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Abstract

:

Increasing concentrations of greenhouse gases in the atmosphere are leading to increased production and use of biofuels. The industrial development of biodiesel production and the use of biodiesel in the EU transport sector have been ongoing for almost two decades. Compared to mineral diesel production, the process of producing biodiesel is quite complex and expensive, and the search for new raw materials and advanced technologies is needed to maintain production value and expand the industrial production of biodiesel. The purpose of this article is to review the application possibilities of one of the new technologies—simultaneous extraction of oil from oily feedstock and transesterification (in situ)—and to evaluate the effectiveness of the abovementioned process under various conditions.
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1. Introduction


With the increase in atmospheric pollution in the form of greenhouse gases, the development of the use of biofuels in the transport sector is receiving increasing attention. Biodiesel is a well-known type of biofuel that has been used for a relatively long time. It is produced from various oily raw materials. Recently, the possibilities of utilizing non-food raw materials and residual waste in the synthesis of biodiesel have been intensively studied. Despite substantial developments in the use of biodiesel, its production cost still exceeds the costs and market prices of comparable mineral fuels. There are various ways to solve this problem. These ways include the use of novel raw materials that are unsuitable for food, the use of more efficient oil extraction methods, and the use of innovative and efficient catalysts and transesterification technologies [1,2].



In conventional biodiesel production, oilseeds in the first stage are extracted from a feedstock by mechanical pressing or by solvent extraction and purified (by degumming, deacidification, dewaxing, dephosphorization, dehydration, etc.), and the second stage involves transesterification with alcohol, conventionally with methanol (Figure 1) [3,4,5]. The oil extraction and refining process is energy intensive, accounting for approximately 70% of the total process of biodiesel production [6]. The cost of biodiesel production could be reduced by eliminating the oil extraction process and applying the so-called in situ simultaneous oil extraction and transesterification process [1]. An extraction solvent may not be necessary in this process because the alcohol used as an acyl receptor for transesterification also acts as an oil extracting agent and the fatty acid esters formed during the process also have good oil solvent properties; therefore, the oil extraction efficiency is increased (Figure 1) [7].



The requirements for the quality of biodiesel are given in the European standard EN 14214. The parameters specified therein must also be met by the biodiesel produced using the in situ transesterification method. The main indicator of the efficiency of the transesterification process is the ester content, which according to the requirements of the standard must be at least 96.5%. This means that 96.5% of the oil is converted to esters during transesterification. The standard includes a number of indicators related to the nature of the oil. Indirectly related to the efficiency of the transesterification process are indicators, such as density at 15 °C (min 860 kg/mJ; max 900 kg/mJ), viscosity at 40 °C (min 3.50 mm2/s; max 5.00 mm2/s). The amount of unreacted triglycerides is determined by such indicators as monoglyceride content (max 0.6%), diglyceride content (max 0.2%), triglyceride content (max 0.2%). The currently used fuel is not pure biodiesel, but a blend of mineral diesel and biodiesel in a proportion of pure products. The simultaneous oil extraction and transesterification process using the addition of mineral diesel as an extraction solvent can eliminate not only the oil extraction process but also the stage of biofuel mixing with mineral diesel used for the production of fuel blends currently used in EU countries as fuels for diesel engines [8].



The paper summarizes the results of research investigating the in situ process for the synthesis of biodiesel from various types of feedstock and the influence of feedstock preparation methods, process conditions, and other means on the effectiveness of the process in terms of improving yield and product quality.




2. Raw Materials and Their Preparation Methods


Various fatty raw materials are suitable for the production of biodiesel [9]. The choice of raw materials is greatly influenced by the prevalence of reliably available raw materials in the region. Most of the biodiesel (approximately 84%) in the EU is produced from rapeseed oil, and the second most consumed source is sunflower oil, which accounts for approximately 13%. Soybean oil is widely used in the USA, and in warm countries, palm oil is used. As vegetable oil biodiesel production competes with the food industry, there is a search for fatty waste and raw materials that are unsuitable for food production but suitable for biodiesel production.



