 - - 618 195 117
Pellet 5NilFe/Nb2Os - 48 09 60.1 - 89 85 516 1956 114
Pellet Nb,Os - - - 61.1 - - - 528 20 272

The discussion on wet impregnation brings attention to the critical aspects
influencing the formation and dispersion of catalysts on porous supports, particularly

when utilizing pellet-shaped impregnated support. Throughout the impregnation
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process, the evidence of black liquid containing remnants of the Ru precursor indicates
the challenge of retaining all the impregnated material. The lack of a strong interaction

leads to precursor mobility, causing agglomeration as the solvent evaporates [158].

According with Komiyama 1985 [159], liquid-phase impregnation involves
depositing small crystallites of catalyst precursors on the support's internal surface
during impregnation and subsequent drying. However, these processes may not reach
equilibrium, resulting in non-uniform impregnation profiles along the support pellet's
radius. In cases where the reaction is mass-transfer limited, depositing the catalytic
constituent closer to the external surface is desirable. Conversely, a uniformly

distributed profile is preferred when the reaction is kinetically limited.

Carbon is often utilized as a binder to form pellets, as indicated by Bui et al.,
(2022) [160]. However, the inclusion of carbon can complicate the impregnation process
and influence the catalyst's morphology. Scanning Electron Microscopy (SEM) images,
detailed in Figure 32Figure 33, were used to examine the morphology of the pellet-
shaped catalyst. In the SEM image displaying the support, a dark and flat surface is

observed. Subsequent EDS analysis confirmed that these dark areas represent carbon.

FIGURE 32. Nb2Os pellet SEM and EDS image
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Following calcination at 500 °C and metal impregnation, SEM images reveal the
presence of metals on the surface of the pellets (Figure 33). The figure displays the pellet
post-calcination on the left side, with the upper right showing 5Ni-1Fe/Nb2Os and the
lower right showing 5Ru/Nb.Os. Notably, a flat surface can be observed, resulting from
the pellet preparation method, tabletization, which employs pressure to shape the pellet,
potentially leading to surface alterations.

FIGURE 33. SEM images of pellet after calcination and the prepared catalysts on the
right.
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TABLE 15. Textured properties of the Nb2Os support pellet before and after

calcination.
aSBET bSMeso cVTotaI dVMeso eD
Sample
(m?lg) (m2/g) (cm®g) (cm3g) (nm)
Pelletnot 1557 10086 016 016  6.28
calcined

Pellet calcined 85.78  84.68 0.14 0.14 7.04
8Specific surface area determined by the method Brunauer-Emmett-Teller

(BET). PMesoporous area calculated by t-plot method. ‘Total pore volume
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measured by the amount of N, adsorbed at a relative pressure close to unity (P/Po
= 0.995). “Mesoporous volume area measured by t-plot method. éAverage pore

diameter calculated by the Barrett—Joyner—Halenda (BJH) adsorption method.

Before calcination, the support pellet exhibits a specific surface area (Sget) of
115.27 m?/g and a mesoporous area (Smeso) 0f 109.86 m2/g, indicating a high proportion
of mesopores within its structure. The total pore volume (Vtota) is measured at 0.16
cmd/g, with the mesoporous volume (Vwmeso) also at 0.16 cm?®/g, suggesting that the
mesopores contribute significantly to the total pore volume. The average pore diameter
(D), calculated using the Barrett—Joyner—Halenda (BJH) method, is 6.28 nm, falling
within the mesoporous range (2-50 nm), confirming the mesoporous nature of the

uncalcined pellet.

After calcination, there is a noticeable reduction in both the specific surface area
and the mesoporous area, with values decreasing to 85.78 m2. g and 84.68 m2. g,
respectively. This reduction suggests that calcination leads to a collapse of some
mesoporous structures or to the sintering of the material, which results in a decrease in
surface area and pore volume. Similarly, the total and mesoporous volumes decrease to
0.14 cm3. g%, and the average pore diameter increases from 6.28 nm to 7.04 nm after

calcination.

