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Abstract

:

The effective transesterification process to produce fatty acid methyl esters (FAME) requires the use of low-cost, less corrosive, environmentally friendly and effective catalysts. Currently, worldwide biodiesel production revolves around the use of alkaline and acidic catalysts employed in heterogeneous and homogeneous phases. Homogeneous catalysts (soluble catalysts) for FAME production have been widespread for a while, but solid catalysts (heterogeneous catalysts) are a newer development for FAME production. The rate of reaction is much increased when homogeneous basic catalysts are used, but the main drawback is the cost of the process which arises due to the separation of catalysts from the reaction media after product formation. A promising field for catalytic biodiesel production is the use of heteropoly acids (HPAs) and polyoxometalate compounds. The flexibility of their structures and super acidic properties can be enhanced by incorporation of polyoxometalate anions into the complex proton acids. This pseudo liquid phase makes it possible for nearly all mobile protons to take part in the catalysis process. Carbonaceous materials which are obtained after sulfonation show promising catalytic activity towards the transesterification process. Another promising heterogeneous acid catalyst used for FAME production is vanadium phosphate. Furthermore, biocatalysts are receiving attention for large-scale FAME production in which lipase is the most common one used successfully This review critically describes the most important homogeneous and heterogeneous catalysts used in the current FAME production, with future directions for their use.
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1. Introduction


We rely on fossil fuels to run our vehicles, heat our homes, for manufacturing and the power industry, and to provide us with electricity. In 2010, according to an estimate by the Environmental Protection Agency (EPA), the burning of fossil fuels caused 79 percent of U.S. greenhouse gas emissions [1]. However, emissions of greenhouse gases are highly unevenly distributed around the countries of the world, with the top ten greenhouse gases emitting countries accounting for more than 60% of the total emissions. Three countries (China, the USA and India) are the largest contributors, with 21.1%, 14.1 and 5.2% emissions, respectively [2]. These gases shield the planet, and that is why these gases could lead to potentially calamitous changes in the climate of the earth. Environmental pollution and oil depletion have become distressing situations which require a search for alternative ways to generate energy. Renewable energy can be regarded as an additive to fossils energies. The calorific value of vegetable oil is comparable to that of diesel, and so researchers determined that vegetable oils hold promise as replacement fuels for modern diesel engines. However, there are some physical properties of vegetable oils which are unfavorable, and these properties limit the use of vegetable oil in direct injection diesel engines, predominantly their viscosity, which is almost 11–17 times greater than the viscosity of diesel fuel. In order to reduce the viscosity of vegetable oils, different methodologies can be applied: the dilution of 75 parts diesel fuel with 25 parts vegetable oil, pyrolysis, microemulsions, catalytic cracking, and transesterification with alcohol to produce fatty acid alkyl esters, usually known as biodiesel fuel [3].



Biodiesel is a renewable, non-toxic and biodegradable fuel that can be formed from range of renewable and organic raw material including waste or fresh vegetable oils, oilseed plants, and animal fats [4,5]. According to the definition provided by the American Society for Testing and Materials (ASTM), biodiesel is a fuel consisting of “long chain fatty acids of mono-alkyl esters derived from renewable fatty raw material such as animals fats or vegetable oils” [6]. Biodiesel is preferred over other diesels because it has many advantages; it reduces greenhouse gases, has a higher combustion efficiency, increases the number of rural manufacturing jobs, and increases farmers’ income. The increasing demand of biodiesel requires optimized production processes [7,8,9,10,11,12,13,14,15] allowing high yields, simplified operations, high production capacities, and the use of more economic feedstocks such as fats and waste oils. We can use non-edible plant oils, edible plant oils, microalgae and animal fats as feedstocks for biodiesel production [14]. Non-edible oils are not appropriate for human consumption because of the presence of toxic constituents in the oils. Hence, non-edible oils are considered an auspicious way to produce biodiesel as a raw material. The most important non-edible oil plants are neem, karanja, mahua, tobacco, jatropha, rubber, castor, sea mango and cotton. All over the world biodiesel has been primarily produced on a large scale from the edible oils (>95%), which are easily available from the agricultural industry. Presently, biodiesel is mainly prepared from soybean in the USA, rapeseed in Canada, palm in Southeast Asia, and rapeseed and sunflower in Europe [16,17]. In recent years, microalgae as a raw material for biodiesel production have been studied extensively. Microalgae convert CO2, water, and sunlight to algal biomass as they are photosynthetic organisms. The production of food and biofuels is largely dependent upon algae biomass. Animal fats which are used for biodiesel production include white grease, tallow, chicken fat and fish fat. Animal fats are frequently well-priced for the conversion into biodiesel, which is why these fats often offer economic advantages over plant crops in the production of biodiesel. Animal fat would never successfully meet the fuel demand of the entire world because there is an inadequate amount of these oils available [4]. Nowadays, commercial biodiesel is produced through liquid base-catalyzed transesterification of triacylglyceride (TAG) with low carbon chain alcohols into fatty acid methyl esters (FAMEs) which produce biodiesel with a valuable byproduct: glycerol. However, higher carbon chain alcohols can also be used for FAME production, but the difficulties involving the separation of the heavier product (FAME) from unreacted alcohol and glycerol, remain challenging [9,18,19,20,21].



As described earlier, there are several methods for FAME production, but the most appropriate and common method is the transesterification method. Transesterification requires catalysts for a more successful FAME production in a shorter time [22]. In the present review, different catalysts, which can be used efficiently to produce biodiesel, are discussed in detail along with their merits and demerits. In general, catalysts that can be used for producing biodiesel are divided into three groups: acidic, alkaline and biocatalysts. Alkaline catalysts exhibit a better performance compared with other catalysts, but there are subsequent limitations depending on which other types of catalysts (such as acid and enzymatic) are introduced. These problems include: the postreaction treatment for the separation of catalysts from the reaction media after completion of the reaction, high energy demand, difficulty in glycerol recovery after completion of the reaction, and interferences caused by the presence of water and free fatty acids (FFA) during the reaction [23]. However, there are also some disadvantages of acid-catalyzed transesterification. The rate of reaction for this process is very slow compared to alkali-catalyzed transesterification. The efficiency of ester conversion is powerfully affected by the alcohol-to-oil molar ratio. In acid-catalyzed transesterification, a higher molar ratio is required, compared to alkali-catalyzed transesterification. At 25 °C (room temperature), the process is very slow and poor ester conversion is attained. However, with the increase in the amount of acid catalyst, the completion of ester production increases. The presence of water content in the oil strongly inhibits the ester conversion. If the water content is >0.5% and FFAs are >5%, the conversion rate of ester may fall below 90% [24]. Lipases are categorized as enzymes that can be introduced as catalysts in FAME production in the transesterification reaction, a process which takes a long time. Lipase enzymes have many advantages; the residue of these constituents is renewable and they showed a higher thermostability (higher catalytic activity under high temperatures) [25]. However, lipase enzymes also have some disadvantages, such as high cost, prolonging of the reaction time and failure to steadily support reactive species [26]. Alkaline and acidic catalysts are classified into two groups: homogeneous and heterogeneous catalysts. The current review critically describes the advantages and disadvantages related to these catalysts and the solutions to the issues they cause.




