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The worldwide energy crisis is triggered by the increasing exhaustion of fossil fuel supplies along with the
population increase in developing nations. In addition, fossil fuels are not environmentally benign owing to their
association with issues such as climate change, high toxicity, and non-biodegradability. Consequently, they are
regarded as an unsustainable source of energy. Undoubtedly, green aviation fuels, also referred to as bio-jet
fuels, are potential and sustainable long-term energy sources that can help decrease our reliance on fossil fuels,
owing to the availability and renewability of their feedstocks. In contrast to biodiesel, which is produced through
transesterification, green aviation fuel is produced via deoxygenation to eliminate oxygen and other impurities,
resulting in a fuel that chemically mimics petroleum diesel. Thus, conventional homogeneous and
heterogeneous catalytic systems for producing biodiesel from vegetable oil are no longer justifiable for the
sustainable aviation fuel (SAF) industry in the foreseeable future. This is primarily due to the presence of oxygen-
containing compounds in biodiesel (~10-12%), which increases its susceptibility to oxidation and degradation
over time, resulting in the formation of gum, clogging of filters, and decreased fuel storage stability, all of which
are crucial concerns for aviation. Furthermore, jet engines are engineered to operate on drop-in fuels that
closely resemble hydrocarbon-based jet fuels without requiring modifications. This review provides a detailed
and systematic procedure for converting non-edible oils such as palm kernel oil (PKO) into SAFs using bimetallic
nickel—cobalt onto magnetite-supported catalysts. The enhanced catalytic system can effectively convert palm
kernel oil with a high yield and selectivity towards kerosene for aviation sectors via deoxygenation reactions. The
use of palm kernel oil as a raw material for SAF production will help address the problem of food security that
arises from using food-grade oil for SAF production while decreasing the overall manufacturing expenses for
green fuel production. This article aims to highlight the use of heterogeneous bimetallic acid/base catalysts for
the production of SAFs from environmentally friendly and non-edible palm kernel oil. Future research should

Received 20th March 2025, focus on optimizing bimetallic catalysts to improve the efficiency of sustainable aviation fuel (SAF) production

Accepted 25th June 2025 from non-edible oils, with the aim of reducing energy consumption and minimizing environmental impact.

DOI: 10.1039/d5ya00078e Additionally, it is crucial to investigate alternative sustainable feedstocks and assess their scalability to ensure the
widespread adoption of green fuels in the aviation sector, addressing food security and long-term energy needs.

rsc.li/energy-advances In conclusion, this study provides insights and potential advancements for the future.

1. Introduction rapid increase in air passenger mobility has driven the global

aviation sector to consume jet fuel at an unsustainable rate,
The predominant fuel type for commercial and military aircraft resulting in a significant increase in greenhouse gas (GHG)
is jet fuel, which is mostly produced via petroleum refining. The emissions. The New York Times reported in September 2021
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that Earth is currently hotter than it has been for at least 1000
years because CO,-GHG gas concentrations have risen to nearly
900 million metric tons globally."™ NASA claimed that in
October 2021, CO, levels had already surpassed those in the
mid-1700s (280 ppm) and were 416 parts per million (ppm).*>
The increase in CO, levels has thus resulted in frequent extreme
weather conditions, the effects of which may result in global
financial crises and loss of life. Consequently, an increasing
number of climate-conscious experts have sparked the creation
of a new generation of jet fuels made from renewable biomass.
As a sustainable and clean-burning alternative to the commercial
jet fuel, biodiesel is a liquid fuel made of mono-alkyl esters of
fatty acids. Unfortunately, the higher oxygen content in biodiesel
appears to cause thermal instability, low volatility, poor combus-
tion quality, and a heightened soothing propensity to limit its
direct use in engines.®® Therefore, a different procedure that
produces less-oxygenated molecules with a mimicked hydrocar-
bon structure within the jet range fuel (C;4-Cy¢) is necessary.'’

Deoxygenation or hydrodeoxygenation reactions can be used
to accomplish this. In contrast to deoxygenation, which involves
the removal of oxygenated compounds in the form of CO,/CO
through direct C-O bond cleavage under H,-free conditions,
hydrodeoxygenation involves the addition of H, and removal
of O, in the form of hydrocarbons and H,O as a by-product.”***
In contrast to deoxygenation, which results in a fuel fraction with
fewer carbon atoms than its fatty acids, hydrodeoxygenation
yields a fuel fraction with a carbon length similar to that of its
fatty acid.*™""* Deoxygenation has received increasing attention
due to H,-free reaction method that can provide fuel fractions
while hydrodeoxygenation is not economically viable."*™” Fatty
acids appear to be a potential feedstock for producing bio-jet fuel
via a deoxygenation reaction. Apart from fatty acids, triglycerides
(TGs) are another major component of both plant and animal
fats and oils. When triglycerides are hydrolysed, fatty acids are
produced.’® TGs and fatty acids can also be used as chemical
intermediates to create alcohols, aldehydes, and alkenes, and
using them as feedstocks for deoxygenation is advantageous."®*°
The qualities of the fuel, such as viscosity, flash point, and
cetane number, were improved by the presence of these inter-
mediates. In addition to TGs and fatty acids, the deoxygenation
procedure also demonstrated notable ability to remove the
oxygen from lignin species from lignocellulosic biomass and
enhance aromatic hydrocarbons.>'** The deoxygenation process
was shown to be a very effective method for all feedstocks, with
majority of the deoxygenated TGs or fatty acid products having a
bright yellow colour.

The catalytic deoxygenation process has been studied exten-
sively in the past by employing sulfided metals, such as
ReNiMo, NiMo, CoMo, and NiW, as well as noble metals, such
as Pt and Pd.**® Although noble catalysts were found to be
superior at deoxygenating feeds, they were unappealing owing
to their high price and limited availability."***3* However,
sulfided catalysts are an issue because they might cause
sulfur to seep out and contaminate the final product.***?
Consequently, it is essential to develop catalysts that are both
affordable and devoid of sulfur. It is interesting to note that
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because transition metal oxides like Ni, Co, Mn, Zn, and Ce may
achieve results that are equivalent to those of noble metal-
promoted catalysts, they are regarded as suitable catalyst
promoters. It has been discovered that Ni has greater deoxy-
genation performance and endurance than noble metal cata-
lysts with greater C-C or C-O bond cleavage activity.***° This is
corroborated by a previous study in which a Ni-promoted
catalyst produced a diesel selectivity of 80% at 390 °C in inert
environments.*”*® However, Ni-based catalysts favor excessive
cracking, leading to poor coking activity, which can limit their
stability and yield. Thus, previous studies have investigated the
modification of Ni by adding Co metal, which demonstrated
that deoxygenating the palm fatty acid distillate over the Co/AC
catalyst produced 91% hydrocarbon fuel.***° Notably, the
Ni-Co catalyst has been shown to have a synergistic effect that
can increase the DO activity even at low temperatures.*"**

It has also been shown that the catalyst support plays a
significant role owing to its physicochemical properties and
electronic interactions, which would affect the rate of the
reaction and increase the yield of the desired deoxygenated
product. y-Al,O3, SiO,, and TiO, are typically utilized as catalyst
supports owing to their excellent oxygen storage capacity
and intrinsic redox properties, which make them capable of
facilitating the activation of oxygenated compounds.'***%*
However, catalyst supports with high acid strength such as
zeolite (H-ZSM-5) and sulphated zirconia (SO,> /ZrQ,) were
prone to promote excessive cracking, as well as severe coke
formation and deposition, which resulted in rapid deactivation.
To decompose the carboxylic group in vegetable-based oil,
moderately acidic supports such as iron oxide supports are
needed. The use of iron oxide as a support can also minimize
the weight loss and make the catalyst easier to separate owing
to its magnetic ability. Iron oxide has high oxyphilic effects, and
redox reactions make it easier to break C-C and C-O bonds
and boost the efficiency of the oxygen-removing agent.*>™*’
In addition, it also reduces polymerization and accentuates
cracking and char generation. The presence of Lewis acid sites
on iron oxide supports aids in reducing carboxylic acids to
aldehydes, while Bronsted acid sites facilitate cracking and
hydrogen transfer reactions.***° Therefore, the present work
focuses heavily on the advancement of bimetallic nickel-cobalt-
supported catalysts on iron oxide for catalytic deoxygenation of
second-generation crops in the absence of H, atmosphere.

1.1. Development of green fuels

Therefore, the creation of clean and renewable energy sources is
gaining popularity. The United Nations adopted “Transforming
our World: the 2030 Agenda for Sustainable Development” on
September 25, 2015, with the goal of promoting global sustain-
able development and ensuring that “no one is left behind”. For
this initiative to be successful, it is crucial that the economic,
social, and environmental aspects of sustainable development
are interconnected.””® In addition to this initiative, the
European Union has embraced the European Green Deal, which
presents a growth strategy aimed at transforming the organiza-
tion into a modern and competitive economy. The primary
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objectives are to maximize resource efficiency and, notably, to
achieve net-zero greenhouse gas emissions by the year 2050.>%°"%
In order to limit global warming by 1.5 °C over pre-industrial
levels, the 2015 Paris Agreement calls for a reduction in green-
house gas emissions, which is something that the green deal
supports.>*>° From what has been discussed thus far, it is evident
that the development of green fuels is a topic of great importance
that also has favourable environmental effects.

Global energy consumption is at an all-time high due to
changing lifestyles and a growing population. Currently, fossil
fuels are the primary energy source. However, it was expected
that fossil fuel resources would eventually run out because they
are known to be non-renewable. According to a study published
in the Statistical Review of World Energy, if global energy
consumption continues to rise, the world’s reserves of petrol
and oil will run out in 41 and 63 years, respectively. Furthermore,
the use of petroleum contributes significantly to the release
of greenhouse gases (GHGs), which affect human health and the
environment by causing sea-level rise, glacier retreat, and climate
change.>”"* The global average temperature rises as a result of the
climate system radiating more positively due to an increase in
greenhouse gases. This is supported by statistics showing that
atmospheric CO, levels have increased from 277 parts per million
in 1750 to 417 parts per million in 2019. globally, leading to a 2 °C
increase in temperature over the pre-industrial revolution
levels.® " Ice sheets and glaciers will also melt as global tempera-
tures rise, endangering millions of people with diseases, such as
malaria, starvation, flooding, and water shortages. Consequently,
there has been a national focus on developing renewable energy
sources in an attempt to mitigate the negative impacts of the
issues caused by the use of conventional fuels.®*%

Energy derived from naturally occurring processes that
replenishes itself is referred to as renewable energy.®>®” The
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examples of such processes include solar, wind, biomass,
geothermal and hydropower resources (tidal and wave).®*
Renewable energy is superior to fossil fuels in many different
ways, such as an endless supply, lowering the risk of atmospheric
pollution by minimizing the emission of sulfur, carbide, and
dust, and reducing the consumption of natural fossil fuels.®>”®
Moreover, renewable energy is clean, green, and low in carbon,
along with a reduction in solid waste release and the protection
of water resources. Recently, renewable energy has been widely
used to generate electricity and energy of approximately 24.5%
and 19.3%, respectively, and has been used in the industrial
and domestic sectors.”*””> Renewable energy can also be used to
develop value-added products such as cosmetics and perfumes
from fatty acids of fermenting sugars, food additives, and nutri-
tional supplements from algae, plastics, lubricants, surfactants
(oleo-furan), fertilizers, biogas, and renewable natural gas.”*”®
Furthermore, the development of green fuels in the transportation
industry has significantly increased the use of renewable energy
sources such as biomass (Fig. 1).

1.1.1. Sustainable aviation fuel (SAF)/bio-jet fuel. Air trans-
portation plays a crucial role in the daily lives of developing
countries. Civil aviation is a rapidly expanding mode of trans-
portation and one of the fastest-growing areas in the
industry.®*>®! In 2019, the International Air Transport Associa-
tion (IATA) reported that air travel by people in emerging
nations is expected to increase by up to 10% annually, resulting
in a significant growth of 44% over the following 20 years.?>%>
The exponential expansion of air transport has resulted in a
corresponding increase in environmental impacts, particularly
the depletion of fossil fuels as its principal energy source.
However, these challenges require special attention and con-
sideration. The U.S. Department of Energy (DoE) forecasted
that the commercial jet fuel market will expand to more than
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Generation transesterification, Lo HCI, H,S0,) and
ficati Biodiesel 2
esterification) heterogenous catalyst (CaO,
dolomite, AICl;, WO/ZrO,)
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Fig. 1 An overview of each type of green fuel generation.””~7°
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230 billion gallons by 2050, which the current existing petroleum
could not withstand; thus, another alternative approach to replace
this petroleum fuel has been widely studied. This rise not only
causes fossil fuels to diminish over time but also leads to an
increase in CO, emissions.®® Statistics studies from EIA show that
global aviation emissions represent 2% of global GHG emissions,
which rose in 2022 to reach nearly 80% in 2019 (Fig. 2), which is
around ~1000 MMT of CO,, and as forecasted by the Interna-
tional Civil Aviation Organization (ICAO), the value would triple by
2050.2478¢ To overcome this issue, researchers worldwide have
extensively studied and explored alternative approaches to replace
fossil fuels in various sectors, including aviation.”>®”

An effective approach is to advance and implement sustain-
able aviation fuels (SAFs). The SAF, commonly referred to as
bio-jet fuel or biokerosene, is a liquid hydrocarbon alternative
to hydrocarbons in the Cg-C;6 boiling point range. It shares
similar properties with traditional fuels, and is formulated for
current aircraft usage.®®° SAF is distinguished by its markedly
reduced carbon impact compared with that of the traditional
jet fuel. SAF typically achieves a significant decrease in carbon
dioxide emissions, typically falling within the range of 50-80% as
opposed to the conventional jet fuel sourced from fossil fuels. The
extent of this decrease depends on the specific feedstock and
production method used.’** The primary objective of the carbon
offsetting and reduction scheme for international aviation
(CORSIA) is to offset any excess emissions over the established
limitations by 2020 through the purchase of carbon credits from
various businesses.””**** In addition, it specifies the sustainabil-
ity criteria for the raw materials used. To be certified as sustain-
able, a fuel must adhere to the sustainability guidelines
established by the CORSIA. These requirements include reduction
of carbon emissions, enhancement of water quality, consideration
of soil and air quality, and adherence to land and human rights.
The proposal functions as an interim measure until the aviation
sector can devise and use more environmentally sustainable
technologies to mitigate carbon emissions. SAFs must comply
with specific fuel property standards to ensure efficient

Emission per passenger per km travelled
Non-CO, emissions - secondary effect
CO, emissions

Eurostar | 6g

Coach 27g

Domestic rail 41g
Car (4 passenger) 43g

Bus 104g

Transport mode

Car (1 passcnger) 171g

Long haul flight 102g 193¢

Domestic flight

133g +121g

Fig. 2 Emissions from different transportation modes per passenger per
kilometre travelled.
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absorption. These properties include energy content to improve
aircraft performance, density to optimize fuel load and payload
capacity, viscosity to ensure smooth engine operation, flash point
for safe handling, freezing point for cold climate operations, low
sulfur content to reduce emissions, and specific distillation
characteristics for compatibility with aircraft engines.”>” Achiev-
ing an appropriate balance between these characteristics is crucial
for the advancement of SAFs that not only comply with precau-
tions and operational demands but also have a positive environ-
mental impact and assist in the future of greater sustainability for
the aviation sector.

Jet A-1 is the conventional jet fuel that serves as a reference
point for the SAF in terms of its molecular makeup and overall
fuel characteristics.”®°° Jet A-1 is typically composed of Cg-Cy
hydrocarbons. It is abundantly composed of paraffinic chains
such as iso-, cyclo-, and n-paraffins, followed by aromatics.?*°®
Given their low freezing points, superior thermal conductivities,
and particular powers, iso-alkanes are the preferred alternatives.
Cycloalkanes, however, satisfy certain requirements owing to
their density and ability to swell. Both iso-alkanes and cycloalk-
anes offer the advantages of providing specific energy density,
assuring thermodynamic durability; lowering specific emissions;
boosting cargo capability; and prolonging endurance.®>'**
Although aromatics are less packed with energy than the alkane
group elements of jet fuel, these components are nevertheless
required to keep the nitrile rubber sealant on airplanes from
expanding excessively to minimize fuel leakage.'>'** The key
factors determining the fuel qualities of the standard are its H/C
ratio of 2, lower heating value (LHV) of 43.2 MJ kg™ ', and
complete absence of oxygen.5*%19%1%¢ The chemical properties
of aviation fuels, including Jet A, are of critical importance, as
they directly determine the fuel’s efficiency, safety, and environ-
mental footprint. The compatibility of fuel molecules with
engines for aircraft and equipment is crucial for effective dis-
charge of energy, efficient ignition, and safe flight operations.
Furthermore, strict compliance with aviation fuel specifications
based on molecular functions is crucial for meeting rigorous
industry regulations and guaranteeing consistency and depend-
ability throughout the aviation industry. The chemical composi-
tion of aircraft fuels is intricately linked to their energy content,
ignition characteristics, fluctuation, ignition point, thawing
point, and pollutant features.’®'°>'% Hence, a crucial area of
research involves developing and refining the molecular compo-
sition of SAFs to closely resemble those of traditional fuels. This
enables improved fuel efficiency, reduced emissions, and a
smaller carbon footprint than conventional fossil-based aviation
fuels. Hence, it is imperative to thoroughly understand and
assess the molecular functions of synthetic candidates for SAFs
to authorize their use in aircraft. This will help promote sustain-
able aviation practices, improve aircraft performance, and
reduce environmental impact.®*'°® The ASTM D7566, which
includes the rigorous criteria necessary for SAF, received its
initial route approval in 2009. The processes authorized accord-
ing to ASTM D7566 are listed in Table 1. The aviation sector is
responsible for approximately 3% of global GHG emissions, and
has long been recognized as one of the major contributors of the
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Table 1 ASTM standard on the production group of sustainable aviation fuel (SAF)

ASTM Blend limit

D7566 Conversion process Possible feedstocks (%) Year

Al Fischer-Tropsch synthetic paraffin kerosene (FT-SPK) Coal, natural gas, biomass 50 2009

A2 Hydroprocessed ester and fatty acid (HEFA-SPK) Vegetable oil, animal fat, waste oil 50 2011

A3 Synthesized iso-paraffinic (SIP) Starch, carbohydrate, cellulose 10 2014

A4 Fischer-Tropsch synthetized paraffin kerosene with aromatics (FT- Coal, natural gas, biomass 50 2015
SPK/A)

A5 Alcohol to jet synthesized paraffin kerosene (ATJ-SPK) Biomass from ethanol or isobutanol 30 2016

production 50 2018

A6 Catalytic hydrothermolysis jet fuel (CHJ) Fatty acids, fatty acid esters, vegetable oil 50 2020

A7 Hydroprocessed hydrocarbons, esters and fatty acids (HC-HEFA-  Algae 10 2020
SPK)

transportation sector to global warming.'®” % With almost 37%
of the world’s jet fuel consumption going to the US, this country
is the largest user."'>'"™ China is projected to overtake the
United States as the largest worldwide market for jet fuel and
air passengers by 2029.''*'13

An illustration of the chemical equation used to describe the
catalytic deoxygenation of WCO is shown in Fig. 3. The fatty

o)

acid composition profile of WCO revealed that the vast majority
of its constituents were derivatives of the C;3 and C;¢ fatty
acids. This was the case for most of the constituents. In
principle, the deCOx procedure can eliminate the carboxyl
and carbonyl groups present in C;g and C, fatty acid deriva-
tives. This results in the production of hydrocarbon fractions
that are mostly composed of n-heptadecenes (n-C;;) and

Oleic acid
a
gl o
s| O
aQ
[¢]
Cs-Cra
cc O 5
Oleic acid —— HO-C-(CH,)sCH=CH(CH,),CH, : :
Cleavage o ' !
Palmitic acid o / ‘
%, : :
2 ' H
/‘?'?b : i
Q. ‘
CO, 1,0 ! CH,=CH(CH,)4CH=CH(CH,)¢CHj |
i Di-unsaturated alkene :
Q ____________________
g2
s | o
2]
[¢]
Cs-Cq