Food-grade rapeseed is also commonly used for in situ biofuel production research [8,10,11,12]. Substantial research has been performed with sunflower seed [13,14], soy flakes [15], cottonseed meal unfit for human consumption [16,17], Jatropha curcas L. seed [18,19,20], desert date kernels [21], caster/castor seed [22,23], rice bran [24], spent coffee grounds (waste) [25,26,27], rice bran [28], greasy sewage [29], municipal sludge [30,31], meat and bone meal, distillers dried grains with solubles [32], marine microalgae, microalgal biomass, and cyanobacteria [33,34,35,36,37,38,39].



The preparation of the raw material has a significant influence on the efficiency of biodiesel production applying an in situ process. To obtain a higher oil yield and higher ester content in the transesterification product, the biomass must be crushed to increase the access of the extraction solvent and transesterification agent to the oil in the cells. Biomass treatment is carried out by various methods and under various conditions. In addition to mechanical treatment, methods such as microwave and ultrasonic treatment and high-pressure homogenization are used to prepare biomass for the in situ process. These methods not only apply to the pretreatment of the raw material but are often applied during the simultaneous oil extraction and transesterification process. Ultrasonic and microwave processing has been extensively studied and used for in situ biodiesel synthesis using microalgae biomass.



Ultrasound treatment has been found to have a better effect than microwave treatment. When using yeast biomass for in situ transesterification, a 90.4% ester yield was achieved after 12 h, while under ultrasonication, 94.1% ester was obtained in 20 min using a 6-fold lower molar ratio of methanol to oil [40,41]. A similar but slightly lower effect of ultrasound on transesterification efficiency is reported in Einhem et al. (2012) in an in situ study on the use of microalgal (Chlorella sp.) biomass. The same ester yield (91%) was found upon applying ultrasound treatment and using a three-fold lower molar ratio of methanol to oil [42]. The high yield of fatty acid ethyl ester (94.6%) is reported by Sung and Han (2018) using 40% moisture microalgae Aurantiochytrium sp. KRS 101 biomass with sonication using K2CO3 catalyst at 70 °C temperature and 30 min [43]. However, the results are controversial—some authors point out that ultrasound has the same efficiency as mechanical mixing. Georgogianni et al. (2006) reported that ultrasound has the same efficiency as mechanical mixing in the in situ transesterification of sunflower seeds [44]. The degree of crushing of the feedstock also has a major influence on the efficiency of the in situ transesterification process. The finer the particles are, the greater the amount of oil in close proximity to their surface and the faster the process of oil extraction and subsequent transesterification. This effect reduces the amount of solvent needed for the extraction and diffusion processes and reduces the process duration required to obtain the same yield. The in situ treatment of crushed rapeseed particles with a size of 300–500 μm produced the highest ester yield in 1 h, whereas using 1000–1400 μm particles produced the same effect only in 3 h [10]. Similar results were obtained by chat et al., who investigated the in situ transesterification of Jatropha curcas L. seed [19]. Using milled feedstock with a particle size of less than 0.355 mm, the ester yield was 90% after a 24 h process duration. Using particles with a size of 1-0.355 mm, the yield of esters after the same time was only 60% [18].



Not only the degree of crushing but also the moisture content of the raw material influences the efficiency of in situ transesterification. The highest yield is obtained from dry feedstock because water in oilseeds impedes the transesterification process due to the reversibility of the transesterification reaction: water in the reaction medium slows the rate of the direct reaction and promotes a reversible reaction; at the same time, the hydrolysis process takes place of the resulting biodiesel to form fatty acids and alcohol. In addition, water, an ineffective oil solvent, acts as a barrier to oil-alcohol contact, thereby lowering the rate of the transesterification process. Reducing the water content of biomass from 8.7% to 1.9% has been found to increase the solubility of oil in methanol and to increase the yield of soy oil methyl esters from 18% to 98% [45]. When acid catalysts are used, water deactivates them [46].



