


A Comprehensive Review of Functional Nanomaterial-Based Catalysts for Enhanced Biodiesel Production and Environmental Sustainability


Abstract
With the global shift to renewable energy sources, there has been growing interest in biodiesel, which is a more environmentally and economically sustainable alternative to fossil fuels. Nevertheless, conventional catalytic materials currently used in biodiesel production processes are faced with efficiency, stability, soap formation, and environmental problems. Thus, this paper gives a scientific review of functional nanomaterial catalysts which aim to improve biodiesel production and, at the same time, ensure sustainability in the environment. A broad array of nanomaterials and their hybrids has been discussed, such as metal oxide nanoparticles, carbon nanomaterials, magnetic nanocatalysts, mesoporous nanomaterials, and more advanced hybrid functional nanomaterials. These nanocatalysts possess high surface areas, optimal porosity, increased mass transfer, strong base and acid functionalities, and high catalytic recyclability, which allow faster and more eco-friendly transformation of raw materials to biodiesel. The review distils information gathered from cutting-edge experimental work, pointing to the efficacy afforded by functional nanomaterials to transesterification and esterification reaction efficiency, catalyst stability, and waste avoidance. Of paramount importance is placing the work against the background of environmentally sustainable methods of synthesis, catalyst recyclability and recovery, and the relevance of nanocatalysis to sustainable global initiatives. The study picks up essential scientific trends, efficiency deficits, toxicity considerations, and the prospects offered by cutting-edge nanostructures, functionalization, and sustainable nanotechnology to scale up biodiesel. it has been made clear by the review that nanomaterials-based catalysts demonstrate great potential to improve biodiesel production, and it is expected to significantly influence new innovative approaches on the global level to obtain clean and efficient biofuel.
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Introduction
The ever-increasing need for clean, renewable, and environmentally responsible fuels has further spurred the use of biodiesel fuel as an alternative fuel option compared to all other conventional fuels like diesel fuel. This fuel alternative can be derived from vegetable oils, animal fats, waste lipids, or algae oils and has many advantages over other fuels (Wan Osman et al., 2024). However, the widespread use of biodiesel fuel has been thwarted by various inefficiencies in the conventional process being followed in its production. The most significant inefficiency in this process relates to catalysis (Dong et al., 2025). Conventionally used homogeneous catalysts like sodium hydroxide and potassium hydroxide are in common use owing to their relatively lower cost and ease of use (Yaghi et al., 2025). But they are highly affected by the values of free fatty acid (FFA) and moisture in the feed (Rodriguez-Sanchez et al., 2021). The presence of higher levels of FFA results in the formation of undesirable quantities of soap; hence, there are problems of yield and separation of products in addition to the generation of more wastage (Jayaprabakar et al., 2024). All this makes conventional catalysts ineffective in meeting the rising demands in the global quest for more effective biodiesel production (Yaghi et al., 2025), (Amran et al., 2022). However, owing to the existence of such drawbacks, functional nanomaterial catalysts have emerged as an alternative that possesses revolutionary properties of immense use in overcoming current hindrances (Malik et al., 2023). The inherent high surface area-to-volume ratios, functionalized active sites, optimized mass transport properties, and thermal/mechanical stability of functional nanomaterial catalysts possess unparalleled advantages over traditional catalysts (Ayogu et al., 2025). Recent achievements in metal oxide nanoparticles, mesoporous nanomaterials, magnetic nanocomposites, and carbon nanoarchitectures possess extraordinary catalytic properties like enhanced reaction efficiency, reduced reaction conditions, accelerated reaction rate parameters, and optimized catalyst recyclability (Yi, Lee, & Ying, 2006). However, amidst this level of promise from nanomaterial catalysts come paramount research gaps that thwart current widespread adaptation or applicability. For example, inherent structure-function properties of catalysis are not yet clearly understood and optimized stability parameters of catalysts in working conditions. These open questions engender key research questions underlying this thorough literature inquiry:
(1) What are the effects of the physicochemical properties of functional nanomaterials on catalytic activity, selectivity, and reaction efficiency in the biodiesel process?
(2) What morphologies or forms of surface functionalization or hybrids of nanomaterials are most catalytically active or stable?
(3) To what extent can nanocatalysts minimize reaction time and energy requirements compared with traditional catalytic systems?
(4) Ways in which nanomaterial catalysts may help in bringing about marked sustainability improvements in the biodiesel production process.
The answers to these questions inform the overall objective of this review. A comprehensive analysis of functional nanomaterial catalysts and the role of functional nanomaterial catalysts in improving biodiesel production efficiency and sustainability. The specific objectives of this review are to:
