Fuel Processing Technology 276 (2025) 108267

ELSEVIER

Contents lists available at ScienceDirect
Fuel Processing Technology

journal homepage: www.elsevier.com/locate/fuproc

Fuel
Processing
Technology

Check for

Progress in heterogeneous catalysis for renewable energy and

petrochemical production from biomass

a,”

Ifeanyi Michael Smarte Anekwe

, Stephen Okiemute Akpasi”, Emmanuel Kweinor Tetteh ",

Atuman Samaila Joel ¢, Sherif Ishola Mustapha®, Yusuf Makarfi Isa®

@ School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg 2050, South Africa
Y Green Engineering Research Group, Department of Chemical Engineering, Faculty of Engineering & the Built Environment, Durban University of Technology, Durban

4000, South Africa

¢ Department of Chemical Engineering, Faculty of Engineering, Abubakar Tafawa Balewa University Bauchi, Nigeria

ARTICLE INFO ABSTRACT

Keywords:

Catalysts

Economic and environmental evaluation
Heterogeneous catalysis

Tonic liquid

Metal-organic framework (MOF)
Renewable energy

Single atom catalyst (SAC)

Zeolites

Historically, catalytic advances often occurred during events such as wars or embargoes. However, research
efforts are focused on better understanding catalytic processes, minimising feedstock and process costs, devel-
oping new catalytic materials, and addressing environmental concerns. This study provides an overview of the
global energy system, which forms the basis for the need for alternative energy sources as a panacea for reducing
greenhouse gas emissions and providing clean and affordable energy sources through heterogeneous catalysis. It
also discusses the development of numerous heterogeneous catalytic materials and processes, focusing on the
catalytic conversion of biomass and its derivatives, particularly into fuel blendstocks and petrochemicals. In this
context, the analysis of the techno-economic and environmental impact of the different biomass conversion
technologies was emphasised. Despite the numerous catalysts and technologies developed and documented over
the last century, catalytic processes still have some drawbacks. This study further examined the challenges and
offered technological opportunities for developing catalytic materials and processes. It also provided a frame-

work for advancing clean and affordable energy in the renewable energy sector using catalytic materials.

1. Introduction

The world’s population and economic growth surge have led to a
rapid rise in global energy demand [1]. According to the International
Energy Agency, IEA [2], global energy consumption reached 439 EJ in
2021 and is expected to rise by 23 % to 543 EJ by 2050. Fossil fuels
dominate our energy mix with a share of over 80 %, with natural gas, oil,
and coal accounting for a significant proportion [3]. Currently, fossil
fuels play a central role in the energy sector, especially in chemical
production, where 90 % of fossil carbon sources in some regions,
including Europe and Africa, are used for chemical synthesis [4]. There
are concerns that oil and gas reserves could be depleted within the next
five decades, whereas coal is expected to last centuries [1]. In addition to
concerns about the finite nature of supply, using fossil fuels also raises
concerns about CO; emissions [5]. According to forecasts by the Inter-
national Energy Agency, the carbon footprint will remain at 33 Gt in the
2040s [1]. Consequently, the persistent rise in CO, emissions, largely
due to human activities, including the combustion of fossil fuels (coal,
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oil and natural gas) [6] (Fig. 1a) in various sectors, including transport,
electricity generation, industrial processes and other sectors (Fig. 1b),
poses a significant threat to the environment and human health. The
widespread availability and high dependence on fossil fuels combined
with an increase in CO, emissions is driven by factors such as gross
domestic product (GDP) per capita based on purchasing power parity
(PPP), population growth and energy intensity (Fig. 1c). As the world’s
population continues to grow, the search for sustainable energy re-
sources will become a key challenge of the 21st century.
Heterogeneous catalysis remains a focal point of numerous industrial
operations, profoundly influencing the global economy. It commands a
significant market share, representing approximately 80 % of catalytic
processes, with annual sales rising to $1.5 trillion and impacting roughly
35 % of the world’s GDP [7]. Heterogeneous catalysis plays a crucial role
in the conversion of biomass into renewable energy and petrochemical
products and represents a sustainable alternative to fossil fuels [8]. In
renewable energy applications, heterogeneous catalysts are used to
convert biomass into biofuels through processes such as catalytic fast
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pyrolysis [9-11], hydrothermal liquefaction [12-14], and hydro-
deoxygenation [15,16]. These processes convert organic materials into
bio-oils that can be refined into fuels like gasoline and diesel. Catalysts
also help produce hydrogen from biomass through steam reforming and
facilitate biogas conversion into synthesis gas for further processing into
fuels. For petrochemical production, heterogeneous catalysts are
essential for converting biomass-derived molecules into valuable
chemicals [9,17]. Sugars from biomass can be catalytically converted
into platform chemicals, while lignin is broken down into aromatic
compounds, creating bio-based alternatives to petroleum-derived
chemicals [18]. Catalysts are also used in refining bio-oils and upgrad-
ing biomass-derived intermediates into products that can replace con-
ventional petrochemicals, including olefins and aromatics used in the
manufacture of plastics and other materials [19]. Through these cata-
lytic processes, biomass can be effectively converted into renewable
fuels and chemicals, reducing dependence on fossil fuels, lowering
emissions, and promoting sustainability in energy production and the
petrochemical industry.

Similarly, waste energy can be recovered through catalytic energy
recovery or converted into usable forms, promoting greater energy ef-
ficiency and sustainability. This approach is particularly important in
renewable energy systems, where catalysts help to convert excess energy
or by-products into valuable resources such as chemicals, fuels, or
electricity. A key area is waste heat utilisation, where catalysts are used
in thermochemical cycles to convert waste heat from industrial pro-
cesses into chemical energy or fuels [20]. For example, solid oxide fuel
cells (SOFC) and thermochemical cycle systems use catalysts to convert
heat into hydrogen or electricity, thus regenerating energy from thermal
waste [20-22]. Another important application is chemical energy stor-
age, where catalysts enable the conversion of surplus renewable energy
(e.g. solar or wind energy) into chemical forms that can be stored.
Technologies such as power-to-gas rely on catalytic processes to convert
excess electricity into hydrogen or methane, enabling long-term energy
storage and later utilisation [23]. Catalysts also play a crucial role in the
conversion of biomass, where organic materials are converted into
biofuels or other energy-rich substances. This process regenerates en-
ergy from renewable sources, which aligns with the principles of the
circular economy and represents a sustainable alternative to fossil fuels.
In essence, catalytic energy recovery offers an important means of
improving energy efficiency, reducing waste and supporting the global
transition to cleaner, renewable energy systems.

Several studies have reviewed advances in heterogeneous catalysis.
Chen, et al. [25] explored computational methods, focusing on
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microkinetic modeling and kinetic Monte Carlo simulations, while Mou,
et al. [26] discussed machine learning applications in catalyst discovery
and reaction pathway analysis. Vogt and Weckhuysen [27] examined
key concepts such as turnover frequency and structure sensitivity,
comparing catalytic principles from enzymatic and homogeneous
catalysis. Other reviews focused on biodiesel production using hetero-
geneous catalysts [28-30], microwave-assisted catalysis [31], metal-
organic frameworks [32], and ammonia synthesis [33]. Recent re-
views by Li, et al. [34] and Zhang, et al. [35] examined liquid biofuel
synthesis from lignocellulose and CO5 conversion into carboxylic acids,
respectively. While these studies cover various aspects of heterogeneous
catalysis, the cost and environmental implications of these processes
have often been overlooked and insufficiently addressed. This review
aims to fill that gap by providing a comprehensive overview of hetero-
geneous catalysts employed in biomass conversion to fuels and petro-
chemicals, with special attention to their techno-economic and
environmental impacts. The study also highlights current perspectives,
challenges and prospects for improved heterogeneous catalysis.

1.1. Bibliometric analysis of research trends in heterogeneous catalysis

To understand the evolving research trends in heterogeneous catal-
ysis, a bibliometric analysis was conducted using the Web of Science
database, focusing on publications related to heterogeneous catalysis for
renewable energy and petrochemical production from biomass. This
approach provided a comprehensive overview of the field’s develop-
ment, highlighting key growth areas and emerging research priorities.
To ensure the precision and relevance of the data, keywords such as
“heterogeneous catalysis,” “heterogeneous catalyst,” “biomass valor-
isation,” “biomass conversion,” “renewable energy,” “fuel,” and
“petrochemical” were used. The search was restricted to the period from
2000 to 2025 and included only articles and review articles published in
English. Research areas of interest included chemistry, engineering,
material science, environmental science, and energy and fuels. Special
attention was given to studies contributing to Sustainable Development
Goals (SDGs) 7 (Affordable and Clean Energy), 12 (Responsible Con-
sumption and Production), and 13 (Climate Action). After applying
these criteria, 1206 research documents were retrieved, with China
leading in research output (407 publications), followed by India (106),
the USA (103), Germany (95), and Spain (80), indicating China’s
dominant role in advancing this research field over the past two decades.
To assess the research trends in heterogeneous catalysis within the ac-
ademic community, the co-occurrence counting method was employed
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Fig. 1. CO, Emissions by (a) sectors and (b) energy sources from 1990 to 2021 [24]. (c¢) CO, emission drivers showing trends from 1990 to 2021 [24].
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using VOSviewer (v1.6.20). A minimum threshold of 15 keyword oc-
currences was applied, yielding 147 qualifying keywords. The resulting
visualization map generated by VOSviewer highlights the prominence
and interrelationships of key terms, offering insight into the major
research themes and areas of focus within the dataset (Fig. 2a).

The quantitative trend in publications shows steady growth from
2000 to 2025, increasing from 6 publications in 2000 to 86 in 2020, with
notable peaks during 2017 and 2020. A slight dip was observed in 2019,
where publication output dropped to 59, possibly due to shifts in
funding priorities, emerging focus on other renewable technologies, and
global economic uncertainties prior to the pandemic (Fig. 2b). After
2019, research activity rebounded strongly, reflecting renewed inter-
national commitment to sustainable energy transitions. As of April 2025,
23 publications have been recorded; extrapolating based on the average
monthly publication rate suggests that approximately 65-75 papers
could be published by the end of the year. The bibliometric analysis
highlights the growing interest in heterogeneous catalysis for energy
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production, particularly in renewable and sustainable technologies, but
underscores the need for continued exploration in this field. The field of
heterogeneous catalysis for biomass valorisation remains vibrant and
integral to achieving global sustainability and clean energy goals.

1.2. Energy sources — overview of fossil fuel and renewable energy sources

Energy is now an essential part of people’s way of life worldwide and
a vital factor for the development of any country. It also has a significant
impact on the ecosystem. When it comes to meeting the global energy
needs, fossil fuels and renewable energy sources are of great importance.
Fossil fuels, including oil, coal and natural gas, are responsible for 80 %
of the world’s energy consumption. However, the combustion of fossil
fuels leads to an increase in greenhouse gas (GHG) emissions and con-
tributes to climate change [36]. On the other hand, renewable energy
sources such as solar, wind, and wave energy offer alternatives to fossil
fuels that are less harmful to the environment. Not only are these sources

a - OIS sonylation
sutiuki rhoflum polymagization
halkies ruth@hium
mogial igdPds . congplex
epoxg@iation colalt chemoselectiveghydrogenation
cross-couplipg reactions C:UFJUHyEanrors reaggivity
aryltion paligdum hydraggpation sites
mech@nism )
. Ret seloghivity weceory
terminalialkynes
Y .:orr*xes > sickel
mesopdpus silica Vige
supgor‘ata lysts > NP
¢ st s&octive hyfgrogenggion sige single-atom catalyst
immotifization
supporteg catalyst pd nandparticles carbongponoxide
kewgnes @ v
asymmetiig catalysis PoHgC g 7 plaggum > bigton
O/ oo @ oo
transfer hydrogenation =
g s s i catalysis St
highlygificient = AR i 1)/ [
michael@ddition & particle-size
recyclaiii§¥catalyst heterogen@@is catalyst > -
Qo e e L
ads tion
ionicliuids
organogstalysis i e metal ethenol
anfpes d oxggen 80
phe-potinthas ¥, agien @plectivéigixidation e
g Rificienggatalyst
knoevenagelgondensation A tempegature
degradation  hydtgen
catglyst
mesoporofs materials activated carbon
kingics
s
carboryglioxide | ConV@#sion
mﬂlu'mlblomazs
02
cyclic carbonates ghyeerol
esterifigation
epoxides dioxide
transestgfffication @
$& vosviewer [
2014 2016 2018 020
—_
[
= 2015
©
-
<
(]
2000 \- Publications
L] L] L] L]
0 20 40 60 80 100
Publications

Fig. 2. a. Overlay visual of keyword distribution across average publication year. b. Research/publication trends on heterogeneous catalysis from 2000 to 2025.
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inherently renewable, but they also do not run out over time [37].
Although renewable energy sources have advantages, including the
ability to reduce environmental impact and the fact that they are sus-
tainable, they also have disadvantages, including high initial prices and
dependence on certain weather conditions. Therefore, it is important to
mix renewable and non-renewable energy sources to meet the demands
of the global energy market. Combining combined heat and power
(CHP) with renewable energy sources is one method used to improve the
efficiency of renewable energy technologies [37].

1.2.1. The place of fossil fuel in the present decade

Fossil fuels continue to play a critical role in the global energy mix,
with oil, natural gas, and coal being the primary sources of energy
consumption, accounting for 80 % of global energy. Despite a declining
share, fossil fuels are expected to dominate energy consumption until
2050 due to their energy intensity, reliability, and lack of easily sub-
stitutable alternatives. The target for carbon neutrality by 2035 has
motivated a decision on the phasing out of fossil fuels. Michaux, et al.
[38] reported the phasing out of fossil fuels in Finland. Oil is particularly
important as it supplies a significant proportion of the world’s energy
and serves as the predominant transportation fuel. An oil shortage could
lead to bottlenecks in the supply of all other fossil fuels. Although
alternative energy sources such as renewables have the growth poten-
tial, they are likely to continue to dominate, given the increasing global
demand for energy and the advantages of fossil fuels in terms of energy
density and transportability [39,40]. Fossil fuel extraction and com-
bustion contribute to global CO; emissions, with major producers
responsible for a substantial portion of industrial emissions. Moreover,
the exploration and exploitation of fossil fuels lead to water resources
being polluted, affecting aquatic ecosystems [41]. Additionally, the
toxic chemicals in crude oil, such as benzene, pose health risks to
humans and marine life when oil spills occur [42]. According to the
International Energy Agency, IEA [2], oil and gas operations account for
15 % of global energy-related greenhouse gas (GHG) emissions. The
place of fossil fuels in the present decade is undergoing significant
scrutiny and transition. While fossil fuels have long been the dominant
source of energy globally, concerns over climate change, air pollution,
and energy security are driving a shift towards cleaner and more sus-
tainable alternatives.

Despite efforts to phase out fossil fuels for carbon neutrality by 2035,
they continue to be critical, especially crude oil, which is vital for the
production of transportation. However, the environmental impact of
fossil fuel extraction and use is significant, contributing heavily to CO-
emissions and pollution. As concerns over climate change and energy
security grow, there is increasing momentum to transition towards
cleaner, more sustainable energy alternatives.

1.2.2. Renewable energy sources

Renewable energy sources dominate the discussion in today’s envi-
ronmental crisis due to pollution, climate change, and ecosystem
disruption. Renewable energy sources are forms of energy derived from
natural processes that are replenished on a human timescale. These
sources are abundant, environmentally friendly, and offer significant
potential to meet global energy needs while minimising GHG emissions
and mitigating climate change [43]. However, many challenges are
associated with the commercial deployment of some of the renewable
energy technologies, which necessitate further research to improve their
performance. Table 1 shows various renewable energy sources, the
associated technological challenges, and current research directions.
Renewable energy sources offer diverse options for meeting energy de-
mand while reducing environmental impacts and advancing sustainable
development goals. Continued technological innovation, policy support,
and investment are essential to accelerate the transition to a renewable
energy future. Hao, et al. [44] reported a 5.4 % efficiency improvement
in clean energy using digitalization. The most discussed renewable en-
ergy sources are wind, direct, solar, hydropower, geothermal, ocean,

Table 1
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Technological research directions to renewable energy sources.

Renewable energy
sources

Advances in process and technologies

Ref.

Solar Energy

Wind Energy

Hydroelectric
Power

Geothermal Energy

Tidal and Wave
Energy

Hydrogen Energy

Biomass Energy

Materials, catalysis, and thermal storage
advances boost solar energy and photovoltaic
performance.

Aggregation-induced emission (AIE) materials
aid luminescent solar concentrators and solar
steam generation.

Cobalt-based nitrides are effective photo
(electro)catalysis catalysts.

Innovations increase global solar capacity 20-
fold, enhancing efficiency and power output.
Improved storage methods (flywheels,
superconducting magnets, phase change
materials) boost efficiency and cut costs.
Progress in wind farm systems and control for
sustainable energy.

Improved modeling, optimization, and
monitoring enhance turbine efficiency.

Focus on fault detection with vibration
analysis, thermography, and machine learning.
Grid integration challenges due to voltage
stability and power quality issues

Wind energy is one of the fastest-growing
renewable energy sources globally.
Hydroelectric power harnesses energy from
flowing water via dams or river currents.
Turbines convert water’s kinetic energy into
electricity.

Large-scale hydroelectric projects are a mature,
reliable renewable energy source.

Geothermal energy is derived from heat
beneath the Earth’s surface.

It can be used for electricity generation via
geothermal power plants and for heating/
cooling buildings via geothermal heat pumps.
Abundant and reliable, especially in regions
with high geothermal activity.

Progress includes numerical modeling for
optimal design

Advances in cooling systems and geothermal
heat exchangers (vertical wells, piles, deep
wells).

Tidal and wave energy harnesses ocean tides
and waves using tidal barrages, turbines, wave
buoys, and oscillating water columns.

These technologies capture kinetic energy to
generate renewable power.

Marine energy offers a consistent and
predictable renewable energy source
Hydrogen, produced via electrolysis with
renewable electricity, is a versatile energy
carrier for storing and transporting renewable
energy.

It finds applications in transportation, heating,
and industry, offering flexibility and zero-
emission potential when sourced sustainably.
Advances include high-performance storage
materials like magnesium and titanium-based
metal hydrides.

Ongoing research focuses on electrolysis,
storage techniques, fuel cells, and hydrogen use
for clean energy development.

Future prospects include environmentally
friendly hydrogen production methods and
optimizing economic and energy efficiency
supply chains.

Biomass energy comes from organic materials
like wood, agricultural residues, and organic
waste.

Materials can be burned for heat or converted
into biofuels (ethanol, biodiesel) for transport
and electricity.

Biomass energy reduces fossil fuel reliance and
helps manage organic waste.

[47,48]

[49,50]

[52]

[53-55]
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global share of biofuel production and its consumption from various
sources, is shown in Fig. 3b & c. Fig. 3d & e shows the Total Final

LM.S. Anekwe et al.
Consumption (TFC) of the various energy sources in the different

hydrogen, and bioenergy. Fig. 3a presents the global Total Energy
Supply (TES) from different energy sources, highlighting the trends from
1990 to 2021. This data visualization provides insights into the changing
energy landscape over the past three decades, showcasing the contri-
butions of fossil fuels, renewables, and other energy sources to the global
energy mix. The global Total Energy Production (TEP), focusing on the

sectors.
While the global energy landscape is often described through over-
arching trends, a more quantified understanding of the role of biomass is

a
T T 1 T
2020 I I L1 |
i i 1 [T
I I L1 ]
I T L1 ]
I i L1 ]
2015 I I 1 i
T I L1 ]
T T [ 1 L1
I T [ [0
T T L1 [
2010 I I 1 ]
T T L1 ]
I I L1 1
» | | 1T 11
© T T L1 1
o 2005 I I 1 1
T T L1 [
> T T L1 ]
T T L1 ]
T T L1 ]
2000 I I L1 []
II II II I ' I |" Wind, solar, etc.
I I 1 I Hydro
[ [ [T 1 Biofuels and waste
1995 ' ' [ L] Nuclear
I I L T 10
T T T ] 1 Natural gas
I I I 1 Coal
i i 1 ;
1990 | | 1 oll
L e T e e T S L
0,00E+00 1,00E+08 2,00E+08 3,00E+08 4,00E+08 5,00E+08 6,00E+08

Terajoules (TJ)
C. RENEWABLE ENERGY (BIOFUEL) CONSUMPTION
BY SECTORS
Commerial
& Publi

B. WORLD TOTAL ENERGY PRODUCTION

E. TOTAL ENERGY CONSUMPTION BY SECTORS
Non-

specified

D. TOTAL ENERGY CONSUMPTION BY ENERGY
2%

SOURCES .
Agriculture / Fishing

forestry 0.1%
2% \ I /
Non-
nergy use

Crude oil
0.2%
/

Heat
4%

Fig. 3. a. Global Total Energy Supply (TES) from various energy sources (1990-2021) [24]. b. Global Total Energy Production (TEP), (c) Renewable energy (biofuel)

consumption. (3d & e). Total Final Consumption (TFC) by (d) energy sources (e) sectors from 1990 to 2022 [24].



LM.S. Anekwe et al.

crucial for evaluating its strategic potential in future energy systems.
According to the International Energy Agency (IEA), biomass currently
contributes approximately 13 % of global final energy consumption IN
2023, with projections indicating a rise to over 20 % by 2030 under
sustainable development scenarios [45]. In the transport sector alone,
advanced biofuels derived from lignocellulosic biomass are expected to
meet 27 % of liquid fuel demand by 2050 [46]. This highlights the ur-
gent need for intensified research in biomass valorisation through het-
erogeneous catalysis.

1.2.2.1. Biomass as a source of clean energy. Biomass, which includes
plant-derived products such as crops, algae, and wood, has emerged as a
significant potential source of energy and chemicals that can compete
with traditional fossil fuels. Cellulose, hemicellulose, and lignin are the
main components of biomass. Lignin, an essential component of plant
cell walls, acts as a binder within the lignocellulose matrix and provides
strength and rigidity by cross-linking with carbohydrate polymers [56].
It performs this function by filling the voids between cellulose and
hemicellulose. In recent years, biomass has surpassed hydroelectric
energy as the primary domestic renewable energy source in the United
States, while the European Union derives approximately 66 % of its
renewable energy from biomass, surpassing the contribution of other
renewable sources. In addition, biomass is the only renewable source of
liquid fuels for transport, making its chemical production essential [57].
Over the last three decades, three generations of biomass products have
emerged, each defined by its type. In the 21st century, new renewable
forms of energy are expected, especially bioenergy, to replace petroleum
as the primary energy source [56].

Although the petroleum refinery of the 20th century and the bio-
refinery of the 21st century have similarities, there are notable differ-
ences. Originally, the petroleum refinery produced a limited range of
products and had a limited number of chemical and energy components.
It took considerable effort over decades to develop the oil refinery into
the highly efficient and interconnected system it is today, with catalytic
innovations enabling many breakthroughs. Similarly, today’s bio-
refineries are nascent, producing a limited number of chemicals, mainly
ethanol or bio-oils, with minimal integration of energy and chemistry.
However, advances in catalyst technology promise to transform bio-
refineries into efficient, integrated systems capable of meeting the de-
mand for chemicals and fuels in the 21st century. To achieve this
transformation, catalytic processes for lignin, a biomass waste product,
must be developed to extract high-value feedstocks for bulk and

Fuel Processing Technology 276 (2025) 108267

speciality chemicals. This conversion is critical as lignin is the only
renewable source from which to produce aromatic chemicals essential to
society [56].

Different types of biomass feedstocks and energy requirements can
be met using several technologies to convert biomass into energy. Fig. 4
shows some common biomass-to-energy conversion technologies and
their derivatives. Several aspects, including the type and accessibility of
the biomass feedstock, energy demand, environmental concerns, and
economic feasibility, influence the choice of biomass conversion tech-
nology [58]. The valorisation of biomass for bioenergy production in-
volves three strategies: gasification to produce synthesis gas, pyrolysis to
produce small molecules that can be used for chemical production, and
the extensive removal of functional groups from lignin monomers,
leading to the production of simple aromatic compounds. Catalyst
technologies originally developed for petroleum refineries convert these
platform chemicals into bulk and fine chemicals. In addition, biomass
can be converted directly into useful chemicals using highly selective
catalysts, facilitating the synthesis of complex aromatics that are not
easily accessible by standard petrochemical methods. Separation of
products is critical in any process to accurately assess the environmental
impact. By integrating several biomass conversion technologies or
merging biomass plants with other industrial processes, efficiency and
sustainability can be further improved [59].

Biomass thus promises to become a major component in future en-
ergy systems, particularly through the development of advanced tech-
nologies that maximize the utilisation of its raw materials.

2. Catalyst study and feedstock compatibility for energy
production

2.1. Advances in heterogeneous catalyst development and application for
renewable energy production

From the Stone Age to the present, humanity has tried to produce
and utilize various materials. The development of civilisations was
closely linked to the materials they used, as the Stone Age, Bronze Age,
and Iron Age show. Dealing with this constant need for new materials is
the domain of materials science, which is crucial for progress in all in-
dustries and technologies. According to the International Union of Pure
and Applied Chemistry (IUPAC) definition, catalysts accelerate reactions
without altering the standard Gibbs energy change [60]. In catalysis, the
acceleration of reactions is driven by catalysts that serve as

Biomass Conversion Biomass Derivatives/
Technologies Products
| Gasification [ Biogas
| [ Liquefaction/fast | | Bio-oil/
& Slow pyrolysis Aromatics
T —— Transesterification — Biodiesel
(Lignocellulosic materials,
algae, vegetable oil, | [Saccharification & Bioethanol/
crude glycerol) fermentation biobutanol
— Carbonisation — Biochar
N
.| Torrefaction — Torrefied biomass

Fig. 4. Biomass conversion routes to energy.
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intermediaries, facilitating the conversion of reactants into products
without being consumed themselves in the process. Importantly, cata-
lysts do not affect the thermodynamic equilibrium after the complete
reaction. It is crucial to improve both performance and selectivity to
optimize catalytic processes. The catalytic materials must be customised
to have the required structures and distribution of active sites to achieve
this. A range of materials such as zeolites, Aluminophosphate (AIPO),
Silicoaluminophosphate (SAPO), mesoporous materials, Pillared Inter-
layered Clays (PILCs), and Metal-Organic Framework (MOFs) enables
this level of customisation. These materials provide a controlled, large
surface area for catalysis and ensure easy access to the active sites
without needing individual fine particles. An important application of
these porous solid catalysts is the replacement of environmentally
harmful and corrosive homogeneous catalysts used in liquid-phase
chemical synthesis [61].

Unlike most heterogeneous catalysts, homogeneous catalysts can be
dissolved in the reaction medium, creating a uniform dispersion that
enhances catalytic performance. In addition, homogeneous catalysts
have high activity, selectivity, adaptability, and reproductivity with low
reaction temperature and reaction time to promote catalytic activities
[62,63]. However, the low thermodynamic and pressure stability,
difficult separation, and recoverability of homogenous catalysts make
heterogeneous catalysts advantageous for enduring high temperatures
and pressure with easy separation and recyclability after a reaction [64].
Homogeneous catalysts, such as mineral and Lewis acids, organic and
inorganic bases, and toxic metal compounds, are difficult to separate
and dispose of [65,66]. Table 2 shows the comparative evaluation of
homogeneous and heterogeneous catalysts.