2. Homogeneous Catalysts


Catalysts play a vital role in the transesterification process. Both the amount and type of catalyst affect the rate of reaction and conversion efficiency. In Table 1, the effect of various catalysts on the yield of FAME has been shown. Homogeneous catalysts function in the same phase as the reactants.



2.1. Classification of Homogeneous Catalysts


Homogeneous catalysts can be categorized into homogeneous base catalysts and homogeneous acid catalysts. Homogeneous base and the acid-catalyzed transesterification processes for FAME production have been extensively studied. Today, most of FAME is produced by the base-catalyzed transesterification reaction due to several reasons: high conversion rate (which is more than 98% in most of cases), negligible side reactions, and short reaction time. It is a low-pressure and low-temperature process, which occurs without the formation of intermediate substituents. Despite these advantages, homogeneous base catalysts have some weaknesses. The production of biodiesel from feedstocks with a high FFA content is limited. It was reported by some researchers that homogeneous base catalysts are only effective for the FAME production via the transesterification process using the feedstocks with a FFA content of less than 2 wt. % [43]. When FFA content is >2%, the catalyst reacts with FFA to produce soap that inhibits the separation of FAME and glycerin. Hydrochloric acid (HCl) and sulphuric acid (H2SO4) are generally used as acid catalysts, particularly when the vegetable oil comprises a high amount of water and FFA. Jatropha oils and waste cooking oils (WCO) are converted into FAME using these catalysts as used these feed stocks have high concentration of FFAs. Methyl esters or ethyl esters of the fatty acids are the desired products of the reaction. Salts of alkali and glycerol are produced as by-products. Glycerol is usually used in the pharmaceutical industry and for the production of potassium fertilizer. The rate of reaction of a homogeneous acid catalyst is lower than that of a homogeneous base catalyst. These reactions require an excess of alcohol and a high temperature. Environmental problems and corrosions are also caused by liquid acids. The rate of alkali-catalyzed transesterification reaction is nearly 4000 times faster than that of acid-catalyzed transesterification reaction [44].



2.1.1. Homogeneous Base Catalysts


In homogenous base-catalyzed transesterification, the activity of the catalyst decreased due to the amount of it that is used by the side reactions (e.g., saponification reaction). On the other hand, with an increase in catalyst concentration, the formation of soap increased exponentially. The rate of the saponification and transesterification increased when the reaction temperature increased. Increasing the alcohol-to-oil molar ratio had a positive influence on FAME yields. Different alkaline metal alkoxides or hydroxides could be used as homogeneous catalysts for the FAME production via the transesterification process (Figure 1). When raw materials with good quality (moisture < 0.5 wt. % and FFA < 1 wt. %) were used, the base catalysts provided good FAME yields [45].



Hydroxides


Metal hydroxides are common homogeneous base catalysts used in industry due to their availability and low cost. Sodium hydroxide (caustic soda) and potassium hydroxide (caustic potash) are commonly used in the production of biodiesel [46]. A main side reaction in the production of biodiesel is the transformation of FFAs into soap. Soap made from sodium hydroxide (NaOH) is solid, while soap made from potassium hydroxide (KOH) is liquid. We prefer KOH over NaOH due to following reasons: the solubility of KOH is slightly higher in methanol than NaOH; under certain conditions NaOH will produce glycerin (a byproduct) that can be converted into gel or even into solid; and KOH is heavier than NaOH. Since we weighed our catalyst, we used less NaOH than KOH. Mathematically we used 1.4 times less NaOH than KOH. For the production of biodiesel, we used a base of 7 g per liter of KOH and 5 g per liter of NaOH. Sodium hydroxide was relatively pure when compared to KOH, which was usually available with almost 90% purity. Both the performance and selectivity of the transesterification process was greatly affected by the purity of the hydroxide catalysts. It was reported that good quality FAME could be produced by using waste cooking oils under optimal conditions (9:1 methanol to oil molar ratio, 1.0 wt. % NaOH, 50 °C temperature and 90 min) [47].




Alkoxides


Alkoxides are derived from n-alcohol radicals commonly soluble in any polar solvent such as alcohol e.g., n-alcohol-derived sodium alkoxides are easily soluble in alcohols [48,49]. So, we can use alkoxides as homogeneous base catalysts in the production of biodiesel. The major drawback of using hydroxide catalysts in alcohol solvents in the production of biodiesel, is the generation of water. Water releases hydroxide ions in the reaction media which attack the TAG and cause it to yield FFAs instead of the desired FAME product. The FFA existing in some vegetable oils react with the hydroxide base catalyst and yield soap via saponification, that also deactivates base catalysts, whereas the more costly metal alkoxides (sodium methoxide or NaOCH3) dissolved in alcohol yield a solution of alkoxide ions without generating water. Therefore, the NaOCH3 is frequently preferred over metal hydroxides for maintaining the rate of reaction. However, it was found that NaOH showed good catalytic activity than NaOCH3 but the methoxide catalysts produced a higher yield (due to no soap formation) than the hydroxide catalysts [8]. Nevertheless, the cost of NaOCH3 is pointedly higher than that of NaOH. Due to the presence of both alkoxide and methanol in the reaction mixture, they are corrosive and flammable, and so must be controlled with caution. The rate of conversion is slowed down when a low concentration of the active methoxide catalysts is used, and the presence of hydroxides and water leads to the formation of by-products [50].





