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Abstract

The utilization of nanomaterials in biofuel production has
garnered considerable attention owing to their distinctive
characteristics, including a high surface-area-to-volume ratio,
strong dispersibility, and enhanced reactivity. This review
delves into the transformative role played by nanomaterials,
specifically graphene-based catalysts, metal—organic frame-
works, biomass waste materials, and carbon nanotubes, in
augmenting various facets of biofuel production. Noteworthy
examples include the application of metal-modified graphene
oxide composite catalysts, incorporating aluminium and ferric,
revealing a significant 25% reduction in free fatty acid content
and a remarkable 15% increase in methyl hexadecanoic yield.
Furthermore, the eco-friendly synthesis of TiO2 nanoparticles
showcased consistently high biodiesel yields, reaching 95%
over 10 cycles, underscoring its economic advantages and
stability. However, it is essential to acknowledge the potential
drawbacks associated with nanomaterial utilization in biofuel
production. Environmental concerns, such as nanoparticle
release during production processes and their impact on
ecosystems as well as safety issues related to exposure to
nanoparticles, require careful consideration. This comprehen-
sive overview encompasses recent studies on green synthe-
sis, hydrothermal-assisted carbonization, gold nanoparticles in
biomass hydrolysis, and the impact of nano-fuel technology on
engine characteristics. Innovations in catalysts and processes,
such as sulfonic acid functionalized metal—organic frameworks
and magnetic MOF-derived materials, are scrutinized for their
sustainability. The review culminates with a thorough analysis
of the environmental and economic impacts, accentuating both
the potential benefits and challenges entailed in the seamless
integration of nanotechnology into biofuel production.
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Introduction

The growing interest in utilizing nanomaterials for bio-
fuel production signifies their unique characteristics
that have the potential to revolutionize production
processes [1]. Nanomaterials exhibit features such as a
high surface-area-to-volume ratio [2], strong dispersi-
bility [3], and enhanced reactivity, positioning them to
transform biofuel production by improving substrate
digestibility [4], increasing biofuel yields, and fostering
better microalgal growth [5]. Notably, graphene-based
catalysts, including exfoliated functionalized graphene
and graphene oxide, show promise in biodiesel produc-
tion [6]. Metal-modified graphene oxide composite
catalysts, incorporating metals like aluminium and
ferric, exhibit efficiency in reducing free fatty acid
content and increasing methyl hexadecanoic yield.
Furthermore, metal—organic frameworks (MOFs) [7],
combining metals and organic frameworks, serve as
catalysts for oil conversion into biodiesel, with ongoing
studies focusing on optimization for enhanced perfor-
mance [8].

Biomass waste materials, serving as catalysts, offer eco-
friendly alternatives with recyclability and compatibility
across diverse feedstocks. Carbon nanotube (CNT) cat-
alysts [9], especially sulfonated carbon nanotubes,
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demonstrate stability, catalytic activity, and reusability in
esterification and transesterification reactions [10].
Recent advancements in engineering techniques have
significantly improved the efficiency of biofuel produc-
tion from microalgae biomass. Nanomaterials, such as
copper-doped zinc oxide nanocomposites and sodium
zinc-silicate, serve as effective heterogeneous catalysts,
enhancing biodiesel production from waste cooking oil
and Spirulina algae oil [11]. Additionally, microbubble-
mediated mass transfer technology has been employed
to enhance gas and liquid mass transfer, thereby
improving biofuel production efficiency. By providing a
larger surface area for reactant interaction, microbubbles
facilitate faster reaction rates and higher conversion
yields [12], achieving a remarkable 92% conversion rate
in microalgae oil esterification for biodiesel production
within just 30 min.