investigate routes of synthesis and methods of functionalization of nanomaterial catalysts disclosed in current literature;
carry out structure–property–performance analyses in terms of the dependence of transesterification and esterification catalytic properties on surface chemistry, morphology, porosity, and composition; assess the reaction efficiency and conditions, energy requirements, and yield in comparison with conventional catalysts; probing catalyst stability, recyclability, and deactivation resistance in multiple catalytic cycles;
compare the values of environmental or process sustainability factors (such as reduction in wastes, reduction in energy use, or carbon footprints) in nanocatalytic biodiesel production methods with those in conventional biodiesel (Asghar et al., 2024) Through the integration of various results from the literature, this review seeks to fill significant gaps in critical knowledge with respect to the nexus of nanomaterial science, catalytic engineering, and biofuel sustainability. More generally, this manuscript provides a unified scientific platform based on current research to inform the future use of more effective biodiesel production mechanisms through more environmentally sustainable platforms.
Apart from the scientific and technological reasons that create interest in the use of biodiesel, there are other factors that have hastened the need for more advanced catalytic systems. The various international agreements being put in place regarding the reduction of greenhouse gas emissions in various sectors, especially those related to transport and industry, have further underlined the need to utilize biodiesel as an environmentally friendly alternative fuel option (Solaymani & Botero, 2025). However, the use of biodiesel is still hampered by the efficiency of the catalytic process involved in its production. This forms a critical nexus where research in catalysis has become paramount. Catalysis based on functional nanomaterials thus embodies not only incremental innovation but possibly even a paradigm shift in biodiesel fuel technologies (Pramanik et al., 2023). This is mainly owing to the exclusive properties that nanocatalysts possess due to the nanometer scale of the material’s structure. For instance, magnetic nanocatalysts offer excellent means of recovery via external magnetic force application (Mustapha et al., 2025). The use of mesoporous nanomaterials enhances reactant diffusion in a pioneering way via perfectly arranged pores in the material’s structure. Carbon nanostructures exhibit exceptional resistance in catalysis-related interactions coupled with elevated electron transfer properties (Kausar et al., 2024). These properties collectively make nanocatalysts material of strategic significance in the possible future technological and sustainable transitions in biodiesel fuel production (Khujamberdiev & Cho, 2025).
Despite the progress made in this area until now, there are still many gaps in this research area in terms of synthesis methods and characterizations performed in different research works. Moreover, there exist many variations in different reaction conditions, catalyst amount, reactant material choice, and analysis of environmental factors (Otandi, 2024). However, there are also many variations in different experimental conditions mentioned in various research works. Many research papers highlight outstanding catalytic properties in lab scale but do not consider other parameters like stability or feasibility in terms of commercial applications.
The other limitation would be the lack of focus placed upon lifecycle sustainability. Although nanomaterials have enhanced catalytic efficiency, little research has been conducted in terms of critically reviewing the ecological footprints linked with nanomaterial use, either in disposal or the dangers that may exist through exposure to the material. By not doing so, there exists little point in understanding the complete sustainability benefit now being credited in nano catalytic functions. Moreover, there has to be consideration beyond just catalytic efficiency. These gaps highlight the need for this study to be done through a thorough or integrative analysis in which the current body of knowledge would be synthesized in answering different questions and bringing out opportunities through innovation. This study involves closely analysing the various types of nanomaterials utilized in the structure or process of synthesizing the material or the functionalized methods of different nanomaterials in relation to catalytic properties in answering how different areas of nanotechnology affect catalytic functionality. This analysis links catalysis with other sustainability factors. Finally, the enhancement of biodiesel production via nanocatalysis research can be deemed in line with the global trend towards clean transitioning and more environmentally friendly resource utilization (Ahmed et al., 2023). Hence, this study aims not only to summarize and affirm prevailing ideas regarding biodiesel fuel research but also serve as the foundation towards future innovation in biodiesel catalyst production.
Review of related literature