Fig. 3 Proposed deoxygenation reaction pathway for the deoxygenation of WCO to hydrocarbon over CaO-La,O3/AC catalysts.
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n-pentadecenes (n-C;;5), in addition to the production of bypro-
ducts (CO,, CO, and H,O) (reactions A and D). During the
course of the present study, a significant proportion of the
n-Cys fraction was recovered as opposed to mixtures of n-C;s
and n-C,,. This discovery provides evidence in favor of the idea
that a mild cracking pathway is likely to occur. This route
finally led to C-C cleavage of the n-C,, fraction into the n-C;
fraction (by the elimination of ethane) (Reaction B). It has been
hypothesized that bimetallic CaO-La,0; phases are responsible
for the enhancement of certain deCOx-mild cracking pathways.
The cracking activities of the CaO/AC and La,0;/AC catalysts,
which resulted in the synthesis of the n-C;; fraction, demon-
strated that CaO and La,O; were responsible for the cracking
ability of CaO-La,03/AC. This was confirmed by the cracking
activity of these catalysts. Another option is the C-C cleavage
that occurs on fatty acid derivatives, which leads to the produc-
tion of C,¢ fatty acids (reaction C). Subsequently, the fatty acid
derivatives were subjected to a selective deCOx reaction, which
ultimately led to the production of n-C;5 hydrocarbon products
(reaction D). Because it is impossible to avoid the cracking
reaction, the hydrocarbons commonly go through the process
of C-C cleavage, which leads to the creation of the short-chain
hydrocarbon n-(Cg-C,4) (reaction E). This is because the crack-
ing reaction cannot be avoided.""*

The suggested process for the catalytic deCOx of synthetic
organic compounds is shown in Fig. 4. This method makes use
of a NiO-CD catalyst.'™ The proposed chemical pathway was
constructed using the hydrocarbon composition of the SO-
based green fuel produced from the deCOx reaction and the
fatty acid content of the indicated reactant, as determined by
GC-MS analytical data. Both of these factors were considered
when designing the route. The fatty acids in SO were respon-
sible for most of the fatty acids in the feedstock. SO contained
the following fatty acids: 40.1% oleic acid, 29.4% palmitic acid,
and 14.1% stearic acid. The composition of this feedstock led to
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the production of green fuel, which contained a sizable
quantity of hydrocarbons with designations C;5 and C;,. This
particular type of diesel was produced. Given this result, it can
be concluded that the production of hydrocarbon derivatives in
C;5 and C,; is facilitated by deCOx of sulfur dioxide in the
presence of a NiO-CD catalyst. In the first procedure, oleic acid
was hydrogenated, leading to the synthesis of steric acid as an
intermediate product (Fig. 3). During the process, water gas
shift (WGS) is the important pathway that creates significant
amounts of in situ hydrogen throughout the reaction, in which
oleic acid’s double bonds are saturated completely as a result of
the WGS pathway. Moreover, the NiO-CD catalyst accelerated
the hydrogenation process by making it easier to break the
carbon-oxygen bonds. As a result, oxygen atoms will be
removed from the molecules of synthetic organic compounds
(SO). In the next step, active sites composed of NiO and CaO on
the dolomite catalyst support will cause this steric acid to
undergo a deCOx reaction. In accordance with procedures
2 and 3, the decarboxylation and decarbonylation (deCOx) process
removes carbon dioxide, carbon monoxide, and water from the
stearic acid carbon chain. This may lead to the synthesis of
heptadecane (C;,) and n-heptadecene (n-Cy7). The carbon chain
was eliminated as a result of this reaction. Based on the informa-
tion shown in pathways 4, 5, and 6, more C-single bond cleavage
would produce pentadecane, n-pentadecene, and lighter hydro-
carbons with Cg-single bond C,4. To achieve this, heptadecane
and n-heptadecene were employed as solvents. This was sup-
ported by the findings of research conducted by prior studies
on the removal of carbon dioxide from fatty acids using a NiO
catalyst."*®*'” Route 7 releases hydrogen peroxide and carbon
monoxide, which allow palmitic acid to undergo a decarbonyla-
tion process that ultimately leads to the synthesis of pentadecane.
The mechanism that leads to the production of n-pentadecene is
the decarboxylation of palmitic acid, which is controlled by path-
way 8. A second C-C cracking reaction of these C;5 hydrocarbons

+H, Water gas shift reaction
Oleic Acid (40.1 %) 7 Stearic Acid CO+H,0 s (O, +H,
H,C-(CH,),-CH=CH-(CHp)-cooH 1 n,c.(cH,),-coOH

4
. Heptadecane B n-Pentadecane
P -CO; 2] H:C-(CHys-CH; H;C-(CHy)3-CH;

C-C cleavage
— Stearic Acid (14.1 %) 3]
5
e —— H;C-(CH,),-COOH co,}‘ n-Heptadecene 5] Pentadecene
oybean -
? H;C-(CH,);-CH=CH-(CH,)s-CH;  H3C-(CH,)s-CH=CH-(CH,)¢-CHj
(Fatty acid, 83.6 %) SCHCH) (CHa)s-CH, ¥ ¢
C-C cracking | [6]

1]
-CO+H,0 Pentadecene —— " occccanna
%sc-<CH:>_<-CH=CH-(CH2)5-CH; i Light
—— Palmitic Acid (29.4 %) C-C cracking Hydrocarbon
H;C-(CH,),-COOH 8] o n..CxCu

- CO; n-Pentadecane

H;C-(CH,)13-CH;

Fig. 4 Proposed catalytic deoxygenation reaction mechanism of soybean oil using an NiO-CD catalyst.}®
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would result in a lighter hydrocarbon with a carbon range of Cg
single bond C,,4, as demonstrated in routes 9 and 10. This occurs
in a moderate environment. Decarboxylation and decarbonylation
processes are preferred by the 1-10 approaches that have been
suggested for the catalytic deCOx of SO, according to the produced
NiO-CD catalyst.

1.1.1.1. Fischer-tropsch hydroprocessed synthetic paraffinic
kerosene (FT-SPK). Syngas is transformed into liquid hydrocar-
bon fuels via the Fischer-Tropsch (FT) approach. The standard
FT technique consists of six steps: feedstock pretreatments, waste
gasification, vapour conditioning, gaseous acid elimination, FT
synthesis, and syncrude purification. The raw material was initi-
ally dried and treated to reduce humidity and particle size before
it was gasified. Gasification followed the prior treatment of the
biomass. Temperature, type of biomass used, gasifying agent
used, particle size, heating velocity, working strain, equivalency
proportion, enzyme addition, and reactor design are some of the
variables that affect the quantity and characteristics of syngas
produced.'*® Gasification of FT always occurs at a high tempera-
ture (approximately 1300 °C) with high-purity oxygen and steam.
For gasification, the common gasifier reactors are the fluid bed,
moving or fixed bed, and entrained flow systems.

Additional research has analyzed different types of gasifier
reactors in detail, and it has been suggested that ash and tar
can be removed using a syngas cooling system next to the
gasifier, which uses direct quench technology.'*® The syngas is
injected into an acid gas removal system after the gasification
process to eliminate the sulfur, CO,, and H,S present in the
gaseous form of acid. Eliminating CO, may improve the econ-
omy and efficiency of the downstream synthesis process,
whereas eliminating H,S will keep the catalyst clean. The gas
is then sent to a gas conditioning unit via a water—gas shift
(WGS) reaction, where the correct ratio of CO and H, is
adjusted. The H,/CO ratio plays a significant role in the FT
process, where it enters the reactor and produces the major
product. Carboxylic acids, ketones, ethers, alkenes, and alkanes
are the products of two main reactions that occur during FT:
CO and H,. Recycled FT gas and unconverted syngas may be
returned to the FT reactor following reformation, where refin-
ing the liquid products is necessary to create several types of
fuels and surplus gas can be utilized for electricity generation.
The degree of selectivity of the catalysts is crucial for the target
hydrocarbons.

There is another way to divide FT synthesis into low- and
high-temperature procedures.'>" Fuel, solvent oil, and olefins
are the principal byproducts of high-temperature FT, and
lubricating base oil, naphtha fractions, diesel oil, and kerosene
are the principal byproducts of low-temperature FT. When the
FT temperature is too low, large volumes of methane are
produced as a by-product. The typical pressure range for the
Fischer-Tropsch (FT) method is between one and several tens
of atmospheres, where elevated pressures can lead to the
formation of longer hydrocarbon chains.'*

Fe, Co, Ni, and Ru are frequently used as catalysts in the FT
process.’?*'?* Ru has good selectivity and catalytic activity, but
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its high cost prevents frequent utilization."*® The most popular
catalysts for industrial production are Fe-based catalysts that
have a long lifetime but a high space-time yield and Co-based
catalysts that are effective at allowing carbon chains to form,
their byproducts contain fewer oxygen-containing molecules,
and carbon deposition is difficult.">* Alkali metals, alkaline
earth metals, copper, and other transition metals are common
promoters that can be employed to modify the catalytic activity
and efficiency.'*®7'%8

The primary challenges associated with the main difficulties
related to the FT-SPK pathway are the adoption of less compli-
cated gasification methods, which often results in a decrease in
the quality of the syngas. However, using plasma gasification for
the manufacture of high-quality syngas requires a significant
upfront investment for economic viability. Currently, commer-
cially accessible biomass-derived gasified aircraft fuels are
scarce."® Another significant cost factor is the essential “cleanup”
of raw syngas before the Fischer-Tropsch synthesis."** This
cleanup process involves multiple steps to eliminate various
contaminants, and the complexity and cost increase owing to
feedstock variability and varying levels of contaminants. In addi-
tion, adverse economics and unresolved syngas clean-up difficul-
ties prevent commercial plants from manufacturing FT fuels via
the BTL method.”*" Additional costs and uncertainties to the
process also come from the collection facilities from various
places, the relatively inadequate heat amount, and the inconsis-
tent amount and quality of the fuel."** Considering the drop-in
efficiency, the absence of volatile substances in FT products may
cause issues with fuel seepage because elastomer seals may not
expand sufficiently.*?

The FT-SPK/A technology, which enhances the aromatic
content of the FT fuel produced, was approved according to
ASTM D7566 Annex 4. It is crucial to consider that fuels with
high H/C ratios and low O/C ratios can be utilized to calculate
the energy source content.’* Fuels with larger aromatic
compositions have higher specific energies. FT fuels do not
release aerosol emissions of sulfur dioxide (SO,) or sulfuric acid
(H,SO,) because of the thorough cleanup of intermediate
syngas. As a result, the rate of impurity deposition decreases,
allowing hot-path components (including turbines and com-
bustors) to operate longer before requiring maintenance.

1.1.1.2. Synthetic paraffinic kerosene from hydroprocessed
esters and fatty acids (HEFA). The HEFA process is implemented
for manufacturing bio-jet fuels by subjecting triglycerides
(TGs), both saturated fatty acids (SFAs) and unsaturated fatty
acids (UFAs), plant-based oils, residue from cooking oils, and
animal-derived fats to hydrotreatment. Typically, this proce-
dure consists of two steps. UFAs are initially converted into SFA
by catalytic hydrogenation, during which the TGs undergo a H,
elimination reaction and produce a fatty acid.**> By hydrodeoxy-
genating and decarboxylating the SFA, C;5-C,g paraffinic chains
are produced.’*® Propane, H,0, CO, and CO, are the co-
products. Noble metals on zeolite or oxide supports were initially
implemented as catalysts for this phase; however, with catalyst
deactivation by poisoning, the production of cracking species
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and process costs increased, with the focus shifted to other
transition metals such as Ni, Fe, Cu, Mo, Co, and Fe, or
composite bimetallic catalysts.**” 4

In the subsequent stage, the paraffinic hydrocarbons are
subjected to a process called targeted hydrocracking and deep
isomerization, resulting in the production of fuels that contain
highly branched alkanes. Activated carbon, Al,O;, and zeolite
molecular sieves are frequently used as catalysts in this step,
together with Pt, Pd, or other expensive metals."*'*** A mod-
erately acidic zeolite catalyst that supports Ni exhibits good
activity. However, a highly acidic catalyst causes over-cracking
and lowers the yield of isomers. Fractionation was used to
separate the combined liquid fuels into naphtha, light gases,
paraffinic kerosene (jet fuel), and paraffinic diesel. Triglycerides
were hydrocracked in a single step by Azkaar et al using
Ru-modified faujasite zeolite catalysts."”> When hexadecane
was utilized as the feedstock, they were able to obtain a high
yield of jet-fuel range hydrocarbons (71%) with a reasonably high
selectivity using 2.5 wt% Ru deposited on a hierarchical micro-
mesoporous USY zeolite to complete deoxygenation and crack-
ing in a reactor."* To convert used cooking oil into a jet green
fuel, Li et al. suggested using a nickel-based mesoporous zeolite
Y catalyst."*® High jet-range alkane yields of 40.5% and low jet-
range aromatic hydrocarbon yields of 11.3% were achieved at an
optimal temperature of 400 °C. Using a three-stage catalytic
method, Wu et al. created jet fuel from vegetable oils based
on triglycerides that contained aromatic components."”” The
first step involves catalytically cracking vegetable oils over a
zeolite catalyst into light aromatics. Second, by alkylating light
aromatics with the help of an ionic liquid, Cg—C;5 aromatics are
created. Third, by hydrogenating aromatics for 6 h at 200 °C and
5 MPa over a Pd/AC catalyst, the aromatics were transformed
into saturated cycloparaffins. As they are high-energy green fuels,
bio-jet fuels made by HEFA can be used in aircraft engines
without blending. The fuel has a high cetane number, strong
cold flow characteristics, high thermal stability, and less tailpipe
smog; however, it has a low aromatic concentration, which
makes it less lubricating and more prone to fuel leaks."*®

1.1.1.3. Alcohol-to-jet synthetic paraffinic kerosene (ATJ-SPK).
A range of events including dehydration, oligomerization,
hydroprocessing, and distillation can be employed to create
green fuels from alcohols such as methanol, ethanol, or higher
alcohols.™®'*° Ethanol, butanol, and isobutanol are commonly
used in commercial manufacturing as intermediaries to con-
vert biomass to jet fuel. It usually involves a four-step upgrading
procedure to produce hydrocarbons from alcohols in the avia-
tion fuel range. A middle distillate is created by oligomerizing
olefins in the presence of catalysts after the alcohol is first
dehydrated to form olefins. The jet-fuel-ranged hydrocarbons
are created by hydrogenating middle distillates, followed by
distillation.'***°2

Al, O3, transition metal oxides, zeolites, and heteropolyacid
catalysts are frequently used as ethanol dehydration
catalysts.">*™"*® Phung et al. conducted a comparison between
alumina and silica alumina in the context of commercial zeolite
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156 H-zeolites are undoubt-

catalysts used for ethanol dehydration.
edly more active on a catalyst weight basis when compared to
silica alumina and alumina. The ethylene output from H-FER and
faujasite was maximum (99.9%) at 573 K.'*® Ethylene was then
subjected to a catalytic oligomerization procedure in which either
homogeneous or heterogeneous catalysts were used. When the
reaction conditions were optimized, the selectivity for linear-
olefins was 96%. For ethylene oligomerization, Shimura et al.
created a heterogeneous catalyst composed of NiO/SiO,-Al,O3,
which is extremely active, selective, and stable.">” After hydrotreat-
ment and isomerization, these oligomers can transform into
branched alkanes, from which distillation can yield jet fuel. One
or more olefins such as 1-butene, cis-2-butene, trans-2-butene, and
isobutene can be produced when isobutanol is dehydrated.*>**%°
The common catalyst for dehydrating isobutanol involves the use
of y-Al,O; with its moderate acidity. However, catalysts such as
inorganic acids, metal oxides, zeolites, and acidic resins have also
been identified. Kim and colleagues investigated the dehydration
of 1-octanol using the Al,O; catalyst.’®* It was discovered that the
crystal phase changes also affected the strong Lewis acid sites and
catalytic activity of Al,Os, thus increasing the 1-octanol and octene
yield.'®" Dehydration is followed by the oligomerization of iso-
butene to produce jet-range alkenes. Phosphoric acid impreg-
nated on solid supports was a pioneering industrial catalyst for
the oligomerization of light olefins, and more catalysts have been
studied in recent years, including sulfonic acid resins, acid solids
like sulfated zirconia and sulfated titania, nickel-doped zeolites
and nickel supported on sulfated zirconia.'>’"'®*7'** Since they
have both Lewis and Brgnsted acid sites, zeolites are among the
most appealing stable acid catalysts; however, they are easily
deactivated during oligomerization. The catalysts for isobutene
oligomerization were mesostructured aluminosilicates, according
to Fang et al.'® The catalyst was durable, and possessed strong
acidic sites with high strength. The data show that Ni ions and
acidity dominate the product distribution at 523 and 723 K,
respectively, where micropore acidity benefits reactions at
723 K, whereas mesopores have an advantage at 523 K.'®

Butanol can also be converted into jet fuel by using the same
process as isobutanol and a similar catalyst. Zeolite, zirconium,
solid acid catalysts, HPW (H3;PW;,0,,), and mesoporous silica
groups are commonly used catalysts for the dehydration
of butanol. To synthesize butenes via butanol dehydration,
Buniazet et al. used a mesoporous material made from ferrierite
as the catalyst.'®® The catalyst was discovered to have excellent
catalytic activity, selectivity, and stability, with selectivity for
linear butenes higher than 80%."®® Next, hydrogenation and
distillation are used to transform the by-products into the
jet fuel.

1.1.1.4. Synthetic iso-paraffins from hydroprocessed fermented
sugars (SIPs). The SIP method utilizes fermentation to trans-
form carbohydrates into fuels resembling alkanes. This
approach differs from the alcohol-to-jet process, which requires
an alcohol intermediate. It is based on the advancement of
genetic engineering and screening techniques, which allow for
the modification of the way bacteria metabolize sugar.'®’

Energy Adv., 2025, 4, 966-1005 | 973


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00078e

Open Access Article. Published on 25 2025. Downloaded on 15.03.2026 4:48:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

Fermentation products vary widely, but they are largely influ-
enced by the type of substrate used, the fermentation method
applied, and the microorganisms involved.'***’° Through
sugar fermentation, the mevalonate pathway in yeast cells can
be used by Amyris’ biochemical technology to produce farne-
sene. Farnesene is a hydrocarbon molecule that can take the
role of petrochemicals in a range of products, including diesel
and jet fuel.'”" SIP conversion has been described in detail by
Davis et al, who studied that SIP included six main steps:
pretreatment and conditioning, enzymatic hydrolysis, hydro-
lysate clarity, biological conversion, product purification, and
hydroprocessing."”> The commercialization of the biological
conversion of sugar to aviation fuel is carried out by LS9
company.'”® LS9 has focused on creating a method to directly
produce alkanes via a single-step fermentation process, except
for the fatty acids that are generated aerobically via the fatty acid
biosynthesis pathway. This method produces diesel without the
need for hydrogen, hazardous inorganic catalysts, high pressures,
higher temperatures, or complicated unit operations.'”*'">
Further research is needed on the other intermediates produced
during sugar fermentation. Owing to the low temperature of
fermentation and the SIP’s limited (10%) fuel blend, both these
factors result in a low energy input. It is also noted as being more
appropriate for manufacturing valuable compounds.

1.1.1.5. Catalytic hydrothermolysis jet (CHJ-SPK). The catalytic
hydrothermolysis jet (CHJ-SPK) pathway received ASTM certifica-
tion in 2020 for blending limits up to 50%."* It is based on
hydrothermal liquefaction (HTL) technology for the conversion
of lipid feedstocks such as fatty acid esters and free fatty acids.
However, the processing steps for HTL and bio-crude upgrading
are still in the pilot stage of development.