Solid heterogeneous catalysts come in various families, such as
metals, oxides, sulphides, and carbons, either in bulk form or as supports
on catalytically active materials like silica, alumina, zirconia, and tita-
nium [67,68]. These materials can have specific chemical properties
such as acid, redox, dehydrogenation, hydrogenation, or oxidation ca-
pacity and physical properties such as porosity, large surface area,
attrition resistance, and thermal or electrical conductivity. Among the
variety of solid catalysts, zeolites, clays, mesoporous materials, and
mixed oxides (Fig. 5) are usually employed in biofuel production [69].
Oxides are versatile and act as both catalysts and supports. Porous ma-
terials offer several unique properties essential for catalytic applications,
including biofuel production [57]. Heterogeneous catalysis is vital in
various chemical processes, offering distinct benefits such as selectivity
and reusability [70,71]. Its pivotal role extends across various industrial
operations, enhancing economic efficiencies and yielding environ-
mental advantages surpassing traditional methods. Heterogeneous
catalysis drives economic advantages through improved process effi-
ciency, reduced energy consumption, and lowered production costs.
Heterogeneous catalysts with high activity and selectivity contribute to
increased yields and superior product quality, leading to enhanced
profitability. Moreover, the recyclability and durability of heteroge-
neous catalysts can reduce operational expenses by minimising the need
for frequent catalyst replacement [71].

Materials science has driven human progress, from the Stone Age to

Table 2
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modern times. Catalysts accelerate reactions without altering their
equilibrium and are critical in advancing industrial processes. Porous
solid catalysts like zeolites and mixed oxides offer superior performance
over traditional, harmful homogeneous catalysts, boosting efficiency
and sustainability. Heterogeneous catalysis enhances process efficiency,
reduces energy consumption, and provides economic and environmental
benefits by improving product yields and lowering costs. This makes it
essential for both the industry and sustainable energy solutions.

As efforts are made to develop environmentally friendly and efficient
renewable energy sources, catalysts have become an indispensable part
of this pursuit. To advance the development of renewable energy tech-
nologies, it is crucial to thoroughly investigate the catalytic performance
and potential contribution of various catalysts, including zeolite cata-
lysts, hierarchical zeolites, carbon materials, metal-organic frameworks
(MOFs), and mesoporous materials. By comprehensively analysing these
catalysts’ properties, mechanisms, and performance metrics, valuable
insights can be gained into their potential application in sustainable
energy solutions. This will, therefore, contribute to the ongoing global
transition to renewable energy sources.

2.1.1. Zeolite catalysts

Zeolites are a group of microporous crystalline aluminosilicate ma-
terials with catalytic properties that can be modified. These materials
contain heteroatom-containing active sites arranged in homogeneous
environments as delineated by the framework consisting of microspores
intersections and channels [72]. Their porous structure acts like millions
of test tubes enclosing molecules and atoms to enable chemical re-
actions. The diverse catalytic capabilities of zeolites are due to their ion
exchange properties, pore size structure, and chemical composition
[73]. Zeolites are crystalline aluminosilicates that occur in nature. They
comprise oxygen, silicon (Si), and aluminium (Al). With an increasing
Si/Al ratio, the structure becomes more stable and retains its stability
even at higher temperatures. A representative structure of several
typical zeolites is illustrated in Fig. 6a-d [74].

Hierarchical zeolites are formed by alkali treatment, which improves
the pore structure and the accessibility of large molecular oxygen mol-
ecules to the active sites. This process creates secondary pores within the
crystal lines by selectively removing Si atoms from the zeolite frame-
work [75]. By adhering to this principle, mesoporosity can be generated
in zeolites or metal oxide particles. It has been suggested that a com-
bination of microporous and mesoporous materials offers advantages
over only microporous or mesoporous materials. The reactant molecules
are expected to diffuse more easily through these openings to reach the
active zeolite sites [76]. The materials mentioned above exhibit
improved hydrothermal stability [77], greater versatility in processing a
wide range of feedstocks, better control over leaching rates to ensure
consistent and progressive discharge of active components, and better
ability to encapsulate waste within the micropores [78,79]. In recent
years, numerous porous materials with a combination of micropores and
mesopores have been developed, including zeolites, mesoporous tita-
nium silicates (MTS), mesoporous aluminium silicates (MAS), plugged
hexagonal templated silica (PHTS), and SBA-15.

Comparative merits and demerits of homogeneous and heterogeneous catalysts [62].

Parameter Homogenous catalysts

Heterogeneous catalysts

Solubility of the catalyst Soluble

Physical nature of the catalyst during
the reaction

Optimal operating pH

Reusability of the catalyst

Separation of catalysts from the
aqueous phase

Reaction phase and time

Very active in acidic medium
Difficult to recover and reuse
Expensive and difficult to separate

extensive purification step

Liquid phase, however insensitive to fatty acid and water content

Occurs in the liquid phase with a short life, which requires an

Insoluble
Usually, a distinct solid phase

Active in a wide range
Possible recovery and reusability
Readily separated

Generally, occurs on the catalyst surface, with long life and fewer
purification steps.
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Fig. 5. Classification of homogeneous and heterogeneous catalysts for energy production.

Zeolite catalysts, particularly hierarchical zeolites, show great
promise in biomass conversion to fuels and chemicals due to their
structural and catalytic properties. Zeolites like ZSM-5, SAPO-34, and
SAPO-11 have effectively converted biomass derivatives into valuable
products such as BTX (benzene, toluene, xylenes). Zhang et al. [80]
demonstrated the catalytic pyrolysis of corn cobs using HZSM-5, which
produced bio-oil with a 25 % reduction in oxygen content and a high
heating value (34.6 MJ/kg), comparable to diesel and heavy fuel oil.
Similarly, Hernando et al. [81] showed that MgO-loaded hierarchical
HZSM-5 produced bio-oil with higher energy yields and lower oxygen
content. Hierarchical zeolites, with micropores and mesopores, enhance
performance in processes like thermochemical and catalytic fast pyrol-
ysis (CFP) of biomass. Anekwe, et al. [82] evaluated hierarchical Co/
HZSM-5 and Fe/HZSM-5 for bioethanol conversion into fuel blend-
stocks and petrochemicals, achieving over 97 % bioethanol conversion.
Lower space velocities (5 h™1) favoured gaseous hydrocarbons (C;-Cy),
while higher velocities (12h~Y) increased liquid fuel blendstocks (Cs+),
with metal-doped catalysts showing higher selectivity (>79 %) and
enhanced aromatic production, particularly benzene. Luo, et al. [83]
found that catalytic conversion of acetone, butanol, and ethanol using 2
% Ni/HBET led to excessive ether formation, reducing bio-jet fuel
quality and selectivity. However, a dual catalyst bed (HSAPO-34 and Ni/
HBET) improved bio-jet fuel production, achieving a 95.3 % conversion
rate and 83.0 % selectivity for Co-C1¢ hydrocarbons by reducing ether
formation and increasing lighter olefin selectivity.

In addition, zeolite-based catalysts have also been employed in
biomass conversion to petrochemicals. Deng et al. [84] explored various
zeolite catalysts (HZSM-5, NaZSM-5, HY, ReY) for biomass conversion
into aromatic compounds, with HZSM-5 showing the highest activity.
Qiao, et al. [85] synthesised hierarchical ZSM-5 by alkali treatment with
TPAOH, NayCOs3, and NaOH. The structure exhibited a greater number
of strongly acidic sites, which was due to more regulated desilication by
NayCOs3 (0.4 M - 0.8 M). Micro- and mesoporosity were also observed.
Hierarchical ZSM-5 treated with Nay;COs3 (0.6 M) exhibited increased
selectivity towards BTX (benzene, toluene, and xylenes), which reduced
the amount of polyaromatic hydrocarbons produced. After the treatment
of hierarchical HZSM-5 with NaOH solution, the yield and physical
properties of the organic phase were improved, and a significant
reduction in coke formation on the catalyst surface was observed [86].
After desilicating hierarchical HZSM-5 with 0.3 M NaOH [87], the car-
bon yield of BTX had increased, and the micropores and mesopores
formed had been preserved. This process was carried out for the catalytic
cracking of cardboard waste. Due to the improved adsorption and
diffusion, the intermediates in the hierarchical pores have an extended
lifetime of up to 120 h. Consequently, the conversion of methanol to
aromatics resulted in a higher yield of aromatics when hierarchical Zn/
ZSM-5 was treated with 0.2 M NaOH. Lower NaOH concentrations
(<0.4) had a remarkable effect on the catalytic activity, namely on the
lifespan of hierarchical HZSM-5 and its selectivity towards BTX in the
aromatisation of glycerol [88]. Recently, improved mass transfer via
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Hydrodeoxygenation of
Guaiacol

anol to Hydorcarbon
(MTH) Conversion

Catalytic Cracking
Reaction

Isomerization

Hierarchial
Zeolites

Fig. 6. a. Representative structures of various zeolite frameworks, illustrating their pore openings and dimensionalities: (a) Zeolite L with a one-dimensional (1D)
channel system and a pore opening of 7.1 A; (b) Zeolite Y featuring a three-dimensional (3D) pore network with 7.4 A openings; (c) Zeolite A, also with a three-
dimensional channel structure and 4.2 A pore openings; (d) ZSM-5 (silicalite), exhibiting a two-dimensional (2D) channel system with pore openings of 5.3 x
5.6 A and 5.1 x 5.5 A. These frameworks demonstrate the diversity of zeolite pore structures, which are key to their catalytic performance in various applications.
Adapted from Ref. [92]. e. Hierarchical zeolites and their applications in catalytic reactions.

hierarchical zeolites treated with NaOH has been associated with higher
production of heavy hydrocarbons [88,89]. Fig. 6e shows the applica-
tion of hierarchical zeolites in various catalytic reactions [90,91].
Zeolites are widely valued for their catalytic properties, which can be
enhanced through ion exchange, pore size adjustment, and chemical
composition modifications. Hierarchical zeolites, produced through

alkali treatment, create secondary mesopores that improve molecular
diffusion and accessibility to active sites, enhancing their performance
in catalytic reactions. These materials exhibit superior hydrothermal
stability and process versatility. Research shows that hierarchical zeo-
lites, like ZSM-5, significantly improve desired product yields while
reducing by-products like coke during reactions. These studies
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Fig. 7. Allotropes of the element carbon. Adapted and modified from Ref. [103].
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collectively highlight the versatility and efficiency of zeolite catalysts,
particularly hierarchical zeolites, in biomass conversion processes for
producing fuels and valuable chemicals, making them indispensable in
sustainable energy and chemical production.

2.1.2. Carbon materials

Carbon-based materials are the most adaptable materials used in
modern environmental science/engineering, as well as sustainable en-
ergy. Conventional carbon materials, including activated carbon (AC),
carbon cloth (CC), and graphite, are inexpensive, readily available, and
easy to produce. Conversely, carbon nanotubes (CNTs) and graphene
(GA) stand out as nanocarbon materials widely employed in heteroge-
neous catalysis owing to their expansive specific surface area, excep-
tional electrical conductivity, and intricately crafted porous structures
[93-96]. Carbon materials are categorized based on their pore size into
microporous (<2 nm), macroporous (>50 nm), or mesoporous (2-50
nm). All three levels of pores are present in trimodal porous materials.
Diamond, graphite, and charcoal are known carbonaceous materials
occurring naturally. An overview of the primary carbon allotropes, or-
dered by atomic arrangement and hybridisation state, can be found in
Fig. 7.

Carbon black and activated carbons with a large surface area are the
preferred materials for carbon-based catalysts due to their widespread
availability and cost-effectiveness. At around 1500 °C, amorphous car-
bon is converted into carbon black through the pyrolysis of hydrocarbon
precursors or organic polymers. The remaining basic carbon atoms,
randomly cross-linked with unbound interstices, reorganise into layers
of flat aromatic sheets. The resulting carbon materials consist of almost
planar layers of sp?-hybridised carbons. The substances have a crystal-
line architecture, but their range is limited, so there is no stacking di-
rection. Activated carbon is produced through either physical or
chemical activation processes. Physical activation at temperatures of
600-900 °C is used to pyrolyse carbon compounds without the presence
of oxygen. When carbonised substances are subjected to oxidizing at-
mospheres such as steam or oxygen within the temperature range of
600-1200 °C, they undergo oxidation. Following carbonisation at
450-900 °C, chemical activation occurs by impregnating the raw ma-
terial with an acid, a strong base, or a salt (ZnCl, or CaCly). This method
is favoured due to the lower temperature and time required for material
activation. The structure cross-linked by aliphatic bridging groups can
most accurately describe an intricate network of defective carbon layers.
In the form of an amorphous solid, activated carbon is characterized by a
large pore volume and an exceptionally high internal surface area.

Liu and Wu [97] developed cost-effective nitrogen-doped carbon
materials with a graphene-like structure through pyrolysis in a tube
furnace, using waste lignin and Ni powder as starting materials. These
properties make them promising candidates for applications such as
oxygen reduction reaction catalysts, catalyst carriers, and hydrogen fuel
cells. Kong, et al. [98] synthesised biochar-based catalysts (Fe-MEC, Ni-
MEC, and Co-MEC) by loading nano-sized Fe, Ni, and Co onto biochar
derived from sequoia wood chips via microwave heating. These catalysts
were used for the catalytic pyrolysis of polystyrene powder. The results
indicated that all three catalysts had a large specific surface area and
well-developed pore structures. The Fe, Ni, and Co nanoparticles on the
bio-char surface showed high catalytic activity in breaking C—C and
C—H bonds in the bio-oil, significantly increasing bio-oil yields (91 %,
82 %, and 90 % for Fe-MEC, Ni-MEC, and Co-MEC, respectively) and
enhancing bio-oil quality. Additionally, the catalysts demonstrated
excellent stability, with no significant reduction in bio-oil yield even
after five cycles of reuse [98].

Sulphonated CMK-3 (ordered mesoporous carbon) was used for
cellulose hydrolysis and achieved a conversion rate of 94.4 % and a
glucose yield of 74.5 % [99]. Increasing the temperature from 150 to
300 °C increases the acid density, but the specific surface area reaches its
maximum at 250 °C. Mesoporosity influences glucan adsorption, as seen
with mesoporous carbon nanoparticles (MCN) [100]. Cellulose can also
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be converted to Co—Cg polyols with a Ru/CNT catalyst in the presence of
hydrogen. [101]. This process takes two steps: First, cellulose is
hydrolysed by acid-functionalised CNTs to reducing sugars, which Ru
then hydrogenates to sugar alcohols. The yield of sorbitol improves as
the crystallinity of the carbon carrier decreases. Another example of a
multifunctional catalyst is tungsten carbide nanoparticles on three-
dimensional mesoporous carbon (MC), which achieve an efficiency of
72.9 % in the direct conversion of cellulose to ethylene glycol [102].

Carbon-based materials, particularly activated carbon and nano-
materials, offer versatile and efficient solutions for environmental and
energy applications, owing to their structural and functional properties.
Conventional materials like activated carbon, carbon cloth, and graphite
are widely used for their ease of production and affordability, while
nanocarbon materials like carbon nanotubes and graphene are highly
valued in catalysis for their large surface area, high electrical conduc-
tivity, and porous structures.

2.1.3. Metal-organic frameworks (MOF)

Metal-organic frameworks (MOFs), or porous coordination polymers
(PCPs), are crystalline materials exhibiting porosity in two or three di-
mensions. The synthesis of secondary building units (SBUs), comprised
of metal cation compounds or clusters and polydentate organic ligands
forming coordination-like bonds, yields materials characterized by
infinite lattices [104-107]. Their structure is malleable and can be
altered after synthesis by post-synthesis modification (PSM) and by
varying the character of the metal cations and linkers [108]. MOFs
combine mesoporous and microporous materials and have extremely
large surface areas, which, according to BET, are up to 10,000 m2/ g and
thus significantly larger than the surface areas of zeolites and activated
carbon. In the 1990s, the research groups of Hoskins [109], Gardner
[110], Yaghi [111], Munakata [112] and Riou [113] promoted and
emphasised the continuous development and use of MOF structures and
applications. To date, over 20,000 MOF structures have been docu-
mented. BASF has successfully produced MOFs on a tonne scale, now
available through MOF Technologies, Sigma-Aldrich, and Strem
Chemical. Among the most widely utilized MOFs are ZIF-8, Fe-BTC,
HKUST-1, and MIL-53. In addition to gas storage, catalysis, proton
conductivity, drug delivery, chemical sensing, and energy conversion,
these materials are used in the textile industry and oleochemistry, food
packaging, electric car prototypes, transportation, and respiratory sys-
tems [104-107,114].

MOFs serve as superb catalyst templates owing to their functional
organic linkers, metal centres, remarkably large surface areas, well-
defined porous structures, and uniform pore sizes and environments.
After the thermal removal of water ligands, vacant coordination sites
emerge within the metal nodes of the MOF structure, such as Cr [115],
Mn [116], or Cu [117,118], with minimal alterations to the structure.
When used individually or in conjunction with encapsulated NPs,
coordinatively unsaturated metal sites exhibit exceptional Lewis acid
catalytic activity. An alternative, highly effective method for integrating
catalytically active metal sites into MOFs involves metallizing ligands
positioned on the MOF linkers. This metallization process can occur
either during the MOF synthesis or through post-synthesis modifications
(PSM, Fig. 8a). MOFs are quite flexible when it comes to catalyst design
due to their wide range of topologies. They can harbour different guests,
such as semiconductor oxide NPs and metal. Finally, functional MOF
groups can prevent the leaching of tiny cluster atoms. Pore confinement
promotes the development of ultrafine nano-objects while hindering the
growth of metal oxide and metal nanoparticles. As MOFs are insoluble,
heterogeneous catalysis is ensured for easy regeneration, and their open
channels favour the diffusion and transport of products and substrates
with the lowest possible mass transfer limit. The uniform and variable
pore configurations and dimensions of MOFs facilitate the ability to
catalyse by size. MOFs can be combined with other nanostructures, such
as nanotubes and graphene, to enhance conductivity. Calcination can
also produce hybrid, catalytically active metal, carbon, and heteroatom
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Fig. 8. a. The illustration of the Porous MOFs Postsynthetic Modification Principle. Adapted from Ref. [121]. b. Pyrolysis-based production of various porous
materials from MOFs and MOF-based composites. Adapted and modified from Ref. [121].

nanocomposites (Fig. 8b) [119].

MOF-based catalysts, such as M/NC3 materials, have shown high
activity in the liquid-phase conversion of model compounds and ligno-
cellulosic biomass derivatives [120]. For example, benzyl alcohol, rep-
resenting aromatic groups in lignin, was oxidised to benzaldehyde.
Levulinic acid, a biomass-derived compound, was hydrogenated with
various M/NC materials to y-valerolactone and esterified to methyl
levulinate. In all cases, M/NC3 materials obtained from the amino
terephthalate IRMOF-3 performed better than M/NC1 materials from
the terephthalate IRMOF-1, which was attributed to the smaller size of
the M-NPs (M = Ru, W, V, Ti) [120]. The best results were obtained with
Ru/NC3 for the hydrogenation of levulinic acid, where y-valerolactone
was obtained with 97 % yield and 100 % selectivity under the following
conditions: Levulinic acid (1.36 mmol), H20 (20 mL), 2 MPa Nz, 130 °C,
6 h, Ru/NC3 (Ru 8.64 pmol), with a catalyst-to-reactant ratio of 1:160
[120].

Metal-organic frameworks (MOFs), with their tunable porous struc-
tures and immense surface areas, represent a powerful platform for
catalytic applications and energy solutions. Their ability to incorporate
metal centers, functional linkers, and nanoscale guests within uniform
pores makes them exceptional candidates for various industries, from
environmental science to energy storage and conversion. The flexibility
in MOF design allows for precise control over catalysis, offering signif-
icant advantages in reaction efficiency, selectivity, and catalyst
regeneration.
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2.1.4. Mesoporous materials

According to the IUPAC classification, materials featuring pores
within the 2 to 50 nm range are designated as mesoporous [122-125].
Mesoporous materials are important in the world of materials due to
their easily modifiable synthetic pore organization, adsorption capa-
bilities, and catalytic and conductive properties [126-129]. Mesoporous
materials are versatile for numerous applications, attributed to their
substantial surface area and well-organized mesostructure. This char-
acteristic facilitates the dispersion and adsorption of molecular particles,
rendering them valuable across various domains [122,125]. Leveraging
their structured support and extensive surface area, mesoporous mate-
rials afford control over the size and dispersion of supported metal
particles, thus optimizing the utilisation of reactive metals. Following
the identification of mesoporous materials, the need for improved sep-
aration and reaction capabilities led to considerable interest in silica-
based and metal-substituted mesoporous materials. This was because
of the potential applications in biomaterials, adsorption, separation, and
nanoscale devices [130,131]. Hence, the possibility exists to generate a
diverse array of isolated nanophase composites by manipulating the
composition of chain architecture and the block copolymer species
responsible for modifying and assembling the material. Various process
variables such as pH, temperature, and environmental conditions con-
trol the complexation of the desired functional structures [126,132].

In 1992, researchers at Mobil Corporation introduced the pioneering
discovery of mesoporous silica, marked by the identification of the M41S
family of mesoporous materials [133-135]. Highly ordered mesoporous
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silica has garnered significant attention in recent years owing to its
substantial pore volume, tunable pore size (amenable to modification
across a wide spectrum), controlled surface chemistry, and large surface
area [136,137]. These properties render it an exceptionally favourable
catalyst support or carrier, offering numerous advantageous applica-
tions in the fields of catalysis, separation, and adsorption. Since the
discovery of mesoporous silica, substantial advancements have been
achieved in composition variation, pore size modification, morpholog-
ical manipulation, synthesis techniques, and applications [129,138]. In
1998, Zhao, et al. [133] conducted remarkable research in which they
obtained “Santa Barbara Amorphous no. 15 (SBA-15)” mesostructured
silica, which exhibited parallel hexagonal cylindrical pores and clus-
tered pores. The range of pore sizes was 45-30 nm [139]. This shows
that the research risk was worth it, as the material could be refined and
further developed [128,133]. The channels are evenly arranged in a
hexagonal pattern, which allows for narrow pore size distribution and
adjustable pore size [140]. Since its discovery, SBA-15 has emerged as a
promising support material for synthesizing novel catalytic materials
[135].

Mesoporous oxides, bulk mixed oxides, microporous solids like ze-
olites, and metal-organic frameworks (MOFs) are widely used in het-
erogeneous catalysis, particularly in Fischer-Tropsch Synthesis (FTS)
processes. These materials are critical in converting CO2-rich syngas into
valuable hydrocarbons and chemicals, offering sustainable pathways for
synthetic fuel production and carbon utilisation. Zeolite catalysts such as
HZSM-5 are known for their strong acidity and shape selectivity, facil-
itating the production of lower olefins and aromatic compounds. When
combined with metals like Zinc, Cu, and Mn, Mesoporous oxides further
enhance CO: conversion and hydrocarbon selectivity. Supported cata-
lysts, such as cobalt or iron-based catalysts on oxide supports, are
frequently employed in FTS due to their stability, high surface area, and
ability to achieve high conversion rates of syngas to hydrocarbons
[141]. Na-FesOs/HZSM-5, for example, showed a 73 % selectivity to-
wards Cs—Cp; hydrocarbons, including 40 % aromatics, at a CO2 con-
version rate of 33.6 % [142]. With their tunable porosity and high
surface area, MOFs also show promise in COz hydrogenation to meth-
anol, which can be further processed into valuable hydrocarbons via
zeolite-based systems. In addition, the combination of ZnZrOx and
HZSM-5 achieved 74.7 % selectivity for aromatic compounds [143].
These catalysts improve hydrocarbon yields and contribute to more
sustainable CO: utilisation in energy production.

Mesoporous materials, with their adaptable pore structures and high
surface areas, are critical in catalysis and separation processes. Their
ability to control metal particle dispersion and tailor pore sizes for
specific applications makes them invaluable in material science. The
evolution from M41S materials to SBA-15 has significantly expanded the
possibilities for designing novel catalytic systems, showcasing the
transformative potential of mesoporous silica in industrial applications.

2.1.5. Versatile heterogeneous catalytic systems

Recently, the combination of confinement and synergistic effects has
been an effective method for creating heterogeneous catalytic systems
that are adaptable and efficient. Thus, over the last 50 years, several
studies have focused on immobilizing homogeneous catalysts on solid
supports to produce heterogeneous catalysts [144]. This method allows
easy separation of the catalyst from the reactants and products. To
reduce the detrimental effects of the support surfaces on the catalytic
sites and to preserve the homogeneous metal complex environment of
the ligands with a long spacer and, consequently, the catalytic capa-
bilities, the active sites were initially designed to be distant from the
support surfaces [145]. Later, it was discovered that support could even
favour the anchored homogeneous catalysts in various ways, including
confinement [146] and synergistic effects [147]. This would allow the
synthesis and study of heterogeneous bifunctional and even trifunc-
tional catalysts, as synergies between multifunctional groups could
occur under controlled conditions. Synthesizing heterogeneous catalysts
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with improved enantioselectivity after introducing chiral catalysts in
confined regions was a crucial additional goal. Raja and Thomas [148],
for example, have shown that chiral RhI complexes introduced into the
channels of mesoporous silica increase the enantioselectivity (ee%
53-94 %) in asymmetric hydrogenation processes, in contrast to the
racemic products formed during homogeneous catalysis. Furthermore,
Yu, et al. [149] showed that incorporating the bifunctional catalyst 9-
thiourea-epi-quinine into the channels of mesoporous silica SBA-15
significantly enhanced the selectivity and enantioselectivity of the het-
erogeneous catalyst (92.5 % selectivity and 99.2 % ee compared to 83.8
% selectivity and 93.2 % ee) in the asymmetric Friedel-Crafts reaction
between indoles and imines.

Moreover, two-dimensional layered compounds with flexible inter-
layer areas offer intriguing possibilities as substrates for homogeneous
catalyst immobilization. For instance, [150] discovered that immobi-
lizing copper complexes in laponite clay increased the value in the re-
action between methyl phenyldiazoacetate and tetrahydrofuran from
nearly zero to approximately 40 %. Catalytically active substances
should be grafted, anchored, or covalently bonded to mesoporous silica.
Consequently, the proximity of anchored intrinsic functional groups and
active sites on the support surface can provide a synergistic effect,
particularly favourable for specific reactants within a confined space.
This approach thus presents a pivotal avenue for exploring and discov-
ering novel catalysts. Multifunctional catalysts have been synthesised by
exploiting synergistic effects between two anchored functional groups
within anchored bifunctional catalysts and between the hydroxyl and
anchored groups on a solid surface. Nature also frequently utilises syn-
ergy effects. For example, some catalytic materials possessing minimal
functional groups exhibit remarkable selectivity and activity across a
diverse range of processes, even at temperatures close to room tem-
perature [151].

Zeolites, mesoporous materials, MOFs, and carbon-based catalysts
show significant potential as effective heterogeneous catalysts for
substituting precious metal catalysts in renewable energy production. A
summary of the review and performance evaluation of various hetero-
geneous catalysts and processes can be found in Table 6, which includes
factors such as pore volume, surface area, operating parameters, cata-
lytic performance/yield, and stability. The comparative evaluation of
the three types of porous materials shown in Table 6: MIL-53 (a MOF
material), MCM-41 (a mesoporous silica) and HZSM-5 (a conventional
zeolite) in terms of various dimensions such as stability, surface area,
structure and catalytic properties shows that each of them exhibits a
wealth of catalytic chemical properties. This indicates that they have the
potential to complement each other in heterogeneous catalysis. Zeolites,
for example, exhibit superior stability, making them suitable for gas
phase catalysis, particularly in industrial catalysis; mesoporous silica
has the largest pores, allowing extensive substrates to enter the pores;
and MOF materials have a larger surface area, corresponding to the
highest density of active sites [152,153].