The quest for more environmentally friendly and more economical transport fuel solutions has put biodiesel under the limelight in the quest for alternative renewable fuel solutions. The past twenty years have witnessed not only the deployment of biodiesel in terms of demonstrating technical feasibility but also embracing optimization of production routes toward more economical solutions (Aryanfar et al., 2024). However, optimization of biodiesel production in terms of more environmentally friendly solutions would not be more effective if catalyst approaches are not optimized in terms of overall catalytic efficiency influenced by purity of feedstock (Eevera, et al 2009) (fatty acids and water concentrations), temperature, molar concentration of methyl alcohol, and ease of catalyst separation and recycling (Burmana et al., 2024). However, catalyst optimization in terms of utilizing nanomaterials in catalytic applications has become key in research areas owing to optimization possibilities exclusively based on nanotechnology that cannot be appropriately optimized based purely on conventional material science approaches (Vijayakumar et al., 2025). More recent research illustrates the applicability of nanocatalysis in accelerating both esterification’s and transesterifications in terms of further enhanced feedstock versatility devoid of wastes and further optimized catalyst separation.
Types of nanomaterial catalysts and corresponding functions
The research in this area naturally falls under various broad catalyst categories based upon differing structure/property/function correlations.
Metal oxide nanoparticles (such as CaO, MgO, ZnO, or TiO2) are also of current interest owing to the presence of inherently strong basic or acidic sites that are able to catalyse transesterification/esterification reactions (Bousba et al., 2023). At the nanometric level, there would be enhanced availability and inherent catalytic activity per mass unit compared to the bulk material (Sharma et al., 2024). The leachability and possible agglomeration of oxide nanoparticles in the absence of support or surface modification are challenges in such catalysts that feature regularly in the literature in terms of optimizing interactions between the metal oxide and the support.
Magnetic nanocomposites, generally based on the Fe₃O₄ (magnetite) core and functional shells or supported catalysts, are of interest considering that magnetic separation significantly eases the catalyst recovery after reaction (Mahlangu et al., 2024). Many research papers and reviews describe fast magnetic separation of catalysts from the reaction mixture and good recyclability if the catalyst support strongly anchors the catalyst (Basumatary et al., 2024). Magnetic nanocomposites are often functionalized to obtain bifunctional catalysts possessing both acid and base centers in esterification/transesterification catalysis in the presence of high FFAs in feedstocks (Changmai et al., 2021). However, stability towards leaching of metal and protection of the magnetite surface from air are still challenges (Caballero-Mejía et al., 2024). Silica and zeolitic nanomaterials (SBA-15, MCM-41, ZSM-5, etc.) are sought after for their hierarchical pore structure morphologies and remarkably high surfaces areas (Guan et al., 2024). These nanomaterials are excellent candidates for the support of catalysts or auxiliary agents (metal oxide catalysts, heteropolyacid catalysts, ionic liquids) and can be functionalized appropriately in terms of acidic or basic catalytic properties (Yentekakis et al 2023). It has been observed in the literature that mesoporous support catalysts significantly increase mass transport properties and are more stable in terms of diffusion restrictions common in larger volumes or bulk catalysts (Lee, et al, 2025). However, in particular cases, the structure of some mesoporous support materials has been seen to be relatively fragile in extreme reaction conditions such as those encountered in repeated calcination or in strongly acidic reaction conditions Mirzaei, et al 2020) Carbon nanomaterials (graphene derivatives and carbon nanotubes/nanoscale biochar) may follow this pathway. The high electrical conductivities and thermal stability of carbon nanomaterials make them promising matrix or acid-functional catalyst support candidates (Shchegolkov et al., 2025) (sulfonated carbon catalysts in particular), although other carbon matrix candidates may be synthesized from biomass residues. This renders this pathway more environmentally compatible by enhancing the catalyst's life cycle (Ma et al., 2023. Various reviews and experimental works support the effectiveness of carbon catalysts in esterifying oils high in FFAs in differing reaction conditions. The key technical issue in this pathway would be optimizing surface properties toward achieving higher site density with fewer restrictions imposed upon pore access. The most advanced and in many cases most effective approaches are those that involve hybrids or multifunctional nanosystems. These are those that incorporate not only one functional entity but multiple functional units in such a way that adsorption/activation and separation may proceed in a combined or synergistic way. Examples include those with both a magnetic core and a mesoporous silica matrix with dispersed metal oxide nanoparticles or those with carbon support-attached bifunctional acid and base sites (Li et al., 2025). Many of these hybrids exhibit highly effective conversion ratios and recyclability in lab-scale testing due precisely to this synergistic functionality in which one functional entity provides catalytic action while another provides ease of separation (Bronstein & Matveeva, 2024). However, scale-up may not yet be ready for many hybrids.
List 1- Catalyst System and feedstock of different study and their advantages and limitations

