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State-of-the-art on the conversion of
lignocellulosic biomass and its derivatives into
biofuels using zeolites as catalysts

*ab

Odiri K. Siakpebru® and Ana Rita C. Morais
Lignocellulose is one of the most sustainable and renewable carbon sources for the production of biofuels.
However, its complex and recalcitrant structure, typically composed of bulky and highly oxygenated
molecules, results in significant challenges for catalytic conversion using zeolites as catalysts. These
structural complexities often require multiple reaction steps and severe reaction conditions, making
product selectivity, carbon recovery, and catalyst deactivation particularly relevant. This review provides
the latest developments in the application of zeolites for the conversion of lignocellulosic biomass and
its derivatives into biofuels. Both advantages and challenges associated with zeolites as well as the
potential for further development of zeolites for the production of biofuels from lignocellulosic biomass

rsc.li/sustainable-energy feedstocks were discussed.

1. Introduction

The transportation industry accounts for 29% of global energy
consumption.’ In 2019, US commercial aviation was respon-
sible for 2.5% of domestic and 11% of transportation sector
GHG (greenhouse gas) emissions, respectively.” Although fossil
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fuels, such as oil, gas and coal, account for more than 80% of
the total energy consumption,®* their share is projected to
decrease approximately 10% by 2040.° This projection accounts
for the expected increase in heat and electricity production from
solar, wind, hydroelectric and geothermal sources, as well as the
increase in car fuel efficiency and emerging electric vehicle
utilization.®” In addition, according to BP Energy Outlook 2020,
biofuels can play a major role in the aviation and marine
transportation sectors.> While electricity and hydrogen can be
used to decarbonize light-duty vehicles,*** biomass is the only
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renewable organic carbon source available in our planet that
can be used to fuel airplanes and other heavy-duty trans-
portation modes that are much less flexible in energy sources."
It is worth noting that the Sustainable Aviation Fuels (SAFs)
Grand Challenge, involving USDA (US Department of Agricul-
ture), DOT (Department of Transportation), and DOE (Depart-
ment of Energy), was launched in 2021 and aims to supply 3
billion gallons of SAFs per year by 2030. The goal is to produce
enough SAFs to fully meet the projected US aviation fuel
demand of around 35 billion gallons per year by 2050.*
According to the SAF Grand Challenge Roadmap, “(...)
a continuous focus on supporting research, development,
demonstration, and deployment of new feedstocks and
conversion technologies (...)” is needed to achieve the latter
goal. Also, the European Commission's 2020 ReFuelEU Aviation
Initiative put forward the goal of achieving net-zero emissions
in the European Union by 2050."

Biofuels have the potential to significantly reduce reliance on
petroleum-based gasoline and non-combustible fuels, provided
that cost-effective, carbon-neutral technologies make it feasible
to replace them with bio-based alternatives derived from
biomass. Thus, a rapid transition from petroleum to price-
competitive and low-carbon index drop-in transportation fuels
to support long-term economic growth, energy security, and
decrease in GHG emissions is a substantial endeavor of our world
today.">"* Important advances have been made in the biomass-to-
liquid fuel strategies, with emphasis being placed on thermo-
chemical processes™™ and depolymerization of biomass into
intermediates followed by hydrodeoxygenation (HDO)."****° Both
strategies have their own merits. Still, thermochemical
approaches have been implemented with limited success due to
the significant investment required to implement these units at
large scale. At the same time, lignocellulosic biomass decon-
struction followed by HDO strategies remains at earlier stages of
development. In addition, this new and renewable industry will
compete with the well-established oil industry. In light of these
observations, the integration of existing technological and
logistics platforms into oil refineries with large-scale biomass
conversion units appears to be crucial.

One of the main areas of interest is the production of
sustainable biofuels from lignocellulosic biomass and its
derivatives using zeolites as catalysts. This would enable a rapid
transition from petroleum to low-carbon index drop-in biofuels.
However, effective and robust technologies for the commercial-
scale production of biofuels using zeolites have yet to be
developed. This review summarizes the latest developments in
this field, focusing on the catalytic transformation of lignocel-
lulosic carbohydrates and lignin and their derivatives into bi-
ofuels (alkanes, aromatics and oxygenated biofuels) using
zeolites as catalysts. Given the number of comprehensive
reviews in the literature on biomass pyrolysis with zeolites,**>*
this topic is beyond the scope of this review.

1.1. Lignocellulosic biomass

Today, most biofuels are produced from vegetable oils (e.g.,
soybean), starches (e.g., corn), and sugar (sugarcane).”
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However, the supply of these substrates is not large enough to
meet the demand for biofuels, and it competes with food
production. Lignocellulosic feedstocks (e.g. wood, straw and
grasses) are highly abundant and have been used as a source of
energy. About 100 billion tons of biomass containing about 50%
carbon (mass basis) is produced annually and can be converted
into biofuels.* Much more lignocellulosic biomass can be
sustainably produced, if needed.***>*

Biomass can be used as a feedstock to produce liquid fuels,
as shown in eqn (1). Biomass can be used as a carbon source to
produce a hydrocarbon product, a carbon source to remove
oxygenated groups from biomass as CO,, and an energy source
for transformation processes.*

Biomass + oxygen — hydrocarbon fuels + carbon dioxide
CH;.4400.66 + O2 = (CHy),Ha + CO; (1)

This can be achieved by converting lignocellulosic substrates
into platform chemicals. This involves partial deoxygenation,
catalytic upgrading to the target molecules through C-C
coupling reactions and removal of remaining oxygen groups.>®
Although lignocellulosic biomass is the most inexpensive and
abundant form of biomass, it is challenging to convert it into
fuels due to its solid form and low energy density.*” Also,
depending on the biomass source, impurities such as metal
contaminants may be present, which affect catalyst perfor-
mance (especially solid catalysts) and downstream process-
ing.*®* Lignocellulosic biomass is also a rather complex
substrate due to the intrinsic heterogeneity of its components,
which makes its conversion challenging.*® It is composed of
cellulose (40-50%), hemicelluloses (20-40%), and lignin (18-
35%). Proteins, waxes, and phenolic compounds constitute up
to 10% of the biomass dry weight.** While cellulose is a homo-
polysaccharide composed of glucose units linked by f-1,4-
glycosidic bonds, hemicelluloses can be described as both
branched and amorphous heteropolymers composed of b-
xylose, p-mannose and p-glucose.** Lignin is also a heteroge-
neous polymer, but it is composed of p-hydroxyphenyl, guaiacyl,
and syringyl as the main phenylpropanoid units.** These units
are linked through C-O (e.g. B-O-4, 4-O-5, and 0-0-4) and C-C
(e.g. B-5, B-B, B-1, and 5-5) bonds, forming a highly complex
polymer.*> The content of these bonds varies with the type of
lignocellulosic feedstock. Generally, ether bonds account for
over 50% of the lignin bonds. Softwoods and hardwoods are
composed of 43% and 65% of B-O-4 linkages, respectively.’*>**
Due to lignocellulosic biomass complexity, the conversion of
lignocellulosic biomass into fuels often requires a cascade of
reactions. Each reaction step may require different operational
conditions, and several of the intermediate compounds
produced are unstable. In this case, the use of catalysts with
multiple active sites for the direct conversion of biomass can be
advantageous, as it does not require catalyst separation after
each reaction step.**

1.2. Zeolites as catalysts

The transformation of lignocellulosic feedstocks and their
precursor molecules into biofuels involves many acid-catalyzed

This journal is © The Royal Society of Chemistry 2026
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reactions (e.g. hydrolysis, alkylation and isomerization).**
Homogeneous catalysts, such as mineral acids, are more active
than solid catalysts due to their enhanced mass transfer.*
However, homogeneous catalysts often face challenges, such as
product separation and corrosion. Also, they require down-
stream processing,*® which limits their industrial applica-
tions.”” Acidic zeolites are a promising alternative to
homogeneous catalysts because of their thermal stability,
market availability, and recyclability.*®** Among the primary
applications of synthetic zeolites (e.g., catalysis, detergents, and
adsorbents), catalysis represents about 20% of the volume and
contributes about 50% of the total revenue.* As of 2010, the
worldwide production of synthetic zeolites reached about 4
million tons per year, valued at around 3 billion US$.** The
International Zeolite Association (IZA) has reported over 250
different zeolite topologies.*' Zeolites are crystalline and
microporous aluminosilicates with properties that can be
tailored to specific applications.** Acidic zeolites have Bronsted
and Lewis acidity (attributed to framework and/or extra frame-
work Al atoms) and well-defined pores that are made of SiO,
and AlO, tetrahedra.*»** Their crystals are highly microporous
(from about 0.4 nm to up to tens of nanometers in special
zeolites),* which contain the catalytic sites and the properties
responsible for shape selectivity. Their highly tunable textural
and acidic properties enable high surface areas, molecular
diffusion control, and easy regeneration at elevated tempera-
tures.** The density and strength of the acid sites can be fine-
tuned by adjusting framework composition (i.e., Si/Al ratio)
and by incorporating redox-active transition metals (e.g., Ni, Co
and Cu) into the framework (i.e., adjusting Lewis acid density).*
Highly tunable acidity is critical to induce C-O bond cleavage,
while preserving or forming C-C bonds. This acidic property of
zeolites enables the transformation of raw lignocellulosic
biomass and its derived molecules into desirable fuel precur-
sors.*® For example, weak acid sites facilitate ether bond
rearrangement and lignin side-chain cleavage, while medium
and strong acid sites contribute to deoxygenation reactions.*”
Also, the literature has shown that acid density plays a key role
in catalyst stability. While coke formation can occur on both
weak and strong acid sites of a zeolite, decreased strong acid
sites have been identified as a significant contributor to coke
formation/deposition reduction.*® However, as micropores
contain the active sites, the diffusion of bulky lignocellulosic
biomass molecules in and out of the pores is mass-transfer
limited.**** In this case, catalytic activity occurs mainly at the
active sites located on the external surface of the zeolite.>* This
leads to underutilization of the active sites, low product yields,
and low product selectivity, as well as potential catalyst deacti-
vation due to the formation and/or deposition of coke.”*** In
addition to the moisture present in raw lignocellulosic biomass
(5-30%),>*** many reactions involving lignocellulosic biomass-
derived molecules generate water as a by-product.’® The
production of water can cause crystallinity decrease and irre-
versible deactivation of the zeolite in an elevated temperature
aqueous environment, leading to low catalyst activity, recycla-
bility, and lifetime.*”

