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Biodiesel is one of the potential alternative energy sources that can be derived from renewable and low-grade origin through different processes. One of the processes is alcoholysis or transesterification in the presence of a suitable catalyst. The catalyst can be either homogeneous or heterogeneous. This article reviews various catalysts used for biodiesel production to date, presents the state of the art of types of catalysts, and compares their suitability and associated challenges in the transesterification process. Biodiesel production using homogeneous and heterogeneous catalysis has been studied extensively, and novel heterogeneous catalysts are being continuously investigated. Homogeneous catalysts are generally efficient in converting biodiesel with low free fatty acid (FFA) and water containing single-origin feedstock. Heterogeneous catalysts, on the other hand, provide superior activity, range of selectivity, good FFA, and water adaptability. The quantity and strengths of active acid or basic sites control these properties. Some of the heterogeneous catalysts such as zirconia and zeolite-based catalysts can be used as both basic and acidic catalyst by suitable alteration. Heterogeneous catalysts from waste and biocatalysts play an essential role in attaining a sustainable alternative to traditional homogeneous catalysts for biodiesel production. Recently, high catalytic efficiency at mild operating conditions has drawn attention to nanocatalysts. This review evaluates state of the art and perspectives for catalytic biodiesel production and assesses the critical operational variables that influence biodiesel production along with the technological solutions for sustainable implementation of the process.
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INTRODUCTION

The exigency of energy, limited reserve, the rapidly rising price of petroleum oil, and the deleterious effect of greenhouse gases have dictated to steer our attention toward alternative sources of energy. The quest for eco-friendly technology is driving the research initiatives to find potential energy sources that are renewable, biodegradable non-toxic, and mostly carbon neutral (Arbab et al., 2015). Historically, fossil fuels have played a vital role in global energy demand (Jayed et al., 2009). The diesel engine, named after its inventor Rudolf Diesel, was patented in 1892 and catered this energy demand substantially ever since. Being the powerhouse of heavy-duty and commercial transport vehicles has been the most important use of diesel engines, and the importance is increasing consistently. The diesel engine is the most efficient type of internal combustion engine, offering excellent fuel economy and low carbon dioxide (CO2) emission (Fattah et al., 2018). While diesel engines are arguably superior to any other power-producing device for the transportation sector in terms of efficiency, torque, and overall drivability, they suffer from inferior performance in terms of emissions (Silitonga et al., 2013a).

Biodiesel is a renewable energy source that can replace fossil-based diesel and can reduce the drawbacks of diesel emission (Abedin et al., 2014). Diesel is obtained by fractional distillation from crude petroleum oil that typically contains a mixture of pure hydrocarbon molecules (no oxygen molecule) that range in size from 8 to 21 carbon atoms. Biodiesel, on the other hand, consists of long-chain hydrocarbons with an ester functional group (–COOR). Thus, it is defined as mono-alkyl esters of long-chain fatty acids derived from various feedstocks, namely, plant oils, animal fats, or other lipids, also known as triacylglycerides (TAGs), or more simply, triglycerides (Hoekman and Robbins, 2012). Biodiesel is produced using the transesterification or alcoholysis process, which is usually facilitated by acids, bases, enzymes, and other type and form of catalysts (Ong et al., 2014). The catalysts can be either in a homogeneous or in a heterogeneous phase as of the reactants. If the catalyst remains in the same phase (usually liquid) to the reactants during alcoholysis, then that is the homogeneous catalyst. If the catalyst is in a different phase (usually non-liquid) to the reactants, then that is the heterogeneous catalyst (Ruhul et al., 2015). The appropriate catalyst selection depends on several factors, namely, the amount of free fatty acids (FFAs) in the oil, the water content, etc.

Homogeneous catalysts are generally efficient in converting biodiesel with low FFA and water containing single-origin feedstock (Silitonga et al., 2013a). Oils with higher FFA content lead to the formation of soap, consequently affecting the activity of the catalyst (Fattah et al., 2014a). Besides, the catalyst is partially miscible in biodiesel and miscible in glycerol, which results in problems of product separation from the reactant mixture (Tan et al., 2019). Heterogeneous catalysts, on the other hand, provides high activity, selectivity, and water adaptability due to the presence of a large number of active acid or basic sites. Various reviews have been published before on the topic of catalysts, especially on heterogeneous catalysts. Table 1 presented below summarizes some of the critical review articles in the last decade, along with their brief introductions. The novelty aspect of this article is to review the works of many researchers on the development of various homogeneous and heterogeneous catalysts used for biodiesel production to date. This article presents different types of catalysts and compares their suitability and associated challenges in the transesterification process with an emphasis on the catalytic activity, selectivity, catalyst loading, and reusability.


Table 1. Catalytic transesterification review details.
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BIODIESEL PRODUCTION USING ALCOHOLYSIS

The conventional process for biodiesel production is transesterification or alcoholysis (typically methanolysis), by which the triglycerides are reacted with alcohols (typically methanol), in the presence of a catalyst, either homogeneous or heterogeneous, as a reaction promoter, to produce fatty acid alkyl esters [typically fatty acid methyl esters (FAME)] (Mahlia et al., 2020). Transesterification consists of several consecutive, reversible, and catalyzed reactions where the triglycerides are converted to diglycerides, monoglyceride, and finally glycerin (also known as glycerol) stepwise (Ong et al., 2019). Generally, biodiesel is produced using a single-step transesterification reaction catalyzed by alkali catalysts. However, depending on FFA and water content, a two-step reaction might be required where acid catalyzed alcoholysis, also known as esterification, precedes the transesterification process (Ashraful et al., 2014). The schematic diagram for one- and two-step biodiesel production is shown in Figure 1. The property standard of petroleum diesel and biodiesel, according to the American Society for Testing and Materials (ASTM) and European Standard (EN) are shown in Table 2.


[image: Figure 1]
FIGURE 1. Biodiesel production from feedstock: (A) two-step process; (B) one-step process (Fattah et al., 2014d; Mofijur et al., 2014).



Table 2. Comparison of standards for diesel and biodiesel ASTM and EN standards (Fattah et al., 2013; Knothe and Razon, 2017).
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DIFFERENT CATALYSTS FOR BIODIESEL PRODUCTION

The presence of catalyst increases the rate of the reaction, thereby increasing the yield of the product. Various catalysts are used in the transesterification process for biodiesel production. As discussed previously, the catalysts used for the transesterification reaction are intricate to the group. However, based on previous review articles, these can be divided into four major categories, namely, homogeneous catalysts, heterogeneous catalysts, biocatalysts, and nanocatalysts (Shan et al., 2018; Akubude et al., 2019), which can be further classified into different subgroups. The classification is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Different catalysts used for biodiesel production.