Fig. 1

To visually complement the exploration of nanomaterial
applications in biofuels within this review, Figure 1(A)
provides an overview of the use of nanomaterials for
pretreatment of lignocellulosic biomass (LLCBs) in bio-
fuels production [13]. This figure highlights the po-
tential of magnetic nanostructures and nanocatalysts in
improving the efficiency of LCBs pretreatment. Addi-
tionally, Figure 1(B) illustrates design of catalysts used
in the process of catalytic deoxygenation of vegetable
oils to produce second-generation biodiesel [14]. The
development and application of various nanomaterials,
metal oxides, and microalgae for biofuel production
indeed present promising avenues, yet they are accom-
panied by significant challenges that warrant acknowl-
edgement. Carbon nanomaterials, for instance, confront
hurdles in material selection and design due to un-
certainties surrounding enzymatic electron transfer
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(A) Strategies for designing catalysts to deoxygenate vegetable oils for the production of second-generation biodiesel. (B) The influence of nano-
materials on environmentally friendly pretreatment methods for lignocellulosic biomass in biofuel manufacturing. (C) (a) Experimental sequence
involving engine parameters tested with various fuels and (b) Configuration of the experimental engine with data acquisition and emission measurement
systems. (D) lllustrative scanning electron micrographs, (a—c) Showcasing UiO-66-SOzH catalyst, (d) Elemental mapping of carbon, (e) Oxygen, (f)
Zirconium, (g) Sulfur and (h) EDS spectrum. Edited with permission from Refs. [13,15—17], Copyright ACS ©2023, Elsevier ©2023 and ©2022.
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kinetics and synthesizing heteroatom-doped carbon
nanomaterials.

Additionally, concerns regarding the mechanical strength
required for practical device applications and time-
consuming nature of hazardous surface functionalization
processes hinder progress in this domain. Similarly, metal
oxide catalysts face obstacles such as maintaining stabil-
ity under harsh conditions, the potential for leaching, and
environmental impacts [18]. Despite these challenges,
they offer scalability potential, albeit necessitating opti-
mization for high catalytic activity and selectivity. Tran-
sitioning to microalgae-based biofuels also presents
challenges, including addressing cost efficiency, water
and nutrient requirements, cultivation complexities, and
harvesting difficulties [19]. Although microalgae offer
scalability and environmental benefits, optimizing their
utilization and addressing resource competition remains
crucial. Additionally, the utilization of nanoparticles in-
troduces concerns regarding toxicity, cost, feasibility,
environmental impact, and regulatory compliance, high-
lighting the need for safety measures and exploration of
alternative approaches for economic viability and
sustainability.

This review emphasizes the most significant de-
velopments in the field over past two years, offering a
comprehensive exploration of the practical applications
of designed nanomaterials in biofuel production.
Covering catalytic enhancement, increased biodiesel
yield, free fatty acid reduction, utilization of biomass
waste materials, and improved oil conversion efficiency,
these nanomaterials provide sustainable and eco-
friendly approaches to biodiesel production across
diverse feedstocks. This focus on recent advancements
positions review at the forefront of current progress,
offering valuable insights into the evolving landscape of
nanomaterial applications in biofuels.

Nanocatalysts driving progress in
sustainable biofuel production

The integration of state-of-the-art nanosynthesis and
advanced technologies presents a promising avenue to-
wards sustainable biofuel production. In a ground-
breaking study by Qamar et al. [20], the potential of
green synthesis utilizing microorganisms and common
plants to produce cost-effective TiO, nanoparticles
(NPs) for biodiesel manufacturing was highlighted [20].
Their work introduced SO4/Fe—Al-TiO; catalyst,
designed for biodiesel production from waste cooking
oil, which exhibited exceptional superparamagnetic
properties and a high tolerance for free fatty acids [20],
ensuring both efficiency and sustainability. This catalyst
maintained a consistent biodiesel yield of 95% over 10
cycles [13]. However, a significant challenge arises as
'TiO; nanoparticles lose catalytic activity and selectivity
when exposed to high temperatures during sintering
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process. Overcoming this limitation necessitates the use
of supported TiO;-based nanocatalysts, albeit at a
higher production cost due to increased methanol usage
and involvement of hazardous chemicals in synthetic
methods [21].

Meanwhile, Alagumalai et al. [22] explored
hydrothermal-assisted carbonization for biofuel pro-
duction, achieving a remarkable 96.4% biodiesel yield.
The study introduced a catalyst derived from palm
kernel shells, enhancing performance as a support for
synthesized nanocatalysts. Coupled with the use of
empty fruit bunches in hydrothermal carbonization, this
innovative approach offers a biofuel yield exceeding
97%, showcasing commercialization potential [22].
Metal-based catalysts, including zinc chloride and iron
(ITT) chloride, contribute to improved hydrothermal
carbonization efficiency, affirming the viability of this
method for sustainable and commercially viable biofuel
production [22]. Nevertheless, challenges persist in
hydrothermal-assisted carbonization, notably in conver-
sion efficiency and biocrude quality. To address these
challenges, researchers have focused on catalytic ap-
proaches, aiming to accelerate reactions and improve
biocrude quality by optimizing catalyst formulations and
increasing the quantity of catalytically active sites [22].

