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ABSTRACT

The growing demand for sustainable and low-carbon energy
systems has intensified global research into biodiesel as a
renewable alternative to petroleum-derived diesel. Biodiesel
offers several advantages, including biodegradability, reduced
greenhouse gas emissions, compatibility with existing diesel
engines, and enhanced lubricity. However, conventional
biodiesel production faces critical challenges such as high
feedstock costs, competition with food resources, inefficient
homogeneous catalysts, and energy-intensive processing
conditions.

Recent research efforts (2023-2024) have focused on
overcoming these limitations through the utilization of non-
edible and second-generation feedstocks, heterogeneous
catalysts derived from biomass and bio-waste, nanomaterial-
based catalytic systems, and process intensification techniques
such as ultrasound-assisted transesterification. This review
consolidates and critically analyzes recent advancements in
sustainable biodiesel production, with emphasis on Jatropha
curcas and other non-edible oils, CaO-based and waste-
derived  catalysts, carbon-based nanomaterials, and
ultrasonication technologies.The findings indicate significant
improvements in reaction kinetics, catalyst reusability, energy
efficiency, and environmental sustainability. Nonetheless,
challenges related to catalyst leaching, long-term stability,
scalability, and industrial commercialization persist. The
review concludes by identifying research gaps and proposing
future directions aligned with circular economy principles to
facilitate large-scale, sustainable biodiesel production.
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INTRODUCTION

The rapid depletion of fossil fuel reserves,
coupled with escalating environmental
concerns such as climate change, air
pollution, and greenhouse gas emissions,
has accelerated the global transition
toward renewable and sustainable energy
sources. The transportation sector, which
accounts for a significant share of global
energy consumption and carbon emissions,
urgently requires cleaner and renewable
fuel alternatives. Biodiesel, derived from
renewable biological lipid sources through
transesterification or esterification
reactions, has emerged as a promising
substitute for conventional diesel fuel.

Biodiesel 1is characterized by several
favorable properties, including
renewability, biodegradability, low sulfur
content, and reduced emissions of carbon
monoxide (CO), particulate matter (PM),
and unburned hydrocarbons. Despite these
advantages, widespread commercialization
of biodiesel remains constrained by
economic and technical challenges.
Conventional biodiesel production relies
heavily on edible oils such as soybean,
palm, and rapeseed oil, leading to food-
versus-fuel  conflicts and increased
production costs. Additionally,
homogeneous alkaline catalysts, though
effective, suffer from drawbacks such as
soap formation, wastewater generation,
and difficulty in catalyst recovery.

To address these challenges, recent
research has shifted toward sustainable
production pathways involving non-edible
feedstocks, heterogeneous and waste-
derived catalysts, nanotechnology-based
enhancements, and process intensification
strategies. These approaches aim to reduce
production  costs, improve catalyst
efficiency and reusability, minimize
environmental impact, and enhance overall
process  sustainability. This  review
critically examines recent literature (2023—
2024) to highlight technological progress,

identify existing limitations, and explore

future  opportunities in  sustainable
biodiesel production.
BIODIESEL PRODUCTION
FUNDAMENTALS

Biodiesel is typically produced via
transesterification of triglycerides present
in oils or fats with short-chain alcohols
(commonly methanol or ethanol) in the
presence of a catalyst. The reaction yields
fatty acid alkyl esters (biodiesel) and
glycerol as a by-product. Key parameters
influencing the process include feedstock
quality, alcohol-to-oil molar ratio, catalyst
type and  concentration,  reaction
temperature, and mixing intensity.

Traditional homogeneous catalysts such as
sodium hydroxide (NaOH) and potassium
hydroxide (KOH) provide high conversion
rates but are associated with several
disadvantages, including sensitivity to free
fatty acids (FFAs), soap formation, and
complex downstream purification.
Consequently, research efforts have
increasingly focused on heterogeneous
catalysts, which offer easier separation,
reusability, and reduced environmental
burden.

LITERATURE REVIEW
Ultrasound-Assisted Transesterification
Ultrasound-assisted transesterification has
gained significant attention as an effective
process intensification technique.
Godlisten et al. (2024) conducted a
comprehensive bibliometric analysis of
ultrasonic  transesterification  research
spanning two decades (2003-2023).[1]
Their findings revealed a sharp increase in
publications after 2007, particularly in
developing economies where energy
efficiency and cost reduction are critical.

Ultrasonication enhances cavitation
phenomena, generating microbubbles that
collapse violently, leading to localized
high temperatures and pressures. This
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effect significantly improves mass transfer
between immiscible oil and alcohol
phases, accelerates reaction kinetics, and
reduces reaction time and catalyst loading.
Compared to conventional mechanical
stirring, ultrasonic processing can achieve
higher biodiesel yields with lower energy
consumption.

Despite its advantages, challenges remain
in scaling up ultrasonic reactors for
industrial applications. Energy efficiency
at large scales, equipment cost, and reactor
design  optimization require further
investigation.

Non-Edible Feedstocks

The use of non-edible feedstocks is a key
strategy to address food-versus-fuel
concerns. Joseph et al. (2024) reviewed
Jatropha curcas oil as a second-generation
biodiesel feedstock. Jatropha is a drought-
resistant, non-edible plant that can be
cultivated on marginal lands, making it an
attractive sustainable option.[2]

The review  highlighted favorable
physicochemical properties of Jatropha oil,
including suitable fatty acid composition
and high cetane number. Engine
performance studies demonstrated
comparable efficiency to diesel fuel, with
reduced emissions of CO, HC, and smoke
opacity. Life cycle assessment (LCA) and
cost analysis further supported the
environmental and economic viability of
Jatropha-based biodiesel.