Transesterification or alcoholysis can be catalyzed both homogeneously and heterogeneously. When catalyzed homogeneously, the reactions are faster typically and require lower loading than that of heterogeneously catalyzed ones. One major drawback of homogeneous catalysts is that the separation of these catalysts from the medium is intricate and often non-economical; as such, reuse of these is often impossible. Apart from that, several washing steps associated with the catalyst removal from the product results in the consumption of water, often deionized, and significant generation of wastewater (De Lima et al., 2016). On the other hand, heterogeneous catalysts are in a different phase than the reaction system, which allows for the removal of catalyst at various stages. These can be reused subsequently without intensive washing steps. Besides, high-purity glycerine can be obtained compared to that of homogeneous catalysis due to considerably fewer dissolved ions, allowing for further use in industrial processes. For the advantages mentioned above, transesterification using heterogeneous catalysts has received increased attention over the past decade (Lam et al., 2010; Ling et al., 2019). However, partial leaching of the active sites, destruction of the catalyst microstructure, and organic deposition from the reaction mixture pose a problem for the applicability of these catalysts (Zhang et al., 2020). Therefore, the synthesis of active reusable heterogeneous catalysts is a great challenge in biodiesel production.


Homogeneous Catalysts

Homogeneous catalysis involves a sequence of reactions that is catalyzed by a chemical that is in the same phase as the reaction system. The most preferred catalyst used for the production of biodiesel is the homogeneous catalyst, as they are simple to use and require less time to achieve a complete reaction. Both acidic and basic catalysts come under this category. Homogeneous catalysts are usually dissolved in a solvent that is in the same phase with all reactants.


Base Catalyst

Homogeneous base catalysts are an alkaline liquid such as alkali metal-based hydroxides, namely, sodium or potassium hydroxide; alkali metal-based oxides such as sodium and potassium methoxides; and carbonates. Base catalysts have high activity in transesterification (Endalew et al., 2011). Metallic hydroxides are frequently used as catalysts due to lower prices but generally possess lower activity than alkoxides. It was reported that the rate of base catalyzed reaction is 4,000 times faster than that of the acid-catalyzed one (De Lima et al., 2016). A known drawback is that the oil containing significant amounts of FFA cannot be converted into biodiesels completely but remains as soap in vast quantities (Helwani et al., 2009). Up to ~5% FFAs, the reaction can still be catalyzed with an alkali catalyst, but an additional amount of catalyst is required to compensate for the catalyst lost to soap (Gerpen, 2005). Most studies recommend that the FFA content should be <2 wt.% for biodiesel production using the homogeneous catalyst.



Acid Catalyst

The esterification process is catalyzed by Brønsted acids, preferably by sulfonic and sulfuric acids as well as hydrochloric acid (Schuchardt et al., 1998). These catalysts produce very high yields in alkyl esters. However, the reactions are slower compared to alkali catalyzed reactions, making the process economically confronting due to the increased energy requirements (Silitonga et al., 2020). Homogeneous acid catalysis is insensitive to FFA content and can catalyze both esterification and transesterification reactions. Despite these added advantages, homogeneous acid catalysis presents the same separation issues as homogeneous base catalysis. Some investigations using homogeneous catalysts to produce biodiesel from different biodiesel feedstocks are shown in Table 3.


Table 3. Homogeneous catalysts used for biodiesel production from different sources.
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Heterogeneous Catalysts

Heterogeneous catalysts are in a phase or state different from those of the reactants. These are the type of catalysts that creates active sites with its reactants regularly during a reaction (Melero et al., 2009). Heterogeneously catalyzed methanolysis reaction is very complex because it occurs in a three-phase system consisting of a solid (heterogeneous catalyst) and two immiscible liquid phases (oil and methanol). Some side reactions such as saponification of glycerides and methyl esters and neutralization of FFAs by catalyst also occur concurrently with methanolysis. The main disadvantages of this catalysis include elevated temperatures and higher oil/alcohol ratios than that of the homogeneous catalysis. Other advantages include ease in separation and purification, as well as superior reusability of the catalyst, etc. Heterogeneous catalysts can be divided into acid and base catalysts. These catalysts can be classified as Brønsted or Lewis catalysts (Di Serio et al., 2008). However, in many cases, both types of sites could be present; as such, some of the catalysts can be used as a catalyst to both kind of reactions.


Base Catalyst

A heterogeneous base catalyst aims to overcome constraints such as saponification that hinders the separation of glycerol from the methyl ester layer, associated with the usage of a homogeneous base catalyst. These catalysts also show superior catalytic activity under mild conditions (Calero et al., 2014). These catalysts have many other advantages, namely, non-corrosiveness, environmental friendliness, and less problems in disposal. In addition, they are easily separated from the reaction environment and can be designed to give higher activity, selectivity and longer catalyst lifetime (Liu et al., 2008b). Many metal-based oxides, including alkali metal, alkaline earth metal, and transition metal oxides have been used as catalyst for the transesterification process of oils. The structure of metal oxides consists of positive metal ions (cations) that possess Lewis acid characteristics and negative oxygen ions (anions) that possess Brønsted base characteristics (Di Serio et al., 2008; Zabeti et al., 2009). Sometimes, two or more types of metal oxides are combined to be used as catalysts. Other types of catalysts that predominantly work as base heterogeneous catalysts are boron group-based and waste-based catalysts (Semwal et al., 2011).


Alkaline earth and alkali metal-based catalyst

Metal-based oxides are the most commonly exploited as a heterogeneous catalyst for transesterification. The surface structure of a metal oxide is presented in Figure 3. Zhang et al. (1988) demonstrated the basic properties of alkaline earth metal oxides using temperature-programmed desorption (TPD) of adsorbed carbon dioxide analysis. They showed that the amount of basic sites per unit weight approximately corresponds to that of the surface area and follows the sequence: CaO > MgO > SrO > BaO. The oxides of stronger basic sites promote the reaction more effectively.


[image: Figure 3]
FIGURE 3. Surface structure of metal oxides (M represents the metal).


Among the metal-based catalysts, CaO has been the most studied catalyst material for biodiesel production, as it presents many advantages, namely, long catalyst life, relatively high basic strength, high activity, and low solubility in methanol and requires only moderate reaction conditions (Roschat et al., 2016; Latchubugata et al., 2018). Arun et al. (2017) studied the biodiesel production from Terminalia belerica and Garcinia gummi-gutta using calcinated CaO as a heterogeneous catalyst. The calcination process was done in a muffle furnace at 605°C for 5 h, which was preceded by drying in an oven at 125°C for 12 h. The transesterification was carried out at 60°C, 9:1 M methanol/oil ratio, and 2% w/v catalyst for 3 h. Properties of biodiesel produced from these feedstocks were within the range suggested by the American Society for Testing and Materials (ASTM) standard establishing a successful production. Roschat et al. (2016) carried out the transesterification of palm olein oil (FFAs of 0.29 mg KOH/g) using hydrated lime-derived calcium oxide (CaO) as a catalyst. The catalyst was prepared by drying overnight in an oven at 100°C, crushed and sieved, and then calcined in a furnace at different temperatures (700, 800, and 900°C) in the air for 3 h. A biodiesel yield of 97.20% was achieved for 800°C calcined sample. This catalyst could be reused for at least five times without significant yield deterioration (more than 90%).

