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Advancements in Catalyst Design for Biomass-Derived
Bio-Oil Upgrading to Sustainable Biojet Fuel:
A Comprehensive Review
Thandiswa Jideani,* Ntalane Sello Seroka,* and Lindiwe Khotseng*

Biomass-derived bio-oil, produced through thermochemical
methods such as pyrolysis and hydrothermal liquefaction, has
immense potential as a renewable feedstock for aviation fuels
because of its renewable nature and the potential to significantly
reduce greenhouse gas emissions. The development of biojet fuel
from renewable sources, such as biomass, is a critical step toward
achieving global energy sustainability and reducing the carbon
footprint of the aviation industry. This review aims to provide
a comprehensive analysis of the advances in catalyst design to

upgrade biomass-derived oil to biojet fuel. The review will also
explore the mechanisms by which these catalysts operate, the
optimization of catalytic processes, and the performance metrics
used to evaluate their efficiency. Recent case studies demonstrate
the effectiveness of catalyst design in enabling efficient and sus-
tainable conversion of biomass-based bio-oil into high-quality
fuels, advancing the viability of renewable energy sources in avi-
ation and beyond.

1. Introduction

1.1. Background on Biomass-Derived Bio-Oil

The increasing global demand for sustainable energy solutions
has intensified research on renewable fuel sources, with biomass-
derived bio-oil emerging as a promising candidate.[1] Growing
concerns about climate change, depletion of fossil fuel resources,
and the environmental impact of conventional petroleum-based
fuels have driven the search for alternatives. In response, the use
of biomass, a readily available and renewable resource, has
gained significant attention for the production of cleaner fuels.[2]

Biomass, which includes a wide range of organic materials,
such as agricultural residues, forest biomass, and dedicated
energy crops, is subjected to thermochemical processes such
as hydrothermal liquefaction (HTL) or pyrolysis to produce bio-
oil.[3] This resulting bio-oil is a dark, viscous, and complex mixture
of oxygenated hydrocarbons and presents a viable alternative to

fossil fuels because of its renewable nature and the potential to
significantly reduce greenhouse gas emissions. However, the
direct use of bio-oil is limited by its high oxygen content, acidity,
and instability, which require further upgrading to convert it into
higher-quality fuels.[4]

Although biomass bio-oil production presents a viable renew-

able energy source, its direct use as a fuel is limited by several

factors. Bio-oil typically contains a high concentration of oxygen-

ated compounds, which can comprise up to 40% of its total

weight. This high oxygen content results in undesirable proper-

ties such as high acidity, instability, low heating value, and high

water content.[5] Carboxylic acids make bio-oil highly acidic, with

a pH ranging between 2 and 4, leading to corrosion issues in

engines and storage tanks. Furthermore, bio-oil is thermally
and chemically unstable, undergoing polymerization and phase

separation over time, which reduces its shelf life and increases its

viscosity.[6]

Its high oxygen content also reduces its energy density com-
pared to conventional hydrocarbon fuels, and its water content,
which can be as high as 30%, further reduces its heating value
and affects combustion performance.

The earliest catalytic strategies for bio-oil upgrading were
adapted directly from petroleum hydroprocessing. Sulfided
CoMo and NiMo on γ-Al2O3 longstanding workhorses for diesel
hydrotreating were applied to model oxygenates and then to real
fast-pyrolysis oils for hydrodeoxygenation (HDO).[7] These cata-
lysts established the feasibility of deep oxygen removal to
aviation-range hydrocarbons but also exposed biomass-specific
issues: severe coking driven by reactive phenolics and aldehydes,
rapid deactivation under high water partial pressures, and the
need for sulfur make-up to maintain active sulfide phases in
ultra-low-sulfur bio-feeds. Subsequent waves of work explored
supports beyond alumina ZrO2, TiO2, SiO2 ZrO2, carbon—to
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improve hydrothermal tolerance and tune metal–support inter-
actions that govern C–O bond scission versus ring-saturation
selectivity.[8] In parallel, noble metals (Pd, Pt, Ru) on carbon
and oxides demonstrated high HDO activity at lower tempera-
tures and without sulfur, but their cost and susceptibility to poi-
soning by N/Cl species motivated development of bimetallic and
promoted base-metal systems (e.g., Ni–Mo, Ni–W, Ni–Cu, P- or B-
modified formulations) with improved dispersion, hydrogenation
function, and coking resistance.[9,10]

On the cracking/aromatization front, zeolites, particularly ZSM-
5, were recognized early for steering oxygenates toward gasoline/
jet-range aromatics and iso-paraffins via strong Brønsted acidity
and shape selectivity.[11] However, single-crystal, microporous zeo-
lites suffered from diffusion limitations and rapid coke growth. The
field responded with hierarchical zeolites (meso-/micro-porous
ZSM-5, Beta, Y) and desilication/dealumination protocols that intro-
duced secondary porosity, reducing residence times and suppress-
ing polyaromatic coke.[12] Metal-modified zeolites (Ga, Zn, Ni)
added dehydrogenation function and shifted product slates, while
ex situ catalytic fast pyrolysis (CFP) configurations limited catalyst
contact with solids/ash, improving catalyst life.[13] Beyond zeolites,
mesoporous silicas (MCM-41, SBA-15) and amorphous silica–
aluminas offered tunable acidity and larger pores for bulky oligom-
ers, albeit with lower intrinsic shape selectivity.[14]

A major advance was the emergence of bifunctional catalysts
that integrate metallic hydrogenation/deoxygenation sites with
acid sites for cracking/isomerization either within one particle
(e.g., Pt/ZrO2–SO4

2�, Ni/H-ZSM-5) or as physically coupled beds.
These systems improved hydrogen economy (by hydrogenating

coke precursors before cracking), tailored jet-range distributions
(C8–C16), and balanced ring-saturation with controlled ring-
opening to meet smoke point and freezing-point targets.[15] In
parallel, carbides (Mo2C, WC), phosphides (Ni2P, MoP), and
nitrides rose as sulfur-free HDO families with noble-metal-like
behavior for C–O bond cleavage and superior tolerance to water;
advances in synthesis (temperature-programed carburization/
phosphidation, confinement) and support choice (ZrO2, carbon)
improved stability and dispersion.[16]

Despite this progress, some research gaps persist, for exam-
ple, catalyst deactivation by coking, hydrothermal sintering,
halide poisoning, and support transformation, which continue
to limit economics. There is a need for durability-centric design
(hierarchical porosity, hydrophobic surfaces, poison traps, regen-
erable phases) and gentle yet effective regeneration protocols
(oxidative decoking with minimal dealumination, phase reactiva-
tion for phosphides/carbides) validated over many cycles.[17]

Another limitation is that materials sustainability and critical-
metal dependence remain underexplored; pathways to reduce
or recycle PGMs, recover Ni/Mo/W, and employ earth-abundant
alternatives are crucial for scale.[18]

Due to these limitations, direct utilization of bio-oil in existing
energy infrastructure, such as combustion engines or jet turbines,
is impractical. To overcome these challenges and improve bio-oil
quality, it must undergo further upgrading processes to remove
oxygen and enhance its fuel properties. These upgrading pro-
cesses aim to produce drop-in fuels that are compatible with cur-
rent transportation and energy systems, such as gasoline, diesel,
or jet fuel.[6]
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1.2. Importance of Converting Bio-Oil to Biojet Fuel

The conversion of bio-oil to biojet fuel is significant due to the
urgent need for sustainable fuel alternatives in the aviation indus-
try.[19] Jet fuel is highly dependent on petroleum-based sources
and contributes substantially to carbon emissions. Biojet fuel,
derived from biomass, offers a promising solution tomitigate these
emissions while ensuring energy security.[20] The transition to bio-
jet fuel is crucial to environmental sustainability, meeting stringent
international regulations on aviation emissions, and fostering
energy independence. Unlike ground transportation, which is rap-
idly transitioning to electric vehicles, the aviation sector relies
heavily on liquid hydrocarbon fuels due to the high energy density
required for long-distance flights. Therefore, the development of
biojet fuel from renewable sources, such as biomass, is seen as
a critical step toward achieving sustainable aviation.

The aviation sector is one of the fastest-growing sources of
greenhouse gases, and addressing its environmental impact is
crucial to achieving international climate goals. Biojet fuel,
derived from renewable biomass, offers a promising solution
to mitigate these emissions while ensuring the continuity of avi-
ation operations.[21] It reduces carbon footprint and improves
energy security by diversifying the fuel supply base. Biojet fuel
must meet stringent specifications to ensure safety, performance,
and compatibility with existing aviation infrastructure. This neces-
sitates advanced upgrading processes to convert raw bio-oil into
a high-quality fuel that meets these stringent requirements. The
challenges in upgrading bio-oil include the removal of oxygen-
ated compounds, the reduction of acidity, and the improvement
of thermal and chemical stability.[5] Efficient catalytic processes
are essential to achieve these transformations, making catalyst
development a critical area of research.

1.3. Objectives and Scope of the Review

This review aims to provide a comprehensive analysis of the
advancements in catalyst design for upgrading biomass-derived
bio-oil to biojet fuel. It will cover the current state of bio-oil pro-
duction and its chemical composition, the challenges associated
with its conversion, and the various types of catalysts that have
been developed to address these challenges. The review will also
consider the mechanisms by which these catalysts operate, the
optimization of catalytic processes, and the performance metrics
used to evaluate their efficiency. By examining recent progress
and highlighting future research directions, this review seeks to
contribute to ongoing efforts to develop effective, scalable, and
economically viable catalytic processes for biojet fuel production.