This journal is © The Royal Society of Chemistry 2026
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To address these challenges, several strategies ranging from
pre-processing of biomass feedstocks to inducing mesoporous
structures within the acidic zeolites have been developed.
Hierarchical zeolites, which have additional mesopores (2-50
nm) or macropores (>50 nm), have been shown to address these
challenges by providing easier access to the active sites. Hier-
archical zeolites have an additional network of larger pores that
overlays and interconnects with the micropores.*® These pore
networks improve diffusivity and can develop either in the
zeolite crystals as intracrystalline porosity or between the crys-
tals as intercrystalline porosity.>** Relative to ordered meso-
porous materials, such as MCM-41, hexagonal mesoporous
silica (HMS) and SBA, hierarchical zeolites have a crystalline
structure, higher thermal and hydrothermal stability, and
generally higher acidity.®® Such properties have resulted in
enhanced zeolite performance in various reactions, including
hydrolysis of cellulose and hemicellulose, lignocellulose pyrol-
ysis, HDO of lignin, and selected condensation reactions.®**
For example, in the HDO of lignin over hierarchical zeolites,
bulky oxygen-containing compounds are cleaved into smaller
molecules by acid sites on the mesoporous surface, allowing
their access to microporous channels for further trans-
formation. Also, hierarchical zeolites provide additional entry
points for macromolecular oxygenated compounds and
enhance intracrystalline transport, which increases reaction
rates by decreasing coke deposition.®®*® The introduction of
mesoporosity into a zeolite structure not only reduces the steric
and/or diffusional limitations of bulky biomass molecules but
also provides an opportunity to fine-tune the acidity of the
catalyst.®”®® While hierarchical zeolites offer several highly
desirable properties, they also tend to show less “zeolitic
behavior” in terms of acidity, hydrophobic/hydrophilic balance,
confinement effects, shape selectivity, and hydrothermal
stability compared to microporous zeolites.*

Hierarchical zeolites have been synthesized through a variety
of synthesis methods, including “bottom-up” (e.g., soft tem-
plating, hard templating, and template-free) that involves the
preparation of nanostructures of larger size units, and “top-
down” (e.g.,, dealumination, desilication, and dissolution-
recrystallization) that involves the assembly of several small
structural ones, and nanozeolite assembly (Fig. 1).**°

Details on the synthesis methods of hierarchical zeolites
have been extensively reviewed and summarized in various
review articles in the last few years.****”>”* It should be pointed
out that the introduction of mesoporosity into microporous
zeolites is not always easily reproducible, leading to different
catalytic performances, because both nucleation and crystalli-
zation are complex processes.”” Hierarchical zeolites synthe-
sized through mesostructuring, also known as surfactant
templating (where CTAB and a base, NaOH or NH,OH, were
used concurrently), showes uniform intracrystalline mesopores
with a shape resembling that of a regular hexagonal unit of
MCM-41.7”” These zeolites usually show enhanced product
selectivity, due to uniform mesopores and lower coke deposi-
tion. Note that mesostructuring had only been successfully
synthesized in Y, B, modernite, LTL, and omega zeolites, due to
their low framework density. In contrast, no mesostructured
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Fig. 1 Methods used to prepare hierarchical zeolites. Reprinted from ref. 46 with permission from [John Wiley & Sons], Copyright [2014].

ZSM-5 zeolite has been synthesized.”” While excellent reviews
on the use of zeolites for biomass conversion, focusing on
hierarchical zeolite design” and catalytic biomass reactions,
can be found in literature,*®”* most do not include the latest
advancements in the field. This review aims to provide an up-to-
date perspective on the direct production of biofuels, including
alkanes, aromatics and oxygenated biofuels, from raw ligno-
cellulosic biomass and their derived components over both
microporous and hierarchical zeolite-based catalytic systems.
Furthermore, we explore the main challenges associated with
the use of zeolites as acidic catalysts for lignocellulosic biomass
processing and discuss possible approaches to overcoming
such challenges.

2. Raw lignocellulosic biomass as
a substrate

A direct route to convert lignocellulose to liquid alkanes and its
integration within refineries would enable a fast commercial
process implementation, as the renewable products can be
processed using the existing refinery assets with a relatively
small investment.” However, research on one-pot processes for
catalytic transformation of biomass to hydrocarbon fuels using
zeolites is scarce in the literature. The selective removal of
oxygen-containing groups from biomass polymers without
breaking C-C bonds remains a significant challenge. Also,
biomass materials with distinct macromolecular compositions
and morphological structures should be used as substrates to
evaluate the robustness of the process in converting a wide
range of biomass types, notably hardwoods and softwoods.
Thus, research going forward should address key challenges
specific to herbaceous biomasses, including monocots and
dicots, as well as solid loadings required for industrial
processes. Xia et al. were the first group to report the conversion
of birch wood to liquid hydrocarbons with high selectivity
towards pentane (4.9 wt% yield) using 5 wt% Pt/H-ZSM-5 at
190 °C and 5 MPa H, for a 20 h residence time. Under these
conditions, the total hydrocarbon yield was 8 wt%.”® Siakpebru
et al. reported an efficient one-pot process to convert poplar

Sustainable Energy Fuels

biomass into liquid hydrocarbons in cyclohexane over 10 wt%
Ni/H-B.” An alkane liquid and aromatic yield (carbon-based) of
~16 wt% and high selectivity toward C,-C;; cycloalkanes (~8%)
from poplar were obtained at 270 °C, 6 h, and an initial H,
pressure of 3 MPa. 10 wt% Ni/H-f resulted in higher carbon
liquid yields than other catalyst supports (H-ZSM-5 and H-USY)
with 10% Ni loading. This improvement was explained by the
Bronsted acidity of H-B and strong metal-support interactions
between Ni particles and the H-f support, which effectively
catalyze both hydrogenation and hydrogenolysis pathways.
Also, 10% Ni/H-B showed good recyclability over two recycling
runs, with an ~18% decrease in liquid yields after the first
recycling cycle. A significant reduction in Bregnsted and strong
acid sites was observed in the regenerated catalyst, which was
attributed to the production of water as a by-product during
HDO. The formation of water has a negative impact on zeolite
catalysts, namely during the calcination and regeneration steps.
Hydrothermal steaming causes the loss of framework
aluminum from H-f zeolites, which results in lower Brgnsted
acidity and, consequently, lower catalytic performance. To
address this challenge, different strategies, such as coating
acidic zeolites with organic silanes to protect framework
aluminum and the use of rare earth oxides (e.g., La,O3 and
CeO,) to stabilize the framework aluminum in H-Y zeolites,
have been explored.*®”” While these approaches have shown
some success, they often lead to reduced BET surface area and
pore volume, which impact catalytic
performance.

For higher-chain hydrocarbon fuels, such as SAFs and
renewable diesel, no reports have been found in the literature
on the direct HDO of lignocellulosic biomass using zeolites.
Some zeolites can be strongly acidic, but they lack the textural
properties needed to enhance the production of bulky mole-
cules (Cg—Cyg). Acidic hierarchical zeolites with increased
mesoporosity and pore size are a promising alternative. For
instance, Siakpebru et al reported a hydroxyalkylation-
alkylation (HAA) reaction between biomass-derived molecules,
such as 2-methylfuran (2 MF) and furfural, which resulted in
a 72 mol% yield of a C;; jet fuel precursor using a hierarchical

can negatively

This journal is © The Royal Society of Chemistry 2026
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H-Y zeolite.” The superior performance of the hierarchical H-Y
relative to parental H-Y was attributed to its strong Brensted
acidity and large external surface area.

3. Conversion of lignocellulosic
carbohydrates

3.1. Cellulose

Cellulose is a highly available, linear homopolysaccharide
composed of glucose monomers. Its repeating structural unit is
either cellobiose or 4-O-B-p-glucanopyranosyl-p-glucopyr-
anose.” It is considered an ideal substrate for the selective
production of Cg alkanes (i.e., light naphtha), as C-C bond
formation or cleavage is not required.** The main challenges
associated with the conversion of cellulose into Cg alkanes are
the selective cleavage of C-O linkages and removal of surplus
oxygen, while preserving C-C linkages during deoxygenation.
Other challenges include low solubility in conventional fluids
and high chemical resistance.®* The overall process of convert-
ing cellulose into alkanes is rather complex, involving a series of
sequential reactions (e.g. hydrolysis, hydrogenolysis, hydroge-
nation, dehydration, and HDO).*> As such, severe operating
conditions (i.e. high temperature, long reaction times, and
catalyst acidity) are required, but they can also lead to unde-
sirable side reactions.®® To effectively manage these sequential
steps and overcome the inherent drawbacks associated with
cellulose conversion, zeolites loaded with a metallic component
as bifunctional catalysts have been studied. Table 1 provides
a comprehensive overview of the diverse reaction conditions
and zeolite-based catalysts used to convert cellulose and its
derivatives into Ce alkanes. Although the HDO of cellulose-
derived water-soluble sugars and sugar alcohols into liquid
fuels has been widely reported (see Section 3.2), the direct
production of alkanes from cellulose is highly desirable as it
would reduce the number of processing steps and, therefore,
have higher economic efficiency.®® For example, the direct
conversion of cellulose to n-hexane has been reported by Liu
et al., who found that Ir-ReO,/SiO, (Re/Ir = 2) and H-ZSM-5 (as
a co-catalyst) resulted in an n-hexane yield of 83% and 78% from
ball-milled cellulose and microcrystalline cellulose, respec-
tively.** Reports found in the literature show that Ir-ReO,/SiO,
can effectively promote the hydrogenolysis of C-O bonds.** The
authors suggested that (1) the hydrolysis of cellulose into
glucose through water-soluble oligosaccharides is catalyzed by
H-ZSM-5 and is identified as the rate-determining step, (2) Ir-
ReO,/SiO, catalyzed the hydrogenation of glucose to sorbitol,
and (3) hydrogenolysis of sorbitol into n-hexane was catalyzed
by both Ir-ReO,/SiO, and HZSM-5 (Fig. 2).%

Although the reported n-hexane yields are encouraging, high
temperatures (210 °C), H, pressures (6 MPa of initial pressure),
and long reaction times (24 h) were required to convert pristine,
microcrystalline cellulose into n-hexane. However, when cellu-
lose was pretreated via ball-milling (to reduce the crystalline
content, thus increasing the reactivity of cellulose to chemical
treatment), shorter reaction times were used. Although long
reaction times were needed, the catalytic system demonstrated

This journal is © The Royal Society of Chemistry 2026

View Article Online

Sustainable Energy & Fuels

potential for recycling. The yield of n-hexane only decreased
from 83 to 71% in the first recycling run. However, by the third
recycling, aggregation of Ir during regeneration was observed,
which resulted in a decreased n-hexane yield to 66%.