XRD measurements were conducted to evaluate the crystalline structure of the
Nb2Os support and the impregnated catalysts. Post-calcination, the Nb2Os pellet support
exhibited diffraction peaks representative of the TT-Nb.Os phase, consistent with
CCDC reference code n° 2103847, a structure present in all prepared catalysts.
Additionally, a common peak at 20 = 26.4°, shared between the catalysts and Nb2Os
support, indicates the presence of graphite carbon, suggesting carbon deposition on the
surface, which could impact the catalytic activity and yield. In the XRD analysis of the
5NilFe/Nb2Os catalyst, peaks indicative of NiFe, aligned with ICSD reference number
n°® 040334, are noted at 20 = 44.3° and 51.6°. Additionally, peaks corresponding to
FeNb20es, identified with ICSD n°047187, appear at 26 = 24.5°, and 34.8°. The typical
pattern for Ruthenium is identified at 20 angles of 38.4°, 42.16°, and 44.1°.
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FIGURE 34. XRD Patterns of the samples reduced and passiveted.
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The table presents the BET surface areas and crystallite sizes of the XRD
identified phases of the catalysts 5Ru/Nb2Os and 5NilFe/Nb20Os. The 5Ru/Nb2Os
catalyst exhibits a BET surface area of 68.2 m#/g, surpassing the 56.2 m2/g surface area
of the 5NilFe/Nb2Os catalyst. This difference could be linked to the varying metal
content: 1.32% for ruthenium in the single-metal catalyst versus a combined 6.8% for
the metals in the bimetallic catalyst, as confirmed by ICP. The 5Ru/Nb.Os catalyst's
ruthenium phase has a crystallite size of 22.41 nm. Conversely, the 5NilFe/Nb2Os
catalyst displays crystallite sizes of 32.4 nm for the FeNb2Og phase and 34.1 nm for the
NiFe phase.
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TABLE 16. BET surface area and crystallite sizes (t) of Ru and Ni-Fe based phases in
Nb.Os-supported catalysts.

T (nm)
BET Surface
Sample )
area m2/g .
Ru FeNb206 NiFe
5Ru/Nb20s 68.2 22.41
5Ni5Fe/Nb20s 56.2 32.4 34.1

The H2-TPR profile (Figure 35) of the catalysts display single peaks of Ha
consumption related to the reduction of Ru on Ru/Nb.Os, observed at approximately
203 °C for the pellet. In the profile of 5Ru/Nb20Os, only a strong and sharp reduction
peak typically attributed to the reduction of highly dispersed RuO; clusters interacting
with Nb2Os. The catalysts displayed a narrow peak, indicating the homogeneity of Ru
species. However, compared to previously reported Ru/Nb.Os catalysts, the reduction
temperature observed in this study was higher. This discrepancy could be attributed to
the strong interaction between metallic Ru and the support, influencing the reduction
behavior and requiring a higher temperature for the reduction process. Additionally,
setting the reduction temperature at 250 °C ensures the reduction of all Ru oxides to
active metallic Ru [79,144,161,162].

For the 5NilFe/Nb,Os catalyst, a pronounced and broad peak is observed at
580 °C, associated with the reduction of the Ni alloy, alongside a smaller peak at 353
°C, corresponding to the conversion of a-Fe2O3 to magnetite (FezOa), as supported by
Sirikulbodee et al. (2022). [124]. Furthermore, the extensive peak at the higher
temperature (580 °C) could be attributed to the simultaneous reduction of NiO and
Fe203, which exhibit a strong interaction with the support, indicative of the formation
of an Ni-Fe alloy. This pattern of reduction suggests a considerable influence of the

support on the catalyst's reduction behavior and the alloy formation process [26].
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FIGURE 35. TPR of samples in pellets
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6.3.2. REACTOR OPTIMIZATION USING COMMERCIAL CATALYST WITH MODEL