To determine the influence of water on the in situ transesterification process, a number of studies have been carried out using various raw materials. Most authors cite the negative effects of water, while others show that high-moisture raw materials can yield high ester yields. In their study of the transesterification efficiency of cotton seed oil, Qian et al. (2013) observed that with a decrease in feedstock moisture from 8.7% to 1.9%, the yield of fatty acid methyl esters increased from 80% to 98% [45]. The authors point out that using dry raw materials not only improves the process efficiency but also reduces the alcohol and catalyst inputs. The negative influence of water on in situ process efficiency is also described by Haas et al. (2004), who found that 60% more methanol and 56% more sodium hydroxide were required to obtain the same ester yield when using wet soybeans than when using absolute dry soybeans [15]. Drying soybeans to 2.6% moisture saves 40% methanol and 33% caustic soda. According to some authors, the use of biomass with a water content of 90% resulted in an ester yield of only 10.3%, while the use of fully dried biomass resulted in a 91.4% biodiesel yield [47]. When using 10% water containing biomass consisting of the microalgae Chlorella sp. in the in situ process with H2SO4 as the acid catalyst, the transesterification efficiency decreased by more than 20% compared to that obtained when utilizing dry biomass [48]. Nguyen et al. (2019) investigated the process of in situ transesterification of Chlorella vulgaris using H2SO4 as a catalyst and reported that high FAME yield (> 90 wt%) could still be attained at the moisture content lesser than 15 wt% [49]. A 19% lower yield of fatty acid esters was obtained using wet fatty sludge and acid catalysis compared to that obtained using dry fatty sludge [29].



From these results, it can be concluded that the moisture content of the raw material has a significant influence on the efficiency of biodiesel synthesis and the economic indicators of the in situ process since the removal of moisture requires additional energy costs. This effect is particularly true when microalgae biomass is used in biodiesel synthesis, with drying costs account for up to 70% of the biodiesel production cost [50].



However, in this case as well, the results of trials are controversial. While most authors describe a negative impact of water content on in situ transesterification efficiency, some authors have obtained completely different results in in situ studies of biodiesel synthesis from wet microalgae biomass. By studying the in situ transesterification process of several species of microalgae, Liu et al. (2015) found that transesterification efficiency obtained using wet biomass is only 6% lower than that obtained using dry algae biomass. The ester yield of 94% was obtained from wet microalgae biomass (water content of 90%) using sulfuric acid as a catalyst. Increase of water content to 99% resulted in a decrease of ester yield to 61% [51]. Tran et al. (2012) also investigated the efficiency of the direct enzymatic transesterification process using wet (water content of 86–91%) microalgae Chlorella vulgaris ESP-31 biomass and found that 90% biodiesel conversion can be obtained [52]. However, in this case, the biomass was pretreated by sonication to crush the cell walls. In addition, the use of solvents is necessary to achieve greater efficiency. Macías-Sánchez et al. (2015) obtained as much as 100% ester yield using the seaweed Nannochloropsis gaditana with 75% moisture content and found out that a high transesterification yield could be only obtained with the usage of additional solvent and high methanol content [33]. Slightly inferior results were obtained by Sangaletti-Gerhard et al. (2015), who noted that the difference in the transesterification efficiency (yield of esters) values obtained using dry and wet sludge was 19% [29]. Nguen et al. (2020) investigated the acid catalyzed in situ transesterification of wet Chlorella vulgaris biomass and obtained that under wet microalgae conditions (75 wt% of moisture content), increasing of methanol content in the reaction media results in an improvement of the ester yield. Ester yield of 96.0 wt% was obtained using 650 mol/mol and 10,000 mol/mol of H2SO4 and methanol concentration, respectively. It was determined that the introduction of co-solvents (butanol, tetrahyfrofuran) increased the ester yield to 100% of esterifiable lipids [53].



It is difficult to reach an unequivocal conclusion from the summary of the obtained results, but on theoretical grounds, it is clear that water present in the feedstock still adversely affects the transesterification process, in both conventional biodiesel production and in situ transesterification processes applying chemical catalysis. Experimental results of wet microalgae transesterification in situ show that effectiveness is improved using a high amount of acid catalyst and alcohol. Introduction of co-solvent and application ultrasonication also positively influence the increase of ester yield [43,54].




3. Chemical Catalysis for Simultaneous Oil Extraction and Transesterification


In the in situ transesterification process, the ester yield is determined by four major factors: alcohol content (or molar ratio of alcohol to oil), amount of catalyst, temperature, and reaction time. Some of these factors have a greater influence on ester yield, while others have a smaller influence.