2. Overview of Biomass-Derived Bio-Oil

2.1. Sources of Biomass

Biomass, a diverse category encompassing organic materials such
as agricultural residues, forestry residues, energy crops like

switchgrass and miscanthus, and organic wastes, serves as the
primary feedstock for producing bio-oil through thermochemical
processes.[22] These processes typically involve pyrolysis, thermal
decomposition without oxygen, or HTL, which uses water under
high temperature and pressure. Each biomass source offers dis-
tinct advantages and challenges based on its composition, avail-
ability, and regional suitability, influencing the economics and
sustainability of bio-oil production.[23]

Table 1 presents a comparison of bio-oil properties derived
from various feedstocks, with a focus on water content. The water
present in bio-oil originates both from the initial moisture in the
biomass and as a byproduct of the pyrolysis process. A high-water
content is generally considered a drawback for the application of
bio-oil as a fuel, as it lowers the energy density and can cause
instability. The acceptable range for the water content in bio-
oil is typically between 25 and 26 wt%. According to the data,
bio-oil obtained from sugarcane bagasse and banana stem falls
within this acceptable range, indicating a better fuel potential. In
contrast, bio-oils derived from rice husk and wheat straw exhibit a
higher water content, making them less suitable for direct use
without additional upgrading or treatment.[24]

2.2. Bio-Oil Production Methods

Bio-oil production involves the conversion of biomass into liquid
form through thermochemical processes. Pyrolysis, the most
common method, subject’s biomass to rapid heating without
oxygen, decomposes organic materials into vapors, which are
then condensed into bio-oil. Various pyrolysis variations, such
as fast and slow pyrolysis, offer different bio-oil yields and quali-
ties, influenced by factors such as temperature, residence time,
and biomass feedstock.[25] Fast pyrolysis involves heating biomass
at high temperatures (typically between 450 and 600 °C) with
very short residence times (seconds), which maximizes bio-oil
yield, often around 60–75% by weight. This method is advanta-
geous for bio-oil production because of its high efficiency and
ability to process large amounts of biomass. However, fast pyrol-
ysis bio-oil tends to have a high oxygen content, leading to a
lower energy density and requiring further improvements to
improve its fuel properties.[26] In contrast, slow pyrolysis operates
at lower temperatures (around 400 °C) and longer residence
times, producing a lower bio-oil yield but higher amounts of bio-
char, which can be used as a carbon-rich soil amendment. Slow
bio-oil pyrolysis is often more viscous and contains higher levels
of larger and more complex molecules, making it less suitable for
direct fuel applications without further refinement.[27]

In contrast, HTL uses water as a solvent under elevated tem-
peratures (typically 250 to 374 °C) and pressures (up to 25 MPa) to
convert biomass into a bio-oil product with potentially higher
energy content and stability.[28] HTL offers several advantages
over pyrolysis, including the ability to process wet biomass with-
out predrying, making it especially suitable for feedstocks such as
algae, sewage sludge, or food waste. The bio-oil produced from
HTL generally has a higher energy content, lower oxygen content,
and greater stability compared to those of pyrolysis oils, because
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of the different reaction mechanisms involved in the process. This
results in a bio-oil that requires less extensive upgrading to
become a usable fuel.[29]

In addition to pyrolysis and HTL, direct combustion and gasifi-
cation are key thermochemical conversion techniques for trans-
forming biomass into usable energy and fuels, as shown in
Figure 1. Direct combustion is the simplest and most traditional
method, involving burning biomass in excess oxygen to produce
heat. This heat can be used directly for residential or industrial heat-
ing or to generate electricity through steam turbines. Although this
method is widely applied and technologically mature, it has a rela-
tively low energy efficiency (typically 20–30%) and releases green-
house gases and particulate emissions unless carefully controlled.[30]

Additionally, combustion does not produce liquid fuels, making it
unsuitable for producing biojet fuel directly, but it plays a role in
integrated biorefineries as a means of utilizing residual biomass
or providing process heat.

Gasification, in contrast, converts biomass into a combustible
gas mixture known as syngas, mainly composed of carbon mon-
oxide (CO), hydrogen (H2), carbon dioxide (CO2), and methane
(CH4), through partial oxidation at high temperatures (typically
700–1000 °C) in a controlled environment with limited oxygen
or steam. The resulting syngas can be used directly for heat
and power generation or further processed by catalytic routes
such as Fischer–Tropsch synthesis to produce liquid hydrocar-
bons, including jet fuel range alkanes.[31] This pathway holds sig-
nificant promise for sustainable aviation fuel (SAF) production,
particularly when combined with renewable hydrogen sources.
However, biomass gasification faces challenges such as feedstock
variability, tar formation, and the need for extensive gas cleanup
prior to catalytic upgrading. Moreover, high capital investment
and technological complexity have limited the widespread com-
mercial deployment of gasification-based SAF routes.[32]

2.3. Chemical Composition of Bio-Oil

Bio-oil is a complex mixture of oxygenated hydrocarbons, pheno-
lic compounds, aldehydes, ketones, acids, water, and various
other functional groups. The composition of bio-oil varies widely
depending on the type of biomass feedstock, the thermochemi-
cal conversion method used (e.g., fast pyrolysis, HTL), and the
operating conditions.[33] Oxygen functional groups, such as the
hydroxyl, carboxyl, and carbonyl groups, contribute to the high
oxygen content and acidity of bio-oil, which pose challenges for
its direct use as a fuel.[34] These chemical characteristics also influ-
ence bio-oil stability, viscosity, and heating value, affecting its
suitability for upgrading to higher-value biofuels such as biojet
fuel. The presence of phenolic compounds in bio-oil, which
are derived primarily from the lignin fraction of lignocellulosic
biomass, poses a particular challenge for upgrading. Phenolics
are highly reactive and tend to polymerize during storage or
upgrading, leading to coke formation and catalyst deactiva-
tion.[35] Aldehydes and ketones, derived from the degradation
of cellulose and hemicellulose, contribute to the instability of
bio-oil, as they can undergo condensation reactions that increaseTa
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viscosity and reduce the shelf life of the oil.[36] Carboxylic acids,
such as acetic and formic acids, are responsible for the high acid-
ity of bio-oil, leading to corrosion in storage tanks and processing
equipment.[37] Understanding the chemical composition of bio-oil
is crucial for designing effective catalytic processes that can selec-
tively transform its components into more stable and energy-
dense fuels, thus enhancing the viability of biomass-derived
bio-oil as a renewable energy source.[38]

3. Fundamentals of Bio-Oil Upgrading

3.1. Challenges in Upgrading Bio-Oil

Upgrading biomass-derived bio-oil poses several significant chal-
lenges because of its complex chemical composition and inher-
ent properties. One of the primary challenges is the high oxygen
content, typically ranging from 20% to 40% by weight, which
leads to low energy density and reactivity, contributing to insta-
bility and corrosiveness. Oxygen also produces high acidity,
which can catalyze undesirable reactions and degrade catalysts
used in upgrading processes. Additionally, bio-oil contains vari-
ous oxygenated compounds such as aldehydes, ketones, and
acids, which require selective conversion to enhance the quality
and stability of the resulting biofuels. Addressing these chal-
lenges requires advanced catalytic technologies capable of selec-
tively removing oxygen while maintaining the overall energy
efficiency of the conversion process. In addition to oxygen con-
tent, thermal instability is another critical challenge in bio-oil
upgrading. Bio-oil tends to polymerize and degrade over time,
leading to increased viscosity and the formation of solids, which
complicates its storage, transport, and further processing. This

instability is caused by reactive compounds, such as aldehydes
and unsaturated hydrocarbons, which can undergo condensation
reactions. The instability of bio-oil makes it unsuitable for
direct use and requires stabilization steps before upgrading.[39]

Furthermore, bio-oil often contains a significant amount of water,
which can be as high as 30%, depending on the production
method. This water content reduces the heating value of the
bio-oil and dilutes the hydrocarbon content, making the upgrad-
ing process less efficient. Water must be removed or managed
during the upgrading process to ensure that the final fuel has
a high enough energy density to meet the transportation fuel
standards.[40]

Another issue is the presence of heteroatoms, such as sulfur
and nitrogen, which are common in certain types of biomass
feedstock, especially waste-derived and algal sources. These het-
eroatoms can poison catalysts during upgrading processes,
reducing the efficiency and life span of catalysts.[41] Removal
of sulfur and nitrogen from bio-oil is critical, especially for com-
pliance with aviation fuel standards, as the presence of these ele-
ments can lead to the formation of harmful emissions during
combustion and degrade the performance of engines.[42]

In Figure 2, the challenge of catalyst deactivation is illustrated
with a three-way deactivation mechanism. Coke formation is illus-
trated in Figure 2A, a common issue during bio-oil upgrading,
where carbon-rich residues accumulate on the catalyst surface
due to thermal decomposition or polymerization of heavy hydro-
carbons and oxygenates. This carbon buildup can block active
sites and pores, reducing catalytic activity, selectivity, and effi-
ciency. High reaction temperatures, long residence times, and
feedstocks rich in unsaturated or aromatic compounds often pro-
mote coke formation.[43] Poisoning of a three-way catalyst
because of the accumulation of impurities on the active sites