	Representative study (author, year)
	Catalyst system (representative)
	Feedstock / focus
	Key reported advantage
	Main limitation noted

	Xie et al., 2021
	Fe₃O₄/ZIF-8 supported heteropolyacid composite
	Waste oils (high FFA)
	High conversion, bifunctional (esterification + transesterification), magnetic recovery.
	Complexity of synthesis; potential stability under long cycles. (Xie et al., 2021)

	Fatimah, 2023 (review)
	SBA-15 mesoporous supports functionalised with acids/bases
	General (synthesis & functionalisation)
	Very high surface area, superior diffusion, tunable acidity/basicity.
	Structural sensitivity in harsh conditions; scale-up challenges. (Fatimah et al., 2023)

	Zhang et al., 2023 (Frontiers review)
	Fe₃O₄-based magnetic catalysts (various shells)
	Magnetic composite catalysts
	Easy separation and high reusability; low operational waste.
	Leaching of active species in some formulations; need for anchoring strategies. (Zhang et al., 2023)

	Carbon-based overviews (various, 2019–2024)
	Sulfonated biochar, GO, CNT hybrids
	High-FFA feedstocks
	Thermal stability, biomass-derived supports reduce LCA impacts when sourced sustainably.
	Need to optimise active-site density without blocking pores. (Bhagat et al., 2021)

	Recent nanoparticle reviews (2022–2024)
	Hybrid multifunctional nano-systems
	Broad
	Highest conversions, shortened reaction time, multifunctionality (adsorption + catalysis)
	Synthesis complexity and scale-up cost; limited industrial validation. (Xie et al., 2021)



Methodology
This systematic review follows the PRISMA protocol in ensuring the transparency and rigor of this research. Before proceeding with the research process in this systematic review, the protocol would define the conceptual parameters of this research in terms of the methodology and criteria underpinning the selection process in this systematic research. This protocol would define the parameters of this research in terms of the use of functional nanomaterial catalysts in biodiesel production in terms of catalytic effectiveness, material properties, stability and recyclability, and environmental factors. For this systematic research, relevant research articles had to be experimental or pilot-scale research articles that measure biodiesel production.
Search Strategy and Information Sources
An exhaustive literature search via prominent academic databases such as Scopus, Web of Science, ScienceDirect, SpringerLink, Wiley Online Library, and PubMed has been conducted in this study. The use of Google Scholar has also been taken into consideration in tracing additional references. The databases have been searched from 2010 till January 2025, considering the vast progress in nanomaterial science and catalytic engineering in the past ten years.
The searching strategy relied on key terms combined using Boolean operators in order to get relevant information. The key terms are selected in such a way that different types of nanomaterials, catalytic reaction mechanisms, and biodiesel production methods are included. Some examples of key terms that are included in the searching process are:
“Nanomaterial catalysts”, AND “biodiesel production”
“Nanocatalyst” AND “transesterification”
"Functional nanoparticles" AND "esterification catalyst";
“Magnetic nanocatalyst” AND “biodiesel”
“Mesoporous catalyst” AND “biodiesel”
“Carbon nanomaterials” AND “catalysis”
These searches were conducted using these pairs in each of the databases after adjusting the syntax according to each database’s needs in terms of indexing. The results from each of the searches conducted in the databases were later exported to EndNote software.
Eligibility Criteria and Screening Procedure
The inclusion and exclusion criteria were devised in accordance with the research aims. Only those articles that were in English, from peer-reviewed journals, and contained experimental information regarding the synthesis and catalytic analysis of nanomaterial catalysts in biodiesel production qualified. The exclusion criteria consisted of articles not based on quantifiable data regarding methodology or those in the forms of reviews, editorials, conference proceedings, or theses.
The screening process involved three stages that followed one after another. The three stages include the title screening stage. During this stage, the titles of all the retrieved articles are evaluated for topic relevance. Articles that are not exclusively relevant are selected for consideration in the next stage. The next stage of screening involves the screening of abstracts. During this stage, the selected articles are subjected to stricter screening based on the inclusion criteria in order to identify articles that are specifically focused on nanomaterial catalysis in biodiesel production. The next stage involves the screening of articles based on full text. During this stage, articles are subjected to screening based on methodology relevance and the adequacy of catalytic information provided in the articles. The articles considered relevant progress to the next stage.
Quality Assessment and Study Validity
To eliminate the possibility of including scientifically questionable data in the results of this synthesis, each study selected for analysis in this body of research underwent critical appraisal based on the Joanna Briggs Institute critical appraisal tool adapted for experimental studies. The areas considered in this adaptation include: the rigor of procedures followed in catalyst synthesis, the suitability of methods of characterization including XRD analysis, FTIR analysis, BET surface analysis, SEM analysis, TEM analysis, and TGA analysis, or methods generally accepted in the context of catalytic testing methodology. Studies with questionable methodology were not included in this analysis in an attempt to maintain the integrity of this review process.
Data Extraction and Thematic Organization The extraction of data from this step was done in a systematic way through the use of a structure template that had been developed to gain consistency in the data. Among other things, the data that would be extracted from each of the studies selected would include information such as the type of nanomaterials synthesized, the functionalization process, physicochemical properties, reaction conditions under which biodiesel would be produced commercially, and other information regarding catalytic properties like biodiesel yield rate, reaction time, activation energy, and re-use capacity. All this data would be organized in themes.
Data Synthesis and Analytical Framework
Because of the level of methodology and experimental complexity across the various studies, the analysis tended towards a thematic synthesis methodology instead of using meta-analysis. The various studies were categorized according to the dominant type of nanomaterials they are based upon. These include metal oxide nanoparticles, magnetic nanocomposites, mesoporous and zeolitic nanomaterials, carbon nanostructures, and multifunctional nanosystems. The analysis under each category aims towards the extraction of structure-function correlations, catalytic process mechanisms and dynamics, overall tendencies in functionality and stability, and the overall contribution of each type of nanomaterial towards enhanced biodiesel production efficiency and sustainability.
Reporting and Documentation
The outcomes of this review have been recorded and presented in accordance with PRISMA guidelines. This has involved providing information about the process of searching and screening in text from, including the number of studies that have been excluded in each step of the process and reasons for exclusion. The entire process has also been represented in PRISMA flow diagrams. The outcomes of this process have been recorded in a detailed text in order to allow other researchers to test the claim.
Result
The detailed search and screening process resulted in a final dataset of 112 high-quality experimental studies each focused on functional nanomaterial catalysts for biodiesel synthesis. The outcomes are discussed based on the dominant types of nanocatalysts developed during synthesis. These include Metal Oxide Nanoparticles, Magnetic Nanocomposites, Mesoporous and Zeolitic Nanomaterials, Carbon Nanostuctures, and Multifunctional Nanosystems. The outcomes point out marked improvements in surface engineering and catalytic effectiveness and efficiency with inherent gaps in each type of catalyst.
Study Includes - Study Distribution
From the 112 studies, the descriptive analysis indicates that metal oxide and magnetic nanocatalysts are dominant in biodiesel studies. Table 1 illustrates the number of studies distributed in the category of nanomaterials.
Table 1. Classification of Included Studies by Nanomaterial Type
	Nanomaterial Class
	Number of Studies
	Percentage (%)
	Key Examples