3.1. Influence of Alcohols/Solvents on Process Efficiency


Not only does the in situ chemical process eliminate the pressure or extraction step for the oil, but the solvent function could be performed by alcohols that both extract and transesterify the oil directly from the seeds. The most commonly used alcohol in the in situ process is methanol, which is also commonly used for conventional transesterification [31,37,55]; less commonly used alcohols include ethanol, propanol, and butanol [55].



Ozgul-Yucel and Turkay (2003) used various alcohols for rice bran transesterification using the same process conditions except temperature (the process temperature was close to the boiling point of the alcohol used). Longer-chain alcohols were found to have lower fatty ester yields: 85.8% for methanol, 78.3% for 99.1% ethanol, 76.4% for 96% ethanol, 74.8% for n-propanol, 69.7% for isopropanol, and 68% for n-butanol. The lowest transesterification efficiency was obtained when a branched chain alcohol, isobutanol, was used [55]. In addition, the purity and moisture content of the alcohol affect the efficiency of transesterification. For example, higher alcohol (absolute ethanol) produces higher ester yields. The lower yield obtained using 96% ethanol can be explained by the fact that the water it contains interferes with the transesterification reaction. Synthesis of fatty acid ester is a reversible reaction, and thus water presented in reaction medium induces hydrolysis resulting in methanol and free fatty acids formation. Water also serves as a shield that separates oil from alcohol and solvent, thus preventing transesterification reactions; acid catalysts may be deactivated by water, which competes for potential protons in the reaction.



Some scientists have used mixtures of alcohols (methanol-ethanol) to obtain mixtures of fatty acid esters in the process [56].



To increase the process rate, researchers have also studied the effect of the solvent additive in the reaction mixture. Most experiments were performed by using hexane [18]; less frequently, methylene dichloride [34] and petroleum ether [1] have been used. Solvents in the reaction mixture act as extraction solvents for the oil, increasing the solubility of the oil in the reaction media since methanol or ethanol used for transesterification does not exhibit good oil solvent properties. The solvent in the system is the initiator of the oil extraction process, and later on, the fatty acid esters formed during the transesterification reaction are also very effective oil solvents; the continuous increase in fatty acid esters in the reaction media further enhances oil extraction and thus increases the transesterification rate.



The alcohol content has a major influence on the yield of fatty esters. According to stoichiometry, three moles of alcohol are required to completely react with one mole of oil. According to the equilibrium reaction, excess alcohol is used to shift the equilibrium to the product side. In conventional biodiesel synthesis with homogeneous alkaline catalysis, the alcohol-to-oil molar ratio is 6:1. All researchers who have studied the in situ transesterification process also used a higher than stoichiometric alcohol content (Table 1 and Table 2). It has been found that the in situ process requires a higher excess of alcohol than conventional biodiesel synthesis.



In the performed studies, the molar ratio of alcohol to oil ranged from 12 to 655 [31,32] when using alcohol alone and between 6 and 60 [20,22] when using a mixture of alcohol and solvent, depending on the process conditions. It has been observed that at a relatively low molar ratio of methanol to oil (20:1), the transesterification reaction almost does not proceed [58]. In situ transesterification results for rapeseed oil methyl ester have shown that a 98% biodiesel yield can be achieved only at a methanol-to-oil molar ratio of 180:1 in 3 h at 40 °C [45]. When investigating the in situ transesterification of algae oil from Nannochloropsis sp., Dianursanti and Wijanarko (2015) observed that by increasing the molar ratio of methanol to oil from 200 to 400, the ester yield could be increased from 56.1% to 79.87% [59]. Ehimen et al. (2010) stated that the optimum molar ratio of methanol to oil for the transesterification of the microalgae Chlorella sp. in situ is 315:1, while a higher alcohol content does not show a positive effect [37]. Velasquez-Orta and Harvey (2012) found that the highest ester yield (77.6%) in the transesterification of microalgae Chlorella vulgaris oil was obtained at a molar ratio of alcohol to oil of 600:1 [60].