Figure 1. Conversion of biomass into aviation fuels through various pathways. Reproduced with permission.[31] Copyright 2021, Springer Nature.
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(see Figure 2B) is typically a slow and irreversible phenomenon.
The accumulation of poisons on the active sites blocks the access
of reactants to these active sites. As a result of poisoning, catalytic

activity may decrease without affecting selectivity, but selectivity
can also often change, as some of the active sites are deactivated
while others are practically unaffected.[44] Sintering, as shown in
Figure 2C,D, refers to the reduction of the active surface area of a
catalyst caused by the growth of crystals, either from the bulk
material or the active phase. In supported metal catalysts, this
loss of active surface is typically due to the agglomeration and
coalescence of small metal particles into larger crystallites.
Sintering can occur through two primary mechanisms. The first,
known as the atomic migration model, involves metal atoms
moving from one crystallite to another via the surface or gas
phase, leading to the shrinking of smaller particles and the
growth of larger ones. The secondmechanism involves the move-
ment of entire crystallites across the surface, where they collide
and merge, further contributing to the formation of larger par-
ticles and consequently the decline in catalytic activity.[44]

Finally, to produce aviation fuel, bio-oil must undergo signifi-
cant refining to meet strict standards for jet fuel. Aviation fuel
requires a high energy density, specific chemical properties (such
as a suitable boiling range and low freezing point), and strict
safety and performance criteria.[45]

Figure 3 shows three key pathways for the conversion of oil
to jet fuel. In catalytic hydro thermolysis (a), oil triglycerides are
converted to jet fuel using a solvent-based method that involves
a combination of catalyst, heat, and water under high pressure.
The high temperature and pressure promote the breakdown of

Figure 2. Deactivation mechanisms: A) coke formation, B) poisoning,
C) sintering of the active metal particles, and D) sintering and solid–solid
phase transitions of the washcoat and encapsulation of active metal par-
ticles. Reproduced with permission.[44] Copyright 2003, University of Oulu.

Figure 3. Key pathways for converting oil into biojet fuel. Reproduced with permission.[120] Copyright 2025, Springer Nature.
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oil molecules into smaller hydrocarbon fragments. These frag-
ments are then rearranged and converted into hydrocarbons
with the aid of a catalyst. The resulting mixture is further purified
to meet the specifications required for jet fuel.

The hydroprocessed renewable jet (b) process involves sev-
eral stages. Initially, the feedstock oil is subjected to hydropro-
cessing, where it is mixed with hydrogen and passed through
a catalyst bed inside a hydrotreating reactor operating at ele-
vated temperature and pressure. This process removes impurities
such as sulfur, nitrogen, and oxygen while saturating unsaturated
hydrocarbons by hydrogenation. The hydrotreated oil is then
subjected to hydrocracking, a catalytic process that breaks down
larger hydrocarbon molecules into smaller and more valuable
ones suitable for jet fuel.

The pyrolysis to jet fuel (c) strategy begins with the pyrolysis
of oil feedstock, a thermal degradation process carried out in the
absence of oxygen. This breaks down large hydrocarbon mole-
cules into smaller and more volatile compounds. The products
of pyrolysis include bio-oil, gases, and char. The bio-oil portion
is further upgraded through processes such as hydrotreatment
and hydrocracking to remove impurities, enhance stability, and
adjust its chemical composition to meet jet fuel standards.
Finally, the upgraded bio-oil is refined and fractionated to isolate
the components suitable for jet fuel production.

The abbreviations used include H2O (water), H2 (hydrogen),
C3H8 (propane), free fatty acids (FFA), CO (carbon monoxide),
and CO2 (carbon dioxide).

3.2. Desired Properties of Biojet Fuel

Biojet fuel must meet stringent specifications to ensure compati-
bility with existing aviation infrastructure, engines, and safety
standards. Key properties include high energy density, low freezing
point, low viscosity, and compatibility with existing jet fuel formu-
lations. Biojet fuel should also exhibit high thermal stability and
resistance to degradation during storage and transport, ensuring
reliability and performance in aviation operations. Achieving these
properties through effective bio-oil upgrading processes is critical
for the widespread adoption of biojet fuel as a sustainable alter-
native to conventional jet fuels derived from fossil sources.[46]

Aviation fuel is a clear, straw-colored liquid that is primarily used
in compression ignition engines. Conventional aviation turbine

fuel, known as kerosene, is composed of a complex mixture of hun-
dreds of hydrocarbons, typically derived from the middle distillate
fraction of crude oil. It represents approximately 10% of the total
crude oil production, with the remaining majority allocated to gas-
oline and diesel production. Regarding the range of hydrocarbons,
jet fuel falls between gasoline and diesel: gasoline is lighter and
more volatile, while diesel is heavier and more susceptible to wax-
ing at low temperatures.[46] Table 2 provides key comparisons of
properties among these three fossil-based liquid fuels. Jet A-1 is
the standard fuel used in commercial aviation, characterized by
a carbon number range of C8 to C16. This range is carefully con-
trolled during the refining process to ensure that the fuel meets
specific performance and safety standards.

3.3. General Upgrading Pathways (e.g., Hydroprocessing,
Catalytic Cracking)

Several pathways are employed to upgrade bio-oil to enhance its
quality and suitability for use as a biojet fuel. Hydrodeoxygenation
(HDO) is a key catalytic process for upgrading bio-oil by removing
oxygen in the form of water, making the bio-oil more suitable for
fuel applications. Themechanism of HDO involves the use of hydro-
gen to break down functional groups containing oxygen, such as
the hydroxyl, carbonyl, and carboxyl groups, converting them into
hydrocarbons.[15] Hydrogen plays a critical role in this process, as it
not only helps remove oxygen but also stabilizes the resulting
hydrocarbons, preventing further polymerization and improving
the fuel quality. This pathway aims to increase the content of hydro-
carbons and reduce oxygen levels, thus improving the energy den-
sity and stability of the resulting biofuels.[47] The catalysts typically
used in HDO processes are sulfided metal catalysts, such as NiMo
(nickel-molybdenum) and CoMo (cobalt-molybdenum), which are
supported on materials like alumina to provide high surface area
and stability under reaction conditions.[48]

Catalytic cracking, another pathway, involves breaking down
larger molecules in bio-oil into smaller, more valuable hydrocar-
bons using acid catalysts. This process helps to adjust the molecu-
lar weight distribution and reduce the oxygen content, improving
the overall quality of biojet fuel.[49] Catalytic cracking uses special-
ized catalysts, such as zeolites or mesoporous materials, to guide
the reaction toward producing desired hydrocarbons while mini-
mizing byproducts. Zeolites, with their well-defined pore structures

Table 2. The general comparison of petroleum gasoline, aviation fuel, and diesel fuel properties.[46]

Fuel properties Gasoline Aviation fuel Diesel

Density at 15 °C [g cm�3] 0.72–0.78 0.75–0.84 0.82–0.85

Kinematic viscosity [mm2 s�1] 0.37–0.44 (at 20 °C) Max. 8 (at �20 °C) 2.00–4.50 (at 40 °C)

Lower heating value [MJ kg�1] 43.4 43.0 43.4

Flashpoint [°C] �43 Min. 38 Min. 55

Boiling point [°C] Max. 210 (100% recov.) Max. 300 (100% recov.) Max. 360 (100% recov.)

Cloud point [°C] �57 – �15 to 5

Pour point [°C] – – �35 to �15

Freezing point [°C] – Min. �47 (Jet A-1) –
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and strong acidity, are particularly effective for this process, pro-
moting cleavage of C–C bonds and facilitating the formation of
gasoline-range hydrocarbons.[50]

Decarboxylation and decarbonylation are catalytic processes
that remove oxygen from bio-oil molecules without hydrogen.
These processes remove oxygen in the form of carbon dioxide
(decarboxylation) or carbonmonoxide (decarbonylation) rather than
water, as in HDO. Some of these pathways are shown in Figure 4.
These methods are attractive because they eliminate the need for
expensive hydrogen, which can be a limiting factor in the HDO pro-
cess.[51] Typical catalysts for these processes include noble metals
such as palladium and transition metals such as nickel or ruthenium,
supported on materials such as carbon or silica. While these pro-
cesses effectively reduce the oxygen content of bio-oil, they typically
result in some loss of carbon atoms, which can reduce the overall
fuel yield. This trade-off between oxygen removal and carbon loss
makes decarboxylation and decarbonylation less efficient for pro-
ducing high hydrocarbon fuel yields than HDO.[52] Each upgrading
pathway offers distinct advantages and challenges, requiring cus-
tomized catalysts and process conditions to optimize bio-oil conver-
sion efficiency and product quality for SAF applications.