Also, the potential of Ir-VO,/SiO, combined with HZSM-5 to
catalyze the conversion of cellulose into Cs/C¢ alkanes at rela-
tively low temperatures of 210 °C was investigated by Jin et al.®
It was found that the V/Ir molar ratio critically impacted the Cs/
Ce alkane yield. Increasing the V/Ir molar ratio from 0 to 0.13
significantly increased the yield of Cs/Cs alkanes from 46.4 to
78.7% because vanadium acts as a good metal promoter for Ir.
However, further increases in the V/Ir ratio led to a significant
decrease in yield. This reduction was explained by the partial
reduction of Ir caused by an excess of vanadium, which nega-
tively impacted the hydrogenation performance.*” In contrast,
excess vanadium increases the acid sites, promoting isomeri-
zation and cyclic ether formation.*® This catalytic system (Ir-
VO,/SiO, combined with HZSM-5) showed acceptable reus-
ability. The C;5/C, yield decreased from 78.7% (fresh run) to
43.5% (5th recycling run), and the accumulation of Ir was
considered to be the main reason for the observed decrease in
yield.*® The same group reported that Mo-promoted Ir/SiO, (0.5
Mo/Ir molar ratio) combined with H-ZSM-5 achieved ~92% Cs/
Ce alkane yield from microcrystalline cellulose at 210 °C for 12 h
and in a biphasic system (n-dodecane and H,0).** The superior
yield was attributed to the enhanced hydrogenation perfor-
mance of the Ir-MoO,/SiO, through hydrogen spillover from Ir
particles to MoO, species. The addition of H-ZSM-5 further
enhanced the Ir-MoO,/SiO, hydrogenolysis activity, with
sorbitol being the major intermediate product.®

Kato and Sekine reported that the direct catalytic trans-
formation of cellulose resulted in high total C; and C, selectivity
(46.8 %C) when the H-p zeolite + Pt/y-Al,O; catalytic system was
used at 170 °C.*® While the authors tested different catalysts,
such as y-Al,O3, H-B, H-B + y-Al,O3, H-B + Pd/y-Al,05, H-B +
Co/y-Al,03, H-B + Cu/y-Al,O3, H-B + Ni/y-Al,O3, and H-3 + Fe/y-
Al,O3, only the H-B + Pt/y-Al,O; catalyst was found to be
effective in converting cellulose-derived compounds into C; and
C, hydrocarbons due to the synergistic activities of Pt and H-B,
including decarbonization, dehydrogenation, and cracking/
hydrogenolysis. In addition, zeolites with large pores and
a low Si/Al ratio have been reported as effective catalysts for
cellulose hydrolysis.*® Such properties facilitate the diffusion of
cellulose-derived products, such as glucose, which enhances
their access to zeolite acid sites.

Murata et al. investigated the conversion of cellulose into C,-
C, paraffins over H-ZSM-5 (SiO,/Al,0; = 23) and H-USY (SiO,/
AlL,O; = 6.3) loaded with 1 wt% Pt at 400 °C and 6.5 MPa for
12 h.* The authors found that both 1 wt% Pt/H-USY and 1 wt%
Pt/H-ZSM-5 resulted in similar C,-C, selectivity, while 1 wt% Pt/
H-ZSM-5 resulted in higher selectivity toward CH,. However, the
authors did not explain the reason for higher CH, selectivity
with 1 wt% Pt/H-ZSM-5. Also, 1 wt% Pt/H-ZSM-5 led to a total
alkane selectivity of ~78%. To reduce the amount of CO, and
CH,, cellulose was pretreated with alcohols (e.g. 1-propanol, 1-
butanol, 1-pentanol, 1-hexanol, etc.) before hydrocracking.®
When cellulose was pretreated with 1-hexanol at 350 °C
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Fig.2 Illustration of the reaction pathways for cellulose conversion into n-hexane using H-ZSM-5 and Ir—ReO,/SiO,. Reprinted from ref. 84 with

permission from [American Chemical Society], Copyright [2015].

followed by hydrocracking over 1 wt% Pt/H-ZSM-5 (SiO,/Al,0; =
23), a CH,4/CO, yield of only 6% was reported. It was hypothe-
sized that the cellulose pretreatment reduces the cellulose
molecular weight, forming oxygenated intermediates, which are
then converted into alkanes through hydrocracking and
condensation reactions.®

Ogo et al. investigated a Pt/USY zeolite catalyst for converting
cellulose into C; and C, hydrocarbons.®® The authors reported
that the acid sites of H-USY were mainly responsible for the
solubilization of cellulose into sugars, while Pt sites promoted
their cracking into hydrocarbons. In addition, olefin selectivity
was highly impacted by the oxidation state of the supported Pt,
which was influenced by the catalyst pretreatment. Higher
olefin selectivity was reported for air-oxidized Pt/H-USY than
that of the H,-reduced catalyst.”® The same group also reported
a Pt/NH,-USY catalyst, resulting in a C; and C; hydrocarbon
yield of 14.5 %C from cellulose at 170 °C for a reaction time of
72 h.°* Both Pt/H-USY and Pt/NH,-USY catalysts showed high
hydrothermal stability at 170 °C, and no metal leaching was
reported.®®*

3.2. Cellulose intermediates

In this section, we reviewed the direct production of Cs and Cg
alkanes via HDO of cellulose-derived compounds, including
monosaccharides (glucose and fructose), disaccharides (cello-
biose), and polyols (sorbitol). Such intermediates can also be
referred to as platform chemicals. Monosaccharides and polyols
have a carbon-to-oxygen ratio of 1:1, which allows them to be
converted into hydrocarbon fuels through a series of C-C and
C-O cleavage reactions. These reactions result in a range of
mono-functional organic compounds (e.g. ketones, alcohols,
carboxylic acids, and furfurals) that further undergo C-C
coupling (e.g. aldol condensation, ketonization, and oligomer-
ization) and deoxygenation reactions.

Chen et al. investigated the conversion of cellobiose and
glucose into n-hexane using Ir-ReO,/SiO, combined with H-
ZSM-5.”* The reason behind the use of H-ZSM-5 as a co-catalyst
is that it enhances the dehydration of secondary alcohols, which
promotes their conversion to alkanes through hydrogenolysis.
This dehydration-hydrogenation pathway is critical for the
conversion of internal mono-ols to alkanes and the suppression

Sustainable Energy Fuels

of undesirable C-C cracking reactions. However, the authors
found that extremely long reaction times (i.e., 108 h) are needed
to obtain an n-hexane yield of 95 %C from cellobiose at 140 °C
and a H, pressure of 8 MPa. At a reaction time of 24 h, only 19.1
%C was obtained. Even though the results obtained at long
reaction times are encouraging, much shorter reaction times
are needed to further develop this technology for commercial
applications. Interestingly, even when glucose was used as
a model feedstock, long reaction times were still needed (84 h)
to achieve an n-hexane yield of 94.4 %C. Although long reaction
times are required, this catalytic system resulted in high yields
of n-hexane (over 90 %C) in the first three recycling runs. By the
4th recycling run, the amount of n-hexane formed was lower
compared to a fresh catalyst run under similar conditions. Ogo
et al. also tested Pt/H-USY to convert glucose into hydrocarbons
at 170 °C for 3 h.*® They reported a glucose conversion of 82.4%
and a high selectivity of 79.5% toward C, olefins. The number of
reports on the conversion of glucose into alkanes is scarce
because most studies use glucose, cellobiose, and fructose as
substrates mainly to investigate reaction mechanisms rather
than to optimize alkane yields.

The conversion of sorbitol involves aqueous-phase reform-
ing over a metal catalyst, such as Ni and Pt, during which
hydrogen and CO, are generated, and dehydration reactions
over solid acid catalysts, such as zeolites, which lead to the
formation of oxygenated intermediates.”® The hydrogen
produced hydrogenates these intermediates over the metal
sites. Through consecutive cycles of dehydration/hydrogenation
reactions, oxygen is removed, leading to the production of
alkanes.” The proposed reaction pathways were reported by
Huber et al. and are shown in Fig. 3.**

Zhang et al. studied the production of isoparaffins from
sorbitol over Ni/H-ZSM-5 catalysts.” Zeolite H-ZSM-5 is known
to induce isomerization of paraffins, which improves the octane
number of such paraffins.®®®” The authors found that the cata-
lyst's calcination temperature is critical to increase i-C¢H;, and
i-CsH;, selectivity. For example, when the calcination temper-
ature increased from 400 °C to 500 °C, the selectivity of i-CcH14
increased from 20.3 to 45.4%.°° However, further increases in
calcination temperatures resulted in a significant drop in i-
CeH,4 selectivity to 25%. This suggests that the catalyst calcined
at 500 °C is critical to provide the highest selectivity toward

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Proposed reaction pathways for the production of alkanes from
sorbitol. Reprinted from ref. 94 with permission from [John Wiley &
Sons], Copyright [2004].

isoparaffins, due to an optimal balance between acidity, struc-
tural properties, and Ni species reducibility. It was hypothesized
that high temperatures are associated with the sintering of Ni
and dealumination of zeolite, leading to lower acidity.®® Also,
Zhang et al. studied the conversion of sorbitol into Cs and Cg
alkanes over Ni/HZSM-5 modified with MCM-41 at 240 °C and
a H, pressure of 4 MPa.”® While Ni/HZSM-5 was mainly
responsible for the C-C cleavage in sorbitol into C,-C, alkanes
due to its strong Bronsted acid sites, MCM-41 catalyzed the C-O
bond cleavage into heavier alkanes due to its weak Lewis acid
sites. In addition to their acidic nature, MCM-41 offers larger
pore sizes and high surface areas, which enhance mass transfer
of bulky intermediates and reduce diffusion limitations. A total
alkane yield of 98.7% was found when 2% Ni/HZSM-5 modified
with 40 wt% MCM-41 was used. Also, the same group reported
that the addition of MCM-41 reduced carbon deposition on the
surface of Ni/H-ZSM-5. However, further studies are needed to
evaluate the hydrothermal stability and recyclability potential of
the proposed catalytic system.