The transformative role of nanomaterials is exemplified
in Aarti et al. [23]’s work, where gold nanoparticles
(AuNPs) enhance efficiency and cost-effectiveness in
biomass  hydrolysis and  bioethanol  production.
Leveraging bacterial cellulase for AuNP synthesis,
immobilized yeast cells achieved substantial ethanol
yields from NaOH pre-treated biomass of A. philoxeroides
(45.09%) and B. mutica (50.1%). These findings position
bacterial cellulase-assisted-synthesized AuNPs as prom-
ising catalysts for cost-effective bioethanol production
from aquatic weed biomass [23]. The use of AuNPs
provides a large surface area for cellulase attachment,
leading to higher enzyme loading per unit mass of
nanoparticles. This suggests that the use of AuNPs in
biofuel production offers scalability benefits, because
immobilization process can be scaled up for industrial
applications, making it cost-effective and efficient [24].

Furthermore, AuNPs exhibit high chemical stability,
reducing the amount of catalyst needed and allowing for
environmentally friendly synthesis methods [24].
Meanwhile, Jegan et al. [15] explored nano fuel tech-
nology, incorporating metallic oxide nanoparticles
(CeOy, Si0,, and TiOy) to elevate algae oil biodiesel
production as illustrated in Figure 1(C). B,s5TiO; blend
showcases remarkable enhancements, registering the
highest in—cylinder pressure at 72.2 bars, a peak heat
release rate of 63.2 J/°CA, and superior Brake Thermal
Efficiency (BTE) of 33.8% at 2500 rpm, outperforming
other fuels [15]. Incorporating metallic oxide nano-
particles in algae oil biodiesel production can yield both
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positive and negative environmental impacts. While
these nanoparticles can enhance microalgae growth and
lipid content, potentially increasing biofuel production,
their production and disposal may contribute to pollu-
tion and environmental harm [25]. Additionally, the
long-term ecological effects remain uncertain, necessi-
tating careful assessment. Despite their potential scal-
ability benefits, further research is crucial to fully
understand their environmental implications [25].
Nonetheless, nanoparticles offer potential for catalyst
recovery and reuse, promoting sustainability with
responsible practices.

Sawaira et al. [26] explored the potential of newly
synthesized green nanocatalysts, specifically Bi,O3, and
Cannabis oil seed for future energy sustainability.
Focused on the transesterification process of Cannabis
sativa biodiesel, the study reveals efficient application
results of green Bi;O3z nanoparticles. Under optimal
conditions, including a 1.5% w/w catalyst weight, 1:12
oil to methanol molar ratio, and 92 °C reaction tem-
perature, a biodiesel yield of 92% was achieved [26].
The produced Cannabis biodiesel met fuel quality
standards, displaying a low sulfur content of 0.00047%
for reduced emissions. Thermodynamic parameters
indicated an unspontaneous and endergonic reaction
catalyzed by Bi;O3 nanoparticles, positioning them as a
promising catalyst for sustainable and economically
viable biodiesel production [26]. Moreover, this study
provides valuable insights into the scalability of the
process by exploring optimal conditions for trans-
esterification, such as oil-to-methanol ratio, reaction
temperature, and catalyst concentration [26]. Under-
standing these parameters is crucial for scaling up
production volumes while maintaining high biodiesel
yields. Additionally, the study highlights reusability and
recyclability of the catalyst, essential for cost-effective
and sustainable biodiesel production on a larger scale
[26]. However, challenges such as active site deacti-
vation and catalyst effectiveness decline over multiple
cycles should be addressed to ensure continuous effi-
ciency in large-scale production. Furthermore, further
investigation into morphological features and me-
chanical properties of the membrane used in mem-
brane reactor is necessary to optimize its performance
for industrial applications [26].