4. Catalyst Design for Bio-Oil Upgrading

4.1. Catalytic Mechanisms and Principles

Catalytic upgrading of biomass-derived bio-oil involves complex
chemical transformations to remove oxygen-containing functional
groups and adjust molecular weight distributions to improve fuel
properties. The catalytic mechanisms typically include reactions
such as hydrogenation, hydrodeoxygenation (HDO), decarboxyl-
ation, and decarbonylation, which are facilitated by active sites
on catalyst surfaces. Hydrogenation and HDO, for instance, involve
the addition of hydrogen to oxygenated compounds, leading to
their conversion into water and hydrocarbons, respectively. The

decarboxylation and decarbonylation reactions remove carboxyl
and carbonyl groups to reduce acidity and enhance stability.
Understanding these mechanisms is crucial to designing catalysts
that can selectively promote desired reactions while minimizing
side reactions and catalyst deactivation.[15] Bio-oil typically contains
oxygenated compounds such as alcohols, aldehydes, ketones, car-
boxylic acids, esters, and phenolics, which must be converted into
hydrocarbons to meet jet fuel standards. Two critical processes in
this transformation are oxidation (removing oxygen-containing
functionalities through controlled reactions) and deoxygenation
(eliminating oxygen in the form of H2O, CO, or CO2).[53]

The oxidation mechanism in upgrading is generally aimed at
stabilizing bio-oil by converting reactive species (such as aldehydes
and phenols) into less reactive intermediates. Partial oxidation can
improve storage stability by reducing polymerization and coke for-
mation. However, excessive oxidation decreases the energy content
of the fuel. Thus, oxidation is often considered a pretreatment or
conditioning step rather than the main upgrading pathway.[54]

The deoxygenation mechanism, in contrast, is central to
hydrodeoxygenation (HDO), catalytic cracking, and decarboxyl-
ation/decarbonylation processes. These mechanisms proceed
through several distinct pathways:

In hydrodeoxygenation (HDO), oxygen is removed as water via
hydrogen addition, a reaction that typically requires bifunctional
catalysts such as NiMo/Al2O3, CoMo/Al2O3, or noble metals includ-
ing Pd, Pt, and Ru. The mechanism involves the hydrogenation of
C═O bonds to alcohol intermediates, followed by C─O bond cleav-
age, ultimately producing hydrocarbons and H2O. This pathway is
especially effective for generating aviation-range alkanes with high
hydrogen content and excellent fuel properties, though it demands
substantial hydrogen input.[55] In contrast, decarboxylation (DCO2)
removes oxygen as CO2 and generally operates over catalysts such
as Pd/C, Pt/C, ormixed oxides. While this mechanism has the advan-
tage of avoiding the high hydrogen consumption required in HDO,
it sacrifices carbon yield, which can be a limitation when maximiz-
ing hydrocarbon production.[56] Decarbonylation (DCO) removes

Figure 4. Some of the different methods of bio-oil upgrading and modification. Reproduced with permission.[121] Copyright 2023, Elsevier B.V.
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oxygen in the form of CO and often occurs in parallel with DCO2

using similar catalytic systems. This pathway is selective for oxy-
genates such as aldehydes and carboxylic acids, but excessive
CO formation can pose challenges for process integration, as it
necessitates effective gas management strategies. Together, these
mechanisms highlight the trade-offs between hydrogen demand,
carbon efficiency, and process complexity in selecting the most
appropriate catalytic route for bio-oil upgrading.[57]

The choice of catalyst is directly tied to the dominant mecha-
nism desired. For example, sulfided NiMo or CoMo catalysts are
widely used in industrial HDO because of their high activity and
robustness, but they require continuous sulfur feed to maintain
activity.[58] Noble metals (Pd, Pt, Ru), though more expensive,
exhibit superior resistance to deactivation and allow operation
under milder conditions.[59] Meanwhile, zeolite-based catalysts
(ZSM-5, Beta, Y ) promote cracking and aromatization, producing
hydrocarbons in the aviation fuel range but often face challenges
with coke deposition due to strong acidity.[60] Emerging materials
such as metal–organic frameworks (MOFs), mixed metal oxides
(MMOs; CeO2-ZrO2, TiO2-Al2O3), and phosphide/nitride catalysts
are also gaining attention for their ability to tailor reaction path-
ways and improve selectivity while mitigating deactivation.[61]

Ultimately, a deeper mechanistic understanding is crucial not
only for selecting the appropriate catalyst but also for designing
multifunctional systems that balance activity, selectivity, hydro-
gen efficiency, and stability. For instance, bifunctional catalysts
that integrate metallic sites (for hydrogenation/deoxygenation)
with acidic sites (for cracking/isomerization) are proving effective
in achieving high-quality biojet fuels.[62]

4.2. Criteria for Effective Catalysts in Bio-Oil Upgrading

Effective catalysts for bio-oil upgrading must meet several criteria
to ensure optimal performance and economic viability. Key consid-
erations include high catalytic activity and selectivity towards tar-
get reactions, stability under harsh operating conditions, high
temperatures and pressures, and resistance to catalyst poisoning
or deactivation by bio-oil components like sulfur and nitrogen
compounds.[63] Catalysts should also allow efficient conversion
of a wide range of bio-oil constituents while minimizing energy
consumption and environmental impact.[64] Moreover, catalysts
that facilitate easy separation and recycling and reduce overall pro-
cess costs and waste generation are preferred for commercial scale

biojet fuel production. In addition, catalysts with high surface area
and well-dispersed active metal sites facilitate efficient reaction
kinetics, as these features improve accessibility and reduce the like-
lihood of deactivation.[65] These combined properties are essential
to achieve the stringent standards required to produce biojet fuel.
When these criteria aremet, catalysts play a pivotal role in enabling
efficient and sustainable conversion of biomass-derived bio-oil into
high-quality biojet fuels, advancing the viability of renewable
energy sources in aviation and beyond.

Table 3 is deduced from the literature reviewed by Sun et al.
2025. The table categorizes different types of catalysts, zeolites,
metal oxides, metal-supported catalysts, and phosphates, highlight-
ing their respective advantages and drawbacks. Zeolites are known
for their high acidity, which makes them effective in acid-catalyzed
reactions such as cracking and isomerization. However, they suffer
from pore size limitations, which can restrict access for larger bio-oil
molecules and reduce their overall effectiveness.[66] Metal oxides
offer excellent thermal stability, making them well-suited for high-
temperature applications. However, their main limitation is their
generally lower acidity, which can hinder their performance in reac-
tions requiring strong acid sites. Metal-supported catalysts are
highly active because of the presence of dispersed metal particles
that facilitate hydrogenation and deoxygenation. Despite their activ-
ity, these catalysts are prone to metal sintering at elevated temper-
atures, which decreases their efficiency over time. Carbonaceous
materials, such as activated carbon and biochar, have emerged
as promising catalyst supports or active materials because of their
high surface area, tunable surface chemistry, and sustainability. They
can be derived from biomass and customized for specific catalytic
functions, offering a renewable and cost-effective alternative. Their
main drawbacks include lower intrinsic catalytic activity compared
to metal-based catalysts and potential stability issues under harsh
reaction conditions. Together, these catalyst types offer a variety of
properties and trade-offs that must be carefully considered when
designing an efficient pathway to convert bio-oil into jet fuel.[66]

4.3. Types of Catalysts Used

4.3.1. Heterogeneous Catalysts

Heterogeneous catalysts are widely used in bio-oil upgrading
because they facilitate reactions at the interface between solid cat-
alyst surfaces and liquid bio-oil phases.[67] Common heterogeneous

Table 3. The advantages and drawbacks of different types of catalysts.

Catalyst type Advantages Drawbacks

Zeolites Highly selective, shape-selective, high-thermal stability, good mechanical
strength, versatile applications (adsorption, catalysis, separation)

Can have diffusion limitations due to microporous nature,
potential for deactivation, and synthesis can be complex

Metal oxides Versatile, wide range of applications (oxidation, reduction, environmental
remediation), tunable properties through doping and composition

May require high temperatures for activity, potential for sintering,
can be environmentally problematic (e.g., heavy metal oxides)

Metal-
supported
catalysts

High catalytic activity, can be easily modified to enhance selectivity, and
excellent control over reaction pathways

Often require specific reaction conditions, can be expensive, and
have the potential for leaching into the reaction mixture

Carbonaceous
materials

Abundant, inexpensive, can be modified to enhance selectivity and
stability

Can have low surface area, may not be as selective as other
materials, may require pretreatment
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catalysts include metal-based catalysts such as nickel (Ni), palla-
dium (Pd), and platinum (Pt), which are effective in hydrogenation
and HDO reactions. In addition, solid acid catalysts, such as zeolites
and MMOs, are used for acid-catalyzed reactions such as esterifi-
cation and dehydration.[68] The choice of a heterogeneous catalyst
depends on factors such as reaction specificity, stability under
operating conditions, and ease of catalyst separation and recycling,
which are critical for commercial viability.