Weng et al. also studied the production of aromatics and
cyclic hydrocarbons from the conversion of sorbitol catalyzed by

o |

\ /

HMF

Acid
—_—

Fig. 4 Reaction pathways for EL production from HMF.
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Ni-HZSM-5 mechanically mixed with SBA-15.%° This catalytic
system has a bimodal pore structure, combining the micropores
of H-ZSM-5 with the mesopores of SBA-15, which enhances
accessibility for larger molecules and their transport between
active sites. This catalytic system allowed large sorbitol mole-
cules to be initially hydrodeoxygenated by Ni-SBA-15 into
smaller oxygen-containing compounds, which then enter the H-
ZSM-5 pores for further reaction. A maximum oil yield of
40.4 wt% was obtained at 320 °C and a H, pressure of 4 MPa,
with aromatics and cyclic hydrocarbons making up 80% of the
final product. The authors pointed out that the temperature
used (ie., 320 °C) was significantly lower than the typical
temperatures used in conventional aromatization processes
(350-500 °C). The same group also reported the one-pot
aqueous catalytic conversion of sorbitol into gasoline using
a physically mixed Ni/HZSM-5 and Ni/silica-gel (mesoporous
SG) catalytic system in a fixed-bed reactor.'® Adding meso-
porous SG into Ni/H-ZSM-5 enhanced the carbon yield of Cs-C;,
alkanes up to ~47% at 300 °C and 4 MPa H, pressure. The
addition of mesoporous materials, such as silica gel, helped
modulate the acidity of H-ZSM-5, shifting the product selectivity
from C,-C, alkanes (resulting from C-C cleavage on strong
Bronsted acid sites) to long carbon chain (C5-Cg or Cs—Cyy)
alkanes (from C-O cleavage on weaker Lewis acid sites). In
addition, the synergistic effects of physically mixing catalysts,
such as mesoporous SG with Ni/H-ZSM-5, are the integration of
HDO, ketonization, and aldol-condensation reactions, which
enhances the formation of additional C-C bonds and the
production of long-chain alkanes. These processes typically
occur at lower temperatures (280-320 °C) than those used in
methanol-to-gasoline reactions (350-500 °C), improving energy
efficiency and reducing coke formation. Although promising
results were obtained to produce long-carbon-chain hydrocar-
bons from sorbitol using Ni/HZSM-5 and Ni/silica-gel (meso-
porous SG), further studies to evaluate catalyst stability and
recyclability potential are essential.

The formation of aqueous sugars (e.g., glucose) from the
hydrolysis of cellulose can undergo catalytic dehydration to
form furan compounds, such as 5-hydroxymethylfurfural
(HMF).”® Although HMF is a versatile platform chemical for the
synthesis of added-value chemicals, including 5-
hydroxymethylfuran-2-carboxylic acid (HMFCA), 2,5 di-
formylfuran (DFF), and levulinic acid (LA), it can also be con-
verted into biofuel molecules. Despite its potential, reports on
the production of alkanes from HMF using acidic zeolites
remain scarce in the literature. Therefore, the remainder of this
section is focused on the conversion of Cg sugars and Ce-sugar

O\/

H
Ethanolysis
_—

(6]
Ethyl levulinate
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derivatives, such as HMF, into ethyl levuniate (EL) via ring-
opening and ethanolysis reactions, as shown in Fig. 4. EL is
a biofuel of particular interest due to its reduced sulfur content,
enhanced flow properties, flash point stability, high lubricity,
and high compatibility as a diesel blending component.*>*'*?
Zhao et al. investigated the conversion of glucose and fruc-
tose into EL using a series of supported phosphotungstic acid
catalysts, including HPW-B, HPW-Snf, HPW-H-Y, HPW-H-ZSM-
5, and HPW-USY.'”> Among the studied catalysts, HPW-H-ZSM-5
showed the highest catalytic activity for fructose conversion,
which resulted in an EL yield of 43.1% at 160 °C for 2 h.
However, the authors did not clearly elucidate which physio-
chemical properties of HPW-H-ZSM-5 were responsible for its
superior catalytic activity. Kaewmuangphet et al. investigated
the activity of propyl sulfonic acid-functionalized zeolites (H-Y,
H-ZSM-5, and H-B) for glucose conversion to EL. Among the
studied catalysts, H-Y resulted in the highest EL yield of 17.3%.
The enhanced activity of H-Y was attributed to its inter-
connected sodalite cages, which are connected through hexag-
onal prisms, forming a pore defined by a 12-membered ring that
enhanced substrate accessability."** When H-Y was function-
alized with propyl sulfonic acid to increase Brgnsted acidity, an
increase in EL yield from 17.3% to 25.1% was observed. Wang
et al. also investigated the conversion of glucose into 5-ethoxy-
methylfurfural (EMF) using ultra-stable USY in an ethanol/
tetrahydrofuran (THF) system.'® A glucose conversion of 98%
and an EMF yield of 42% were obtained at 200 °C and 10 min.
Although high EMF yields were obtained, EL was identified as
the main EMF degradation product. The formation of EL occurs
through an intermediate product (i.e., 2-furaldehydediethyl-
acetal), and mechanistically, EL production originates from the
nucleophilic addition reaction between the carbonyl group of
EMF and ethanol."*® Kinetic studies showed that the conversion
of EMF to EL has the highest apparent E, (~97 k] mol "), which
explains the limited EMF to EL conversion. DFT studies showed
that the presence of THF as a co-solvent hampers the EL
production, as THF increases the LUMO (Lowest Unoccupied
Molecular Orbital) energy of EMF, which reduces the suscepti-
bility of EMF to be nucleophilically attacked by ethanol.**
Compared to other heterogeneous and homogeneous cata-
lysts, zeolites have been shown to have lower activity for EL
formation from Cg-sugars. Saravanamurugan and Riisager
investigated the catalytic activity of various zeolites (H-ZMS-5,
H-Y, H-B and H-mordenite), sulfonic acid functionalized SBA-
15 (SO3H-SBA-15), and sulfated zirconia for the production of
EL."*® Their study showed that mesoporous SO;H-SBA-15 was
highly active and selective, outperforming zeolite and zirconia
catalysts, reaching a maximum EL yield of 57% from fructose at
140 °C for 24 h. The superior activity of SO;H-SBA-15 was
attributed to its large mesoporous channels combined with
strong sulfonic acid groups, which minimized the mass transfer
limitations that hamper the dehydration of fructose to HMF,
etherification of HMF, and rehydration of the HMF-ether to
form EL.**® Xu et al. also compared the catalytic activity of USY
zeolite with H,SO, for glucose conversion into EL.*** While
1.0 wt% H,SO, resulted in an EL yield of 48% at 180 °C for
30 min, the USY zeolite led to a similar EL yield at 180 °C, but
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required a reaction time of 2 h. This suggests slower reaction
kinetics when zeolites were used. Chang et al. reported that the
combination of low concentrations of H,SO, and USY consti-
tutes an effective catalytic system for the production of EL from
glucose.'® The mixed catalytic system composed of 0.1% H,SO,
and 2 wt% USY resulted in an EL yield of 51.5 mol%. This
increased activity was attributed to the synergetic effects of USY
and H,SO,. While USY is more active in converting glucose into
EMF, H,SO, catalyzes ethanolysis of EMF into EL and mini-
mizes mass transfer limitations inherent to solid-liquid
reactions.

Chithra and Darbha investigated the activity of parental
(HZSM-5), desilicated (DZSM-5) and hierarchical ZSM-5 (MZSM-
5) zeolite catalysts to produce EL from HMF at 140 °C for 12 h.'*®
Among the studied catalysts, MZSM-5 resulted in the highest
conversion of HMF (66%) and highest selectivity to EL (50%)
relative to HZSM-5 (HMF conversion of 62% and 7% EL selec-
tivity) and DZSM-5 (HMF conversion of 40% and 14% EL
selectivity). Despite its lower acidity (0.55 mmol g~"), the high
activity of MZSM-5 was attributed to its intracrystalline meso-
porosity, which enhanced the diffusion of bulk EMF interme-
diates to active sites. The enhanced mass transport in MZSM-5
resulted in a substantially lower apparent activation energy (E,)
of 32.6 k] mol . In contrast, microporous HZSM-5 limited EMF
access, which enhanced EMF formation over EL. In the case of
DZSM-5, the formation of intercrystalline mesopores led to
reduced catalytic activity. The motivation to use hierarchical
zeolites lies in minimizing the diffusion constraints inherent to
microporous H-ZSM-5, which limits the access of bulky mole-
cules to active sites.

It has been reported that acidic zeolites also catalyze the
direct esterification of levulinic acid. Structural and textural
properties, including surface area, porosity and acid site access,
enable the fine-tuning of catalyst properties to enhance EL
yield."® For example, desilicated H-ZSM-5 with optimized
acidity and porosity achieved 95% LA conversion at 120 °C for
7 h."'® However, relatively high temperatures and long reaction
times were required due to the lower acid strength of the desi-
licated H-ZSM-5. Similar LA conversions were obtained using
15% dodecatungstophosphoric acid on desilicated H-ZSM-5 at
80 °C for 4 h.""* High dodecatungstophosphoric acid loadings
were required to increase the Brgnsted/Lewis ratio, but loadings
above 15% resulted in undesired side reactions, such as ether
formation and ethanol dehydration."* Apart from acidity, the
LA esterification into EL by zeolites is highly influenced by pore
structure and acid site accessibility. Mesoporous zeolites (e.g.,
micro-meso-HZ-5) reached 95% LA conversion at 130 °C for
300 min, whereas microporous H-J led to only 40% levulinic
acid conversion at the same reaction conditions.'***

3.3. Hemicellulose and its intermediates

Hemicellulose represents the second-most available lignocel-
lulosic polymer, after cellulose.”” In most hardwoods and
grasses, xylan, a heteropolysaccharide primarily composed of B-
1,4-linked xylose residues, is often found as the predominant
form of hemicellulose."® The dehydration of xylose can produce

This journal is © The Royal Society of Chemistry 2026
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Table 2 Overview of the zeolite-based processes used to convert xylan and xylan-derived compounds into hydrocarbon fuels

Feedstock Reaction conditions Catalytic systems Solvent Reactor type  Product yield and selectivity Ref.
Xylan 190 °C, 24 h, 6 MPa H, Ir-Re0,/Si0, n-dodecane/ Fixed-bed Xylan conversion: >95%; 123
water n-pentane yield: 70%