The combination of confinement and synergistic effects in hetero-
geneous catalysis has revolutionised the development of more adaptable
and efficient catalysts. Researchers have significantly enhanced selec-
tivity and overall catalytic performance by immobilizing homogeneous
catalysts on solid supports and introducing multifunctional catalysts.
Materials such as zeolites, mesoporous silica, and MOFs complement
each other in catalysis, with each material offering unique advantages in
terms of stability, surface area, and catalytic properties. These de-
velopments are crucial for advancing renewable energy production and
reducing reliance on precious metal catalysts.

2.1.6. Emerging catalytic materials for energy production
2.1.6.1. Single-atom catalysts (SACs). Single-atom catalysts (SACs) have

garnered significant attention in heterogeneous catalysis due to their
distinct structural and functional advantages over conventional



LM.S. Anekwe et al.

catalysts. These systems are uniquely defined by the atomic-level
dispersion of individual metal atoms on suitable support materials,
enabling enhanced catalytic performance [154,155]. This unique atomic
dispersion endows SACs with several notable advantages compared to
conventional nanoparticle catalysts (1). Firstly, the absence of metal-
-metal bonds allows each metal atom to exhibit a well-defined coordi-
nation environment, resulting in unique electronic and physicochemical
properties [156,157]. Furthermore, the strong interaction between the
metal atoms and the isolated support material helps avoid catalytic
deactivation brought on by metal atom aggregation [154,158]. Sec-
ondly, the minimal metal loading combined with strong chemical
anchoring reduces catalyst costs and significantly lowers the risk of
metal leaching [159]. As a result, SACs demonstrate superior catalytic
efficiency, stability, and operational safety, making them a highly
promising alternative to conventional nano-scale catalysts.

The breakthrough moment in SAC research was marked in 2011,
when Qiao, et al. [160] introduced the concept by synthesizing Pt-based
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SACs on FeOx supports. Their study demonstrated that these Pt single-
atom catalysts exhibited threefold higher CO oxidation activity than
their nanoparticle counterparts. This pioneering work catalyzed exten-
sive interest in SACs for heterogeneous catalysis, prompting the devel-
opment of various metal-support combinations. A wide array of metal
SACs, such as Fe, Co, Ni, Pd, Ru, and Pt have since been anchored on
oxide supports, including SiOz, TiO2, FeOx, Cos04, CeO2, and ZnO [161].
For instance, Wang, et al. [162] utilized an impregnation method to
disperse Rh on Cos04 nanorods, successfully creating a catalyst where
Rh atoms, uniformly distributed on the carrier, formed active sites via
bonding with surface oxygen atoms. EXAFS analysis confirmed single-
atom dispersion, and the resulting Rh-SACs demonstrated excellent
performance in nitric oxide reduction using hydrogen, achieving 87 %
selectivity for Nz at 220 °C and 97 % at 300 °C.

Building upon these advancements, Ge, et al. [163] synthesised Co-
SACs via complexation pyrolysis using lignin-derived carbon as the
support (Fig. 9a-b) and confirmed the formation of Co-Na active sites
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through EXAFS and XANES analysis (Fig. 9¢c-d). Efficient separation of
lignin, hemicellulose, and cellulose was achieved using Co-SACs in the
acid-assisted lignin-first reductive fractionation of poplar biomass. The
process achieved a high monophenol yield and nearly complete
delignification (>99 %). Compared to Co cluster catalysts (Fig. 9f), the
Co-SACs exhibited superior activity in lignin reductive depolymeriza-
tion (Fig. 9e). DFT calculations revealed that the Co-SACs had lower
Gibbs free energy for hydrogen adsorption and a higher tendency for
hydrogen desorption, contributing to their enhanced catalytic perfor-
mance. Moreover, methanol cleavage pathway analysis depicted in
Fig. 1g indicated that Co-SACs were more effective in facilitating O—H
bond scission than Co clusters. At 160 °C and 0.1 % sulfuric acid, the Co-
SACs achieved a monophenol yield of 41.7 %, further validating their
potential in biomass valorization processes.

2.1.6.2. Ionic liquid-based catalysts in biomass volarisation. To date,
lignocellulose and its derivatives have been successfully converted using
ionic liquids (ILs) into a range of value-added products, including formic
acid, levulinic acid, HMF, and others, as illustrated in Fig. 3. ILs play a
pivotal role in biomass conversion, functioning both as reaction media
and, in many cases, as catalysts. Their effectiveness is further enhanced
by optimizing process parameters such as temperature and reaction time
to maximize product yield. Given the high oxygen content in lignocel-
lulosic biomass, approximately 40-45 %, partial deoxygenation is
necessary, typically through the release of COz and H20, to facilitate the
subsequent conversion of biomass into liquid biofuels.

In a notable study, Liu, et al. [164] demonstrated that hydrolyzed
corn stalk diluted in [BMIM][HSO.] and [BMIM]CI achieved reducing
sugar yields of approximately 68 % and 71 %, respectively. Further
experimentation involved dissolving wheat straw in a solvent mixture
comprising [BMIM]CI, [EMIM][OAc], and several phosphate-based ILs,
including 1-ethyl-3-methylimidazolium dibutyl phosphate ([EMIM]
[DBP]), —ethyl-3-methylbutylpyridinium diethyl phosphate ([EMBy]
[DEP]), and 1-ethyl-3-methylimidazolium diethyl phosphate ([EMIM]
[DEP]). Among these, [EMIM][DEP] produced the highest yield of
reducing sugars, approximately 50 % after a 1-h pretreatment at 100 °C.
However, it is important to note that excessive IL concentrations can
inhibit enzyme activity during the subsequent fermentation process. An
adequate water content must be maintained to support optimal enzy-
matic hydrolysis and fermentation. The conversion of cellulose to
ethanol via the fermentation of reducing sugars remains a critical step in
the pretreatment and valorization of biomass for biofuel production.

Hydroxymethylfurfural (5-HMF) has gained significant attention as a

I

Glucose

H,C =
AY
2-Methylfuran

Dehydrati o) S
ehydration HO/\@/\O

Fuel Processing Technology 276 (2025) 108267

versatile platform chemical, primarily due to its potential for conversion
into various biofuel precursors and value-added chemicals. One key
transformation involves the hydrogenation of 5-HMF to produce 2,5-
dimethylfuran (DMF), a promising biofuel candidate. Additionally,
through condensation and hydrodeoxygenation reactions, 5-HMF can be
upgraded into Cy—Cjs liquid alkanes suitable for drop-in fuels. Ionic
liquids (ILs) have proven to be highly effective solvents for the dehy-
dration of monosaccharides into HMF by disrupting the intermolecular
hydrogen bonds that stabilize sugar structures [165,166]. As illustrated
in Fig. 10, ILs enhance the efficiency of monosaccharide-to-HMF con-
version, improve product selectivity, and facilitate recovery. Despite its
promising applications, large-scale industrial production of 5-HMF re-
mains limited due to high production costs. Zhang, et al. [167] were
among the first to demonstrate that metal halides, when used in com-
bination with ILs such as [EMIM][CI], act as effective catalysts for the
dehydration of carbohydrates into 5-HMF. Their study explored the ef-
fects of various metal halides and ILs, including [BMIM][CI], [EMIM]
[Cl], and [OMIM][CIl], on sugar dehydration reactions. The highest
yields reported were 83 % for fructose and 70 % for glucose.

Levulinic acid (LA) is emerging as a critical platform chemical,
effectively bridging the biomass and petroleum-based chemical in-
dustries. Derived from lignocellulosic biomass, LA is a precursor to
several high-value compounds. Notably, it can be converted into
y-valerolactone (GVL), which, through hydrogenation, can be further
transformed into liquid alkene compounds with significant potential as
renewable biofuels. Beyond biofuels, LA is gaining recognition for its
versatility across a wide range of industrial applications, including
cosmetics, pharmaceutical intermediates, polymers, resins, and drug
delivery systems [168]. Recent studies have explored using ionic liquids
(ILs) as catalysts for LA synthesis from diverse biomass sources,
including bamboo, maize stalk, pinewood, and rice straw. For example,
Liu et al. (2020) reported that rice straw could be converted into LA via a
one-pot reaction using an acidic IL, [C3SOsHMIM]HSO4, at 180 °C for
30 min, achieving a yield of 21 %. This study highlighted the role of
strong hydrogen bonding interactions between the IL and biomass
components in enhancing the LA yield. Additionally, the IL catalyst
demonstrated recyclability, retaining catalytic efficiency over five
cycles.

In liquid membrane applications, ionic liquids (ILs) are functional
supports coated or impregnated on the membrane surface. This inte-
gration offers several notable advantages, including low capital and
operational costs, minimal solvent loss, reduced energy consumption,
and, most importantly, ease of operation [169]. Due to its high
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selectivity and stability, the supported liquid membrane (SLM) tech-
nique, enhanced by ILs, has demonstrated broad applicability in
extracting various organic compounds, particularly those derived from
biomass.

2.2. Integrated role of catalyst characterisation, mechanistic modeling,
and catalyst regeneration in advancing heterogeneous catalysis for
renewable energy applications

2.2.1. Catalyst characterisation and mechanistic insight

Significant progress has been made in developing heterogeneous
catalysts for renewable energy and biomass-derived petrochemical
production. However, to strengthen the understanding between catalyst
structure and application, it is crucial to move beyond material
description and explore the mechanisms governing catalyst activity,
stability, and regeneration in greater detail. The superior performance of
a catalyst in converting biomass to biofuels depends on the catalyst,
structural remodelling, or surface reorganisation of the catalyst formed
[171]. Ex-situ characterisation techniques are limited in understanding
the transient behaviour or structural reorganisation that occurs under
reaction conditions, leading to an incomplete understanding of catalyst
behaviour. In-situ characterisation techniques therefore offer solutions
to these challenges.

In-situ characterisation techniques provide information on the real-
time detection of catalyst deactivation and reaction conditions. Li,
et al. [172] reported on in-situ electron transmission microscopy for
energy applications, which indicates reaction kinetics and catalyst sta-
bility in real time. Wang, et al. [171] reported that real-time monitoring
of catalyst microstructure, especially when reaction conditions vary, and
in-situ electron transmission microscopy are useful for understanding
the reaction mechanism. In situ X-ray absorption spectroscopy (XAS)
provides real-time insight into growth mechanisms, phase transitions,
and surface restructuring during reaction processes, which is crucial for
optimizing catalyst performance. In-situ Raman spectroscopy and in-situ
Fourier transform infrared spectroscopy (FTIR) provide insight at the
molecular level by identifying reaction intermediates, surface bonds,
and products. Raman and infrared spectroscopy are complementary
techniques that can effectively elucidate the properties and configura-
tions of critical intermediates, favoured reaction pathways, selectivity,
and the effects of the reaction environment [171]. In-situ X-ray
diffraction (XRD) techniques give qualitative analysis of material crys-
tallinity and crystal parameters, capturing the transformation process of
the catalyst crystal during reaction.

In addition to in-situ characterisation, theoretical approaches have
become essential for addressing limitations beyond experimental tech-
niques’ reach [173]. Methods such as molecular dynamics (MD) simu-
lations, density functional theory (DFT), and machine learning (ML)
models now serve as powerful mechanistic tools for predicting energy
barriers, pinpointing active catalytic sites, and unraveling complex re-
action mechanisms at the atomic level. To deepen the understanding of
the catalytic mechanism, recent studies have applied in-situ techniques
(e.g., atomic force microscopy (AFM), RAMAN, Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS), XPS, and XRD) and
multi-scale simulations including Density Functional Theory (DFT)
simulations and microkinetic modeling to monitor active species, in-
termediate formation, and electron transfer processes under reaction
conditions [174,175]. These integrative approaches offer predictive
insights into catalyst performance, enabling the design of systems that
are not only mechanistically sound but also compatible with industrial-
scale energy production. Density Functional Theory (DFT) is widely
regarded as a foundational tool in catalysis research, providing valuable
predictions of catalyst behaviour at the atomic scale. Celebrated for its
optimal trade-off between computational efficiency and accuracy, DFT
has become the method of choice for many computational investigations
in this field [176]. Its strength lies in its capacity to model complex
chemical systems under realistic conditions, making it particularly
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effective for probing catalytic mechanisms and surface interactions
[175].

Researchers have gained improved control over the synthesis of
HKUST-1 by fine-tuning synthesis parameters, which has allowed for
targeted manipulation of crystallinity and defect concentrations. Man-
demaker, et al. [177] employed advanced nanospectroscopy techniques,
particularly AFM-IR, to investigate these structural variations in HKUST-
1. Their study demonstrated that increasing synthesis temperature led to
the desorption of self-assembled monolayers (SAMs), as indicated by the
absence of characteristic carboxylate C—O stretching bands at
1700-1800 cm™! in AFM-IR spectra (Fig. 11a-b). These findings were
further supported by in-situ liquid-phase AFM, which showed suppres-
sion of nucleation at 50 °C. Additionally, a defect-rich, amorphous
CusBTC: layer referred to as a “carpet” was found to surround larger
HKUST-1 crystals, raising questions about surface structure uniformity.
In a complementary investigation, Weckhuysen, et al. [178] explored
the relationship between structural defects and topological features in
SURZIF-8(Zn) thin films. By integrating atomic force microscopy (AFM),
Raman spectroscopy, principal component analysis (PCA), and density
functional theory (DFT), the study identified intergrowths and varia-
tions in defect distribution. Specific spectral markers such as a distinct
peak at 284 cm™', a high 675/686 cm ™! ratio, and diminished in-
tensities in bands associated with Zn®" coordination enabled precise
quantification of defect density. Their findings revealed that thinner
twenty-cycle films exhibited more pronounced phase barriers and het-
erogeneity, whereas thicker fifty-cycle films demonstrated improved
chemical uniformity and structural consistency (Fig. 11c—d). These in-
sights collectively advance the understanding of defect engineering in
metal-organic frameworks and their impact on material performance.
As such, the future of heterogeneous catalysis lies at the intersection of
fundamental science and applied engineering, where materials are
tailored with both reactivity and process viability in mind.

Molecular dynamics (MD) simulations have emerged as a powerful
computational technique for investigating the behaviour of atoms and
molecules in gaseous, liquid, and solid states at atomic resolution [179].
By numerically solving Newton’s equations of motion, MD provides
detailed insights into thermodynamic and kinetic properties, enabling
accurate prediction of molecular behaviour and interactions [180].
These simulations allow researchers to monitor the time-dependent
movement of individual atoms, offering a deeper understanding of
bond formation and cleavage, molecular rearrangements, and cata-
lyst-reactant interactions under various conditions [181]. As such, MD
is a critical tool for predictive modeling, experimental planning, and
mechanistic elucidation in catalytic processes. Table 3 summarizes
selected studies highlighting the applications and key findings of mo-
lecular dynamics (MD) simulations in catalytic research. Incorporating
these insights into catalyst development and studies bridges funda-
mental understanding and practical application and aids in tailoring
catalytic systems for enhanced selectivity, stability, and sustainability in
renewable energy processes.

2.2.2. Catalyst deactivation and regeneration

Catalyst deactivation, a major challenge in biomass valorisation,
arises primarily from coke deposition, metal sintering, and poisoning by
impurities [186]. For instance, coke formation blocks active sites and
micropores of zeolites, reducing their activity. To mitigate this, regen-
eration methods such as oxidative calcination, steam reforming, and
surface modification with coke-resistant promoters have been reported
as effective strategies. Integrating metal-acid bifunctionality has also
shown promise in reducing coke formation by facilitating hydrogen
transfer reactions that stabilize reactive intermediates [187,188].
Table 4 shows the different catalyst deactivation mechanisms, causes,
and regeneration methods.

The evolution of heterogeneous catalysis research for renewable
energy and biomass valorisation has moved progressively towards
bridging the gap between academic development and industrial
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Fig. 11. (a) A three-dimensional AFM rendering and (b) an AFM micrograph paired with infrared spectra (right), annotated by numerical labels and categorized by
morphological distinctions: red indicates grain structures, green represents circular or patch-like areas, and blue corresponds to the regions between patches. The
absence of the C—0 stretching band in the blue regions signifies the desorption/removal of the self-assembled monolayer. The scale bar in (b) denotes 1 pm. Figs (a)
and (b) are adapted from Ref. [177]. (c) A 3D AFM image illustrating height-based segmentation, used in (d) to demarcate zones for Raman spectral averaging. These
spectroscopic fingerprints provide chemical insight correlated with surface morphology. The Raman spectral colours directly correspond to the regional colour
coding on the left. Figs. (c) and (d) are adapted from Ref. [178]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 3
Applications of molecular dynamics simulations in catalysis study.
Application Area Catalytic System Simulation Details Key Findings Benefits Limitations Reference
Hydrocarbon Cu@4A zeolite MD with energy CsHs density peak dropped by  Clarified catalytic High reaction [182]
configuration nanocatalyst minimization, NPT/ 68.3 % at 300°C; interaction mechanism and temperature and limited
analysis NVT ensembles energy decreases with thermal behaviour hydrocarbon recovery
temperature
Hydrocarbon Amorphous silica, ReaxFF; T = Hydrocarbon cracking via Uncovered complex Computationally [183]
cracking hydrated amorphous 1477-1677°C, P = C—C scission and radical reaction networks intensive at extreme
silica, amorphous 4-7 MPa formation; yields Hz and conditions
aluminosilicate hydrocarbons.
Catalytic Pd-based nanoparticles ReaxFF MD; T = CHa dissociates more readily Mechanistic insight High computational cost; [184]
oxidation (with/without oxygen) 127-727°C on oxygen-coated Pd surfaces into CHa activation; sensitive to force field
at lower temperatures impact of oxygen accuracy
coverage
Hydrogen Mg nanoparticles ReaxFF MD; T > Mg-H bond formation Revealed kinetic High thermal input is [185]
production 1727°C initiates Hz release above barriers and Hz required for effective

927°C

evolution pathways

hydrogen release

application. While early studies focused primarily on catalytic activity,
surface properties, and selectivity under controlled laboratory condi-
tions, recent research emphasizes the importance of incorporating
operational parameters relevant to scale-up and large-scale deployment.
Demonstration-scale initiatives such as those undertaken by the Na-
tional Renewable Energy Laboratory (NREL) and the IEA Bioenergy Task
39 have revealed critical performance criteria such as catalyst deacti-
vation rates, regeneration intervals, tolerance to feedstock variability,
and compatibility with continuous processing systems [196-198]. These
practical considerations are essential in evaluating the technological
readiness of catalyst systems and their potential for integration into
biorefineries. Comparative studies have also revealed that high labora-
tory performance does not always translate to industrial feasibility. For
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example, while zeolite-based catalysts such as Ni-modified ZSM-5
exhibited high selectivity towards aromatics, Fe-modified ZSM-5 fav-
oured olefin production in the conversion of bioethanol to hydrocarbons
[199], their regeneration efficiency and cost-effectiveness vary signifi-
cantly under industrial conditions [200]. Moreover, techno-economic
assessments indicate that the catalyst cost per cycle, coke suppression
strategies, and scalability are pivotal in commercial viability [201].
Table 5 compares laboratory- and pilot-scale studies on heterogeneous
catalysis for renewable energy production.

2.3. Feedstock—catalyst-process compatibility

The compatibility between the feedstock, the reaction catalyst, and
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Table 4
Catalyst deactivation mechanisms and regeneration methods.
Deactivation Primary Cause Typical Manifestation Regeneration Method Remarks Ref.
Mechanism
Poisoning Chemisorption of strongly Loss of active sites; inhibition =~ Chemical washing, partial Effectiveness depends on poison type; [186,189-191]
bound impurities (e.g., S, P, Cl)  of reactant adsorption regeneration it may require pre-treatment protocols
Sintering Prolonged exposure to high Particle agglomeration; Minimally reversible; Nanoparticle sintering is often [186,192]
temperatures surface area reduction designed with thermal irreversible; it is mitigated via support
stability interaction
Fouling (Coking) Carbon deposition from Pore blockage; reduced mass ~ Oxidative regeneration at Requires precise temperature control [186,193]
unsaturated hydrocarbons transfer elevated temperature to avoid catalyst oxidation
Leaching Solubilization of metal Loss of active metal species Re-impregnation followed by =~ Common in aqueous-phase reactions; [186,194]
components in acidic/basic into the reaction phase calcination and activation leach-resistant supports may help
media
Mechanical Attrition, crushing, or thermal Loss of particle integrity; Often irreversible; complete Occurs in fixed-bed or fluidized [186,195]
Degradation stress support fracture replacement recommended systems; robust structural design

advised

the operating conditions critically influences biomass conversion into
petrochemical products and renewable energy. These interrelated fac-
tors together determine the nature and yield of the products produced.
However, due to the inherent complexity and variability of biomass
composition, which results in inconsistent catalyst performance and
product yield, uniform catalytic processing remains a major challenge,
ultimately limiting process optimisation [202]. To overcome this, a
synergistic relationship between the physicochemical properties of the
feedstock and the catalyst is essential for efficient biomass conversion.

Biomass feedstocks, which include industrial wastes, municipal
organic wastes, lignocellulosic plant biomass, animal wastes and fats,
and algae [203-205], have different physicochemical properties such as
oxygen content, moisture content, aromaticity, and inorganic impu-
rities. These properties have a major influence on the selection and
effectiveness of heterogeneous catalysts, particularly with regard to
catalyst selectivity, deactivation, and coking during the conversion
processes. For example, lignocellulosic biomass, a complex matrix con-
sisting mainly of cellulose (40-50 %), hemicellulose (25-30 %), and
lignin (10-20 %) with a small amount of ash and extractives [206] poses
a particular challenge. The rigid framework and the complex spatial
organization of lignin during depolymerisation favour severe conden-
sation reactions, forming complex products that prevent large-scale
application [207]. In addition, lignin-rich raw materials generate
phenolic intermediates that can poison acid catalysts or rapidly foul
active sites [208]. Different types of biomass are better suited for certain
conversion pathways (Fig. 12a). Ash-rich herbaceous feedstocks such as
corn stover are favoured in biochemical processes such as ethanol
fermentation, which mainly target cellulosic and hemicellulosic frac-
tions [209].

Conversely, thermochemical conversion processes favour low-ash,
lignin-rich woody biomass, which offers higher yields and a lower risk
of catalyst deactivation. Biomass with high lignin content usually re-
quires highly acidic catalysts that enable selective deoxygenation and
controlled structural degradation to increase biofuel production [210].
Furthermore, biomass often contains varying amounts of impurities such
as ash, water, and trace metals, depending on its origin and pre-
treatment. These impurities can severely impair catalytic performance.
For example, high moisture content in the feedstock during bio-oil
production can inhibit esterification or transesterification reactions by
promoting hydrolysis or dilution of intermediates, leading to soap for-
mation, deactivation of the catalyst, and lower conversion efficiency
[211]. In such cases, using catalysts developed for raw materials with
low FFA or moisture content is crucial. Alternatively, hydrophobic cat-
alysts such as copper or zeolite-based systems, or pre-drying treatment
of the feedstock, can be used. In addition, trace elements such as ni-
trogen, sulphur, and coke-forming species can be adsorbed onto the
catalyst’s active sites, leading to poisoning, fouling, or sintering, which
ultimately reduces the lifetime and effectiveness of the catalyst
[186,212]. Therefore, pretreatment processes aimed at reducing
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impurities are often necessary to ensure optimal compatibility between
the feedstock and the sensitive catalysts and to support both the effi-
ciency and durability of the biomass conversion processes.

Recent studies have shown that feedstocks from lipid-rich biomass
sources such as microalgae, animal fats, and used cooking oils favour
transesterification reactions and require catalysts with both basic and
hydrophobic properties to achieve high biodiesel yields [213,214].
Therefore, the choice of catalyst must be optimized not only for the
desired reaction pathway (e.g. hydrodeoxygenation, transesterification,
reforming, or pyrolysis), but also for the specific properties of the
feedstock. According to Naseef and Tulaimat [215], alkaline catalysts
work well with oils with low free fatty acids (FFA), but tend to form
soaps when used with raw materials with high FFA values. In contrast,
acidic catalysts are more suitable for high FFA oils due to their ability to
promote esterification reactions, although they are sensitive to the
presence of water. In addition to chemical compatibility, the feedstock’s
physical properties, including viscosity and structure, must also be
considered when developing or selecting catalysts. For example, bio-oils
produced by fast pyrolysis are highly viscous and therefore require
catalysts with hierarchical porous structures to enable efficient mass
transfer and prevent pore clogging [216,217]. Mesoporous zeolites such
as MCM-41, SBA-15, and hierarchical zeolites are particularly effective.
They offer a large surface area and adjustable pore sizes that accom-
modate bulky biomass intermediates [218,219]. As summarised in
Table 6, supported zeolite catalysts, including NiMo/zeolite and HZSM-
5, show exceptional hydrothermal stability and high selectivity for ar-
omatic hydrocarbons when used with palm oil and microalgae as feed-
stock, respectively [220,221].

In addition, hierarchical zeolites produced by desilication (e.g., ZSM-
5, HP) have been shown to provide consistent aromatic yields and su-
perior thermal stability, even over multiple regeneration cycles, an
essential property for lignocellulosic biomass such as beechwood and
kraft lignin [222,223]. Furthermore, carbonaceous catalysts such as
NiCe/ACy and Cu-Ni/graphite have shown high selectivity for methane
production and efficient syngas upgrading, emphasising the advantages
of carbonaceous supports for gas-phase reforming reactions [224,225].
In liquid-phase conversion, MOF catalysts such as MOF-5/SBA-15 and
ZIF-90-Gua exhibit excellent stability and high product yields, prom-
ising candidates for producing biodiesel and chemicals from oils and
alcohols [226,227]. Similarly, mesoporous catalysts such as Ni-Mo/
MCM-41 and Fe304@SBA-15@HPW have shown sustained activity and
longevity, providing effective and sustainable options for syngas and
biodiesel conversion [228,229]. These results emphasize that the
interplay between the catalyst’s physico-chemical properties and the
feedstock’s composition is crucial for the overall process’s conversion
efficiency, product selectivity, catalyst durability, and cost efficiency.
This is illustrated in Fig. 12b, which shows the catalyst performance
metric. Tailored catalyst design optimizing parameters such as surface
area, porosity, acidity/basicity, and thermal stability is necessary for



81

Table 5

Comparative performance of laboratory- and pilot-scale studies in biomass conversion to renewable energy and their industrial upscaling potential.