Du et al. (2019) synthesized three novel carbon-based MgO solid bases using sol–gel and calcination method for biodiesel production from castor oil. These catalysts were identified as MgO-PVA-800, MgO-UREA-800, and MgO-GLY-800, where 800 indicates the calcination temperature, and PVA, UREA, and GLY stands for polyvinyl acetate, urea, and ethylene glycol, respectively. The transesterification was carried out at 12:1 M ethanol/oil ratio, 6 wt.% catalyst concentration at 75°C. The highest conversion rate of 96.5% was obtained with MgO-UREA-800 after 50 min under these conditions. The biodiesel yield for MgO-PVA-800 and MgO-GLY-800 was 93.6 and 91.8%, respectively, for the same reaction time. Manríquez-Ramírez et al. (2013) studied the catalyst activity of impregnated MgO with KOH, NaOH, and cerium nitrate. The basic strength of the samples followed the order: MgO–KOH > MgO–NaOH > MgO–CeO2 as determined by Fourier-transform infrared spectroscopy (FTIR). The reaction was carried out at 60°C with oil/methanol ratio of 4:1, and the biodiesel yields after 1 h of reaction were 44, 56, 78, and <99% for MgO and MgO–CeO2, MgO–NaOH, and MgO–KOH, respectively. It has been reported that MgO has low activity in transesterification of vegetable oils to biodiesel (Liu et al., 2007).

Roschat et al. (2018) studied the biodiesel production process of palm oil using strontium oxide (SrO) via the ethanolysis reaction. The optimum reaction condition for this work was determined experimentally as 80°C reaction temperature, ethanol/oil ratio of 12:1 M, catalyst loading amount of 5 wt.%, and reaction time of 3 h. This resulted in a yield of 98.2% fatty acid ethyl ester. The catalyst can be reused for five times with more than 90% yield. Liu et al. (2007) studied the transesterification of soybean oil to biodiesel using SrO as a solid base catalyst. They proposed the mechanism of the catalytic reaction of SrO, which creates basic intermediate compounds, thereby making it a solid base catalyzed reaction. The results showed that biodiesel yield was <95% at temperatures below 70°C within 30 min. The reusability of SrO was high and could maintain sustained activity even after 10 cycles.

Mootabadi et al. (2010) carried out ultrasonic-assisted transesterification of palm oil using different alkaline earth metal oxides such as CaO, SrO, BaO, etc. as catalysts. They varied the reaction parameters, namely, reaction time of 10–60 min, alcohol/oil ratio of 3:1–15:1 M, catalyst loading of 0.5–3%, and ultrasonic amplitudes of 25–100%. Their results opposed the previously reported activity ranking of the catalysts as CaO < SrO < BaO. At optimum test conditions, 95% yield was reached in 1 h. When non-optimized conditions were used, the yield of 77.3, 95.2, and 95.2% was reported for CaO, SrO, and BaO catalysts, respectively, for 1 h reaction time. Dai et al. (2018) prepared lithium-based catalyst, lithium–iron oxide (LiFe5O8-LiFeO2) by homogeneously mixing Fe2O3 in an aqueous solution of Li2CO3 and then heating this in a muffle furnace at different calcination temperatures and cooling to room temperature afterwards. The catalysts were then used to produce biodiesel from soybean oil where reactions were carried out at 65°C for 2 h utilizing methanol/oil ratio 36:1 M and 8 wt.% catalyst loading. The maximum conversion of 96.5% was achieved when the catalyst calcination temperature of 800°C was used. Moreover, the catalyst can be reused for at least five runs, maintaining the biodiesel yields close to 94%.



Mixed metal-based catalyst

Mixed metal-based oxides are predominantly used as base catalyst depending on the catalyst mixture. Their basicity can be tuned by altering their chemical composition and synthesis procedure (Teo et al., 2017). The type of synthesis method, activation temperature, and structure have a strong influence in the final basicity of the mixed oxides (Mckenzie et al., 1992; Tichit et al., 1995). They were sometimes used as a mixed acid–base catalyst by some researchers. Salinas et al. (2018) studied the catalytic activity of 1–5 wt.% La2O3 in ZrO2 mixed metal oxides produced using sol–gel method and calcined at 600°C in biodiesel production from canola oil through methanolysis reaction. The sol–gel method allows for improving catalytic activity by modifying acid–base properties. It was found that La2O3 doped in ZrO2 forms a monoclinic-ZrO2 structure and enhances its basicity, which plays a key role in catalysis, and 3 wt.% La2O3 was the optimum percentage for the transesterification of canola oil. Limmanee et al. (2013) studied the catalytic activity of nanocrystallite CaMgZn mixed oxides as heterogeneous catalyst prepared using coprecipitation method using Na2CO3 as a precipitant in the synthesis of palm kernel oil biodiesel via methanolysis. They reported a maximum yield of 97.5 wt.% over the CaMgZn mixed oxide, prepared with the Ca/Mg/Zn ratio of 3:1:1 under the Na2CO3 concentration of 0.75 mol/L and the CaMg(CO3)2 and CaZn(CO3)2 metal ions ratio of 1.0 when the reaction conditions were methanol/oil ratio of 20:1 M, 6 wt.% catalyst and 60°C. Santiago-Torres et al. (2014) studied Na2ZrO3 as a basic catalyst for the transesterification of soybean oil. They reported a maximum biodiesel conversion efficiency of 98.3% at 3% of catalyst in 3 h of reaction time at 65°C reaction temperature. Lee et al. (2015) synthesized bifunctional acid–base catalyst comprising of mixed metal oxides of Ca and La (CaO–La2O3) at various Ca/La atomic ratios via coprecipitation. This integration enhanced the catalytic activity due to the dispersion of CaO on the composite surface, thereby increasing the surface acidic and basic sites compared to individual oxides. They reported the highest biodiesel yield of 98.76% under conditions of 160°C, 3 h, 25:1 M methanol/oil ratio, and 3 wt.% catalyst.



Transition metal-based catalyst

Titanium oxide (TiO2) and zinc oxide (ZnO) are among the transition metal oxides that are used as a heterogeneous base catalyst for biodiesel production (Yoo et al., 2010). Kaur et al. (2018) synthesized tungsten (W) supported TiO2/SiO2 catalyst using the sol–gel method to study transesterification of waste cottonseed oil to produce biodiesel. The complete transesterification reaction was achieved in 4 h with 1:30 M oil/methanol ratio, 5 wt.% catalyst at 65°C. They also reported good reusability with the catalyst being active in four catalytic runs without significant reduction in activity. Madhuvilakku and Piraman (2013) studied the catalytic activity of mixed oxides of Ti and Zn (TiO2-ZnO) and ZnO by employing these in palm oil transesterification process. Biodiesel yield of 92% was attained with 200 mg catalyst loading of TiO2-ZnO, 6:1 M methanol/oil ratio, and 60°C reaction temperature in 5 h. They also reported a better yield compared to ZnO catalyst (83%).