Xylan 200 °C, 5 h Zr-B + H,S0, Ethanol Batch EL yield: 21.5% 127

Xylose 170 °C, 3 h, Ar atmosphere 0.9 wt% Pt/USY Water Batch Xylose conversion: >94.7%; 90
total hydrocarbon yield: 0.8 %C,
C;-C; olefin selectivity: 90.7 %C

Xylose 200 °C, 5 h 10% Zr/H-B Ethanol Batch EL yield: 40.3% 127

Furfural 150°C, 24 h HPMo/Zr-MCM-41  Isopropanol Batch Furfural conversion: 99%; 128
isopropyl levulinate yield: 80%

Furfural 180 °C, 8 h Zr-SBA-15/H-ZSM-5  Ethanol Batch Furfural conversion: 100%; 129
EL yield: 55%

Furfuryl 125 °C, H-ZSM-5 Ethanol Semi-batch  Furfuryl alcohol conversion: >90%; 130

alcohol 0.2 Zfurfuryl alcohol Zear N EL yield: 80 mol%

Furfuryl 140 °C, 4 h Hierarchical-HZ-5  Ethanol Batch Furfuryl alcohol conversion: ~100%; 131

alcohol EL yield: 73%

Xylitol 240 °C, 4 h, 2 wt% Pt/H-ZSM-5  Water Batch Xylitol conversion: 97%, pentane 125

4 MPa, 500 mL min~* H, flow selectivity: 77%
Xylitol 240 °C, 4 h, 2 wt% Ni/H-ZSM-5  Water Batch Xylitol conversion: > 94%; maximum 124
4 MPa, 500 mL min~"' H, flow pentane yield: 91%
Xylitol 425 °C, 1.0 h™" weight ZSM-5 -WS (28) — Fixed-bed Xylitol conversion: 96%j; pentane 107

hourly space velocity

furfural, which can be used as a building block to produce
longer carbon fuel precursors.'>'** Furfural and other ligno-
cellulosic biomass-derivative compounds, such as 2-MF and
cyclopentanone, can undergo carbon-carbon coupling reac-
tions, such as aldol condensation** and HAA'? reactions to
increase the carbon number in the hydrocarbon precursors,
which can then be upgraded to produce jet-fuel range
alkanes.**”®

In contrast with the extensive body of literature on the
catalytic transformation of cellulose, studies on the direct
transformation of hemicelluloses into alkanes over zeolite-
based catalysts remain scarce (Table 2). To date, a single
study has been identified in this field. Liu et al. reported the
selective conversion of xylan into n-pentane over Ir-ReO,/SiO,
combined with H-ZSM-5 + H,S0,."* The authors found a 70%
yield in n-pentane at 190 °C for 24 h. Through catalyst stability
tests, it was shown that the catalyst remained stable during
three consecutive runs as the conversion of xylan and n-pentane
yield were maintained above 97% and 66%, respectively.'*
Although hemicelluloses can be directly converted into hydro-
carbon fuels, like cellulose, using zeolites, the few reports
published in the literature have focused on the conversion of
hemicellulose-derived compounds, such as xylose and xylitol.
Ogo et al. studied the conversion of xylose into C; and C,
hydrocarbons using Pt/USY zeolite as the catalyst.”” They re-
ported a xylose conversion of 94.7% and a total hydrocarbon
yield of less than 1% at 170 °C for 3 h. However, it should be
noted that the authors used xylose as a substrate primarily to
investigate the reaction intermediates involved in the catalytic
transformation of lignocellulosic carbohydrates into hydrocar-
bons, rather than to optimize the hydrocarbon yield from
xylose.

This journal is © The Royal Society of Chemistry 2026

selectivity: 51%

The stoichiometry of pentane formation from xylitol involves
the xylitol reduction to pentane and aqueous phase reforming
of xylitol into hydrogen and CO,, as shown in eqn (2) and (3).***

C5H1205 + 5H2 - C5H]2 + SHzo [2)
C5H1205 + 5H20 - 5C02 + 11H2 (3)

The produced hydrogen can be used to supply H, for the
reduction reaction. The reaction mechanism for the aqueous-
phase reforming of xylitol into pentane over bifunctional cata-
lysts has been proposed and is shown in Fig. 5.

Jiang et al. reported that the mechanism involves several
steps, including (1) hydrogenation reactions over the metal
sites, (2) dehydration on acid sites leading to C-O bond
cleavage, (3) decarbonylation reactions over metal sites leading
to C-C linkage cleavage, and (4) aldol condensation on acid
sites leading to C-C bond formation.**® Other thermodynami-
cally favored reactions, such as methanation, water-gas shift
(WGS), and Fischer-Tropsch (FT) synthesis, can occur simul-
taneously. Specifically, xylitol is subjected to intermolecular
dehydration, leading to the formation of intermediates (e.g
alcohols, cyclic ethers and ketones). These species can follow
two main routes: one cycling dehydration/
hydrogenation reactions to produce pentane, while the other
proceeds through decarbonylation, producing CO and light
oxygenated compounds. Further dehydration and hydrogena-
tion of the lighter compounds result in the formation of C,-C,
alkanes. Simultaneously, some linear alkanes undergo isomer-
ization to form branched isoparaffins. The CO released during
decarbonylation can be further converted to CO, via WGS
reaction. In addition, heavier alkanes (i.e., hexane) can be
produced through C-C coupling reactions (aldol condensation)
on acid sites.

involves
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Fig.5 Proposed reaction pathways for the production of alkanes from xylitol over bifunctional catalysts. Reprinted from ref. 125 with permission

from [Elsevier], copyright [2012].

Jiang et al. reported the conversion of xylitol into pentane
using H-ZSM-5 loaded with Ni."** The authors found that the
highest pentane yield of 91% was found when 2 wt% Ni/H-ZSM-
5 was used at 240 °C and 4 MPa H, pressure for 4 h. While xylitol
conversion did not change with an increase in Ni loading (from
2 to 4%), a decrease in pentane selectivity from 95 to 60% as C;-
C, alkane formation increased. Also, the reported findings
suggest that weak acid sites promoted dehydration, while
strong acid sites facilitated isomerization and cracking.'* The
authors also tested the recyclability of the 2 wt% Ni/H-ZSM-5
and found that it deactivates significantly by the 5th recycling
run due to partial dealumination during reaction. The same
group also investigated the impact of metal type loaded (either
Pt or Ni) on H-ZSM-5 on the aqueous-phase reforming of xylitol
into pentane.'* Increasing both metal loadings up to 3 wt% (i.e.
3% Pt/H-ZSM-5 and 3% Ni/H-ZSM-5) resulted in an enhanced
xylitol conversion and pentane selectivity, but a further increase
to 5 wt% led to a decrease in pentane selectivity due to
enhanced C-C bond cleavage. At 240 °C and 4 MPa, both cata-
lysts with 2 wt% metal loading obtained similar xylitol conver-
sion, but Ni/HZSM-5 showed a superior pentane selectivity of
95% compared to 58% obtained with Pt/HZSM-5. This indicates

Sustainable Energy Fuels

that Ni favors pentane formation, while Pt promotes C-C
cleavage, leading to lighter alkanes (e.g. C;—-C,). Optimizing the
metal loading is critical as it alters the balance between
hydrogenation and C-C cleavage reactions, thus affecting
alkane selectivity. Also, the authors noted that increased metal
loading results in a higher metal/acid ratio, which could lead to
a higher rate of C-C linkage cleavage relative to hydrogenation
on metal sites, which resulted in lower pentane selectivity.

Beyond their application in the production of alkanes,
zeolites have been used in the production of EL from C; sugars
and Cs sugar-derived compounds, such as furfural and furfuryl
alcohol. For example, Cs sugars, such as xylose, can undergo
a series of reactions, including dehydration, transfer hydroge-
nation and ethanolysis (Fig. 6)."*¢

Recently, Kaewmuangphet et al. studied the production of
EL from different substrates (xylan and xylose) using Zr-p cata-
lysts and ethanol as a hydrogen donor.” The incorporation of
ZrO, onto B-zeolite enhanced the conversion of xylose into
furfural (via dehydration), furfural into furfuryl alcohol (via
hydrogenation) and furfuryl alcohol into EL (via ethanolysis).
Through this multi-step process, Zr-p showed high activity for
EL production, reaching yields up to 40% from xylose. However,

This journal is © The Royal Society of Chemistry 2026
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significantly lower EL yield (~1.8%) was observed when xylan
was used as the substrate. The low EL yield was attributed to the
low surface acidity of the catalyst, which was insufficient to
promote ethanolysis/hydrolysis of the polymer.**” The addition
of a low concentration of H,SO, increased the EL yield to 52.9%,
but the use of even small amounts of homogeneous acid
introduces additional downstream steps. Optimization of the
reaction conditions and/or more acidic solid catalysts should be
developed to eliminate the need for additional homogeneous
acids. Pen et al synthesized a zirconia-zeolite-supported
heteropoly acid (HPMo(20)/Zr-MCM-41), which was designed
to provide tunable Lewis and Brgnsted acid sites required for
the one-pot conversion of furfural into alkyl levulinates in the
presence of isopropanol as both hydrogen donor and solvent.**®
Hydrogenation was mainly catalyzed by Lewis acid sites, while
alcoholysis occurred mainly at Brensted acid sites. The selec-
tivity toward alkyl levulinate was strongly dependent upon the
distribution of Brensted and Lewis acid sites. HPMo(20)/Zr-
MCM-41 showed high activity resulting in ~80% isopropyl lev-
ulinate and ~99% furfural conversion at 150 °C for 24 h. The
catalyst showed high stability and reusability, resulting in high
activity for at least five cycles.”” Tang et al. further studied the
synergistic role of Lewis and Brensted acid sites in the conver-
sion of furfural into EL."*® Zr-SBA-15 was used as a Lewis acid
catalyst and ZSM-5 was used as a Brgnsted catalyst to catalyze
the conversion of furfural into furfuryl alcohol and the etha-
nolysis reaction of furfuryl alcohol to EL, respectively. After
optimization of the acidity ratio, a maximum EL yield of 55%
was obtained at a B/L molar ratio of 0.074 and at 180 °C for 8 h.
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This represents a significant improvement as the obtained EL
yield is almost two times higher than the yield achieved when
Zr-SBA-15 was used as the Lewis acid catalyst alone. In
comparison with W-ZrO, and phosphotungstic acid, ZSM-5 was
the only Brensted catalyst that contributed to the observed
synergetic effect, attributed to its unique pore structure and
hydrophobic properties, which minimize polymerization side
reactions. However, high Bregnsted acidity is undesirable as it
enhances side reactions, such as polymerization of furfural and
furfuryl alcohol."” Lange et al. evaluated the catalytic conver-
sion of furfuryl alcohol into EL using macroreticular resins, gel
resins, and zeolites as alternatives to H,SO,.** Catalyst activity
was correlated with acid strength and accessibility of the acid
sites, which resulted in an overall activity decrease in the order
of H,SO,4, macroreticular resins, gel resins and zeolites. Among
the studied zeolites (ZSM-5, ZSM-12, ZSM-23, B, mordenite and
Y), H-ZSM-5 resulted in the highest EL yield (80 mol%) at 125 ©
C, but at a very low feed rate (WHSV = 0.2 ggurfuryl alcohol Ceat
h™"). When the activity was normalized per mole of acid sites,
the H-ZSM-5 activity was similar to that found for macro-
reticular resins.” Also, Bokade and co-workers reported that
hierarchical HZ-5 has higher activity toward the conversion of
furfuryl alcohol into EL (19% EL yield) relative to conventional
zeolites, such as USY (5% EL yield), H-B (8% EL yield) and H-
ZSM-5 (13% EL yield), at 100 °C for 2 h.*** By using a response
surface methodology (Box-Behnken experimental design), the
authors optimized the reaction conditions resulting in an EL
yield of 73% at 140 °C for 4 h."** Collectively, these studies show
that zeolite-based catalysts can effectively convert C; sugars and

