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Abstract 

The rapid depletion of conventional energy sources necessitates a critical assessment of alternative options to meet growing 

global energy needs. Biodiesel emerges as a promising and financially viable solution among renewable resources. Catalysts play a 

pivotal role in biodiesel production, with interest in both heterogeneous and homogeneous approaches. Homogeneous catalysis 

yields faster reactions with lower catalyst loading, but a major drawback is the challenging and costly separation process, hindering 

the reuse of these catalysts. Ionic liquids as homogenous catalysts, offer faster reactions but pose challenges in reuse due to complex 

separation processes. Despite their efficiency, practical scaling of ionic liquids to industrial levels faces hurdles such as high cost, 

toxicity, and instability. Biocatalysts, though an alternative, are temperature and pH-sensitive and costlier. In contrast, heterogeneous 

catalysts operate in a separate phase, providing stability and easy removal without extensive cleaning. However, issues like organic 

deposition and catalyst deterioration limit their widespread use. The application of nanomaterial-based catalysts shows promise in 

reducing biodiesel production costs due to easy separation and a fast reaction rate. This research aims to provide a comprehensive 

overview of catalyst developments in biodiesel synthesis, emphasizing the types used and their roles, advancements and limitations. 
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1. Introduction 

Pollution is damaging our world severely [1-3]. 

Energy is essential for survival, and optimizing finite 

resources has become an urgent necessity, given the 

escalating demand for energy sources. At present, global 

energy consumption is predominantly fueled by fossil 

resources, with petroleum at 35%, coal at 29%, natural gas at 

24%, nuclear energy at 7%, and renewable energy at 5% 

accounting aimed at the major share [4]. The excessive 

reliance on fossil fuels contributes to air pollution, global 

warming, and the depletion of these finite resources. It is 

projected that by 2050, all the hydrocarbon deposits will be 

worn out. To address these pressing energy challenges, 

experts are actively exploring clean energy alternatives 

sourced from renewable options like solar, wind, tidal, 

geothermal, and biomass energy [5]. Innovative concepts in 

technology can significantly enhance renewable energy 

solutions, offering sustainable answers to the world's 

expanding energy needs in an environmentally friendly 

manner. Biodiesel emerges as one promising fuel that could 

reduce dependence on petroleum and coal, providing a 

potential avenue towards a more sustainable energy future 

[6]. Biodiesel is a non-explosive and safe substitute for 

petroleum diesel, exhibiting comparable characteristics. Its 

compatibility with standard diesel-powered vehicles 

contributes to a reduction in pollutants, smoke, and exhaust 

odors [7]. Illustrated in figure 1, biodiesel is produced 

through the trans-esterification reaction involving alcohol 

(CH3OH /C2H5OH) and tri-glyceride, facilitated by catalysts 

[8]. With its versatile chemical and physical properties, 

biodiesel serves as a clean and environmentally friendly 

energy source, requiring minimal to no modifications for use 

in diesel engines. The successful replacement of petroleum 

diesel with biodiesel hinges on meeting two fundamental 

requirements: easy availability, environmental acceptability, 

and economic viability [9].  

Currently, the cost of plant oils constitutes a 

significant portion, ranging from 60 to 80%, of the total 

production expenses of fatty acid methyl/ethyl ester 

(biodiesel) [10]. Consequently, scientists and industry players 

have discovered a diverse array of raw materials for the 

manufacture of biodiesel, categorizing them into four 

categories, i.e. (i)edible oils (ii)non-edible oils (iii) animal 

fats and (iv) algal lipids waste oils etc. as presented in the 
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figure 2 [11]. This multifaceted approach to feedstock 

selection underscores the industry's efforts to address both 

economic considerations and environmental sustainability in 

the quest for a feasible alternative to petroleum diesel. 

Analyzing and classifying a variety of sources offer valuable 

perspectives on the possibility of widespread acceptance of 

biodiesel as a feasible and eco-friendly energy choice [12]. 

Triglycerides react to the alcohols (mostly 

CH3OH/C2H5OH) in the presence of catalysts, a process 

identified as trans-esterification to yield biodiesel. Catalyzed 

reactions can be homogeneous or heterogeneous, and the end 

product is fatty acid alkyl esters, which are mostly found as 

fatty acid methyl/ethyl esters. Transesterification, as seen in 

figure 1, is the process by which triglycerides are converted 

one after the other into diglycerides, monoglycerides, and 

finally glycerin (glycerol) with the production of one mole of 

biodiesel (fatty acid methyl easter) with each [13]. These are 

catalytic, sequential, and reversible processes. Production of 

biodiesel usually involves a single-step trans-esterification 

procedure using alkali catalysts. Nonetheless, a two-stage 

process could be required in situations with high amounts of 

water content and free fatty acid (FFA). This entails an 

esterification step, which is preceded by a trans-esterification 

phase, and is first catalyzed by an acid [14]. 