Next generation nhanomaterial synthesis for
biofuel advancements

Exploring cutting-edge innovations in biodiesel pro-
duction, recent studies have illuminated promising av-
enues for sustainable and efficient methodologies.
Gouda et al. [16] conducted a comprehensive study on
the synthesis and characterization of a sulfonic acid
functionalized metal—organic framework, UiO-66-
SO3H, aiming to assess its efficacy in oleic acid esteri-
fication to biodiesel [16]. The successful sulfonation of
UiO-66 MOF resulted in UiO-66-SO3H catalyst, with a

1.92 nm diameter (Figure 1(D)), exhibiting exceptional
activity with a 98.30% conversion rate [16]. Optimized
conditions, including a 20:1 methanol:oleic acid molar
ratio, 8 wt% catalyst loading, 100 °C reaction tempera-
ture, and 1-h reaction time under microwave irradiation,
contributed to this efficiency [16]. The UiO-66-SO3;H
catalyst demonstrated commendable reusability over 5
consecutive cycles, positioning it as a promising and
reusable option for sustainable biodiesel production
[16]. However, to provide a broader perspective on the
implications of these innovations, it’s essential to
compare efficacy of UiO-66-SO3H with other conven-
tional methods such as pyrolysis, ultrasonic, microwave,
hydrodynamic cavitation and microfluidic reactors.
Transesterification stands out as the most successful
method in biodiesel production for several reasons.
Firstly, it is the most commonly employed technique,
benefiting from extensive study and optimization. Sec-
ondly, transesterification offers higher conversion rates
and faster reaction times compared to alternative
methods [27]. Additionally, it boasts flexibility in pro-
duction, accommodating both catalytic and non-
catalytic processes. Furthermore, transesterification
enables the utilization of a wide range of feedstocks,
including vegetable oils, waste cooking oils, and animal
fats, rendering it a versatile and cost-effective approach
for biodiesel production. These attributes collectively
position transesterification as a preferred choice in bio-
diesel industry, ensuring its continued prominence amid
emerging technologies.

In a related study, Cong et al. [28] focused on a green
process co-producing biodiesel and hydrogen from waste
oils using magnetic MOF-derived materials. The syn-
thesis process of NaySiO3/Ni-MOF catalysts is depicted
in Figure 2(A), where steps (a), (b), and (c) illustrate
initial preparation of Ni-MOF powders, loading of Ni-
MOF powders with Na,SiO3 to form catalysts, and sub-
sequent calcination process at varying temperatures,
respectively. Notably, Na;SiO3/Ni-MOF-400 catalyst
achieved a remarkable 98.4% yield from soybean oil and
94.5% (at sixth cycle) from spent bleaching clay oil under
optimized conditions [28]. Stable and reusable perfor-
mance with a 95% biodiesel yield after six cycles high-
lighted catalyst’s efficacy. For hydrogen production, Ni-
MOF-500 exhibited an impressive 126.8% vyield from
crude glycerol, with notable stability even after deacti-
vation, emphasizing the effectiveness, stability, and
reusability of Na;SiO3/Ni-MOF catalysts in co-producing
biodiesel and hydrogen [28]. Furthermore, the long-term
performance of co-producing biodiesel using magnetic
MOF-derived materials was evaluated, demonstrating
high activity and efficiency. Biodiesel vyields reached
95.3%, while hydrogen vyields reached 102.6% [28].
These nanoparticles were magnetically separable and
could be recycled for multiple cycles, maintaining a
biodiesel yield of 95%. Additionally, deactivated catalysts
were repurposed for hydrothermal gasification, resulting
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(A) A comprehensive workflow for fabrication of magnetic metal—organic framework (MOF)-supported base catalysts applied in biodiesel and hydrogen
production. (B) Utilizing microalgae for the generation of biofuels; (a) Photosynthetic process of microalgae and (b) Their significance in the context of
future renewable energy generation through carbon dioxide capture. (C) Implementation of graphene-based catalysts in biodiesel production process.