4.3.2. Homogeneous Catalysts

Homogeneous catalysts, on the contrary, are fully dissolved in the
bio-oil feedstock, facilitating uniform catalytic activity throughout
the reaction mixture.[69] Examples include transition metal com-
plexes and organometallic compounds, which offer precise control
over the selectivity and efficiency of the reaction because of their
definedmolecular structures and tunable properties. Homogeneous
catalysts are particularly advantageous for complex transformation
reactions and can exhibit catalytic activity higher than that of their
heterogeneous counterparts. However, challenges such as catalyst
separation and recycling and potential contamination of the prod-
uct with catalyst residuesmust be addressed for their practical appli-
cation in large-scale biojet fuel production.[70]

5. Heterogeneous Catalysts

5.1. Metal-Based Catalysts

5.1.1. Noble Metals (e.g., Pt, Pd)

Noble metal catalysts, such as platinum (Pt) and palladium (Pd),
are highly effective in catalyzing hydrogenation and hydrodeox-
ygenation (HDO) reactions in bio-oil upgrading processes.[71]

These metals possess unique catalytic properties because of their
ability to adsorb hydrogen atoms and facilitate the breaking of
carbon-oxygen bonds in oxygenated compounds present in
bio-oil. Pt and Pd catalysts are known for their high activity
and selectivity, particularly in converting phenolic compounds
and aldehydes/ketones into corresponding alkanes and alcohols.
However, their high cost and susceptibility to deactivation by sul-
fur and nitrogen compounds in bio-oil require careful catalyst
design and operational conditions to maintain long-term stability
and efficiency.[72]

5.1.2. Transition Metals (e.g., Ni, Co, Mo)

Transition metal catalysts, including nickel (Ni), cobalt (Co), and
molybdenum (Mo), are widely used in the upgrade of bio-oil
due to their robust catalytic activity and relative affordability
compared to noble metals.[73] Ni-based catalysts, for instance,
are effective in hydrogenation and cracking reactions, converting
oxygenated species into hydrocarbons suitable for biojet fuel
production. Co and Mo catalysts are known for their versatility
in catalyzing various reactions, such as hydrodeoxygenation

and decarboxylation, which are essential for reducing acidity
and improving bio-oil stability. These transition metal catalysts
can be customized through formulation and support materials
to enhance selectivity and durability under harsh operating con-
ditions, making them promising candidates for industrial-scale
bio-oil upgrading processes.[74]

5.2. Zeolite-Based Catalysts

5.2.1. Types of Zeolites

Zeolite-based catalysts are renowned for their acidic properties
and well-defined pore structures, enabling them to catalyze
acid-catalyzed reactions in bio-oil upgrading selectively.[75]

Zeolites are particularly useful for breaking down larger mole-
cules into hydrocarbons within the desired fuel range. Their struc-
tural properties, such as pore size, framework type, and acidity,
allow for precise control of reaction pathways.[76] The acidity of
zeolites is especially important in catalytic cracking, as it facilitates
the breakdown of complex oxygenated compounds in bio-oil.[60]

Common types include ZSM-5, Beta zeolite, and HZSM-5, each
offering specific advantages based on pore size distribution, acid-
ity strength, and thermal stability.ZSM-5 zeolite, for example, is
effective in catalyzing dehydration and oligomerization reactions,
while Beta zeolite exhibits superior activity in cracking and
isomerization processes. The choice of zeolite type depends
on the desired reaction pathway and the composition of the
bio-oil feedstock, highlighting the importance of catalyst charac-
terization and optimization for achieving desired fuel properties.
Recent advances have focused on modifying zeolites to improve
their stability and reduce coking, such as by adjusting pore sizes
or adding secondary metal components to increase selectivity
and prolong the catalyst life. Modified zeolites, including hierar-
chical zeolites with enhanced porosity, offer improved mass
transfer, which is essential for the efficient processing of heavy
molecules found in bio-oil.[77]

5.2.2. Zeolite Modifications for Improved Performance

To enhance catalytic performance, zeolites undergo modifica-
tions such as ion exchange, framework doping, and surface func-
tionalization.[78] These modifications aim to adjust acidity levels,
improve thermal stability and resistance to coke formation, and
enhance catalytic selectivity toward target reactions in bio-oil
upgrading.[79] For example, ion exchange replaces exchangeable
cations with the desired metal ions to tailor the acidity and cata-
lytic activity. Framework doping introduces heteroatoms such as
aluminum or silicon to alter the pore size and acidity distribution,
optimizing catalytic sites for specific bio-oil components. Surface
functionalization with organic or inorganic species further enhan-
ces stability and resistance to deactivation, prolonging catalyst
life under harsh operating conditions. Introducing metal dopants
such as nickel, cobalt, or noble metals (e.g. platinum) into zeolite
frameworks has improved catalytic activity and selectivity by pro-
moting deoxygenation and cracking reactions.[80] Tailoring the
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acidity of zeolites, either by altering the Si/Al ratio or through
chemical treatments, has allowed better control over reaction
pathways, reducing undesired by-products. Novel zeolite frame-
works, such as ZSM-5 variants with modified pore structures, have
shown promise in the handling of complex and diverse oxygen-
ated compounds in bio-oil.[81] Collectively, these advances aim to
enhance the efficiency and durability of zeolites in upgrading bio-
oil into high-quality hydrocarbon fuels. These advances in zeolite
modification contribute to their growing importance in sustain-
able biojet fuel production, offering customized solutions for effi-
cient biomass conversion.

5.3. MMOs and Composites

MMOs and composite catalysts combine the advantages of multi-
ple metal species and support materials to synergistically improve
catalytic performance in bio-oil upgrading.[82] MMOs, such as
NiMoO4, CoMoO4, and CeZrO2, combine the functionalities of indi-
vidual oxides, increasing the activity in the removal of oxygen and
hydrocarbon formation. These materials exhibit strong redox prop-
erties, tunable acid–base characteristics, and high thermal stability,
making them effective for hydrodeoxygenation (HDO), catalytic
cracking, and reforming. Composites incorporating both acidic
and metallic functionalities further enable dual functionality cataly-
sis, facilitating sequential or simultaneous reactions required for
comprehensive bio-oil upgrading.[83] Recent advances focus on
optimizing metal loading, dispersion, and interaction with support
materials to maximize catalytic efficiency and durability, thereby
advancing the feasibility of bio-oil conversion technologies at com-
mercial scales. However, these catalysts come with notable limita-
tions. Thermal stability and structural integrity can be compromised
under the high temperatures and pressures required for bio-oil
upgrading, leading to degradation over time. Additionally, coking
and poisoning from impurities in bio-oil, such as sulfur and nitro-
gen, can significantly reduce catalytic activity and lifespan.[83] The
cost of some MMOs, especially those containing rare earth ele-
ments such as cerium, is another constraint for large-scale applica-
tions. Furthermore, it remains challenging to ensure a uniform
dispersion of active components in composites, as poor dispersion
can lead to uneven activity and localized deactivation.[84]

6. Homogeneous Catalysts

6.1. Acidic and Basic Catalysts

Acidic catalysts, such as sulfuric acid, phosphoric acid, and Lewis
acids, are commonly used in reactions such as esterification,
dehydration, and cracking of oxygenated compounds in bio-
oil.[85] These catalysts are effective in breaking down large mol-
ecules and facilitating the removal of oxygen. On the contrary,
basic catalysts, including sodium hydroxide and potassium car-
bonate, are particularly useful for transesterification and decar-
boxylation processes. Basic catalysts can neutralize acidic
components in bio-oil, improving stability and reducing corrosion

risks.[86] Although both types of catalyst are effective, their corro-
sive nature and the difficulty in separating them from the reaction
products are significant limitations.

6.2. Organometallic Catalysts

Organometallic catalysts, which contain metal centers bonded to
organic ligands, offer exceptional selectivity for targeted reactions
in bio-oil upgrading, such as hydrodeoxygenation (HDO) and hydro-
genation.[87] Catalysts such as ruthenium or palladium complexes
are highly efficient in promoting bond-breaking and oxygen-
removal reactions. Their tunability through ligand modification
allows researchers to optimize reaction conditions and product
distribution. However, organometallic catalysts are often expensive,
sensitive to impurities in bio-oil, and can degrade under harsh con-
ditions, limiting their scalability for industrial applications.[88]

6.3. Solvent Effects on Catalytic Performance

The choice of solvent significantly affects the efficiency and selec-
tivity of homogeneous catalytic reactions.[89] Polar solvents, such
as water or alcohol, can enhance the solubility of bio-oil compo-
nents and facilitate reactions like hydrolysis and hydrogenation.
Nonpolar solvents, on the other hand, may stabilize intermediates
and improve product separation.[90] Additionally, ionic liquids
have emerged as promising solvents for bio-oil upgrading, offer-
ing tunable properties and compatibility with homogeneous cat-
alysts. However, the high cost and environmental impact of some
solvents and the challenges in recovery and recycling remain key
concerns.[91]

7. Comparative Analysis of Catalysts

A comprehensive comparison of catalysts used in bio-oil upgrad-
ing highlights their strengths, limitations, and suitability for dif-
ferent processes, providing valuable insights for optimizing
biojet fuel production.

7.1. Performance Comparison of Different Catalysts

Catalyst performance is typically evaluated based on activity, selec-
tivity, stability, and resistance to deactivation. Metal-based catalysts,
such as NiMo and Pt, exhibit excellent activity in hydrodeoxygena-
tion (HDO) and hydrogenation reactions, effectively removing oxy-
gen and producing high-quality hydrocarbons.[62] However, while
highly effective, noble metals are expensive and prone to deactiva-
tion by sulfur and nitrogen impurities.[92] With their strong acidity
and structured porosity, zeolite-based catalysts excel in catalytic
cracking and selective hydrocarbon production, but are often sus-
ceptible to coking.[93] On the contrary, carbon-based catalysts and
MMOs provide cost-effective alternatives with good thermal stabil-
ity and tunability. However, they may lack the same level of catalytic
efficiency as metal-supported systems.[94] Homogeneous catalysts,
such as organometallic complexes and acidic systems, deliver
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unmatched selectivity but face challenges in recovery and reuse.
Table 4 compares nanostructured catalysts, acidity / basicity-tuned
catalysts, and hybrid catalysts in terms of their efficiency, stability,
and reusability. Nanostructured catalysts are characterized by their
high surface area, which enhances catalytic performance, though
they can be prone to aggregation. Catalysts with tuned acidity
or basicity offer improved selectivity, but achieving optimal perfor-
mance requires precise control over doping levels. Hybrid catalysts
combine multiple functional properties, delivering both enhanced
stability and dual catalytic activity; however, their synthesis tends to
be more complex and costly.