1.2. Generation of feedstocks for green fuel production: from
first to advanced biofuels

More than 350 oil-bearing crops are found worldwide and have
the potential to be used as sources for biodiesel production.
This is considered to be one of the most important variables in
the manufacture of green fuels. The choice of feedstock is a
critical factor that significantly impacts the overall complexity of
the production process, the severity of the operating conditions,
and the overall profitability of renewable fuel production. Phan &
Phan emphasized the importance of selecting bio-energy feed-
stock with precision, as the cost of these raw materials can
represent up to 75% of the total expenses associated with bio-
fuel production."”® The feedstock should ideally meet two
primary criteria: cost-effectiveness in terms of production and
scalability in terms of production volume. The accessibility of
raw materials for the production of biofuels is contingent upon
the climatic conditions, geographical positioning, local soil
quality, and agricultural methods employed in a given country.
Numerous fuel crops and land biomass have been researched
and considered as potential sources of feedstock for the devel-
opment of sustainable fuels. Three generations of feedstocks
act as sources for achieving sustainable green fuel development
and decreasing the oil dependency of the transport industry.
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They are known as first-, second-, and third-generation
feedstocks.

The composition of vegetable oil is a crucial criterion for
determining its appropriateness as a feedstock. The oil compo-
sition determines the quality of the resulting green fuel. Diverse
varieties of consumable vegetable oils, along with inedible oils
containing distinct fatty acid contents, are employed in the
manufacturing of green fuels. The primary fatty acids found in
both edible and inedible oils are oleic, linoleic, stearic, and
palmitic acids. The oils contain fatty acids that can be classified
into two categories: saturated and unsaturated fatty acids. The
first group consisted of stearic, palmitic, and dihydroxystearic
acids, whereas the second group consisted of oleic, linoleic,
ricinoleic, palmitoleic, linolenic, and eicosenoic acids. The gov-
ernment stopped producing first-generation biodiesel in 2007 in
response to a debate over its possible negative social effects,
including food safety and environmental contamination."”’
Recent years have seen significant potential for the sustainable
development and emission reduction of third-generation biodie-
sel, which is mostly sourced from microalgae. Nevertheless,
increasing the output of third-generation biodiesel to satisfy
the urgent energy requirements of nations such as China
remains a challenge.'”®""°

1.2.1. First-generation feedstocks. First-generation feed-
stocks that consist of edible oil crops, such as rapeseed,
soybean, sunflower, palm, and coconut oil, can potentially be
converted into green fuel via thermochemical processes.
Table 2 shows the fatty acid composition of the edible oil
feedstock containing high unsaturated fatty acids, which is
expected to generate long carbon chains of mainly Cg-Cy,
fractions via a selective deoxygenation reaction, as one carbon
will be removed from the parent fatty acid chain of the feed-
stock. For instance, rapeseed oil and sunflower oil have been
widely used as the main sources of green fuel production in
Europe. This can be confirmed by Rogelio et al., who produced
renewable diesel-based hydrocarbons on three bifunctional
catalysts (Pt/H-Y, Pt/H-ZSM-5, and sulfided NiMo/y-Al,O;) using
rapeseed oil at certain parameters. The results revealed that
NiMo/y-Al, O3 gave the highest yield of green fuel, successfully
converting rapeseed into green fuel.® Yuitsu et al. successfully
produced green fuels from rapeseed oil under conditions of
300 °C/1 MPa (H2 pressure) with Pd/C for 120 min in a yield
of 92 mol%."®" Soybean oil has also been a major source of
green fuel using different catalysts such as Pt/SAPO-11 and
NbO,P."#*%3 Coconut oil is commonly used in Asian countries,
particularly the Philippines, whereas palm oil is predominantly
used in Malaysia and Indonesia.'®* Malaysia is ranked as
the second-largest exporter of palm oil following Indonesia.
Malaysia generated approximately 17.7 million tonnes of palm
oil across 4.5 million hectares of land.’®*™%” Edible oils play a
dual role, acting as essential raw materials for motor fuels while
also supplying crucial nutrients that should not be disregarded.
As an illustration, soybeans have a high protein content (35-
40%) that contains all the necessary amino acids needed for the
development and growth of individuals, supporting excellent
health at every stage.’®® Furthermore, soybean oil contains a
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Table 2 Types and fatty acid compositions of potential edible oil feedstocks

Feedstock Palm Soybean Sunflower Corn Coconut
Primary sources Malaysia & Indonesia U.S.A. Europe U.S.A. Philippine
Availability (mill metric tonnes) 65.5 53.7 16.6 60 61.4

Price (USD)* (Nov 2017) (per metric ton) 688 772 1000 300 1523

Oil in seed or kernel (%) 30-60 15-20 25-37 48 65-72
Saturated fatty acid 48 14 11 16 90
Unsaturated fatty acid 50 81 89 84 9

Acid value (mg KOH g ) 0.5 0.6 <1.1 0.223 <3

significant amount of linoleic acid, which is a type of omega-6
fatty acid required for the diet of all mammals. This fatty acid is
present in soybean oil at a concentration of 51%, as well as in
rapeseed oil at a concentration of 22.3%, and plays a crucial
role in reducing the risk of cardiovascular illness.'®® However,
palm oil’s substantial quantity of saturated nutrients can func-
tion as antioxidants, which aid in lowering the likelihood of
specific tumor forms. Although it has been demonstrated that
different types of edible oils can be used as raw materials for
green fuel production, there is ongoing controversy surrounding
the use of food resources for automotive fuels. This practice has
the potential to disrupt the global food supply and demand
market, jeopardize food security, and contribute to rising prices
of staple foods in impoverished and developing nations. Similarly,
it gives rise to significant environmental concerns, such as the
pollution of soil and water, the obliteration of ecosystems, the
dissemination of agricultural illnesses and pests, and long-term
sustainability challenges related to low energy and cultivation
yields for crops such as corn, sugarcane, and soybeans.'#’%*
Thus, the ability of fuel crops to replace fossil fuels and achieve
sustainable production is questioned. Thus, scientists have begun
to focus on relatively non-food-based feedstocks that are inexpen-
sive and economically viable. One potential approach to decrease
the use of vegetable oils for diesel generation is to use non-
edible oils.

1.2.2. Second-generation feedstocks. The global interest in
non-edible oil resources is driven by their abundance, especially
in barren areas that are not suited for growing food crops.'®>'%
They provide numerous benefits such as the eradication of food
competition, a decrease in deforestation rates, improved effi-
ciency, enhanced environmental sustainability, the generation of
profitable secondary products, and substantial cost-effectiveness
compared to edible oils. Considerable consideration has been
given to the long-term effects of global food or fuel issues on the
use of edible oil as a green fuel source."®” Due to their high oil
content, availability, and capacity to survive in deserted terri-
tories and harsh climates, non-edible plant oils have drawn
considerable attention as a new generation feedstock. Addition-
ally, geographical weather has a significant impact on growth."*®
Therefore, they may be cultivated with less extensive care, thus
lowering the cost of production. A number of non-edible plant
species, including trees, also have extended life spans, some of
which can reach 100 years, which is encouraging for the sustain-
ability of the food supply. Well-known non-edible crops such as
palm kernel oil, Jatropha curcas oil (JCO), ceiba oil, and sterculia
oil have been widely used in the manufacturing of liquid green

© 2025 The Author(s). Published by the Royal Society of Chemistry

fuels, particularly in the production of biodiesel. It was discovered
that non-edible plant seed or kernel raw materials have a higher
oil content than raw materials from food plant sources. Table 3
shows the free fatty acid values of non-edible oils, in which ceiba
oil had the highest oil content (25-28%), followed by tung oil and
cotton seed oil (16-20%). The majority of the oils were classified
as non-edible because they contained significant quantities of free
fatty acids (FFAs), which include a higher proportion of unsatu-
rated fatty acids than saturated carbon, as indicated by the
breakdown of fatty acids in inedible oil. This suggests that
deoxygenating such feedstocks could produce a product primarily
composed of unsaturated hydrocarbon fractions.

Jatropha curcas L. is a non-edible crop belonging to the
Euphorbiaceae family, with a small tree or large shrub up to
5-7 m tall. Jatropha curcas is indigenous to tropical America,
but it is currently widely distributed in numerous tropical and
subtropical areas across Africa and Asia.'®® This crop exhibits
resilience in challenging climates and soil conditions, such as
non-arable and desert soils with little requirement for energy
and water resources; it is easily established and demonstrates
rapid growth and longevity, producing seeds for a span of
50 years. This jatropha plant also contains various parts with
medicinal values and is often used for erosion control.>*
Jatropha, the wonder plant, produces seeds with an oil content
of 20-60% and kernels with 40-60%, reported to be 1590 kg ha ™.
Jatropha oil is rich in fatty acids and comprises chains ranging
from C;6 to Cy5. These carbon chains have a structure similar to
that of diesel fuel, making them a highly promising potential
source of oil. Additionally, jatropha plants have additional bene-
fits such as ability to sustain extreme weather, substantial fat
content, affordable price of kernels, quick span of development,
and swift development.

The perennial herb Sterculia foetida L. is a member of
the Sterculiaceae family and is referred to as a waterproof oil.
This plant is indigenous and is highly suited to tropical and
subtropical regions. The typical lifespan of this plant exceeds
100 years. This plant is a tall, upright deciduous tree that can
reach a height of 40 m and girth of 3 m. Its branches are
organized in whorls and spread horizontally. This oil seed has
numerous applications, serving not only as a culinary ingredient,
but also as an illuminant in the pharmaceutical, soap-making,
and surface-coating industries. The desiccated seeds contained
51.8% fat, 12.1% carbohydrate, 21.6% protein, 5% sugar, 5.5%
cellulose, and 3.9% ash. The husks provide oil that is light yellow
with a fat content constituting 50-60% of its composition. The
identified fatty acids are oleic acid (20.5%), linoleic acid (12.9%),
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Table 3 Types of inedible oils along with free fatty acid (FFA) contents

Oil properties Sterculia Palm kernel oil Ceiba
Acid value (mg KOH g ) 11.9 3.4 11.9
FFA value (%) 5.9 1.7 5.9
Fatty acid composition of oil (%)

Caprylic acid (C8: 0) — 6.5 —
Decanoic acid (C10: 0) — 10.9 —
Lauric (C12: 0) 0.1 7.5 0.1
Myristic (C14: 0) 0.1 32.6 0.1
Palmitic (C16: 0) 19.2 19.8 19.2
Palmitoleic (C16: 1) 0.3 — 0.3
Stearic (C18: 0) 2.6 7.9 2.6
Oleic (C18: 1) 17.4 10.2 17.4
Linoleic (C18: 2) 39.6 — 39.6

Linolenic (C18: 3) 1.5 7.9 1.5

Arachidonic (C20: 0) 0.56 0.3 0.56
Malvaloyl (C18: CE) 18.5 — 18.5
Others 0.34 — 0.34

palmitic acid (11.9%), sterculic acid (6.8%), and margaric acid
(2.3%).

Ceiba pentandra L., commonly referred to as kekabu or
kapok, is a member of the Malvaceae family. It originated in
Southeast Asia and grew in Southeast Asia, India, Sri Lanka,
and tropical America. The tree was cultivated in a naturally
occurring humid and sub-humid tropical environment, and it is
typically resistant to drought. The trees bear leathery, ellipsoid,
and hanging capsules, which contain seeds with an oil content of
25-28% (w/w) of each fruit, while the trees yielded 1280 kg ha™" of
oil. This plant has a low nutritional value because it contains a
large amount of fiber. Tye’s study revealed that its fibre comprises
34-64% cellulose and holds significant promise for the produc-
tion of cellulosic ethanol.>** These fibers are commonly used as
filling materials such as beds and pillows.>** This plant contains a
distinctive pair of cyclopropane fatty acids (malvalic acid) that
exhibit higher reactivity than the polyunsaturated carbon bond
when exposed to ambient oxygen. Therefore, this hydrocarbon
chain decreased the ability of C. pentandra oil to resist oxidation.
According to Bindhu et al., cyclopropane fatty acids (specifically
malvalic acids) result in higher viscosity and faster oxidation than
palmitic acid.**?

Malaysia is a major global supplier of palm oil, accounting
for 28% of global production and 33% of global exports.>**
Although palm oil has long been used to produce biodiesel,
Malaysia has begun to focus on developing jet fuel based on
palm oil due to the current crisis and increasing demand.**
However, the growth of palm oil has resulted in additional environ-
mental problems. The renewable feedstock used to make jet fuel
should not have a large carbon chain impact due to indirect land-
use change (ILUC).”> However, oil palm has a significant advantage
over other feedstocks because it is more economically viable to
produce and yield a higher amount of oil than other
feedstocks.?°***” In addition, it can provide a more stable source
of income and has an economic life of over 20 years.**® As the palm
oil sector develops, it will contribute to reducing poverty and
promoting economic progress in emerging nations.>*® Because palm
oil is widely available in Malaysia, its use as a renewable resource to
produce bio-jet fuel is both possible and highly profitable.
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For cooking purposes, palm oil is obtained from the fleshy
portion of the fruit through a straightforward streaming and
pressing process, whereas palm kernel oil (PKO) is obtained
from the fruit kernel. Palm oil is a tropical perennial plant that
grows in low-lying and humid areas such as Malaysia, Indonesia,
and Thailand. The palm oil has been reported to reach a
maximum height of 20-30 minutes and the tree has a single
stem and is unbranched.?'® Moreover, the fruit can be obtained
from the farmed oil palm for 40-50 years starting in the fourth
year of growth producing up to 2000 fruitlets with the juicy
orange-reddish-colored fruits.”*® In addition, palm oil is a high
oil yield crop that produces approximately 10 times more oil
than soybeans, with an average annual production of 4-5 tonnes
of oil/ha/year.”™* At room temperature, crude palm oil is present
in a semi-solid state, and is composed of lauric acid (48%) and
myristic acid (6%), which have good oxidative stability and acute
melting points and are abundant in palm kernel o0il.>*> Palm oil,
with its economical price and maximum output per acre among
all vegetable oil feedstocks, is a sustainable resource that holds
promise for green fuel production.***'* Typically, two types of
natural oils are derived from fruits: palm oil and palm kernel oil.
These oils have distinct chemical and physical properties.
Furthermore, crude palm kernel oil (CPKO), which is obtained
through extraction, can be further refined into refined palm
kernel oil (PKO) via mechanical pressing or the use of solvents
such as hexanes. Refined palm kernel oil is commonly utilized in
non-edible products such as cosmetics, personal care items, and
soaps due to its chemical composition, physical properties, and
similarities to coconut 0il.>"® PKO exhibits a significant propor-
tion of lauric acid (C12: 0) at approximately 50%, which distin-
guishes it from palm oil, which is generally composed of
palmitic acid (C16: 0) and oleic acid (C18: 1) at approximately
40% each. Despite the greater cost of CPKO compared to palm
oil, this disparity has been diminishing owing to the implemen-
tation of policies that promote the expansion of farmed areas for
palm in green fuel programs. Consequently, a sustainable supply
of CPKO is readily generated.”'®*"” Hence, these data are intri-
guing and compelling for investigating PKO as a sustainable raw
material for BHK production in comparison to palm oil because
its fatty acid chain has a carbon atom count within the range
often found in kerosene.

1.3. Types of reactions and processes

1.3.1. Hydrodeoxygenation/hydrocracking (HDO). As stated
earlier, it is not recommended to directly use renewable sources
for fuel, owing to engine compatibility issues with renewable
green fuel. As a result, various enhancement techniques, includ-
ing hydrodeoxygenation, have been devised to generate green
energy compatible with modern infrastructures. Hydrodeoxygena-
tion involves the conversion of unsaturated fats in vegetable-based
oils to saturated fats. The process involves the removal of oxyge-
nated molecules from triglycerides using heterogeneous catalysts
at a precise temperature and high pressure while using H, gas to
cleave the C-O bonds."*”*'® Generally, the reaction begins with
the conversion of the carboxyl group into a carbonyl functional
group. The reduction process involves the hydrogenolysis of the
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carbonyl bond, resulting in the formation of an aldehyde
molecule. This process occurs through the adherence of oxygen
molecules to the active sites, which is followed by the dissociation
of hydrogen from these sites. The oxygen atom is then eliminated
from the active site in the form of water, while the aldehyde
undergoes reduction to form a primary alcohol and reacts with
hydrogen to yield an alkane and water.”*® The main approach
for achieving ultimate elimination involves dehydration, which
results in the formation of alkenes. Conversely, alkanes are
generated through hydrogenation. The rate-limiting process
involves the transformation of the carboxyl group into a carbonyl
group. The reaction progresses via the following sequence: first,
reduction to an aldehyde, then reduction to an alkane, and finally
reduction to an alcohol. The two stages of HDO are in opposition,
and when the catalyst comes into contact with highly adsorbed
acids, it can hinder the adsorption of alcohols and result in a shift
in the selectivity towards deoxygenation.”*® The technique relies
heavily on H,, and hence, requires a continuous flow of H, to
achieve the desired result. The primary objectives of HDO are to
reduce the O/C ratio and concurrently increase the H/C ratio.**!
The catalytic support also plays a pivotal role in determining
catalyst selectivity. Supports exhibiting greater acidity demon-
strated improved effectiveness in the dehydration of alcohol
functional groups.

C,H2,05 + 3H; — CHypin + 2H0 (1)

The outcome was that the n-alkane generated the same
number of carbon atoms as the starting fatty acids in triglycer-
ides, making n-alkane green fuels more desirable as sustainable
fuels with superior qualities than traditional diesel-based fuels
(such as a high cetane number).?®**>??* In addition, two
potential side reactions may occur during the HDO process:
the water gas shift reaction and methanation reaction. These
processes result in an increase in hydrogen intake.’** The
primary volatile by-products resulting from the HDO of
TG-based oils are CO,, CO, H,, and C;Hg.”*>**° Unfortunately,
the disadvantage of the hydrodeoxygenation process is its high
cost, which is mostly caused by the significant amount of
hydrogen used in the process.””” Consequently, extensive stu-
dies have been conducted to develop a new cracking method for
the generation of certain diesel fractions in an atmosphere with
free hydrogen, known as deoxygenation.

1.3.2. Deoxygenation process (DO). Deoxygenation involves
two processes occurring simultaneously (decarboxylation and
decarbonylation), in which oxygenated molecules are removed
from triglycerides to produce by-products (CO, CO,, and H,0),
which can then be used to create hydrocarbons resembling fuels in
the absence of H, gas. Decarboxylation is the process of removing a
carboxyl group, where oxygen (O,) is expelled as carbon dioxide
(CO,) from the carbon chain of TGs.>*® Meanwhile, the decarbo-
nylation reaction has two primary reaction pathways: p-elimination
and y-hydrogen transfer.”?® B-Elimination is a chemical process
that results in the production of carboxylic acids and unsaturated
glycol difatty esters (UGDE) from triglycerides (TGs). Subsequently,
the hydrogenation of UGDE results in the release of fatty acids and
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the formation of a lesser quantity of straight paraffin chains.”*
However, the y-hydrogen transfer process initiates the unravelling
of the C-C bond within the acyl group, leading to the emergence of
a terminal olefin that is less than two carbons than the fatty acids.
This process predominantly yields alkanes as the main product and
releases CO, as a by-product.””® The primary outcome of the
decarboxylation reaction is alkanes, with carbon dioxide produced
as a secondary by-product.