Boron group-based catalyst

Boron group-based compounds, especially alumina (Al2O3), are widely utilized for supporting different metal oxides, halides, nitrates, and alloys (Chouhan and Sarma, 2011). Kesserwan et al. (2020) reported on novel hybrid CaO/Al2O3 aerogel to catalyze the methanolysis of waste cooking oil. The catalyst was prepared by the rapid epoxide-initiated sol–gel process followed by calcination at 700°C under supercritical carbon dioxide conditions. They reported that, at optimized reaction condition of 11:1 M methanol/oil ratio, 1 wt.% of 3:1 CaO/Al2O3 calcined aerogel, 65°C reaction temperature, and 4 h reaction time results in a maximum biodiesel yield of 89.9%. Benjapornkulaphong et al. (2009) studied various Al2O3-supported alkali and alkali earth metal nitrates, namely, LiNO3/Al2O3, NaNO3/Al2O3, Ca(NO3)2/Al2O3, KNO3/Al2O3, and Mg(NO3)2/Al2O3 produced by impregnation method followed by calcination at 450–850°C. They employed these to catalyze the methanolysis of palm kernel oil and coconut oil. They found that calcination temperature affects the yield significantly with Ca(NO3)2/Al2O3 and LiNO3/Al2O3 yielding <90% biodiesel when calcined at 450°C, and higher calcination temperature dropped the biodiesel yield. They recommended a catalyst amount of 10 wt.% and 15–20 wt.% of Ca(NO3)2/Al2O3 catalyst for transesterification of palm kernel oil and coconut oil, respectively, when methanol/oil ratio of 65:1 M, temperature of 60°C, and reaction time of 3 h were used.



Hydrotalcite-based catalyst

“Hydrotalcites are a class of anionic and basic clays with a general formulas of [image: image]Mx3+ (OH2)x+(Ax/n)n−. yH2O where M2+ and M3+ are divalent and trivalent metals, respectively, An−([image: image], [image: image], Cl−, [image: image]) is an n-valent anion, and x usually has a value between 0.25 and 0.33” (Helwani et al., 2009; Endalew et al., 2011). Hydrotalcites are predominantly used as heterogeneous base catalyst. The advantages of these catalysts are their tunable high basic strength obtained by changing the ratio of Mg/Al and the inherent better catalyst morphology compared to alkaline earth metal oxides. However, nonhomogeneity and sensitiveness to FFA and water are the major disadvantages for this type of catalysts. Navajas et al. (2018) studied the catalytic activity of Mg–Al hydrotalcite with Mg/Al ratios of 1.5–5 M, synthesized by coprecipitation, in transesterification of sunflower oil. They reported an optimum conversion of 96% under methanol/oil ratio of 48:1 M, 1 atm, 60°C, 2 wt.% of the catalyst after 24 h. They attributed the activity of catalyst to the presence of Brønsted-type basic sites at the edges of the crystal. Nowicki et al. (2016) studied the catalytic performance of Zr-doped Mg–Al hydrotalcite with varying Zr/Mg molar ratios in transesterification of refined rapeseed oil. They found that tetravalent cation of Zr (Zr4+) was effective in significantly increasing the catalytic activity of the catalyst. They reported the optimum oil conversion of 99.9% for hydrotalcite with the ratio of Zr/Mg/Al = 0.45:2.55:1 M and the reaction condition of 373–393 K temperature, 4.8−5.0 atm pressure, and 6 h reaction time. Trakarnpruk and Porntangjitlikit (2008) studied the catalytic activity of K-loaded calcined Mg–Al hydrotalcite (Mg/AL = 4) in transesterification of palm oil with methanol. They found that the catalyst acts as a basic catalyst. They also reported an 86.6% methyl ester yield at reaction parameters of 30:1 M methanol/oil ratio, 100°C, and 7 wt.% catalyst for 6 h. Zeng et al. (2009) reported that immobilization of Saccharomyces cerevisiae lipase (a biocatalyst) on Mg–Al hydrotalcite (Mg/Al molar ratio, 4.0) by physical adsorption markedly improved performance of the enzyme. The transesterification of refined rape oil was carried out with immobilized lipase (1.5 wt.%) and under atmospheric pressure at 45°C with 96% ester conversion in 4.5 h. The biocatalyst maintained high activity with 81.3% ester conversion after 10 reuse cycles.



Waste-based catalyst

Waste derived from industrial processes and surrounding environment can aid in the development of a low-cost solid base catalyst. These catalysts can promote a sustainable and environment-friendly approach toward biodiesel production (Majhi and Ray, 2016; Pandit and Fulekar, 2017). Calcium-enriched waste products, namely, shells of mussel, egg, cockle, snail, and oyster; fish scales; animal bones; and ash derived from plant species, etc. are easily available at low cost (Marwaha et al., 2018). Calcium obtained from these waste materials could be converted to CaO, which is the most versatile heterogeneous base catalyst, as discussed previously. Yaşar (2019) studied the catalytic activity of waste-eggshell-based CaO and compared it to the pure CaO. Transesterification of rapeseed oil was carried out at 9:1 M methanol/oil ratio, 4 wt.% catalyst, and 60°C reaction temperature for 1 h. The maximum yield for these conditions was 96.81 and 95.12% for CaO and waste-eggshell-based CaO, respectively. Sirisomboonchai et al. (2015) studied the catalytic activity of calcined scallop shell in the transesterification of waste cooking oil using methanol. A yield of 86% was observed in the presence of small amount of water with 5 wt.% catalyst loading, 6:1 M methanol/oil ratio, and 65°C reaction temperature for 2 h. The same catalyst was used for four cycles with 20% reduction of FAME yield owing to the formation of Ca-glyceroxide on its surface. Hu et al. (2011) studied the catalyst derived from waste freshwater mussel shell in transesterification of Chinese tallow oil. The catalyst was synthesized using the calcination–impregnation–activation method. The mussel shell was first calcined at 900°C followed by impregnation in deionized water and activated by calcination at 600°C for 3 h. Over 90% yields was obtainable with 12:1 M methanol/oil ratio, 5 wt.% catalyst, and reaction temperature of 70°C in 1.5 h. The catalyst also exhibited excellent reusability with only 10–15% decrease in yield after 12 runs.




Acid Catalysts

Heterogeneous acid catalysts have a less corrosive and toxic effect and give rise to fewer environmental problems compared to homogeneous acid catalysts (Aransiola et al., 2014). These catalysts contain a variety of acidic sites with different strengths of Brønsted or Lewis acidity. While these catalysts provide encouraging results under moderate reaction conditions, they react very slowly compared to solid base catalysts. In addition, high catalyst loading, high temperature, and long reaction time are required to employ this type of catalysts (Mansir et al., 2017).


Cation-exchange resins

Many researchers have used cation-exchange resin for biodiesel production at laboratory scale. Cation exchange resins are macroporous and contain numerous acidic sites to catalyze FFAs to biodiesel through heterogeneous esterification reactions and prevent saponification. Fu et al. (2015) studied the catalyst activity of sulfonated polystyrene-divinyl benzene (ST-DVB-SO3H) macroporous resin in the esterification of high FFA (acid value, 64.9 mg KOH/g) oil. Maximum FFA conversion of 97.8% was achieved when the reaction was carried out under the following conditions: 10 wt.% catalyst loading, methanol/oil ratio of 15:1 M, and 100°C for 3 h. Feng et al. (2011) studied continuous esterification of waste fried oil with an acid value of 36.0 mg KOH/g in a fixed bed reactor using commercial cation-exchange resin (NKC-9). They reported a 98% conversion rate during 500 h run under 2.8:1 methanol/oleic acid mass ratio, 44.0 cm catalyst bed height, 0.62 ml/min feed flowrate, and 65°C reaction temperature.