E\R o

hydrocarbons

Lignin substructure based dimers

Fig.7 Proposed routes for depolymerization and HDO of biomass lignin into fuel-like hydrocarbons. Reproduced from ref. 135 with permission

from the Royal Society of Chemistry.
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their derivatives to EL. However, fine optimization of the Lewis
and Brensted acid site balance and acid strength of the zeolites
is required to maximize EL yields.

4. Conversion of lignin

One of the leading strategies to upgrade lignin into valuable
aromatic fuel-like hydrocarbons involves the breaking down its
complex structure and the removal of oxygen atoms through
depolymerization and deoxygenation reactions (e.g., HDO)
(Fig. 7).**>*** During most HDO reactions, lignin undergoes
both C-O-C and C-C linkages cleavage, yielding monomeric
products that generally contain 6 to 9 carbon atoms."***** These
compounds have the potential to participate in C-C coupling
reactions to form long chain hydrocarbons. Alternatively,
aliphatic C-C bonds can be maintained (bond dissociation
energy ~384 kJ mol )**® while C-O linkages (~218-314 KJ
mol ') are selectively cleaved during HDO, using lignin
intermediates as starting materials."*>*’

Despite its potential, transforming lignin selectively into
valuable aromatic fuel-like hydrocarbons remains a major
challenge, largely due to its complex, cross-linked architecture
that resists hydrolysis and high reactivity of the intermediates
formed during its breakdown.**>**® Specifically, the stabilization
of reaction intermediates during lignin transformation, as well
as bond activation, is critical.’*®

Table 3 provides an overview of the diverse reaction condi-
tions and zeolite-based catalysts used to convert lignin and its
derivatives. Wang et al. investigated the HDO of dilute alkali
extracted corn stover lignin, reporting that a catalytic system
comprising Ru/Al,O; and H-Y zeolite at 280 °C under 4 MPa of
H, for 4 h can effectively produce lignin-derived hydrocarbons
in the C,-C;4 range.”” H-Y zeolite plays a dual role in lignin
conversion by inducing C-O bond cleavage to yield monomers
and dimers, while also promoting the formation of dimers via
alkylation and dimerization pathways.'*® Combined with
ruthenium-based catalysts, acidic zeolites show strong syner-
gistic effects, significantly enhancing HDO activity. This enables
efficient production of cyclohexane from lignin-derived mono-
mers and dimers through hydrogenation of aromatic rings and
removal of oxygen-containing groups.*>'*° Inspired by these
results, the same research group co-loaded Ru with earth
abundant metals (M = Ni, Fe, Cu and Zn) and tested the
resulting Ru-M/H-Y catalysts for HDO of softwood lignin.***
The authors found that Ru-Cu/HY resulted in higher hydro-
carbon selectivity compared to other catalysts (i.e., Ru-Ni/H-Y,
Ru-Fe/H-Y and Ru-Zn/H-Y), most likely due to the lower acti-
vation energy for hydrogen bulk diffusion over Cu relative to
other metals.”**'** However, all bimetallic catalysts provided
similar lignin conversion (~80-85%) and hydrocarbon yields
(26-32%).

To overcome the challenges associated with using high-
pressure H, for the hydrogenation of lignin, several studies
have investigated catalytic transfer hydrogenation (CTH) as an
alternative approach. This approach uses organic solvents (e.g.,
formic acid, isopropanol or their mixtures) as hydrogen donors,
thus eliminating the need for external hydrogen gas. For
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instance, Zhang et al. used a multifunctional Ni-Zn/HY, catalyst
to enhance the in situ HDO of Kraft lignin for the production of
liquid fuels. The process was conducted in a system composed
of formic acid, methanol, and 1,4-dioxane, without the addition
of exogenous hydrogen. While methanol and 1,4-dioxane were
selected for their ability to dissolve Kraft lignin, formic acid
served as a hydrogen donor."**'** Ni,,Zn,/HY, catalyst selectivity
converted formic acid into hydrogen for lignin transformation.
Ni facilitated the secure anchoring of bidentate carbonate
species on Zn sites with an electron-deficient structure. This
interaction enhanced the structural transformation of the
adsorbed species into monodentate carbonates, which subse-
quently decomposed to generate active hydrogen species. These
hydrogen species were continuously provided for lignin trans-
formation. The synergistic interaction between Lewis acid sites
and hydrogenation active sites in Ni;Zn;/H-Y, significantly
improved lignin transformation, while minimizing excessive
hydrogenation of aromatic rings.**® Ni;Zn,/H-Y, resulted in
a liquid product yield higher than 95% and a monomer yield of
approximately 38% at 290 °C for 2 h, which are higher than
those obtained with H-Y,, Ni-H-Y,, Ni3, Zn,/H-Y, and Zn/H-Y,.
After 24 h, the total liquid product yield and petroleum ether-
soluble fraction reached about 92% and 68%, respectively,
with Ni;Zn,/H-Y,. Earlier literature shows that Zn plays a crit-
ical role in the cleavage of lignin-derived compounds by acti-
vating ether bonds and promotes the cleavage of the hydroxyl
group from the Cy position of the B-O-4 ether bond."**'** Also,
it was found that Zn enhances the adsorption of lignin
compounds containing C=0 and C-O linkages, thus resulting
in enhanced hydrogenation and HDO reactions.***'** Based on
these findings, Dou et al. replaced Al with Zn in H-B zeolite and
loaded Co (resulting in a Co-Zn/Off-Al H-p catalyst), due to its
acidity and superior adsorption properties, and investigated its
effect on the conversion of Kraft lignin into liquid fuels. The
authors found that the incorporation of Zn into off-Al H-
B enhanced the acidity of the catalyst, resulting in enhanced
lignin transformation and condensation, while the loading of
Co into off-Al H-B resulted in lower acidity and less lignin
transformation and condensation. By optimizing the Co-Zn
ratio to 1:3, a high yield in petroleum ether compounds of
around 55% at 300 °C for 6 h was obtained. A further increase in
reaction temperature to 320 °C resulted in a high petroleum
ether soluble product yield of ~63%. However, a significant
amount of condensation solid yield of ~27% was obtained at
320 °C."™* The recyclability of the Co-Zn/Off-Al H-f catalyst was
investigated through a five-cycle conversion experiment per-
formed at 300 °C for 12 h. After three cycles, the yield of
petroleum ether-soluble products decreased from 59.8% to
40.3%, but increased to ~55% after calcination, which indicates
that catalyst deactivation was mainly caused by the accumula-
tion of bulky lignin degradation products on the catalyst surface
and pores.'*

4.1. Lignin intermediates

Guaiacol is one of the most abundant products of lignin
transformation processes (e.g., pyrolysis or liquefaction) and
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has been extensively studied as a model compound for HDO
reactions, particularly in the presence of bifunctional catalysts
that combine metal sites for hydrogenation and hydrogenolysis
with acid sites for the cleavage of C-O bonds.**® Conceptually,
guaiacol contains three different types of C-O bonds (Cary1~OH,
Caikyi—OAr, and C,,1~OCHj3;), which can be cleaved via different
pathways: (1) hydrogenation followed by dehydration using
metal/acid bifunctional catalysts, (2) hydrogenolysis over metal
sites, and (3) hydrolysis on acid sites."® Guaiacol undergoes
HDO resulting in a variety of products, with the product selec-
tivity being impacted by catalyst selection and reaction condi-
tions. These products can range from deoxygenated compounds
(e.g, toluene, benzene and cyclohexane) to partially deoxygen-
ated products (e.g., cyclohexanone and phenol).**

A wide range of metals have been investigated for the HDO of
guaiacol using zeolites as supports. Among the noble metals
(i.e., Pt, Ru, Pd and Rh) have been reported to be highly active
toward hydrogenation and hydrogenolysis reactions.**®* For
instance, Yan et al. reported that ion-exchanged Ru-loaded H-
B (IX-Ru-H-B), even with low Ru contents (~0.2 wt%) showed
80.6% higher guaiacol conversion and an ~4-fold increase in
cyclohexane yield relative to its counterpart synthesized by the
incipient wetness impregnation approach (IW-Ru-H-B). This is
because Ru species in ion exchange positions have higher
activity toward H, adsorption in comparison to metallic Ru’
species formed through impregnation.”*® Although ion-
exchanged Ru zeolites with low Ru loadings have been shown
to be highly active for guaiacol, the resulting guaiacol conver-
sion and cyclohexane yields were still low. Kumar et al. devel-
oped a Ru-loaded H-Y zeolite catalyst for the HDO of guaiacol
under relatively mild conditions (<200 °C and 4 MPa)."* The
authors leveraged a modified incipient wetness impregnation
method to synthesize a catalyst with improved acid site
uniformity and metal dispersion. This modification involved
the addition of acetic acid to generate C,H;0,  ions, which
stabilize the Ru nanoparticles, resulting in a narrow and
uniform nanoparticle size distribution. The resulting catalyst
led to a guaiacol conversion of >99% and a cyclohexane yield of
90%. To reduce steric hindrance and enhance access of larger
molecules to internal acid sites and metal clusters, He et al
developed a catalytic system composed of subnanometric Ru
metal clusters (<1.5 nm) encapsulated in H-MCM-22 and its
siliceous analog ITQ-1 using an in situ ligand-stabilized hydro-
thermal crystallization approach.*® The authors tested its
performance on the HDO of guaiacol at 160 °C and 3 MPa of
H,."*¢ Due to its higher surface area, the bifunctional Ru/
HMCM-22 catalyst showed high activity and stability for the
HDO of guaiacol at 160 °C and 3 MPa H, pressure. The syner-
gistic effect between Brensted acid sites and ultrafine and
highly dispersed Ru clusters (>86%) was critical to enhance
catalytic activity and product selectivity, resulting in a guaiacol
conversion of ~40% and a cyclohexane selectivity above 95% at
160 °C, 3 MPa H, pressure, and 300 min reaction time. More-
over, Ru clusters encapsulated within zeolites show good
hydrothermal stability, and no significant metal aggregation or
leaching was observed after multiple HDO runs.™*