Scale

Catalyst type

Feedstock/Product Operational parameters Catalyst performance Practical remarks & upscaling potential Ref.
Lab Scale Heterogeneous catalysts (Modified Biomass/Lignin Catalysts under supercritical ethanol 28.95 % hydrocarbons conversion at a heating value of ~ Hydrodeoxygenation of LDB of 80.40 % was upgraded [230]
HZM-5 with Ni, Cu and Ru) derived bio-oil conditions (320 °C, 14 MPa 35.22 MJ/kg to 96.32 % energy recovery with potential for
(LDB) upscaling
Basic oxides (MgO, La;O3, MgO-  Bioglycerol/ 210 °C and 4.5 MPa 98.7 % conversion with 69.6 kJ mol- activation energy ~ High selectivity potential for upscaling [231]
La203, CaO and BaO) supported Propylene glycol
Cu—Zn bimetallic catalyst
Ni-Mo/Al,03 Biomass/green 325-375 °C, 35-70 bar, and H2/0il 92 % conversion, cetane number of 75, and light weight With a selectivity of 70-80 %, it has high potential for [232]
diesel ratio of 50 % at Liquid hour space  gases (5 %) and green naphtha (15 %) catalytic cracking at an industrial scale with less CO2
velocity of 0.5-3 per hour emission
Nanocatalysts eg K2CO3, Fe304 Biomass 260-300 °C, and 15-30 h Improve yield and energy value Potential for hydrothermal liquefaction and [233]
/bioenergy accelerated reaction rate in industrial applications
Ca0, HZSM-5, Fe/HZSM-5, Biomass/biocrude  catalyst-to-feedstock ratio of 0.15 Fe-HZSM-5 increased coke formation with CO2 Decarbonisation potential of catalytic pyrolysis with ~ [234]
w/w, 250-550 °C, 5-24 h adsorption and deposition. CaO has a low cost with high synergistic effect of CaO, Fe and HZSM-5 for industrial
deoxygenation of acids. The metal-doped catalyst yielded production has long-term sustainable solutions.
a low oil of 25.9 wt%.
Heterogeneous-based catalysts Biomass (Chinese 320 °C, inert atmosphere for 10 min High heat value (29.39 MJ/kg) and bio-oil yield (24.7 %) High recyclability potential of Fe-ZSM-5 recommended [235]
(Fe/Ni /ZSM-5) herb residue)/bio- with reduced oxygenation and aliphatic compounds in the for industrial application
oil bio-oil with yield of 73 %
Pilot scale Heterogeneous acid catalyst Biomass /Jet fuel  350-450 °C High yield of 30-75 % and moderate cost Ni-W/Si02-Al20 has the potential for upscaling bio-jet [236]
(CoMo and NiMo/Al,03) 3- 6 MPa, 100 h fuel systems
Ni/Cu/TiO, Glycerol/Proylene 20 % wt. glycerol concentration, 83 % conversion with 7 % reduction of total costand 71 % With low cost and potential for next-generation bio- [237]
glycol 200 °C-250 °C, and 3.5 MPa CO,, emission reduction refineries. Modelled on a pilot plant, and operational
conditions were validated
Activated carbon derived from Biomass/green 9000 kg/h federate, running time of Produced 3091 tons of green diesel, 862 activated carbon, Economically viable with a 14 % rate of return and a  [238]
spent coconut shell with 90 % CaO diesel 335 days/year, life span 20 years 4953 tons of coconut meal and 269 tons of tar annually  production efficiency of 47 % at a payback period of 7
years for refinery scale implementation
Alkaline-based catalysts of order =~ Municipal waste/  300-500 °C, 10-15 MPa, High yield with a profitability index of 5.5-6 and 31 %  Hydrothermal liquefaction pilot plant of municipal [239]

K»CO3 > KOH > NaOH and noble biocrude
metals (Fe, Cu, Ni)

return on investment at 20 years payback

waste with technoeconomic analysis and life cycle
assessment.
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Fig. 12. a. Biomass conversion roadmap to renewable energy sources. b. Radar chart for the catalyst performance metric.

developing tailored catalytic systems suitable for specific biomass
feedstocks. This approach is critical for the sustainable and economically
viable valorisation of biomass into renewable chemicals and fuels.

3. Economic and environmental evaluation of heterogeneous
catalysis

Extensive research highlights the economic and environmental ad-
vantages of heterogeneous catalysis across diverse sectors, encompass-
ing pivotal areas like the production of biofuels from biomass and the
generation of clean energy through catalytic mechanisms such as
decarboxylation, hydrogenation, and oxidation.

3.1. Economic evaluation of different biomass conversion methods for
energy production

The economic evaluation of catalytic conversion of biomass into
biofuels encompasses various aspects, including catalyst synthesis costs,
reactor design, and downstream processing efficiency, aimed at opti-
mizing overall process economics. Several studies have provided in-
sights into the technological and economic aspects of converting
biomass into biofuels through catalytic processes. Alzate, et al. [255]
showed that using several types of catalysts to make biorefineries more
economically viable is possible. Through comparative techno-economic
assessments, they showcased that incorporating catalytic processes in
biorefineries is economically feasible and could improve the formation
of different high-value products and fuel additives from lignocellulosic
materials. Similarly, Hakeem, et al. [256] conducted a thorough analysis
of the techno-economic factors related to biomass conversion using
biochemical methods. They focused on important characteristics, which
include production capacity, minimum selling price, conversion effi-
ciency, and profitability metrics. Biochemical methods such as bio-
methanation and fermentation are widely used to convert biomass into
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bioethanol and biogas, which are regarded as the most economically
feasible products derived from biomass processing. Although bioethanol
and biogas have become economically viable products, generating other
biofuels and chemicals still encounters obstacles like low conversion
rates, microbial strain limitations, and refining complexities. Studies on
ethanol production emphasize the crucial role of catalysts and biomass
feedstock in production costs [257].

Over a decade ago, Alonso, et al. [258] provided insights into cata-
lytic strategies for producing biofuels from biomass, highlighting the
importance of reducing the oxygen content of feedstock and creating
C—C bonds. Furthermore, suggestions like employing aldol condensa-
tion of ketones and oligomerisation of alkenes were proposed to facili-
tate the generation of hydrocarbons spanning gasoline, jet fuel, and
diesel fuel ranges. Recently, Yan, et al. [259] assessed a new catalytic
method for generating sustainable bio-gasoline from corn stover. Their
economic evaluation revealed a return on investment of 15.8 %,
affirming the economic viability and sustainability of waste biomass
conversion. Sensitivity analysis showed that bio-gasoline prices and raw
material costs significantly influence return on investment, emphasising
the critical role of catalytic processes in enhancing the economic feasi-
bility and efficiency of biomass conversion into biofuels. Similarly,
Bagnato and Sanna [260] conducted a study to evaluate the economic
feasibility of using catalytic hydrogenation to produce valuable chem-
icals and drop-in fuels from bio-oil obtained from lignocellulosic sour-
ces. When considering a plant’s operational lifespan of 30 years, the
techno-economic evaluation of the catalytic hydrogenation process
revealed promising profitability, with biofuels priced at 22.22 $/GJ for
gasoline and 18.87 $/GJ for diesel. Additionally, the analysis indicated a
return on investment of 69.18 % and a payback period of 2.48 years.

Techno-economic analyses provide a framework to elucidate the
intricate relationship between implementation strategies and economic
considerations. The economic assessment of producing biofuel from
agricultural and lipid-extracted algae via anaerobic digestion relies on
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Table 6
Comparison of feedstock materials, characteristics, preparation methods, and the specific performance of heterogeneous catalysts.
Feedstocks Catalysts Catalyst Physicochemical Properties Operating conditions for ~ Reaction results / Ref.
Synthesis method Surface Pore Stability performance assessment  Inference
area volume
(m*/g) (cm®/g)
Zeolite materials
Palm oil NiMo/Zeolite IEM 340 - High hydrothermal Rxn. T (°C) = 300-320 % Yield of biogasoline = [220]
stability Time (h) =1, 1.5, 2 11.93 %
The catalyst is stable at Reactor = BR
temperatures of up to
800 °C.
Chlorella HZSM-5 - 425 - - Fixed-bed reactor at 510 ~ Compared to non- [221]
vulgaris +5°C. catalytic pyrolysis, a
Biomass-to-catalyst larger quantity of
ratios of 1:1, 1:4, and aromatic hydrocarbons is
1:9 were used. extracted from the bio-
Nitrogen flow rate of 30  oil.
mL/min. When the catalyst
concentration increased
from 0 to 9 times the
biomass, the yield of
aromatic hydrocarbons
increased from 0.9 wt%
to 25.8 wt%.
Methanol KOH/4 A IWI - - The catalyst showed a Calcination T (°C) =700  Propylene carbonate [240]
molecular sieve sustained high selectivity for12h (PC) yield (%) = 58.7
towards DMC and the Pressure (MPa) = 3,
conversion of PO even Rxn. T (°C) = 180 Dimethyl carbonate
after multiple uses. Reaction Time (h) = 6 (DMC) yield
(%) = 16.8
Complete conversion of
PO was still possible, and Selectivity of PO to DMC
the catalyst experienced at (Spmc) = 16.8
least a 10 % change in PC
and DMC yield after eight
recycling cycles.
Waste tire Natural zeolite - 590 - - T (°C) = 300-600 Light hidrocarbon [241]
Time (min) = 25,30,60, (biogasoline, biodiesel)
85 12 %,
Reactor = BR
Cottonseed Y-Zeolite, - 25.6 0.08 - T (°C) = 480-540 Bigasoline (46-55 %) [242]
oil halloysite- Time (min) =1h
Yzeolite Reactor = FBR
Hierarchical zeolites
Beech wood ZSM-5 Desilication by a 406.8 0.058 The results also show that ~ CTF =10 The study shows that the ~ [222]
solution of 0.1-0.5 desilication has no aromatic yield of both
M NaOH significant effect on the the parent zeolites and
thermal stability of ZSM-5 the desilicated zeolites
zeolite, allowing thermal did not change
regeneration and significantly throughout
subsequent regeneration. the three regeneration
cycles.
Kraft lignin Hp Desilication by T (°C) = 500 [223]
Na,CO3 solution Pressure (bar) = 013 bar
CTF = 10
Rice straw HZSM5/MCM- Hybrid method in T (°C) =650 [243]
41 which ZSM-5 is Pressure (bar) =1.013
desiccated with W/D =1.0
2.0 M NaOH and
the surfactant is
CTAB.
Waste HZSM-5 Desilication by T (°C) = 600 [87]
cardboard 0.1-0.7 M NaOH Residence Time = 20 s
solutions. CTF = 2.0
Kraft lignin ZSM-5 Hybrid approach T (°C) = 600 [244]

(KL) and
Pyrolytic
lignin (PL)

Carbon materials

comprising the
dehydration of
ZSM5 with 0.2 M
NaOH and the
surfactant with
CTAB.
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Pressure (bar) =1.013
Residence Time (s) =30
s

CTF = 3 and 5

(continued on next page)
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Feedstocks Catalysts Catalyst Physicochemical Properties Operating conditions for ~ Reaction results / Ref.
Synthesis method Surface Pore Stability performance assessment  Inference
area volume
(m?%/g) (em®/g)
Cork wastes NiCe/ACy, IWI 403 0.12 - Hy/COy = 4:1 CHy (%) yield = 73 [224]
Rxn. T (°C) = 200-450.
PCO, = 0.16 bar CHj selectivity (%) =
GHSV = 86,100 86-97
mL-h~!.gcat™?
Natural Cu-Ni/graphite IWI 107 0.43 The durability and activity ~ Calcination T (°C) =600  Methanol conversion [225]
graphite of the catalyst developed Pressure (MPa) = 1.2 (%) =10.13
powder in this study for the direct ~ Rxn. T (°C) =100 DMC yield (%)/mmol =
synthesis of DMC in less Time (h) = 3 0.91
than 10 h were
comparatively high.
Methanol and Cu-Ni/ IWI 107 0.43 The catalyst synthesisedin ~ Calcination T (°C) = 600 Methanol conversion [245]
carbon MWCNTs this study showed good Pressure (MPa) = 1.2 (%) = 4.3
dioxide durability and activity in Rxn. T (°C) =120 DMC yield (%)/mmol =
the direct synthesis of Time (h) =3 3.74
DMC in less than 10 h
Metal-Organic Frameworks (MOFs)
Benzyl MOF-5/SBA-15 SG 571 0.68 The hydrostability of Catalyst = 100 mg 100 % conversion [226]
bromide MOF-5 increases T (°C) = 80
and toluene significantly when it is Time =3 h
enclosed. It remains stable
for up to 8 h under humid
conditions, while MOF-5
collapses in the bulk in
only 15 min.
Soybean oil ZIF-90-Gua SG 830.4 0.42 The solid catalyst was Methanol/oil molar Biodiesel yield (%) = [227]
easily recovered by ratio Time = 15:1 95.4
filtering and retained its T (°C) =65
catalytic activity after five ~ Catalyst amount = 1 wt
reuse cycles, indicating its %
good reusability.
Furfural M-MOF-808 IWI 1313 - A slight decrease in Calcination T (°C) = 600 Xco/% = 96.5 [246]
catalytic activity was Pressure (MPa) = 1.2 Scua/% = 86.6
observed in the second Rxn. T (°C) = 40 furfuryl (Fol) alcohol
cycle, with the conversion Time (h) = 24 product was formed.
rate dropping from about
75 % in the first cycle to
64 % in the second cycle.
During the following
catalytic cycles, the
conversion rate remained
constant at around 64 %.
Carbon MIL-53(Al)/ SG 1535 0.59 The catalysts were T (°C) = 300 CO,, Conversion (%) = 20 [247]
dioxide Fe 03 reported to be stable Mass of catalyst (g) = 1
enough under the selected CO,, Conversion (%) = Selectivity (%) =
reaction conditions. 20 CO = 20, CH4 = 41, Cy-
Cs =34,CyCy-=0,C"
=5
Carbon ZIF-8(a)(Zn)/ SG 1900 0.89 The catalysts were T (°C) = 300 CO,, Conversion (%) = 20 [247]
dioxide Fe,03 reported to be stable Mass of catalyst (g) = 1
enough under the selected CO,, Conversion (%) = Selectivity (%) =
reaction conditions. 20 CO = 23, CH4 = 21, Cy-
Cy =23, Cy-Cy =21,
cst =12
Mesoporous materials
Syngas Ni-3 %Mo/ IWI 473 0.28 The CH4 selectivity over T (°C) = 280 Xco/% = 100 [228]
MCM-41 the Ni-3 %Mo/M catalyst ~ WHSV (mLg 'h™) = Scua/% = 80
gradually decreased from 12,000 h
93 % to 89 % in the first Pressure (P/MPa) = 0.1
50 h and remained stable
at around 89 % for the
next 50 h.
Carbon Ni/MSN IWI 879 0.79 The Ni/MSN catalyst T (°C) = 280 Xco/% = 64.1 [248]
dioxide prepared in this study WHSV (mL g 'h ™) = Scra/% = 99.9

showed no deactivation
for the methanization
process during up to 200 h
of continuous operation.
The Ni/MSN catalyst is
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12,000 h
Pressure (P/MPa) = 0.1

(continued on next page)
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Feedstocks Catalysts Catalyst Physicochemical Properties Operating conditions for ~ Reaction results / Ref.
Synthesis method Surface Pore Stability performance assessment  Inference
area volume
(m?%/g) (em®/g)
resistant to coke formation
and has good stability
under the reaction
conditions.
Palm oil Fe304@SBA- IWI 374.329 0.85 The reusability of the Molar ratio of methanol Fe304@SBA-15-NH2- [229]
15@HPW catalysts was investigated.  to oil: 20:1. Rxn. T: HPW exhibited higher
After six cycles, the 150 °C. Catalyst catalytic activity than
Fe304@SBA- GM 290.517 0.56 grafting procedure amount: 4 wt%. Rxn. Fe30,@SBA-15@HPW.
15-NH2-HPW produced Fe304@SBA- time: 5 h. The yield of biodiesel
15-NH2-HPW with better reached over 91 %.
reusability and a yield of
more than 80 % biodiesel.
This suggests good
stability for this particular
catalyst under the reaction
conditions.
Ethanol SBA-15 SG 486 0.59 The coking deactivation Reaction: Ethanol At 400 °C and 50 % [249]
(Commercial) led to a slight reduction in ~ dehydration to ethanol feed, the
the catalytic activity of the  ethylene. catalytic activity for
POC-SBA-15(3) SG 508 0.63 fresh POC-SBA-15(5) ethanol dehydration was
catalyst after 105 h. LHSV: 4-20 mL/g/h. graded as follows: SBA-
POC-SBA-15(5) SG 537 0.71 15(Comm.) < POC-SBA-
Rxn. T: 200-400 °C. 15(3) < POC-SBA-15(7)
POC-SBA-15(7) SG 642 0.83 < POC-SBA-15(5).
Initial ethanol
concentration: 10-99.5 The highest ethylene
wt%. selectivity (84.70 %),
and ethanol conversion
(73.33 %) were achieved
with POC-SBA-15(5) at
400 °C, 50 wt% ethanol
feed, and LHSV of 16 mL/
g/h.
Soybean oil SBA-15-pr- HM 267 0.48 The DCOG-functionalized Rxn: Transesterification The conversion of [250]
DCOG) SBA-15 catalyst exhibited of soybean oil with soybean oil increased
good reusability for at methanol. with increasing DCOG
least. loading up to a DCOG/
Rxn Temperature: SBA-15 ratio of 5:2 (g/g).
65 °C.
A maximum oil
Methanol/oil molar conversion of 93.5 % was
ratio: 3:1 to 18:1. achieved with a
methanol/oil molar ratio
Catalyst amount: 1 to of 15:1, a catalyst
10 wt%. amount of 8 wt%, and a
reaction time of 15 h.
Rxn. time: 1 to 18 h.
Tonic Liquids
Rice Straw IL: - - - - Time = 10 min LA, 21 % to 46 % [251]
[C3SOsHMIM] T =180 °C;
[HSO4] Solvent: H,O
Catalyst:
S2082-/ZrO2—
Si0,-Sm,03
Bamboo IL: [C4(MIM),] - - - - Time = 60 min LA, 47,5 % [251]
[(2HSO4) T =100 °C;
(H2S04)4] Solvent: H,O
Paddy straw IL: - - - - Time = 45 min LA, 24 % [251]
[C3SOsHMIM] T =220°C;
[HSO4] Solvent: H,O
Catalyst: HCl
Pine Wood IL: [CoMIM]CL - - - - Time = 60 min 5-HMF, 71.6 % [252]
Catalyst: CrCl; T =100 °C;
Solvent: H,O
Cellulose IL: [CoMIM] - - - - T=120"°C; 5-HMF, 10 % [253]
[Cl] Solvent: H,O
Catalyst: CrCls
Glucose IL: [BMIM]C1 - - - - Time = 180 min 5-HMF, 78,8 % [254]
[AMIM]Cl T =100 °C;
[BMIM][BF,] Solvent: IrClz, CrCls
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Feedstocks Catalysts Catalyst Physicochemical Properties Operating conditions for ~ Reaction results / Ref.
Synthesis method Surface Pore Stability performance assessment  Inference
area volume
(m?%/g) (em®/g)
Catalyst: Boric
acid
Fructose IL: [BMIM]CI - — - - Time = 120 min 5-HMF, 92 % [254]
[BMIM]OH T =160 °C;
[CMIM][CI] Solvent: DMSO, EtOH,
Amberlyst-15
Sucrose IL: [AMIM]Cl - - - - Time = 60 min 5-HMF, 72-80 % [254]
[BMIM]Br T =120 °C;
[EMIM]Br Solvent: [NMP][HSO,4]
Catalyst:
H,S04
Corn Stalk IL: [C4(MIM),] - - - - Time = 60 min LA, 70 % [167]
[(2HSO4) T =95°C;
(H2S04)4]
Sugarcane IL: - - - - Time = 75 min LA, 55 % [167]
bagasse [BMIMSO3H] T=170°GC;
[HSO4] Solvent: H,O
Catalyst:
H,SO04

IEM - Ion Exchange Method, IWI — Incipient Wetness Impregnation, CP - Co-Precipitation; SG = Sol-Gel, SM - Solvothermal method, HM — Hydrothermal method.
SBA-15 - Santa Barbara amorphous type-material, HMS — Hexagonal mesoporous silica, MCM-41 — Mobil crystalline materials No 41, MSN — Mesostructured silica
nanoparticles, POC - Palm oil clinker, ZIF - zeolitic imidazolate framework-8, MIL - Materials Institute Lavoisier.

Abbreviations: CTAB: hexadecyltrimethylammonium bromide; TPAOH: Tetrapropylammonium hydroxide; CFT: Catalyst-to-feed ratio; Liquid hourly space velocity
(LHSV); HRTEM TEM (high-resolution transmission electron microscopy); IL: Ionic Liquid.

several factors, such as cultivation, harvesting, digester operation, pu-
rification costs, upscaling, and market rates for both the biofuel and
byproduct obtained from the digestate. These evaluations are particu-
larly significant given the projected rapid growth of the global biogas
production industry, which is expected to reach a value of $50 billion by
2026 [261,262]. The economics of anaerobic digestion are strongly
influenced by algae cultivation and harvesting expenses, from which
harvesting constitutes roughly 25-30 % of the overall production ex-
penses [263]. It is worth noting that many factors, including treatment
facilities, product upgrading, and unit operations considerations, shape
the feasibility of anaerobic digestion as a biomass conversion method.
Gebremariam, et al. [264] did a study to examine the techno-economic
performance of four catalyst technologies used in synthesizing biodiesel
from low-cost acid oil through transesterification. The catalysts exam-
ined included ionic liquid, enzyme, bulk calcium oxide (CaO), and
nano-calcium oxide. Out of these choices, the CaO-catalyzed method
showed better economic efficiency, with a higher internal rate of return
(IRR), return on investment (ROI), net present value (NPV), gross
margin, and lower total capital investment expenses. In contrast, the
method that utilises enzymes as catalysts was found to be economically
impractical because of the excessively expensive enzyme catalyst and
the need for a bigger reactor size. The enzyme catalyst had to be ac-
quired at a cost of less than 60 US$/kg in order for the process to be
financially viable. The method catalyzed by bulk CaO showed excep-
tional resistance to variations in biodiesel, oil, and catalyst prices,
maintaining profitability even when biodiesel is priced as low as $0.74
per kilogram, oil prices as high as $0.70 per kilogram, and catalyst ex-
penses reaching up to $7 per kilogram.

Advancing the understanding and application of catalysts in ther-
mochemical conversion processes for biomass holds significant promise
in the quest for renewable and carbon-neutral fuel sources. Ong, et al.
[265] examined the catalytic roles within various thermochemical
conversion methods such as carbonisation, pyrolysis, hydrothermal
liquefaction, and gasification, elucidating their influence on reaction
parameters and resultant product characteristics. In a complementary
vein, Solarte-Toro, et al. [266] offer insights into energy-driven appli-
cations and catalytic enhancements for woody biomass utilisation. Their
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study provides a comparative analysis of various thermochemical
pathways for converting woody biomass, focusing on techno-economic
considerations. The findings emphasised the superior performance of
gasification over combustion and pyrolysis in terms of techno-economic
viability. Additionally, advanced biofuels produced through Fischer-
Tropsch synthesis from biomass gasification have been evaluated for
their economic viability. Utilizing the framework established by Veipa,
et al. [267], a comprehensive techno-economic evaluation was con-
ducted on developing a synthetic Fisher-Tropsch (FT) fuel using biomass
gasification. Sixteen global studies on the production of FT fuel were
analysed, collecting detailed data on capital expenditures, operational
costs, revenue streams, raw material procurement, and product pricing.
Through the analysis of parameters exhibiting robust correlations, it was
deduced that higher production capacities of FT fuels corresponded to
reduced relative production costs (EUR/MWh) and capital investments.
Moreover, larger production capacities were associated with shorter
investment payback periods and enhanced production efficiency.
Notably, the cost of obtaining biomass emerged as the most significant
contributor to production costs, constituting 46.6 % of the total
expenditure.

These findings highlight the significance of integrating technical and
economic aspects into the catalytic conversion of biomass for biofuel
generation. Through thorough techno-economic evaluations, stake-
holders can gain insights crucial for informed decision-making
regarding investments, technology advancements, and optimization
strategies for heterogeneous catalytic processes. Hence, there is a need
for more research on the techno-economic evaluation of catalytic
biomass conversion to biofuels, with particular emphasis on the impact
of heterogeneous catalysts on the economic aspects of the conversion
process. The use of heterogeneous catalysts holds significant promise for
enhancing the economic viability of biomass conversion. Specifically,
these catalysts can lower overall costs, enable catalyst reuse, and reduce
the need for energy-intensive downstream purification processes.
Table 7 summarizes the economic implications associated with various
biomass conversion methods. From the data presented in Table 7, it can
be inferred that anaerobic digestion and in-situ transesterification are
generally more cost-effective for low-value biomass or waste streams,



LM.S. Anekwe et al.

Fuel Processing Technology 276 (2025) 108267

Table 7
Economic evaluation of different biomass conversion methods (summary).
Conversion Methods Techno-economic highlights Inference References
Anaerobic Digestion (Algae) e Major expenditures include cultivation, harvesting, digester ~ Efficient for algae-based biofuel, rapid productivity, [263]
operation, purification, upscaling, and market rates. significant biofuel in 3.5 h compared to other substrates
e - Harvesting: ~25-30 % of costs
Biodiesel from Microalgae e Catalyst concentration impacts costs Cost-effective at optimal catalyst concentration, lipid [268]
e 2 % KOH (optimum): $4.77/kg content crucial for cost reduction
o In-situ transesterification: $9.92/kg
e Enzymatic transesterification: $12.53/kg
e Lipid content increase: costs decrease from $0.89 to $0.59
per litre
Lipid Cane for Biodiesel Lipid cane provides a cheaper alternative to soybeans, [269]
promising economic returns. [268]
e Biodiesel cost: $0.59 - $0.89/L for lipid (2-20 %), which is
cheaper compared to soybean ($1.08/L)
o Ethanol from lipid cane: $0.40 - $0.46/L
e Soybean-based diesel: 15 % IRR
e Lipid-cane diesel: 13.7 % - 24.0 % IRR
Low-cost Acid Oil Biodiesel e Catalysts: bulk CaO, nano-CaO Bulk CaO catalyst offers the best economic performance; [264]
e CaO: Better economic efficiency homogeneous (enzyme) catalysts are too costly
e Homogeneous catalyst impractical: high costs, larger
reactor size
Anaerobic Digestion (Vinasse) e Initial investment costs for digesters and treatment units Significant initial investment, moderate return rate [270]
e H2S removal cost: $20,797
e Rate of return: 11 %
Biogas and Biomethane e Net cost: $6.29 (biomethane), $4.68 (biogas) Biomethane production is more costly than biogas, and has [273]
substantial profit potential
o Assumes 20-year lifespan, 11 % interest rate, 270 opera-
tional days/year
Fischer-Tropsch (FT) process e FT Net cost: $146/bbl, not comparable to: Fischer-Tropsch synthesis faces competitiveness issues, but [271]
e Traditional fossil fuels: $115 - $206,/bbl breakeven is achievable with careful planning.
Thermochemical conversion and e Breakeven cost of diesel via anaerobic digestion and Thermochemical conversion methods for transforming [272]
anaerobic digestion process thermochemical conversion: $1.30/L of diesel biomass into fuel are considered promising integrated
solutions.
Synthetic Fuel from Biomass e CAPEX, OPEX, revenue streams, raw material procurement, High production capacities and efficient resource use reduce [267]
Gasification product pricing costs, resulting in faster payback periods.
e Higher production capacities: reduced costs (EUR/MWh),
shorter payback, enhanced efficiency
Thermochemical Pathways for o Comparison of biomass conversion to liquid biofuels Gasification is preferred over combustion and pyrolysis for [266]

Biofuels

Economic evaluation of carbonisation, pyrolysis,

economic viability.

hydrothermal liquefaction, gasification

characteristics.

fuels

Influence on reaction conditions and resultant product

Economic challenges: competitiveness with fossil-derived

particularly when capital investment is minimal, and co-product valo-
rization is achievable [263,268-270]. In contrast, although catalytic
hydrogenation and gasification require higher initial capital costs, they
offer the advantage of long-term profitability by producing higher-value
chemicals and advanced biofuels [267]. The considerable influence of
harvesting costs in algae-based systems and the cost sensitivity to
catalyst type in acid oil conversion demonstrate that the choice of
feedstock and catalyst continues to be a crucial cost driver [263,264].
While enzymatic conversion methods are attractive from a green
chemistry perspective, they face substantial financial hurdles due to
their high material and operational costs [268]. Meanwhile, thermo-
chemical processes such as the Fischer-Tropsch synthesis become
economically favourable primarily at large production scales, where
capital expenditures can be amortized and production efficiencies
optimized [266,271,272]. According to these comparative insights,
techno-economic viability depends heavily on context and necessitates
compliance with end-use market conditions, catalyst technology, pro-
cess scale, and feedstock type.
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3.2. Environmental impacts and life cycle assessment (LCA) of different
biomass conversion methods — comparative study

Environmental concerns related to bioenergy can be addressed by
implementing emission control methods and source-reduction strategies
[274,275]. Life cycle assessment (LCA) methodology offers a compre-
hensive approach to environmental analysis, focusing on key impact
categories such as primary energy consumption (Net Energy Ratio, NER)
and global warming potential, which measures greenhouse gas emis-
sions [276]. The LCA analysis of biomass-to-biofuels conversion serves
dual objectives: optimizing process platforms and operational condi-
tions while assessing environmental impacts.