Heteropoly acid derivatives

Heteropoly acids (HPAs) and their salts as solid (heterogeneous) acid catalysts are also used frequently for the production of biodiesel (Hanif et al., 2017; Alcañiz-Monge et al., 2018). HPAs having a Keggin structure are preferably used because they have high thermal stability and can be synthesized easily compared to other types of HPAs. However, Keggin-type HPA has a low specific surface area, which can be overcome using appropriate supportive material. HPAs supported on the carriers are used in biodiesel production because of their structural mobility and superacidity. Kurhade and Dalai (2018) studied 12-tungstophosphoric acid (TPA) (H3PW12O40.nH2O) impregnated on the γ-Al2O3 catalyst for the biodiesel production. An optimized conversion of 94.9 ± 2.3% can be achieved with 10 wt.% of the catalyst loading, 17.5:1 M methanol/oil ratio, 200°C, and 4 MPa in 10 h. A conversion of 90.3 ± 4.3% was achieved after the second run. Siddiquee et al. (2011) studied the catalytic activity of mesoporous ordered silica, SBA-15 impregnated with the HPA in the production of biodiesel from the lipid of wastewater sludge. The experiment was carried out in a microreactor setup under varying operating conditions. A biodiesel yield of 30.14 wt.% was obtained with 15% HPA at a temperature of 135°C and a pressure of 135 psi in 3 h reaction time.



Sulfonic acid-based catalysts

Sulfonic acid group catalysts are characterized by sulfonated cross-linked polystyrene and are generally less corrosive and environmentally benign (Mansir et al., 2017). These type of catalysts have enhanced activity due to the attraction of fatty acids and tails of alcohol by the polymer support. In addition, the strong sulfonic acid group attached to the polymer chains increases the acidity of the sites (Vaccari, 1999). The typical examples of these catalysts are nonporous Nafion resins and porous Amberlysts. Liu et al. (2008a) studied the synthesis of mesoporous solid acid catalysts based on sulfonic acid functionalized ordered mesoporous carbons (OMC-SO3H) to use as a heterogeneous acid catalyst for esterification of oleic acid with ethanol. The esterification was performed under an N2 atmosphere in a closed flask at 80°C. The results showed that this catalyst is highly efficient due to its high acid density and hydrophobic surface property. Andrijanto et al. (2012) studied sulfonic acid catalysts supported on hypercrosslinked polystyrene (D5082) for the esterification of oleic acid with methanol. The results showed that D5082 had high catalytic activity despite showing low concentrations of acid sites and acid site strengths, which they attributed to the high accessibility of acid sites throughout the catalyst particles.



Sulfated oxide-based catalyst

Sulfated metal oxides generally work as an acid heterogeneous catalyst in esterification reaction (Chen et al., 2007; Shi et al., 2016). Kaur and Ali (2015) studied the efficacy and reusability of Ce/ZrO2-TiO2/[image: image], a catalyst in the esterification of oleic acid with methanol or ethanol. The catalyst activity of this catalyst is a function of its Brønsted acidic sites, which depends on the cerium concentration. A 2 wt.% cerium in the catalyst, when calcined at 600°C, showed the highest catalytic activity. With 5 wt.% catalyst, 6:1 M methanol/oil ratio at 65°C and 1 h reaction time achieved <98% conversion for the esterification of vegetable oil. They also reported no significant loss in the catalyst activity until the fifth cycle. Ropero-Vega et al. (2010) studied the catalytic activity of titania sulfated with ammonium sulfate [TiO2/[image: image]-(NH4)2SO4] as well as sulfuric acid (TiO2/[image: image]-H2SO4). They found that sulfated samples showed strong acidity as determined using Hammet indicators. The FTIR analysis of TiO2/[image: image]-(NH4)2SO4 and TiO2/[image: image]-H2SO4 showed the presence of both Lewis and Brønsted acid sites and only Lewis-type sites, respectively. Further analysis showed very high activity for the esterification of fatty acids with ethanol in a mixture of oleic acid (79%). Up to 82.2% conversion of oleic acid was achieved after 3 h of reaction at 80°C.




Acid/Base Catalyst

As discussed previously, oil with high FFA content requires an acid catalyst to esterify the FFA content before transesterification can take place. For biodiesel production from these type of oils, a heterogeneous catalytic system with both acidic and basic sites is capable of esterification and transesterification with minimal soap formation is highly sought after (Semwal et al., 2011). This type of catalysts possesses “Lewis acid” sites, which take part in the esterification reaction of the carboxylic acid with methanol as well as conjugated basic sites that influence the transesterification of triglyceride with methanol. Depending on the type of reactant and reaction parameters, this type of catalysts can work as an acid catalyst, base catalyst, or bifunctional one.


Zirconia and its derivatives

Zirconium dioxide (ZrO2), also known as zirconia, is used as both acid and the base heterogeneous catalyst. The primary nature of this catalyst is acidic, as it has strong surface acidity (Lam et al., 2010). Other derivatives of zirconia include sulfated ZrO2 (Shi et al., 2016), metal oxides with ZrO2 (Guldhe et al., 2017), metal-supported zirconia (Wan Omar and Amin, 2011), zirconia supported metal oxides (Kim et al., 2012), etc. Ibrahim et al. (2019) studied the catalytic activity of ZrO2 loaded into different supports, namely, Al2O3, Fe2O3, TiO2, and SiO2 using hybrid sol–gel autocombustion method. Highest conversion of biodiesel of 48.6% was achieved using alcohol/acid ratio of 120:1 M, 0.1 mass% catalyst, and 120°C reaction temperature for 3 h when ZrO2/SiO2 was used. In addition, the catalyst could be reused five times without significant loss of catalytic activity. Guldhe et al. (2017) studied tungstated zirconia (WO3/ZrO2) as a heterogeneous acid catalyst for the synthesis of biodiesel for S. obliquus lipids. FTIR characterization of catalyst showed the presence of both Brønsted and Lewis acid sites. Optimized biodiesel conversion of 94.58% was achieved at 100°C temperature, 12:1 M methanol/oil ratio, and 15 wt.% of catalyst amount in 3 h. Sun et al. (2010) studied ZrO2 supported La2O3 as a catalyst for the transesterification reaction of sunflower oil with methanol to produce biodiesel. The catalyst was prepared by an incipient wetness impregnation method, followed by drying at 110°C overnight and calcination at 600°C for 4 h in air. They reported that biodiesel conversion was possible due to the basic nature of the catalyst, which was determined using TPD of adsorbed CO2 and 21 wt.% La2O3 loaded on ZrO2 showed the highest basicity. The optimized test conditions were 30:1 M methanol/oil ratio, 200°C reaction temperature, and 5 h of reaction time that resulted in 84.9% biodiesel yield for each case.