2.1.2. Homogeneous Acid Catalysts


In order to obtain a high yield of FAME via the acid-catalyzed transesterification process, alcohol is required in a large quantity. The most prominent advantage of using an acid catalyst over base catalyst for biodiesel production is that low temperature Furthermore, low pressure is required for their better performance [51]. Acid catalysts, usually strong acids such as hydrochloric acid, phosphoric acid, or sulfuric acid, are more favorable when the starting raw materials are rubber seed oils, waste cooking oils, and tobacco oils, which have a high FFA content because they inhibit the soap formation during the reaction. The amount of sulfuric acid catalyst varied from 0.3% to 2%. These percentages (%) are based on the oil volume used for the reaction of acid esterification, and the amount of catalyst affects the process yield [52]. However, the water content of raw materials affects the activity of acid catalysts. If the water concentration is 5 wt. %, the reaction is completely stopped. Mostly, Brønsted acid and Lewis acid, as homogeneous acid catalysts, were used for the transesterification process (Figure 2).



Brønsted Acid


Brønsted acid catalysts are frequently used for direct esterification [53]. In Brønsted acid, the sulfuric acid (H2SO4) seems to be the catalyst of choice in industry. In commercial processes, H2SO4 is used as a catalyst for organic synthesis. Brønsted acids, like sulfonic acid and sulfuric acids, are commonly used to catalyze the transesterification reaction in order to provide a high biodiesel yield [51]. By using this type of homogeneous acid catalysts, the biodiesel production was 90% within 15 min under harsh conditions, such as a 240 °C temperature, 70 bar pressure and 1.7 wt. % H2SO4. Side reactions, such as dehydration of alcohol, were also observed under such harsh conditions [54]. Hydrochloric acid (HCl), polyphosphoric acid, soluble aryl sulfonic acids and mixtures of these catalysts were also used as homogeneous acid catalysts for the transesterification process. Even if esterification was a very old reaction, new homogeneous acid catalysts were required, which targeted the following goals. First, equimolar amounts of alcohol and FFA were used to perform the reaction, instead of an excess of one or both. Next, the reaction should be preceded at low temperatures and almost in optimum conditions. Finally, a catalyst should be removable from the reaction mixture and reusable.




Lewis Acids


Lewis acids are often preferred over Brønsted acids as there is no alcohol dehydration [55]. However, the difference between Brønsted and Lewis acids is often difficult to find in a reaction producing water. As Lewis acid compounds like zinc oxalate or BF3 form protonic acids in contact with the alcohol or water [3].






2.2. Mechanism of Homogeneous Base-Catalyzed Reaction


In organic reactions, the Brønsted base serves two functions. Firstly, the base accepts protons and transfers alkali metal (Na or K) to the reacting compound (alcohol) and hence the formation of alkoxides occurs. Secondly, basic alkoxides generate an anion which is nucleophilic in nature that can react with a carbonyl group of a carboxylic ester. In reactions of ester methanolysis by NaOH, both functions can be observed. First of all, NaOH is dissolved in methanol to generate methoxide anion (−OCH3) by replacing its proton with sodium cation. Then, −OCH3 attacks the carboxylic ester compound via nucleophilic substitution reactions to yield a new ester compound (Figure 3).




2.3. Mechanism of Homogeneous Acid-Catalyzed Reaction


First of all, the carbonyl group of esters is protonated and forms a cation with an enhanced electrophile carbon which, on the attack of alcohol (nucleophile), yields tetrahedral intermediate. Then, the tetrahedral intermediate eliminates the glycerol to regain the catalyst and produce the new ester. The mechanism can be extended to diglycerides and triglycerides. The carbocation reacts with the water content of the reaction mixture and forms carboxylic acids, which minimize the yield of the desired product (alkyl esters). However, to avoid the competitive production of carboxylic acids, the transesterification reaction catalyzed by acid should proceed in the absence of water content (Figure 4).




2.4. Merits and Demerits


Nowadays, biodiesel is generally produced via the homogeneous base-catalyzed transesterification, as mild reaction conditions are required (low pressure and reaction temperature). The catalysts used in this process is widely available and the rate of homogeneous base-catalyzed transesterification is 4000 times greater than that of the acid-catalyzed process. However, this process is very sensitive to the FFA content of feedstock. For the base-catalyzed transesterification process, it is recommended that the FFA content in raw vegetable should be less than 1 wt. % [56]. When the raw oil contains a large amount of FFAs, neutralization or saponification will occur. The saponification reaction is definitely unwelcome since it inactivates the catalyst and prevents the transesterification process, thus the yield of biodiesel is reduced [57]. The other drawbacks of using base catalysts are that the catalyst cannot be recovered after the process, and they need a high-quality raw material to avoid unwanted side reactions [3]. Using these catalysts also increase the biodiesel production cost since further purification and conditioning of the desired product are required [58]. Furthermore the crucial disadvantage of homogeneous catalysts (KOH and NaOH) for biodiesel production is that they have a capability to absorb moisture from ambient air, and hence, are environmentally unsafe compared to the heterogeneous catalysts [59]. The acid-catalyzed transesterification is more advantageous than the base-catalyzed reaction when using the raw materials with a large amount of FFA. Indeed, acid catalysts have the capability to catalyze both transesterification and esterification simultaneously. So, the main advantage of using acid catalysts is that the low-quality feedstock (high concentrations of FFA) can directly produce FAME.





3. Heterogeneous Catalysts


Although biodiesel production from homogeneously catalyzed processes is comparatively fast and shows high conversion, these processes are still costly compared to the production of petro-diesel. In recent years, a new approach of using heterogeneous catalysts to produce biodiesel has attracted considerable attention. For the transesterification processes, a number of heterogeneous (solid) catalysts have been tested at the laboratory scale [60]. Biodiesel production using heterogeneous catalysts, instead of homogeneous catalysts, could possibly lead to cheaper production costs as it enables the reuse of catalysts [3,61].



3.1. Classification of Heterogeneous Catalysts


Heterogeneous catalysts can be categorized into heterogeneous base catalysts and heterogeneous acid catalysts.



3.1.1. Heterogeneous Base Catalysts


Base or alkaline catalysts were not employed in the early period of biodiesel developmentas atmospheric components such as H2O, CO2 and O2 could easily cover the basic sites, which generated hydroxide, carbonate, and peroxide, respectively, and weakened the function of basic sites. The general mechanism of heterogeneous base catalysts is shown in Figure 5. The most commonly studied solid bases used in the FAME production are carbonates of alkaline earth metals (CaCO3), carbonates of alkali metals (Na2CO3 and K2CO3), oxides of alkaline earth metals (MgO, CaO, BaO and SrO) and other oxides, such as zinc oxide (Figure 6) [62,63].