2. Catalysts Used for Transesterification 

Catalysts are materials that accelerate the pace of the 

reaction, by altering the path of a reaction which raises the 

output of the process. As shown in figure .3 many catalysts 

have been there for the trans-esterification process that 

produces biodiesel [15]. It is possible to accomplish this 

catalytic process by using both heterogeneous and 

homogeneous catalysts. When opposed to heterogeneous 

approaches, the homogeneous catalytic approach usually 

produces quicker reactions with lesser catalyst loading. 

However, one significant disadvantage of homogeneous 

catalysts is that they are difficult to reuse due to their complex 

and often expensive separation procedure In addition, many 

washing stages are required to remove these catalysts from 

the finished product, which calls for the use of water—

typically deionized water—and produces a weighty amount 

of effluent [16]. As homogeneous catalysts, Ionic liquids 

(ILs) have attracted considerable attention owing to their 

elevated catalytic efficiency and convenient extraction from 

the end product. Furthermore, ILs have the potential to 

increase the catalytic efficacy of complexes, metal ions, and 

ligands when used as co-catalysts [17]. However, their 

practical scaling to industrial levels is prevented by reasons 

including high cost, toxicity, and instability under extreme 

circumstances, which restrict their application[18]. In 

contrast, heterogeneous catalysts operate in a distinct phase 

from the reaction system, providing stability across varied 

conditions and allowing for the easy removal of the catalyst. 

These catalysts don't require a lot of cleaning before usage. 

However, problems with organic deposition from the reaction 

mixture, catalyst microstructure deterioration, and partial 

leaching of active sites prevent these catalysts from being 

widely used. As a result, creating heterogeneous catalysts that 

are efficient and reusable continues to be a major difficulty in 

the biodiesel synthesis industry [19]. 

The increasing application of catalysts based on 

nanomaterials is significant because it can considerably 

lessen the cost of the production of biodiesel and speed up the 

transesterification process. The investigation of 

transesterification procedures, which are critical to the 

synthesis of biodiesel, has mostly been carried out using 

different types of nano-catalysts. The main goal of this 

research is to give a thorough summary of current 

developments in catalyst studies, with an emphasis on the 

kinds used in the manufacture of biodiesel and their uses. We 

want to clarify the function of catalysts in influencing the 

biodiesel synthesis landscape by exploring their 

advancements and disadvantages [20].  

2.1 Homogeneous Catalysts 

Homogeneous catalysis pertains to a set of reactions 

catalyzed by substances existing in the same phase as the 

reaction system. Homogeneous catalysts, which are well-

known for their ease of use and quick reaction completion, 

are among the preferred catalysts for biodiesel synthesis. This 

group includes catalysts for acidic and basic catalysts. 

Homogeneous catalysts are usually dissolved in a solvent that 

shares the same phase as all of the reactants to maximize their 

efficiency in the catalytic process. The main drawback of this 

type of catalysis is the non-reusability of the catalyst due to 

the difficulty of its separation from the product which 

increases the cost of the process and also the production of 

contaminated product [21].  

2.1.1 Homogeneous alkali catalysis 

These catalysts, which are mostly composed of 

alkaline liquids, perform well in the transesterification 

process, but they are sensitive towards the free fatty acid even 

in minute concentration. Catalysts that are often utilized 

include NaOH, KOH, CH3OK, CH3ONa, C2H5ONa, and 

other carbonates [22]. Historically, base catalysts have been 

used in the transesterification reaction of premium oils 

containing almost less than 1-percent concertation of free 

fatty acids e.g. vegetable oil. Figure 4 depicts the base 

catalysis mechanism [23]. Alkali metal methoxide has shown 

greater efficiency in comparison to Alkali metal hydroxides. 

The drawback of using methoxides is the significant amount 

of free fatty acids that are left behind as soap. Because of this, 

an additional catalyst must be utilized, and it is depleted 

during the soap-forming process [24]. Alkaline catalysts, 

while effective in transesterification, come with certain 

drawbacks such as saponification, slow reaction, and catalyst 

deactivation. Undesirable saponification occurs when the free 

fatty-acid concentration surpasses 2.5% in the reaction 

system, leading to the need for additional energy to address 

various technical issues. To mitigate this, the oil undergoes 

heating and filtration to eliminate abnormal deposits like 

suspended particles, inorganic contaminants, and pollutants. 

This process prevents the formation of undesirable 

byproducts during the reaction. However, it is advisable to 

refrain from heating the oil beyond its boiling point [25]. 