SUBSTANCE

The catalytic tests in the continuous reactor provided insights into the
performance of different catalyst compositions and operating conditions. To optimize
reactor conditions, including pressure, temperature and flow, initial tests were
conducted using a well-established commercial catalyst, Ru/C, known for its reliable
performance. In the first test, the use of 36.5 g of commercial 5% Ru/C with a 1:1 (wt.%)
dilution of catalyst to inert SiO, at a WHSV of 1.4 h't resulted in reactor overheating at
300 °C, indicating a potential limitation in the system's thermal management. In
response, the second test involved reducing the catalyst amount to 8 g with 58 g of SiO3,
and a higher WHSV of 5 h™t. While overheating still occurred at 300 °C, it was less

intense, suggesting a potential improvement in heat dissipation (Figure 36).
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FIGURE 36. Conversion of guaiacol in different WHSV, in black with 36.5 g of
Ru/C catalyst WHSV of 1.4 h't and in red and blue with 8g of Ru/C and WHSV of 5
ht
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In the initial HDO system trials, as depicted in Figure 36, a higher catalyst load
led to a substantial increase in conversion. However, this was accompanied by system
overheating—a scenario less than ideal for sustainable operations. To address this,
targeted strategies were employed to enhance system control and conversion efficiency
while mitigating overheating and reducing the amount of catalyst used. Figure 37
illustrates the outcome of implementing these strategies. By incorporating a filter to
prevent valve blockages, optimizing liquid and gas flows, and installing a new pressure-
relief system, the system operated with less fluctuation and more consistency. A newly
introduced compressor with advanced control for hydrogen flow further stabilized the
process. These enhancements successfully increased the conversion rate at a constant

WHSV of 5 h' with just 8 grams of catalyst, thus demonstrating that system

122



optimization can lead to improved performance without the drawbacks observed in the

initial setup.

FIGURE 37. Conversion of guaiacol with 8 g of catalyst and WHSV of 5 h™ before

and after improvements of the rector setup.
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6.3.3 PILOT PLANT TESTING IN TRICKLE-BED REACTOR — CATALYSTS TESTS

Following the system optimizations, the prepared catalysts were tested in the
continuous reactor using a guaiacol solution in decalin. The reactor operated at 300 °C,
with a liquid flow rate of 300 mL/h and an H: flow rate of 0.4 mol/h, under a pressure
of 300 bar. The Weight Hourly Space Velocity (WHSV) was maintained at 5 h™' to

assess catalyst performance under these conditions.

The conversion rates of guaiacol observed (Figure 38) for both catalysts in the
continuous reactor, which vary between 55.3% and 24.5%, reflect the operational
conditions implemented, notably the WSHV settings. The chosen WSHV aimed to

prevent overheating and optimize the hydrogenation process. Initially, the 5Ni-
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1Fe/Nb2Os catalyst demonstrates a high conversion rate exceeding 55.3% at half an
hour, which decreases to approximately 33% at one and a half hours and subsequently
rises close to 40%. Similarly, the 5Ru/Nb.Os catalyst begins with a conversion rate
above 27.2%. Like the 5NilFe/Nb,Os, the conversion for the SRu/Nb.Os increases after
1.5 hours of reaction due to the heating control mechanism of the reactor. Given that
HDO reactions are exothermic, the system's temperature must be managed to maintain
steady conditions. However, this temperature regulation is gradual, causing a significant
reaction rate at this stage, which results in increased conversions. The reaction is halted

after 2.5 hours for safety concerns.