Single-Component Metal Oxides


Single-component metal oxides include oxides of alkali metals, alkaline earth metals, oxides of rare earth oxides, ZrO2, ThO2, TiO2, and ZnO, etc. [64,65,66]. Single-metal oxides catalysis is focused on during early studies of the heterogeneous catalyzed transesterification process. The transesterification process using single metal oxides is directly dependent on the oxide basicity [67].




Alkaline Earth Metal Oxides


Alkaline earth metals oxides such as Mg, Ba, Sr, Ca and Be, have been used for the production of biodiesel via the transesterification process [68].




Calcium and Magnesium Oxides


Among alkaline earth metals oxides, calcium oxide (CaO) is one of the most promising solid base catalysts used in the transesterification process [69,70], since it is found abundantly in nature, is cheap, and derives from some renewable sources. In general, CaO is produced from calcium carbonate (CaCO3). In addition to these economic advantages, the catalytic activity of the CaO catalyst for FAME production is also comparable to a number of homogeneous catalysts. The natural calcium (Ca) sources from waste are found in crab shells, eggshells, and animal bones [71]. It was observed that the FAME yield was 93%, using CaO which was earlier obtained from limestone (CaCO3) calcinations, under optimal conditions [72]. Moreover, it was found that the FAME yield was 88.81% for the transesterification of ground nut using a CaO catalyst [73]. However, only a 20% FAME yield was reported for the transesterification of soybean oil at 100 °C using a CaO catalyst [41]. The transesterification process in the presence of CaO occurs in following steps. The proton (H+) is extracted from CH3OH at the basic site of CaO, to form CH3O−. Then, in a triglyceride compound, the carbon atom of the carbonyl functional group is attacked by CH3O− to produce an alkoxy carbonyl compound, which rearranges itself to form FAME (the desired product) and diglyceride anion. Then, diglyceride anion attacks the calcium hydroxide cation to form diglyceride and CaO. Hence, the catalyst (CaO) is obtained once again after this process (Figure 7).



Among the alkaline earth metals, magnesium oxide (MgO) and CaO are widely used oxides and are abundant in nature. Calcined dolomite (CaCO3 + MgCO3) is used to prepare MgO and CaO catalysts for palm kernel oil transesterification. FAME yield was observed at 98% under optimal conditions: a 6 wt. % amount of catalyst, 30:1 methanol to oil molar ratio, 3 h of reaction time, and 60 °C of temperature. The used catalyst was successfully utilized for the production of FAME with a yield of more than 90% for seven successive reactions. Jatropha curcas oil transesterification by CaO yielded FAME of more than 95%, under the optimum conditions: catalyst amount of 1.5 wt. % of oil, 70 °C temperature, methanol to oil molar ratio 12:1, and 3.5 h of reaction time [74]. The solid catalyst activity is dependent on the active sites present on the surface of MgO or calcium oxide (CaO). The activity of these catalysts decreases with time because their surface is poisoned by the absorption of water and carbon dioxide present in the air, forming hydroxides and carbonates, respectively. However, by the catalyst’s calcination (removing CO2 and H2O at a high temperature) the catalytic activity of these catalysts can be recovered. CaO was exposed to the air for 4 months (120 days), at temperatures of 200 °C, 500 °C and 700 °C, respectively. At 200 °C, the CaO catalyst provided a very low activity. At 500 °C, the catalytic activity of the catalyst improved due to the Ca(OH)2 dehydration present in CaO. At 700 °C, the best catalytic activation of the catalyst could be achieved due to the conversion of the calcium carbonate (CaCO3) to CaO [75].



The catalytic activity of MgO is very low compared to CaO. Studies reveal that the mixed magnesium–alumina (Mg–Al) oxide calcines at very high temperature, uses hydrotalcites (Mg6Al2(OH)16CO3·4H2O) as precursors, and has good catalytic activity. With the use of this catalyst, the FAME yield was found to be >90% in spite of using a high reaction temperature [76]. In another study, the same results were also obtained by using the oxides of magnesium–alumina as a catalyst [57].




ZrO2, MnO, TiO2


The rates of transesterification of solid bases are typically higher than that of solid acids. Hence, in biodiesel production, the oxides of transition metals of different Lewis base characters have been used [77]. TiO2 and MnO are mild bases which have good catalytic activity for FAME production. These heterogeneous base catalysts can be applied for the transesterification of TAG using low-quality feedstocks which contain high FFAs contents (>15%). Zirconium (Zr) has also been used as a solid basic catalyst for FAME production. Mixed oxides of CaO and zirconium dioxide (ZrO2) show increased stability and surface area. However, the catalytic activity of the transesterification process is mainly dependent upon Ca content. The catalytic activity increased with higher CaO loadings and decreased with lower CaO loadings. Zirconia acts as a supportive site for a number of sodium-containing bases, such as NaH2PO4 (sodium dihydrogen phosphate), NaOH, KNaC4H4O6·4H2O (potassium sodium tartrate), and C4H5O6Na (monosodium tartrate). These sodium-containing bases were doped on ZrO2 to produced catalysts with different basic strengths. The catalytic activity of catalysts depended upon their basicity; at higher Na:Zr ratios the catalytic activity increases. The potassium sodium tartrate-doped zirconia show the strongest basicity and hence, the highest catalytic activity [18].



The zirconium oxide (ZrO2) catalyst is also frequently used along with alumina to form ZrO2–Al2O3, or by infusing with an acidic solution, such as H2SO4, to form sulfated zirconia (SO42−–ZrO2). It was observed that this catalyst could combine with tungsten and alumina oxide (ZrO2–Al2O3–WO3) to improve the mechanical strength of the catalyst [78].