Saponification can be avoided by the introduction of 

co-solvent; it also increases the rate of reaction. In certain 

studies, researchers employed CH3OH as a solvent and 

C2H5OH as a co-solvent and potassium hydroxide (KOH) 

catalyst for biodiesel production from residual cow tallow. 
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Ethanol acts as an active ester exchange agent with low 

polarity, proved to be a valuable co-solvent, contributing to a 

3.08% increase in yield. Consequently, the reaction time was 

significantly reduced by 61.11%, and the formation of soap 

was successfully avoided. Homogeneous alkali catalysts 

offer notable advantages, including affordability, rapid 

production of high-quality goods, and ease of use. The 

performance of commonly used alkali catalysts has been 

elaborated in the table 2  [26]. Base catalyze 

transesterification is faster as compared to acid-catalyzed 

transesterification. The use of edible, premium, and 

extraordinarily pure virgin oils is a requirement of the 

commercially approved base-catalyzed manufacturing 

technique, which adds to the continuing discussion about the 

relative importance of fuel and food [27]. The non-

recoverability of the catalyst, in this process makes it useless 

for further operations, which is another serious disadvantage. 

Thus, the catalyst has to be neutralized and disposed away as 

a waste stream consisting of aqueous salt. Furthermore, there 

are environmental issues because the procedure of cleansing 

biodiesel produces a substantial amount of wastewater [28]. 

2.1.2 Homogeneous Acid catalyst 

Acid catalysts remain unaffected by the 

concentrations of free fatty acids (FFA) in the input oil and 

demonstrate efficient catalysis of both esterification and 

transesterification processes simultaneously. Consequently, 

acid catalysts work well with affordable raw materials that 

have a high FFA content, such as animal fats, leftover 

cooking oil, and non-edible oils. Better access to the catalyst's 

active areas is made possible by homogeneous catalysts. This 

category includes HCl, H2SO3 and H2SO4; which are 

frequently used for biodiesel production [29]. Figure 5 

illustrates the acid transesterification pathway. Sulphuric acid 

is most commonly used as a catalyst due to it may catalyze 

reactions as compared to other acids at very low 

temperatures, H2SO4 is a frequently used acid catalyst. 

Table.3 provides info about the catalytic efficiency of H2SO4 

catalytic. Even with 90% water content, Chlorella 

pyrenoidosa algal oil may be converted with a 93% yield 

using 0.5% H2SO4. Interestingly, there haven't been any 

documented negative impacts of water presence on H2SO4-

based biodiesel synthesis [30].  

By increasing the production of alkyl esters and 

lowering material costs, using acids as catalysts in the process 

lowers costs. But this method has disadvantages as well: it 

requires greater temperatures, operates more slowly, is more 

prone to corrosion, and is more expensive to purify and 

isolate. Reduced reaction rates are involved in the 

transesterification processes that acids catalyze. In 

accordance with the data given in Table.1 and Table.2, it can 

be estimated that the reaction rate catalyzed by an acid is 

much slower as compared to homogenous alkali catalysts. 

However, the higher energy needs and lengthier rate of 

reaction compared to base catalyzed reactions make this 

technique less viable commercially [31]. 

2.1.3 Two-step transesterification  

In order to produce biodiesel, researchers have 

focused on a unique two-step process that uses both alkali and 

acid as catalysts. By speeding up reactions and skipping the 

saponification stage, this technique seeks to solve the 

disadvantages of single-step alkali/acid homogenous 

catalyzed biodiesel production. Because lower-quality oils 

contain high amounts of free fatty acid, the critical first step 

is to lower FFA levels to 0.5–1% using an acid catalyst in an 

esterification process. In the second stage, transesterification 

is aided by the use of a base catalyst, which results in an 

increased biodiesel output [32]. 

Recently, a semi-industrial-scale pilot-scale 

microreactor was employed for the synthesis of biodiesel. 

Initially, a 1% H2SO4 solution was utilized to decrease the 

concentration of free fatty acids (FFA). In the subsequent 

step, KOH served as the catalyst, with optimal yields of 

97.2% achieved within 1 minute and 98.26% within 2 

minutes of residence time at a methanol to waste cooking oil 

(WCO) molar ratio of 9.4:1, amount of catalyst was 1.16 

wt.%, and a temperature of 64.2 °C. In this two-step process, 

a heterogeneous-catalyst was employed in the second phase 

following the use of a homogeneous base-catalyst in the first, 

resulting in a final biodiesel yield of 98% [33]. When oil is 

stored, the concentration of free fatty acids usually increases. 

For example, after two months of storage at room 

temperature, the fat content in rubber seed (Hevea 

brasiliensis) oil grew from 2 to 45 weight percent. To 

overcome this situation, biodiesel production was carried out 

in three steps. The oil was first saponified, which involved 

heating it to 68–70 °C for 30 minutes and adding alcohol and 

NaOH to it. After that, an HCl catalyst was used to lower the 

quantity of free fatty acids in the resultant solution. In the last 

stage, free fatty acids were esterified using an acid catalyst to 

produce Fatty Acid Methyl Ester. The described approach has 

drawbacks, such as a sluggish esterification rate and 

relatively prolonged reaction durations, despite yielding 

higher biodiesel quantities. The two-step procedure is made 

more complicated by the additional steps required to recover 

the catalyst used in both phases [34]. 