This journal is © The Royal Society of Chemistry 2026
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Wang et al. explored the co-loading of Ru with various earth-
abundant metals (e.g., Ni, Fe, Cu and Zn) onto a H-Y zeolite
support.”*® They assessed the activity of the resulting Ru-M/H-Y
catalysts for HDO of guaiacol, diphenyl ether, benzyloxy
benzene and benzofuran as lignin-representative compounds.
Using guaiacol as a substrate, the authors found that bimetallic
catalysts (i.e., Ru-M/H-Y catalysts) led to higher total yields in
hydrocarbons (42-62%) than Ru/H-Y (30%), which shows the
high HDO activity of bimetallic catalysts. Among the Ru-M/H-Y
catalysts, Ru-Cu/H-Y proved to be the most efficient catalyst,
resulting in a total hydrocarbon yield of ~62%. The enhanced
catalytic activity observed for the Ru/Cu/H-Y catalyst was
attributed to its high acidity and strong acid sites, high metal
dispersion, and superior adsorption capacity for polar fractions
(e.g, ether linkages and hydroxyl groups).**

Due to their low cost, non-noble metals (e.g., Ni, Fe, Co, Cu,
and Mo) are attractive alternatives to Ru. Specifically, Ni-loaded
catalysts have been investigated in a variety of applications due
to their high activity toward hydrogenation.*° Ni has a superior
capacity to adsorb and activate hydrogen, which facilitates ring
hydrogenation and HDO reactions.'*”'*! For instance, Yan et al.
used an ion-exchange-deposition—precipitation method to
synthesize a highly dispersed Ni/H- catalyst with different Ni
loadings (6.5 and 11.2 wt%) for the HDO of guaiacol at 230 °C
and 4 MPa pressure.”> While the conversion of guaiacol was not
significantly impacted by the synthesis method, the ion-
exchanged Ni/H- catalyst showed a greater cyclohexane
formation per surface Ni atom, due to the increased concen-
tration of Ni hydrides on the catalyst surface. Also, the same
group investigated the HDO of guaiacol over Ni/H-B and Ni/
ZSM-5 catalysts to elucidate the impact of catalyst acidity and
Ni structure in the HDO reactions. They reported a 100%
guaiacol conversion and a 76% cyclohexane yield with
a 15.7 wt% Ni/H-f catalyst at 300 °C."*** As shown in Fig. 8, their
study also proposed two main reaction pathways for the
guaiacol HDO catalyzed by Ni loaded on zeolites: (i) a main
route in which guaiacol is first hydrogenated 2-methoxy-
cyclohexanol over metallic Ni sites, followed by demethylation
and dehydroxylation into cyclohexene, methanol and H,O on
acid sites, and hydrogenation of cyclohexene into cyclohexane
on metal sites, and (ii) an alternative route occurs when the
catalyst shows low hydrogenation activity (e.g:, in the absence of
Ni) where guaiacol is converted into intermediates (e.g., 1,2-
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dimethoxybenzene and catechol) on acid sites, after which
catechol is rapidly hydrogenated-dehydroxylated into cyclo-
hexane, while 1,2-dimethoxybenzene undergoes slow hydroge-
nation-demethoxylation reactions to yield cyclohexane.

Wang et al. studied the HDO of guaiacol over a catalytic
system composed of Ni/SiO, with phosphoric acid-modified H-
B zeolite, resulting in an almost complete guaiacol conversion
and 95% cyclohexane yield at 140 °C and 5 MPa H, pressure for
2 h.*** The modification of H-B with phosphoric acid reduced
the concentration of Lewis acid sites while optimizing Brgnsted
acid sites, thus enhancing the HDO reaction relative to the
unmodified H-B catalyst. However, it is important to mention
that while the Brensted acidity of the support is required to
convert cyclohexanol into cyclohexane, Ni/SiO, was critical to
selectively hydrogenate cyclohexene to cyclohexane and guaia-
col into cyclohexanol.'®* Margellou et al. investigated the HDO
of various aromatic model compounds (e.g., phenol, guaiacol,
syringol, anisole, etc.) using the Ni/H-p catalyst at 220 °C and
5 MPa H, pressure for a reaction time of 1 h.**® The authors
reported that 10% Ni/H-p showed good activity and selectivity
for the HDO of lignin intermediates, producing suitable mole-
cules for drop-in fuels.

Although the effect of various earth-abundant metals as the
main active metal on the HDO of lignin intermediates has been
widely investigated, the impact of adding Fe, Ga, Ce, La or Sm as
promoters in Ni-loaded bimetallic catalysts for the HDO of
guaiacol is not fully understood.”®® Wu et al. investigated the
effect of adding Fe, Ga, Ce, La or Sm in Ni-loaded H-USY zeolite
for the gas-phase HDO of guaiacol. They found that these metal
promoters hampered the aggregation of Ni and enhanced its
dispersion, leading to higher HDO activities. For example, 20%
Ni/H-USY loaded with 10% Sm resulted in the highest guaiacol
conversion (~98%), while 20% Ni/H-USY loaded with 10% La
resulted in the highest HDO yield of ~8% at 350 °C and 4 MPa
H, pressure.” The metal promoters impacted the catalyst
reducibility and electron transfer properties, with La and Sm
showing moderate interactions with Ni. This interaction
enhanced the reduction and dispersion of the active sites
compared to strong or weak binding promoters. This interac-
tion resulted in more effective methoxy group removal and
aromatic formation. In addition, the authors noted that Ni was
the main active site catalyzing the atmospheric HDO of guaia-
col, showing its key role in H, activation and dissociation.'>*
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Fig. 8 Proposed reaction pathway for the HDO of guaiacol over the ion-exchanged Ni—H—-f catalyst. Reproduced from ref. 153 with permission

from the Royal Society of Chemistry.
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Also, Fu et al. synthesized a series of Ni-CoO,/Hf-u catalysts by
impregnating a H-f molecular sieve modified with urea under
mild conditions. These catalysts were tested in guaiacol HDO at
180 °C and 1 MPa H, pressure."” Specifically, the Ni-15CoO,/
HpB-u catalyst achieved 100% guaiacol conversion to cyclo-
hexane with 100% selectivity only after a reaction time of
40 min. This superior catalytic activity was attributed to the
enhanced surface area and pore volume, uniformly dispersed
metal particles, and defective sites on the CoO, surface, which
enhanced the cleavage of C-O bonds and dehydration reactions.
XPS analysis indicated an electronic interaction between Ni and
Co, characterized by electron transfer from Co to Ni. This
resulted in electron-rich Ni and electron-deficient Co atoms,
which in turn enhanced the hydrogenolysis process. The
authors suggested that the oxygen atom of the hydroxyl group in
the guaiacol molecules likely adsorbs onto a defective CoO site,
allowing hydrogen ions from Ni and acid sites to cleave the C-O
bonds.