However, challenges such as variable oil
yield, high initial cultivation cost, and
supply chain limitations must be addressed
to ensure consistent large-scale production.

Carbon-Based Nanomaterials

Nanotechnology has introduced new
possibilities for enhancing biodiesel
production efficiency. Khan et al. (2024)
explored the application of carbon-based
nanomaterials, including graphene, carbon
nanotubes (CNTs), and carbon nanofibers,

in biofuel synthesis. These materials offer
high surface area, excellent thermal
stability, and tunable surface chemistry.[3]

Carbon nanomaterials have been employed
as catalyst supports, enzyme
immobilization platforms, and active
catalytic materials. Their incorporation
improves catalytic activity, selectivity, and
reusability. The study emphasized the
potential of metal-free nanocatalysts and
hybrid systems for greener biodiesel
production.

Nevertheless, large-scale synthesis, cost,
and environmental safety of nanomaterials
remain critical concerns that require
further research.

Bio-Waste Derived Catalysts

The development of catalysts from bio-
waste materials aligns strongly with
circular economy principles. Anil et al.
(2024) reviewed heterogeneous catalysts
derived from agricultural residues, food
waste, shells, and ashes. Common sources
include rice husk ash, banana peel ash,
eggshells, and mollusk shells.[4]

These catalysts are rich in alkaline earth
metal oxides such as CaO, MgO, and
KO, which exhibit strong basicity and
catalytic activity. Advantages include low
cost, abundance, reduced waste disposal
issues, and high reusability. The review
emphasized  their  contribution  to
sustainable and decentralized biodiesel
production.

However, catalyst variability, leaching of
active sites, and inconsistent performance
across feedstocks remain challenges.

CaO-Based Catalysts

CaO-based catalysts have emerged as one
of the most extensively studied
heterogeneous catalysts for biodiesel
production. Siri et al. (2023) focused on
CaO derived from natural waste sources
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such as eggshells and snail shells. These
materials exhibit high catalytic activity due
to their strong basic nature and porous
structure.[5]

The study reported high biodiesel yields
under optimized conditions. However,
CaO catalysts are susceptible to moisture
and COLJ poisoning, leading to reduced
activity. Leaching of calcium ions into the
reaction medium also affects long-term
stability and biodiesel purity.

Surface modification, doping with other
metal oxides, and catalyst encapsulation
have been proposed as potential solutions.

Biomass Waste-Derived Solid Catalysts
Supongsenla et al. (2024) reviewed solid
acid and base catalysts derived from
biomass waste, highlighting their industrial
potential. These catalysts enable both
esterification ~ and  transesterification
reactions, making them suitable for high-
FFA feedstocks.[6]

Despite promising laboratory-scale results,
issues related to catalyst deactivation,
regeneration efficiency, and scalability
remain significant barriers to
commercialization. The authors
emphasized the need for pilot-scale studies
and standardized preparation methods.

METHODOLOGY

This review adopts a systematic narrative
review methodology, focusing on peer-
reviewed journal articles published
between 2023 and 2024. Databases such as
Scopus, Web  of Science, and
ScienceDirect were consulted using
keywords including sustainable biodiesel,
ultrasound transesterification, bio-waste
catalysts, CaO catalysts, and
nanomaterials. Studies were analyzed
based on feedstock type, catalyst source,
reaction enhancement techniques,
sustainability metrics, and scalability
potential. Comparative evaluation was

conducted to identify trends, advantages,
limitations, and research gaps.

RESULTS AND DISCUSSION

The reviewed literature demonstrates that
sustainable  biodiesel  production is
increasingly feasible through integrated
technological approaches. Ultrasound-
assisted transesterification significantly
enhances reaction kinetics and reduces
processing time. Non-edible feedstocks
such as Jatropha curcas mitigate food
security concerns while maintaining fuel
quality. Waste-derived and CaO-based
catalysts reduce production costs and
environmental impact, while carbon
nanomaterials further enhance catalytic
efficiency and selectivity.

However, several challenges persist.
Catalyst leaching and deactivation limit
long-term usability. Nanomaterial-based
systems face scalability and cost
constraints. Industrial-scale
implementation of ultrasonication requires
optimized reactor design and energy
analysis. Combining waste-derived
catalysts with process intensification
techniques appears particularly promising
for future commercialization.

CONCLUSION AND FUTURE SCOPE
This review highlights substantial progress
in sustainable biodiesel production through
advancements in feedstocks, catalysts, and
processing techniques. The integration of
non-edible oils, bio-waste-derived
heterogeneous catalysts, carbon
nanomaterials, and ultrasound-assisted
transesterification offers a viable pathway
toward economically and environmentally
sustainable biodiesel production.

Future research should focus on catalyst
stabilization, long-term reusability, techno-
economic and life cycle assessments, pilot-
scale demonstrations, and policy-driven
commercialization strategies. Emphasis on
circular economy principles and waste
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valorization ~will  further strengthen
biodiesel’s role in the global renewable
energy transition.
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