Sun, et al. [277] conducted a detailed Life cycle assessment (LCA) to
evaluate microalgae processing for biofuel production. Their study
explored five process platforms for producing biodiesel and biogas.
Biodiesel production involves three distinct platforms: trans-
esterification, hydrothermal liquefaction, and pyrolysis. Whereas biogas
recovery employed two platforms: anaerobic digestion (AD) with and
without pretreatment. Pyrolysis gave the maximum NER of 2.45 among
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Aspect Environmental Impact

Inference

Hazardous Chemical Risk
Energy Consumption

Waste Generation
Greenhouse Gas Emissions

Minimizes waste production

methanol consumption
Catalyst Recovery and Reuse
generation
Process Efficiency
Reaction Conditions
Environmental Footprint (LCA)
impact
Resource Efficiency
waste generation
Comparative Studies (Homogeneous vs.
Heterogeneous)
Pollution Prevention

over homogeneous catalysts
Effective in minimising pollution

Sustainability
environmental compatibility.

Reduces the risk of hazardous chemical spillage or leakage

Higher energy consumption compared to some processes

Potential for increased GHG emissions due to higher energy and
Enables recovery and reuse of catalysts, reducing by-product
Higher biodiesel yield and improved glycerine purity

Operates under milder reaction conditions
Requires a comprehensive LCA to assess the overall environmental

Promotes resource efficiency through catalyst recovery and minimal

Heterogeneous catalysts offer significant environmental advantages

Ongoing research aims to enhance performance, recyclability, and

Heterogeneous catalysts minimize the use of harmful
chemicals, enhancing safety

Requires more energy, potentially leading to fossil fuel
depletion

Eliminates the need for energy-intensive purification steps
Must be carefully managed to avoid negative environmental
impacts

Promotes resource efficiency and reduces waste

Results in better process efficiency and lower operating costs
Less energy-intensive and more environmentally friendly
Life Cycle Assessment is essential for a thorough evaluation.

Supports sustainable practices

More sustainable and cost-effective in the long term
Reduces reliance on hazardous substances, thus preventing
pollution

Advances in catalyst technology are critical for sustainable
development.

biodiesel production platforms, surpassing hydrothermal liquefaction
(1.25) and transesterification (1.52). Furthermore, pyrolysis showed the
highest greenhouse gas (GHG) emissions at 265.26 g CO, / MJ biofuel,
while hydrothermal liquefaction and transesterification demonstrated
lower emissions at —6.77 g COy / MJ biofuel and — 10.37 g CO, / MJ
biofuel, respectively. Regarding biogas production, AD without pre-
treatment reached the maximum net energy ratio (NER) of 1.27,
whereas AD with pretreatment had an NER of 0.71. Greenhouse gas
(GHG) emissions were approximately —60.83 g CO3 / MJ biofuel for AD
with pretreatment and — 173.02 g CO5 / MJ biofuel for AD without
pretreatment.

Biochemical methods such as fermentation and biomethanation are
often praised for their environmental friendliness, attributed to their
reduced energy demands and moderate operational parameters in
contrast to thermochemical techniques [256]. However, certain
comparative studies have unveiled instances where thermochemical
processes exhibit reduced environmental footprints compared to bio-
logical methods, even under similar biomass, geographic location, and
temporal conditions [278,279]. For instance, Aberilla, et al. [280]
research shows that although thermochemical processes showed higher
overall environmental impacts, gasification demonstrated lower green-
house gas emissions than anaerobic digestion for rice and coconut
residues.

When assessing bioenergy systems as viable alternatives to fossil
fuels, measuring their environmental impacts using life cycle analysis
(LCA) is crucial. Recently, Das, et al. [281] performed an extensive
cradle-to-grave LCA, comparing fast pyrolysis combined with electro-
catalytic hydrogenation followed by centralised hydro-processing (Py-
ECH) with cellulosic fermentation. The study focused on key environ-
mental impact categories such as climate change, water scarcity, and
eutrophication. The findings revealed that liquid hydrocarbon produc-
tion via Py-ECH had significantly lower eutrophication potential and
water scarcity footprint than cellulosic ethanol production. Addition-
ally, greater use of renewable electricity reduced greenhouse gas emis-
sions in the Py-ECH process. Remarkably, when the renewable fraction
of grid electricity exceeded 87 %, the Py-ECH process exhibited lower
greenhouse gas emissions than cellulosic ethanol production. In a
separate study, Masoumi and Dalai [282] conducted an LCA to evaluate
algal biofuel production through a two-stage process involving hydro-
thermal liquefaction (HTL) and catalytic hydrodeoxygenation (HDO).
Initially, microalgae were converted into bio-crude oil using HTL in a
methanol-water system. This biocrude oil was then upgraded catalyti-
cally to produce algal biofuels. The application of HDO enhanced the
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bio-crude oil quality by reducing its oxygen content to 3.1 wt% and
increasing the higher heating value (HHV) to 42 MJ per kilogram of
biofuel. The LCA analysis showed that the greenhouse gas (GHG)
emissions performance of the resulting algal biofuel was —1.13 gCO2.¢q
per MJ, indicating a significant reduction in GHG emissions compared to
petroleum-based fuel production.

Heterogeneous catalyzed processes offer environmental benefits by
reducing the risk of hazardous chemical spillage or leakage and elimi-
nating the need for energy-intensive glycerine purification steps, thus
minimising waste generation. However, It is important to note that these
processes can inadvertently result in fossil fuel depletion and increased
greenhouse gas emissions because of their higher energy and methanol
consumption [283]. Despite the potential advantages of utilizing het-
erogeneous catalysts (such as biochar derived from biomass waste) in
biodiesel production, there’s a pressing need to assess their environ-
mental impact through life cycle analysis (LCA). Such an analysis is
essential for establishing the environmental benefits of waste-derived
heterogeneous catalysts over conventional ones [284]. The work con-
ducted by anak Erison, et al. [285] aimed to perform a life cycle
assessment (LCA) of palm-based cooking oil for biodiesel generation.
This was achieved using impregnated magnetic biochar derived from
waste palm kernel shell (PKS) as a catalyst. Their research aimed to
assess the environmental efficiency of biodiesel production using
impregnated magnetic biochar generated from waste PKS through two
LCA case studies. In Case 1, the primary focus of raw material processing
was the extraction of PKS from palm fruit bunches, whereas the
manufacturing of refined palm cooking oil was not included and had to
be bought separately. In contrast, Case 2 involved the extraction of PKS
and the manufacturing of refined palm cooking oil from fruit palm
bunches. Afterwards, the LCA case study with the minimal environ-
mental impact was determined. The findings of LCA results showed that
Case 1 (6.64 x 102 Pt) had significantly lower environmental impacts
compared to Case 2 (1.83 x 10° Pt). This implies that buying refined
palm oil for biodiesel production could reduce environmental impacts
by 64 % compared to producing biodiesel directly from raw fruit
bunches.

Although Life Cycle Assessment (LCA) is a reliable tool for assessing
the environmental impact of processes, there are still notable differences
in the studies analysed. These discrepancies can be attributed to several
interrelated factors. Firstly, defining system boundaries is crucial in
shaping the assessment results. While some studies limit their assess-
ment to the production phase, others take a broader perspective that
encompasses the entire life cycle from material extraction to waste
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disposal. As a result, inconsistent methodological approaches make
direct comparison between the studies difficult, as they each measure
different areas of emissions, resource utilisation, and environmental
impacts. In addition, the environmental performance of a process is
strongly influenced by the specification and characteristics of the
biomass feedstock. Factors such as moisture content, chemical compo-
sition, and the energy required to process the biomass significantly
impact emissions, process efficiency, and overall sustainability out-
comes. The reliability of the data further complicates comparisons, as
variations in the measurement of process efficiency, geographical con-
ditions, and energy source assumptions lead to significant fluctuations.
For example, using renewable electricity in the Py-ECH process reported
by Das, et al. [281] directly impacted the greenhouse gas (GHG) emis-
sions profile. Furthermore, studies often prioritise different categories of
environmental impacts, with GHG emissions, water use, and energy
efficiency usually emerging as primary metrics. Consequently, a process
such as pyrolysis might be considered optimal based on energy recovery
metrics, but performs less well when assessed on emissions-related
criteria. Given this complexity, it is important to critically evaluate
the scope, impact prioritisation, and data quality underpinning any LCA
study. Such contextual awareness is crucial to accurately interpret the
results and draw meaningful conclusions from comparative environ-
mental assessments.

Hence, heterogeneous catalysis stands out for its significant envi-
ronmental advantages over traditional methods. It effectively minimizes
waste production and pollution by enabling milder reaction conditions
and reducing reliance on hazardous substances. Moreover, the ability to
recover and reuse catalysts reduces by-product generation, fostering
resource efficiency and pollution prevention. Adopting environmentally
benign catalysts and sustainable solvents will further boost the eco-
friendliness of heterogeneous catalytic processes. Also, comprehensive
evaluations like life cycle analyses (LCA) could offer a thorough
assessment of the environmental impact of heterogeneous catalysis,
covering aspects like waste generation, greenhouse gas emissions, and
energy consumption throughout the process lifecycle. Ongoing research
and development efforts to enhance catalyst performance, recyclability,
and environmental compatibility will further propel the role of hetero-
geneous catalysis in advancing sustainable development. Table 8 pre-
sents a summary of the environmental impact of the biomass conversion
process.

4. Challenges and prospects of heterogeneous catalysis
4.1. Challenges of heterogeneous catalysis

The economic drive by anthropogenic and industrial activities,
mounting the demand for fossil fuel, makes environmental challenges
and carbon footprint inevitable in the conventional energy sector [286].
Herein, the pragmatic approach of replacing traditional fuels with
renewable energy is being hindered by various obstacles, especially in
developing countries. These setbacks include insufficient capital and
feedstocks, equipment design, and complex operational processes
impeded by limited resources [287,288]. In recent years, catalysis sci-
ence and technology have presented opportunities for directly using
catalysts for renewable energy production with net-zero emissions
[286,289,290]. However, homogeneous catalysts, being the most
widely used catalysts, are reportedly driven by high energy with low
reaction rates and are costly [291]. This signpost, heterogeneous catal-
ysis, is advantageous in offering sustainability and high production yield
with a quick reaction rate at lower temperatures and pressure [35,292].
Despite the high yields, the inability to separate heterogeneous catalysts
from the product streams based on the sensitivity to recycling or reusing
the catalyst makes it very challenging [293]. Notwithstanding, hetero-
geneous catalysts can be acidic, basic, or bifunctional (exhibiting both
acidic and basic properties) [294]. Whereby the feedstock matrices and
the morphological structure of the catalyst challenge the catalyst
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selectivity, product quality, yield, and reusability of the catalyst
[288,294,295]. This has intensified research to improve the stability of
the catalyst active sites by controlling the surface properties to favour
their infusibility and affinity [296]. This involves trapping the active
molecules with supports such as iron, silica, or alumina to promote the
pores of the catalysts.

In essence, acidic-based heterogeneous catalysts require long reac-
tion times and high temperatures, influencing their hydrophobicity
[297]. Meanwhile, the bifunctional heterogeneous catalysis, being non-
corrosive and cost-effective, can occur under mild conditions (biodiesel
production) [294,296]. The mixed or waste material-based heteroge-
neous catalysts can exhibit different phases than their reactants by
adhering to their surface. The reactant adsorbed onto the active phase of
the catalyst then creates chemical affinity, which affects the catalyst’s
efficacy and regeneration for reuse. However, modifying heterogeneous
catalysts has underlying mechanisms that can affect their performance
and product quality [288]. This has become very sensitive to engi-
neering highly active, cost-effective, and stable catalysts in the renew-
able energy sector. Meanwhile, the synergistic effect of radicals, excited
molecules, and charged species to reconcile with a stable heterogeneous
catalyst can influence its performance in accelerated reaction conditions
[35,288,297]. This affects the catalyst chemistry or characteristics,
especially its regeneration ability via electromagnetic induction or by
coating and immobilization of the catalysts placed in a microchannel
[35,294].

Furthermore, the applicability of heterogeneous catalysts can be
combined with the scavenging material of the reaction products, which
becomes very difficult to remove. This is critical in terms of catalyst
placement techniques that can facilitate the mass transfer within a short
period by either coating with beads or immobilizing with support
[287,288]. However, heterogeneous catalysis faces the challenge of
suitable support to form a packed bed, such as covalent support, self-
support, adsorbent, H-bonding, ionic interaction, polymer resin, and
non-conventional media [288]. However, using heterogeneous catalysts
in photocatalysis requires various electrochemical redox potentials. This
causes mass transport setbacks on the separation phase by adsorption
onto the solid surface, restricting the photons’ reaction with the catalyst.
Also, to enhance the reaction rate with scale-up product quality, the
chemistry of heterogeneous catalysis is very sensitive to high tempera-
ture, high pressure, and equipment design [296,298,299]. Therefore,
the process augmentation requires equipment integration with extra
capital investment. Likewise, activating the heterogeneous catalysts by
either photo-, microwave- or ultrasound-induced flow chemistry hastens
the interface construction is costly [300,301]. Ideally, the catalyst’s
surface area depends on the catalyst’s load or amount, whereby the
volume ratio requires a moderate catalyst load owing to the catalyst’s
active sites to propagate the reaction [300].

Moreover, the industrial-scale application of heterogeneous catalysts
is also limited by the parametric conditions of operation. The parametric
conditions, such as temperature, moisture quantity of the feedstock,
amount of the catalyst, and reaction time, affect the overall conversion
and reaction rate [35,288]. The morphological and molecular compo-
sitions are also significantly influenced by calcination temperature for
both acidic and basic heterogeneous catalysts [295,301]. Thus, the
amount of catalyst load required depends on the surface area owing to
the presence of active sites, which can influence the reaction rate and
product quality [287,301]. Generally, the primary properties of the
catalysts include the surface area, pore size, pore volume, and the active
sites that significantly influence catalytic activity [296,298,301]. A
study done at calcined temperatures between 600 and 700 °C of zirconia
(Zr0Os3), improved biodiesel yield from 77 % to 88 %, whereby at 800 °C
the yield reduced to 60 % [296]. This suggests that the catalyst structure
can be disintegrated at high temperatures, whereby the thermal treat-
ment restricts the gaseous dispersion and pores on the catalyst surface.
So, the development of a structural or morphological predictive model
via computational modeling and optimization of parametric conditions
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requires intensive research in catalyst synthesis and application [302].
4.2. Current perspective and prospects of heterogeneous catalysis

The prospects of heterogeneous catalysts via photo-, electro-, and
thermal-catalysis in converting COy into valuable products come in
handy to achieve a carbon-neutral economy. This offers multidisci-
plinary research interest in advancing heterogeneous catalytic technol-
ogies and engineering active sites and molecular level of the catalysts via
doping heteroatoms, morphological control, and surface functionaliza-
tion [35,301,302]. These factors indicate that CO5 will continue to be
abundant as long as fossil fuels remain the primary energy sources and
can be used as feedstock for conversion into hydrocarbons. In this light,
converting CO; into fuels and petrochemicals must be explored as a
sustainable alternative [303-306]. Various approaches for CO, con-
version have been investigated, including thermochemical, photo-
electrochemical, biochemical, and electrochemical processes, with
electrochemical strategies based on nanomaterials showing promise in
terms of conversion efficiency [303]. Xu, et al. [306] reported novel
carbon-supported Sn electrocatalysts with a tin size ranging from single
atoms to ultrasmall clusters to nanocrystallites for the conversion of CO,
to acetate, ethanol, and formate with a selectivity of over 90 % for each
of these chemicals. Using CO2 as a feedstock for fuel production not only
helps minimize global warming but also contributes to a circular carbon
economy that aligns with the concepts of green chemistry and sustain-
able development. Integrating biotechnology and catalysis is critical in
harnessing CO; for energy products to reduce reliance on fossil carbon
and carbon emissions into the atmosphere.

With an emphasis on considering heterogeneous catalysts for in-
dustrial applications, key factors such as catalytic activity, selectivity,
loading, reusability, and the ability to foster renewable energy produc-
tion play essential roles. Herein, boron-based catalysts, waste material-
based catalysts, carbon-based catalysts, acid and basic-based heteroge-
neous catalysts, transitional metal oxides, derivatives, mixed oxides and
derivatives, and alkaline metal oxides and derivatives are gaining
attention in heterogeneous catalysis research. Moreover, heterogeneous
catalysts supported with metal oxides can improve the surface area,
tunability, and morphology for remarkable product selectivity and cat-
alytic activities [294,296]. Emerging catalytic materials such as single-
atom catalysts (SACs) and ionic liquids (ILs) revolutionise heteroge-
neous catalysis for energy production. SACs offer high atom efficiency
and well-defined active sites, enabling superior selectivity and activity
in reactions like CO2 hydrogenation and biomass conversion. Ionic lig-
uids improve catalyst performance with tunable properties and thermal
stability by enhancing mass transfer and suppressing deactivation. When
integrated into solid supports, these materials boost recyclability and
reaction efficiency. Their continued development offers transformative
potential for next-generation, scalable, and carbon-neutral energy
technologies.

A modified heterogeneous catalyst, especially with natural compos-
ites or metal oxides, makes separation easier and is eco-friendly with less
environmental impact [288,296,298]. In addition, the transition from a
carbon-based economy towards a sustainable green economy requires
the development of catalytic technologies coupled with renewable en-
ergy [307]. This has more sustainability and environmental prospects
than conventional thermal technologies that utilize fossil fuels. For this
reason, exploiting photo- and electro-heterogeneity catalysis with
renewable energy (solar, hydro, wind, etc) offers considerable research
interest [288,299,302]. These include but are not limited to (i) the
synthesis and application of heterogeneous catalysis with renewable
energy sources and (ii) the technological advancement of plasma
catalysis and the use of electromagnetic fields to modulate catalytic
activity [296,298]. Also, integrating heterogeneous catalysis with
renewable technologies provides hope for the transition from photo-
catalytic reforming to sustainable energy development (e.g. green
hydrogen) [287,292,299]. The energy drive of heterogeneous catalysis
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in photocatalytic and electrocatalytic processes can be hindered by the
suitability of band gaps [308]. This has garnered significant attention to
modification techniques such as sulfonation, organic functionalization,
and post-transition metal grafting with either alkaline or calcined nat-
ural composites [308-310].

Furthermore, microalgae-derived biochar produced via pyrolysis
with high surface area, pore size, and presence of inorganics and func-
tional groups has been demonstrated to be a promising catalyst for
biodiesel = production via the transesterification  process
[35,295,308,309]. This presents a sustainable solution over conven-
tional catalysis to mitigate the current energy demand. Also, to enhance
the physicochemical properties, the microalgae-derived biochar catalyst
can be regenerated by either physical (steam treatment, CO, treatment)
or chemical activation (acidic, basic, or oxidation treatment)
[288,295,299]. Therefore, the prospect of developing a heterogeneous
catalyst such as biochar derivatives from biomass or microalgae for
biodiesel technology offers economic benefits for a sustainable envi-
ronment and carbon neutrality.

5. Conclusion and outlook

Heterogeneous catalysis has become a promising method for con-
verting biomass resources into clean, renewable energy. Heterogeneous
catalysis offers advantages over conventional techniques, such as
selectivity, reusability, and lower waste generation. The use of hetero-
geneous catalysts significantly improves the conversion efficiency,
product yield and quality of this process. Catalysts such as advanced
materials, including zeolites, MOF and mesoporous materials, improve
process efficiency and environmental sustainability by minimising
hazardous chemicals and energy consumption. Emerging catalytic ma-
terials, such as single-atom catalysts and ionic liquids, are transforming
heterogeneous catalysis by offering enhanced selectivity, greater sta-
bility, and superior atom efficiency. Their integration enhances perfor-
mance in key energy reactions such as CO: reduction and biomass
conversion. These materials hold strong potential for future scalable and
sustainable energy solutions. Analysing different catalysts for biomass
conversion shows that selecting the right heterogeneous catalysts is
crucial for the overall performance. In addition, optimisation of the
operating conditions is essential to achieve the desired conversion rates
and product distribution. Advancements in in-situ characterisation and
theoretical modeling have significantly deepened the mechanistic un-
derstanding of heterogeneous catalysis for renewable energy. These
tools enable real-time tracking of active species, structural evolution,
and reaction pathways under operational conditions. Coupled with in-
sights into catalyst deactivation and regeneration, they inform the
rational design of robust and scalable catalytic systems. Such integrated
approaches are essential for translating catalytic innovations into in-
dustrial bioenergy applications.

The economic and environmental assessment of biomass conversion
methods highlights their complexity and varying impacts. Anaerobic
digestion offers rapid biofuel yields, especially from algae, but faces high
cultivation and harvesting costs. Biodiesel production from microalgae
is viable with optimal catalyst use and sufficient lipid content, while
lipid cane presents a cost-effective alternative to traditional sources like
soybeans. Catalyst choice significantly influences economic feasibility,
with heterogeneous calcium oxide outperforming costly enzyme-based
options. Techno-economic factors such as catalyst cost, production
scale, and biofuel market value shape process viability. For instance,
Fischer-Tropsch synthesis can become profitable with strategic plan-
ning, and biomass gasification yields cost advantages at larger scales.
Environmentally, anaerobic digestion without pre-treatment offers the
highest net energy output and lowest emissions, while gasification has
lower emissions for certain biomasses. Catalysts play a key role in
optimizing both economic and ecological performance. Integrated as-
sessments and continued research are essential to advance biomass
conversion technologies for sustainable energy production.
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Catalytic conversion of biomass holds great potential for promoting
sustainable development and reducing GHG emissions. Catalytic pro-
cesses are crucial in capturing CO and converting it into useful products
like fuels or chemicals. This carbon regeneration into valuable resources
helps reduce greenhouse gas emissions and regenerates energy from
what would otherwise be waste. The conversion of CO into hydrocar-
bons presents a promising pathway towards achieving carbon neutrality
and advancing a sustainable circular economy. Furthermore, consid-
ering factors such as catalyst performance, production capacity, and
market dynamics to make informed decisions is critical to an effective
and improved biofuel production process. Continued research and
development efforts to improve catalyst performance, recyclability, and
environmental performance will be critical to advancing sustainable
biomass conversion and achieving carbon-neutral energy solutions.
Through comprehensive assessments and innovative approaches, the
potential of biomass as a renewable energy source can be fully realised
and contribute to global sustainability goals.

CRediT authorship contribution statement

Ifeanyi Michael Smarte Anekwe: Writing — review & editing,
Writing — original draft, Visualization, Validation, Supervision, Soft-
ware, Resources, Project administration, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Stephen Okiemute
Akpasi: Writing - original draft, Investigation, Formal analysis, Data
curation. Emmanuel Kweinor Tetteh: Writing — original draft, Inves-
tigation, Formal analysis, Data curation. Atuman Samaila Joel: Writing
— original draft, Investigation, Formal analysis, Data curation. Sherif
Ishola Mustapha: Writing — original draft, Investigation, Formal anal-
ysis, Data curation. Yusuf Makarfi Isa: Writing — review & editing,
Supervision, Resources.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

References

[1] J. Zhao, K. Dong, X. Dong, M. Shahbaz, How renewable energy alleviate energy
poverty? A global analysis, Renew. Energy 186 (2022) 299-311.

[2] P. IEA, World Energy Outlook 2022, International Energy Agency (IEA), Paris,
France, 2022.

[3] Z. Adali, M.S.S. Danish, Investigation of the nexus between the electricity

consumption and the ecological footprint, in: Circular Economy and the Energy

Market: Achieving Sustainable Economic Development Through Energy Policy,

Springer, 2022, pp. 79-89.

B. Elser, M. Ulbrich, Taking the European Chemical Industry into the Circular

Economy, Accenture, Amsterdam, The Netherlands, 2017.

[5] D. Sutton, B. Kelleher, J.R. Ross, Review of literature on catalysts for biomass
gasification, Fuel Process. Technol. 73 (3) (2001) 155-173.

[6] H. Wang, H. Zhou, Q. Yan, X. Wu, H. Zhang, Superparamagnetic nanospheres

with efficient bifunctional acidic sites enable sustainable production of biodiesel

from budget non-edible oils, Energ. Conver. Manage. 297 (2023) 117758,

https://doi.org/10.1016/j.enconman.2023.117758, 12/01,/2023.

M. Arai, F. Zhao, Metal Catalysts Recycling and Heterogeneous/Homogeneous

Catalysis vol. 5, MDPI, 2015, pp. 868-870.

[8] LM.S. Anekwe, Y.M. Isa, B. Oboirien, Bioethanol as a potential eco-friendlier

feedstock for catalytic production of fuels and petrochemicals, J. Chem. Technol.

Biotechnol. 98 (9) (2023) 2077-2094.

Y. Wu, et al., Benzene, toluene, and xylene (BTX) production from catalytic fast

pyrolysis of biomass: a review, ACS Sustain. Chem. Eng. 11 (32) (2023)

11700-11718.

[10] K. Iisa, et al., From biomass to fuel blendstocks via catalytic fast pyrolysis and

hydrotreating: an evaluation of carbon efficiency and fuel properties for three
pathways, Energy Fuel 37 (24) (2023) 19653-19663.

[4

=

[7

—

[9

—_

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

Fuel Processing Technology 276 (2025) 108267

Z. Hu, et al., Enhancement of the production of bio-aromatics from bamboo
pyrolysis: wet torrefaction pretreatment coupled with catalytic fast pyrolysis,

J. Anal. Appl. Pyrolysis 169 (2023) 105818.

Q. Fan, P. Fu, C. Song, Y. Fan, Valorization of waste biomass through
hydrothermal liquefaction: a review with focus on linking hydrothermal factors
to products characteristics, Ind. Crop. Prod. 191 (2023) 116017.