FIGURE 38. Conversion of Guaiacol and products Yield (%) as a function of time on

stream (TOS) of HDO in the continuous reactor with Pellet catalyst

55 —m— 5Ni-5Fe/Nb205
—o— Ru/Nb205

Q
S 50
Q
Q
8
S 45
©)
(V.
o
s
&
S
c 359
o
O

30

.‘\7\\\7\
25
T T T T T
0.5 1.0 15 2.0 25

To compare the yield at a comparable level of guaiacol conversion, around
30%, the performance of both catalysts was evaluated. The 5NilFe/Nb.Os catalyst
achieved a guaiacol conversion of 32.33%. The distribution of reaction products reveals
a strong preference for cyclohexanol (60.4%) and cyclohexanone (30.3%), indicating
that the reaction is primarily driven by hydrogenation. This preference for hydrogenated

products can be attributed to the high hydrogen pressure used during the reaction, which
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leads to increased hydrogen consumption without a corresponding significant decrease
in oxygen content. This suggests that under these conditions, hydrogenation reactions
are favored over hydrodeoxygenation, according to findings by Schmitt et al. (2018)
[154].

TABLE 17. Yield of the Catalysts 5Ru/Nb2Os and 5Ni5Fe/Nb2Os under

approximately 30% of Guaiacol conversion.

Catalyst  Cyclohexanone Cyclohexanol Cyclohexane Methanol Phenol Catechol

5Ru/Nb2Os 53.7 43.3 2.1 - - -

5NilFe/Nb20s 30.3 60.4 - 2.8 3.3 3.4

The yield data for the 5Ru/Nb2Os catalyst exhibits a significant yield towards
cyclohexanone (53.7 %) and cyclohexanol (43.3 %). These two products are indicative
of the hydrogenation of guaiacol, suggesting that this pathway is effectively facilitated
by the 5SRu/Nb.Os catalyst. The higher yield for cyclohexanone over cyclohexanol could
imply that the ketone formation is favored under the reaction conditions employed. The
yield towards cyclohexane is quite low (2.1%), which might suggest that the complete
hydrogenation of the ring to form cyclohexane is not the preferred pathway under the
given conditions. The catalyst yield profile with high values for cyclohexanone and
cyclohexanol is indicative of a catalyst that is proficient in the hydrogenation steps, but

less so in the complete saturation to cyclohexane [80].

The exploration of HDO of lignin-derived pyrolysis oils under continuous-flow
conditions, particularly in high-pressure trickle-bed reactors, represents an evolving
research field with significant industrial implications. This study contributes to the
advancement of Nb.Os-supported catalysts in continuous-flow HDO processes,
providing valuable insights into their performance and selectivity trends. Future
investigations should further explore the optimization of reaction conditions and catalyst
formulation to maximize oxygen removal while minimizing hydrogen consumption and

carbon loss, improving the viability of bio-oil upgrading technologies.

6.4. CONCLUSION
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This study, conducted between the Federal University of Uberlandia and the
Karlsruher Institut fur Technologie (KIT), demonstrated the promising performance of
bimetallic Ni-Fe catalysts supported on Nb.Os in the hydrodeoxygenation (HDO)
process. These catalysts achieved high conversion rates, good selectivity for desired
products, and efficient hydrogen utilization, making them good candidates for

upgrading bio-oil into more stable liquid fuels.

The initial tests in the pilot-scale HDO reactor using commercial catalysts were
essential for adjusting pressure, hydrogen flow, and temperature control, leading to a
more stable and efficient operation. The transition from batch to continuous flow
processing highlighted the importance of optimizing WHSV and preventing overheating

to ensure process stability.

The synthesis of catalysts using Nb.Os pellets as support and ruthenium as the
active phase faced challenges, resulting in lower-than-expected metal loading. Despite
this, the tests confirmed that Ru-based catalysts exhibited strong hydrogenation activity,
effectively facilitating selective oxygen removal. Among the tested catalysts,
SNilFe/Nb20Os stood out, delivering higher conversion and a balanced hydrogenation

and deoxygenation performance, reinforcing the synergistic effect between Ni and Fe.