Conversely, the decarbonylation reaction involves the elim-
ination of a carbonyl group to generate a paraffin molecule that
has a single less carbon than the TGs and generates carbon
monoxide as a by-product.”’*® During decarbonylation, fatty
acid intermediary states release formic acid as the primary
output instead of CO,.*?° Subsequently, the process of formic
acid decomposition might occur through two concurrent path-
ways: dehydration and hydrogenation. Carbon monoxide (CO)
and water (H,O) were released during dehydration. In contrast,
dehydrogenation produces carbon dioxide (CO,) and hydrogen
gas (H,), which are used to generate alkenes or olefins.'® The
equations are depicted as follows:

Decarboxylation: C,H,,0, — C,_1H,, + CO, (2)

Decarbonylation: C,H,,0, + H, —» C,_;H,, + CO + H,0

3)

Remarkably, this reaction has several advantages over hydro-
deoxygenation, despite the fact that both processes successfully
produce green fuel and jet fuel. First, deoxygenation uses
inexpensive catalysts and requires little to no H,, making it
more economically desirable. In contrast, hydrodeoxygenation
employs H, gas to saturate unsaturated hydrocarbons and
removes O, as H,O to generate renewable fuel.”*>**' For this
reason, hydrodeoxygenation uses H, more than deoxygenation;
thus, production costs and operating expenses for hydrodeox-
ygenation are higher than those for deoxygenation. Moreover,
the use of H, in the reaction also leads to environmental issues,
making HDO environmentally unfriendly. Finally, the decar-
boxylation pathway improves the catalytic stability, as no water
is produced during the reaction. Acid-heterogeneous catalysts
are essential for the production of green fuels. For oxygen
removal from fatty acids by C-O cleavage via a deoxygenation
process, highly acidic catalysts are employed to dramatically
boost the product yield and selectivity.

1.4. Catalyst development for deoxygenation reactions

1.4.1. An overview of catalysts. Catalysts are crucial for
expediting certain chemical processes, hence enhancing perfor-
mance and maximizing output standards and productivity.>*?
A catalyst is a material that accelerates the progress of a chemical
reaction toward equilibrium without significantly consuming
itself. However, the equilibrium of the process is unaffected by
the catalyst. In 1835, Berzelius first used the term “catalyst” to
describe a concept that might explain a variety of occurrences
that appeared to be unrelated to one another.>*® For instance, it
has been demonstrated that the production of alcohol from
plant materials is achievable when ferments are added in small
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quantities. When one or more reactants and catalysts form a
chemical bond, new routes for the conversion of these reactants
into products are created, allowing the catalyst to be renewed.
Additionally, only chemical reactions that are thermodynami-
cally viable can benefit from catalytic activity. A catalyst performs
its function in both forward and reverse reactions when the
reaction is reversible.>** The catalyst should be able to continu-
ously cycle between the reactant and reactant catalyst without
depletion. Various alkali-, acid-, and enzyme-based catalysts have
been used to produce green fuel.>*>>*°

In reality, the catalysts must be regenerated and changed.
Manufacturing catalysts is a significant industry; billions of
dollars’ worth of catalysts are sold each year globally. The
catalysts can be solids, liquids, or gases. Most modern catalysts
consist of fluid or solid surfaces. Homogeneous catalysis refers
to catalytic reactions that occur in a single gas or liquid phase,
characterized by the homogeneity of the phase in which they
occur. Heterogeneous catalysis refers to the process of catalysis
occurring in mixtures consisting of several phases, such as a
gas-solid mixture. The catalytic activity of a catalyst is a
measure of the speed at which the catalytic process occurs. It
can be expressed as the rate of the catalytic reaction, a rate
constant, or as the conversion or temperature necessary for a
certain reaction under predetermined conditions. The ability of
the catalyst to focus a reaction on specific products was
measured by selectivity. Selectivity cannot be defined by a
single definition, but is sometimes referred to as the ratio of
activities. It is the ratio of the rate of the desired reaction to the
total rate of all reactions that use the reactants. The distribu-
tion of products is another way to describe selectivity. In
addition to being assessed for activity and selectivity, the
stability of the catalysts was assessed. The rate at which the
activity or selectivity is lost in a catalyst is gauged by its stability.
Essentially, stability can be measured by the rate at which
deactivation occurs, such as the pace at which the desired
catalytic reaction changes or the rate at which the temperature
of the catalyst must be adjusted to compensate for the loss of
activity. Catalysts that have become inactive are often subjected
to treatment to revive or restart their functionality. The regen-
erability of a catalyst refers to the extent to which it can be
successfully restored; however, its definition is ambiguous.

1.4.2. Homogeneous vs. heterogeneous catalysts. Industrial
catalysts frequently exhibit intricate compositions and struc-
tures. The catalyst is composed of catalytically active phases,
supports, binders, and promoters. The most frequently used
metals, metal oxides, and metal sulphides are catalytically active
substances in solid or liquid form. On rare occasions, they are
employed in purest forms. There are some crucial aspects that
need to be considered when choosing suitable catalysts for
deoxygenation, such as acidity, basicity, surface area, pore size,
pore volume, and crystallite size. Traditionally, homogeneous
acid or alkali catalysts have been employed to create green fuels,
especially in biodiesel production. Homogeneous catalysts are
catalysts that are in the same phase as reactants, principally by a
soluble catalyst in solution (liquid-liquid form), where either
acid or alkaline depends on the properties of the substances
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used, such as HCl, H,SO,, NaOH, and KOH. These types of
catalysts are more desirable as they are affordable and yield
more products even in a short time of reaction.*****! This was
confirmed by the study of Abhishek using H,SO, as a catalyst for
the conversion of S. obliqguus lipids to FAME, which yielded
96.68% at low temperatures.>*> This was also aligned with the
investigation of Ogunkunle using KOH to trans-esterify milk
bush seed oil, which showed nearly complete methanolysis with
a FAME value of 94.33% under optimal conditions.>**> However,
some problems occur when using homogeneous -catalysts,
including difficult separation, instrument corrosion, require-
ment for extensive cleaning, contamination, and expensive
materials.>****> As a result, research is primarily focused on
finding suitable catalysts that are easy to separate, have high
conversion efficiency, and cause less corrosion to the reaction
vessel in addition to the fact that chemical reactions can occur
on the surface of these catalysts such as heterogeneous catalysts.
Heterogeneous catalysts are catalysts that are in distinct phases
from reactants, such as solid-liquid form or solid-gas forms.
Heterogeneous catalysts have also been divided into basic
and acidic types, yet this hetero-catalyst is in solid or powder
form that can be repeatedly recycled and easy to discretize.
Therefore, it might serve as a catalyst for promoting eco-
friendliness by minimizing hazards, reducing catalyst usage,
preventing losses, and enhancing the efficiency and sustainability
of the catalysts.**® This could be verified by comparison with
Abhishek, which showed no cycle of reusability for H,SO,,
while three reusability cycles were performed for the tungsten
zirconia catalyst and achieved a FAME conversion of 94.58%.>**
This was also corroborated by another study by Nurul Saadiah,
which revealed that the reaction over the CaO/SiO, catalyst
reached 87.5% at 2 h along with the seventh reuse cycle, with a
slightly remarkable reduction in yield.**”

Heterogeneous catalysts encompass both monometallic and
bimetallic systems, which are typically dispersed on various
supports to enhance their activity and stability. These catalysts
can be broadly classified based on their active components into
noble metals, nitrides, sulfides, phosphides, carbides, and non-
noble metal catalysts. Monometallic catalysts, defined by the
presence of a single active metal or metal promoter supported
on a support, are widely recognized for their straightforward
synthesis, facile characterization, and cost-effectiveness. These
catalysts offer well-defined active sites and have demonstrated
considerable efficacy across a range of catalytic processes,
including hydrogenation and methanation, particularly when
employing transition metals such as Ni, Pd, or Pt. For example,
Huang et al. reported the selective deoxygenation of lauric acid
over a Pt/TiO, monometallic catalyst at 30 °C under 1 bar H,
with LED irradiation (365 nm, 18 W), achieving an impressive
93% selectivity toward n-C,; hydrocarbons, underscoring the
catalyst’s efficiency under mild reaction conditions.>*® Despite
these promising outcomes, monometallic catalysts frequently
encounter intrinsic limitations, including restricted catalytic
activity, selectivity, and stability when exposed to harsh opera-
tional environments. For instance, Ni-based monometallic
catalysts are prone to sintering and carbon deposition during
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deoxygenation, leading to catalyst deactivation, secondary reac-
tion and diminished performance.**° Moreover, although pre-
cious metal catalysts such as Pt exhibit high intrinsic activity,
their high cost and scarcity pose significant barriers to large-
scale industrial deployment. These challenges underscore the
imperative for continued research aimed at enhancing the
durability, efficiency, and economic viability of monometallic
catalysts, particularly for applications demanding robust and
sustainable catalytic systems. Table 4 highlights the prior
studies on homogeneous and heterogeneous catalysts.

In contrast, bimetallic catalysts leverage the synergistic
interactions between two different metals, which can signifi-
cantly enhance the catalytic performance by improving the
activity, selectivity, and resistance to deactivation. The addition
of a secondary metal can modify the electronic and geometric
properties of the primary metal, stabilize active sites, and
promote better dispersion, leading to superior catalytic beha-
viour. For instance, Tan et al. studied on the catalytic deox-
ygenation of stearic acid into biofuels using a FeNi/AC catalyst.
The results demonstrated the best catalytic performance with a
stearic acid conversion of 99% and a linear C,, selectivity of
94%.>*° This shows that bimetallic catalysts have been shown to
have high conversion along with the increase in the efficiency
performance of catalysts owing to the synergistic interaction
between the two active metals and the existence of equal base-
acid properties in the catalysts. Despite these advantages, bimetal-
lic catalysts present challenges related to their synthesis and
structural control, such as preventing phase segregation, dealloy-
ing, and ensuring uniform metal distribution. Moreover, the
complexity of these systems complicates mechanistic understand-
ing and scale-up for industrial use. However, these obstacles are
gradually overcome by new developments in synthesis techniques,
such as controlled co-impregnation, atomic layer deposition, and
additive manufacturing, as well as computational modelling meth-
odologies, such as density functional theory (DFT) and machine
learning. These developments make it possible to rationally build
bimetallic catalysts with precisely regulated composition and
structure, offering specialized activity, selectivity, and durability
for a range of uses in chemical synthesis, energy, and environ-
mental remediation. Although monometallic catalysts are still
useful in applications where simplicity and economy are important
considerations, bimetallic systems are becoming increasingly more
popular in catalysis because of their better tunability and capacity
to overcome the inherent drawbacks of single-metal catalysts.

1.4.3. Noble metal catalysts. Noble metal catalysts such as
Pd, Pt, Rh, and Ru have been widely employed in the DO

Table 4 Literature studies on homogeneous and heterogeneous catalysts
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reaction. The data indicate that these noble metal catalysts
are promising with high catalytic activity and selectivity during
the DO reaction, as they contain unfilled d-electron orbitals,
making it easy to adsorb reaction species at lower tempera-
tures. Among these metals, Pd with high dispersion properties
has been recognized as the catalyst that selectively produces
more products towards paraffin chain formation due to its high
dispersion properties. Table 5 presents an overview of recent
research focused on the deoxygenation of natural oils and
analogous model compounds into diesel-range hydrocarbons,
highlighting the predominant role of noble metal catalysts in
advancing this field over recent years. This was studied by Why
et al. to investigate the effect of Pd metal on three different
supports, which are carbon, vanadium oxide and zeolite, on the
generation of bio-jet fuel from WCO. The results exhibited Pd/C
has highest yield ~99% with 73% of jet fuel selectivity.>** The
fuel properties were also studied, indicating that the produced
liquid product achieved the ASTM standard by having better
low-temperature fluidity at 15 °C and combustion effect, which
is due to the high paraffinic hydrocarbon selectivity with low
aromatic contents. Further examination of the variation ratio of
blended Jet A-l has also been investigated.>*> Notably, the bio-
jet fuel catalyzed by the Pd/C catalyst with P20%]J80% showed
the best ratio. This was because of the chemical composition,
which contained ~73% biojet fuel (~73%), ~24% iso-
paraffins, and a small molecular weight of non-paraffinic
compounds compared to other ratios, making the properties
similar to those of the existing jet fuel. Srihanun et al. also
corroborated that monometallic Pd on an alumina support can
produce a high green fuel yield of 86%, but the addition of Fe to
the catalyst increases the performance of the catalyst, yielding
96% green fuel with high selectivity.'®® Apart from Pd, Pt has
been widely used as a catalyst for the production of green fuels.
Zheng showed that bimetallic Pt-Ni has higher stability and
activity owing to the synergistic effect of Pt-Ni along with the
promotion of C—=O0 hydrogenation and improved Ni dispersion.
The results discovered that bimetallic catalysts produce 52.67%
and 40.25% of hydrocarbons and aromatics, respectively, while
lowering the coke deposition to 7.26%.>>® This was also sup-
ported by Janampelli et al., who revealed the conversion of the
4Pt-8MoOx/ZrO, catalyst to a green fuel at a lower temperature
of 200 °C, making it a favorable DO catalyst.>** Other metals
such as Re, Ru, and Rh have also been employed as catalysts
with superior catalytic performance, making them desirable as
catalysts for green fuel production.?”**® However, the high
cost of noble metals has hampered their widespread industrial

Catalyst Feedstock Conditions Product distribution (%) Ref.
H,SO, S. obliquus 60 °C, 4 h, 30:1, 10 wt% 96.68 242
KOH Milk bush seed oil 65°C, 2 h, 9:1, 3 wt% 94.33 243
Ca0/Sio, Palm oil 60 °C, 2 h, 3 wt%, 15:1 87.5 247
Ni/AC WCO N,-60 mL min~%, 500 °C, 15 min 24-85 249
FeNi/AC-500 Stearic acid N,-360 °C, 1 h Conversion - 88 C;7 — 97% 249
Ni-Fe/ZSM-5/SAPO-11 Palm oil and triolein H,-60 bar, 300 °C, 2 h Palm oil-62 142
Triolein-64
© 2025 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2025, 4, 966-1005 | 979
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Table 5 Research on the deoxygenation of natural oils and other analogous model molecules to diesel-ranged hydrocarbons over noble metals, which

has been the main focus in recent years

Catalyst Feedstock Conditions Product distribution (%) Ref.

Pt/ZIF-67/zeolite 5A bead Palmitic acid 300 °C, 20 bar CO,, 2 h, batch reactor n-Cy5 = 92 260

Pt/NMC Lauric acid 300 °C, without H,, 3 h, mini-batch reactor n-Ci1 = 99 261

Pt/HAP-AE Stearic acid 260 °C, 10 bar N,, 4 h, batch reactor n-C;7 = 91 262

PtSn/SnO, Stearic acid 320 °C, 10 bar N, 4 h, batch reactor n-C;; = 94 260
n-Cys =~ 92

Pd/C Stearic acid 260 °C, 28 bar H,, 6 h, batch reactor n-C;7 =: 92 263
n-Cig < 1.0

Pd/HPA-SiO, Soybean oil 200 °C, 10 bar H,, 24 h, batch reactor n-Cy5-Ci13 = 90 264

Pd@PPN Stearic acid 150 °C, 20 bar H,, 14 h, batch reactor n-C,; = 84 265
n-Cig=6

Al-modified Pd@SiO, Methyl palmitate 260 °C, 30 bar, 5 h, batch reactor n-Cy5 = 28 266
n-Cie =71

Ru/C (ZnCl, starch) Microalgae oil 140 °C, 50 bar H,, 6 h, batch reactor n-C17 = 93 259

Ru-Re;(/TiO, Ethyl stearate 220 °C, 30 bar H,, 2 h, batch reactor n-Cy7 = 22% 267
7-Cyg = 70%

Ru/La(OH); Jatropha oil 240 °C, 40 bar H,, 8 h, batch reactor n-Cy7 = 65% 268
n-Cys = 12%

SiNA-Rh Stearic acid 200 °C, 10 bar H,, 24 h, microwave reactor n-C17 = 94% 257
n-Cig =1

applications. Moreover, earlier research has shown that adsorbed
chemical intermediates, such as carbon monoxide, heavy organic
compounds, and carbonaceous deposits, can poison the active
metal site of palladium, making it more prone to deactivation.
Thus, another alternative way to substitute into more effective
compounds has been researched.

Research on the utilization of Ru in the hydrodeoxygenation
process of microalgae oil was carried out by Ali et al.>>® At a low
reaction temperature of 140 °C, a high heptadecane yield of
93% was achieved over a mesoporous carbon-supported Ru
(Ru/C) catalyst derived from starch. Furthermore, it would be
desirable to design catalysts that are impervious to contami-
nants to convert WCO. Xu and colleagues successfully synthe-
sized an exceptionally active Ru-HAP catalyst by using an ion-
exchange method. With this catalyst, it was possible to hydro-
genate renewable oils into long-chain alkanes at relatively low
temperatures (the conversion was completed at 200 °C). At least
five recycling cycles demonstrated the high stability of the Ru/
HAP catalyst, as well as its high tolerance to a variety of
pollutants such as salts, sugars, and amino acids. Both these
attributes have been proven. Apart from its application in the
hydrogenation of many oil sources, such as WCO, palm oil, and
jatropha oil, this catalyst has also shown a high degree of
tolerance. Metastable calcium carboxyl phosphate was pro-
duced as a result of the widely distributed Ru nanoparticles
anchored on the HAP substrate and absorbed fatty acids. The
significant role of this component was directly responsible for
the high activity and stability of the Ru/HAP compound.
A number of authors have also noted that substituting another
metal or metal for Ru in catalysts may alter product selectivity.
For example, Zhou et al. investigated the effect of Re incorpora-
tion into Ru/TiO, catalysts in the context of the selective
deoxygenation of ethyl stearate and found that it produced a
promotion effect. Their results showed that the addition of Re
had a promoting effect. The catalyst, which consisted of 1 wt%
Ru/TiO, in the absence of Re, produced a substrate conversion

980 | Energy Adv, 2025, 4, 966-1005

of 98%. Additionally, a strong selectivity toward n-C;;Hjze
(n-C18/n-Cy7; = 0.5) was demonstrated by the catalyst. The
catalyst was also able to achieve this conversion. The ratio of
n-Cyg to n-C;7 may rise significantly if the amount of Re in the
mixture is increased from 0.5 to 10 wt%. This suggests that
there is room for the ratio to increase further. Over the course
of their investigation, they learned that the addition of Re
increases the number of weak acid sites and promotes Ru
growth. They arrived at this conclusion during the course of
their investigations.

1.4.4. Non-noble metal catalysts

1.4.4.1. Metal carbide (CS)-, phosphide (P)-, nitride (N)-, sul-
fide (S)-based catalysts. This has progressively deviated the
research effort toward the development of cheaper and more
efficient catalysts with high catalytic activity, such as non-noble
metals which are tabulated in Table 6. This involves the
development of non-noble metal-based catalysts, such as car-
bides, sulfides, nitrides, and phosphides, on catalyst supports
for the conversion of TGs and model compounds into hydro-
carbons. Thikhamporn et al reported on Ni-Mo sulphide
catalysts producing the highest C;,~Cy3 yield of 75.3 wt% with
recyclability up to 4 cycles. This might also be due to the high
acidity, which leads to high activity.>®® Moreover, sulfured
catalysts such as NiMo-PS/MgO-Al,O; and NiMo-CS/AC catalyst
have been observed, and the results showed that octadecane
and heptadecane are main products, in which NiMo-PS/MgO-
Al,O; is more favourable that might be related to the metal
oxyphilic capacity.>”® Furthermore, the inclusion of P and CS
could promote the catalysts’ structure, allowing a sulphide to
prevail on the surface of both catalysts, thus presenting high
catalytic activity with different active sites.””* However, some
issues emerged while carrying out HDO using sulfided-based
catalysts such as an impairment catalytic activity in the earlier
reaction time of corresponding catalyst and the necessity for
more prominent process conditions such as pressure and tem-
perature, thus making it unfavorable to be used in this reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Literature studies on metal carbide (CS)-, phosphide (P)-, nitride (N)-, sulfide (S)-based catalysts for the production of green fuels

Catalyst code Feedstock Conditions Solvent Product selectivity ~ Ref.