	Metal oxide nanoparticles
	34
	30.4
	CaO, ZnO, MgO, TiO₂

	Magnetic nanocomposites
	26
	23.2
	Fe₃O₄@SiO₂, CoFe₂O₄-based catalysts

	Mesoporous and zeolitic nanomaterials
	19
	17.0
	MCM-41, SBA-15, ZSM-5

	Carbon-based nanomaterials
	16
	14.3
	CNTs, graphene oxide, biochar-supported catalysts

	Hybrid multifunctional nanosystems
	17
	15.1
	Metal–carbon hybrids, doped composites

	Total
	112
	100
	—



This reflects the trend in the field away from more traditional homogenous catalysts towards engineered nanomaterials that provide enhanced surface areas and mass transport properties that are reusable.
Physicochemical Properties of Nanocatalysts
The physicochemical analysis carried out in different studies indicated that nanocatalysts exhibiting high surface area, regular pore structure, moderate basicity, and strong metal-support interaction exhibited higher catalytic efficiency.
The majority of BET areas were between 75 m²/g and 650 m²/g. The highest BET areas were exhibited by the mesoporous materials, while the magnetic nanocomposites generally had lower but more accessible surface areas.
Table 2: Summary of physicochemical properties of different nanocatalyst classifications.
	Catalyst Class
	BET Surface Area (m²/g)
	Pore Size (nm)
	Particle Size (nm)
	Notable Characteristics

	Metal oxides
	45–150
	8–20
	15–60
	Strong basic sites; thermally stable

	Magnetic nanocomposites
	30–120
	6–18
	10–45
	Easy magnetic recovery; tunable surface coating

	Mesoporous materials
	450–650
	4–10
	5–12
	Highly ordered pore structure; large surface area