Mixed Metal Oxides


Mixed oxides of Al2O3–SnO and Al2O3–ZnO were prepared and the effectiveness of these catalysts was observed [79]. The FAME yield was about 80% from soybean oil when using these catalysts. The biodiesel yield dramatically decreased to 28.3% when the ethyl alcohol was used instead of methyl alcohol [80]. The catalysts of Mg–La oxides were also examined for the transesterification process. The basic character of the catalysts of Mg–La oxides increased with the increase in the magnesium content in mixed oxides. The conversion of sunflower oil reached 100% using Mg–La oxide. The performance of Mg–La oxides catalyst was compared with the performance of SrO, CaO, Li–Al and Mg–Al oxides, and it was found that Mg–La oxides performed well in producing FAME, when compared to other catalysts. Moreover, these catalysts had the capability to tolerate FFAs and water content in reaction media during FAME production [81]. In terms of Hammett basicity (H), the catalysts of the Ca series, such as Ca2Fe2O5, CaMnO3, CaCeO3, and CaZrO3 exhibited high base strengths, while the catalysts of the La, Mg and Ba series exhibited weak base strengths. These results were related to the transesterification process, in which catalysts of the Ca series exhibited good catalytic activities. Especially, CaO–CeO2 and CaZrO3 catalysts showed 80% FAME yields. However, in some applications, suspensions of some CaO catalysts were also formed, leading to difficulties in separating the catalysts from the products. This problem was resolved by the impregnation of CaO catalysts in metal oxide carriers [82]. In a previous study, neutral oxide (SiO2), basic oxide (MgO), zeolite (HY), and acidic oxide (Al2O3) were used as supports, and with CaO/MgO the best result was achieved; in this case the yield of biodiesel from the rapeseed oil was 92% [83].




Zeolites


Zeolites are among the group of solid acids which are extensively used as catalysts in several industrial processes [84,85]. To produce biodiesel, zeolites play an important role as a catalyst. Two methodologies are generally carried out to control zeolite basicity: ion exchange with ions of alkali metal and the impregnation of basic constituents on the internal surfaces of zeolite pores. From the experiments, it has been concluded that the former method generates weak basic sites when compared to the latter method. For biodiesel production, titanosilicates, mesoporous zeolites, and zeolite-X are the most important zeolites used as catalysts. In general, zeolite X is considered as the most basic of zeolites and its basicity increases markedly when the Na–X ion exchange with the larger monovalent cations, such as potassium (K), occurs. It was observed that the ion exchange with cesium (Cs) was less effective than that with K, because Cs+ has a larger size which limits the capacity of exchange, compared to that of the smaller potassium ion K+. The size of an ion affects its basicity which is associated with oxygen framework [86]. Zeolites of the Engelhard titanosilicate structure (ETS) series have received attention from researchers because of their high ion exchange capacities, strong basic characters, and distinctively large pore structures. The idea of using titanosilicate as a catalyst for FAME production derives from the requirement for titanium species to be fixed into the structure of a solid lattice. For the fixation of titanium, different approaches are used, such as titanium (Ti) supported on SiO2 as an alkoxide, titanium-grafted SiO2, and titanium anchoring on polymers. ETS-10 is a titanosilicate which has a microporous structure consisting of tetrahedral silicon (SiO44−) and octahedral titanium (TiO68−). ETS-10 is about four times more basic than that of Na–X. Furthermore, it is observed that the ETS-10 catalyst provides better triglyceride conversions, compared to Na–X (Figure 8) [86]. It is reported by some researchers that La2O3/NaY spherical particles (3–5 mm) provide an 84.6% biodiesel yield under optimal conditions: 10 wt. % of catalyst concentration, 15:1 of ethanol-to-oil molar ratio, a 70 °C reaction temperature and 50 min of reaction time [15].




Supported Alkali Metal/Metal Ion Catalysts


For FAME production alkali metals or alkaline earth metals are thought of as supported catalysts’ active species. K, Na, Li, Mg and Ba are commonly used in metallic form or as several ionic forms: carbonate, halide, nitrate and hydroxide [87,88,89,90]. In terms of catalytic activity and basicity, supported halide catalysts exhibit the best results. For instance, KI/Al2O3 and KF/Al2O3 catalysts mostly exhibited higher catalytic activities for the transesterification process than KNO3/Al2O3, KOH/Al2O3, and K2CO3/Al2O3. The catalytic activities of carbonates, hydroxides and nitrates, which supported Al2O3 catalysts, are different depending on the impregnated K amount. The catalytic activity and basicity of KF/Al2O3 is weakly dependent on the amount of impregnated K, compared to that of KNO3/Al2O3 and K2CO3/Al2O3.




Organic Solid Bases Guanidine


Guanidine [C(NH)(NH2)2] is a crystalline compound with a strong basic character. Alkylation of this molecule produces alkyl guanidine which is a strong organic base. Triazobicyclodecene (TBD) is the most well-known commercial alkyl guanidine, and is efficiently used to catalyze the transesterification process [76]. The transesterification of rapeseed oil in the presence of the TBD catalyst yielded 90% FAME. The most important advantage of alkyl guanidine is that it tolerates the use of crude acidic oil and simplifies glycerol–FAME separation, as the guanidine–FFA complex is easily solubilized in the reaction mixture and does not produce emulsions or soap. Guanidine is heterogenized by bonding the TBD on the substituted polystyrene (PS). The catalytic activity is observed to be somewhat lower than the homogeneous system because of the polymer support hydrophobicity and decreased symmetry of alkyl guanidinium ions, yet the actual issue was guanidine leaching. The next strategy of heterogenizing the alkyl guanidine is the encapsulation of alkyl guanidine in the super cages of zeolite Y and the trap in SiO2. Heterogeneous guanidine catalysts require further research about heterogenization strategies.




Hydrotalcites


Hydrotalcites are also used as heterogeneous base catalysts. These have a high activity, as well as a durability in the presence of water content, which is why they are popular with researchers [91]. The catalytic activity of Mg–Al hydrotalcites observed for the transesterification of high- and poor-quality oil feeds, such as animal fat feed (possessing 45 wt. % water) and acidic cottonseed oil (having 9.5 wt. % FFAs), provides a 99% conversion of feedstock within 3h. Moreover, it is necessary to note that the use of hydrotalcites as catalysts for the transesterification process are suspected due to the use of alkali (Na or K) and carbonate/hydroxide solutions for the precipitation of the hydrotalcites phase, because it is very difficult to remove alkali residues from the resulting hydrotalcites. This issue can be overcome by adopting another approach for the precipitation of hydrotalcites which is alkali-free; usually (NH4)2CO3 and NH3 are used to precipitate the hydrotalcites phase. Furthermore, hydrotalcites prepared by conventional methods have a microporous structure and are unable to transesterify bulky TAG groups (C16–C18), which are the main constituents of raw materials (bio-oils). The solution to this problem is to utilize catalysts which have a bimodal pore distribution, and micropores which provide base sites and a high surface density, while a corresponding macro or mesopores network is responsible for the rapid transport of TAGs to these active sites from bulk reaction media and the removal of products (glycerol and fatty acid methyl ester) from the catalyst [18].