S. Mousavi, M. Damizia, R. Hamidi, P. De Filippis, B. de Caprariis, Techno-
economic assessment of gasoline production from Fe-assisted lignocellulosic
biomass hydrothermal liquefaction process with minimized waste stream, Energ.
Conver. Manage. 320 (2024) 118982.

F. Naaz, S. Samuchiwal, V. Dalvi, A. Bhattacharya, K.K. Pant, A. Malik,
Hydrothermal liquefaction could be a sustainable approach for valorization of
wastewater grown algal biomass into cleaner fuel, Energ. Conver. Manage. 283
(2023) 116887.

O.K. Siakpebru, et al., One-pot production of liquid hydrocarbons by catalytic
hydrodeoxygenation of lignocellulosic biomass using nickel loaded on zeolite-
based supports, Energy Fuel 38 (14) (2024) 13029-13038.

S. Chen, et al., Development of Ni-based catalyst for lipids hydrodeoxygenation to
prepare sustainable and renewable biofuel, ACS Sustain. Chem. Eng. 12 (40)
(2024) 14571-14589.

O. Ismail, et al., Hydro-deoxygenation of waste biomass pyrolysates on cobalt-
sulfided catalyst for the production of BTX fuels, Case Stud. Chem. Environ. Eng.
9 (2024) 100734.

S. Dutta, Catalytic transformation of carbohydrates into renewable organic
chemicals by revering the principles of green chemistry, ACS Omega 9 (25)
(2024) 26805-26825.

A.O. Adeoye, et al., Advanced techniques in upgrading crude bio-oil to biofuel, in:
Intelligent Transportation System and Advanced Technology, Springer, 2024,
pp. 321-353.

M. Valant, U. Luin, Chemistry of the iron-chlorine thermochemical cycle for
hydrogen production utilizing industrial waste heat, J. Clean. Prod. 438 (2024)
140681.

B. Ghorbani, S. Zendehboudi, Z.A. Afrouzi, O. Mohammadzadeh, Efficient
hydrogen production via electro-thermochemical process and solid oxide fuel
cell: thermodynamics, economics, optimization, and uncertainty analyses, Energ.
Conver. Manage. 307 (2024) 118175.

L. Tera, S. Zhang, G. Liu, A conceptual hydrogen, heat and power polygeneration
system based on biomass gasification, SOFC and waste heat recovery units:
energy, exergy, economic and emergy (4E) assessment, Energy 295 (2024)
131015.

L. Colelli, C. Bassano, N. Verdone, V. Segneri, G. Vilardi, Power-to-Gas: process
analysis and control strategies for dynamic catalytic methanation system, Energ.
Conver. Manage. 305 (2024) 118257.

L. E. A. IEA, World Energy Outlook 2023, IEA, Paris, 2023 issue Licence: CC BY
4.0 (report); CC BY NC SA 4.0 (Annex A). Accessed: May 5, 2024. [Online].
Available: https://www.iea.org/reports/world-energy-outlook-2023.

B.W. Chen, L. Xu, M. Mavrikakis, Computational methods in heterogeneous
catalysis, Chem. Rev. 121 (2) (2020) 1007-1048.

T. Mou, et al., Bridging the complexity gap in computational heterogeneous
catalysis with machine learning, Nat. Catal. 6 (2) (2023) 122-136.

C. Vogt, B.M. Weckhuysen, The concept of active site in heterogeneous catalysis,
Nat. Rev. Chem. 6 (2) (2022) 89-111.

M.O. Faruque, S.A. Razzak, M.M. Hossain, Application of heterogeneous catalysts
for biodiesel production from microalgal oil—a review, Catalysts 10 (9) (2020)
1025.

M.E. Kibar, L. Hilal, B.T. Capa, B. Bahcivanlar, B.B. Abdeljelil, Assessment of
homogeneous and heterogeneous catalysts in transesterification reaction: a mini
review, ChemBioEng Rev. 10 (4) (2023) 412-422.

A. Mukhtar, et al., Current status and challenges in the heterogeneous catalysis
for biodiesel production, Renew. Sustain. Energy Rev. 157 (2022) 112012.

V. Palma, D. Barba, M. Cortese, M. Martino, S. Renda, E. Meloni, Microwaves and
heterogeneous catalysis: a review on selected catalytic processes, Catalysts 10 (2)
(2020) 246.

J.N. Appaturi, et al., A review of the recent progress on heterogeneous catalysts
for Knoevenagel condensation, Dalton Trans. 50 (13) (2021) 4445-4469.

V.S. Marakatti, E.M. Gaigneaux, Recent advances in heterogeneous catalysis for
ammonia synthesis, ChemCatChem 12 (23) (2020) 5838-5857.

G. Li, R. Wang, J. Pang, A. Wang, N. Li, T. Zhang, Production of renewable
hydrocarbon biofuels with lignocellulose and its derivatives over heterogeneous
catalysts, Chem. Rev. 124 (6) (2024) 2889-2954.

X. Zhang, et al., Enabling heterogeneous catalysis to achieve carbon neutrality:
directional catalytic conversion of CO2 into carboxylic acids, Carbon Energy 6 (3)
(2024) e362.

R. Kandpal, R. Singh, Renewable energy sources — a review, ECS Trans. 107 (1)
(2022) 8133, https://doi.org/10.1149/10701.8133ecst.

M. Razeghi, A. Hajinezhad, A. Naseri, Y. Noorollahi, S.F. Moosavian, An overview
of renewable energy technologies for the simultaneous production of high-
performance power and heat, Future Energy 2 (2) (2023) 1-11.

S. Michaux, T. Vaden, J.M. Korhonen, J.T. Eronen, Bottom-up estimation of the
scope of tasks to completely phase out fossil fuels in Finland, Energ. Strat. Rev. 50
(2023) 101261.

L. Matejicek, L. Matejicek, Energy from fossil fuels: digital mapping of sources
and environmental issues, Assess. Energy Sources Using GIS (2017) 111-164.

L. Yildiz, 1.12 Fossil Fuels, 2018.

A.T.O. Ramirez, D.G.B. Rodriguez, N.L.B. Ospina, W.K. Lima, E. Campelo, A.M.M.
D.S. Sousa, Aspectos ambientales de los recursos naturales y su relacion con la


http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0005
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0005
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0010
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0010
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0015
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0015
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0015
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0015
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0020
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0020
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0025
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0025
https://doi.org/10.1016/j.enconman.2023.117758
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0035
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0035
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0040
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0040
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0040
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0045
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0045
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0045
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0050
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0050
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0050
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0055
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0055
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0055
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0060
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0060
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0060
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0065
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0065
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0065
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0065
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0070
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0070
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0070
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0070
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0075
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0075
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0075
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0080
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0080
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0080
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0085
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0085
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0085
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0090
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0090
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0090
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0095
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0095
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0095
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0115
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0115
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0115
https://www.iea.org/reports/world-energy-outlook-2023
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0130
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0130
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0135
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0135
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0150
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0150
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0155
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0155
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0155
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0160
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0160
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0165
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0165
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0170
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0170
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0170
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0175
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0175
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0175
https://doi.org/10.1149/10701.8133ecst
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0185
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0185
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0185
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0190
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0190
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0190
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0200
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0205

LM.S. Anekwe et al.

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

explotacion de combustibles fdsiles: una reflexion sobre la sostenibilidad, Fuentes
2 (2022) 43-54.

T.C.A. Silva, et al., Fossil fuel environmental contamination: a strategy using
radiocarbon, N-alkanes, and algae, Radiocarbon 63 (4) (2021) 1165-1173.

L.M. Smarte Anekwe, S.O. Akpasi, M.M. Mkhize, H. Zhou, R.T. Moyo, L. Gaza,
Renewable energy investments in South Africa: Potentials and challenges for a
sustainable transition-a review, Sci. Prog. 107 (2) (2024), 00368504241237347.
X. Hao, Y. Li, H. Wu, Ways to improve the efficiency of clean energy utilization:
does digitalization matter? Energ. Strat. Rev. 50 (2023) 101257.

IEA, Global Overview: Renewable Energy Consumption. https://www.iea.org/re
ports/renewables-2024/global-overview, 2025 (accessed May 11, 2025).

A.W. Bhutto, et al., Progress in the production of biomass-to-liquid biofuels to
decarbonize the transport sector-prospects and challenges, RSC Adv. 6 (38)
(2016) 32140-32170.

M. Schmela, et al., Advancements in solar technology, markets, and
investments—a summary of the 2022 ISA World Solar reports, Solar Compass 6
(2023) 100045.

S. Hemavathi, A. Shinisha, A study on trends and developments in electric vehicle
charging technologies, J. Energy Storage 52 (2022) 105013.

N.B. Barbosa, D.D.G. Nunes, A.A.B. Santos, B.A.S. Machado, Technological
advances on fault diagnosis in wind turbines: a patent analysis, Appl. Sci. 13 (3)
(2023) 1721.

P.V.S.S.A. Parimala, D. Sharma, R. Mathew, A comprehensive review on the
advances in renewable wind power technology, Wind Eng. 47 (2) (2023)
442-463.

P. Cui, W. Yang, W. Zhang, K. Zhu, J.D. Spitler, M. Yu, Advances in ground heat
exchangers for space heating and cooling: review and perspectives, Energy Built
Environ. 5 (2) (2024) 255-269.

D. Khojasteh, et al., A large-scale review of wave and tidal energy research over
the last 20 years, Ocean Eng. 282 (2023) 114995.

N. Klopci¢, I. Grimmer, F. Winkler, M. Sartory, A. Trattner, A review on metal
hydride materials for hydrogen storage, J. Energy Storage 72 (2023) 108456.

S. Sebastian, S. Wijewardane, S. Srinivasan, Recent advances in hydrogen
production, storage, and fuel cell technologies with an emphasis on inventions,
innovations, and commercialization, Solar Compass 8 (2023) 100065, https://
doi.org/10.1016/j.s0lcom.2023.100065.

V. Kindra, I. Maksimov, M. Oparin, O. Zlyvko, A. Rogalev, Hydrogen
technologies: a critical review and feasibility study, Energies 16 (14) (2023)
5482.

J. Zakzeski, B.M. Weckhuysen, Lignin solubilization and aqueous phase reforming
for the production of aromatic chemicals and hydrogen, ChemSusChem 4 (3)
(2011) 369-378, https://doi.org/10.1002/cssc.201000299.

1. Fechete, Y. Wang, J.C. Védrine, The past, present and future of heterogeneous
catalysis, Catal. Today 189 (1) (2012) 2-27, https://doi.org/10.1016/j.
cattod.2012.04.003.

L. Gnanasekaran, A. Priya, S. Thanigaivel, T.K. Hoang, M. Soto-Moscoso, The
conversion of biomass to fuels via cutting-edge technologies: explorations from
natural utilization systems, Fuel 331 (2023) 125668.

T.A. Saleh, A review on the technologies for converting biomass into carbon-
based materials: sustainability and economy, Bioresour. Technol. Rep. 25 (2024)
101771, https://doi.org/10.1016/j.biteb.2024.101771.

A.D. McNaught, A. Wilkinson, Compendium of Chemical Terminology, Blackwell
Science Oxford, 1997.

D.J. Macquarrie, D.B. Jackson, S. Tailland, K. Wilson, J.H. Clark, New organically
modified hexagonal mesoporous silicas: preparation and applications in catalysis,
in: A. Sayari, M. Jaroniec (Eds.), Studies in Surface Science and Catalysis vol. 129,
Elsevier, 2000, pp. 275-282.

W. Chen, P. Cai, H.C. Zhou, S.T. Madrahimov, Bridging homogeneous and
heterogeneous catalysis: phosphine-functionalized metal-organic frameworks,
Angew. Chem. 136 (12) (2024) e202315075.

X. Cui, W. Li, P. Ryabchuk, K. Junge, M. Beller, Bridging homogeneous and
heterogeneous catalysis by heterogeneous single-metal-site catalysts, Nat. Catal. 1
(6) (2018) 385-397.

Y. Zhao, K. Lu, H. Xu, L. Zhu, S. Wang, A critical review of recent advances in the
production of furfural and 5-hydroxymethylfurfural from lignocellulosic biomass
through homogeneous catalytic hydrothermal conversion, Renew. Sustain.
Energy Rev. 139 (2021) 110706.

Y.W. Chen, H.V. Lee, Recent progress in homogeneous Lewis acid catalysts for the
transformation of hemicellulose and cellulose into valuable chemicals, fuels, and
nanocellulose, Rev. Chem. Eng. 36 (2) (2020) 215-235.

P. Behera, L. Roy, Transition metals and their complexes as homogeneous
catalysts, in: Homogeneous Catalysis Concepts and Basics, Elsevier, 2024,

pp. 63-91.

D.K. Jambhulkar, R.P. Ugwekar, B.A. Bhanvase, D.P. Barai, A review on solid base
heterogeneous catalysts: preparation, characterization and applications, Chem.
Eng. Commun. 209 (4) (2022) 433-484.

K. Pant, R. Chandra, R. Tomar, Solid Base Catalysts: Synthesis, Characterization,
and Applications, John Wiley & Sons, 2025.

L. He, et al., A practical approach for enhanced biodiesel production using
organic modified montmorillonites as efficient heterogeneous hybrid catalysts,
Green Chem. 26 (10) (2024) 5954-5965.

C. Descorme, P. Gallezot, C. Geantet, C. George, Heterogeneous catalysis: a key
tool toward sustainability, ChemCatChem 4 (12) (2012) 1897-1906.

L. Li, J.S. Hargreaves, Heterogeneous Catalysis for Sustainable Energy, John
Wiley & Sons, 2022.

29

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]
[95]

[96]

[97]

[98]

[99]

[100]

Fuel Processing Technology 276 (2025) 108267

AM. Doyle, Z.T. Alismaeel, T.M. Albayati, A.S. Abbas, High purity FAU-type
zeolite catalysts from shale rock for biodiesel production, Fuel 199 (2017)
394-402.

Y.-Y. Wang, B.-H. Chen, High-silica zeolite beta as a heterogeneous catalyst in
transesterification of triolein for biodiesel production, Catal. Today 278 (2016)
335-343.

A.L. de Lima, C.M. Ronconi, C.J. Mota, Heterogeneous basic catalysts for
biodiesel production, Cat. Sci. Technol. 6 (9) (2016) 2877-2891.

D. Verboekend, J. Pérez-Ramirez, Design of hierarchical zeolite catalysts by
desilication, Cat. Sci. Technol. 1 (6) (2011) 879-890.

J. Lee, Y. Park, P. Kim, H. Kim, J. Yi, Preparation of NaCl-incorporated plugged
mesoporous silica using a cost-effective precursor and applications to the
hydrodechlorination of chlorinated hydrocarbons, J. Mater. Chem. 14 (6) (2004)
1050-1056.

A. Karlsson, M. Stoecker, R. Schmidt, Composites of micro-and mesoporous
materials: simultaneous syntheses of MFI/MCM-41 like phases by a mixed
template approach, Microporous Mesoporous Mater. 27 (2-3) (1999) 181-192.
M. Kruk, M. Jaroniec, S.H. Joo, R. Ryoo, Characterization of regular and plugged
SBA-15 silicas by using adsorption and inverse carbon replication and
explanation of the plug formation mechanism, J. Phys. Chem. B. 107 (10) (2003)
2205-2213.

P. Van Der Voort, et al., A new templated ordered structure with combined micro-
and mesopores and internal silica nanocapsules, J. Phys. Chem. B. 106 (23)
(2002) 5873-5877.

H. Zhang, R. Xiao, H. Huang, G. Xiao, Comparison of non-catalytic and catalytic
fast pyrolysis of corncob in a fluidized bed reactor, Bioresour. Technol. 100 (3)
(2009) 1428-1434.

H. Hernando, et al., Biomass catalytic fast pyrolysis over hierarchical ZSM-5 and
Beta zeolites modified with Mg and Zn oxides, Biomass Convers. Biorefinery 7
(2017) 289-304.

I.M.S. Anekwe, B. Oboirien, Y.M. Isa, Catalytic conversion of bioethanol over
cobalt and nickel-doped HZSM-5 zeolite catalysts, Biofuels Bioprod. Biorefin. 18
(3) (2024) 686-700.

Y. Luo, et al., Preparation of bio-jet fuels by a controllable integration process:
Coupling of biomass fermentation and olefin polymerization, Bioresour. Technol.
382 (2023) 129175, 2023/08/01, https://doi.org/10.1016/j.biortech.2023.1291
75.

S.-M. Deng, M.-H. Fan, T.-J. Wang, Q.-X. Li, Transformation of biomass into
aromatics with zeolite catalysts, Chin. J. Chem. Phys. 27 (3) (2014) 361-367.
K. Qiao, et al., Catalytic fast pyrolysis of cellulose in a microreactor system using
hierarchical zsm-5 zeolites treated with various alkalis, Appl. Catal. Gen. 547
(2017) 274-282.

S. Tang, C. Zhang, X. Xue, Z. Pan, D. Wang, R. Zhang, Catalytic pyrolysis of lignin
over hierarchical HZSM-5 zeolites prepared by post-treatment with alkaline
solutions, J. Anal. Appl. Pyrolysis 137 (2019) 86-95.

K. Ding, Z. Zhong, J. Wang, B. Zhang, M. Addy, R. Ruan, Effects of alkali-treated
hierarchical HZSM-5 zeolites on the production of aromatic hydrocarbons from
catalytic fast pyrolysis of waste cardboard, J. Anal. Appl. Pyrolysis 125 (2017)
153-161.

S. He, et al., Catalytic conversion of pure glycerol over an un-modified H-ZSM-5
zeolite to bio-based aromatics, Appl. Catal. Environ. 281 (2021) 119467.

V. Singh, S. Arumugam, A.P. Tathod, B.P. Vempatapu, N. Viswanadham,
Sustainable production of aromatics-rich gasoline stock from bio-glycerol over
hierarchically porous Zn-decorated HZSM-5 catalyst, Renew. Energy 217 (2023)
119180.

J.M. Miiller, et al., Solid-state dealumination of zeolites for use as catalysts in
alcohol dehydration, Micropor. Mesopor. Mater. 204 (2015) 50-57.

D. Serrano, R. Sanz, P. Pizarro, I. Moreno, S. Shami, Narrowing the mesopore size
distribution in hierarchical TS-1 zeolite by surfactant-assisted reorganization,
Microporous Mesoporous Mater. 189 (2014) 71-82.

Y. Zheng, X. Li, P.K. Dutta, Exploitation of unique properties of zeolites in the
development of gas sensors, Sensors 12 (4) (2012) 5170-5194.

B.E. Logan, et al., Microbial electrolysis cells for high yield hydrogen gas
production from organic matter, Environ. Sci. Technol. 42 (23) (2008)
8630-8640.

H.L. Andersen, L. Djuandhi, U. Mittal, N. Sharma, Strategies for the analysis of
graphite electrode function, Adv. Energy Mater. 11 (48) (2021) 2102693.

S. Zhang, et al., Commercial carbon cloth: an emerging substrate for practical
lithium metal batteries, Energy Storage Mater. 48 (2022) 172-190.

A. ElMekawy, H.M. Hegab, D. Losic, C.P. Saint, D. Pant, Applications of graphene
in microbial fuel cells: the gap between promise and reality, Renew. Sustain.
Energy Rev. 72 (2017) 1389-1403.

W. Liu, X. Wu, Ligin-derived graphene-like ultrathin carbon materials for ORR
catalysis, in: Journal of Physics: Conference Series vol. 2749(1), IOP Publishing,
2024, p. 012003.

L. Kong, et al., Catalytic pyrolysis characteristics of polystyrene by biomass char-
supported nanocatalysts, J. Anal. Appl. Pyrolysis 179 (2024) 106511, https://doi.
org/10.1016/j.jaap.2024.106511.

J. Pang, A. Wang, M. Zheng, T. Zhang, Hydrolysis of cellulose into glucose over
carbons sulfonated at elevated temperatures, Chem. Commun. 46 (37) (2010)
6935-6937.

P.-W. Chung, A. Charmot, O.M. Gazit, A. Katz, Glucan adsorption on mesoporous
carbon nanoparticles: effect of chain length and internal surface, Langmuir 28
(43) (2012) 15222-15232, https://doi.org/10.1021/1a3030364.


http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0210
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0210
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0220
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0220
https://www.iea.org/reports/renewables-2024/global-overview
https://www.iea.org/reports/renewables-2024/global-overview
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0240
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0240
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0255
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0255
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0255
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0260
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0260
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0265
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0265
https://doi.org/10.1016/j.solcom.2023.100065
https://doi.org/10.1016/j.solcom.2023.100065
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0275
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0275
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0275
https://doi.org/10.1002/cssc.201000299
https://doi.org/10.1016/j.cattod.2012.04.003
https://doi.org/10.1016/j.cattod.2012.04.003
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0290
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0290
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0290
https://doi.org/10.1016/j.biteb.2024.101771
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0300
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0300
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0310
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0310
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0310
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0315
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0315
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0315
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0335
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0335
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0335
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0340
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0340
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0350
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0350
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0355
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0355
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0370
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0370
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0375
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0375
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0385
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0385
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0385
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0410
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0410
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0410
https://doi.org/10.1016/j.biortech.2023.129175
https://doi.org/10.1016/j.biortech.2023.129175
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0420
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0420
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0425
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0425
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0425
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0430
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0430
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0430
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0440
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0440
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0450
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0450
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0455
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0455
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0455
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0460
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0460
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0465
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0465
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0465
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0470
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0470
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0475
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0475
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0480
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0480
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0480
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0485
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0485
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0485
https://doi.org/10.1016/j.jaap.2024.106511
https://doi.org/10.1016/j.jaap.2024.106511
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0495
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0495
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0495
https://doi.org/10.1021/la3030364

LM.S. Anekwe et al.

[101]

[102]

[103]
[104]
[105]
[106]
[107]
[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]
[128]

[129]

W. Deng, X. Tan, W. Fang, Q. Zhang, Y. Wang, Conversion of cellulose into
sorbitol over carbon nanotube-supported ruthenium catalyst, Catal. Lett. 133 (1)
(2009) 167-174, 2009/11/01, https://doi.org/10.1007/s10562-009-0136-3.

Y. Zhang, A. Wang, T. Zhang, A new 3D mesoporous carbon replicated from
commercial silica as a catalyst support for direct conversion of cellulose into
ethylene glycol, Chem. Commun. 46 (6) (2010) 862-864.

E.H. Falcao, F. Wudl, Carbon allotropes: beyond graphite and diamond, J. Chem.
Technol. Biotechnol. 82 (6) (2007) 524-531.

H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, The chemistry and
applications of metal-organic frameworks, Science 341 (6149) (2013) 1230444.
0.M. Yaghi, M. O’Keeffe, N.W. Ockwig, H.K. Chae, M. Eddaoudi, J. Kim, Reticular
synthesis and the design of new materials, Nature 423 (6941) (2003) 705-714.
S. Kitagawa, R. Kitaura, S.I. Noro, Functional porous coordination polymers,
Angew. Chem. Int. Ed. 43 (18) (2004) 2334-2375.

C.R. Kim, T. Uemura, S. Kitagawa, Inorganic nanoparticles in porous coordination
polymers, Chem. Soc. Rev. 45 (14) (2016) 3828-3845.

Z. Wang, S.M. Cohen, Postsynthetic modification of metal-organic frameworks,
Chem. Soc. Rev. 38 (5) (2009) 1315-1329.

B.F. Hoskins, R. Robson, Design and construction of a new class of scaffolding-like
materials comprising infinite polymeric frameworks of 3D-linked molecular rods.
A reappraisal of the zinc cyanide and cadmium cyanide structures and the
synthesis and structure of the diamond-related frameworks [N (CH3) 4][CulZnIl
(CN) 4] and Cul [4, 4, 4", 4"-tetracyanotetraphenylmethane] BF4. xC6H5NO2,
J. Am. Chem. Soc. 112 (4) (1990) 1546-1554.

G.B. Gardner, D. Venkataraman, J.S. Moore, S. Lee, Spontaneous assembly of a
hinged coordination network, Nature 374 (6525) (1995) 792-795.

O.M. Yaghi, H. Li, Hydrothermal synthesis of a metal-organic framework
containing large rectangular channels, J. Am. Chem. Soc. 117 (41) (1995)
10401-10402.

M. Munakata, T. Kuroda-Sowa, M. Maekawa, A. Hirota, S. Kitagawa, Building of
2D sheet of tetrakis (methylthio) tetrathiafulvalenes coordinating to copper (I)
halides with zigzag and helical frames and the 3D network through the S. cntdot.
cntdot. cntdot. S contacts, Inorg. Chem. 34 (10) (1995) 2705-2710.

D. Riou, O. Roubeau, G. Férey, Composite microporous compounds. Part I:
synthesis and structure determination of two new vanadium alkyldiphosphonates
(MIL-2 and MIL-3) with three-dimensional open frameworks, Micropor. Mesopor.
Mater. 23 (1-2) (1998) 23-31.

P. Silva, S.M. Vilela, J.P. Tome, F.A.A. Paz, Multifunctional metal-organic
frameworks: from academia to industrial applications, Chem. Soc. Rev. 44 (19)
(2015) 6774-6803.

N.V. Maksimchuk, O.V. Zalomaeva, 1.Y. Skobelev, K.A. Kovalenko, V.P. Fedin, O.
A. Kholdeeva, Metal-organic frameworks of the MIL-101 family as heterogeneous
single-site catalysts, Proc. R. Soc. A 468 (2143) (2012) 2017-2034.

S. Horike, M. Dinca, K. Tamaki, J.R. Long, Size-selective Lewis acid catalysis in a
microporous metal-organic framework with exposed Mn2+ coordination sites,
J. Am. Chem. Soc. 130 (18) (2008) 5854-5855.

K. Schlichte, T. Kratzke, S. Kaskel, Improved synthesis, thermal stability and
catalytic properties of the metal-organic framework compound Cu3 (BTC) 2,
Micropor. Mesopor. Mater. 73 (1-2) (2004) 81-88.

L. Alaerts, E. Séguin, H. Poelman, F. Thibault-Starzyk, P.A. Jacobs, D.E. De Vos,
Probing the Lewis acidity and catalytic activity of the metal-organic framework
[Cu3 (btc) 2]1(BTC= Benzene-1, 3, 5-tricarboxylate), Chemistry 12 (28) (2006)
7353-7363.

Y.-Z. Chen, R. Zhang, L. Jiao, H.-L. Jiang, Metal-organic framework-derived
porous materials for catalysis, Coord. Chem. Rev. 362 (2018) 1-23.

J. Kim, G.T. Neumann, N.D. McNamara, J.C. Hicks, Exceptional control of carbon-
supported transition metal nanoparticles using metal-organic frameworks,

J. Mater. Chem. A 2 (34) (2014) 14014-14027, https://doi.org/10.1039/
C4TA03050H.

Q. Wang, D. Astruc, State of the art and prospects in metal-organic framework
(MOF)-based and MOF-derived nanocatalysis, Chem. Rev. 120 (2) (2019)
1438-1511.

N. Rahmat, A.Z. Abdullah, A.R. Mohamed, A review: mesoporous Santa Barbara
amorphous-15, types, synthesis and its applications towards biorefinery
production, Am. J. Appl. Sci. 7 (12) (2010) 1579.