NiMoS, Palm oil T: 300 °C, t: 2 h, P: 30 bar H,, batch reactor n-Decane n-Cys5 = 22 269
n-Cq6 = 20
n-Cy7 = 30
n-Cig =28

NizS, Palmitic acid T: 300 °C, P: 50 bar H,, batch reactor Dodecane solvent-free n-Cy5 = 94 276
n-Cig=6

Ni-MoS, Palmitic acid T: 300 °C, P: 50 bar H,, batch reactor n-Cy5 = 45 276
n-Cy6 = 55

Sulfided Oleic acid T: 350 °C, t: 1 h, P: 40 bar H,, batch reactor n-Cg—Cqp = 4 277

ReNiMo/y-Al, 03 n-C,3-Ci5 = 77

Ni,P/A1,0; Palmitic acid T: 300 °C, P: 40 bar H,, t: 1 h, flow reactor Solvent-free n-Hexane n-Cy5 = 76 278
n-Ci = 23

MoP/A1,0; Palmitic acid T: 300 °C, P: 40 bar H,, t: 1 h, flow reactor n-C;5 =3 278
n-Ci6 = 22

Ni,P/AC Palm oil T: 350 °C, 40 bar H,, t: 6 h, flow reactor n-(C13-Cypo) = 98 279

NiC Coffee oil T: 400 °C, P: 40 bar H,, t: 5 h, batch reactor n-(Cg—Cye) = 42 280
n-(C13-Cyo) = 23

MoWC/C Canola oil T: 250 °C, P: 450 psi H, t: 2 h, batch reactor n-Cyg: 50 265
n-Cy7: 34

Mo, 56CNy 50 Palmitic acid T: 300 °C, P: 40 bar H,, ¢: 1.2 min, fix-bed reactor n-Decane n-Ci6 = 86 281

Carbides are non-noble-metal-supported catalysts that can be
used to produce hydrocarbons. Tran et al. demonstrated the
effect of bimetallic carbides on the production of diesel-range
hydrocarbons using canola oil, and the results showed that Mo-
W carbides/C catalysts converted more than 95% with a cracking
ratio of <3% at a low temperature of 250 °C.>*> Another study
by Fei et al examined the efficacy of molybdenum carbide
nanoparticles on a carbon nitride support (MoC/CN) catalyst.
The results showed impressive performance, with a conversion
rate of 94.3% and a selectivity rate of 90.3% at 310 °C. This
success can be attributed to the presence of more active sites,
enhanced dispersion of active sites by the abundance of pyr-
idinic and pyrrolic N onto molybdenum, and incorporation of
Mo metal.””> Nevertheless, the carbide catalyst surface’s degra-
dation and accumulation of carbon could result in the reduction
of active sites, which could reduce the catalyst’s performance.
Therefore, the production of green fuels has enabled the use of
nitride-based catalysts. Nitride and carbide catalysts possess
numerous similar structural characteristics; however, nitride
catalysts tend to be more oxidation-resistant. Wang examined
the conversion of methyl palmitate (MPA) to green fuels using a
CosMo3N catalyst, and the data obtained showed the highest
yield (99.5%) with selectivity to hexadecane of up to 95% under
mild conditions.>”® This might be due to the interaction of Co-
Mo nitrides with the unique dual-site fining of the electronic and
structural configuration of the Co;Mo;N catalyst, thus leading to
the desired hydrodeoxygenation route with high stability up to
72 h. Another study also confirmed that nitridation of the
catalyst plays a pivotal role in its properties, thus increasing
the activity of the catalyst. This might be due to the excellent
dispersion of active metals and promoters on the support and
the formation of y-Mo,N species, thus successfully hydroproces-
sing rapeseed oil with high efficiency.>”* Phosphide-based cata-
lysts have been extensively studied for the production of green
fuels. Kaewtrakulchai investigated the effect of transition metal
phosphide-supported porous biochar on the hydrocracking of

© 2025 The Author(s). Published by the Royal Society of Chemistry

bio-jet fuels.>”> The results showed that Fe-P produced a high
percentage of paraffin while lowering the aromatic content from
21% to 14% owing to its high acidity, surface area, and catalyst
dispersion.””> However, increasing the number of active sites
can promote the isomerization of short chains, leading to the
formation of branched paraffins (iso-paraffins). In addition, the
high acidity of the Fe-P catalyst leads to excessive fractions that
result in a high proportion of undesirable products, such as C,
and Cs gaseous hydrocarbons.?””> Ruangudomsakul also exam-
ined the hydrogenation on mixed-phase nickel phosphide cata-
lysts. Remarkably, the Ni,P, catalyst produced more green fuels
than commercial Ni,P owing to the presence of mixed Ni,P and
Ni;,P5 in Ni,P,."*” It was noticed that more favored decarboxyla-
tion and decarbonylation processes produced C;s and C;,
alkanes as the major products, in which the presence of domi-
nant phase Ni,P might have an impact. Thus, catalysts con-
structed from transition metal oxides (TMOs), such as Ni, Cu,
and Mo, have been progressively explored for the oxygen depri-
vation of fatty acids to straight hydrocarbons of gasoline- and
kerosene-range hydrocarbons, as well as for the green fuel-like
approach.

Ketene intermediate (3) was produced as a consequence of
the activation of the fatty acid molecule on the sulfur vacancy
site of Ni-MoS, (1 — 2). This process is illustrated in Fig. 5. A
Mo cation and a nearby basic sulfur atom, which engaged in
the C-O cleavage and a-proton abstraction processes, respec-
tively, were utilized to produce this intermediate. The goal of
the interaction between the carbonyl carbon and Mo cation was
to improve the synthesis of C;5 hydrocarbons. This interaction
resulted in the weakening of the C-C bond and an increase in
the proportion of ketene species with DCO (3). Because the
sulfur anions on MoS, are less basic and have fewer electrons
than those on Ni-MoS,/Ni;S,, there may be a change in product
selectivity on MoS,, which could explain why ketene species
production is restricted (3). This may be related to the fact that
MoS, exhibits distinct product selectivity. However, although

Energy Adv., 2025, 4, 966-1005 | 981
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Fig. 5 Hypothesized mechanism for the decarbonylation of fatty acids on Ni—MoS,. Reprinted with permission from ref. 276.

these compounds can be used to achieve high selectivity for
desired products, the use of metal sulfides presents a number
of environmental challenges. Consider sulfur as an example.
Under hydrothermal conditions, sulfur can leak into the reac-
tion fluid. The sulfur may be absorbed into the liquid fuel
product or precursor as a result of this leaching. This might
cause the catalyst to become inactive, which would shorten its
lifespan and add to the environmental contamination.

1.4.4.2. Transition metal oxide (TMO)-based catalysts

1.4.4.2.1. Ni-based catalysts. Among TMOs, Ni has sparked
interest due to comparable performance and endurance compar-
able to noble metal catalysts in the conversion of triglycerides and
fatty acids to hydrocarbon molecules. Furthermore, this Ni species
is easily synthesized, resulting in cost-effective production, excep-
tional hydrogen activation capabilities, and favorable electrical
properties that can induce chemical reactions reminiscent of
precious metals (e.g:,, Pd and Pt), including the unravelling of
C-C or C-H bonds in hydrocarbon processes.>* This supports
the findings of Zhang by using phosphotungstic acid loaded
on a Ni/MCM-41 (HPW-Ni/MCM-41) catalyst, and it was shown
that Ni metal catalyzed methyl palmitate through hydrodeoxy-
genation and dehydrogenation of methyl palmitate to produce
1-pentadecene and then produced jet fuel-ranged hydrocarbons
with an increment yield of 86% with selectivity to n-alkanes and
iso-alkanes of 47% and 8%, respectively. Moreover, Lee investi-
gated a Ni/AlI-SBA-15 catalyst under a N, atmosphere at 20 bar and
280 °C for 2 h, and the data revealed that 83% conversion to jet
fuel hydrocarbon from methyl palmitate showed that Ni metal
alone could successfully produce high conversion due to acidic
sites due to Ni. In contrast, Tan examined under H, conditions for
4 h at 330 °C, and the results revealed that the exposed Ni,P/Zr-
SBA-15 catalyst produced a hydrocarbon yield of approximately
61-74%. Another separate study using a non-edible oil, karanja
oil, has been conducted by Ramesh et al in a H, atmosphere,
showing that more than 90% jet fuel was produced using a
NiMoS/Ti-K catalyst for 6 h reaction time. Ni-MOF catalysts have
also been employed to produce jet-fuel hydrocarbons using

982 | Energy Adv, 2025, 4, 966-1005

different linkers, as illustrated by Zhu et al. using 1,3,5-benzen-
etricarboxylate denoting catalyst as Ni-BTC/MCM-41, which was
observed to produce only 53% jet fuel selectivity. In addition,
Cheng et al. produced a Ni-DOBDC catalyst using 2,5-dihydroxy
terephthalic acid as linkers, and 82% of the jet fuel-like products
were produced. However, extensive prior research has demon-
strated that monometallic Ni-based catalysts often yield low
amounts of gasoline- and kerosene-range hydrocarbons due to
severe coke formation, which significantly hinders catalyst stabi-
lity. As a result, these catalysts can become deactivated, lowering
overall hydrocarbon yields. This could be seen in the investigation
of Hunsiri, which produced ~ 71% yield using the Ni/Beta catalyst
under a H, atmosphere. Furthermore, Kuttiyathil demonstrated
jet fuel yields ranging from 40-70% using a Ni/Zeo catalyst,
whereas Li reported yields of 24-85 wt% with a Ni/AC catalyst,
with both experiments performed under N, atmospheres.
Although both studies were performed at 500 °C, the yield was
not too high, which might be due to the sintering of the Ni species
at high reaction temperatures. Hence, adding a second metal
such as La, Ce, or Co strongly stabilized the active Ni sites and
increased the Ni dispersion, thus improving the selectivity to the
desired hydrocarbons.”®*** A thorough summary of earlier
research on Ni-based catalysts for the generation of sustainable
aviation fuels (SAFs) is provided in Table 7

1.4.4.2.2. Co-based catalysts. It is interesting to note that
despite Co’s lower acidity than Ni, Co-based catalysts behave
differently from Ni-based catalysts. Further research on the
effects of Co revealed a stronger selectivity for the decarboxyla-
tion pathway. Table 8 provides a thorough summary of previous
study findings on Co-based catalysts for the generation of green
fuel. According to a recent report on the deoxygenation of PFAD
over acid-base catalysts, the results revealed that the Co/AC
catalyst demonstrated the best level of deoxygenation efficiency
and excellent selectivity towards the synthesis of the liquid
product (n-Cys + n-Cy5).>° Further study by de Barros et al.
revealed that the Co/EAC catalyst presented almost 98.4%
conversion of jet-fuel hydrocarbon from macauba pulp oil.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Catalyst Feedstock Reaction condition Yield (%) cycles Ref.
Phosphotungstic acid HPW-Ni/MCM-41 Methyl palmitate H,-2 MPa, 390 °C, 6 h 86 NA 284
Ni/Al-SBA-15 Methyl palmitate N,-20 bar, 280 °C, 2 h 83 NA 285
Ni,P/Zr-SBA-15 Jatropha oil H,-45 bar, 330 °C, 4 h 61-74 NA 286
Ni-BTC/MCM-41(1,3,5- Methyl palmitate H,-2 MPa, 390 °C, 6 h 53 NA 287
benzenetricarboxylate)
Ni/NH,-Beta Palm olein H,-30-40 bar, 300-360 °C, 4-8 h >62 NA 288
Ni/Si0,-ZrO, Biobased difurfurilydene H,-2 MPa, 280 °C, 24 h 65 NA 289
acetone

Ni-Fe/ZSM-5/SAPO-11 Palm oil and triolein H,-60 bar, 300 °C, 2 h Palm oil- NA 142

62

Triolein-

64
Ni-DOBDC (2,5-dihydroxy terephthalic ~ Methyl palmitate CO,-2 MPa, mass ratio of 1:40, 430 °C, 82 NA 290
acid) 8h
NiMoS/Ti-K Karanja oil H,-30 bar, 350 °C, 6 h >90 NA 291
Ni/Beta Palm olein H,-40 bar, 320-360 °C, 5 h 71-74 NA 292
Ni/Zeo Salicornia bigelovii seeds N,-80 mL min~*, 300-500 °C, 10 min  40-70 NA 293
Ni/AC WCO N,-60 mL min ", 500 °C, 15 min 24-85 NA 249

Gamal examined PFAD using Co;o0Mo04¢/AC under a N, flow,
with a yield of 92%.>°* Asikin et al. further confirmed that a
CosWj/silica alumina catalyst using tung oil could achieve an
84% yield within the jet fuel range, retaining this high perfor-
mance over four reuse cycles with only minor reductions in
yield and n-Cg-Cy selectivity. Athirah et al. reported achieving
an 83.4% yield during the deoxygenation of coconut oil under N,
using a CoO-NiO/kaolin acid-base catalyst. Nonetheless, mono-
metal Co-based catalysts show low catalytic activity as Co species
favor the decarboxylation pathway. This supports the results of
Choo et al. (2020) on the effects of several TMO catalysts
supported on zeolite Y. The Co-Y catalyst exhibited the lowest
transformation (58%) for the deoxygenation of triolein to green
fuels in a H,-free environment. This was also aligned with the
investigation by Muangsuwan et al. on CoMo/Al,O3, with the
lowest yield of ~20%. Furthermore, Baharudin reported that Co/
SBA-15 yielded only 16%. However, bimetallic Ni-Co/SBA-15
showed the highest hydrocarbon content (88.1%), with a high
selectivity to jet fuel. This might be caused by a synergistic
interaction between the high hydrogenolysis capacity of Ni and
the reduced Bronsted/Lewis acid, which encouraged decarbox-
ylation and prevented the cracking and polymerization of heavy

Table 8 Literature review on Co-based catalysts for green fuel production

hydrocarbons. This was confirmed by Safa et al. using Co(10
wt%)-Ag(10 wt%)/AC, revealing 92% hydrocarbon yield with 8
consecutive runs, as silver metal favours the decarbonylation
along with decarboxylation by Co, resulting in high performance
for catalytic activity, thus producing high yields with high
selectivity. Thus, it is advised to use bimetallic materials such
as Ni-Co catalysts that produce synergistic effects on the acid-
base sites of both metal species, boosting the catalyst’s stability
with high deoxygenation activity and simultaneously inhibiting
coke formation. Furthermore, a catalytic support is crucial for
augmenting the effectiveness of metal promoters in catalysts by
strengthening catalyst reliability, facilitating metal dispersion,
and reducing deactivation.

1.4.5. Catalyst supports. The choice of a suitable catalyst
support is essential in catalyst conception, as it can affect the
specific reaction route selected, including the acid/base proper-
ties, interactions between the metal and support, and geometric
configuration. This choice also affects the distribution of products
and enhances the efficiency of the supported catalysts, ultimately
leading to increased catalytic activity. Prior research has demon-
strated that the physical characteristics of the catalyst support can
alter the distribution of active sites throughout its surface and

Catalyst Feedstock Reaction condition Yield (%) Reusability cycles Ref.
Co/AC Palm fatty acid distillate 350 °C, 1 h, 3 wt% ~72% NA 39

Co/SBA-15 Palm fatty acid distillate 350 °C, 3 h, 10 wt% ~50 NA 294
Co/SBA-15 PFAD N,-10 wt%, 350 °C, 2 h Co/SBA-15 (16) 5 35

Ni-Co/SBA-15 (88)

Co/EAC Macauba pulp oil H,-30 bar, 350 °C, 4 h 98 NA 295
C0,0M0;/AC PFAD N,-3 wt%, 350 °C, 1 h, 50 mL min~* 92 6 294
C030,/Si,03A1,05 Jatropha and palm oil H,-2/30 bar, 250/300 °C, 6-8 h 67-74 NA 296
Co-Y Triolein Partial vacuum-100 mbar, 380 °C, 2 h 58 NA 297
BOMoCo Waste cottonseed oil N,-500 °C, 2 mL min * ~60 NA 298
Co(10 wt%)-Ag(10 wt%)/AC Coconut shell waste N,-1 wt%, 350 °C, 2 h 92 8 299
CoMo/Al,O; Palm empty fruit bunch (PEFB) H,-2 MPa, 300-350 °C, 1 h, 10 wt%  ~20 NA 300
CosW,/silica alumina Tung oil N,-350 °C, 2 h, 5 wt% 84 4 301
Co-Mo/Al, O3 Neem seed N,-1 atm, 350-550 °C, 30-240 min 47-53 NA 302
Co0O-NiO/kaolin Coconut oil N,-330 °C, 2 h, 5 wt% 83 NA 303
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affect the interaction between the support and the active site. The
support might exhibit chemical inertness or interact with the
active component, which is the true catalyst. The reactions that
occur between the active catalyst and the support material affect
the selectivity and activity of the catalyst. The support material
indirectly assists in the catalytic reaction process by adsorbing the
reactants near the embedded catalysts, even though it does not
directly participate in the reaction. Additionally, the metal support
plays a vital role in modifying the chemical properties of the
catalysts and adjusting the activity of the catalytic reaction, while
also improving the dispersion of the active metal.

Additionally, common catalysts are mostly composed of
porous supports.>** Most supports are robust solids that can
be manufactured with various surface areas and pore-size dis-
tributions. Catalyst supports require chemical robustness, sub-
stantial surface area, and the capability to efficiently disseminate
metal or metal oxide particles on their surfaces, especially when
noble metals are used as catalyst promoters. Supports provide
the catalyst with its physical framework, appearance, mechanical
robustness, and specific reactivity, particularly for bifunctional
catalysts. The performance of supported metals is affected by the
surface chemical composition, namely the functional classes, as
well as the physical characteristics of the surfaces. Considering
these requirements, a range of oxide- and carbon-based ele-
ments have been used as materials to support catalysts.

Among these materials, zeolite has been used as a catalyst
support in the DO reaction because of its high acidity, strictly
uniform pore diameter, and high surface area. However, the
strong acidity that leads to the deposition of carbonaceous
materials on the active sites makes it prone to catalyst deactiva-
tion. Thus, AC has gained researchers’ interest in producing
highly feasible catalyst supports for the DO reaction as a low-
cost and highly porous material. Nonetheless, it is difficult to
reactivate, and the appearance of inorganic impurities such as
potassium, sulfur, and nitrogen, which require prior pre-
treatment, makes it undesirable for use as a catalyst support.

Thus, another catalyst material was chosen to act as a catalyst
support in the DO reaction: an oxide support. This is because of
its superior oxygen retention ability and inherent redox char-
acteristics, which enable it to aid in the activation of oxygenated
molecules. y-Al,O3, SiO,, and TiO, are typically used as oxide
catalyst supports because they are common materials for hydro-
processing conventional fuels. Inevitably, the cracking process
requires the support of acidic catalysts, because they provide
more sites for oxidized chemical consumption or H, breakdown.
Moreover, the acidity of the support can enhance the C-O
hydrogenolysis activity. However, it is not suggested to employ
strong acid support catalysts, such y-Al,O3, since this might lead
to significant degradation of the catalyst by promoting the
development of coke and an indiscriminate breaking reaction.
Consequently, it is essential to employ a moderately acidic
material, such as an iron-based catalyst, in order to solubilize
the carboxylic group present in the vegetable-derived oil.

1.4.5.1 Properties of iron elements as catalyst supports. Iron
(Fe) is the fourth most abundant transition element in the
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Earth’s crust, which is safe for the environment and an incredibly
important metal to society.’” Iron in its pure form exhibits
malleability and ductility, with a melting point of 1538 °C. It
has a solid density of 7.87 ¢ cm™* and exhibits magnetic char-
acteristics. Despite its apparent prevalence, pure iron metal is
rarely used in our surroundings. Instead, a substantial quantity of
iron collected from its ore is employed in the production of
various alloys, such as steel, which incorporates carbon. The
primary ores utilized for iron extraction include hematite, limo-
nite, magnetite (a magnetic ore), and siderite. This shows that the
Fe element exists in various oxidation states, including 0, +1, +2,
and +3, which leads to different forms, including Fe, FeO, Fe**,
Fe**, FeOOH, Fe,0;, and Fe;0,, due to electron transition that has
different physical and chemical properties suitable for different
types of reactions.’® " These classes of materials are widely
feasible, reliably manipulable, environmentally sustainable, and
simply produced through the use of various techniques.