 2.2 Ionic liquids catalysts  

For the transesterification step of biodiesel 

synthesis, a variety of different catalysts can be employed; 

however, ionic liquids (ILs) have gained popularity due to 

their remarkable stability, high catalytic activity, and 

facilitated product separation. As co-catalysts, ligands, 

complexes, and metal ions can all be added to ILs to boost 

their catalytic activity [35]. The names and structures of 

frequently used ionic liquids are included in the table.3. 

However, several obstacles stand in the way of the 

commercial use of ILs as of yet. These difficulties include the 

paucity of studies on the use of ionic liquids in the production 

of biodiesel and the lack of detailed physical properties like 

conductivity and viscosity. There are still more obstacles to 

overcome, such as lowering costs and improving the 

reusability of ionic liquids. As of right now, ionic liquids 

continue to be more expensive than traditional catalysts [36].  

It is crucial to remember that the total process costs 

will decrease the more times these catalysts are utilized. Thus, 

studies concentrating on lowering these ionic liquids' 

manufacturing costs and improving their reusability might 

improve this system's usefulness. Ionic liquids with basicity 

or Brønsted acidity are particularly interesting, as the 

literature points out. They not only have a little chance of 
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contaminating the environment, but they also convert 

vegetable and animal fats into biodiesel at high yields in a 

short amount of time and with moderate reaction conditions 

[37]. Furthermore, without needing an earlier oil preparation 

for moisture removal, Brønsted acidic ionic liquids may 

effectively convert both free fatty acids and triglycerides to 

biodiesel. They are a viable option for biodiesel production 

because of this feature, which simplifies the process and 

lowers expenses [38]. 

2.3 Biocatalysts  

Biocatalysts have surfaced as a potentially viable 

option to facilitate the sustainable synthesis of biodiesel 

within the catalytic category. The necessity to address and 

reduce greenhouse gas emissions linked with traditional 

petroleum or fossil fuels makes the employment of 

biocatalytic technology in the manufacture of biodiesel 

imperative. Usually, lipases catalyze the transesterification 

process, which is a key stage in the creation of biodiesel. 

Because lipases have great physiological and biochemical 

properties, they are excellent catalysts for converting 

feedstocks into biodiesel. This enzymatic method provides a 

technique to lessen the adverse environmental impact of 

conventional diesel fuels while also being in line with 

sustainability objectives [39]. The enzymatic activity of 

lipases derived from bacteria and fungi leads to the generation 

of methanol and ethanol, with concentrations varying 

between 70% and 95%. The final result of this procedure is 

biodiesel, which is mostly made up of fatty acid alkyl esters. 

The precise composition is dependent upon the kind of 

alcohol used in the synthesis. This emphasizes how flexible 

biodiesel synthesis is and how the type of alcohol used may 

affect the end product's properties [40].The difficulties 

presented by acid and alkali-based-catalyzed processes can 

be overcome by using the biocatalytic synthesis method for 

biodiesel production. Biocatalysis, in contrast to conventional 

techniques, reduces issues related to contaminants and 

unwanted byproducts. Because they can create biodiesel from 

cheaper oils even with a high ratio of free fatty acids, they 

have several positive effects on the economy as well as the 

environment. Notably, the biocatalytic method produces pure 

and extremely valuable glycerol, produces the least amount 

of effluent, operates under gentle reaction conditions, and 

prevents soap (free fatty acid) development [41]. This 

demonstrates the biocatalytic biodiesel synthesis's 

effectiveness and long-term sustainability, establishing it as a 

competitive option in the biodiesel production space. Low 

energy consumption results from easing the biodiesel 

manufacturing process by simply removing biocatalysts from 

the reaction solution and lowering the danger of 

contamination. Advances in biomaterial catalysts, such as 

xylanase, glucosidase, laccase, cellulose, and cellobiose, 

have greatly increased the robustness and efficiency of 

catalytic processes [42]. Due to high manufacturing costs, 

lengthy reaction periods, and difficulties with usage and 

reusability, biocatalysts are inefficient. One major problem 

with biocatalysts, and particularly lipases, is that methanol, 

the acyl acceptor in transesterification deactivates them. 

The amount of alcohol that can be present during the 

reaction is limited by this restriction. aggregation of enzyme 

molecules may result from the non-specific interaction of 

solvent molecules with the protein, which can cause 

permanent deactivation. Furthermore, solvent molecules 

have the ability to non-covalently bind to the substrate 

binding site of the enzyme, so impeding competition. It is 

essential to comprehend the process and provide 

technological solutions in order to properly handle these 

limits [43].  

Many supports, including granular substances, 

glassy and metallic substrates, nanotubes of carbon, 

polymeric supports, colloidal supports, and porous and non-

porous materials including mesoporous silicates and meso-

cellular foam, can be used to immobilize enzymes. 