The comparison between Ni-Fe catalysts and Ru catalysts offered important
findings into their performance under continuous HDO conditions. The results highlight
the potential of Nb2Os as a catalytic support and support the use of transition metal-
based catalysts as cost-effective alternatives to noble metal catalysts. The transition
from laboratory-scale to pilot plant operations represents a significant step toward large-
scale application, contributing to the development of low-carbon renewable fuels from

lignin-derived bio-oils.
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CHAPTER 7

CONCLUSION

This thesis presents a detailed investigation of the hydrodeoxygenation process,
focusing on the efficiency of different catalysts for bio-oil upgrading. Using guaiacol as
a model compound for lignin-derived bio-oils, the study aimed to gain a deeper
understanding of reaction mechanisms, catalyst behavior, and deoxygenation pathways.
Through a series of experiments, this work evaluates the performance of Ni-Fe
bimetallic catalysts supported on niobia for the upgrading of bio-oil, providing key

insights into catalyst behavior, deoxygenation pathways, and process optimization.

The study first examined the HDO of guaiacol to investigate catalytic reaction
pathways and metal-support interactions, testing Ni and Fe catalysts in both
monometallic and bimetallic forms. The results highlighted the superior performance of
the bimetallic 5Nil1Fe/Nb.Os catalyst, attributed to the synergistic interaction between
Ni and Fe. This research also emphasized the critical role of Nb2Os as a support material,
influencing catalyst reducibility, selectivity, and hydrogen utilization. These insights
provided a fundamental basis for understanding bio-oil upgrading, guiding the transition
to more complex feedstocks in subsequent stages of the study.

Transitioning to bio-oil upgrading, the study evaluated the catalytic
performance of 5NilFe/Nb.Os and 5NiSFe/Nb.Os, using SRu/Nb2Os as a reference
catalyst for the hydrodeoxygenation (HDO) of fast pyrolysis bio-oil (FPBO). The results
revealed differences in carbon efficiency, CO: production, and deoxygenation
performance among the catalysts. SNiSFe/Nb2Os demonstrated a promising balance
between oxygen removal and carbon retention, making it a candidate for efficient bio-
oil upgrading. In contrast, SRu/Nb2Os exhibited high deoxygenation activity but with
increased hydrogen consumption and CO: production, indicating a less selective
deoxygenation pathway with potential carbon loss.

In the final phase of this study, the performance of Nb.Os-supported catalysts
was evaluated in a pilot-scale continuous trickle-bed reactor to advance the application
of HDO in bio-oil upgrading. The transition from batch to continuous operation required
system optimization, including adjustments to pressure control, hydrogen flow, and
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reactor stability, which were successfully implemented using a commercial Ru/C
catalyst as a benchmark. The 5NilFe/Nb2Os and 5SRu/Nb.Os catalysts were then tested
under continuous flow conditions. SNilFe/Nb2Os was selected for this stage due to its
superior performance in guaiacol HDO, where it achieved high conversion and efficient
deoxygenation while balancing hydrogenation and carbon retention. In the continuous
reactor, SNilFe/Nb20Os maintained high guaiacol conversion, favoring hydrogenation
and producing cyclohexanol as the main product, whereas 5SRu/Nb.Os exhibited stronger
deoxygenation activity, leading to higher cyclohexanone selectivity. These findings
reinforce the synergistic effect of Ni and Fe in optimizing both hydrogenation and
deoxygenation reactions, while also demonstrating the high reactivity of Ru-based
catalysts. The successful adaptation of Nb.Os-based catalysts for continuous operation
marks an important step toward scaling up HDO processes, supporting the development

of cost-effective and sustainable alternatives for bio-oil upgrading.

KEY OUTCOMES

o The bimetallic 5SNi1Fe/Nb2Os catalyst demonstrated superior
performance in guaiacol HDO, confirming the synergistic effect between Ni and Fe
in promoting both hydrogenation and deoxygenation.

) In liquid-phase HDO of fast pyrolysis bio-oil (FPBO), the
S5Ni5Fe/Nb20s catalyst achieved the best balance between oxygen removal and
carbon retention, highlighting the distinct roles of Ni and Fe in optimizing the
reaction pathways.