Zeolite-based catalyst

Zeolites occur naturally in the form of microporous crystalline aluminosilicates interlinked by oxygen atoms. The chemical composition, pore size structure, and ion exchange properties of zeolites are responsible for their versatile catalytic behavior (De Lima et al., 2016). Zeolite framework structure contains molecular pores and channels of equal sizes, which can absorb molecules that fit into these and exclude the larger ones. This property of zeolite helps to exchange ions that in turn produce negative ion within the structure of the catalyst, thereby emerging as a base catalyst (Hattori, 1995; Mansir et al., 2017). The base strength of the alkali ion-exchanged zeolite increases with increasing electropositivity of the exchange cation. Both synthetic and natural zeolites are being pursued as promising catalysts. Zeolites have unique properties as catalysts, namely, shape selectivity, ability to maintain electro-neutrality through cation–polar molecules reversible interactions, etc. The weak basic strength and small catalytic pore diameter are the main problems reported for basic zeolite catalysts (Endalew et al., 2011). These can also be used as an acid heterogeneous catalyst.

Li et al. (2019) studied alkaline Li/NaY zeolite catalysts with different molar ratios of Li2CO3 to NaY zeolite in the transesterification of castor oil with ethanol. The ideal catalyst was synthesized from fly ash using coprecipitation method with ratio of Li2CO3 to NaY zeolite of 1:1 M calcined at 750°C for 4 h. The fatty acid ethyl ester yield of 98.6% was obtained for the reaction conditions of ethanol/oil ratio of 18:1 M, 3 wt.% catalyst, and reaction temperature of 75°C for 2 h. Du et al. (2018) studied the catalytic activity of NaY zeolite-supported La2O3 catalysts in the production of castor oil biodiesel. They produced the optimized catalyst, S-La2O3/NaY-800, by physically mixing the zeolite NaY, sodium carboxymethyl cellulose (CMC), lanthanum oxide and kaolin (mass ratio of NaY/kaolin/La2O3/CMC = 70:20:10:2.5). A surfactant (4 wt.%) was added to this mixture and then calcined at 800°C. Under the optimized reaction conditions: ratio of ethanol to oil of 15:1 M, 10 wt.% catalyst, and reaction temperature of 70°C for 50 min; 84.6% fatty acid ethyl ester was obtained. Doyle et al. (2016) studied the acidic catalytic activity of zeolite Y with Si/Al ratio of 3.1, in the esterification of oleic acid. The optimum oleic acid conversion using the zeolite catalyst was 85% with 6:1 M ethanol/oleic acid ratio, 5 wt.% catalyst loading, and 70°C for 1 h reaction time.





Biocatalysts

The pathway of biodiesel production through chemical catalysis is energy consuming and produces undesired by-products, namely, soaps and polymeric pigments, which hinder the separation of product from glycerol and di- and monoacylglycerols (Gog et al., 2012). Using biocatalysts, these impediments can be eliminated. Biocatalysts, also known as enzymes, are acquired from living organisms that promote chemical reactions without affecting themselves chemically (Amini et al., 2017a,b). Two types of enzymatic biocatalyst are usually used in biodiesel production, namely, extracellular lipases and intracellular lipases. Extracellular lipases are the enzymes that have been recovered from the microorganism broth and then purified. Intracellular lipase, on the other hand, remains either in the cell-producing walls or inside the cell. The major producer microorganisms for extracellular lipases are Rhizopus oryzae, Mucor miehei, Candida antarctica, and Pseudomonas cepacia. The commercial immobilized lipases that has been studied thoroughly are Novozym 435, Lipozyme TL IM, Lipozyme RM IM, and Lipase PS-C (Gog et al., 2012). The drawback of using extracellular enzymes as catalyst is the complexity of separation and purification procedures and its associated cost. This can be lowered using microbial cells as whole-cell biocatalysts with acceptable biodiesel yield. Filamentous fungi have been discerned as whole-cell biocatalysts. However, lipase used in whole-cell form cannot be reused at the end of the reaction.

Unlike the chemical catalysts, biocatalysts apply to a wide range of triglyceride sources, with FFA ranging from 0.5 to 80% (Aransiola et al., 2014). Other advantages of enzymatic biodiesel production include easy product removal, moderate process temperature (35–45°C), zero by-product, and reusability of catalysts (Christopher et al., 2014; Mardhiah et al., 2017). The key parameters affecting the biodiesel yield for enzymatic synthesis are presented in Figure 4. As seen in the figure, various factors such as choice of lipase, choice of substrate, substrate concentration, pH of the microenvironment, temperature, spacing between the enzyme molecules and the substrate, etc. affect the biodiesel yield for enzyme-catalyzed transesterification. Some investigations using enzyme-catalyzed transesterification of different biodiesel feedstocks are presented in Table 4. As seen from the table, the efficiency of biocatalyzed transesterification process is dependent on enzyme source and operational conditions.


[image: Figure 4]
FIGURE 4. Crucial parameters affecting the biodiesel yield in enzymatic synthesis (Szczesna Antczak et al., 2009).



Table 4. Various biocatalysts used for biodiesel production from different sources.

[image: Table 4]



Nanocatalysts

Recently, nanocatalysts have gained significant attention for biodiesel production owing to their high catalytic efficiency (Qiu et al., 2011). These catalysts have a high surface area that results in increased activity compared to conventional catalysts. In addition, these catalysts possess high stability, superior resistance to saponification, efficient surface/volume ratio, and high reusability (Rahmani Vahid et al., 2017). Nanocatalysts can be synthesized using various methods. Some of the methods include self-propagating high-temperature synthesis, microwave combustion, conventional hydrothermal, microwave hydrothermal, microwave solvothermal, sol–gel technique, coprecipitation, impregnation, gas condensation, chemical vapor deposition, electrochemical deposition, vacuum deposition and evaporation, etc. (Quirino et al., 2016; Ambat et al., 2018). Characterization of these catalysts is critical before it can be used for biodiesel production. Different methods have been used to achieve this so far. The most commonly used method for characterization of composition and crystallinity of these catalysts is X-ray diffraction (XRD). The morphology of prepared nanocatalysts and their precursors are determined using scanning electron microscopy (SEM). To analyze the particle diameter and morphology of the catalysts, transmission electron microscopy (TEM) is used. Other characterization methods include Fourier transform infrared (FTIR) spectroscopy that is used for determining assimilation of phases, Barrett–Joyner–Hlenda (BJH) and Brunauer–Emmett–Teller (BET) methods for specific surface area calculation, and thermogravimetric analysis (TGA) for examining the decomposition nature of catalyst samples, etc. (Nayebzadeh et al., 2017; Baskar et al., 2018). Some of the latest works on nanocatalysts for the transesterification reaction are summarized in Table 5. As seen from the table, nanocatalyst can achieve high FAME yield with very mild reaction conditions and short reaction times. The reusability of these catalysts is also excellent, as these retain good activity even after 11 cycles depending on the catalyst.


Table 5. Various nanocatalysts used for biodiesel production from different sources.
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PERSPECTIVES, CHALLENGES, AND FURTHER WORK

Table 6 summarizes the advantages and disadvantages of different types of catalyst based on the above discussion.


Table 6. Advantages and disadvantages of different types of catalysts.
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Homogeneous catalyst has been exhaustively studied, and challenges have been addressed in the literature. On the other hand, heterogeneous catalysts is a relatively new research area on which significant research is ongoing at present. Several challenges have been reported in the literature for these catalysts:

1. Short catalyst life, lower reaction rate, and instability have been reported as the main problems for heterogeneous catalysts.

2. Solid base catalysts were reported to be sensitive to CO2, water, and FFA. These consume and deactivate the catalyst via saponification.