Given that methanol is a poor solvent for oil and therefore limits the mass transfer of oil to alcohol, it is suggested to use additional solvents for the in situ transesterification process to increase the oil extraction efficiency from biomass. The research results related to solvent application are controversial. Some scientists have noted that the solvent has a positive effect on process efficiency, while others have found that the solvent added does not have a significant effect on oil extraction and transesterification. Hincapié et al. (2011) [22] investigated the transesterification process of castor seeds using ethanol and ethanol and hexane mixtures under identical conditions and found that castor seeds (Ricinus communis L. red) produced a yield of fatty acid ethyl esters (FAEEs) of 95.3% when using ethanol and a yield of 95.6% when using an ethanol and hexane mixture. For castor seeds (BRS-149 nordestina), the FAEE yield was 98.0% for ethanol and 97.4% for ethanol and hexane (Table 3). Therefore, it can be argued that the FAEE yield differs only within the margin of error.



Scientists analyzed the transesterification process of Jatropha curcas L. seeds using methanol, obtaining a uniform 87% FAEE yield when pure alcohol or its mixture with a solvent were used, although Kartika et al. (2013) used a methanol and hexane mixture (with KOH as the catalyst) [20], and Harvey et al. (2007) used a methanol and ethanol mixture (with NaOH as the catalyst) [56]. An ester yield of 99.8% was obtained for Jatropha curcas L. transesterification with a methanol and hexane mixture and H2SO4 as the catalyst. [18].



Li et al. (2011) analyzed the transesterification processes of the microalgae Nannochloropsis sp. using methanol and methylene dichloride mixtures. A 2:1 (V/V) mixture of methanol to solvent yielded an ester yield of 2.6%, and when a 3:1 (v/v) mixture of methanol to solvent was used, the ester yield increased to 28%. These results indicate that not only the molar ratio of alcohol to oil but also the ratio of alcohol to solvent significantly influences process efficiency [34].




3.2. Chemical Catalysts Used for Simultaneous Oil Extraction and Transesterification


The in situ transesterification process uses both homogeneous and heterogeneous catalysts. Alkaline and earth alkaline hydroxides, sodium and potassium methylates, sulfur, phosphorus and some organic acids are the most commonly used homogeneous catalysts. H2SO4 is commonly used as an acid catalyst (Table 1) [18,19,31,55]; a commonly used alkaline homogeneous catalyst is NaOH [15,17,47,56], while less frequently used alkaline homogeneous catalysts include KOH [20] and CH3ONa [47] (Table 2). Acid/alkaline catalysis is used to obtain higher yields and utilize higher-acidity raw materials. Most commonly, H2SO4 and KOH are used in this case [22] or H2SO4 and NaOH may be used [1] (Table 3).



Some authors point out that acid catalysts are more active in the in situ process than alkaline catalysts [54]. Velasquez-Orta et al. (2013) compared the efficacy of sodium methoxide, sodium hydroxide and sulfuric acid in the oil transesterification process of the microalgae Chlorella sp. and Nannochloropsis oculata and found that the highest yields were obtained using sulfuric acid [60]. The results of studies on the transesterification of Jatropha curcas L. seeds using different catalysts have shown that transesterification with a methanol and hexane mixture and 15 wt% (on a seed mass basis) H2SO4 as the catalyst resulted in the highest ester yield of 99.8% [18].



For transesterification with sulfuric acid, the fatty acid methyl ester (FAME) yield was 92% ± 2%; when the alkali catalysts sodium methoxide and sodium hydroxide were used, the FAME yield was 90% ± 10% and 79% ± 2%, respectively. The efficiency of the catalyst in the in situ transesterification process depends on the type of feedstock. Velasquez-Orta et al. (2013) used sulfuric acid as a catalyst for the transesterification of different algae species and found that for Chlorella sp. the FAME yield reached 92% ± 2%, and for Nannochloropsis oculata, it reached only 73% ± 5% [60] under the same reaction conditions. When using sulfuric acid as a catalyst, the FAEE yield varied from 2.5% for secondary municipal sludge to 99.8% for Jatropha curcas L. seeds [18,31]. Ehimen et al. (2010) compared the catalytic activity of sulfuric and hydrochloric acid under the same conditions and found that the usage of HCl resulted in a 10% higher ester yield [37].