) System optimization in the continuous reactor improved process
stability, hydrogen flow control, and temperature management, demonstrating the
feasibility of scaling up Nb2Os-supported catalysts for industrial applications.

o The study validated Nb2Os as an effective catalyst support, emphasizing
its unique acidity and strong metal-support interactions, which enhance both
hydrogenation and deoxygenation reactions.

. The comparative analysis of Ru and Ni-Fe catalysts established a cost-
performance benchmark, positioning Ni-Fe catalysts as viable and cost-effective

alternatives to noble metal-based catalysts for large-scale bio-oil upgrading.
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. The successful transition from batch to continuous processing represents
a crucial step toward industrial-scale HDO, reinforcing the practical potential of
Nb2Os-supported catalysts in renewable fuel production.
OUTLOOKS

. WHSV Evaluation for Nb2Os Supported Catalysts: Further investigation
into the impact of WHSV on catalyst performance, especially in the continuous-flow
HDO process, will be crucial. Adjusting WHSV could optimize conversion rates and
Yield towards desired products, enhancing the efficiency of bio-oil upgrading
processes.

. Optimization of the Continuous Trickle-Bed Reactor: Continuous efforts
to optimize the trickle-bed reactor setup, particularly for bio-oil feeds, will be essential.
This includes refining operational parameters, enhancing system stability, and
minimizing catalyst deactivation to ensure sustainable long-term performance.

. Testing of Synthesized Pelletized Catalysts with Real Bio-Oil: The
synthesized Nb2Os pelletized catalysts demonstrated promising results in pilot-scale
testing. Future work should focus on evaluating these catalysts with bio-oil feeds to
assess their efficacy and stability under practical operating conditions.

. Temperature and Time Variations in FPBO Studies: Exploring the effects
of reaction temperature and time on the HDO process, especially for the Ni-Fe catalysts,
could provide deeper insights into the reaction mechanisms. This could lead to the
development of catalysts with enhanced yield and activity for specific reaction
pathways.

. Investigation of Catalyst Longevity and Regeneration: A critical aspect
of catalyst design for commercial applications involves understanding and improving
catalyst stability and longevity. Future studies should explore methods for catalyst
regeneration and techniques to mitigate catalyst deactivation, particularly due to coke
formation and metal leaching.

. Scale-up and Commercialization Prospects: Bridging the gap between
laboratory-scale findings and commercial applications will be a key objective. This
entails scaling up the HDO process, evaluating economic viability, and addressing
engineering challenges associated with bio-oil upgrading at an industrial scale.

. Integration with Other Bio-refinery Processes: Exploring the integration

of HDO processes with other bio-refinery operations, such as pyrolysis, gasification,
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and biochemical conversion routes, could offer holistic solutions for biomass
valorization, enhancing the overall efficiency and sustainability of bio-refineries.

By addressing these outlooks, future research can significantly advance the
field of bio-oil upgrading, contributing to the development of sustainable and
economically viable processes for converting lignin-derived feedstocks into valuable

hydrocarbons.
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APPENDIX 1

Calibration Curve for Liquid Products Quantification - Agilent GC 7820A

(Karlsruhe Institute of Technology - Germany)

The quantitative chemical compositions of feedstock samples, upgraded oil, and
products from guaiacol hydrodeoxygenation (HDO) reactions, as detailed in Chapters 5
and 6, were analyzed using gas chromatography. An Agilent 7820A (Figure 39) gas
chromatograph equipped with an Rxi®5Sil MS capillary column (0.25um film
thickness, 0.25 mm internal diameter, 30m length) and a flame ionization detector (FID)
was utilized for quantitative analyses. The injection port was maintained at a
temperature of 280 °C, and helium was used as the carrier gas with a flow rate set at 1.5
mL . min’t. The thermal program began with an initial oven temperature of 35 °C, held
for 2 minutes, followed by a first ramp at 8 °C . min up to 240 °C. Subsequently, the
ramp rate was reduced to 4 °C . min’* until the oven temperature reached 280 °C, where

it was held for 15 minutes to complete the analysis.