3. Solid acid catalysts were reported to induce leaching and product contamination due to the ionic group being hydrolyzed by water.

4. Lipase inhibition has been reported in the presence of methanol during enzymatic transesterification.

5. In the case of nanocatalysts, at relatively mild operating conditions, it is necessary to increase the reaction time to achieve high performances. However, it is essential to apply severe operating conditions to achieve ordinary reaction times, thereby increasing the energy requirement.

The following aspects need to be addressed in future works:

1. Further investigation into waste-derived catalysts are necessary to develop new catalysts with improved catalytic performance.

2. Development of highly active and selective heterogeneous catalysts that are economically feasible for use in the industrial scale.

3. Exploring new catalyst supports with selective surface area and interconnected system of appropriate pore sizes.

4. Exploring biomass or waste as the source of catalyst to reduce the associated cost and improve sustainability for commercially available solid catalysts.

5. Improving preparation routes and treatment steps for hydrotalcite-based catalysts to transform their application from laboratory to industrial scale.

6. Improving the sensitiveness to FFA and water and the morphology by keeping high basic strength of zeolite-based catalyst.

7. Further investigation into industrial enzymatic biodiesel production for an ensuring viable future option.

8. Energy-efficient and low-cost methods for effective recovery and reuse of nanocatalysts.



CONCLUSION

Laboratory-scale biodiesel production using heterogeneous catalysts have been reported at length in the literature. Among the catalysts, base homogeneous catalysts possess rapid reaction rate and high yield and require mild operating conditions. However, those are sensitive to FFA content of the oil that causes undesired by-products, namely, soaps and polymeric pigments, making the purification process difficult and impossible to reuse the catalysts. Homogeneous acid catalysts are suitable for those high FFA content oil. However, they suffer some drawbacks, including relatively slow reaction rate, corrosive nature, difficulty in catalyst separation from product, etc. Heterogeneous base catalysts overcome some of the disadvantages of homogeneous base catalysts, namely, ease of separation, simple catalyst recovery techniques, and reusability of catalyst from the product. Heterogeneous acid catalysts show very less sensitivity to high FFA and water content in the feedstock and can easily be recovered, recycled, and reused after the biodiesel production process. Due to current interest in “green” alternatives to chemical catalysts, biocatalysts, i.e., enzymes, have drawn attention. The catalysts work under relatively lower reaction temperature conditions compared to other catalysts and can catalyze low-grade oils with extremely high FFA content. The results obtained have proved that high productivity, involving yield and numbers of reuse, as well as low reaction time, can be achieved when using enzymes. The major limitation is the reaction rate, which is the slowest among all the catalysts. Furthermore, the synthesis of catalysts is more expensive than those of both homogeneous acid and base catalysts. High catalytic efficiency at mild operating conditions has drawn attention to nanocatalysts recently. The development of highly active and selective heterogeneous catalysts, along with their economic feasibility for use in the industrial scale, is a subject that needs to be addressed.
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Catalyst type

Homogeneous base catalyst

Homogeneous acid catalyst

Heterogeneous base catalyst

Heterogeneous acid catalyst

Biocatalyst

Nanocatalyst

Advantages

Strong catalytic activity
Inexpensive and widely available
No corrosive

Ideal for TGAS with low FFA

Strong catalytic activity
Suitable for feedstock with high FFA
Do not form soap

Ease of purification of the product
Effluent generation minimized
Catalyst can be reused

Ease of separation
Catalyst can be reused

Ease of separation
Mid reaction condition

Produces high purity product
Insensitive to FFA and water content
in the of

Preferred method for low-grade oil
High activity and stabilty

High reusabilty

Mild reaction condition

Disadvantages

Possible formation of soap
Not sitable for feedistock with high
FFA

No reusabilty

Requires extensive washing

The reaction rate is slower compared
tothe base catalyst

Separation and reuse unusual
Corrosion problem

High cost to synthesise catalyst
Leaching of active sites may occur

High cost to synthesise catalyst
Higher alcohol-to-oil molar ratios
High catalyst concentrations
Longer reaction time

May undergo deactivation

High cost for catalyst synthesis
Sensitive to methanol, causing
deactivation of the enzyme

Very slow reaction rate

High cost for catalyst synthesis

Examples

Sodium or potassium hydroxide;
Sodium and potassium methoxides,
and carbonates

Sulfonic acid, sulfuric acid,
hydrochloric acid

Alkaline earth and alkali metal oxides,
transition metal oxides, mixed metal
oxides, hydrotalite

Cation exchanges reins, heteropoly
acid derivatives, sulphated oxides,
sulphonic acids

Extracelular lipases (Mucor miehei,
Rhizopus oryzae, Candida antarctica,
Pseudomonas cepacia) and
intracelular lipases (Flamentous fung))

Zn, Ca, Mg, Zr based nanocatalysts
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Title of the work

“Modern heterogeneous catalysts for biodiesel production: A
comprehensive review”

“Inorganic heterogeneous catalysts for biodiesel production
from vegetable oils”

“Biodiesel production using enzymatic
transesterification—Current state and perspectives”

“Recent developments on heterogeneous catalysts for
biodiesel production by oil esterification and
transesterification reactions: A review”

“Heterogeneous catalysis for sustainable biodiesel production
via esterification and transesterification”

“Activity of solid acid catalysts for biodiesel production: A
critical review"

“State of the art of biodiesel production processes: a review
of the heterogeneous catalyst”

*Heterogeneous basic catalysts for biodiesel production”

“Investigation of heterogeneous solid acid catalyst
performance on low grade feedistocks for biodiesel
production: A review”

“Areview on latest developments and future prospects of
heterogeneous catalyst in biodiesel production from
non-edible oils”

“State of the art and prospective of lipase-catalyzed
transesterification reaction for biodiesel production”

“Application of nanoparticles in biofuels: An overview”
“Biodiesel synthesis using natural solid catalyst derived from

biomass waste—A review”

“Carbon-based catalysts for biodiesel production—A review”

Content

This work focused on different heterogeneous catalysts (acid, base,
acid-base) and biocatalyst for biodiesel production

This work reviews stable inorganic sold acid catalysts for biodiesel
production from vegetable oils

This work discussed key operational variables that influence lipase activty
and stabilty along with technological solutions for industrial implementation
This article discusses the use of heterogeneous catalysts for esterification,
transesteriication and simultaneous esterification and transesterification

This paper discusses the clean synthesis of biodiesel through
heterogeneously catalyzed esterification and transesteriication process
This study reviews the activties and advantages of solid acid catalysts, their
preparation method and prevailing reaction condiitions affecting the catalytic
activity

This review focuses on various technologies used for biodiesel production,
as well as the benefits and limitations of the different types of catalysts

This review covers recent achievements in the field of basic heterogeneous
catalysts for biodiesel production, focusing on the main systems being
employed

This work investigates solid acid heterogeneous catalysts for biodiesel
production

This work focusses on heterogeneous catalysts with the highlight on the
prospects of commercialization of those catalysts

The work reviews general and novel immobilizing materials, bioreactors for
enzymatic transesterification, potential lipase resources, and process
modeling for enzymatic transesterification

“This study explores nanoparticles in biofuel processes such as biodiesel,
biohydrogen, biogas, and bioethanol production

This paper assesses the latest breakthroughs involved in the use of
catalysts derived from waste biomass

This study focusses on sulfonated carbon-based acid solids originating
from either carbohydrate or biomass precursors
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Property

Density @ 15°C
Kinematic Viscosity @ 40°C
Cetane Number, Min.
Distillation temperature
Ester content

Ash content, Max.