Mesoporous materials have the potential to entrap proteins 

and other biomolecules inside their internal pores by 

entrapment and on their exterior surface through covalent 

attachment, which increases stability when alcohol is there. 

Metabolic engineering, cell-surface display technologies, and 

whole-cell biocatalysts are further strategies for the microbial 

production of biodiesel [44]. 

2.4 Heterogeneous catalysts 

The various phases of heterogeneous solid catalysts 

provide facile catalyst recovery from the reaction system, 

hence permitting many cycles of reuse. A vast range of solid 

catalysts have been employed for the production of biodiesel 

within the past years. The fact that heterogeneous catalysts 

can tolerate the presence of free fatty acid and water in the 

feedstock is one factor contributing to their increasing 

significance in the biodiesel manufacturing process. 

Moreover, less soap is formed when heterogeneous catalysts 

are used. The multicycle reuse of solid catalysts increases 

biodiesel production's economic viability. Larger industrial 

production levels are made possible by the flexibility 

provided by heterogeneous solid catalysts, which also enables 

the continuous manufacture of biodiesel in fixed-bed reactors 

[45].  

3.4.1 Heterogeneous Base Catalysis 

Heterogeneous base catalysts are essential for 

overcoming a number of obstacles, especially in procedures 

such as saponification when glycerol cannot be separated 

from the methyl ester layer. When compared to alternatives, 

these catalysts have clear benefits, such as simple recovery 

and reusability, little effect on waste materials, non-

corrosiveness, selectivity, and tolerance for elevated 

concentrations of moisture and free fatty acids (FFA). They 

also encourage ecologically friendly practices and are 

reasonably priced. Research suggests that solid-base catalysts 

may be modified to improve their lifetime, activity, and 

selectivity. Alkali-earth metal-oxides including CaO, MgO, 

BaO, SrO, BeO, and RaO as well as transition-metal oxides 

are a few examples of efficient solutions [46]. Ion exchange 

resins, alkali metal compounds based on alumina [47], mixed 

metal oxides [48] CaTiO3, CaZrO3, Ca2Fe2O5 [49], and 

CaMnO3 [49] are also important. The solid-base 

transesterification catalysts include, but are not limited to, 

CaO, Li/CaO, MgO, KNO3/ Al2O3, KF/Al2O3 KF/ZnO, 

K2CO3/Al2O3, and SrO [50]. Moreover, basic hydrotalcites 

such as Mg/Al, Li/Al, Na/NaOH/- Al2O3, [51]anion exchange 

resins, base zeolites, hydrotalcite, calcium carbonate rock, 

Li/CaO, and MgO/KOH are effective [52]. In the 

transesterification process, oxide catalysts exhibit great 
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yields and stability. The mechanism of heterogeneous base 

catalyzed transesterification is explained in the figure 6 [53]. 

One notable feature of the heterogeneous alkali catalyst is its 

capacity to produce large yields at increased reaction speeds. 

The possibility for significant processing cost savings 

through catalyst recovery and repurposing following the 

reaction is a noteworthy benefit. Heterogeneous alkali 

catalysts are less harmful to the environment, less corrosive, 

and maybe more affordable. Furthermore, they may be easily 

included in the ongoing biodiesel synthesis process. 

However, the drawbacks of heterogeneous alkali catalysts 

include their propensity to absorb moisture during storage, 

their vulnerability to air exposure that can cause poisoning, 

the requirement for a higher alcohol-to-oil molar ratio, their 

sensitivity to free fatty acid content because of their 

intrinsically alkaline nature, the possibility of soap formation 

in the presence of FFA exceeding 2 percent by weight, and 

the risk of active site leaching [54]. 

2.4.2 Heterogeneous acid catalysis 

These types of catalysts show less worries about the 

environment, fewer toxic effects, as well as less corrosion as 

compare to their homogenous counterpart. They have a 

variety of acidic sites that range in Lewis’s acidity. They 

appear to show slower reaction rates than basic catalysts, 

even if they yield promising results under mild reaction 

conditions. Certain conditions are necessary for these 

catalysts, such as a high-catalyst loading, a high-temperature, 

then a long time of reaction. Furthermore, for the purpose of 

producing biodiesel, solid acid catalysts enable the 

concurrent transesterification of oils with a large 

concentration of free fatty-acid content [55]. More 

specifically, fatty acid esterification is accelerated by solid 

acid-catalysts with organosulfonic groups includes Nafion 

and Amberlyst. The transesterification technique uses a 

special mesostructured catalyst that has been treated with 

sulfonic acid; conversion rates of up to 100% have been 

recorded [56]. While heterogeneous acid catalysts 

demonstrate promising outcomes under moderate conditions, 

their reaction rates are comparatively sluggish when 

juxtaposed with heterogeneous alkali catalysts. Additionally, 

these catalysts often necessitate elevated temperatures, high 

catalyst-loading, and a higher alcoho-to-oil ratio in contrast 

to their alkali counterparts. Nevertheless, certain instances 

exhibit accelerated reaction rates (0.5–2 hours) at 

temperatures ranging between 70 and 80 °C, albeit requiring 

a higher alcohol to oil ratio (20:1) to achieve a conversion rate 

exceeding 90%. It is imperative to note that leaching of 

catalyst sites may occur, leading to catalyst deactivation and 

potential contamination of the product [57].  