FIGURE 39. Agilent 7820A

Quantification of the liquid products was carried out using the external standard
method, with tetrahydrofuran (THF) as the solvent to prepare the standard mixtures. The
analysis focused on a spectrum of key compounds, including cyclohexanone, benzene,
cyclohexane, anisole, cyclohexanol, veratrole, phenol, 4-methylguaiacol, 3-

methoxycatechol, 4-ethylguaiacol, 2-methyl-2-cyclopenten-1-one, and methanol. These
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analytical standards, sourced from Sigma-Aldrich, boast a purity of 99.9%, ensuring the

reliability and accuracy of the quantification process.

The calibration process was carried out by first manually preparing a mixture from
the standard solutions, followed by its subsequent dilution to create six distinct
concentrations. Utilizing Agilent OpenLab CDS software, the prepared standard
solutions underwent chromatographic analysis, with the results being subjected to a
linear correlation assessment between the concentration of each compound and the

corresponding detector response (area). The retention time are reported in Table 18

Ilustrating the calibration procedure, the Figure 40 presents the calibration curve
for methanol, exemplifying the analytical precision of the Agilent 7820A gas
chromatograph. The curve was derived from the linear correlation between the known
concentrations of methanol in the prepared standard solutions and their corresponding
detector responses, measured as peak areas. Each point on the curve corresponds to a
distinct concentration from the series of dilutions, enabling the software to generate a
report detailing the concentrations of each compound found, expressed in milligrams
per liter (mg . L ).

FIGURE 40. Calibration curve of methanol obtained from the Agilent 7820A.
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TABLE 18. Retention time, response factor, and detection limit of the calibrated
liquid products.
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Product Retention Time

Methanol 1.150
Cyclohexanone 1.622
Benzene 2.685
Cyclohexane 6.676
Anisole 7.433
Guaiacol 7.755
Cyclohexanol 8.394
4-Methylguaiacol 9.605
Catechol 9.714
3-Methoxycatechol 10.76
Veratrole 14.184
Phenol 16.813

Calibration Methodology for gaseous products - Agilent 6890 FID/TCD (Karlsruhe

Institute of Technology - Germany)

The quantitative chemical compositions of gaseous products of the
hydrodeoxygenation (HDO) reactions, as detailed in Chapters 5 and 6, were analyzed

using gas chromatography Figure 41

FIGURE 41 AGILENT 6890 FID/TCD

For calibration a certified gas mix containing Hz, CO, CO., CH4 was purchased.
Calibration was performed via manual injection, using syringes of various volumes:

500pl, 250pul, 100ul, 50ul, and 25ul. For each volume, three readings were taken to
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ensure accuracy, the retention times are reported in Table 19 The injections were then
analyzed chromatographically using Agilent OpenLab CDS software, which assessed
the linear correlation between the concentrations of the compounds and their respective
detector responses, indicated by the peak areas. Each data point on the resulting
calibration curve represents a unique concentration from the dilution series. This process
allows the software to accurately generate a report that specifies the concentrations of

each compound, expressed as a volume percentage of gas (%v/v).
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TABLE 19. Retention time and detector of the calibrated gaseous products.

Product Detector Retention Time
CHa4 FID 11.983
H2 TCD 5.081
(6{0) TCD 12.345
CO2 TCD 2.861

150



APPENDIX 2

DETAILED CHEMICAL COMPOSITION FROM GC-MS MEASUREMENTS

GCMS

The chromatograms for the aqueous phases (ap), upgraded oils (hp), and

feedstock are presented in figures 1 from a to g, while table 1 compiles the retention

times of the principal compounds identified. By comparing the GC-MS data of the

upgraded products with the feedstock, we can monitor the consumption or production

of specific compounds and gain an initial understanding of the variations in their

concentrations.