3.1.2. Heterogeneous Acid Catalysts


Heterogeneous acid catalysts have a high potential to replace liquid acid catalysts in order to eliminate corrosion problems, as well as the environmental hazards caused by liquid acid catalysts [92]. The general mechanism of the heterogeneous acid catalyst is depicted in Figure 8. In the esterification process, the use of homogeneous acid catalysts requires both neutralization and separation steps. Therefore, it would be need to be perform the esterification pretreatment step with a solid acidic catalyst, considerably simplifying the separation and reducing the net number of processing steps [3]. Even though the rate of the heterogeneous acid-catalyzed transesterification process is low, this method has been used for industrial processes because heterogeneous catalysts have the ability to catalyze both the transesterification and esterification processes at the same time. This catalyst is less corrosive, and toxic compared to the homogeneous acid catalyst, more insensitive to FFAs contents, and can easily seperate, regenerate and recycle from the reaction mixture. Furthermore, this process also excludes the biodiesel washing process. However, the solid acid-catalyzed transesterification process also has disadvantages, such as a slow rate of reaction and unwanted side reactions. The transesterification of soybean oil has been studied using different solid super acids as catalysts, such as sulfated zirconia alumina (SZA), tungstated zirconia alumina (WZA), and sulfated tin oxide (STO), of which the WZA catalyst is the most effective [93]. The classification of heterogeneous acid catalysts is shown in Figure 9.



Acidic Montmorillonite


Acidic montmorillonite clays are pillared, amorphous or naturally occurring alumino silicates layers [94]. These catalysts are used in several industrial processes. These clay catalysts are considered a good species for the transesterification process, particularly with suitable advances. The polymerization between the clays generates two dimensional sheets which improve the activity of the clay catalysts. During this process, octahedral sheets (MO6, where M = Fe3+, Mg2+, Al3+, Fe2+, Ti4+, Sn4+and Sc3+) are sandwiched in tetrahedral silicate sheets (SiO4). This is why, when the dissociation of water molecules occurs from the hydration sphere, it generates Brønsted acids (H+). Consequently, depending upon the nature of the reacting species, clay catalysts with multivalent metal cations are replaced within its structure, and demonstrate both Lewis and Brønsted acidity. Catalytic activities and the Lewis/Brønsted acidity of clay catalysts are mainly dependent on the electronegativity of interlamellar replaceable cations which are attached to alumino silicate sheets (negatively charged). Moreover, the octahedral sheets (MO6) contain oxygen atoms which are associated with multivalent metal cations that have a lower valency. The electronic configuration difference provides a net negative charge to the overall sheets while this negative charge compensates for the hydrated cations present in the interlamellar spaces. This provides the clay with a swelling ability when dipped in an aqueous medium. When the swelling effect discloses intercalated cations, catalytic activities increase.




Mixed Metal Oxides


The Lewis acids (cations) and Brønsted acids (anions) of metal oxides give catalytic sites required for transesterification process. The splitting of the O–H bond generates hydrogen cations and methoxide ions that facilitate the transesterification reaction. So, numerous transition metal oxides like zinc oxides, titanium oxides and zirconium oxides are receiving attention from researchers [12]. Among these heterogeneous acid catalysts, tungstated and sulfated zirconia are prominent catalysts for the transesterification process. Zirconia catalysts are well-known at an industrial scale because of their advantages; they possess strong acidic sites and are thermally stable. Diffusional limitations are minimized by the large pores of zirconium oxides. Side reactions such as dehydration, as well as etherification, do not occur when zirconia is used as catalyst. The efficiency of the zirconia catalyst is dependent upon the preparation method and other synthetic parameters (pH calcination, post thermal treatments and the precursor type), although the leaching effect on the sulfated zirconia catalyst is minimal during the process of esterification. Three different mixed metal oxide catalysts, such as alumina mixed with titanium oxide (TiOx)y(A12O5)1−y, zirconium oxide (ZrOx)y(A12O5)1−y, and antimony oxide (SbOx)y(A12O5)1−y are used for the transesterification of vegetable oils in order to compare their catalytic activities and auditability for efficient FAME production; it was noted that 95%, 99.3% and 96% of the oil is converted into FAMEs, respectively. The catalytic activities of alkaline earth metals (calcium, barium, or magnesium) supported on mesoporous silica are also investigated by some researchers. It is concluded that the silica sites are responsible for Lewis acidity, while the hydroxyl group present on the surfaces of the mixed catalysts are responsible for Brønsted acidity. The composite matrix eased the conversion of feedstock with high FFAs content to FAME. For example, a positive charge difference is generated at calcium oxide octahedral sites when silicon atoms replace calcium atoms. Hence, this causes an increase in the efficiency of silicate mixed oxide catalysts, more so than pure calcium oxide catalysts. The vanadium phosphate catalyst is another promising solid acid catalyst. This catalyst yields 80% FAME under mild conditions of the transesterification reaction. However, any increase in temperature to obtain higher yields has an adverse effect. At high temperatures, the vanadium reduces from V5+ to V3+ which causes the deactivation of the catalyst. Furthermore, to attain a higher FAME yield, a longer reaction time is required. Hence, more research is required to make these catalysts affordable and stable [39].




Polymer Catalysts with Sulfonic Acid Groups


This group of catalysts is characterized by sulfonated crosslinked polystyrene and is comparable to toluene sulfonic acid in acidic activity. Although the cost of these catalysts is higher than the cost of mineral acids, these catalysts are still used due to key advantages, such as less corrosion and ease of product separation. The most general catalysts among the ion-exchange family are Amberlyst and nonporous Nafion resins. The chain of polymers within these catalysts controls their hydrophobicity. Fatty acid (FA) tails and alcohol strongly attract polymer backbones. Moreover, the strong sulfonic acid groups grafted on the chain of polymers promote larger acidic sites, compared to OH groups on zeolites or metal oxides. Interestingly, ion-exchange resins perform differently depending on the reacting media composition. The efficiency or activities of these catalysts depend on the differences in the swelling behavior of the resins in diverse reaction media. Conversely, resins that have an enhanced porosity due to a high divinyl benzene content, exhibited higher FAME yields. Usually, the ion-exchange resins, as organic solid acids, are poor in both thermostability and in activity. Accordingly, these catalysts are only applicable to reactants that have a low molecular weight, as well as low boiling point. The desulfonation of the resin occurs in the presence of excess water and metal ions at high temperatures, as, when the water molecules interact with sulfonic acid groups, they dissociate with the active sites. The catalyst that is deactivated by the excess water can be recovered by heating at 473 K. Therefore, it can be deduced that more research is needed for the industrial production of FAME with the use of these catalysts [39].