As part of recent advancements in catalyst development for
bio-oil upgrading, various novel catalytic systems have been
investigated, each offering distinct advantages in selectivity, con-
version efficiency, and stability. Table 5 summarizes the perfor-
mance of several promising catalyst types. Ni-based catalysts
supported on zeolites exhibit high selectivity for aromatic com-
pounds, owing to the acidic and porous nature of the zeolite
framework. However, coke formation often compromises their
stability, which gradually deactivates the catalyst. The Mo or
Co catalysts supported on alumina show high conversion effi-
ciency and good hydrocarbon selectivity and are widely used
due to their thermal stability and regenerative capability under
industrial conditions.[95] Bifunctional catalysts such as Pt-ZrO2

combine strong metal and acidic sites, leading to excellent per-
formance in both deoxygenation and cracking reactions, with
very high conversion rates and robust stability.[59] MOFs,
due to their tunable porosity and active sites, offer promising

selectivity, although their conversion efficiency and moisture sen-
sitivity remain concerns, limiting their long-term applicability.[96]

Humidity sensitivity is a critical limitation in the application of
MOFs as catalysts for bio-oil upgrading, primarily because bio-oil
contains high water content (15–30 wt%) and generates additional
water during upgrading reactions such as hydrodeoxygenation
(HDO). Many MOFs, particularly those with carboxylate linkers like
MOF-5 or HKUST-1, are prone to structural degradation when
exposed to moisture.[97] Water molecules can hydrolyze metal–
ligand bonds, leading to framework collapse, reduced crystallinity,
and significant loss of surface area. In addition, water can flood the
pores, block reactant access to active sites, or strongly adsorb on
Lewis acid or base sites, thereby outcompeting oxygenates and
diminishing catalytic performance.[98] To address these challenges,
research has focused on developing water-stable MOFs and mod-
ification strategies. For instance, Zr-based frameworks such as UiO-
66 and MIL-101(Cr) show superior hydrolytic stability due to robust
metal–oxygen bonds, while hydrophobic functionalization of
linkers with groups like –CF3 or –CH3 enhances water resistance
by repelling moisture from pore surfaces.[99] Other promising
approaches include post-synthetic modifications (e.g., polymer
or silica coatings), embedding MOFs into hydrophobic composites
such as carbon-based matrices, and defect engineering to reduce
water-sensitive sites. Notably, ZIF-8, with imidazolate linkers resem-
bling zeolite structures, exhibits higher hydrolytic stability than
conventional carboxylate MOFs, while UiO-66 derivatives have
been successfully applied in aqueous-phase upgrading of oxygen-
ates. These strategies highlight the potential of engineering

Table 4. Performance comparison of different catalyst optimization strategies.[122]

Catalyst type Key advantages Key disadvantages Performance trends

Nanostructured catalysts
(e.g., TiO2, ZnO)

High surface area
Enhanced reactant diffusion

Minimal mass transfer limitations
Increased active site exposure

Prone to aggregation over time
High production cost

Achieves 96–98% biodiesel yield
over 5–7 cycles

Retains high thermal stability but
may require doping for
improved longevity

Acidity/basicity-tuned
catalysts (e.g., MgO,
sulfonated zeolites)

Selective for specific reactions (acidic for esterification, basic
for transesterification) Improves catalyst selectivity and

conversion efficiency

Requires precise control of
doping to balance acid/base

properties
Can undergo leaching of active

sites in harsh conditions

Sulfonated zeolites retain 90–94%
catalytic efficiency over 4–6 cycles
MgO–Zeolite hybrids maintain
93–96% yield over 7–10 cycles

Hybrid catalysts (e.g.,
TiO2–zeolite, MgO-LDH)

Dual functionality (acid–base synergy)
Enhanced stability and prolonged reusability

Better resistance to coke formation

More complex synthesis Higher
cost compared to single-
component catalysts

TiO2/SiO2 composites maintain
95–97% yield over 5–8 cycles
Hybrid MgO-Zeolite composites
retain high stability even after

10 cycles

Table 5. Comparison of catalysts used for bio-oil upgrading based on key performance indicators.

Catalyst type Selectivity Conversion rates Stability References

Ni-based on zeolite support High for aromatics Up to 87% Moderate (deactivates via coking) [123]

Mo/Co on alumina Good for hydrocarbons Up to 75% High (with periodic regeneration) [124]

Bifunctional Pt-ZrO2 Excellent (oxygen removal þ cracking) Up to 84% High [125]

MOF Tunable, good selectivity Up to 73% Low to Moderate (sensitive to moisture) [126]

Biochar-supported metal Moderate Up to 65% High (stable under mild conditions) [127]

Phosphate mesoporous silica High for deoxygenation Up to 78% Good (water-tolerant) [128]
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humidity-resistant MOFs for sustainable catalytic upgrading of bio-
oil; however, their scalability and economic feasibility must be care-
fully assessed to ensure that enhanced stability justifies the addi-
tional synthesis or modification costs in industrial biojet fuel
production.[100]

Biochar-supported metal catalysts present a more sustainable
option with moderate conversion and selectivity. Their high ther-
mal and chemical stability under milder reaction conditions makes
them attractive for low-cost, scalable processes.[101] Lastly, phosph-
ated mesoporous silica catalysts provide high deoxygenation
selectivity and are particularly valued for their water tolerance,
addressing a common challenge in processing bio-oils with high
moisture content. These findings underscore the importance of
balancing activity, selectivity, and durability in catalyst design,
while also considering economic and environmental factors for
future biorefinery applications.

7.2. Trade-Offs and Practical Considerations

Selecting a catalyst for bio-oil upgrading involves balancing
trade-offs between performance, cost, and process requirements.
Noble metal catalysts deliver superior results, but they are costly
and are often reserved for specialized applications. As a result of
deactivation, base metals like nickel and cobalt are more eco-
nomical, but may require more frequent regeneration. Zeolite
catalysts are attractive for cracking processes, yet their tendency
to coke formation requires periodic regeneration, increasing
operational complexity.[102] The use of heterogeneous catalysts
simplifies separation and recycling in comparison to homoge-
neous systems, but the latter offers higher precision for complex
reactions. Additionally, environmental and sustainability consid-
erations, such as the use of nontoxic and recyclable materials,
increasingly influence catalyst development and selection.[103]

7.3. Case Studies of Successful Catalyst Applications

Recent case studies demonstrate how advances in catalyst design
have effectively enhanced bio-oil upgrading processes, showcas-
ing promising industrial and research outcomes.

For example, hydrodeoxygenation (HDO) using NiMo/γ-Al2O3

catalysts has achieved high efficiency in oxygen removal, producing
hydrocarbon fractions compatible with aviation fuel. Modifications
to these catalysts, such as incorporation of promoters such as phos-
phorus or cobalt, have further improved stability and activity in con-
tinuous operations.[104]

Modified zeolites, particularly hierarchical ZSM-5, have been
used for the catalytic cracking of bio-oil. These zeolites demon-
strated reduced coke formation and higher yields of valuable
light hydrocarbons, a crucial step toward the production of fuels
and chemicals from renewable sources. Advanced designs such
as nanoscale zeolites with custom porosities have been particu-
larly effective in optimizing mass transfer and reaction kinetics.[50]

Bifunctional metal/zeolite catalysts, such as Co-Zn/HZSM-5, have
shown exceptional performance by harnessing the synergistic
effects of metal and acid sites, improving deoxygenation and

cracking reactions.[105] Studies have reported a higher bio-oil
quality and yield when using these advanced configurations.
In addition, palladium-supported catalysts, combined with zero-
valent metals such as zinc, have shown promise in situ hydrogen
generation, stabilizing bio-oil components, and improving overall
product quality.[55]

In HTL, mixed metal oxide catalysts, such as CeO2-ZrO2, have
allowed effective deoxygenation under mild conditions, demon-
strating both catalytic stability and reduced operational costs.[106]

Such catalysts, including algal feedstocks, are especially promising
for wet biomass and have shown potential for scaling up. Novel
approaches employing Ni-supported zeolites derived from agricul-
tural waste, such as rice husks, have exhibited high yields of
improved oil. These materials improve mesoporosity for better dif-
fusion, achieving up to 80% oil yield with improved heating values.
However, challenges such as catalyst deactivation due to coking
and structural collapse remain significant hurdles for long-term use.

Organometallic catalysts, such as rhodium complexes, have
demonstrated exceptional selectivity in the upgrading of bio-
oil through reactions like hydrogenation and carbon–carbon
bond formation. These catalysts are particularly valued for their
ability to target specific functional groups in complex mixtures,
allowing the production of customized hydrocarbon profiles suit-
able for high-value fuels such as biojet fuel.[107] However, their
widespread application is hindered by high costs and limited
thermal stability under industrial conditions.

Recent research has addressed these limitations by immo-
bilizing organometallic catalysts onto solid supports such as sil-
ica or carbon materials. Immobilization reduces catalyst loss
during processing and facilitates recycling and reuse, signifi-
cantly lowering operational costs.[108] Advances in ligand
design have also improved the stability and activity of rhodium
complexes under harsher conditions, broadening their applica-
bility.[107] Furthermore, hybrid approaches that combine organ-
ometallic catalysts with other catalytic systems have been
explored to synergistically enhance the reaction efficiency
while reducing the reliance on costly metals. These efforts
are pivotal in transitioning organometallic catalysts from
laboratory-scale applications to more practical, cost-effective
solutions for industrial bio-oil upgrading processes.