TABLE 20. Single compounds identified by gc-ms in the upgraded oils and

feedstocks.

Retenti

Retenti

Chemical Chemical
on on
_ Compound ) Compound
Time Time
3-Methyl-4-hexyn-
2.68 Formaldehyde 18.09
3-ol
5-(Hydroxymethyl)
2.76 Methanol 18.12 dihydrofuran-2(3H)
-one
1,2-Benzenediol,
2.79 Methyl Alcohol 18.21 mono(methylcarbam
ate)
2.99 Ethanol 18.22 4-Methylguaiacol
_ 1,3-Benzenediol, o-
3.17 Hydrogen isocyanate 18.23
butoxycarbonyl-
Acetic acid, methyl 5-Amino-2-
3.24 18.24
ester methoxyphenol
1,3,2-
2-Propanone, 1- )
4.84 18.43 Dioxaborolane-4,5-

hydroxy-

dimethanol, 2-ethyl-
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4.84

5.61

5.67

5.97

5.97

7.73

7.74

8.15

8.42

8.7

8.94

9.69

Acetic acid,
methoxy-, methyl

ester

1,2-Ethanediol

2-Amino-2-methyl-
1,3-propanediol

Acetoin

Acetic acid,
(acetyloxy)-
Boronic acid, ethyl-
1-Hydroxy-2-

butanone

Succindialdehyde

1-Penten-3-one

Propane, 1,2-
dimethoxy-

2-Hydroxy-3-

pentanone

Furfural

18.66

19.09

19.19

19.23

19.57

19.75

19.82

19.85

19.85

19.94

19.96

20.02

, diacetate, (4S-

trans) -

4-Hexen-3-one

4-Chlorobutyric
acid, 4-
isopropylphenyl
ester
Cyclohexane, 1-
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FIGURE 42. Qualitative results obtained by gc-ms for the products after upgrading.
feedstock: btg light phase bio-oil.
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APPENDIX 3

The UV/VIS spectra of the catalysts

FIGURE 43. DRS-UV-VIS spectra for catalysts supported as a- Nb2Os and b- SiO>
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APPENDIX 4

Scientific Contributions Derived from This Thesis

During the development of this doctoral work, the following scientific contributions were made:

Submitted Article

Study of NiFe Catalysts Supported on Nb:Os for Enhanced Hydrodeoxygenation.
Submitted to Topics in Catalysis.

Conference Presentations and Posters

1- NAM27 - The 27th North American Catalysis Society Meeting
Date: 2022 | Location: New York, United States
Presentation: Poster

Title: Guaiacol Hydrodeoxygenation over Ni-Fe Supported on Nb:Os and SiO: Catalysts

2- 56. Jahrestreffen Deutscher Katalytiker
Date: 2023 | Location: Weimar, Germany
Presentation: Poster

Title: Guaiacol Hydrodeoxygenation over Ni-Fe Supported on Nb:Os and SiO: Catalysts

3- European Biomass Conference and Exhibition - EUBCE
Date: 2023 | Location: Bologna, Italy
Presentation: Poster

Title: Performance Evaluation of a Niobium-Based Pellet Catalyst: Hydrodeoxygenation of
Bio-Oil in a Trickle Bed Reactor

4- NAM28 — The 28th North American Catalysis Society Meeting

Date: 2023 | Location: Providence, Rhode Island, United States
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Presentation: Poster

Title: Evaluation of Niobium-Based Performance Catalysts in a Continuous Liquid-Phase

HDO Reaction

5- Nordic Symposium on Catalysis (NSC)
Date: 2024 | Location: Sola, Norway
Presentation: Oral

Title: Niobium Pellets Performance for Scaled-Up Bio-Oil Upgrading

6- European Biomass Conference and Exhibition - EUBCE
Date: 2024
Presentation: Oral

Title: Stabilization Step within Hydrotreatment of Fast Pyrolysis Bio-Oil
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