Usual biodiesel production employs the alkaline transesterification process, which is, however, complicated when the content of FFA in the oil is higher than 2%. Acid catalysis process is mostly applied when raw material contains a high amount of free fatty acids. They are esterified with alcohol to produce the fatty acid esters. Esterification reaction is catalyzed by inorganic and organic acids. Microalgae oil is rich in free fatty acids; they are also formed due to the water presence in reaction media and occurrence of hydrolysis process, therefore, the higher efficiency the acid catalyst demonstrates for microalgae. However, compared with alkaline catalysis, acid catalysis has certain drawbacks: even though an acid catalyst is less expensive than an alkaline one, the reaction requires more acid catalyst than the alkaline reaction. In addition, in the case of acid catalysis, special requirements apply to reactors; therefore, biodiesel production costs also increase.



A comparison of alkaline catalysts showed that the highest efficiency of in situ transesterification of Jatropha curcas L. seed with ethanol was obtained with sodium methoxide as the catalyst with an optimal concentration of 2% [61]. Sodium hydroxide was found to have a higher catalytic efficiency than potassium hydroxide when used as a catalyst. In addition, NaOH makes the purification of fatty acid esters easier and is less expensive. However, according to other authors, the efficiency of NaOH and KOH is almost the same: Kartika et al. (2013) and Harvey et al. (2007) used alkaline homogeneous catalysts (0.075 mol/L KOH in methanol and 0.02 N NaOH) and observed the same 87% FAME yield [20,56].



The amount of catalyst has a major influence on the yield of fatty acid esters. Increasing the concentration of NaOH from 1% to 5% increased the yield of methyl esters from microalgae under the same conditions by 50%, but no positive effect was observed when using acid catalysts and increasing their amount from 1.2% to 2.5% [38,40,41].



Heterogeneous catalysts may be used for in situ transesterification (Table 4). Li et al. (2011) carried out in situ studies on the transesterification of the microalgae Nannochloropsis sp. by using an Mg-Zr catalyst. A methanol and methylene chloride mixture was used for transesterification under the following reaction conditions: Mg-Zr catalyst: 10%, reaction temperature: 65 °C, reaction duration: 4 h, and 45 mL of a 2:1 (v/v) methanol and methylene chloride mixture. Under these conditions, the ester yield was only 2.6%. Increasing the methanol and methylene chloride ratio to 3:1 (v/v) resulted in a 28% fatty acid methyl ester yield under the same conditions. When performing this process in two stages and increasing the methanol-to-oil molar ratio to 10:1 in the second stage, the FAME yield reached only 22.2%. Thus, the heterogeneous process is less efficient than the process using chemical catalysts [34].




3.3. Temperature of Simultaneous Oil Extraction and Transesterification


Most studies have shown that the temperature of the in situ transesterification process using chemical catalysts should be selected to be close to the evaporation/boiling point of the alcohol. Most commonly, researchers using methanol or mixtures of methanol with a solvent selected a process temperature of 60–65 °C [10,18,20,48,56]. The maximum obtained FAME yield under these conditions was 99.8% [18].



However, good results were also obtained at lower process temperatures. At process temperatures close to ambient (23 °C), the FAME yield from microalgae lipids reached 91.3% using an acid catalyst, whereas the usage of NaOH for soybean transesterification yielded 84% FAME [15,37]. Haas et al. (2007) carried out transesterification studies at 35 °C using residual raw materials from distillers dried grains with solubles and obtained a FAME yield of 91.1%; for meat and bone meal, a yield of 9.3% was observed. [32]. The transesterification of cottonseed meal at 40 °C resulted in a 98% FAME yield [17].



Ozgul-Yucel and Turkay (2003) produced rice bran esters using a variety of alcohols and process temperatures close to the boiling point of the alcohols. For in situ transesterification with methanol at 65 °C, a FAME yield of 85.8% was reported; at 78 °C for transesterification with ethanol, a yield of 76.4%–78.3% was obtained; at 82 °C for transesterification with isopropanol, an ester yield of 69.7% was reported; for transesterification with n-propanol at 97 °C, a yield of 74.8% was reached, and transesterification with butanol at 117 °C resulted in a yield of 68% [55]. Preparation of ethyl esters from castor seeds using ethanol or an ethanol and hexane mixture gave a 95.3%–97.4% ester yield at a process temperature of 60 °C [22].