2.5 Nano-catalysts  

Cutting-edge investigations into innovative and 

cost-effective nanomaterials for diverse applications, 

including carbon nanotubes, nanoclays, nanofibers, 

nanocomposites, porous nanomaterials, nanowires, and 

nanoparticles, have been conducted by researchers over the 

past few decades. Nanoparticles, characterized by pseudo-

spherical or spherical shapes with a diameter below 100 nm, 

have proven utility in various catalytic processes. This 

represents one of the pioneering applications of 

nanotechnology. These catalysts are recognized for 

accelerating the transesterification reaction by eliminating 

unnecessary steps and reaction byproducts. They support 

simple recovery, reusability, and an economical procedure. 

These catalysts also have several benefits, such as the 

capacity to tolerate an elevated number of free fatty-acids 

molecules and moisture, which is important in some sensitive 

elevated temperatures and high-pressure scenarios [58].  

These catalysts may be tuned for the highest yield of 

reaction products by modifying elemental composition, 

surface efficiency, and atom count. They also have great 

stability, efficient surface areas, and enhanced resistance to 

saponification. Various techniques, such as vacuum 

deposition, vaporization, coprecipitation, electrochemical 

deposition, self-propagating elevated temperature synthesis, 

microwave-assisted ignition, hydro-thermal and solvo-

thermal methods, impregnation, and sol–gel technology, are 

employed in the fabrication of these catalysts. The 

nanoparticles that make up these catalysts range in size and 

shape from less than 100 nm. Both homogeneous and 

heterogeneous catalysts present significant benefits in the 

form of reusability; selectivity; activity and efficiency. In the 

realm of biodiesel synthesis, there are two main categories of 

nanocatalysts: non-magnetic and magnetic [59].  

2.5.1 Nonmagnetic Nano-catalysts 

 Numerous nonmagnetic nanocatalysts are 

commonly employed in biodiesel production, including 

hydrotalcite, zeolites, metal-oxides, sulfated-oxides, and 

zirconium oxide [60].  ZrO2 based on mesoporous silica show 

extraordinary catalytic activity even after the fifth catalytic 

phase. The mechanism of transesterification using ZrO2 

based on the mesoporous silica is shown in the figure 7 [61]. 

According to studies, ZnO nanorods produced biodiesel from 

olive oil with a yield of 94.8% [62], somewhat higher than 

the typical ZnO output of 91.4% [63]. Co/ZnO nanoparticles 

at 2.5 weight percent, 60°C for three hours, and an alcohol-

to-oil ratio of 9 were used to achieve 98.03% [64]. By the 

alteration of the surface of NaAlO2/γ-Al2O3, the maximum 

output of 97.65% has gained out at 64.72°C, 10.89 weight 

percent catalysts, and alcohol to oil ratio O of 20.79:1 [65]. 

Nanomaterials encapsulated with calcium, in particular, 

represent alkaline earth metal compounds that function as 

non-magnetic catalysts for biodiesel production. MgO/TiO2 

[66], Mg-Al hydrotalcite [67], KF/CaO, Mg/Al, Li/CaO, 

MgO [68], MOFs (metal-organic frameworks) [69], zeolite, 

and hydrotalcite are notable instances of these nonmagnetic 

catalysts [70]. Due to their expansive surface-area, excellent 

catalytic-activity, then efficient charge carriage pathways, 

nanocatalysts are gaining significant attention for their 

applications [71]. The intrinsic properties of carbon 

nanotubes (CNTs), such as their enormous surface area, 

hollow-geometry, and well define structure, and ease of 

functionalization, have made them more appealing in the 

production of biodiesel.N2O-supported carbon nanotubes 

(N2O /CNTs) are a heterogeneous catalyst used in the 

production of fatty acid methyl ester (biodiesel) from waste 

cooking oil (WCO). A 97% biodiesel yield was obtained 

under ideal reaction conditions, which included a 3% catalyst 

loading, a 20:1 alcohol (CH3OH) to oil ratio, and 3 hours at 

65 °C. The catalyst showed reuse-ability for up to three 

cycles, despite occasional leakage or poisoning [72].  
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Table 1. Efficiency of commonly used alkali catalysts with the different oils. 