Sulfur Content, Max.

Flash Point

Cloud Point

Cold Filter Plugging Point
Lubricity, Max.

Water and sediment, Max.
Water Content, Max.

Acid Value, Max.

Copper strip corrosion, Max

Carbon residue on 10%
distillation residue, Max.

Oxidation stability
lodine Value, Max.

Units

kg/m®
mm?/s

% vol. recovered

% wt
% mass

°c
°C

°c

wm

vol.%
mg/kg
mgKOH/g

wt. %

gl/100g

Diesel

ASTM D975

1.3-4.1

40

90%: 282°C-338°C
5% vol. max

0.01

$600: 0.05%
$§5000: 0.50%

60-80

520
0.05

No.3
0.15-0.35

EN 590

820-845

2-45

51

85%: 350°C max
5% vol. max
0.01

50 mg/kg

10 mg/kg

Min. 55

Report

200

Class 1
03

25 g/m® max

Biodiesel (8100)

ASTM D6751

1.9-6.0
47

$15 15 ppm
5500 0.05%

100-170
Location & season dependent
Location & season dependent
460

005

05

No.3

005

Min. 3h

EN 14214

860-900
3550
51

96.5% min

10.0 mg/kg

Min. 120
Location & season dependent

Location & season dependent

500
0.50
Class 1

Min8h
120
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Catalyst

NaAlO,/y-Al,Og

25%MoQ3/B-ZSM-5.

CaO/CuFe;04

KOH/Fe304@A1,05

MgO/MgFez04

Cr/Caly-Aiz05

MgO/MgAl, 0y (untreated
and treated with plasma)

v-A203/KI

Caly-AOg

Cs/AFes0;

Feedstock

Palm oil

Oleic acid

Chicken fat

Canola oil

Sunflower oil

Cooking oil

Sunflower oil

Palm oil

Corn oil

Sunflower oil

Reaction parameters

Methanol to oil molar ratio/Temperature
(C)/Catalyst (wt.%)/Time (h)

20.79:1/64.72/10.89/3

20:1/160/3/6

15:1/70/3/4h

12:1/65 /4/6

12:1/110/4/4

18:1/65/6/3

12:1/110/3/3

14:1/60/4/4

12:1/65/6/5

14:1/58/6/2

No of cycle

[

Lo > = =

PRI

FAME
yield/Conversion (%)

97.65
93.29
98
93
94.52
98.8
88.4
91.2
82.4
92.79
7829
95.7/96.6

79.3/01.1
98
e
87.89
34.64
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Feedstock Catalyst Reaction parameters References
Oil: alcohol ratio/ Catalyst amount/
Temperature/ Reaction time

Madhuca longifolia ol H2S04, KOH 0.35 vAv/ 0.01 v/v/ 60°C/ 30 min Saravanan et al., 2020

Elaeagnus angustifolia L seed oil
Rice bran oil

Sunflower ol

Castor il

Millettia pinnata ol

Jatropha curcas o

Rice bran oil
Galophyllum inophyllum oil

Aphanamixis polystachya oil

Paim oil
Celophyllum inophylum oil

Ceiba pentandra oil

*M, Molar ratio.

Potassium methoxide
KOH

KOH

KOH

H2804, CaO

H,804, NaOH

NaOH
H,S0,, sodium methoxide

HCI, KOH

KOH
H2804, KOH

HpS04, NaOH

VIV 7 g/l 60°C/ 30 min
9:1 MY 1wt.%/ 60°C/ 1h

10:1 M/ 0.005 v/v/ 50°C/ 2h

6:1 M/ 1 wt.%/ 60°C/ 3h
5.4:1/0.73 wt.%/ 64°C/ 2.5h

2 12:1 M/ 1% v/v /80 °C/ 3 h
11 M/ 1 wt.%/ 60°C/ 2h

1 v/v/ 0.008 viv/ 50 °C/ 2 h
:1v/v/ 8 g/L/ 50°C/ 2h
6:1 M/ 2 wt.%/60°C/2h

Ester.: 30:1 M/ 10 wt.% / 76°C/2 h
Trans.: 7.5:1 M/ 1 wt.%/ 55°C/ 1.5h

Ester.: 24:1 M/ 1% v/v/ 60°C/ 3 h
Trans.: 6:1 M/ 1 wt.%/ 60°C/ 2h

25% viv/ 1 wt.%/ 60°C / 2h

Ester 1M/ 1.6% v/v/ 60°C/ 3 h
Trans. M/ 1 wt.%/ 60°C/ 2h
Ester.: 8:1 M/ 1% v/v/ 80°C/ 2 h
Trans.: 8:1 M/ 1 wt.%/ 50°C/ 1h

Kamran et al., 2020
Gogaetal., 2019

Dueso et al., 2018
Aboelazayem et al., 2018
Ruhul et al,, 2017

Dubey and Gupta, 2017

Wakil et al., 2016
Jahirul et al., 2015

Palash et al., 2015

Fattah et al., 2014b
Fattah et al.,, 2014c

Sitonga et al., 2013b





OPS/images/fenrg-08-00101-t004.jpg
Feedstock

Waste cooking oil
Residual fish oi

Rice bran ol

Ocimum basilicum
seed oil

Waste vegetable oil
Calophyllum inophyllum

Jatropha curcas

Castor oil

Corn oil

Pistacia chinensis bge
seed oil

Pistacia chinensis bge
seed ol

Jatropha curcas

Catalyst

Pancreatic lipase
Novozym 435 lipase

Rice bran lipase
Novozym 435 lipase

Epobond
Pseudomonas cepacia

Rhizopus oryzae lipase

Immobilised
Burkholderia cepacia
Lipozyme
Thermomyces
lanuginosa IM.
Lipozyme
Thermomyces
lanuginosa IM.
Rhizopus oryzae lipase

Rhizopus oryzae lipase

Pseucdomonas cepacia

Reaction parameters

Alcohol/Oil to alcohol ratio/Catalyst amount
(wt.%)/Temperature (*C)/Reaction time

Methanol/3:1/1.6/60/4 h
Ethano/35.45:1/35/8h

Methanol/6:1/N.A./40/12 day
Methanol/11:1/6/47/68 h

Ethanol/3:1/3/37/1.5h
Methanol/12:1/20/35/25 h
Ethanol/10:1/6.2mg/24 h

Methanol/3:1/15/45/24 h

Ethanol/6:1/2.8/35/12h

Methanol/5:1/25 IUn-roL /g/37/60h (anion exchange
resin)
Methanol/5:1/7 IUy-ot/g/87/60h (macroporous resin)

Ethanol/4:1/5-8/40/24h

Yield (%/wt.%)

88%
82.91 wt.%

83.4wt%
89%

46.32%

9%

78%

67.58 wt.%

69.2 wt.%

9%

94%

98%
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