7.4. Life Cycle Assessment (LCA)

LCA is a systematic method used to evaluate the environmental
impacts associated with all stages of the life of a product, from
the extraction of raw materials through production, use and dis-
posal. In the context of bio-oil upgrading catalysts, LCA considers
the environmental footprint of catalyst production (including raw
material sourcing and manufacturing), operational performance
during bio-oil upgrading (such as energy use and emissions),
and end-of-life management (like recycling or disposal). This
approach helps identify hotspots where environmental impacts
are greatest and supports the development of more sustainable
catalysts and processes. By providing a comprehensive view, LCA
enables researchers and industry professionals to make informed
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decisions that balance efficiency, cost, and environmental
responsibility throughout the catalyst’s entire life cycle.

Table 6 shows an example of a life cycle inventory related to 1
MJ of advanced biofuel for the corn stover and lignin-rich stream
scenarios in a study conducted by Zoppi et al.[109]

8. Challenges and Future Directions

8.1. Catalyst Deactivation and Regeneration

One of the significant challenges in bio-oil upgrading is catalyst
deactivation, which can occur because of various mechanisms.
Coking, or the accumulation of carbonaceous deposits on the cat-
alyst surface, is common during processes such as catalytic crack-
ing and hydrodeoxygenation (HDO). These deposits block active
sites, reducing catalytic activity and selectivity.[110] Poisoning,
caused by impurities like sulfur, nitrogen, or metals in bio-oil, irre-
versibly damages catalyst surfaces, while sintering the agglomer-
ation of active particles under high-temperature conditions
reduces catalysts’ surface area and activity over time.[111]

Catalyst longevity is a decisive lever for the techno-economics
of bio-oil upgrading because the feed is intrinsically heteroge-
neous and rich in reactive oxygenates, water, and heteroatoms
that accelerate deactivation. In hydrodeoxygenation (HDO), the
dominant deactivation pathways are 1) coking from condensa-
tion/polymerization of phenolics and aldehydes on acid or metal
sites, 2) poisoning by nitrogen-, sulfur-, chlorine-, and alkali-metal
species that block active phases (e.g., sulfided NiMo/CoMo, noble
metals), 3) hydrothermal sintering of metals and supports driven
by high water partial pressure, and 4) phase transformation of
sulfided catalysts when sulfur makeup is inadequate. In catalytic
cracking/hydrocracking over zeolites or bifunctional catalysts,
strong Brønsted acidity promotes desired scission but also accel-
erates coke growth; repeated coke burn-off can induce dealumi-
nation, loss of acidity, and pore collapse.[112] In APR and HTL-oil
hydrotreating, chloride and nitrogen compounds are particularly
pernicious; base-metal catalysts suffer from leaching and sinter-
ing in hot condensed phases.

Regeneration strategies are tailored to the active phase.
Coked heterogeneous HDO catalysts are commonly regenerated
by controlled oxidative burn-off (air/steam at 450–550 °C), fol-
lowed by in situ re-sulfiding (for NiMo/CoMo using DMDS or
H2S) or reduction (for noble-metal and carbide/phosphide sys-
tems).[87] To minimize structural damage, staged temperature
ramps and oxygen-lean atmospheres are used, sometimes pre-
ceded by solvent or hydrogen stripping to dislodge weakly
bound species. Zeolites undergo periodic air burn-off of coke;
to mitigate gradual acidity loss, operators may re-acidify (e.g.,
ammonium exchange) or adopt equilibrium catalyst manage-
ment (make-up plus withdrawals).[113] To address these issues,
research focuses on developing regeneration techniques, such
as oxidative treatments to burn off coke or chemical washing
to remove poisons. Novel materials such as self-healing catalysts,
which can repair active sites, and structured catalysts with
enhanced resistance to deactivation are under development. Ta
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Improved catalyst formulations, including bimetallic or doped
materials, also aim to extend the catalyst lifetimes by minimizing
these degradation pathways.

The challenges associated with bio-oil upgrading are multi-
faceted, as shown in Table 7. Catalyst deactivation, often
due to coking or sintering, remains a central issue that can be
mitigated through improved catalyst design and regular regen-
eration.[114] Hydrogen availability is another major bottleneck;
considering its cost and logistic limitations, on-site or renewable
hydrogen production methods are gaining traction.[115] The high-
water content in raw bio-oil impacts both fuel quality and process
stability, necessitating either physical separation techniques or
the use of water-tolerant catalysts. Inadequate selectivity often
leads to inefficient conversions, which can be addressed using
customized catalysts with controlled acidity or dual functionality.
Finally, the thermal instability of bio-oil requires a careful balance
in the processing conditions to avoid degradation while still
achieving efficient upgrading.[116] Together, these strategies aim
to improve the feasibility and scalability of sustainable biofuel
production.

8.2. Scale-Up and Commercialization

Scaling catalytic bio-oil upgrading processes to industrial levels
poses several challenges. The heterogeneity of biomass feed-
stocks and the complexity of bio-oil compositions require flexible
and robust catalysts capable of handling diverse conditions.
Moreover, the high costs of hydrogen, essential for processes
such as HDO and energy-intensive operations, can hinder the
economic feasibility. Integrating catalytic processes with existing
refining infrastructure while maintaining competitiveness with
fossil fuels is another critical hurdle.[117]

Advances in pilot-scale and commercial operations are prom-
ising. Facilities employing technologies such as HTL and pyrolysis
coupled with upgrading are being tested but face challenges
in ensuring process consistency and efficiency. Collaborations
between academic institutions, industries, and governments
are crucial to addressing these barriers. Additionally, technoeco-
nomic analyses and LCAs guide optimization efforts to make
these processes sustainable and cost-effective.

8.3. Toward 100% Sustainable Biojet Fuel

Achieving fully sustainable biojet fuel requires technological, reg-
ulatory, and economic challenges. From a technical perspective,
the integration of renewable hydrogen production, such as
through water electrolysis powered by renewable energy, is cru-
cial to reducing the carbon footprint of HDO processes. Moreover,
efforts to use circular bioeconomy principles, such as recycling
catalysts and valorizing byproducts such as biochar, are vital
to achieving sustainability.[118]

Regulatory support through subsidies, carbon credits, and
mandates for SAF blends is essential to stimulate industry invest-
ment. Partnerships between governments, aviation industries,
and renewable energy sectors can accelerate the deployment
of biojet fuel technologies.[119]

Future opportunities lie in coupling bio-oil upgrading with
other green technologies, such as direct air capture of CO2 or bio-
gas upgrading, to enhance the overall sustainability of the fuel
production chain. The emphasis on developing efficient logistics
for biomass collection and conversion is equally critical. Together,
these advances pave the way for biojet fuel to play a central role
in decarbonizing the aviation sector.

9. Conclusion

9.1. Summary of Key Findings

This review highlights significant advances in the field of bio-oil
upgrading for sustainable biojet fuel production. Biomass-derived
bio-oil, produced through thermochemical methods such as
pyrolysis and HTL, holds immense potential as a renewable feed-
stock for aviation fuels. However, its high oxygen content, insta-
bility, and diverse composition challenges require sophisticated
upgrading technologies. Catalytic processes such as hydrodeox-
ygenation (HDO), catalytic cracking, and hydrocracking have
emerged as effective pathways for the transformation of bio-
oil into hydrocarbon fuels. Key innovations in catalyst design,
including bimetallic systems, hierarchical zeolites, and carbon-
supported materials, have significantly enhanced these pro-
cesses’ efficiency, selectivity, and sustainability.

Table 7. Outlining the key limitations in bio-oil upgrading processes and the proposed solutions.

Limitation Description Proposed Solutions

Catalyst deactivation Due to coking, sintering, or poisoning by
impurities

Use coke-resistant materials, apply regeneration cycles, or develop sintering-
resistant catalysts

Hydrogen supply issues High cost and limited availability of hydrogen Integrate on-site hydrogen production (e.g., reforming), explore bio-derived
hydrogen sources

High water content in
bio-oil

Lowers energy density and catalyst stability Pretreatment of feedstock, phase separation, or water-tolerant catalysts

Poor selectivity Unwanted side products due to broad reaction
pathways

Tailor acidity/basicity, employ bifunctional or shape-selective catalysts

Thermal instability of
bio-oil

Degradation or polymerization at high
temperatures

Optimize reaction conditions, apply mild hydroprocessing steps
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Despite these advances, challenges remain in scaling these
technologies, mitigating catalyst deactivation, and integrating
processes into existing industrial infrastructures. Moreover, case
studies have demonstrated the viability of various catalytic sys-
tems but emphasize the need for further optimization to address
economic and operational limitations.

9.2. Implications for the Field of Biojet Fuel Production

The progress outlined in this review underscores the pivotal role
of catalysis in the advancement of biojet fuel production.
Catalysts enable the efficient removal of oxygen and the selective
conversion of bio-oil into hydrocarbons compatible with aviation
fuel standards. The integration of novel catalytic materials and
reaction conditions into pilot-scale facilities demonstrates the
feasibility of these technologies for commercial applications.
Furthermore, the focus on sustainability, such as the use of
renewable hydrogen and the principles of circular bioeconomy,
aligns with global goals for decarbonizing the aviation sector.