Catalyst  Wt.% Raw material Molar ratio 

of alcohol/oil 

T (°C) Time 

(min) 

Yield 

Potassium hydroxide 1 Pongamia pinnata 10:1 60 90 92% 

Sodium hydroxide 1 Canola oil 6:1 45 15 98% 

Potassium hydroxide 1 Rapeseed 6:1 65 120 95-96% 

Sodium hydroxide 1 Sunflower oil 6:1 60 120 97.1% 

Potassium hydroxide 1 Vegetable oil 6:1 25 40 51-87% 

Sodium hydroxide 1 Cotton seed oil 6:1 60 60 97% 

Sodium methoxide 0.6 Soybean oil 6:1 60 60 97% 

Potassium hydroxide 1.5 Roselle Oil 8:1 60 60 99% 

Sodium hydroxide 1 Frying oil 7.5:1 50 30 96% 

Potassium hydroxide 1 Vegetable oil 6:1c 25 40 51-87% 

Potassium hydroxide 1 Duck tallow 6:1 65 180 83.6% 

Potassium hydroxide 1 Waste cooking oil 12:1c 60 120 72.5%% 

 

 

 

Table 2. Performance of H2SO4 as catalyst with different type of raw material 

Catalyst Wt.% Raw material Mole ratio(alcohol/oil) T(°C) Time (min) Yield 

Sulphuric acid 2.5 Tallow 30:1 60 1440 98.3% 

Sulphuric acid 3 Soybean oi 30:1 60 2880  98% 

Sulphuric acid 1-2 Tobacco seed 24:1 60 25 91% 

Sulphuric acid 2 Zanthoxylum 

bungeanum 

18:1 60 80 98% 

Trifluoroacetic acid 2 M Soybean oil 20:1 120 300 98.4% 

Sulphuric acid 0.5 Chlorella 

pyrenoidosa 

20:1 65 120 90% 
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Table 3. different types of ionic liquids catalysts used for biodiesel production 

Name  Structure  Ref. 

[BMIM][CH3SO3] (1-Ethyl-3-

methylimidazolium methanesulfonate) 

 

[73] 

[BMIM][PF6] (1-Ethyl-3-

methylimidazolium hexafluorophosphate) 

 

[74] 

ChIM (choline imidazolate) 

 

[75] 

ChOH (Choline hydroxide) 

 

[76] 

[EMIM][PF6] 1-ethyl-3-methylimidazolium 

hexafluorophosphate 

 

[77] 

[HMIM][BF4] 1-methylimidazolium 

tetrafluoroborate 

 

[78] 

[OmPy][BF4] 1-octyl-3-methylpydridinium 

tetrafluoroborate 

 

[79] 
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Figure 1. Transesterification reaction for biodiesel (FAME). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 2. Different types feedstocks used for biodiesel production. 
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Figure 3. Different types of catalysts used for biodiesel production 

 

 

Figure 4. Homogeous based catalyzed transesterification reaction 
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Figure 5. Homogenous acid catalyzed transesterification 

 

Figure 6. Heterogenous transesterification by metal oxides 
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Figure 7. Transesterification by ZrO2 nano-particles bases on SiO2 

 

 

 

Nano-catalysts exhibit significant surface activity, 

enabling the attachment of diverse organic groups. Moreover, 

their heightened surface activity promotes the amalgamation of 

nano-catalysts with minerals, resulting in the creation of 

composites. The performance of these catalysts can exhibit 

substantial variation due to their chemical modifiability, 

allowing for interaction with a range of groups. One of the main 

issues with solid catalysts is that they may need to be separated 

from the reaction mixture in order to be reused after being 

filtered through a membrane. Using magnetic nanocatalysts can 

solve these issues since, compared to filtering techniques, 

magnetic separation reduces catalyst loss and increases 

reusability [80]. 

2.5.2 Magnetic Nano-Catalysts 

These catalysts streamline the chemical reaction 

process without the need for ultra-filtration or centrifugation. 

They serve as efficient tools for swiftly extracting catalysts 

from reaction systems, providing an alternative to laborious, 

solvent- and energy-intensive extraction methods while 

preserving catalytic activity for subsequent cycles. 

Additionally, they present cost-effective options for raw 

materials [81]. Numerous magnetic catalysts have been 

discovered and used in the production of biodiesel recently, 

including Fe3O4, MgO / Mg Fe2O4, CaO/Fe3O4, 

Ca(OH)2/Fe3O4, Cs/Al/Fe3O4, KF/CaO-Fe3O4, 

Ca/Fe3O4@SiO2, and Fe3O4@SiO2 [82], for example, it has 

been established that the CaO- Fe3O4, magnetic catalyst is used 

in the synthesis of biodiesel from palm seed oil [83]. 