(D) Application of nanomaterial stimulants in the production and utilization
Elsevier ©2023 and ©2022.

of biofuels. Edited with permission from Refs. [6,28,29,31,32], Copyright

in a 50% increase in hydrogen yield [28]. This compre-
hensive evaluation showcases the effectiveness and
recyclability of magnetic MOF-derived materials for co-
producing biodiesel and hydrogen from waste oils,
underlining their long-term performance and potential
for sustainable energy production. Indeed, Figure 2(B)
provides an insightful overview of microalgae’s diverse
contributions to biofuels generation. Panel (a) vividly il-
lustrates how microalgae efficiently utilize sunlight, CO,,
and water in the process of photosynthesis, ultimately
producing biofuels. This depiction emphasizes pivotal

role of microalgaec in renewable energy production.
Meanwhile, panel (b) shines a light on another crucial
aspect: microalgae’s remarkable ability to capture COp,
highlighting their dual significance in both biofuel pro-
duction and carbon mitigation endeavors. Moving to
Graphene-based catalysts (Figure 2(C)), known for their
high efficiency in biodiesel production, exhibiting
impressive  transesterification/esterification  vields,
ranging from 84.6 to 99% [29]. Graphene oxide (GO) and
sulfonated graphene oxide (SGO) emerge as particularly
efficient catalysts for biodiesel production from wet
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microalgae biomass [29]. Despite their promising fea-
tures, further research is imperative to explore full
spectrum of recoverability, reusability, and enzyme sup-
port potential of graphene-based catalysts in biodiesel
production under various conditions [30].

Environmental and economic significance

The integration of nanomaterials (Figure 2(D)) into
biofuel production represents a transformative venture
with dual-edged impacts [6], entwining both environ-
mental and economic considerations (Figure 3(a)), as
clucidated in Table 1. Nanomaterials leverage their
unique properties to revolutionize biofuel production by
enhancing substrate digestibility and increasing yields,
thereby contributing to economic benefits through

Figure 3

heightened efficiency and productivity [33]. Further-
more, nanotechnology offers tantalizing prospect of
using non-edible feedstocks [34], reducing costs [35],
and decreasing dependence on traditional food crops
[36]. The significant surface-area-to-volume ratio and
reactivity of nanoparticles play a pivotal role in ampli-
fying biofuel production efficiency, underscoring their
economic significance [34].

However, this promising landscape is marred by sub-
stantial technical challenges that must be overcome
before nanotechnology in biofuel production achieves
widespread commercialization. For instance, Figure 3(b)
illustrates phenomenon of micro-explosion observed
when fuel droplets containing cerium oxide (CeQO;)
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(a) Evaluation of environmental impact throughout the life cycle of biodiesel production. (b) Flame diffusion in a fuel droplet with nanoparticles. (c)
Inhalation consequences including CO’s protective and harmful impacts. (d) Micro-explosion phenomenon induced by fuel-encapsulated CeO, nano-
additives. Edited with permission from Refs. [31,37], Copyright Elsevier ©2022 and ©2023.
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Comprehensive assessment of environmental dimensions in nanomaterial-integrated biofuel production.

Critical aspect Environmental implications Positive aspects Negative aspects Reference

Corrosive effects Nanoparticles in biodiesel Potential improvement in Risk of environmental [38]
fuels can cause damage to biofuel production efficiency impact
various parts of diesel
engines. Continuous
exposure to nanoparticle-
laden fuels should be
investigated.

Engine Long-term use of Improved fuel combustion Potential harm to engine [39]

performance nanoparticle-doped efficiency may lead to components and increased
and emissions biodiesel fuels can lead to reduced emissions emissions

deposits on engine

components, impacting

performance.

Toxicity Concerns about toxic effects Improved efficiency in Potential harm to aquatic [40]
on organisms and biofuel production may organisms and ecosystems
ecosystems, particularly reduce overall
with carbon nanotubes and environmental impact
zinc oxide nanoparticles.

Biodiversity Potential changes in Increased yields in biofuel Disruption of ecosystems [41]
biodiversity due to production may contribute to
widespread application of resource efficiency
synthetic nanomaterials.