P. C. D. C. on Colloid, L. McCusker, F. Liebau, G. Engelhardt, Nomenclature of
structural and compositional characteristics of ordered microporous and
mesoporous materials with inorganic hosts:(IUPAC recommendations 2001),
Micropor. Mesopor. Mater. 58 (1) (2003) 3-13.

F. Liebau, Ordered microporous and mesoporous materials with inorganic hosts:
definitions of terms, formula notation, and systematic classification, Microporous
Mesoporous Mater. 58 (1) (2003) 15-72.

J.M. Fedeyko, D.G. Vlachos, R.F. Lobo, Understanding the differences between
microporous and mesoporous synthesis through the phase behavior of silica,
Micropor. Mesopor. Mater. 90 (1-3) (2006) 102-111.

C. Tang, et al., 3D hierarchical porous graphene-based energy materials:
synthesis, functionalization, and application in energy storage and conversion,
Electrochem. Energy Rev. 2 (2019) 332-371.

P. Qiu, B. Ma, C.-T. Hung, W. Li, D. Zhao, Spherical mesoporous materials from
single to multilevel architectures, Acc. Chem. Res. 52 (10) (2019) 2928-2938.
D. Zhao, J. Sun, Q. Li, G.D. Stucky, Morphological control of highly ordered
mesoporous silica SBA-15, Chem. Mater. 12 (2) (2000) 275-279.

E.-P. Ng, et al., Mineralizer effects on the physicochemical and catalytic
properties of AIMCM-41 mesoporous materials, Micropor. Mesopor. Mater. 297
(2020) 110016.

30

[130]
[131]
[132]
[133]

[134]

[135]
[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]
[147]

[148]

[149]

[150]

[151]

[152]

[153]
[154]
[155]

[156]

[157]
[158]
[159]
[160]

[161]

[162]

[163]

[164]

Fuel Processing Technology 276 (2025) 108267

A.H. Lu, F. Schiith, Nanocasting: a versatile strategy for creating nanostructured
porous materials, Adv. Mater. 18 (14) (2006) 1793-1805.

Y. Li, et al., Direct synthesis of Al- SBA-15 mesoporous materials via hydrolysis-
controlled approach, J. Phys. Chem. B. 108 (28) (2004) 9739-9744.

R.M. Martin-Aranda, J. Cejka, Recent advances in catalysis over mesoporous
molecular sieves, Top. Catal. 53 (2010) 141-153.

D. Zhao, et al., Triblock copolymer syntheses of mesoporous silica with periodic
50 to 300 angstrom pores, Science 279 (5350) (1998) 548-552.

A.C. Kresge, M.E. Leonowicz, W.J. Roth, J. Vartuli, J. Beck, Ordered mesoporous
molecular sieves synthesized by a liquid-crystal template mechanism, Nature 359
(6397) (1992) 710-712.

R. Huirache-Acuna, et al., SBA-15 mesoporous silica as catalytic support for
hydrodesulfurization catalysts, Materials 6 (9) (2013) 4139-4167.

N. Linares, et al., Synthesis of mesoporous metal complex-silica materials and
their use as solvent-free catalysts, New J. Chem. 35 (1) (2011) 225-234.

C. Lawrence, W. Thielemans, R. Mokaya, One step room temperature synthesis of
ordered mesoporous silica SBA-15 mediated by cellulose nanoparticles, J. Mater.
Chem. 20 (2) (2010) 320-325.

S.L. Suib, A review of recent developments of mesoporous materials, Chem. Rec.
17 (12) (2017) 1169-1183.

D. Zhao, Q. Huo, J. Feng, B.F. Chmelka, G.D. Stucky, Nonionic triblock and star
diblock copolymer and oligomeric surfactant syntheses of highly ordered,
hydrothermally stable, mesoporous silica structures, J. Am. Chem. Soc. 120 (24)
(1998) 6024-6036.

L.U. Okonye, K. Jalama, A. Hosaka, C. Watanabe, R. Meijboom, Rapid online
Fischer-Tropsch reaction monitoring using a modified frontier tandem micro-
reactor GC-MS system, Environ. Prog. Sustain. Energy 38 (4) (2019) 13079.

A. Yahyazadeh, A.K. Dalai, W. Ma, L. Zhang, Fischer-Tropsch synthesis for light
olefins from syngas: a review of catalyst development, Reactions 2 (3) (2021)
227-257.

J. Wei, et al., Directly converting CO2 into a gasoline fuel, Nat. Commun. 8 (1)
(2017) 15174.

Z. Zhou, P. Gao, Direct carbon dioxide hydrogenation to produce bulk chemicals
and liquid fuels via heterogeneous catalysis, Chin. J. Catal. 43 (8) (2022)
2045-2056.

T. Ikariya, I.D. Gridnev, Bifunctional transition metal-based molecular catalysts
for asymmetric C-C and C-N bond formation, Top. Catal. 53 (2010) 894-901.
P.L. Anelli, B. Czech, F. Montanari, S. Quici, Reaction mechanism and factors
influencing phase-transfer catalytic activity of crown ethers bonded to a
polystyrene matrix, J. Am. Chem. Soc. 106 (4) (1984) 861-869.

J. Thomas, T. Maschmeyer, B. Johnson, D. Shephard, Constrained chiral catalysts,
J. Mol. Catal. A Chem. 141 (1-3) (1999) 139-144.

E.L. Margelefsky, R.K. Zeidan, M.E. Davis, Cooperative catalysis by silica-
supported organic functional groups, Chem. Soc. Rev. 37 (6) (2008) 1118-1126.
R. Raja, J.M. Thomas, M.D. Jones, B.F. Johnson, D.E. Vaughan, Constraining
asymmetric organometallic catalysts within mesoporous supports boosts their
enantioselectivity, J. Am. Chem. Soc. 125 (49) (2003) 14982-14983.

P. Yu, J. He, C. Guo, 9-Thiourea Cinchona alkaloid supported on mesoporous
silica as a highly enantioselective, recyclable heterogeneous asymmetric catalyst,
Chem. Commun. 20 (2008) 2355-2357.

J.M. Fraile, J.I. Garcia, J.A. Mayoral, M. Roldén, Simple and efficient
heterogeneous copper catalysts for enantioselective C— H carbene insertion, Org.
Lett. 9 (4) (2007) 731-733.

S. Vijaikumar, A. Dhakshinamoorthy, K. Pitchumani, 1-Proline anchored
hydrotalcite clays: an efficient catalyst for asymmetric Michael addition, Appl.
Catal. Gen. 340 (1) (2008) 25-32.

A. Dhakshinamoorthy, M. Opanasenko, J. Cejka, H. Garcia, Metal organic
frameworks as heterogeneous catalysts for the production of fine chemicals, Cat.
Sci. Technol. 3 (10) (2013) 2509-2540.

M. Boronat, et al., A career in catalysis: Avelino Corma, ACS Catal. 12 (12) (2022)
7054-7123.

M.B. Gawande, K. Ariga, Y. Yamauchi, Single-atom Catalysts, Wiley Online
Library, 2021, p. 2100436.

T. Gan, D. Wang, Atomically dispersed materials: ideal catalysts in atomic era,
Nano Res. 17 (1) (2024) 18-38.

X. Liang, et al., Engineering the low-coordinated single cobalt atom to boost
persulfate activation for enhanced organic pollutant oxidation, Appl. Catal.
Environ. 303 (2022) 120877.

J. Shan, C. Ye, Y. Jiang, M. Jaroniec, Y. Zheng, S.-Z. Qiao, Metal-metal
interactions in correlated single-atom catalysts, Sci. Adv. 8 (17) (2022) eabo0762.
Y. Chen, S. Ji, C. Chen, Q. Peng, D. Wang, Y. Li, Single-atom catalysts: synthetic
strategies and electrochemical applications, Joule 2 (7) (2018) 1242-1264.

K. Qi, M. Chhowalla, D. Voiry, Single atom is not alone: metal-support
interactions in single-atom catalysis, Mater. Today 40 (2020) 173-192.

B. Qiao, et al., Single-atom catalysis of CO oxidation using Pt1/FeO x, Nat. Chem.
3 (8) (2011) 634-641.

J. Li, et al., Carbon-based single-atom catalysts derived from biomass: fabrication
and application, Adv. Colloid Interface Sci. 329 (2024) 103176, https://doi.org/
10.1016/j.cis.2024.103176.

L. Wang, et al., Catalysis and in situ studies of Rh1/Co304 nanorods in reduction
of NO with H2, ACS Catal. 3 (5) (2013) 1011-1019.

J. Ge, et al., Highly efficient metal-acid synergetic catalytic fractionation of
lignocellulose under mild conditions over lignin-coordinated N-anchoring Co
single-atom catalyst, Chem. Eng. J. 462 (2023) 142109.

H. Liu, et al., Lignin-based electrodes for energy storage application, Ind. Crops
Prod. 165 (2021) 113425.


https://doi.org/10.1007/s10562-009-0136-3
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0510
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0510
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0510
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0515
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0515
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0520
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0520
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0525
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0525
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0530
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0530
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0535
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0535
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0540
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0540
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0550
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0550
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0555
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0555
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0555
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0560
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0560
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0560
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0560
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0565
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0565
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0565
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0565
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0570
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0570
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0570
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0575
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0575
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0575
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0580
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0580
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0580
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0585
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0585
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0585
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0590
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0590
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0590
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0590
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0595
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0595
https://doi.org/10.1039/C4TA03050H
https://doi.org/10.1039/C4TA03050H
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0605
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0605
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0605
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0610
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0610
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0610
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0615
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0615
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0615
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0615
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0620
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0620
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0620
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0625
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0625
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0625
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0630
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0630
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0630
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0635
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0635
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0640
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0640
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0645
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0645
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0645
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0650
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0650
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0655
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0655
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0660
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0660
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0665
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0665
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0670
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0670
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0670
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0675
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0675
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0680
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0680
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0685
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0685
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0685
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0690
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0690
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0695
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0695
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0695
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0695
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0700
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0700
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0700
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0705
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0705
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0705
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0710
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0710
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0715
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0715
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0715
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0720
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0720
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0725
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0725
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0725
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0730
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0730
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0735
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0735
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0740
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0740
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0740
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0745
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0745
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0745
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0750
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0750
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0750
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0755
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0755
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0755
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0760
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0760
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0760
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0765
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0765
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0770
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0770
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0775
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0775
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0780
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0780
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0780
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0785
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0785
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0790
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0790
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0795
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0795
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0800
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0800
https://doi.org/10.1016/j.cis.2024.103176
https://doi.org/10.1016/j.cis.2024.103176
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0810
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0810
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0815
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0815
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0815
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0820
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0820

LM.S. Anekwe et al.

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]
[181]
[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

1.G. Wenten, A.V. Victoria, G. Tanukusuma, K. Khoiruddin, M. Zunita,
Simultaneous clarification and dehydration of crude palm oil using
superhydrophobic polypropylene membrane, J. Food Eng. 248 (2019) 23-27.
M. Zunita, D. Wahyuningrum, B. Bundjali, I.G. Wenten, R. Boopathy, The
performance of 1, 3-dipropyl-2-(2-propoxyphenyl)-4, 5-diphenylimidazolium
iodide based ionic liquid for biomass conversion into levulinic acid and formic
acid, Bioresour. Technol. 315 (2020) 123864.

S. Zhang, J. Sun, X. Zhang, J. Xin, Q. Miao, J. Wang, Ionic liquid-based green
processes for energy production, Chem. Soc. Rev. 43 (22) (2014) 7838-7869.
A. Vlachopoulos, et al., Poly (lactic acid)-based microparticles for drug delivery
applications: an overview of recent advances, Pharmaceutics 14 (2) (2022) 359.
F. Xu, et al., Transforming biomass conversion with ionic liquids: process
intensification and the development of a high-gravity, one-pot process for the
production of cellulosic ethanol, Energ. Environ. Sci. 9 (3) (2016) 1042-1049.
M. Zunita, R.D. Rhamadhani, Recent development of biomass conversion using
ionic liquid-based processes, ASEAN J. Chem. Eng. 21 (2) (2021) 249-271.

R. Wang, et al., In-situ characterization technologies and theoretical calculations
in carbon dioxide reduction: In-depth understanding of reaction mechanisms and
rational design of electrocatalysts, Coord. Chem. Rev. 533 (2025), https://doi.
org/10.1016/j.ccr.2025.216541.

J. Li, G. Johnson, S. Zhang, D. Su, In situ transmission electron microscopy for
energy applications, Joule 3 (1) (2019) 4-8, https://doi.org/10.1016/j.
joule.2018.12.007.

M.A. Deshmukh, A. Bakandritsos, R. Zboril, Bimetallic single-atom catalysts for
water splitting, Nanomicro Lett. 17 (1) (2024) 1, https://doi.org/10.1007/
540820-024-01505-2.

B. Sun, et al., In situ biosynthesis of biodegradable functional bacterial cellulose
for high-efficiency particulate air filtration, ACS Sustain. Chem. Eng. 10 (4)
(2022) 1644-1652, https://doi.org/10.1021/acssuschemeng.1¢07532.

1.M.S. Anekwe, S.O. Akpasi, E.M. Enemuo, D. Ashiegbu, S.I. Mustapha, Y.M. Isa,
Innovations in catalytic understanding: a journey through advanced
characterization, Mater. Today Catal. 7 (2024) 100061, https://doi.org/10.1016/
j-mtcata.2024.100061.

F. Studt, Grand Challenges in Computational Catalysis [Specialty Grand
Challenge], Front. Catal. 1 (2021), 2021.

L.D.B. Mandemaker, et al., Time-resolved in situ liquid-phase atomic force
microscopy and infrared nanospectroscopy during the formation of metal-organic
framework thin films, J. Phys. Chem. Lett. 9 (8) (2018) 1838-1844, https://doi.
org/10.1021/acs.jpclett.8b00203.

B.M. Weckhuysen, Z. Oztiirk, R.P. Brand, J.M. Boereboom, F. Meirer, vibrational
fingerprinting of defects sites in thin films of zeolitic imidazolate frameworks,
Chemistry 25 (34) (2019) 8070-8084, https://doi.org/10.1002/
chem.201806414.

S. Sinehbaghizadeh, A. Saptoro, S. Amjad-Iranagh, P. Naeiji, A.N.T. Tiong, A.
H. Mohammadi, A comprehensive review on molecular dynamics simulation
studies of phenomena and characteristics associated with clathrate hydrates, Fuel
338 (2023) 127201.

L. Alrhia, Molecular dynamics and catalysis (2476-2296), in: Journal of Fluid
Mechanics, 2022.

S.A. Adcock, J.A. McCammon, Molecular dynamics: survey of methods for
simulating the activity of proteins, Chem. Rev. 106 (5) (2006) 1589-1615.

J. Jin, et al., Catalytic pyrolysis of oil shale using tailored Cu@ zeolite catalyst and
molecular dynamic simulation, Energy 278 (2023) 127858.

F. Castro-Marcano, A.C. van Duin, Comparison of thermal and catalytic cracking
of 1-heptene from ReaxFF reactive molecular dynamics simulations, Combust.
Flame 160 (4) (2013) 766-775.

Q. Mao, A.C. Van Duin, K. Luo, Investigation of methane oxidation by palladium-
based catalyst via ReaxFF Molecular Dynamics simulation, Proc. Combust. Inst.
36 (3) (2017) 4339-4346.

R. Kumar, S. Kumar, A.J. Kailath, R.K. Sahu, Mechanistic investigation of
hydrogen generation from water and magnesium catalyst reaction: advanced
reactive molecular dynamics simulation, Int. J. Hydrogen Energy 52 (2024)
1440-1445.

M.D. Argyle, C.H. Bartholomew, Heterogeneous catalyst deactivation and
regeneration: a review, Catalysts 5 (1) (2015) 145-269 [Online]. Available:
https://www.mdpi.com/2073-4344/5/1/145.

Y. Shi, E. Xing, K. Wu, J. Wang, M. Yang, Y. Wu, Recent progress on upgrading of
bio-oil to hydrocarbons over metal/zeolite bifunctional catalysts, Cat. Sci.
Technol. 7 (12) (2017) 2385-2415.

S. Cheng, L. Wei, X. Zhao, J. Julson, Application, deactivation, and regeneration
of heterogeneous catalysts in bio-oil upgrading, Catalysts 6 (12) (2016) 195
[Online]. Available: https://www.mdpi.com/2073-4344/6/12/195.

J. Oudar, Deactivation and Poisoning of Catalysts, CRC Press, 1985.

L. Hegedus, R. McCabe, Catalyst poisoning, in: Studies in Surface Science and
Catalysis vol. 6, Elsevier, 1980, pp. 471-505.

J.B. Butt, Catalyst poisoning and chemical process dynamics, in: Progress in
Catalyst Deactivation: Proceedings of the NATO Advanced Study Institute on
Catalyst Deactivation, Algarve, Portugal, May 18-29, 1981, Springer, 1982,

pp. 153-208.

R.J. Liu, P.A. Crozier, C.M. Smith, D.A. Hucul, J. Blackson, G. Salaita, Metal
sintering mechanisms and regeneration of palladium/alumina hydrogenation
catalysts, Appl. Catal. Gen. 282 (1) (2005) 111-121, https://doi.org/10.1016/j.
apcata.2004.12.015.

D.L. Trimm, The regeneration or disposal of deactivated heterogeneous catalysts,
Appl. Catal. Gen. 212 (1) (2001) 153-160, https://doi.org/10.1016/50926-860X
(00)00852-8.

31

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

Fuel Processing Technology 276 (2025) 108267

I. Sddaba, M.L. Granados, A. Riisager, E. Taarning, Deactivation of solid catalysts
in liquid media: the case of leaching of active sites in biomass conversion
reactions, Green Chem. 17 (8) (2015) 4133-4145.

S. Han, et al., Investigation of mechanical degradation in catalyst-coated
reinforced membranes under in-situ hydrothermal cycles, Int. J. Hydrogen Energy
58 (2024) 279-288.

P. Lamers, Overview of the U.S. Department of Energy (DOE) Bioenergy
Technologies Office (BETO) and its National Laboratories - IEA Bioenergy Task
45: Triennium 2019-2021: Work Area Interests and Potential Contributions,
National Renewable Energy Lab. (NREL), Golden, CO (United States), United
States, 2019 [Online]. Available: https://www.osti.gov/biblio/1505555 htt
ps://www.osti.gov/servlets/purl/1505555.

D. O’Connor, Advanced Biofuels - GHG Emissions and Energy Balances. A Report
to IEA Bioenergy Task 39 (no.;TRN: XY130A553), IEA:; IEA Bioenergy Agreement
Operating Agent (Canada), 2013. Task 39, Commercializing liquid biofuels from
biomass (in English). (p. Medium: ED; Size: 142 page(s)).

D. Humbird, Process design and economics for biochemical conversion of
lignocellulosic biomass to ethanol, Tech. Rep. (2011) 40-43.

K. Van der Borght, V.V. Galvita, G.B. Marin, Ethanol to higher hydrocarbons over
Ni, Ga, Fe-modified ZSM-5: effect of metal content, Appl. Catal. Gen. 492 (2015)
117-126.

J. Zhou, J. Zhao, J. Zhang, T. Zhang, M. Ye, Z. Liu, Regeneration of catalysts
deactivated by coke deposition: a review, Chin. J. Catal. 41 (7) (2020)
1048-1061, https://doi.org/10.1016/51872-2067(20)63552-5.

G. Bagnato, J. Horgan, A. Sanna, Techno-economic assessment of two-stage
hydropyrolysis of lignin for BTX production using iron-based catalysts, RSC
Sustain 3 (2025) 1448-1460, https://doi.org/10.1039/D4SUO0652F.

M.S. Akhtar, M.T. Naseem, S. Ali, W. Zaman, Metal-based catalysts in biomass
transformation: from plant feedstocks to renewable fuels and chemicals, Catalysts
15 (1) (2025) 40 [Online]. Available: https://www.mdpi.com/2073-4344
/15/1/40.

R. Aniza, W.-H. Chen, E.E. Kwon, Q.-V. Bach, A.T. Hoang, Lignocellulosic biofuel
properties and reactivity analyzed by thermogravimetric analysis (TGA) toward
zero carbon scheme: a critical review, Energ. Conver. Manage. 22 (2024) 100538,
https://doi.org/10.1016/j.ecmx.2024.100538.

S. Manikandan, et al., Critical review of biochemical pathways to transformation
of waste and biomass into bioenergy, Bioresour. Technol. 372 (2023) 128679,
https://doi.org/10.1016/j.biortech.2023.128679.

T.W. Walker, A.H. Motagamwala, J.A. Dumesic, G.W. Huber, Fundamental
catalytic challenges to design improved biomass conversion technologies,

J. Catal. 369 (2019) 518-525, https://doi.org/10.1016/j.jcat.2018.11.028.

K.B. Muritala, J.K. Adewole, Recent advances in the use of lignocellulosic biomass
in microbial fuel cells for electricity generation, Int. J. Sustain. Energy 41 (9)
(2022) 1262-1278, https://doi.org/10.1080/14786451.2022.2043859.

Q. Tian, et al., The driving force of biomass value-addition: Selective catalytic
depolymerization of lignin to high-value chemicals, J. Environ. Chem. Eng. 11 (3)
(2023) 109719, https://doi.org/10.1016/j.jece.2023.109719.

N.I Jeffri, N.F. Mohammad Rawi, M.H. Mohamad Kassim, C.K. Abdullah,
Unlocking the potential: Evolving role of technical lignin in diverse applications
and overcoming challenges, Int. J. Biol. Macromol. 274 (2024) 133506, https://
doi.org/10.1016/j.ijpbiomac.2024.133506.

C. Li, J.E. Aston, J.A. Lacey, V.S. Thompson, D.N. Thompson, Impact of feedstock
quality and variation on biochemical and thermochemical conversion, Renew.
Sustain. Energy Rev. 65 (2016) 525-536, https://doi.org/10.1016/j.
rser.2016.06.063.

Z. Wu, et al., Recent advances in the acid-catalyzed conversion of lignin, Biomass
Convers. Biorefin. 13 (1) (2023) 519-539, https://doi.org/10.1007/513399-020-
00976-8.

Z. Ullah, et al., Unveiling biodiesel production: exploring reaction protocols,
catalysts, and influential factors, ChemBioEng Rev. 11 (6) (2024) €202400028,
https://doi.org/10.1002/cben.202400028.

J.A. Okolie, R. Rana, S. Nanda, A.K. Dalai, J.A. Kozinski, Supercritical water
gasification of biomass: a state-of-the-art review of process parameters, reaction
mechanisms and catalysis, Sustain. Energy Fuel 3 (3) (2019) 578-598, https://
doi.org/10.1039/C8SE00565F.

M. Cerén Ferrusca, R. Romero, S.L. Martinez, A. Ramirez-Serrano, R. Natividad,
Biodiesel production from waste cooking oil: a perspective on catalytic processes,
Processes 11 (7) (2023) 1952 [Online]. Available: https://www.mdpi.com/
2227-9717/11/7/1952.

S. Zhang, L. Zhang, G. Xu, F. Li, X. Li, A review on biodiesel production from
microalgae: Influencing parameters and recent advanced technologies, Front.
Microbiol. 13 (2022), https://doi.org/10.3389/fmicb.2022.970028, 2022-July-
29 2022.

H.H. Naseef, R.H. Tulaimat, Transesterification and esterification for biodiesel
production: a comprehensive review of catalysts and palm oil feedstocks, Energ.
Conver. Manage. 26 (2025) 100931, https://doi.org/10.1016/j.
ecmx.2025.100931.

T.K. Dada, M. Sheehan, S. Murugavelh, E. Antunes, A review on catalytic
pyrolysis for high-quality bio-oil production from biomass, Biomass Convers.
Biorefin. 13 (4) (2023) 2595-2614, https://doi.org/10.1007/513399-021-01391-
3.

Nishu, et al., A review on the catalytic pyrolysis of biomass for the bio-oil
production with ZSM-5: focus on structure, Fuel Process. Technol. 199 (2020)
106301, https://doi.org/10.1016/j.fuproc.2019.106301.


http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0825
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0825
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0825
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0830
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0830
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0830
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0830
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0835
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0835
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0840
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0840
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0845
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0845
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0845
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0850
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0850
https://doi.org/10.1016/j.ccr.2025.216541
https://doi.org/10.1016/j.ccr.2025.216541
https://doi.org/10.1016/j.joule.2018.12.007
https://doi.org/10.1016/j.joule.2018.12.007
https://doi.org/10.1007/s40820-024-01505-2
https://doi.org/10.1007/s40820-024-01505-2
https://doi.org/10.1021/acssuschemeng.1c07532
https://doi.org/10.1016/j.mtcata.2024.100061
https://doi.org/10.1016/j.mtcata.2024.100061
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0880
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0880
https://doi.org/10.1021/acs.jpclett.8b00203
https://doi.org/10.1021/acs.jpclett.8b00203
https://doi.org/10.1002/chem.201806414
https://doi.org/10.1002/chem.201806414
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0895
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0895
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0895
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0895
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0900
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0900
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0905
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0905
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0910
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0910
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0915
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0915
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0915
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0920
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0920
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0920
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0925
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0925
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0925
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0925
https://www.mdpi.com/2073-4344/5/1/145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0935
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0935
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0935
https://www.mdpi.com/2073-4344/6/12/195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0945
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0950
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0950
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0955
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0955
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0955
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0955
https://doi.org/10.1016/j.apcata.2004.12.015
https://doi.org/10.1016/j.apcata.2004.12.015
https://doi.org/10.1016/S0926-860X(00)00852-8
https://doi.org/10.1016/S0926-860X(00)00852-8
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0970
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0970
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0970
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0975
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0975
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0975
https://www.osti.gov/biblio/1505555
https://www.osti.gov/servlets/purl/1505555
https://www.osti.gov/servlets/purl/1505555
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0985
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0985
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0985
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0985
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0990
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0990
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0995
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0995
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf0995
https://doi.org/10.1016/S1872-2067(20)63552-5
https://doi.org/10.1039/D4SU00652F
https://www.mdpi.com/2073-4344/15/1/40
https://www.mdpi.com/2073-4344/15/1/40
https://doi.org/10.1016/j.ecmx.2024.100538
https://doi.org/10.1016/j.biortech.2023.128679
https://doi.org/10.1016/j.jcat.2018.11.028
https://doi.org/10.1080/14786451.2022.2043859
https://doi.org/10.1016/j.jece.2023.109719
https://doi.org/10.1016/j.ijbiomac.2024.133506
https://doi.org/10.1016/j.ijbiomac.2024.133506
https://doi.org/10.1016/j.rser.2016.06.063
https://doi.org/10.1016/j.rser.2016.06.063
https://doi.org/10.1007/s13399-020-00976-8
https://doi.org/10.1007/s13399-020-00976-8
https://doi.org/10.1002/cben.202400028
https://doi.org/10.1039/C8SE00565F
https://doi.org/10.1039/C8SE00565F
https://www.mdpi.com/2227-9717/11/7/1952
https://www.mdpi.com/2227-9717/11/7/1952
https://doi.org/10.3389/fmicb.2022.970028
https://doi.org/10.1016/j.ecmx.2025.100931
https://doi.org/10.1016/j.ecmx.2025.100931
https://doi.org/10.1007/s13399-021-01391-3
https://doi.org/10.1007/s13399-021-01391-3
https://doi.org/10.1016/j.fuproc.2019.106301

LM.S. Anekwe et al.