As it is commonly found in the Earth’s crust, making it a
low-cost production material, Fe-based catalysts have been widely
applied in medical, biological, and chemical applications, such as
magnetic resonance imaging (MRI) and manufacturing pigments.
Furthermore, it has been employed as a heterogeneous catalyst in
various advanced oxidation processes (AOPs) such as catalytic
ozonation, Fenton oxidation, electrocatalysis, photocatalysis,
Fischer-Tropsch process, gasification and sulphate radical-based
AOPs as well as the adsorption of some contaminants.’®"3
These studies show that Fe-based catalysts exhibit high catalytic
activity along with a strong affinity for oxygen, favoring redox
reactions and making them desirable for producing green fuel. It
also appears that Fe-based catalysts have better water-gas shift
reactions with a lower H,/CO ratio and strong oxophilic effects,
making it easier to break C-O bonds by binding to oxygen from
C=O0 of oleic acid.*'® The strong attraction between the oxygen-
deprived spaces within the iron oxide species enables them to
enhance the adhesion and activation of oxygenated compounds
more effectively than Ni.*'” This is supported by a prior study by
Peng et al., who found that by adjusting the Ni/Fe ratio, bimetallic
Ni-Fe catalysts allowed for high phenolic conversion and greatly
improved selectivity to phenol or cyclohexane.**® According to
another study by Deplazes et al, the selectivity for toluene
increased, while the selectivity for cyclic components on the
deoxygenation of m-cresol decreased.’’® In addition, Fe-based
catalysts improve the surface area and dispersion of host metal
elements, enhance the yield and selectivity of the product, and act
as electronic/chemical promoters to alter metal catalysts. Widayat
et al. showed that the biodiesel yield reached 86.78% using
o-Fe,03;-Al,0; as a catalyst.**° Furthermore, Zhang et al. investi-
gated the impact of a Fe,Oj; catalyst on the ignition and pollution
properties of a diesel engine. They observed noteworthy conver-
sion rates of 72.3% for NO and 76.1% for NO, in an engine
powered by diesel fuel.*** Given its significance in promoting eco-
friendly fuel substitutes, NO, emissions are a crucial factor. The
Euro VI standard has implemented harsh regulations, mandating
a 95% decrease in NO, emissions from heavy-duty diesel engines.
This is due to the fact that 90% of NO, emissions are known to
come from the combustion of fossil fuels, with diesel engines

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Images of (A) the prepared FesO, catalyst and (B) FezO4 catalyst
attracted to a magnetic bar.

being responsible for 70% of these emissions. These regulations
highlight the significant potential of Fe,O; as a catalyst.>**?>
However, an ineffective separation method could result in
catalyst loss and reduce the reusability cycle of the reaction,
making the catalyst less favorable (Fig. 6). Therefore, magnetic
materials including Fe;0, serve as viable substitutes for catalyst
support components due to their cost-effectiveness, simplicity
of synthesis and functionalization, minimal toxicity, and ability
to be readily recovered using an external magnetic field.*>* >
Additional beneficial characteristics of these magnetic iron oxide
nanoparticles include an enhanced saturation field, substantial
surface area, high number of functional groups, and remarkable
thermodynamic and chemical durability.>*”*° In addition,
using a magnetite catalyst not only preserves the magnetic
features, but also increases the recovery rate while maintaining
its catalytic strength and reusability. Magnetic catalysts have
been widely applied in various applications.**' 3¢ Prior research
has also demonstrated that magnetic catalysts have superior
catalytic activity in the generation of biodiesel compared to
homogeneous catalysts. This is attributed to the magnetic
characteristics of the particles, which lead to improved efficiency
and durability.**>**” In addition to its cost-effectiveness and
high catalytic activity, this magnetite catalyst has a remarkable

@ Nickel/ Ni
® Cobalt/Co
' Ni-Co cluster molecule

Triglycerides
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impact on carbon combustion. It rapidly forms highly reactive
iron oxide condensation sites, which occur faster than carbon
particles. Consequently, it reduces the activation energy for soot
formation and alters the chemistry of fine particle emissions.
This leads to an increase in alkane, organic carbon, and frag-
ments components, particularly in the manufacturing process of
renewables fuel such as SAF and green fuels.>****° Nevertheless,
magnetic elements tend to form larger clusters because of their
electromagnetic dipole-dipole attractions, which inhibit the
effective dispersion of the magnetic catalyst and, thus, affect
its surface area.*****! Thus, this magnetic catalyst requires the
inclusion of a metal promoter to avoid agglomeration. The study
focuses on synthesizing synergistic acid-base Ni-Co loaded on
the Fe;O, surface to produce high hydrocarbon yields with
selectivity towards diesel-range, gasoline-range, and kerosene-
range hydrocarbons via a deoxygenation reaction under N,
conditions using a non-edible oil.

1.4.6. Deoxygenation of bimetallic Ni-Co supported on Fe-
based catalysts. Fig. 7 illustrates the mechanistic roles of
nickel, cobalt, and iron in the deoxygenation reaction, high-
lighting how their synergistic interactions contribute to high
yields and enhanced catalytic efficiencies. Nickel (Ni) is the
primary site of hydrogen dissociation in the deoxygenation of
triglycerides and fatty acids. It efficiently cleaves molecular
hydrogen (H,) into atomic hydrogen, which is necessary for
further hydrogenation processes (Pathway I). Ni also promotes
the hydrodeoxygenation (HDO) and decarbonylation (deCOx)
pathways by facilitating the breakage of C-O bonds within fatty
acid chains (Pathway II).*** These routes eliminate carbon
monoxide (CO) and water (H,O), respectively, as forms of
oxygen. Significantly, Ni sites are essential for reducing the
activation energy barriers related to these bond-breaking pro-
cesses, which makes it possible for triglycerides to be efficiently
converted into hydrocarbons. However, by promoting the
breakage of C-C bonds and the elimination of carbon dioxide
(CO,) as a by-product, cobalt (Co) primarily supports the

(IIT) Decarboxylation/

. B O eleavaoe +C 21 Il: ..'CO:
@ Hydrogen species (‘)/ T C-C cleavage " "
&+ 0
(IT) Decarbonylation/ XC\R \béXR
C-O cleavage =0 Al
+(:u-l Hlm'CO<Hzo 5-0
+Cnl 11111‘2‘ -1 IZO
Ni-H-H-Ni

AL (IV) Polarize (V) Hydrodeoygenation

(I) Hydrogen
dissociation

CO group

(HDO)

Proton
3 s Hydrogen
interface

Co-Fe

addition

Fe-based support

Fig. 7 Diagrammatic representation of the mechanistic functions of iron, cobalt, and nickel in the deoxygenation process.
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decarboxylation route (Pathway I1I).*** Oxygenated intermediates
are further stabilized by the catalyst’s oxygen vacancy concen-
tration and redox flexibility, preventing coking-induced catalyst
deactivation. For example, earlier research has shown that Ni
supported on SAPO-11 produces a greater percentage of Cg—Cjg
alkanes (~26%) than Co/SAPO-11 catalysts (<20%), underscor-
ing the different catalytic functions of these metals.>** However,
to attain the best activity and selectivity, monometallic systems’
catalytic efficacy is sometimes insufficient on its own. This
restriction emphasizes the need to create bimetallic catalysts,
in which the electronic structure of the catalyst is substantially
altered by the synergy between Ni and Co. By optimizing reactant
and intermediate adsorption and lowering activation barriers for
both C-C and C-O bond breakage, this change improves selec-
tivity toward jet fuel-range hydrocarbons (Cg—Ce)."%
Meanwhile, the iron oxide (Fe;O,) support contributes addi-
tional functionality by providing Lewis acid sites (Fe*" centers) that
polarize carbonyl groups in triglycerides.'® This polarization low-
ers the activation energy required for decarboxylation and decar-
bonylation reactions (Pathway IV). Moreover, the dynamic redox
cycling between Fe®* and Fe®* promotes the formation of oxygen
vacancies, which facilitates efficient oxygen removal and helps
maintain catalyst stability and activity.>*> Mechanistically, hydro-
deoxygenation (HDO) involves proton transfer at Co-Fe interfacial
sites and hydrogen addition at Ni sites, leading to the formation of
water and saturated hydrocarbons (Pathway V). Thus, by success-
fully balancing the deCOx and HDO routes through complement-
ing electrical and structural alterations, the Ni-Co/Fe;0O, catalyst
system improves deoxygenation efficiency. Co encourages C-C
cleavage and stabilizes oxygen intermediates, Ni activates hydro-
gen and cleaves C-O bonds, while the Fe;O, support supplies
necessary acid sites and oxygen vacancies. These elements work in
concert to enhance catalyst performance, stability, and selectivity,
which makes this system extremely promising for the production
of renewable fuels.

1.5. Deactivation of catalysts

The automobile and commercial catalytic industries face a persis-
tent and significant concern regarding catalyst degradation and
the progressive reduction in catalytic activity in which the replace-
ment of catalysts can result in considerable capital expenditures.
Deactivation has a substantial impact on the functioning, archi-
tecture, advancement, and investigation of commercial catalytic
systems. Any process that is adequately regulated gradually
encounters a decline in its activity. A wide range of physical and
chemical elements may play an important role, and they can be
divided into four broad categories: poisoning, metal leakage,
sintering, and coking.

1.5.1. Sintering. Sintering, also known as thermal degrada-
tion, is a time-dependent thermal process that causes catalysts to
undergo molecular and physical modifications. This incorporates
alterations in the catalyst’s surface area resulting from factors
such as crystallite growth, support loss, or chemical transforma-
tion that occurs during active phase-support reactions. Sintering
is commonly occurred at elevated reaction temperatures exceed-
ing 500 °C with the assistance of moisture vapor. This sintering
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could be caused by metal or support sintering, where there are
three main processes involved: high-temperature vapor transport,
atomic migration, and crystallite migration. While vapour trans-
portation occur during support sintering, both crystallite and
atomic migration typically happened during metal sintering.
The process of crystallite growth begins with the complete crystal-
lite migrating over the support surface, followed by collision and
amalgamation, the process by which elements combine to create
a single mass. Meanwhile, metal atoms separate from crystallites
and migrate across the support surfaces before being ensnared by
larger crystallites. This process is known as atomic migration. The
substance evaporated and condensed into water particles during
vapor movement. Water vapor has a major impact on the porosity
of the catalysts because the water particles obstruct the active
sites, resulting in a surface area of the catalyst that is less active.
As a result, less of the surface was exposed to the reactants,
reducing the surface-to-volume ratio. Two illustrative scenarios of
restricting steps in the sintering process are the disengagement of
metal-containing compounds from metal crystallites and the
entrapment of atomic metals on the support surface. However,
these examples are excessively straightforward and have failed to
consider the possibility that these mechanisms operate concur-
rently and collaborate via multifaceted physical and chemical
processes.

The sintering process is influenced by several key elements,
including temperature, environment, metal type and disper-
sion, types of promoters, as well as catalyst surface and perme-
ability. Sintering commonly occurs at numerous stages of a
catalyst’s life cycle, such as through the calcination process in
synthesis and catalytic regeneration. As this sintering process is
thermally induced, increasing the reaction temperature exponen-
tially increases the sintering rate of the catalyst. Thus, using a
stabilizer support or high thermal stability of the support will aid
in minimizing the structural collapse or modification of the
morphology of catalysts. This is because the sintering rates of
the porous molecules are low as the crystallite diameter decreases,
approaching the pore size. Dickinson and team studied the
conversion of guaiacol from o-cresol via hydrodeoxygenation at
653 °C and a H, pressure of 305 bar using a Ni/SiO,-Al,O; catalyst.
The results showed that sintering occurred after a higher tem-
perature was projected, increasing the particle size of Ni to be
increased up to 36 nm from 3.8 nm after the reaction, resulting in
a 20% decrease in guaiacol conversion within 400 min.>*® Apart
from that, Kim et al. reported the loss of active metal sites during
HDO of Pt/Zr-P, in which the surface area deduced to 5 m* g *
after 114 h of reaction time. This demonstrates that support
materials with a substantial surface area undergo an alteration
in phase, transitioning into a form with a smaller surface area
owing to the loss of Pt metal during the reaction.>*’

Indeed, under a H, atmosphere, the stability of noble metal
crystallites often decreases as the metal melting temperature
decreases. Rh > Pt > Ir > Ru is the order in which the metal
stability decreased under O,. The degree of unpredictability of
the metal oxides is determined by their volatility and the dur-
ability of the metallic oxide-support association. In addition, by
taking up defect sites or generating new phases, additives and
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impurities can affect the thermal characteristics of the support.
For example, the sintering process can be accelerated by
alkali metals such as barium, nickel, calcium, and lanthanum
oxides, which produce spinel phases that are thermally resistant.
Additionally, chlorine promotes sintering and particle formation
in titanium and magnesium at elevated temperatures. This
sintering process induces the closure of pores, leading to the
encapsulation of the active metals and a subsequent decrease in
the efficacy of the catalyst.

1.5.2. Coking. In addition to sintering, coking is a deacti-
vation mechanism that affects the catalytic activity of the
catalysts. Coking is a process in which species within the fluid
state are physically deposited onto the surface of catalysts,
obstructing their pores or active sites and resulting in a decline
in activity. Catalytic fouling transpires when solid deposits
obstruct the adsorption of reactants by suffocating the pore
spaces and active sites.**® At a more advanced stage, catalyst
particles have the potential to dissolve, leading to the possibility of
reactor gaps becoming clogged. Carbonaceous material- and coke-
forming processes include chemical absorption of different car-
bons or concentrated hydrocarbons, which can function as
catalyst inhibitors. However, one of the most notable examples
is the mechanical deposition of carbonaceous species, such as
carbon and coke, in porous catalysts. While coke is created by the
breakdown or precipitation of carbon chains on catalyst surfaces,
carbon is usually the result of CO disproportionation and is
composed primarily of polymerised heavy hydrocarbons.**® In
these processes, many forms of carbon and coke are produced,
each with its own unique shape and reactivity. When the tem-
perature drops below 250 °C, carbon dioxide will dissociate on
metal surfaces to generate adsorbed atomic carbon. Increasing
the temperature causes more amorphous, reactive carbon to
develop in the 250 °C > T < 600 °C range, and more refractory,
less reactive graphitic carbon to form at 7 > 600 °C.**° These
carbonaceous species structures formed in the catalytic processes
depend on the type of catalyst, reactant and reaction.

It has been suggested that the increased catalyst acidity tends to
encourage the development of coke deposits.**® Ausavasukhi also
investigated the hydrodeoxygenation of m-cresol to form benzene,
toluene, and xylene.*** A pool of condensate products was found
on the surface of the Ga/ZSM-5 catalyst, which resulted in coking
during the reaction. This finding was also confirmed by Zanuttini
et al’s study, in which coke formation occurred during deoxygena-
tion of m-cresol over Pt/y-Al,0,.>** Increased catalyst acidity has
been reported to facilitate the formation of coke deposits.>>*~>*
Regarding the hydrocarbon processes, coke deposits exhibit an
olefinic pool rather than a phenolic pool. Adsorbed polyaromatics
produced by olefin cyclization, alkylation, and oligomerization
constitute the olefinic pool,>*’Additionally, studies have found
that coke formation during hydrogenolysis over Pt catalysts sup-
ported on Al,O;, CeO,, La,03; and ZnO is attributed to the
oligomerization of acetol.>***’ Similarly, it has also been found
that spent MoOj; catalysts for the HDO process contain carbonac-
eous species including soft coke and oxycarbidic carbon.?**>>°

Temperature-programmed oxidation (TPO) and thermogra-
vimetric analysis (TGA) are commonly used to analyze coke
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deposits on spent catalysts, providing insights into the quantity
and composition of coke based on desorption behavior. In
order to remove coke, carbonaceous species must be burned or
oxidized on a catalyst at a temperature that increases. The
amount of coke included in the catalyst would be represented
by the total weight loss in TG following the coke elimination.
Similarly, the TPO peak resulting from the conversion of coke
into CO, by oxidizing processes provides details about the
quantity and temperature at which coke oxidizes. Various
carbon species can be distinguished using this method based
on their thermal reactivity in the presence of oxidation.>®*°*
TPO is a promising technique since it can represent total coke
morphologies and uses minimal powder-like coke samples.

Coking is caused by various factors such as acidity or
basicity of the catalyst or the presence of molecules containing
oxygen in the deoxygenated product.***7*%* Recent research has
indicated that the presence of robust acidic regions on the
catalyst enhances the formation of large polyaromatic mole-
cules. These compounds serve as precursors for coke formation
and are generated via the processes of aromatization, polymer-
ization, and polycondensation. This was noted in research by
Choo et al. on the implementation of supported zeolite Y
catalysts for the deoxygenation of triolein to green fuels.*®”
The results revealed that a large amount of Brensted acidity in
the zeolite Y catalyst produced higher concentrations of inter-
mediates that tended to form coke, simultaneously lowering
the catalytic activity of the zeolite Y catalyst.”*” The coking
performance was remarkable when a significant amount of
unsaturated feed was used in the deoxygenation process.
Unsaturated species may act as inhibitors by firmly adhering
to the layer of catalyst and/or by engaging in the creation of
coke, thus concurrently lowering the activity of reaction.'*>¢
Other studies have shown that 17 wt% of coke was discovered
on spent Ru/C using TGA analysis during HDO of guaiacol. The
coking resulted from the deposition of polyaromatic hydrocar-
bons, which decreased the conversion within 5 h reaction time.*®¢
Notably, rich phenolic-oxygen-containing species during the
reaction could lead to severe coking activity.*®” Consequently,
modified supports featuring a greater pore size or a moderate acid
strength can improve the C-O hydrogenolysis activity while redu-
cing coking. The latter strategy minimizes secondary reactions of
deoxygenated products. Nevertheless, when the coking effect
intensifies and the reaction proceeds, these catalysts remain
susceptible to catalytic renewal.

1.5.3. Poisoning. The chemisorption of reactants, products,
or contaminants on active sites deactivates the catalyst and
renders them inaccessible for the catalytic reaction to occur,
which results in poisoning. This process, known as chemi-
sorption, involves the bonding of undesirable compounds to
the catalyst’s active sites, which can change the surface’s geo-
metric structure, physically obstruct the active sites, change their
chemical makeup (chemical reconstruction), and affect the
electronic capacities of other species to dissociate and adsorb
on the catalyst surface.*® Numerous prevalent carcinogens
consist of inorganic anions that exhibit a high inclination for
adsorption onto the outside surfaces of metal catalysts, in
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conjunction with organic functional groups. This comprises
organic molecules (nitrogen-containing compounds, carbon
monoxide, halides, cyanides, sulfides, and phosphates). Various
factors can influence catalyst poisoning, including the produc-
tion of volatile substances in the reaction (reactive byproducts,
inhibitors, contaminants, corrosive substances, and moisture),
the presence of a catalytic framework that promotes adsorption,
and the occurrence of profound circumstances (high tempera-
ture and pressure) that can lead to structural changes and
unwanted side reactions.*”’

In deoxygenation processes, certain chemical species may
perform as toxins by deactivating the metal catalysts. As an
illustration, the application of sulfide, phosphide, or chlorine-
based starting materials may result in the degradation of cata-
lysts. This could be attributed to the strong binding of these
substances on metals, which hinders or alters the subsequent
adsorption of reactants. Mortensen et al. studied the effects of
sulfur, chlorine, and potassium on nickel-based catalysts for
hydrodeoxygenation.>®® It was revealed that without impurities,
Ni/ZrO, could withstand over 100 h operation; however, employ-
ing Ni/ZrO, into a sulfur compound results in complete loss of
activity and rapid deactivation of the catalysts. In addition,
exposing the Ni/ZrO, catalyst to a chlorine compound causes
the Ni particles to be sintered, thus deactivating the catalyst.