	Carbon-based materials
	120–350
	2–15
	10–50
	Rich functional groups; stable framework

	Hybrid multifunctional
	100–400
	5–20
	8–40
	Synergistic catalytic mechanisms



The following properties were found to affect the catalytic activities, especially transesterification efficiency and recyclability.
Catalytic Activity and Biodiesel Yield
Across various studies, the biodiesel yield observed for different nanomaterials varied greatly. The average biodiesel yield values were highest in mesoporous nanomaterials and nanohybrids. The biodiesel yield may vary based on different parameters
Table 3. Average biodiesel yield based on type of catalysts used.
	Catalyst Type
	Average Yield (%)
	Reaction Time (min)
	Optimum Temperature (°C)
	Alcohol:Oil Ratio

	Metal oxides
	80–92
	60–150
	60–70
	6:1–12:1

	Magnetic nanocomposites
	85–96
	40–120
	55–65
	6:1–10:1

	Mesoporous nanomaterials
	92–98
	30–90
	55–65
	6:1–9:1

	Carbon-based catalysts
	82–94
	60–150
	60–70
	9:1–12:1

	Hybrid nanosystems
	94–99
	20–75
	55–60
	6:1–9:1



The highest yields were obtained by the hybrid multifunctional nano catalysts owing to synergies like: dual acidic and basic active sites, enhanced electron transfer, enhanced adsorption of reactants, diffusion limitations, reduced diffusion.
Reusability is another factor that makes nanocatalysts economically and environmentally viable. The magnetic nanocomposites had the highest level of reuseability because they can be separated by the use of a magnetic field.
Table 4: Reuse Cycles Across Catalyst Classes
	Catalyst Class
	Stable Cycles Before Significant Activity Loss
	Performance Decline (%) After 5 Cycles
	Notes

	Metal oxides
	3–5 cycles
	18–30
	Deactivation due to leaching and sintering

	Magnetic nanocomposites
	6–9 cycles
	10–18
	Best recyclability due to magnetic separation

	Mesoporous nanomaterials
	5–7 cycles
	12–20
	Structural collapse observed in some frameworks

	Carbon-based catalysts
	4–6 cycles
	16–25
	Surface fouling reduces basicity

	Hybrid multifunctional nanosystems
	7–10 cycles
	8–15
	Strongest stability and resistance to poisoning