However, the success of biojet fuel as a mainstream alternative
depends not only on technological advancements but also on sup-
portive policies and industrial partnerships. The aviation industry
requires clear regulatory frameworks and incentives to adopt sus-
tainable aviation fuels at scale. Furthermore, continued investment
in research and development is essential to overcome economic
and logistical barriers, ensuring that biojet fuel becomes a viable
component of the global energy transition.

9.3. Future Outlook on Research and Commercial Application
of Biojet Fuel

Although significant progress has beenmade in bio-oil upgrading
for sustainable biojet fuel production, further research is essential
to overcome the remaining challenges. A key area of focus is cat-
alyst innovation, where efforts should aim at developing materi-
als with enhanced resistance to deactivation, higher selectivity,
and lower costs. Promising advances include self-regenerating
and recyclable catalysts that can sustain performance over
extended operational periods. Additionally, process optimization
is crucial to refine reaction conditions, ensuring maximum yields
while minimizing energy consumption and operational costs.

Integration with renewable technologies offers another excit-
ing avenue, particularly the coupling of bio-oil upgrading with
renewable hydrogen production, carbon capture, and waste val-
orization systems, which can contribute to fully sustainable fuel
production chains. Addressing scaling and economic viability
challenges requires comprehensive technoeconomic analyses
to guide the transition of processes from laboratory research
to commercial-scale operations. Finally, establishing supportive
policy frameworks and fostering collaboration between academic
institutions, industries, and governments are essential to incen-
tivize the production, adoption, and investment in biojet fuels.

In conclusion, the journey toward SAFs derived from biomass
is complex and promising. By leveraging technological advance-
ments and fostering cross-sector collaboration, biojet fuel has the

potential to significantly contribute to global energy sustainabil-
ity and reduce the aviation industry’s carbon footprint.
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[103] J. García-Serna, R. Piñero-Hernanz, D. Durán-Martín, Catal. Today 2022,

387, 237.
[104] M. Ameen, M. T. Azizan, A. Ramli, S. Yusup, B. Abdullah, Catal. Today

2020, 355, 51.
[105] D. P. Gamliel, G. M. Bollas, J. A. Valla, Energy Technol. 2017, 5, 172.
[106] F. Cheng, G. A. Tompsett, D. V. F. Alvarez, C. I. Romo, A. M. McKenna,

S.F. Niles, R. K. Nelson, C. M. Reddy, S. Granados-Fócil, A. D. Paulsen,
R. Zhang, Sustainable Energy Fuels 2021, 5, 941.

[107] J. Hafeez, M. Bilal, N. Rasool, U. Hafeez, S. A. A. Shah, S. Imran,
Z. A. Zakaria, Arab. J. Chem. 2022, 15, 104165.

[108] S. Ding, K. Motokura, Curr. Opin. Green Sustainable Chem, 2023, 40,
100753.

[109] G. Zoppi, E. Tito, I. Bianco, G. Pipitone, R. Pirone, Renewable Energy 2023,
206, 375.

ChemistryOpen 2025, 00, e202500353 (17 of 18) © 2025 The Author(s). ChemistryOpen published by Wiley-VCH GmbH

ChemistryOpen
Review
doi.org/10.1002/open.202500353

 21911363, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/open.202500353 by U
niversity O

f T
he W

estern C
ape, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/978-981-13-1307-3
https://doi.org/10.1007/978-981-13-1307-3
http://doi.org/10.1002/open.202500353


[110] M. Zhang, Y. Hu, H. Wang, H. Li, X. Han, Y. Zeng, C. C. Xu,Mol. Catal. 2021,
504, 111438.

[111] D. K. B. Mohamed, A. Veksha, Q. L. M. Ha, W. P. Chan, T. T. Lim, G. Lisak,
Fuel 2022, 318, 123602.

[112] L. Wei, H. Wang, Q. Dong, Y. Li, H. Xiang, Catalysts 2025,
15, 401.

[113] X. Lu, C. Wei, L. Zhao, J. Gao, C. Xu, Catalysts 2022, 12, 640.
[114] P. T. H. Pham, C. Q. Pham, T. T. Dam, Q. A. Nguyen, T. M. Nguyen, Fuel

Process. Technol. 2025, 267, 108170.
[115] J. Zhang, J. Li, Energies 2024, 17, 4148.
[116] W. N. A. Wan Osman, M. H. Rosli, W. N. A. Mazli, S. Samsuri, Carbon

Capture Sci. Technol. 2024, 13, 100264.
[117] N. Asikin-Mijan, J. C. Juan, Y. H. Taufiq-Yap, H. C. Ong, Y. C. Lin,

G. AbdulKareem-Alsultan, H. V. Lee, Catal. Commun. 2023, 182,
106741.

[118] P. Pal, A. K. Singh, R. K. Srivastava, S. S. Rathore, U. K. Sahoo, S. Subudhi,
P. K. Sarangi, P. Prus, Foods 2024, 13, 3007.

[119] B. Wang, Z. J. Ting, M. Zhao, Carbon Capture Sci. Technol. 2024, 13,
100263.

[120] A. E. Mansy, S. Daniel, C. K. Fonzeu Monguen, H. Wang, A. I. Osman,
Z. Y. Tian, Environ. Chem. Lett. 2025, 23, 419.

[121] Y. Yang, X. Xu, H. He, D. Huo, X. Li, L. Dai, C. Si, Int. J. Biol. Macromol. 2023,
242, 124773.

[122] X. Li, S. Zhang, X. Jia, W. Li, J. Song, Catalysts 2025, 15, 239.
[123] W. Li, H. Wang, X. Wu, L. E. Betancourt, C. Tu, M. Liao, X. Cui, F. Li,

J. Zheng, R. Li, Fuel 2020, 274, 117859.
[124] P. Kaewpengkrow, D. Atong, V. Sricharoenchaikul, Int. J. Hydrogen Energy

2017, 42, 19629.
[125] Q. Dang, Z. Luo, J. Zhang, J. Wang, W. Chen, Y. Yang, Fuel 2013, 103, 683.
[126] Y. Wei, X. Han, S. Fakudze, Y. Zhang, S. Ghysels, D. Wu, J. Chen, Energy

2025, 319, 135087.
[127] C. Di Stasi, M. Cortese, G. Greco, S. Renda, B. González, V. Palma,

J. J. Manya, Int. J. Hydrogen Energy 2021, 46, 26915.
[128] J. He, Z. Yu, H. Wu, H. Li, S. Yang, Mol. Catal. 2021, 515, 111887.
[129] S. Monica, A. Ernesto, A. David, R. Lourdes, C. -J. Carmen, Int. J. Hydrogen

Energy 2020, 45, 3916.

Manuscript received: June 17, 2025
Revised manuscript received: August 27, 2025
Version of record online:

ChemistryOpen 2025, 00, e202500353 (18 of 18) © 2025 The Author(s). ChemistryOpen published by Wiley-VCH GmbH

ChemistryOpen
Review
doi.org/10.1002/open.202500353

 21911363, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/open.202500353 by U
niversity O

f T
he W

estern C
ape, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1002/open.202500353

	Advancements in Catalyst Design for Biomass-Derived Bio-Oil Upgrading to Sustainable Biojet Fuel: A Comprehensive Review
	1. Introduction
	1.1. Background on Biomass-Derived Bio-Oil
	1.2. Importance of Converting Bio-Oil to Biojet Fuel
	1.3. Objectives and Scope of the Review

	2. Overview of Biomass-Derived Bio-Oil
	2.1. Sources of Biomass
	2.2. Bio-Oil Production Methods
	2.3. Chemical Composition of Bio-Oil

	3. Fundamentals of Bio-Oil Upgrading
	3.1. Challenges in Upgrading Bio-Oil
	3.2. Desired Properties of Biojet Fuel
	3.3. General Upgrading Pathways (e.g., Hydroprocessing, Catalytic Cracking)

	4. Catalyst Design for Bio-Oil Upgrading
	4.1. Catalytic Mechanisms and Principles
	4.2. Criteria for Effective Catalysts in Bio-Oil Upgrading
	4.3. Types of Catalysts Used
	4.3.1. Heterogeneous Catalysts
	4.3.2. Homogeneous Catalysts


	5. Heterogeneous Catalysts
	5.1. Metal-Based Catalysts
	5.1.1. Noble Metals (e.g., Pt, Pd)
	5.1.2. Transition Metals (e.g., Ni, Co, Mo)

	5.2. Zeolite-Based Catalysts
	5.2.1. Types of Zeolites
	5.2.2. Zeolite Modifications for Improved Performance

	5.3. MMOs and Composites

	6. Homogeneous Catalysts
	6.1. Acidic and Basic Catalysts
	6.2. Organometallic Catalysts
	6.3. Solvent Effects on Catalytic Performance

	7. Comparative Analysis of Catalysts
	7.1. Performance Comparison of Different Catalysts
	7.2. Trade-Offs and Practical Considerations
	7.3. Case Studies of Successful Catalyst Applications
	7.4. Life Cycle Assessment (LCA)

	8. Challenges and Future Directions
	8.1. Catalyst Deactivation and Regeneration
	8.2. Scale-Up and Commercialization
	8.3. Toward 100% Sustainable Biojet Fuel

	9. Conclusion
	9.1. Summary of Key Findings
	9.2. Implications for the Field of Biojet Fuel Production
	9.3. Future Outlook on Research and Commercial Application of Biojet Fuel