Apart from that, water, which is one of the by-products in
deoxygenation and hydrodeoxygenation processes, might inter-
fere with the major reactions occurring on the active sites of
catalysts by aggressively adhering to their surfaces. Literature
reports on phenol hydrodeoxygenation over Mo,C/ZrO, cata-
lysts indicate that water can oxidize Mo,C to MoO,, leading to a
decline in HDO activity and a reduction in yield to 19% after
80 hours of continuous operation.>*® In addition, Li et al.
followed the trend in which water oxidizes phosphide into
phosphate and lessens the activity while covering the active
sites of phosphide.®*® Furthermore, Li et al. reduced the activity
when covering the phosphide’s active sites, continuing the
trend where water oxidizes phosphide into phosphate.*®®
Asikin et al. observed that while using an active Co-CaO clam-
shell catalyst to deoxygenate triolein under free-H, conditions,
the reaction resulted in the conversion of the catalyst into an
inactive CaCO; phase.’”® Similar results were noted for
MgO catalysts, where MgO underwent a reaction and was
transformed into an inactive carbonate phase (MgCO,).>”" It
has been observed that the ingestion of toxic gases will be
prominent when the deoxygenation process is conducted com-
pletely within an enclosed reaction environment.

1.5.4. Leaching. Leaching, according to the IUPAC defini-
tion, involves the dissolution of active substances from an
immobile phase, such as a catalyst, towards a partially soluble
fluid.*”* The progressive reduction in the number of active sites
caused by this leaching ultimately leads to the elimination of
catalytic activity, which occurs when the active phase compo-
nents, especially metal fragments, are extracted from the
catalyst. Both high-temperature chemical reactions and solubi-
lization in liquid media can induce leaching. Catalyst leaching
can be caused by the following: (i) solvents that are destructive
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or indistinguishable with the catalyst; (ii) stringent reaction
conditions characterized by elevated temperature, high pH,
extended duration, and rapid oxidation/reduction rates; and
(iii) catalyst’s structure, choice of catalyst support, and synthesis
method. Degradation that occurs through leaching when aggre-
gate or supported catalysts are employed can be elucidated
through chemical transformations or direct dissolution in a
solvent.>”* In catalysts with low solubility in water, metal oxide,
hydroxide, and carbonate substances dissolve quickly in solu-
tions due to their hydrophilic nature, and this process is known
as solubilization, which occurs as these chemicals are forced
into the solutions.””® Hydrotalcites, which are a type of layered
double hydroxide with the chemical formula MgAl,CO3(OH);¢:
4H,0, can selectively remove Mg from solid base catalysts such
as MgO when they are dissolved in water.>”* Conversely, leaching
via chemical alteration may arise when the elements of the
catalyst combine with the substances involved in the process
to produce a soluble or passive substance. This may be because
metal oxide catalysts, which are more hydrophilic under hydro-
thermal conditions, generate hydroxides. Similarly, the release of
active phases from the support can be attributed to the solvolysis
of the metal-oxygen link.>”>

The deoxygenation process may result in the leaching of
active metal when exposed to acidic hydrothermal conditions,
where H,0 is produced as a side-product and the feedstock
contains a significant amount of acidic oxygenates, which
include acetic acid and formic acid. After 300 h of reaction,
approximately 10% of the Ru metal was eliminated from the
RuSn/C catalyst during the conversion of levulinic acid to
y-valerolactone at 453 K and 35 bar.*”® Zhao et al. demonstrated
the existence of acidic conditions that exacerbate the leaching
of Ni metal.’”” As the leaching conditions were shifted to a
15 wt% acetic acid solution, the quantity of Ni leaked increased.
Specifically, for the Ni/HZSM-5 catalyst, the concentration rose
from 5 ppm to 580 ppm, while for the Ni/Al,0;-HZSM-5 catalyst,
it increased from 1.5 ppm to 690 ppm after 90 hours.*”” This
demonstrates that leaching inevitably leads to consequences
including the depletion of active sites. Nonetheless, the degrada-
tion of supported metal catalysts can potentially be mitigated
through the use of metals and supports with more robust metal-
support interactions.*””

1.5.5. Catalysts’ stability. Catalyst deactivation processes
critically undermine catalyst stability, thereby limiting their
industrial applicability. To address these challenges, various
strategies have been developed to mitigate deactivation and
enhance catalyst durability. One effective approach involves
incorporating stabilizing elements to form more robust phases,
as irreversible phenomena such as metal leaching and sinter-
ing pose significant obstacles to catalyst longevity. For example,
the incorporation of SiO, as a structural promoter in core-shell
Pd@AIl;-mSiO, catalysts has been demonstrated to effectively
protect the active metal from sintering and leaching, thereby
preserving catalytic performance.>®® Similarly, Liu et al
reported that introducing SiO, into Ni,P-Pd/a-Al,O; catalysts
enhanced stability by a factor of three, underscoring the
critical role of support modification in catalyst robustness.*”®
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Coking remains one of the most prevalent deactivation pathways
during deoxygenation reactions. To counteract coke formation,
the rational catalyst design focusing on structural optimization,
thermal regeneration, and strengthened metal-support inter-
actions is essential. For instance, doping Ni catalysts with
erbium (Er) has been shown to improve coke resistance during
the hydrodeoxygenation of jatropha oil, attributed to reduced Ni
particle sizes and the generation of surface oxygen vacancies that
inhibit carbon deposition. In another study, the incorporation of
lanthanum (La) into Ni/SiO, catalysts led to the formation of
La,0; and La,0,CO; phases, which effectively suppressed coke
accumulation and significantly enhanced catalyst stability and
reusability.*”’

Regarding catalyst poisoning, strategies aim to minimize the
adsorption strength of poisons or transform them into less
harmful species. For example, Rabaev et al. demonstrated that
adding the amine surfactant hexadecylamine during SAPO-11
crystallization inhibited hydrothermal desilication, markedly
improving the hydrothermal stability of the catalyst.*®® Despite
these advances, deactivation remains a complex issue requiring
further investigation, particularly through the development
and optimization of regeneration protocols such as thermal,
chemical, and reductive processes that can partially restore
catalyst functionality. Nevertheless, repeated regeneration cycles
often lead to gradual performance deterioration. Therefore,
ongoing research prioritizes the development of catalysts with
enhanced thermal stability, coke resistance, and regeneration
capability. Such advancements are pivotal for realizing sustain-
able and economically viable bio-jet fuel production technolo-
gies, ensuring that catalysts maintain high performance over
extended operational lifetimes.

1.6. Factors affecting the reaction conditions

This section explores various factors affecting the DO process,
including feedstocks, reaction environment, reaction tempera-
ture, catalyst amount, and the use of solvents. The discussion
focuses on how these parameters potentially impact the effi-
ciency and selectivity of biomass deoxygenation, ultimately
affecting the production of green fuels.

1.6.1. Reaction temperature. One of the key variables that
determines the products generated during hydrotreatment is the
reaction temperature. According to a study by Bezergianni et al.,
the yield of gasoline increased with the reaction temperature,
going from 0% at 330 °C to 10.2% at 398 °C, depending on
yield conversion to the desired product along with selectivity,
eradication of heteroatom components, and saturation point
of the double bond.*®' Higher temperatures cause the oil to
fracture, which converts the heavier diesel molecules into lighter
gasoline molecules. In contrast, the amount of oxygen recovered
was insignificant when the temperature was low, and it exhibited
a substantial increase as the temperature increased, accompa-
nied by the absence of heteroatoms such as nitrogen and sulfur
in the resulting liquid product.*®' Another study by Anand and
Sinha discovered that while hydrocracking triglycerides over a
sulfided CoMo catalyst, the triglycerides initially transformed
into oligomerized hydrocarbons at lower temperatures; however,
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as the temperature increased, C;5-C;s hydrocarbons were
produced.*®* In addition, while hydrotreating pomace oil, Pinto
et al. examined the gas and liquid compositions.*** It was noted
that an increase in the utilization of hydrogen at higher tem-
peratures over extended periods of time led to a 22% increase in
the quantity of lighter gaseous hydrocarbon mixtures. This
suggests that the increasing temperature promoted an extensive
cracking reaction, thus producing a more gaseous product.*®?
Further evidence shows that decarboxylation and decarbonyla-
tion reactions may have been encouraged by the rise in tem-
perature resulting from the 30% and 40% increases in CO and
CO,, respectively. At 300 °C, only 3% of the light fractions
contained fatty acids, 96% of which were transformed into
hydrocarbons. The hydrocarbon content increased to 99% as
the temperature increased to 430 °C, and the fatty acids
decreased. However, at 300 °C, the heavier fractions produced
only 50% hydrocarbons and 47% fatty acids; 90% of the hydro-
carbons were converted when the temperature reached 430 °C,
but only 10% of the fatty acids were converted.*®®

A study by Simacek et al. also showed that rapeseed oil was
converted almost completely at 310 °C, whereas it was fully
converted at 360 °C.*** In a different study, Kikhtyanin et al.
discovered that, while using Pd/SAPO-31 as a catalyst, the ideal
temperature range for fully converting sunflower was 320-
350 °C.**®> Hancsok, however, was able to fully convert sunflower
at 350 °C using a Pt/HZSM-22/Al,0; catalyst.*®*® Furthermore, a
study was undertaken by Bezergianni et al to investigate the
influence of the reaction temperature on the hydrotreatment of
compounds comprising heavy gas oil (HGO) and waste cooking oil
(WCO), in which a NiMo catalyst was employed and other variables
remained constant throughout the experiment.®®” In their study,
they used 70/30 HGO/WCO feedstock at 350 °C to achieve a
maximum conversion of 48%. The researcher also discovered
that the HGO concentration of a combination decreased with
increasing conversion across the board.*®” Lower temperatures
were associated with decreased hydrogen consumption because
only reactions related to saturation and heteroatom removal occur
there, although cracking also occurs. Srifa et al conducted
research on hydrotreated palm oil that was subjected to a tem-
perature of approximately 270 °C. The outcome of this process is
oil solidification at room temperature. The solidified product is
mainly composed of palmitic and stearic acids, supplemented by
trace amounts of triglycerides.>®® Therefore, these results show
that the product solidifies at ambient temperature during the
hydrotreatment process at temperatures below 270 °C.

A substance produced by increasing the temperature further
consists of molecules of hydrocarbons, lipids, or fatty acids that
are freely present. The higher molecules break down into
smaller molecules when the reaction temperature is high.*®’
For the majority of the feedstock, it was found that increasing the
reaction temperatures accelerated the rate of DO. Nevertheless, in
the majority of circumstances, there is a significant decrease in
the selectivity for DO at elevated temperatures, which is caused by
an increased generation of aromatic products and a higher rate of
heat degradation. This emphasizes the necessity of determining
an optimal reaction temperature that balances the selectivity and
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rate of dissolved oxygen. In addition, the reaction temperature has
minimal influence on selectivity towards the desired DO path-
ways, such as deCOx or HDO, yet the specific catalyst chosen
influences the direction of the DO pathway.

1.6.2. Reaction time. Residence time is defined as the ratio
between the mass of the liquid input rate and the weight of the
catalyst in the reaction mechanism.***?*°° The reaction time
metric is a fundamental aspect in the production of green fuel.
Throughout each experiment, this characteristic is consistently
researched, and the aggregate results show that conversion
rates grow in direct correlation with the response times. The
range of reaction times can be adjusted from 30 min to 48 h,
and possibly longer. Significantly, the maximum reaction varies
depending on the reaction components, including the feed,
catalyst used, temperature, and pressure. An investigation
conducted by Srifa et al. examined the impact of residence
period on the production of hydrocarbon-diesel-fuel such as
crude palm oil (CPO) using a 5% Pd/C catalyst.**" By extending
the reaction period from 0.25 to 5 h, they discovered that the
optimal diesel output of 91% occurred around the 3-hour
period.>** Mohammed et al. also revealed that the Pd/AC
catalyst produced the highest 93% conversion of diesel-like
fuel from waste cooking oil over 2 h reaction time.’*> Gamal
et al. also investigated the effect of the residence time of the
Co19Mo0;0/AC catalyst on the production of renewable diesel
from the palm fatty acid distillate (PFAD), which contains
55.69% palmitic acid (Ci6) followed by 22.76% oleic acid
(C1g).>®* The parameter was studied over a period of 1 to
4 hours. Results showed a progressive increase in yield from
75% to 92% between 1 and 2 hours, along with diesel selectivity
increasing from 70% to 89%.>** Furthermore, Ding et al. exam-
ined the effectiveness of methyl laurate on a Co/ZSM-5
catalyst.*>® The outcomes illustrate that the Co/ZSM-5 catalyst
successfully converted methyl laurate into dodecane, with 68%
selectivity for C;; and 18% selectivity towards C;, alkanes at
280 °C with 4 hours reaction period.**® In addition, it was
observed that prolonged reaction times enhanced the produc-
tion of CO gas by favoring the decarbonylation route.*** Further
cracking of the deoxygenated liquid product resulted in an
increase in lighter fractions, which were almost similar to those
of sustainable aviation fuels composed of Cg—C;¢. Therefore, it
is obvious that sufficient retention times are necessary to
provide optimal interaction between the precursor and cata-
lysts in order to produce the desired products including diesel-
like fuel or kerosene-like fuel and gasoline-like fuel.

Unfortunately, it is not recommended to have a prolonged
reaction time, considering the adverse effects on product
selectivity. It has been reported that prolonging the reaction
time causes the fatty acid to split into a lighter hydrocarbon
fraction, decreasing the yield due to increased C-C cleavage,
which aggravates the lighter hydrocarbons. This is because
extended reaction times resulted in higher yields of undesirable
side products such as ethane and methane, as long-chain
hydrocarbons continued to break down into shorter hydrocar-
bons. Ramezani et al. reported that as the reaction period was
extended, the products experienced side reactions, including

990 | Energy Adv, 2025, 4, 966-1005

View Article Online

Review

cracking, isomerization, cyclization, and dimerization, resulting
in a reduction in the amount of the desired hydrocarbons.**
These results are consistent with Sahar et al., who found that the
Pd/C catalyst’s conversion of green fuel dropped to only 52%
after 4 hours.>*> This can also be seen from Azira’s finding,
where when the reaction duration of the NiCo/SBA-15 catalyst
was increased to 3 h, the selectivity towards bio-jet fuel started to
decrease.’*® This was probably due to the widespread cracking of
fatty acids, resulting in the production of shorter hydrocarbon
chains.?*® Another study also showed that up to 4 h of reaction
time, the yield was reduced to ~60% as a more undesirable side
product such as gaseous or char was formed, resulting in the
build-up of chemicals from undesirable side reactions (conden-
sation, cyclization, and re-polymerization), obstructing the active
centers of the reaction sites.>*

However, a shorter contact period resulted in insufficient
time for the catalyst to initiate the deoxygenation reactions.
Nevertheless, a contact period that was too brief resulted in an
inadequate amount of time for the catalyst to initiate the DO
process. Itthibenchapong et al.*** reported that a shorter resi-
dence time in a solid-liquid reaction system implies an elevated
liquid hourly space velocity (LHSV) across the reagent and
catalyst. This can result in a decrease in HDO generation and
an increase in deCOx output.®** This also aligns with Mezaal’s
findings on palm oil conversion to renewable fuel using a scale-
derived hydroxyapatite (HAP) catalyst, where the reaction time
was varied from 30 to 240 minutes using a one-variable-at-a-time
(OVAT) approach.*®” The data showed that the HAP catalyst
produced less than 30% of the hydrocarbon yield during
the 30 min reaction period. In addition, another researcher
carried out a study on the DO reaction by Ag,03(10)-La,03(20)/
AC nanocatalyst on WCO, and the results indicated that less
than 60% of hydrocarbons were produced in 30 min.**® Syazwani
further stated that the initial biodiesel production was hindered
by a poor yield due to insufficient mixing and dispersion of the
feedstock and methanol within a short timeframe.**® The afore-
mentioned studies suggest that achieving the optimal reaction
time is crucial for enhancing the deoxygenation activity through
decarboxylation.

1.6.3. Catalyst type and amount used. Homogeneous and
heterogeneous catalysts are the two main types of catalysts used
in the manufacture of bio-jet fuels. However, heterogeneous
catalysts, which do not require any additional mechanisms for
removal from green fuel products, are the most widely employed
catalysts. Two categories of catalysts are used in heterogeneous
reactions: noble metal and transition metal catalysts. These
catalysts are supported by SBA-15, zeolites, carbon, and
alumina.®® Compared to transition metals, noble metal catalysts
are more expensive and have a shorter lifetime. Based on the
observations by Morgan and colleagues, who found that the 20Ni/
C catalyst demonstrated better deoxygenation promotion by gen-
erating Cg—C,; fractions (>80%) than noble-metal-promoted
catalysts when deoxygenating various feedstocks (triolein tris-
tearin, soybean oil).*>® This demonstrates that transition metals
can also boost the production of green fuels. Basicity and acidity
also play an important role in the production of green fuels.
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The high acidity of the catalyst improved the elimination of
oxygen and the breaking of C-C bonds, leading to augmented
generation of linear hydrocarbons. However, an excessive number
of acidic sites can cause aggressive cleavage of C-C bonds, leading
to the creation of undesirable side products such as CO, CO,,
CH,, and CH,. This reduces the selectivity for the desired product.
Furthermore, excessive acidity might result in deactivation of the
catalyst due to coking, which subsequently reduces the effective-
ness of the catalyst.*”" Basic sites, recognized for incorporating
coke-inhibiting species, effectively facilitate decarboxylation path-
ways and strongly resist CO adsorption, reducing coke formation
and contributing to greater catalyst stability.>***°> However, the
basic sites that appear to be inactive for decarbonylation pathways
are often unfavorable to produce hydrocarbons, thereby reducing
the yield. Therefore, it was proposed that the production of
catalysts with a synergistic interaction between the acidic and
basic sites could improve the catalyst stability and increase the
deoxygenation activity.

Furthermore, the amount of catalyst employed in the DO
reaction can significantly influence the rate of the reaction,
quantity of the desired product produced, and selectivity of the
products. A previous study discovered that the use of a Pd/C
catalyst for eliminating oxygen from stearic acid had a sub-
stantial impact on the speed of the reaction and the selectivity
of the intended products (n-heptadecane and heptadecene).**®
The impact of the catalyst dosage on the DO of stearic acid
into dodecane was investigated under a helium flow at a
temperature of 300 °C and a pressure of 6 bar. The data showed
that the conversion and reaction rates increased monotonically
as the amount of catalyst was altered.’® Further experiments
were conducted using different quantities of the NiMo/Al,O3
catalyst ranging from 0 to 0.126 g. The results demonstrated
that increasing the amount of catalyst led to an increase in the
yield and selectivity towards straighter hydrocarbons, while
reducing the formation of intermediate and undesired side
products.*®® This may be due to the higher number of available
active sites on the catalyst surface when a higher amount was
used. This was confirmed when Arvela and colleagues found
that 4 wt% Pd/C catalysts yielded a higher yield and selectivity
towards n-heptadecane during the deoxygenation of tall oil fatty
acids.*® Conversely, when a small amount of catalyst is used in
DO reactions, polymerization occurs, thereby enhancing the
production of aromatics and other unwanted by-products. This
can be seen in Chen’s study, which showed that polymerization
occurred when less silver nanoparticle catalyst was used for
the production of CO, in exhaust gas.’”” Hence, the precise
quantities of the catalyst play a critical role in defining the
highest possible amount and quality of the specified hydro-
carbon output. In addition, higher concentrations of the
catalyst resulted in a reduced rate of catalyst deactivation and
an increased preference for n-alkanes. This demonstrates that
the production and selection of an optimal catalyst are crucial
for maximizing the output of the desired product.