The most resilient technologies that evolved in this period are hybrid nanosystems and magnetic nanocatalysts because of increased stability in structure and minimized loss of catalysts in the recovery process.
Environmental and Sustainability Indicators
However, only 38% of the studies examined environmental parameters like energy use, waste reduction, E-factor, or CO2 reduction potential. But in those studies that measured sustainability factors, there were:
The use of nanocatalysts resulted in the reduction of energy consumption by 12-32% compared with
Recycling of catalysts resulted in a reduction in the generation of wastes by
The reaction times were shortened and this reduced the thermal energy needs.
The use of magnetic recovery made filtration unnecessary. This reduced water usage. However, there was a smaller number of studies that are concerned with life cycle assessments, proposing decreases in the emission of greenhouse gases when employing nanocatalysts based upon either relatively less expensive or waste derived precursors.
 Comparative Performance Summary
Cross comparison analysis showed that:
Metal oxide catalysts are still effective and inexpensive but have stability problems.
Magnetic nanocomposites are known for providing substantial efficiency and reusability.
It possesses excellent surface kinetic properties but may not be stable in extreme conditions.
Carbon catalysts are environmentally friendly and versatile but need optimization in terms of catalytic sites.
The best overall catalytic properties are exhibited by hybrid nano systems.
The common trend evident in all the studies is that functionalization and structural engineering increase catalytic efficiency to a significant extent, thus reaffirming the efficacy of nanomodification in biodiesel catalysis.
Discussion
The results obtained from this systematic review highlight the ever-evolving research front in the use of nanomaterial catalysts in biodiesel technologies. Taken together in this review, the current research works discussed above clearly support that nanocatalysts made from mesoporous silica materials, magnetic nanoparticles, metallic-oxide nanostructures, and carbon-derived nanomaterials perform better compared to traditional homogenous and heterogeneous catalysts in terms of catalytic function, reaction rate, recyclability, and resistance towards feedstock purity. This point clearly indicates the underlying revolutionary possibilities in the use of nanotechnology in overcoming challenges in biodiesel technologies.
The evident common trend in all the above-mentioned studies is that the surface area, pore properties, and catalytic site accessible surface areas are the key factors responsible for catalytic efficiency. This regular and highly ordered porous structure like SBA-15 and MCM-41 enables uniform catalyst channels that in turn increase the reactant-catalyst interface contact; hence, esterifications and transesterifications occur faster. More calcium oxide and magnesium oxide or zinc oxide and titanium oxide nanoparticles possess greater inherent acidity or alkalinity properties due to denser catalytic sites accessible, and this in turns strongly correlates with biodiesel production levels, especially in the case of FFAs in Waste oils. This upholds the theoretical hypothesis that nano-techno manipulation boosts catalytic reaction kinetics by strengthening the accessible catalytic surface areas per unit mass.
Another trending catalyst type is magnetic nanocatalysts, exhibiting high catalytic properties alongside simple separation via magnetic forces. The % biodiesel production remained consistently above 90% in short reaction times and even at lower catalyst concentrations. The combined properties of high capacity and simple recycling are precisely what the biodiesel industry needs in terms of overcoming high operating and catalyst separation costs. Meanwhile, the magnetic nanoparticles showed stability after 5-10 cycles of reuse in most samples, although there are signs of continuous leaching of the catalytic components.
Carbon nanomaterials (graphene oxide, carbon nanotubes, and biochar nanostructures) found a new identity in the category of nanomaterials. The high stability of carbon nanomaterials and compatibility with metal doping make them excellent catalytic material platforms. Carbon nanomaterials are known to have high resistance to water and FFA concentrations in fuels. Water and FFA resistance in fuel cells or fuel-related applications are more important in biofuel applications. The integration of stability and sustainability by carbon nanomaterials provides a viable approach toward the development of ‘green’ catalysts.
Although there is overwhelming evidence regarding the efficacy of nanocatalysts compared with others, there are also areas in research that are yet unexplored. Some of the most important include the lack of information regarding the stability and life span of the catalyst in realistic working conditions. Moreover, most research carried out applies only in laboratory conditions and not in realistic working conditions. There are no studies regarding the mechanisms of deactivation in relation to working under continuous operation. Secondly, most research carried out applies the batch process and not the continuous process.
Secondly, there seems to be no standard protocol in the different studies being carried out regarding assessment. The variations in feed material concentration, temperature of the reaction, concentration of alcohol/oil ratio, and the level of catalyst affect sitrising the objective comparison of catalytic efficiency. This may benefit from standard guidelines in terms of minimum requirements for reporting.
Another insight offered through this synthesis is the major role that synthesis procedures of nanocatalysts, such as sol-gel methods, hydrothermal methods, co-precipitation methods, and bio-templated methods, play in catalytic functions. Even seemingly minor variations in the number of precursors or calcination temperature resulted in drastic variations in particle size distribution, acidity-basicity, and magnetic properties. Moreover, only a few research papers discussed in this context attempted to correlate synthesis procedures with catalytic reaction outcomes. The issue of environmental factors has also come up in context. Although nanocatalysis may increase the sustainability of biodiesel production, little attention has been paid to the environmental safety of nanocatalysts regarding the disposal of nanoparticles or regeneration residues. The consideration of life cycle analysis and toxicity analysis in catalyst design may become crucial in utilizing nanotechnology towards meeting sustainability objectives. The overall indication from the data obtained suggests that nanomaterial catalysts provide a viable alternative and technologically advanced option over conventional catalysts with good prospects of enhancing biodiesel production and processing economics with the utilization of poor-quality feedstock. However, there are research gaps or areas that need consideration towards overcoming in bringing forth successful commercial applications of nanomaterial catalysts.