Environmental Uncertainty about the fate of Potential improvement in Risk of environmental [42]

fate nanomaterials in biofuel production efficiency impact
environment, including may offset environmental
bioaccumulation, concerns
persistence, and transport.
Manufacturing Environmental implications Enhanced substrate Environmental pollution [43]
and disposal in manufacturing process, digestibility and increased
energy-intensive methods, biofuel yields may contribute
release of pollutants, and to cleaner energy
the need for proper disposal
methods.
Utilization of non- - Reduced costs and Initial investment challenges [44]
edible dependence on traditional and technical obstacles
feedstocks food crops
Investment and Need for expertise and Potential economic benefits Costs associated with [45]
economic careful consideration of research and development
feasibility economic factors. and potential market

uncertainties

nano-additives are ignited [31]. The micro-explosion

effects.

implemented

to minimize any potential negative

results from rapid vaporization of nanoparticles within
fuel droplets, leading to efficient fuel atomization and
improved combustion (Figure 3(c)). Overcoming these
hurdles involves developing non-toxic and cost-effective
nanoparticles while adapting chemical synthesis
methods for biological nanoparticle synthesis. Address-
ing environmental concerns, particularly risk of releasing
nanoparticles during biofuel production, is paramount
for ensuring long-term sustainability [46]. Additionally,
use of nanoparticles may have unknown effects on
ecosystems and health impacts (Figure 3(d)), poten-
tially contributing to environmental pollution if not
properly managed [47]. Therefore, thorough research
and assessments are crucial to understand potential risks
and ensure the sustainable use of nanomaterials. Proper
waste management and disposal strategies should be

In assessing economic viability of investing nanotech-
nology into biofuel production, it’s essential to weigh
the cost-effectiveness of nanoparticle production
against its potential benefits [36]. This involves
analyzing not only expenses associated with nano-
particle synthesis, including raw materials and energy
requirements but also considering enhanced catalytic
activity and increased biofuel yield nanoparticles could
offer. The variable cost of nanoparticles, ranging from
£3—500 to £0.5—108 per kg [6], underscores the need
for judicious evaluation of economic feasibility and cost-
effectiveness in broader context of addressing global
energy challenges. To ensure the long-term sustain-
ability of biofuel production using nanoparticles,
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rigorous testing and evaluation of potential impacts on
ecosystems and human health are essential, as well as
adherence to regulatory guidelines and standards [48].
Collaboration between scientists, policymakers, and in-
dustry stakeholders is crucial to establish best practices
for nanoparticle use in biofuel production and minimize
environmental impact. Additionally, continuous research
and innovation are necessary to improve the efficiency
and effectiveness of nanoparticle-based biofuel pro-
duction, thereby maximizing sustainability and mini-
mizing environmental impact.

Conclusion

The integration of nanomaterials into biofuel produc-
tion holds immense promise for efficiency, transforming
the industry by enhancing efficiency, productivity, and
sustainability. Across various biofuel production pro-
cesses, significant advancements have been achieved
with diverse nanomaterial catalysts, showcasing their
potential. Innovative methodologies, such as green
synthesis and hydrothermal-assisted carbonization, un-
derscore ongoing exploration of sustainable approaches.
Notably, studies exploring hydrothermal-assisted
carbonization, particularly with metal-based catalysts
like zinc chloride and iron (III) chloride, resulted in an
impressive biodiesel yield of 96.4%, highlighting the
method’s effectiveness in achieving sustainable and
commercially viable biofuel production. Moreover, the
integration of gold nanoparticles in biomass hydrolysis
yielded substantial ethanol outputs of 45.09% and
50.1%, emphasizing cost-effectiveness and efficiency of
this approach. The transformative role of nanomaterials
in enhancing engine characteristics and combustion
performance underscores their positive impact on bio-
fuels landscape. However, challenges such as technical
hurdles, environmental concerns, and economic con-
siderations must be addressed for widespread commer-
cialization. Industry stakeholders and researchers play a
pivotal role in overcoming these challenges. Collabora-
tive efforts are essential to identify cost-effective solu-
tions, prioritize sustainable practices, and drive
innovation in research and development. By pooling
expertise and resources, stakeholders can navigate
technical complexities and optimize processes for
nanomaterial integration. Moreover, fostering collabo-
ration ensures that sustainability remains a core focus,
mitigating environmental impacts and promoting
responsible use of resources throughout biofuel pro-
duction lifecycle. Through concerted efforts, industry
can overcome barriers and ensure the successful inte-
gration of nanomaterials into biofuel production. This
collective endeavour paves the way for a more efficient
and sustainable energy future, where nanotechnology
contributes significantly to meeting global energy de-
mands while minimizing environmental footprint. This
review positions itself at the forefront of current

progress, offering valuable insights into evolving land-
scape of nanomaterial applications in biofuels.
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