1.6.4. Types of feedstocks. Usually, deoxygenation experi-
ments are conducted using various types of feedstocks, such as
triglyceride-based oil and algae biomass. Model compounds
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have also been selected as feedstock because of the similar
molecular structures of vegetable oils.****° Some examples
include various fatty acids such as behenic acid, palmitic acid,
and stearic acid, as well as fatty acid esters such as stearic acid
ethyl ester. The utilization of saturated fatty acids involves
decarboxylation to generate linear hydrocarbons with enhanced
selectivity, while unsaturated fatty acids undergo hydrogena-
tion followed by decarboxylation to produce n-heptadecane,
with stearic acid acting as the intermediary product.>*" Further-
more, the composition of the chosen feedstocks is also a
significant factor that dictates the composition and quality of
the ultimate products generated throughout the process. These
hypotheses could be validated by conducting studies involving
multiple raw materials, such as stearic acid, soybean oil, and
PFAD, with a Pd-based zeolite catalyst in an environment free of
H,, and the results demonstrated the highest bio-jet fuel
yield.*"" Further investigation was conducted on the HDO of
a model compound of palmitic and stearic acid by using Pd
onto a mesoporous carbon catalyst with a dodecane solvent at
300 °C, and the results demonstrated that the conversion rates of
both feedstocks were identical.*'* This outcome is consistent
with that which had been observed for the DO of heptadecanoic
acid, stearic acid, nonadecanoic acid, arachidic acid, and
behenic acid.**® The main liquid products of the catalytic deox-
ygenation of palmitic acid and stearic acid were n-pentadecane
and n-heptadecane, respectively. These findings demonstrate that
using saturated feedstocks instead of unsaturated feedstocks
consistently provides benefits for DO experiments.

Similar experiments using commercial Pd/C catalysts have
been conducted using saturated and unsaturated feedstocks with
dodecane as the solvent at 300 °C for 360 min."*® The initially
observed reaction rates for stearic acid (0.63 mmol min™* g... %)
and stearic acid ethyl ester (0.70 mmol min~" g.. ') were
both slightly higher than those for behenic acid
(0.36 mmol min "' g . ). The degradation of stearic acid ethyl
ester by the Pd/C catalyst was more pronounced than that of
stearic acid. This may be interpreted as stearic acid ethyl ester
with a conversion of only 38%, whereas stearic acid reached
60%, which may be attributed to the increased production of
unsaturated products that diminish the selectivity for n-alkanes.
The presence of additional unsaturated molecules in the sub-
strate or output may result in their adsorption onto the surface
of the catalyst because of the C—C scission of the alkyl chain,
which promptly renders the catalyst inactive. An additional
investigation was conducted on bimetallic layered double hydro-
xides (LDHs) and Ni/Al,O; catalysts under N, conditions.**
The results indicated that soybean oil exhibited the greatest
propensity for coking and cracking reactions, confirming that a
greater concentration of unsaturated chemicals in the reactant
increases the probability of undesirable coking and cracking.*'*
In addition, the presence of unsaturated compounds serves as a
bridge for cyclization and dehydrogenation events that produce
undesirable aromatic products.’®' Previous research suggests
that the deoxygenation of stearic acid ethyl ester (SAEE) leads
to the formation of carbon monoxide (CO) as the primary
gaseous constituent because of the stability of the ethoxy group
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in SAEE."® The coexistence of these effects in the DO process,
caused by the presence of unsaturated molecules in the feed-
stock, can result in noticeable catalyst deactivation, reduced DO
activity, and a large decline in hydrocarbon selectivity. Therefore,
it can be deduced that using saturated feedstocks in DO pro-
cesses can improve DO activity and the selectivity of the
products.

1.6.5. Reaction environment. It is commonly acknowl-
edged that the reaction atmosphere has a major impact on
the reaction route in deoxygenation research. Deoxygenation
and product selectivity improved noticeably in the presence of
H,. Heriyanto reported a green fuel yield of approximately 78%
using NiMo/y-Al,O; at 400 °C for 4 h under a 60 bar H,
environment.**® Another study by Frida et al. reported that
NiO/NbOPO, yielded 86% conversion of renewable diesel from
palm oil, with a C, 5 selectivity of 58%."'° Further study by Tang
and colleagues also revealed high jet fuel components, com-
prising 55% of Cg—C;¢ using a magnetic Ni-Fe/SAPO-11 catalyst
on rapeseed oil.*’” In addition, the Ru/HAP+ HZSM-5 catalyst
produced ~92% hydrocarbon yield in an H, environment.*'®
While the utilization of H, can enhance the conversion and
hydrocarbon output, it also results in an escalation in opera-
tional expenses. Due to the elevated H, pressure, the use of
costly specialised equipment becomes necessary, and it is also
linked to potentially significant safety concerns with hydrogen
recycling in the enlarged facility. Consequently, deoxygenation
in an inert environment, such as nitrogen (N,), becomes a more
attractive option.

This can be seen in Elaine’s report on the deoxygenation of
palm kernel oil (PKO) using a Pd/C catalyst. Pd/C produced a
significant quantity of liquid product (~99%) with a favorable
level of selectivity for jet paraffins (~73%) that had attributes
similar to Jet A1.>*" An additional investigation conducted by
Azira Razak focused on producing jet fuel from WCO at 350 °C
for a duration of two hours, while maintaining a 5% catalyst
loading. According to the findings, the 5Ni5Co/SBA-15 and
5Ni5C0/SBA-15-SH catalysts showed outstanding activity by
producing around 78-80% hydrocarbon with selectivities ran-
ging from 78 to 92%.%°° In a previous study, Xing evaluated the
impact of the reaction conditions on the deoxygenation of oleic
acid using a Ni/HZSM-5 catalyst at 360 °C.*'® The findings
demonstrated that, while the synthesis of Cg-C,5 alkanes was
boosted in a N, atmosphere, yielding approximately 65.05 mol%
in a H, atmosphere, the yields were reduced due to the catalytic
cracking effect, yielding 49.67 mol%. Additionally, when H, was
increased from 2 MPa to 4 MPa in a H, environment, more
aromatic hydrocarbons were formed, the molar proportion
of straight chains decreased, and the N, pressure ranging from
1-4 to MPa remained unchanged.*" This implies that lowering
N, did not significantly alter the product and that no olefins
were found in N,, but more aromatic compounds were found
when H, was present. Based on these results, it is possible to
produce green fuel without relying on an external source of H,.

There is a significant relationship between the atmospheric
conditions and the performance of the process as well as the
solvent-free deoxygenation pathway. There are situations in
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which the hydrogen concentration can potentially play a sig-
nificant role in determining the predominant reaction route.
Decarboxylation, decarbonylation, and hydrodeoxygenation are
processes that significantly increase the amount of hydrogen
required. It was because of this that the current situation
came about. With the increase in the initial hydrogen pressure,
both the hydrodeoxygenation activity and the product
yields improved considerably. During the hydrodeoxygenation
process of the model chemical, insufficient stoichiometric
hydrogen is present to complete the conversion into the hydro-
carbons that are required. This is a concern, because hydro-
carbons are expected to be produced. The concentration of
linearly saturated C;5-C;5 hydrocarbons was found to be 48.6%
in an autoclave batch reactor that included 40 bar of pure
hydrogen, according to Malins et al**® During this time,
hydrogen was free of impurities. However, when the pressure
was increased to 60 and 100 bars, the concentration of hydro-
gen increased to 91.7% and 93.3%, respectively.’?’ This
occurred because of the increasing hydrogen content.

It is possible that the composition of the product changes as
a result of a different primary reaction pathway. According to
the information provided in a previous study,>*° shorter hydro-
carbons are formed when an inadequate supply of hydrogen in
the state makes the cracking process easier to carry out. For the
purpose of conducting an experiment to explore the effects of
air conditions on the deoxygenation of oleic acid, an autoclave
batch reactor became the instrument of choice, and Fig. 8
illustrates the results of the study.*"® The effects of air quality
were investigated during the course of the study. In addition to
preventing the cracking reaction, hydrogen sulfide (H,S)
improves the production of the required hydrocarbons. Using
a semi-batch quartz reactor with a capacity of 50 mL and partial
vacuum of one bar, oleic acid was decarboxylated to produce
unsaturated 8-heptadecene. The production of shorter olefins
was accomplished using a straightforward procedure that
involved a cracking event. It has been demonstrated that a C-C
bond is more thermodynamically stable than a C=C bond,"**
which explains why a situation like this does exist. The deoxygena-
tion of oleic acid results in the production of gaseous carbon
monoxide, carbon dioxide, and water as byproducts. A number of
additional processes, including water-gas shift (WGS), Fischer—
Tropsch synthesis, and methanation, were incorporated into the
system after it was previously extended. It is possible that this
results in an increase in the hydrogenation of olefins, which, in
turn, may lead to the generation of more hydrogen. The formation
of linear hydrocarbons is possible via hydrogenolysis, a process that
occurs during the deoxygenation of cyclic molecules in the presence
of hydrogen.

Previous experiments, discussed in this paragraph, have
shown that deoxygenation is more effective when air contains
hydrogen. Increasing the amount of hydrogen present in the
process facilitates the improvement of the hydrodeoxygenation
route and decreases cracking, which ultimately results in an
increase in the yield of saturated linear hydrocarbons. The
addition of hydrogen at a high pressure increases the cost of
the process. To improve the performance of the catalysts and
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the effectiveness of deoxygenation, research is being conducted
in inert settings.

1.7. Recent developments and future outlook of
deoxygenation reactions for the production of renewable
biofuels

In contemporary times, petroleum fuel plays a significant role
in the domains of transportation and industries, both of which
are indispensable in the daily lives of people worldwide.
Demand was anticipated to rise in tandem with the growing
population throughout the period of globalization. Transporta-
tion, which includes petrol, jet fuels, and diesel fuels, is one of
the major sectors that consumes most of the energy worldwide.
This has accelerated economic progress in every country. Never-
theless, a negative consequence of this use is the release of
greenhouse gases, particularly carbon dioxide (CO,), by direct
combustion. Carbon dioxide (CO,) contributes directly to cli-
mate change and global warming. Moreover, this petroleum-
based fuel originates from restricted sources and is expected to
be depleted in a few decades owing to its extensive consump-
tion to satisfy the rising demand. Therefore, there is a critical
need for renewable, sustainable, and alternative green fuels
that can replace petroleum-based diesel in terms of their lack of
pollution, economic attractiveness, and ability to reduce waste.
Green fuels derived from renewable sources, such as corn oil,

© 2025 The Author(s). Published by the Royal Society of Chemistry

palm oil, animal fats, sunflower oil, and microalgae, can
effectively mitigate CO, emissions by absorbing and using
CO, for the photosynthetic cycle. During the initial stages of
renewable energy production, the product was referred to as a
first-generation green fuel, with a primary focus on biodiesel
production through transesterification or esterification
procedures.

This hypothesis might be substantiated through an examina-
tion conducted by Gideon et al., which focused on the produc-
tion of biodiesel using tall oil fatty acids (TOFA) and
experimenting with different types of catalysts.**® The data
reported that on a homogenous catalyst, sulfuric acid (H,SO,)
obtained 96.76% FAME under optimum conditions of 55 °C
using 0.5% catalyst concentration for 1 h with a methanol/oil
ratio of 15/1. Furthermore, while using a heterogeneous catalyst
called Amberlyst BD20 ion-exchange resin, a conversion rate of
90% was achieved under the following conditions: methanol-to-
oil ratio of 20.8/1, catalyst amount of 23.4% relative to the oil
mass, and reaction period of 4.7 hours at a constant temperature
between 75 and 80 °C. Abhishek also investigated the impact of
the W/ZrO, catalyst on the conversion of microalgal lipids to
94.58% and found that it could be utilized for up to three rounds
without any noticeable loss of catalyst.>*> Notably, the majority
of the fuel characteristics of biodiesel obtained comply with the
specifications set by ASTM 6751 and EN 14214 standards.
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Nonetheless, biodiesel is not ideal as a direct replacement for B-
100 because the inclusion of oxygen atoms in biodiesel results in
the formation of sediments and polymers, in addition to the
viscosity of the fuel. This could result in injector fouling and
filter clogging. The primary difficulties associated with FAME
biodiesel are its instability during long-term storage, small
ignition point, poor oxidation resistance and susceptibility to
autoxidation at room temperature. These issues arise from the
presence of mono- and poly unsaturated fatty acids, making
biodiesel prone to oxidative deterioration.***

Therefore, second-generation green fuels have been created
with the aim of fully substituting fossil fuels. This green fuel,
referred to as SAF or bio-jet fuel for air transportation, pos-
sesses a paraffinic molecular framework similar to that of
conventional diesel or kerosene/gasoline fuels. Green fuel is
favorable because of its higher thermal temperature, energy
density, cetane number, high stability, and low oxygen content,
making it better in quality than biodiesel. Many studies have
been conducted, and a few processes have been certified for
producing jet fuel owing to certain properties. However, to date,
only up to 50% of jet fuel is blended with petroleum fuel, and
the use of HEFA and FT fuels may lead to performance
425426 The lack of aromatic compounds in these fuels
leads to a reduced emission of particles, and it can also cause
fuel pump leakage owing to insufficient expansion of the elastic
polymers.**® Nevertheless, the manufacture of hydrocarbons
containing significant amounts of aromatic compounds and
cycloparaffins for aviation applications must comply with the
rigorous standards specified in ASTM D1655, which establishes
the requirements for aviation turbine fuel.**” Hence, the ASTM
D7566 standard includes the addition of FT-SPK plus aromatics
(FT-SPK/A) to increase the aromatic content to a maximum of
20 wt%. Despite this, the fuel composition is still unsuitable for
consumption by aircraft turbine engines until it is blended with
commercial jet fuel. The economic viability of HEFA procedures
was proven by the substantial fuel output (86-91% feedstock)
observed in previous studies.**®*>°

In the early development of second-generation green fuel,
hydrodeoxygenation followed by selective cracking/isomeriza-
tion was chosen as the favorable pathway to produce a high
yield of the product. This process uses a non-edible resource
with high TG or FFA contents. In addition to utilizing non-
edible oils for the production of second-generation SAFs, there
are various other alternative feedstocks and technologies worth
considering. These alternatives include lignocellulosic bio-
mass, municipal solid waste (MSW), and oil derived from
microalgae. A study reported by Yani et al. showed hydrodeox-
ygenation by a NiO/NbOPO, catalyst with green fuel yields
ranging from 69% to 82% with the highest selectivity with
58% of Cy5 followed by Ci, (15.04%).*'® However, the calorific
value (44.03 MJ kg~ ) was higher than that reported by Orozco but
acceptable by the Indonesian National Standard (43 MJ kg™ *).**°
An additional study conducted by Tsiotsias et al. revealed that the
use of a Ni/CeZr catalyst for 20 h of continuous operation at a
temperature of 300 °C resulted in approximately 80% of C;5-Cig
hydrocarbons, which is considered to be acceptable.**" The data
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also showed high selectivity for C;, revealing the dominance of
the deCOx pathway.**’ In another separate study, Makcharoen
examined the production of bio-jet fuel by using crude palm
kernel oil with a 5% Pt/C catalyst and showed 58% bio-jet fuel
yield with selectivity towards n-Cg—C,¢ around 28%."*" Nonethe-
less, the cold flow properties were found to be poor; thus, the
addition of HZSM-5 to the Pt/C catalyst promoted cracking,
aromatization, and isomerization, resulting in a reduction in
the freezing point to 30 °C and aromatic content to 8%, thus
shifting the boiling range of the liquid product. Research has
shown that involving H, into the HDO process improves the
catalyst’s longevity and reduces carbon emissions in the form of
CO and CO, yet these methods necessitate a substantial amount
of H, to produce desirable hydrocarbons.

Instead of employing expensive hydrodeoxygenation techni-
ques, deoxygenation with N, could be a viable alternative for
producing second-generation green fuels. This method offers
substantial economic benefits compared with the conventional
hydroprocessing methods. A study conducted by Aziz et al
examined the transformation of Nyamplung oil into green fuels
by employing a NiAg/ZH catalyst at 350 °C for 3 h. Their results
showed a petrol selectivity of 4%, a kerosene selectivity of 5%,
and a green fuel selectivity of 62%.*** Further research by Why
et al. employed a Pd/C catalyst to convert jet fuels from PKO,
which demonstrated the highest yield (99%) and favorable jet
paraffin selectivity (~73%) but a lower aromatic concentration,
resulting in a higher fuel blend.>®" This clearly shows that the
noble metal catalyst has high potential as the best catalyst for
green fuel production.

However, the use of noble metals as catalysts is disadvanta-
geous owing to their high manufacturing costs. Therefore,
future prospects for green fuel production involve enhancing
the quality, removing oxygen, increasing the yield, and improving
the selectivity toward diesel or jet fuel chains. Additionally, efforts
should be made to improve the properties of SAFs by adjusting
the aromatic content to the desired level without compromising
the yield. Furthermore, the aim is to reduce production costs by
using non-noble metal catalysts and eliminating the need for
external H,. Researchers have developed substitute catalysts made
of non-noble elements to prevent the consumption of precious
metal catalysts. Numerous investigations have indicated that
catalysts made of nickel can be as efficient as noble metals in
the manufacturing of environmentally friendly diesel fuel for the
above-mentioned reasons. As a result, Ni metal has been created
because of its superior features, such as a large number of active
sites and high acidity, which enhances the effectiveness of the
catalyst. In addition, monometallic Ni catalysts have a high
impact on excess cracking, producing more undesirable products
and leading to catalyst deactivation during coke formation.
Hence, the development of bimetallic catalysts with a second
metal added to suppress coke formation and enhance hydrocar-
bon production has been extensively investigated. The objective of
future green fuel production involves lowering manufacturing
expenses in order to achieve a commercially feasible scale of
equipment that is both economically viable and yields high
catalytic activity. This can be accomplished in two ways. The first
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option is to employ economical or industrial scrap of transition
metals such as Ni and Co, as the predecessor for the catalyst. Palm
kernel oil (PKO) is a refined waste output that can also reduce the
rivalry between energy, supply, and sustenance. Furthermore, by
advancing catalysts or implementing technology that eliminates
the need for an external hydrogen supply, it is possible to reduce
the operational pressure and the amount of hydrogen consumed.

2. Conclusion

Deoxygenation represents a potentially viable alternative
method for the production of biofuels from renewable feed-
stocks, in particular the conversion of non-edible oils such as
ceiba and palm kernel oil (PKO) into hydrocarbon-fuel-like
fuels that are identical in chains and comparable in quality to
conventional fuels. However, numerous obstacles must be
overcome before attaining this objective. The primary emphasis
of research has been on the deoxygenation of inedible feed-
stocks. Nevertheless, the composition of biomass oil is intri-
cate, frequently comprising various free fatty acids and esters.
Therefore, further research should be conducted on novel
catalysts by using non-noble metals such as iron-based cata-
lysts and catalytic deoxygenation processes tailored to various
biomass feedstocks. Iron is the fourth most abundant transi-
tion element in the Earth’s crust. It is environmentally safe and
plays a crucial role in society as a significant metal. Further-
more, catalysts containing iron (Fe) exhibited a more efficient
water gas shift process, characterized by a lower hydrogen-to-
carbon monoxide (H,/CO) ratio and a strong affinity for oxygen.
This affinity facilitates the breaking of carbon-oxygen (C-O)
bonds by binding to the oxygen atom in the C=0 group of oleic
acid. These iron oxide species possess a robust affinity for
oxygen-deprived regions, allowing them to increase the adhe-
sion and activation of oxygenated compounds more efficiently
than nickel. However, the selectivity and activity of catalysts
during the conversion of biomass feedstock into biofuels may
be impeded by the complex composition of these materials.
Catalyst deactivation is an additional significant obstacle in the
deoxygenation process. Irrespective of the catalyst composition
(noble or non-noble metal), the formation of even a negligible
amount of coke leads to toxicity and causes deactivation. The
major findings of this review are that bimetallic NiCo catalysts on
magnetite supports demonstrate high efficiency in converting
PKO into SA, achieving significant kerosene-range selectivity
through deoxygenation. Additionally, optimizing the catalyst
design and exploring alternative feedstocks are crucial for improv-
ing the energy efficiency, reducing environmental impacts, and
ensuring the scalability of SAF production. Future research should
focus on developing novel, iron-based catalysts to enhance the
deoxygenation of complex biomass oils, ensuring greater effi-
ciency and selectivity while reducing catalyst deactivation. Addi-
tionally, efforts should be directed toward creating catalysts
resistant to coke formation or those that can be easily regenerated
to optimize the sustainability and economic viability of biofuel
production. Consequently, in the future, it is necessary to develop
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novel catalysts that are resistant to coke formation or can be
regenerated via straightforward processes. As previously stated,
economic factors support the advancement of catalysts composed
of iron-based catalysts.
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