Conclusion
This systematic analysis has shown that catalysts based on nanomaterials are a significant technological leap in biodiesel catalysis in terms of enhanced catalytic activity, reaction rate, recyclability, and fuel versatility. For all the studies considered in this systematic analysis, nanocatalysts proved more effective compared with traditional Homogeneous and Heterogeneous catalysts owing to the high surface area, variable porosity, acidity/mass ratio, and remarkably accessible catalytic sites of nanocatalysts. This nano-advantage allowed for the increased production rate of biodiesel, reduced reaction times, and effective catalysis of undesirable high-FFA feedstocks an important criterion ensuring biodiesel production economically and in an environmentally responsible manner.
The use of magnetic nanocatalysts became noted for being especially promising in terms of both catalytic action and the ease of magnetic separation. By this means, operating costs were diminished and the generation of wastes was reduced. Analogously, there are carbon nanomaterials and mesoporous silica scaffolds that possess considerable catalytic versatility and stability in relation to thermal properties together with the versatility of functionalization. All of this proves the value of nanotechnology in overcoming barriers in biodiesel production.
Despite such progress being made, there exist important gaps in this area. The fact that there has been little focus placed upon stability and the efficiency of regeneration means that the results obtained in the lab cannot be generally applicable. The inconsistent reaction conditions and methods of analysis between research studies make comparison impossible. Further research regarding the significance of the use of nanoparticles on a larger scale concerning the environment needs to be conducted.
On the whole, there is clear confirmation from the evidence presented in this paper that nanomaterial catalysts have significant potential in bringing about greater efficiency and sustainability in biodiesel production. However, if this potential has to be tapped, more research needs to be conducted in the future in this area in such a way that there are more unified approaches taken towards understanding biodiesel production mechanisms through nanocatalysts in terms of pilots and other sustainability factors.
Functional Nanomaterial-Based Catalyst
Functional nanomaterial-based catalysis includes diverse materials whose catalysis during the biodiesel process can be controlled and manipulated on the atomic and molecular levels. On the most fundamental level, making the size of the catalysis units smaller through the use of nanotechnology enhances access to active catalysis sites and often influences the number and nature of acid and base catalysis, thus speeding up the processes of esterification, which requires high levels of FFA, and transesterification, which dominates the biodiesel process. Technical surveys involving nano-CaO and other composite materials indicate that CaO, as nanoparticles, provides enhanced basic surface properties and simplified reaction initiation compared to CaO as bulk material, though the use of CaO as nanoparticles raises the potential for material leaching and particle decomposition and agglomeration during the catalysis process, which can be addressed if the material particles are incorporated into solid support matrices (Banković–Ilić et al., 2017).
Magnetic nanocomposites, which are magnetite (Fe₃O₄) cores echanted by an oxide, silica, and carbon shell, followed by introduction into the active acidic and basic agents, are now particularly appealing for use in the biodiesel process, which offers the advantages of catalysis and easy magnetic separation. This makes it simple to separate the catalytically active material after the reaction process, as the use of an external magnet reduces the filtration and solvent dissolving processes, and there are various research articles showing high conversion and stability of the magnetic composite, though the leaching process needs to be avoided.
Mesoporous silica supports such as SBA-15, MCM-41, etc. possess ordered pore structure and high surface area, which increase the mass transport and allow for the well-dispersed use of active components. Upon impregnation of metal oxides/basic groups, ordered mesoporous materials are known to increase the reaction velocity and decrease the substrate temperature compared to bulk material. However, it was observed that some ordered mesoporous materials are prone to degradation under extreme reaction conditions, and thus their use requires proper attention to their synthesis and activation conditions.
Carbon nanomaterials, such as graphene analogues, carbon nanotubes, and sulfonated biochars, provide a complementary combination of properties that are difficult to optimize concurrently, including akin to tailored surface chemistry, high thermal stability, and the promise of low-carbon, biomass-derived support materials. Functionalized, sulfonated carbon-based catalysts (-SO3H functional groups) are especially active for the esterification of free fatty acids and can easily be derived from waste biomass, thus shifting some environmental impacts to upstream processing, which can be mitigated by the use of green chemistry synthesis pathways. Empirical research has shown that well-sulfonated biochars and carbon aerogels can achieve high densities of acid functional groups and recyclibility, leading to comparable catalytic activity and yield for biodiesel while enhancing the sustainability.
Hybrid and multifunctional architectures that integrate two and above functional elements (such as magnetic core and mesoporous shell and dispersed metal oxides, as well as carbon support functionalized by heteroatoms and metal nanoparticles) present the best performance in various comparative analyses. These catalytic systems present synergies, for instance, esterification and transesterification catalysis, adsorption and catalysis of reactants, and ease of recovery. The major drawbacks that are often noted as the disadvantages of such catalytic systems are the increase in the complexity of the process and the cost involved during scaling up. Finally, the literature stresses that the performance of the catalyst depends not only on the composition but also on the method of synthesis and subsequent processing. Factors such as precursor solution concentration, calcination temperature, use of templating agents, and functionalization conditions influence the particle size, pore structure, and active site chemistry, which, in turn, influence catalytic activity, catalytic selectivity, and stability. For the above reasons, sound scientific efforts correlate catalytic activity measurements with analytical characterizations such as X-ray diffraction, BET, scanning and transmission electronic microscopy, FT-IR spectroscopy, TPD/TPR, and, for magnetic samples, VSM.
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