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

M.F.M. Ahmad Zamri, et al., Progress and challenges of mesoporous catalysts in
upgraded pyrolysis of biomass for biofuel production, J. Anal. Appl. Pyrolysis 182
(2024) 106651, https://doi.org/10.1016/j.jaap.2024.106651.

Y. Zheng, J. Wang, D. Wang, Z. Zheng, Advanced catalytic upgrading of biomass
pyrolysis vapor to bio-aromatics hydrocarbon: a review, Appl. Energy Combust.
Sci. 10 (2022) 100061, https://doi.org/10.1016/j.jaecs.2022.100061.

M. Nasikin, B.H. Susanto, M.A. Hirsaman, A. Wijanarko, Biogasoline from palm
oil by simultaneous cracking and hydrogenation reaction over nimo/zeolite
catalyst, World Appl. Sci. J. 5 (2009) 74-79.

S. Thangalazhy-Gopakumar, S. Adhikari, S.A. Chattanathan, R.B. Gupta, Catalytic
pyrolysis of green algae for hydrocarbon production using H+ ZSM-5 catalyst,
Bioresour. Technol. 118 (2012) 150-157.

J. Li, et al., Catalytic fast pyrolysis of biomass with mesoporous ZSM-5 zeolites
prepared by desilication with NaOH solutions, Appl. Catal. Gen. 470 (2014)
115-122.

Y. Bi, X. Lei, G. Xu, H. Chen, J. Hu, Catalytic fast pyrolysis of Kraft lignin over
hierarchical HZSM-5 and Hp zeolites, Catalysts 8 (2) (2018) 82.

F. Mateus, P. Teixeira, J.M. Lopes, C. Henriques, C. Bacariza, CO2 methanation on
Ni catalysts supported over activated carbons derived from cork waste, Energy
Fuel 37 (12) (2023) 8552-8562.

J. Bian, M. Xiao, S. Wang, X. Wang, Y. Lu, Y. Meng, Highly effective synthesis of
dimethyl carbonate from methanol and carbon dioxide using a novel
copper-nickel/graphite bimetallic nanocomposite catalyst, Chem. Eng. J. 147
(2-3) (2009) 287-296.

J. Kou, L.-B. Sun, Fabrication of metal-organic frameworks inside silica
nanopores with significantly enhanced hydrostability and catalytic activity, ACS
Appl. Mater. Interfaces 10 (14) (2018) 12051-12059.

W. Xie, F. Wan, Guanidine post-functionalized crystalline ZIF-90 frameworks as a
promising recyclable catalyst for the production of biodiesel via soybean oil
transesterification, Energ. Conver. Manage. 198 (2019) 111922.

J. Zhang, Z. Xin, X. Meng, Y. Lv, M. Tao, Effect of MoO3 on the heat resistant
performances of nickel based MCM-41 methanation catalysts, Fuel 116 (2014)
25-33.

P. Zhang, P. Liu, M. Fan, P. Jiang, A. Haryono, High-performance magnetite
nanoparticles catalyst for biodiesel production: immobilization of 12-tungsto-
phosphoric acid on SBA-15 works effectively, Renew. Energy 175 (2021)
244-252.

B.-S. Li, B.-X. Feng, K.-Y. Wu, T.-H. Yang, Hydrodeoxygenation of lignin derived
bio-oil into aromatic hydrocarbons over Ni-Cu-Ru/HZSM-5 catalyst, J. Fuel
Chem. Technol. 51 (3) (2023) 358-365, https://doi.org/10.1016/51872-5813
(22)60016-6.

S. Mondal, P. Biswas, Conversion of bio-glycerol to propylene glycol over basic
oxides (MgO, La203, MgO-La203, CaO, and Ba0O2) supported Cu-Zn bimetallic
catalyst: a reaction kinetic study, Environ. Technol. Innov. 27 (2022) 102367,
https://doi.org/10.1016/j.eti.2022.102367.

S.L. Douvartzides, N.D. Charisiou, K.N. Papageridis, M.A. Goula, Green diesel:
biomass feedstocks, production technologies, catalytic research, fuel properties
and performance in compression ignition internal combustion engines, Energies
12 (5) (2019) 809 [Online]. Available: https://www.mdpi.com/1996-1073
/12/5/809.

B. Qiu, X. Tao, Y. Wang, D. Zhang, H. Chu, Hydrothermal liquefaction for
producing liquid fuels and chemicals from biomass-derived platform compounds:
a review, Environ. Chem. Lett. 23 (1) (2025) 81-115.

S. Gulshan, H. Shafaghat, H. Yang, P. Evangelopoulos, W. Yang, Enhanced
aromatic yield from WEEE via ex situ catalytic pyrolysis: a comparative study of
HZSM-5, Fe/HZSM-5, and CaO catalysts in single and dual modes, ACS Sustain.
Chem. Eng. 13 (15) (2025) 5493-5505, https://doi.org/10.1021/
acssuschemeng.4c08759.

H. Guan, et al., Catalytic hydrothermal liquefaction of Chinese herb residue for
the production of high-quality bio-oil, Int. J. Hydrogen Energy 48 (30) (2023)
11205-11213, https://doi.org/10.1016/j.ijhydene.2022.05.099.

M.V. Bukhtiyarova, E.N. Vlasova, G.A. Bukhtiyarova, Hydroprocessing of biomass
feedstock over sulfided CoMo-, NiMo-, and NiW-supported catalysts for bio-jet
fuel component production: a review, Sustain. Energy Fuels 8 (16) (2024)
3524-3544, https://doi.org/10.1039/D4SE00302K.

P. Sun, et al., Hydrogenolysis of glycerol to propylene glycol: energy, tech-
economic, and environmental studies, Front. Chem. 9 (2022) 778579, https://
doi.org/10.3389/fchem.2021.778579.

B. Ran, Y. Ma, H. Tian, Y. Zhu, C. Qi, L. Shang, The joint production of green
diesel and activated carbon from spent coconut shells (SCS): an energy techno-
economic and Life Cycle Assessment case for China, J. Clean. Prod. 472 (2024)
143319, https://doi.org/10.1016/j.jclepro.2024.143319.

R.H. Van Coller, Establishing a Techno-Economic Base Case for a Second
Generation Bio-Refinery: A South African Perspective, North-West University
(South Africa), 2023.

Y. Li, X.-Q. Zhao, Y.-J. Wang, Synthesis of dimethyl carbonate from methanol,
propylene oxide and carbon dioxide over KOH/4A molecular sieve catalyst, Appl.
Catal. Gen. 279 (1-2) (2005) 205-208.

A. Ayanoglu, R. Yumrutas, Rotary kiln and batch pyrolysis of waste tire to
produce gasoline and diesel like fuels, Energ. Conver. Manage. 111 (2016)
261-270.

V. Abbasov, T. Mammadova, N. Andrushenko, N. Hasankhanova, Y. Lvov,

E. Abdullayev, Halloysite-Y-zeolite blends as novel mesoporous catalysts for the
cracking of waste vegetable oils with vacuum gasoil, Fuel 117 (2014) 552-555.

32

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

Fuel Processing Technology 276 (2025) 108267

Z. Zhang, et al., Catalytic fast pyrolysis of rice straw to aromatics over
hierarchical HZSM-5 treated with different organosilanes, Energy Fuel 33 (1)
(2018) 307-312.

W. Wang, Z. Luo, S. Li, S. Xue, H. Sun, Novel micro-mesoporous composite ZSM-5
catalyst for aromatics production by catalytic fast pyrolysis of lignin residues,
Catalysts 10 (4) (2020) 378.

J. Bian, M. Xiao, S.-J. Wang, Y.-X. Lu, Y.-Z. Meng, Carbon nanotubes supported
Cu-Ni bimetallic catalysts and their properties for the direct synthesis of dimethyl
carbonate from methanol and carbon dioxide, Appl. Surf. Sci. 255 (16) (2009)
7188-7196.

A.H. Valekar, et al., Catalytic transfer hydrogenation of furfural to furfuryl
alcohol under mild conditions over Zr-MOFs: exploring the role of metal node
coordination and modification, ACS Catal. 10 (6) (2020) 3720-3732.

S. Hu, M. Liu, F. Ding, C. Song, G. Zhang, X. Guo, Hydrothermally stable MOFs for
CO2 hydrogenation over iron-based catalyst to light olefins, J. CO2 Util. 15
(2016) 89-95.

M. Aziz, A. Jalil, S. Triwahyono, R. Mukti, Y. Taufiq-Yap, M. Sazegar, Highly
active Ni-promoted mesostructured silica nanoparticles for CO2 methanation,
Appl. Catal. Environ. 147 (2014) 359-368.

Y.W. Cheng, C.C. Chong, C.K. Cheng, K.H. Ng, T. Witoon, J.C. Juan, Ethylene
production from ethanol dehydration over mesoporous SBA-15 catalyst derived
from palm oil clinker waste, J. Clean. Prod. 249 (2020) 119323.

W. Xie, X. Yang, M. Fan, Novel solid base catalyst for biodiesel production:
mesoporous SBA-15 silica immobilized with 1, 3-dicyclohexyl-2-octylguanidine,
Renew. Energy 80 (2015) 230-237.

M. Signoretto, S. Taghavi, E. Ghedini, F. Menegazzo, Catalytic production of
levulinic acid (LA) from actual biomass, Molecules 24 (15) (2019) 2760.

A. Brandt, J.P. Hallett, D.J. Leak, R.J. Murphy, T. Welton, The effect of the ionic
liquid anion in the pretreatment of pine wood chips, Green Chem. 12 (4) (2010)
672-679.

Q. Hou, M. Ju, W. Li, L. Liu, Y. Chen, Q. Yang, Pretreatment of lignocellulosic
biomass with ionic liquids and ionic liquid-based solvent systems, Molecules 22
(3) (2017) 490.

A. Chinnappan, C. Baskar, H. Kim, Biomass into chemicals: green chemical
conversion of carbohydrates into 5-hydroxymethylfurfural in ionic liquids, RSC
Adv. 6 (68) (2016) 63991-64002.

C.A.C. Alzate, J.C.S. Toro, A.G. Pena, Fermentation, thermochemical and catalytic
processes in the transformation of biomass through efficient biorefineries, Catal.
Today 302 (2018) 61-72.

1.G. Hakeem, et al., Techno-economic analysis of biochemical conversion of
biomass to biofuels and platform chemicals, Biofuels Bioprod. Biorefin. 17 (3)
(2023) 718-750.

A. Devi, A. Niazi, M. Ramteke, S. Upadhyayula, Techno-economic analysis of
ethanol production from lignocellulosic biomass-a comparison of fermentation,
thermo catalytic, and chemocatalytic technologies, Bioprocess Biosyst. Eng. 44
(2021) 1093-1107.

D.M. Alonso, J.Q. Bond, J.A. Dumesic, Catalytic conversion of biomass to
biofuels, Green Chem. 12 (9) (2010) 1493-1513.

D. Yan, J. Zhang, X. Lu, Q. Zhou, J. Xu, J. Xin, A techno-economic analysis of bio-
gasoline production from corn Stover via catalytic conversion, Clean Techn.
Environ. Policy (2021) 1-11.

G. Bagnato, A. Sanna, Process and techno-economic analysis for fuel and chemical
production by hydrodeoxygenation of bio-oil, Catalysts 9 (12) (2019) 1021.

S. Wainaina, et al., Resource recovery and circular economy from organic solid
waste using aerobic and anaerobic digestion technologies, Bioresour. Technol.
301 (2020) 122778.

F.J.G. Ortiz, Techno-economic assessment of supercritical processes for biofuel
production, J. Supercrit. Fluids 160 (2020) 104788.

A. Saravanan, et al., Techno-economic and environmental sustainability prospects
on biochemical conversion of agricultural and algal biomass to biofuels, J. Clean.
Prod. 414 (2023) 137749, https://doi.org/10.1016/j.jclepro.2023.137749.

S.N. Gebremariam, T. Hvoslef-Eide, M.T. Terfa, J.M. Marchetti, Techno-economic
performance of different technological based bio-refineries for biofuel production,
Energies 12 (20) (2019) 3916.

H.C. Ong, W.-H. Chen, A. Farooq, Y.Y. Gan, K.T. Lee, V. Ashokkumar, Catalytic
thermochemical conversion of biomass for biofuel production: a comprehensive
review, Renew. Sustain. Energy Rev. 113 (2019) 109266.

J.C. Solarte-Toro, J.A. Gonzalez-Aguirre, J.A.P. Giraldo, C.A.C. Alzate,
Thermochemical processing of woody biomass: a review focused on energy-
driven applications and catalytic upgrading, Renew. Sustain. Energy Rev. 136
(2021) 110376.

A. Veipa, V. Kirsanovs, A. Barisa, Techno-economic analysis of biofuel production
plants producing biofuels using Fisher Tropsch synthesis, Rigas Tehniskas
Universitates Zinatniskie Raksti 24 (2) (2020) 373-387.

H.Y. Heo, S. Heo, J.H. Lee, Comparative techno-economic analysis of
transesterification technologies for microalgal biodiesel production, Ind. Eng.
Chem. Res. 58 (40) (2019) 18772-18779, https://doi.org/10.1021 /acs.
iecr.9b03994.

Z. Navas-Anguita, D. Garcfa-Gusano, D. Iribarren, A review of techno-economic
data for road transportation fuels, Renew. Sustain. Energy Rev. 112 (2019)
11-26.

A.A. Longati, A.R. Lino, R.C. Giordano, F.F. Furlan, A.J. Cruz, Biogas production
from anaerobic digestion of vinasse in sugarcane biorefinery: a techno-economic
and environmental analysis, Waste Biomass Valoriz. 11 (2020) 4573-4591.
A.M. Elgarahy, A. Hammad, D.M. El-Sherif, M. Abouzid, M.S. Gaballah, K.

Z. Elwakeel, Thermochemical conversion strategies of biomass to biofuels,


https://doi.org/10.1016/j.jaap.2024.106651
https://doi.org/10.1016/j.jaecs.2022.100061
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1100
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1105
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1110
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1115
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1115
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1120
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1120
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1120
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1125
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1130
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1130
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1130
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1135
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1135
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1135
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1140
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1145
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1145
https://doi.org/10.1016/S1872-5813(22)60016-6
https://doi.org/10.1016/S1872-5813(22)60016-6
https://doi.org/10.1016/j.eti.2022.102367
https://www.mdpi.com/1996-1073/12/5/809
https://www.mdpi.com/1996-1073/12/5/809
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1165
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1165
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1165
https://doi.org/10.1021/acssuschemeng.4c08759
https://doi.org/10.1021/acssuschemeng.4c08759
https://doi.org/10.1016/j.ijhydene.2022.05.099
https://doi.org/10.1039/D4SE00302K
https://doi.org/10.3389/fchem.2021.778579
https://doi.org/10.3389/fchem.2021.778579
https://doi.org/10.1016/j.jclepro.2024.143319
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1195
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1200
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1200
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1200
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1205
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1210
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1210
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1210
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1215
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1220
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1220
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1220
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1225
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1225
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1225
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1225
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1230
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1235
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1240
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1240
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1240
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1245
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1250
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1255
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1255
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1260
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1260
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1260
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1265
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1265
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1265
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1270
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1270
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1270
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1275
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1275
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1275
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1280
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1280
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1280
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1285
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1285
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1285
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1285
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1290
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1290
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1295
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1295
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1295
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1300
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1300
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1305
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1310
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1310
https://doi.org/10.1016/j.jclepro.2023.137749
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1320
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1325
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1330
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1335
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1335
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1335
https://doi.org/10.1021/acs.iecr.9b03994
https://doi.org/10.1021/acs.iecr.9b03994
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1345
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1350
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1350
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1350

LM.S. Anekwe et al.

[272]

[273]

[274]

[275]

[276]

[277]
[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]
[287]

[288]

[289]

techno-economic and bibliometric analysis: a conceptual review, J. Environ.
Chem. Eng. 9 (6) (2021) 106503, https://doi.org/10.1016/j.jece.2021.106503.
A. Naqi, J.N. Kuhn, B. Joseph, Techno-economic analysis of producing liquid fuels
from biomass via anaerobic digestion and thermochemical conversion, Biomass
Bioenergy 130 (2019) 105395.

A. Alfonso-Cardero, J. Pagés-Diaz, F. Contino, K. Rajendran, J. Lorenzo-LLanes,
Process simulation and techno-economic assessment of vinasse-to-biogas in Cuba:
deterministic and uncertainty analysis, Chem. Eng. Res. Des. 169 (2021) 33-45.
X. Zhang, R.C. Brown, Introduction to thermochemical processing of biomass into
fuels, chemicals, and power, in: Thermochemical Processing of Biomass:
Conversion into Fuels, Chemicals and Power, 2019, pp. 1-16.

G. Morales, J. Iglesias, J.A. Melero, Sustainable Catalytic Conversion of Biomass
for the Production of Biofuels and Bioproducts 10, MDPI, 2020, p. 581.

R.Y. Kannah, S. Kavitha, O.P. Karthikeyan, E.R. Rene, G. Kumar, J.R. Banu,

A review on anaerobic digestion of energy and cost effective microalgae
pretreatment for biogas production, Bioresour. Technol. 332 (2021) 125055.
C.-H. Sun, et al., Life-cycle assessment of biofuel production from microalgae via
various bioenergy conversion systems, Energy 171 (2019) 1033-1045.

F. Ardolino, U. Arena, Biowaste-to-biomethane: an LCA study on biogas and
syngas roads, Waste Manag. 87 (2019) 441-453.

K. DeRose, C. DeMill, R.W. Davis, J.C. Quinn, Integrated techno economic and life
cycle assessment of the conversion of high productivity, low lipid algae to
renewable fuels, Algal Res. 38 (2019) 101412.

J.M. Aberilla, A. Gallego-Schmid, A. Azapagic, Environmental sustainability of
small-scale biomass power technologies for agricultural communities in
developing countries, Renew. Energy 141 (2019) 493-506.

S. Das, J.E. Anderson, R. De Kleine, T.J. Wallington, J.E. Jackson, C.M. Saffron,
Comparative life cycle assessment of corn Stover conversion by decentralized
biomass pyrolysis-electrocatalytic hydrogenation versus ethanol fermentation,
Sustainable Energy Fuels 7 (3) (2023) 797-811.

S. Masoumi, A.K. Dalai, Techno-economic and life cycle analysis of biofuel
production via hydrothermal liquefaction of microalgae in a methanol-water
system and catalytic hydrotreatment using hydrochar as a catalyst support,
Biomass Bioenergy 151 (2021) 106168, https://doi.org/10.1016/j.
biombioe.2021.106168.

F. E. Kiss, M. Jovanovi¢, and G. C. Boskovi¢, "Economic and ecological aspects of
biodiesel production over homogeneous and heterogeneous catalysts," Fuel
Process. Technol., vol. 91, no. 10, pp. 1316-1320, 2010/10 https://doi.org/10.10
16/j.fuproc.2010.05.001.

E. Gnansounou, J.K. Raman, Life cycle assessment of algae biodiesel and its co-
products, Appl. Energy 161 (2016) 300-308.

A.E. Anak Erison, et al., Life cycle assessment of biodiesel production by using
impregnated magnetic biochar derived from waste palm kernel shell, Environ.
Res. 214 (2022) 114149.

Z. Caineng, et al., Development, challenges and strategies of natural gas industry
under carbon neutral target in China, Pet. Explor. Dev. 51 (2) (2024) 476-497.
A. Bogaerts, G. Centi, V. Hessel, E. Rebrov, Challenges in unconventional
catalysis, Catal. Today 420 (2023) 114180.

S. Wactawek, V.V. Padil, M. Cernik, Major advances and challenges in
heterogeneous catalysis for environmental applications: a review, Ecol. Chem.
Eng. S 25 (1) (2018) 9-34.

V.J. Aimikhe, M.A. Adeyemi, A critical review of current conversion facilities and
research output on carbon dioxide utilization, MRS Energy Sustain. 11 (1) (2024)
1-64.

33

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]
[301]
[302]
[303]

[304]

[305]
[306]

[307]

[308]

[309]

[310]

Fuel Processing Technology 276 (2025) 108267

A.J. Nathanael, K. Kannaiyan, A.K. Kunhiraman, S. Ramakrishna, V. Kumaravel,
Global opportunities and challenges on net-zero CO 2 emissions towards a
sustainable future, React. Chem. Eng. 6 (12) (2021) 2226-2247.

N. Gupta, Cyclic carbonates: Treasure of fine chemicals obtained from waste
stream CO2 over carbon-based heterogeneous catalysts, Renew. Sustain. Energy
Rev. 193 (2024) 114297.

J. Lee, K.-Y.A. Lin, Bio-butanol production on heterogeneous catalysts: a review,
J. Taiwan Inst. Chem. Eng. 157 (2024) 105421.

N. Ghosh, M. Patra, G. Halder, Current advances and future outlook of
heterogeneous catalytic transesterification towards biodiesel production from
waste cooking oil, Sustain. Energy Fuels 8 (6) (2024) 1105-1152, https://doi.
0rg/10.1039/D3SE01564E.

V. Gupta, K.P. Singh, The impact of heterogeneous catalyst on biodiesel
production; a review, Mater. Today 78 (2023) 364-371.

V.K. Ponnumsamy, et al., A review on homogeneous and heterogeneous catalytic
microalgal lipid extraction and transesterification for biofuel production, Chin. J.
Catal. 59 (2024) 97-117.

D. Raising Rathod, et al., Prospects of novel heterogeneous base catalysts and
nanocatalysts in achieving sustainable biodiesel production, Int. J. Green Energy
21 (5) (2024) 1017-1042.

J.A. Melero, J. Iglesias, G. Morales, Heterogeneous acid catalysts for biodiesel
production: current status and future challenges, Green Chem. 11 (2009)
1285-1308.

L. Peng, et al., Magnetic graphene oxide supported tin oxide (SnO) nanocomposite
as a heterogeneous catalyst for biodiesel production from soybean oil, Renew.
Energy 224 (2024) 120050, https://doi.org/10.1016/j.renene.2024.120050.

S. Xu, X. Huang, H. Lu, Photocatalytic reforming of biomass for hydrogen
production: a comprehensive overview, Fuel Process. Technol. 255 (2024)
108057.

M.A. Fox, M.T. Dulay, Heterogeneous photocatalysis, Chem. Rev. 93 (1) (1993)
341-357.

S. Gisbertz, B. Pieber, Heterogeneous photocatalysis in organic synthesis,
ChemPhotoChem 4 (7) (2020) 456-475.

Y. Guan, et al., Machine learning in solid heterogeneous catalysis: recent
developments, challenges and perspectives, Chem. Eng. Sci. 248 (2022) 117224.
M.M. Al Hinaai, M. Changez, Conversion of CO2 into Energy-dense Chemicals and
the Commercialization Using Two-dimensional Nanomaterials as Catalysts, 2022.
S.A. Farooqi, A.S. Farooqi, S. Sajjad, C. Yan, A.B. Victor, Electrochemical
reduction of carbon dioxide into valuable chemicals: a review, Environ. Chem.
Lett. 21 (3) (2023) 1515-1553.

C. Liu, Y. Gao, B. Zhang, Organonitrogen electrosynthesis from CO2 and
nitrogenous sources in water, Nat. Synthes. (2024) 1-3.

H. Xu, et al., Modulating CO2 electrocatalytic conversion to the organics pathway
by the catalytic site dimension, J. Am. Chem. Soc. 146 (15) (2024) 10357-10366.
M.L Rashid, E. Benhelal, M.M. Abbas, A critical analysis on transformation of
renewable energy to green chemicals: Opportunities and challenges, ChemBioEng
Reviews 11 (2) (2024) 363-385, https://doi.org/10.1002/cben.202300050.

A. Dhakshinamoorthy, A.M. Asiri, H. Garcia, 2D metal-organic frameworks as
multifunctional materials in heterogeneous catalysis and electro/photocatalysis,
Adv. Mater. 31 (41) (2019) 1900617.

D. Friedmann, A. Hakki, H. Kim, W. Choi, D. Bahnemann, Heterogeneous
photocatalytic organic synthesis: state-of-the-art and future perspectives, Green
Chem. 18 (20) (2016) 5391-5411.

S. Xie, Q. Zhang, G. Liu, Y. Wang, Photocatalytic and photoelectrocatalytic
reduction of CO 2 using heterogeneous catalysts with controlled nanostructures,
Chem. Commun. 52 (1) (2016) 35-59.


https://doi.org/10.1016/j.jece.2021.106503
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1360
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1365
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1370
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1370
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1370
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1375
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1375
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1380
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1385
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1385
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1390
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1395
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1400
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1405
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1405
https://doi.org/10.1016/j.biombioe.2021.106168
https://doi.org/10.1016/j.biombioe.2021.106168
https://doi.org/10.1016/j.fuproc.2010.05.001
https://doi.org/10.1016/j.fuproc.2010.05.001
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1415
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1415
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1420
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1420
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1420
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1425
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1425
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1430
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1430
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1435
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1440
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1440
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1440
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1445
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1450
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1450
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1450
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1455
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1455
https://doi.org/10.1039/D3SE01564E
https://doi.org/10.1039/D3SE01564E
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1465
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1465
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1470
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1470
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1470
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1475
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1475
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1475
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1480
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1480
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1480
https://doi.org/10.1016/j.renene.2024.120050
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1490
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1490
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1490
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1495
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1495
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1500
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1500
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1505
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1505
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1510
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1510
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1515
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1515
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1515
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1520
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1520
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1525
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1525
https://doi.org/10.1002/cben.202300050
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1535
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1535
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1535
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1540
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1540
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1540
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1545
http://refhub.elsevier.com/S0378-3820(25)00091-8/rf1545

	Progress in heterogeneous catalysis for renewable energy and petrochemical production from biomass
	1 Introduction
	1.1 Bibliometric analysis of research trends in heterogeneous catalysis
	1.2 Energy sources – overview of fossil fuel and renewable energy sources
	1.2.1 The place of fossil fuel in the present decade
	1.2.2 Renewable energy sources
	1.2.2.1 Biomass as a source of clean energy



	2 Catalyst study and feedstock compatibility for energy production
	2.1 Advances in heterogeneous catalyst development and application for renewable energy production
	2.1.1 Zeolite catalysts
	2.1.2 Carbon materials
	2.1.3 Metal-organic frameworks (MOF)
	2.1.4 Mesoporous materials
	2.1.5 Versatile heterogeneous catalytic systems
	2.1.6 Emerging catalytic materials for energy production
	2.1.6.1 Single-atom catalysts (SACs)
	2.1.6.2 Ionic liquid-based catalysts in biomass volarisation


	2.2 Integrated role of catalyst characterisation, mechanistic modeling, and catalyst regeneration in advancing heterogeneou ...
	2.2.1 Catalyst characterisation and mechanistic insight
	2.2.2 Catalyst deactivation and regeneration

	2.3 Feedstock–catalyst–process compatibility

	3 Economic and environmental evaluation of heterogeneous catalysis
	3.1 Economic evaluation of different biomass conversion methods for energy production
	3.2 Environmental impacts and life cycle assessment (LCA) of different biomass conversion methods – comparative study

	4 Challenges and prospects of heterogeneous catalysis
	4.1 Challenges of heterogeneous catalysis
	4.2 Current perspective and prospects of heterogeneous catalysis

	5 Conclusion and outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