In addition to enhancing the interplay between Ni and the
zeolite framework, including the modulation of electronic
environments of metal active sites through metal-zeolite
interactions, it is critical to develop zeolites with both micro-
pores and mesopores with enhanced active site accessibility to
promote the diffusion of bulky guaiacol molecules.*® For
example, Xin et al. studied the influence of zeolite pore struc-
tures on the HDO of guaiacol to benzene.* The authors re-
ported that Silicalite-1 (MFI type, with micropore sizes of 5.1-5.6
A), being smaller than the guaiacol molecule (4.99-6.98 A),
showed exclusive formation of hydrogenolysis products (e.g.,
benzene and cyclohexanol), while preventing the formation of
hydrogenation products (e.g., 2-methoxycyclohexanol). In
contrast, larger pore zeolites (e.g., HBEA, HY, and MWW)
allowed guaiacol to enter their micropores, promoting both
hydrogenolysis and hydrogenation pathways. Wang et al
designed a hierarchical nanosponge ZSM-5 loaded with Ni (i.e.,
Ni/NPZ) to feature both micropores and ordered mesopores and
investigated its activity in the HDO of various phenolic
compounds (guaiacol, anisol, phenol, etc.).”*®* The Ni/NPZ cata-
lyst showed a nanosponge morphology with intercrystalline
mesopores (~7 nm), resulting in a higher pore volume and
surface area relative to the commercially available microporous
ZSM-5 supported Ni catalyst (Ni/CZ) as a control. Also, the Ni/
NPZ catalyst showed highly dispersed Ni species and stronger
Ni interactions with the zeolite support relative to the Ni/CZ
control catalyst. These enhanced properties of Ni/NPZ led to
significantly higher catalytic activity and conversion rates for all
tested phenolics, enhancing their conversion into cyclohexane.
For example, Ni/NPZ achieved an anisole conversion >80% and
a cyclohexane yield up to 79% in the HDO of anisole at 200 °C
and 3 MPa H, for 180 min. Also, Duan et al. synthesized a series
of HZSM-5 zeolites with varying crystallite sizes, Pt/CZ
(commercial, ~1.5 pm, Pt/Z-400 (~400 nm), Pt/Z-40 (~40 nm)
and Pt/NS-2 (nanosheet, ~2 nm), loaded with 1 wt% Pt and with
similar acidity and Si/Al ratios and investigated their effect on
the HDO of guaiacol.*® The authors found that small crystallite
sizes, namely for Pt/Z-40 and Pt/NS-2, resulted in hierarchical
zeolites with intracrystalline mesoporosity and enhanced Pt
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dispersion. This significantly enhanced the diffusion of bulky
guaiacol and intermediates and strengthened the interaction
between Pt and the zeolite support, respectively. Although all
catalysts resulted in a 100% guaiacol conversion at 250 °C for
a reaction time of 60 min, the catalysts with smaller crystallite
sizes showed faster conversion rates and higher cyclohexane
selectivity relative to the bulk Pt/CZ.**° In addition, Lin et al.
synthesized a novel 2-D nanosheet catalyst (Ni-HZ5-NS) with
a thickness of 50 nm and tested its performance on the HDO of
4-ethyl guaiacol, a lignin model compound.'®* Characterization
showed that Ni-HZ5-NS has thin b-direction crystals and broad
a- and c-directions, forming a highly developed (010) crystal
plane. It also showed a larger BET surface area and highly
dispersed Ni nanoparticles than the commercial HZ5. Under
optimal conditions of 230 °C, 2 MPa H, pressure, and 3 h of
reaction time, the 5 wt% Ni/HZ5-NS catalyst achieved 100%
conversion of 4-ethylguaiacol and greater than 95% selectivity
to ethyl-cycloalkane, specifically yielding 93.2% ethyl-
cyclohexane. However, recyclability studies showed that Ni/
HZ5-NS exhibited significant deactivation due to Ni particle
sintering and agglomeration after the first use. However, the
addition of polyvinylpyrrolidone during catalyst preparation
effectively prevented Ni agglomeration, allowing the catalyst to
be used for three cycles with 4-ethylguaiacol conversion greater
than 80%. However, initial recyclability studies showed that Ni/
HZ5-NS without additives experienced significant deactivation
after the first use, with conversion decreasing to 50% for the
second cycle. This deactivation was primarily due to Ni particle
sintering and agglomeration. To address this, the addition of
polyvinylpyrrolidone (PVP) during catalyst preparation effec-
tively prevented Ni agglomeration, stabilized the metal phase
and improved its anti-sintering ability, allowing the catalyst to
be used for three cycles with 4-ethylguaiacol conversion
remaining higher than 80%.'*" Young-Kwon Park and co-
authors explored Ni-impregnated H-ZSM-5 and Nb,Os cata-
lysts for the HDO of guaiacol at 300 °C, 5 h and 0.1 MPa of N, in
supercritical ethanol.’® They reported a synergistic effect where
Nb,Os facilitated the cleavage of Ar-O-Me and Ar-OH bonds,
converting guaiacol into alkyl phenol, whereas H-ZSM-5
enhances the conversion of these alkyl phenols into
aromatics. The incorporation of Ni significantly enhanced
aromatic production from 26% with Nb,Os/H-ZSM-5 to 35% for
10% Ni-Nb,0s/H-ZSM-5 and 48% with 15% Ni-Nb,Os/H-ZSM-5.

5. Summary and perspectives

Zeolites play an important role in the catalytic conversion of
lignocellulosic biomass components, namely cellulose, hemi-
celluloses (xylan), and lignin into drop-in hydrocarbon fuels.
However, each of these polymers has distinct structural prop-
erties and conversion drawbacks, requiring fine-tuned catalytic
approaches to maximize carbon recovery, product selectivity,
and product yields.

For cellulose and its intermediates (e.g., glucose, sorbitol,
and HMF), zeolites combined with metallic components (e.g.,
Ir, Pt, and Ni) have been shown to be highly active in catalyzing
hydrolysis, hydrogenation, dehydration, isomerization and

This journal is © The Royal Society of Chemistry 2026
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HDO reactions needed for cellulose depolymerization and
conversion into hydrocarbon fuels. Zeolites, such as H-ZMS-5,
H-modernite, H-USY, and H-f, provide Brensted acidic sites
that catalyze hydrolysis, dehydration and/or isomerization,
while metal sites enable hydrogenolysis and hydrogenation
reactions.’®>'*® For zeolites with similar Si/Al ratios, the
Bronsted acidity follows the order H-modernite = H-ZSM-5 >
H-B > H-Y."'** H-modernite, which has similar acidity to H-
ZM-5, has a 1-dimensional pore structure and shows a diffu-
sion-limited behavior during catalysis.’®*"* In contrast, the
three-dimensional 12-membered-ring (12 MR) pore systems
present in zeolites such as H-B and H-Y reduce coke formation/
deposition due to the presence of additional diffusion pathways
within the framework.”? For the selective conversion of cellu-
lose and its intermediates into C5; and Cg alkanes, which have
small molecular kinetic diameters, a strongly acidic zeolite such
as H-ZSM-5 is expected to be highly active. The synergy between
the metal sites and acidic sites of the zeolite enables the
conversion of cellulose and its intermediates into C;-C, with
high selectivity.*>'”* For example, recent advances have shown
good yields in n-hexane using a catalytic system, such as Ir-
ReO,/Si0, with H-ZSM-5. The addition of promoters (e.g., V and
Mo) has been reported to further enhance catalyst activity
through enhanced hydrogenation and hydrogen spillover
effects. However, current operating conditions require long
reaction times, high temperatures, and high H, pressures,
which limit the scalability of the process. Cellulose pretreat-
ments (e.g., ball-milling) can enhance cellulose susceptibility
and reduce reaction times, while hierarchical zeolites can
improve mass transfer and catalyst stability. Recent studies
have shown that the synthesis of hierarchical zeolites by post-
synthesis techniques has provided excellent results in the
HDO of cellulose intermediates into gasoline-range alkanes.'”*
Mesostructuring, also termed surfactant templating, of
commercial acidic zeolites has been successful only in zeolites
with relatively low framework acid densities, such as H-Y, H-,
and H-mordenite.” In contrast, H-ZSM-5, which has a high
framework density, usually does not undergo mesostructuring.
Thus, the obtained hierarchical H-ZSM-5 does not have
a uniform mesopore structure characteristic of a material with
a well-defined mesoporous hexagonal arrangement. Although
hierarchical ZSM-5 synthesized by desilication or deal-
umination has increased external surface area, it still presents
coke diffusion and redistribution limitations, which contribute
to low product selectivity during HDO reactions.'” In the case of
hemicellulose (xylan) and its intermediates (e.g., xylose and
xylitol), zeolite-based catalysts have shown potential. However,
direct conversion of xylan into hydrocarbon fuels using zeolites
is largely underexplored. The few available studies suggest that
Ni/H-ZMS-5 can achieve high pentane selectivity from xylitol.
Lignin conversion remains challenging due to its highly
complex, heterogeneous, and recalcitrant nature. However,
several publications report the use of noble metals (Ru and Pt)
and Earth-abundant metals (Ni and Cu) supported on acidic
zeolites (H-Y, H-B and H-ZSM-5) due to their synergistic effects
that enhance lignin depolymerization and HDO activity. To note
here that the method of preparation to load the metal on the

This journal is © The Royal Society of Chemistry 2026
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zeolite, whether ion exchange or incipient wet impregnation,
and/or deposition precipitation, is critical to achieve small, well-
dispersed nanoparticles. Such control over metal particle size is
critical for effective HDO of lignin to produce liquid alkanes, as
the synergy between the metal nanoparticles and acidic sites of
the zeolite support is the main driving force for effective HDO
processing.'”*7® Catalyst optimization, including the addition
of promoters (e.g., Zn, Co, La, and Sm), induction of hierar-
chical porosity, and nanoscale control of metal dispersion, has
been critical to improve accessibility of bulky lignin interme-
diates and enhance catalyst recyclability. The improved recy-
cling and stability of zeolites upon loading of rare earth metals,
such as La, Ce, or Sm, is a result of the isomorphous substitu-
tion of these elements for the framework Al, which reduces the
density of strong acid sites associated with coke formation.'*
However, while strong acid sites are needed to catalyze HDO of
lignin and lignin-derived intermediates, the loading of rare
earth metals must be carefully optimized, as excessive substi-
tution can significantly reduce catalytic activity.

Despite advances in catalyst design and mechanistic
understanding, challenges such as catalyst deactivation, low
selectivity control, and limited process scalability still remain. A
major challenge is the negative effect of water, produced as a by-
product during HDO reactions, on the structural integrity,
performance, and recyclability of zeolite catalysts. Water can
cause leaching of framework aluminum, leading to loss of acid
sites, low activity and low recyclability, namely during catalyst
regeneration—calcination cycles. Studies, namely on zeolite Y,
have shown that zeolites can be stabilized against water effects
by loading rare earth elements onto the zeolite.****** It has been
reported that low rare earth metal loading (=~3 wt% La,03
equivalent), lighter rare-earth cations, such as La**, are often
located in the sodalite cages in Y-zeolite. La*" exchanges with
three Na' ions and forms La(OH), moieties upon calcination
and steaming, forming hydrolyzed La-OH species (e.g
La(OH)>"). These species strongly interact with framework Al-O
bonds, which minimizes dealumination and collapse of the
zeolite framework under hydrothermal conditions.'®8>184-186
However, a recent report by Zornes et al. claims that the La**
found in the sodalite cages of the Y-zeolites does not prevent
further hydrolysis of framework Al, when the LaH-Y zeolite is
exposed to moisture, and that more than 50% of the Brgnsted
acid sites were reduced.” Given these contrasting views on
stabilizing the framework of Al in Y-zeolite, there is a need for
further research and the development of spectroscopic tools to
assess the location of rare earth metals and to assess Brgnsted
acidity in situ, with respect to catalyst recycling and stability
testing.

Additionally, the presence of ash in the lignocellulosic
biomass composition remains another significant challenge.
Research is currently ongoing to reduce the ash content of
lignocellulosic biomass before it is processed to improve
process performance and catalyst recyclability. Although the
use of hierarchical zeolites for the conversion of biomass to
liquid fuels is still in its infancy, post-synthetic techniques
using soft-templating methods have led to the synthesis of
hierarchical zeolites with large mesopores. The formation of
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mesopores improved coke tolerance and reduced mass transfer
limitations during HDO of lignocellulosic biomass and its
derived bulky molecules. However, fine-tuned synthesis is
required to minimize the risk of collapse of the zeolite structure
and reduce catalyst stability. Given the scale of the zeolite
industry, future research should focus on the application of
hierarchical and water-resistant zeolites for efficient, scalable
conversion of lignocellulosic biomass and its derivatives to
produce a wide range of liquid fuels, including gasoline, jet fuel,
and renewable diesel.
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