Heteropoly Acids and Polyoxometalates (Isopoly and Heteropoly Anions)


A promising field for catalytic biodiesel production is the use of heteropoly acids (HPAs) and polyoxometalate compounds. The general structure of these acids consists of an XO4 (central tetrahedron) surrounded by an octahedral metal–oxygen. Keggin heteropoly anion is the first characterized heteropoly acid. It is the best catalyst among HPAs, represented as XM12O40x−8 (where X symbolizes the central atom such as P5+ or Si4+ and “M” represents the metal ions such as Mo6+ or W6+), e.g., H3PW12O40 and H4SiW12O40. Other metal ions like V5+, Zn2+ and Co2+ can easily replace these ions during preparation. The flexibility of catalyst structure and its super acidic properties can be improved by the incorporation of polyoxometalate anions into the complex proton acids. The catalyst under this condition has mobile heteropoly anions and counter cations (e.g., H5O2+, H3O+, H+). This characteristic property provides the heteropoly acids (HPAs) with great proton mobility and a reacting medium called “pseudo liquid phase”. This pseudo liquid phase enables almost all of the mobile protons to take part in catalysis. The pseudo liquid phase guarantees greater catalytic activities. There are some attributes of HPAs which reduce the costs, such as the absence of side reactions, fair thermal stability, and the capability of stabilizing organic intermediates within the pseudo liquid phase. However, the HPAs are not appropriate for FAME production in their native forms because they are highly soluble in polar media and have low numbers of available surface acidic sites. To attain a greater number of available acidic sites, researchers provide support to HPAs. Supported HPAs have advantages, such as more thermal stability, when compared to ion exchange resins, stronger acidity, and insolubility in polar media. The large surface area of supportive material enhances the stability of the catalysts [39]. It is reported by some researchers that 90% feedstock conversion into biodiesel occurs in the presence of the H3PW12O40 catalyst (supported on the magnetic iron oxide particles) at a temperature of 338K [95].




Solid Acids Catalysts Derived from Waste Carbon


The biomass of the solid acid catalyst by using the carbonized residue of non-edible seeds via sulfonation, is produced. Carbonaceous materials, which are obtained after sulfonation, show a promising catalytic activity in the transesterification process. When incompletely carbonized carbohydrates, such as cellulose, sugar, starch, sucrose, and glucose are sulfonated, rigid carbon material comprising of small polycyclic sheets of aromatic carbon is formed [96]. Sugar shows a higher catalytic activity for the esterification of oleic acid than any other heterogeneous acid catalysts. Experimental results revealed that the sugar catalyst, even after >50 cycles of successive reuse, provided a higher FAME yield than other heterogeneous acid catalysts. The catalytic activity temperature for the sugar catalyst is >275 °C. Carbon-based heterogeneous acid catalysts synthesized from biochar sulfonated material are also used for biodiesel production [19]. This catalyst is employed to biodiesel production from canola oil, which has large FFAs contents. This solid (heterogeneous) acid catalyst is comprised of a flexible framework of carbon with extremely dispersed polycyclic aromatic hydrocarbons with sulfonic acid groups. This catalyst processes high catalytic activity, as well as stability. The hydrophobic functional groups prevent the hydration of the −OH species while hydrophilic functional groups provide an improved accessibility of methyl alcohol to the FFAs, triglyceride, and to its large pores that provide more acid sites with reacting substances [97].






3.2. Merits and Demerits


Heterogeneous catalysts have the following advantages: no introduction of water, no neutralization step, and no formation of salt. Moreover, there is no production of waste material from low-value fatty acids. The methyl esters purity exceeds 99%. Treatment of glycerol is much easier than that of the homogeneous catalyzed processes. Methanol is eliminated via vaporization and no chemicals are required. The glycerol produced is free from any salt, and clear and neutral, with purities above 98%. Without further treatment, this valuable byproduct can be used in many chemical applications; the equipment and investment-related cost is also less than other catalysts. The only products of the heterogeneous catalyzed transesterification process are biodiesel and a high-purity glycerol that is free from any salt and water. With all these features, the heterogeneous catalyzed process can be thought of as a green process [98]. The main disadvantage is that the energy- and utility-related cost is high. As the heterogeneously catalyzed transesterification required a higher pressure and temperature than that of the homogeneous one, high energy consumption is required and therefore, the energy-related costs of this process are high [99].




3.3. Biocatalysts


As there are various disadvantages associated with the use of acid and base catalysts for the FME production, biocatalysts are attracting the attention of modern researchers. Among biocatalyst, lipase is the most used catalyst. For the efficient FAME production at a large scale, two factors are important: lipase screening and bioprocess design using a number of feedstocks. Due to their easy availability and production, lipases have become potential biocatalysts for various industrial applications. However, there are a number of disadvantages associated with the use of native lipases and with the conventional purification methods from microbial cultures, such as low stability, and the low yield. In order to produce FAME from the transesterification process in the presence of lipases, molecular techniques for the recombinant production of heterologous lipases in a host have been developed successfully. The use of lipase technology for the FAME production at industrial level is in the early stages. Although, recently, researchers attempted to generate lipase variants. The structural insights into the stability of lipase, along with the primary screenings, have opened prospects for obtaining lipase variants with a high capability to tolerate industrially relevant conditions. The versatility of lipases is promising for the intensification of the process, where costly and time-consuming steps can most likely be avoided [100]. The use of the lipase enzyme for the FAME production was reported by Mittelbach, in 1990 [101]. The general advantages of the use of biocatalysts for the production of biodiesel are as follows: the versatile activity of the lipase enzyme for the efficient FAME production via transesterification; the use of relatively low pressures and temperatures, consequently reducing the consumption of energy [10]; and the easy recovery of glycerol and biodiesel [102]. The transesterification process catalyzed by lipases is likely to provide substantial benefits, mainly in the reaction engineering and intensification of the process for FSME production. With the use of cheap feedstocks like crude (non-degummed oils) and unrefined oils that have a relatively high amount of FFAs and other impurities, the cost of biodiesel production can be reduced. Yet, there are several factors that inhibit the use of biocatalysts for the production of biodiesel using crude oils, that have been reported [103]. For example, it was found that phospholipids interfere with the contact between the substrate and lipase. Recently, it has been found by some researchers [104] that, apart from plant oils, microbial oils also contain phospholipids (about 30%). The preparation of biocatalysts was shown by Amoah et al. [11,105] to be a simple technique to overcome the low yield of FAME even in the presence of the high content of phospholipid.