Furthermore, processes including soybean oil such as 

esterification, trans-esterification, and hydro-lysis have been 

made easier by magnetic nanocatalysts made of tin oxide and 

cadmium oxide [84]. Moreover, very efficient catalysts such as 

Fe3O4 and Fe3O4@SiO2 magnetic nanoparticles have proven 

essential in generating 96% of the required biodiesel since they 

are recyclable catalysts [85]. ZnO/BiFeO3 catalyst use has 

shown promise in producing biodiesel from canola oil, 

generating 95.43% and 95.02% in the first and second cycles, 

respectively [86]. In another example, SnO is used, and after an 

hour of reaction at 200°C, it obtains 84% esterification without 

any loss. Because of this, magnetic catalysts are very stable, 

efficient, and reusable, and they also follow environmentally 

benign processes [87]. 

2.6 Photocatalysts  

Photocatalysis emerges as a promising method to 

reduce pollution, facilitate biodegradation, and contribute to 

biodiesel production. Recent research has explored different 

materials as photocatalysts for biodiesel synthesis, organic 

waste breakdown, and waste degradation. Metal-based 

nanoparticles exhibit efficient absorption of solar energy, 

initiating various chemical processes. Various metal-based 



International Journal of Chemical and Biochemical Sciences (IJCBS), 25(17) (2024): 142-157 

 

Ahmad and Jilani, 2024     153 
 

nanomaterials can absorb diverse types of light, including UV, 

visible, and solar light. The absorption of light at specific 

wavelengths leads to the production of the surface plasmon 

resonance effect by metal nanoparticles. Surface plasmon 

resonance refers to the release of electrons when light interacts 

with the thin metal surface of the semiconducting material [88]. 

Silver (Ag), copper (Cu), nickel (Ni), gold (Au), iron 

(Fe), nickel (Ni), and other metal nanoparticle compositions 

may all be used to create the Surface Plasmon Resonance (SPR) 

effect and effectively absorb visible light. A nanoparticle's 

ability to catalyze photosynthesis is dependent upon its size, 

composition, shape, and interactions with other nanoparticles. 

Therefore, by modifying these crucial variables, it may be 

possible to develop and manufacture metal-based nano-

photocatalysts that efficiently capture solar energy. In the realm 

of biodiesel production, utilizing photo-driven metal 

nanoparticles proves to be a more environmentally friendly and 

energy-efficient approach compared to conventional thermal-

driven methods. CuO/ZnO [89], Cr/SiO2 [90],TiO2, CaO-TiO2 

[91], TiO2-Cu2O[92], titania nanotubes [93], Graphene carbon 

nitride composite (SrTiO3/g-C3N4) [94], CaO/TiO2, TiO2/g-

C3N4nanocomposite are the recently developed photocatalytic 

nanomaterial that has been successfully used for the biodiesel 

production [95]. 

The remarkable photocatalytic properties of metal 

nanoparticles are hampered by issues including high prices, 

agglomeration problems, and toxicity concerns. These 

photocatalysts require both visible and ultraviolet light to 

activate, and are stable only in laboratory conditions. 

Enhancements in shape and properties combined with a lower 

band gap energy might make solar energy activation possible. 

The manufacture of biodiesel using photo-driven catalysis is 

confronted with several obstacles, such as the restricted 

investigation of esterification or transesterification techniques 

and the frequent utilization of costly noble metals [96]. 

3. Conclusions   

Biodiesel contributes significantly to achieving net-zero 

emissions by providing a renewable and carbon-neutral 

alternative to traditional fossil fuels, reducing overall 

greenhouse gas emissions, enhancing energy security, and 

promoting sustainable and circular practices in the energy 

sector. Importance of catalysts in biodiesel production cannot 

be overstated. They are instrumental in accelerating reactions, 

increasing yields, ensuring product quality, supporting 

reusability, and promoting sustainability. The continuous 

improvement and innovation in catalytic systems contribute to 

the ongoing development of biodiesel. In conclusion, the recent 

surge in catalyst development has been fueled by the pursuit of 

superior catalytic effectiveness, especially in the context of 

biodiesel generation. A multitude of investigations has been 

undertaken to explore different catalysts, aiming to optimize the 

efficiency of biodiesel synthesis. The foundation of catalytic 

systems for this purpose encompasses both homogeneous and 

heterogeneous catalysts, representing the most advantageous 

choices among the diverse catalyst options available. 

Particularly noteworthy is the superior performance of 

heterogeneous catalysts over their homogeneous counterparts. 

These catalysts offer distinct advantages, including simplicity 

in operation, reusability, and ease of separation from reaction 

mixtures. Nano-catalysts stand out as pivotal contributors to the 

evolution of biodiesel synthesis methodologies. However, the 

pursuit of highly effective catalysts necessitates the 

development of innovative strategies to address challenges 

related to aggregation, durability, recyclability, and stability. 

Overcoming these issues is crucial for advancing the field and 

ensuring the practical applicability of catalysts in biodiesel 

production. The ongoing exploration and refinement of catalyst 

technologies hold the key to achieving enhanced efficiency, 

sustainability, and viability in meeting the rising global demand 

for biodiesel. 
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