Furthermore, metagenomics (extracting all microbial genomic DNAs from certain environmental habitats) are likely to broaden the microbial resource utilization scope, consequently allowing for the efficient screening of lipase for FAME production [106]. The agro-industrial residues containing lipase enzymes, which are produced during the process of solid-state fermentation, can be used directly for the production of FAME in order to avoid the costly steps of the preparation of lipase [107].





4. Future Prospects


Biodiesel has great potential to play a vital role in achieving renewable fuel targets, although developments in the material design are advantageous to attain substantial improvements in FAME production from heterogeneous catalysts. Designer heterogeneous base and acid catalysts with pore networks and tailored surface properties are found to be good for process improvements more than existing homogeneous catalysts do. Heterogeneous catalysts have the capability for the simultaneous esterification of FFAs and the transesterification of triacylglycrides under normal conditions, presenting a most important task for catalytic scientists. We expect that, in the future, hierarchical heterogeneous acid catalysts may be active, first to hydrolyze and then to esterify the resulting FFAs to FAME. The synthesis of nanostructured catalysts is also predicted in the future. To place FAME on a comparative footing with fossil fuels requires progressive government plans and incentive schemes. Increasing the use of low-grade, or the waste oil as raw materials remains a challenge for existing solid catalysts.




5. Conclusions


Increasing biodiesel utilization requires optimized processes of production that are compatible with high capacities of production and that feature high yields, simplified operations, and the lack of any special chemical treatments and waste streams. According to economic parameters, the high quality of the byproduct (glycerol) obtained is also very important. A catalyzed process allows all of these goals to be achieved. Using basic catalysts, the appropriate product (biodiesel) is produced at a favorable conversion rate. The performance of basic catalysts is more successful than any other catalysts, but the limitation for the use of basic catalysts is the existence of large amounts of FFAs and water in the raw materials. By using acidic catalysts, the limitations of basic catalysts can be overcome. A good conversion rate is attained even in the presence of large amounts of FFAs and water in the raw materials, but this conversion requires much time and, as the result, the cost of the reaction is higher. In recent years mainly homogeneous catalysts were used for biodiesel production, but now the development of efficient heterogeneous (solid) catalysts and biocatalysts opens the possibility of another pathway for the FAME production. The efficiency of the catalysts for the transesterification process depends on the alcohol-to-oil molar ratio, type of oil, catalyst type, temperature, and even the type of reactor.
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Figure 1. Classification of homogeneous base catalysts for biodiesel production. 
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Figure 2. Classification of homogeneous acid catalysts for biodiesel production. 
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Figure 3. Base-catalyzed mechanism of homogeneous base catalyst. 
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Figure 4. Acid-catalyzed mechanism of homogeneous acid catalyst. 
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Figure 5. Chemical mechanism of a heterogeneous base catalyst. 
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Figure 6. Classification of heterogeneous base catalysts. 
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Figure 7. Chemical mechanism of calcium oxide (CaO). 






Figure 7. Chemical mechanism of calcium oxide (CaO).



[image: Catalysts 11 01085 g007]







[image: Catalysts 11 01085 g008 550] 





Figure 8. Chemical mechanism of a heterogeneous acid catalyst. 
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Figure 9. Classification of heterogeneous acid catalysts. 
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Table 1. Relative effectiveness of catalysts used for biodiesel production.
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Catalysts

	
Temperature (°C)

	
Methanol-to-Oil Ratio

	
Feedstock

	
Yield (%)

	
References






	
Sodium Hydroxide (NaOH)

	
55

	
3:1

	
Waste soybean

cooking oil

	
68.5

	
[27]




	
Potassium Hydroxide (KOH)

	
50

	
6:1

	
Jatropha seed

	
87

	
[28]




	
Sodium Methoxide (NaOCH3)

	
50

	

	
Sesamum indicum L. seed oil

	
87.8

	
[29]




	
Homogeneous acid catalysts




	
Sulfuric acid (H2SO4)

	
120

	
40:1

	
Chlorella

Pyrenoidosa

	
92.5

	
[30]




	
Hydrochloric acid (HCl)

	
100

	

	
Sunflower oil

	
95.2

	
[31]




	
Heterogeneous base catalysts




	
CaO

	
70

	
9

	
Jatropha curcas oil

	
93

	
[32]




	
MgO

	
130

	
55:1

	
Soybean oil

	
60

	




	
Zeolite X

	
60

	

	
Sunflower

	
95.1

	
[33,34]




	
ETS-10 zeolite

	
125

	

	
Soybean oil

	
90

	




	
CaO/Al2O3

	
65

	
12:1

	
Palm oil

	
95

	
[34]




	
Mesoporous silica

loaded with MgO

	
220

	
8

	
Blended vegetable Oil

	
96

	
[32]




	
Mg–Al–CO3

(Hydrotalcite)

	
100

	
30

	
Palm oil

	
86.6

	
[32]




	
Heterogeneous acid catalysts




	
Sulfated

Zirconia

	
65

	
9:1

	
Neem oil

	
95

	
[35]




	
Carbon-based solid acid catalyst

	
220

	
16.8:1

	
Waste vegetable

Oil

	
94.8

	
[36]




	
Titanium-doped amorphous zirconia

	
245

	
40:1

	
Rapeseed oil

	
65

	
[37]




	
Sulfonated Carbon composite

	
60

	
2:1

	
Acetic acid

	
74.2

	
[38]




	
Heteropoly acids and Polyoxometalates

	
200

	
20:1

	
Oleic acid–Soybean Mixture

	
90.4

	
[39,40]




	
VOPO4·2H2O

	
150

	
1:1

	
Soybean oil

	
80

	
[41]




	
WO3/ZrO2

	
200

	
20:1

	
Sunflower

	
97

	
[42]
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