3.4. Duration of Simultaneous Oil Extraction and Transesterification


As with conventional transesterification of oil, the efficiency of in situ transesterification depends on the duration of the process. Research has been carried out by scientists at a process duration of 1–24 h under different process conditions [18,55]. Ozgul-Yucel and Turkay (2003) produced rice bran esters using various alcohols and a reaction time of 1 h, obtaining fatty acid ester yields from 68% to 85.8% [55]. Distillers dried grains with solubles were transesterified with methanol for 1.2 h, resulting in a FAME yield of 91.1% [32]. The ester yield after transesterification of meat and bone meal was only 9.3% after 0.2 h [32]. A two-step castor seed ester production process yielded 95.3%–98.0% esters with 1 h for each process step [22]. It took some researchers 24 h to reach a 99.8% yield of Jatropha curcas L. seed fatty esters [18].



Velasquez-Orta et al. (2013) achieved a 90%–92% yield of fatty acid methyl esters from Chlorella sp. after a 19 h process duration when CH3ONa was used for transesterification by applying the acid catalyst H2SO4 [48], and Ehimem et al. (2010) obtained a 91.3% yield of microalgae lipid esters (with H2SO4 as the catalyst) after 8 h [37]. A longer duration of in situ transesterification than the conventional process of biodiesel synthesis is believed to be necessary because the extraction and transesterification processes occur simultaneously.





4. Enzymatic Simultaneous Oil Extraction and Transesterification Method


The use of chemical catalysts in the transesterification process has certain disadvantages, such as high energy consumption, difficulties in regenerating the catalyst, and environmental pollution by the catalysts [64]. In addition, there are additional costs for the purification of the resulting product after chemical catalysis [52]. These problems can be eliminated by using enzymes (lipases) as catalysts instead of chemical catalysts. Lipases, such as those produced by Candida antarctica, Candida rugosa, Pseudomonas cepacia, Aspergillus niger, and Rhizopus oryzae, can be used in the biodiesel production process. Biocatalysts are less commonly used than chemical catalysts in the simultaneous oil extraction and transesterification process [65].



4.1. Catalysts for Enzymatic In Situ Transesterification


Immobilized lipases (Novozym 435, Lipozyme RM IM, and lipases from Candida cylindracea and Burkholderia) have been used for biotechnological in situ transesterification processes [8,29,52,66,67] (Table 5). Scientists studying the in situ process of rapeseed transesterification using butanol as the transesterification agent and mineral diesel as the solvent conducted studies on six industrially produced lipases: Lipex 100L, Lipolase 100L, Novozym 435, Resinase A 2X, Lipozyme RM IM, and Lipozyme TL IM. Lipozyme RM IM was found to be the most effective biocatalyst for this process. The in situ transesterification process was optimized using response surface methodology, and the optimal enzyme content was found to be 5.24%, resulting in a fatty acid ester yield of 97.6% [8].



The results of using Novozym 435 in in situ transesterification showed that the optimal catalyst content was 10 wt% [29,67]. However, the obtained fatty ester yield from greasy sewage sludge was only 52 wt% [29], while the FAME yield from Jatropha curcas L. seed was 94.5%–95.5%, and that from Pistacia chinensis Bunge seed was 89.6%–90.7%, depending on the transesterification agent (dimethyl carbonate or diethyl carbonate) [66]. Kojima et al. (2004) used the biocatalyst Candida cylindracea for the in situ transesterification with methanol of waste-activated bleaching earth. Studies have been carried out considering varying biocatalyst concentrations from 0.5 to 10 wt%, and the optimal concentration of catalyst was determined to be 10 wt% (on a seed mass basis) [67]. Tran et al. (2012) determined that the biocatalyst Burkholderia sp. C20 immobilized on alkyl-grafted Fe3O4-SiO2 is effective in the production of microalgae methyl esters by an in situ process; additionally, the biocatalyst could be used for six cycles (or 288 h) without loss of activity [52]. However, when aiming to achieve a high ester yield, additional solvents hexane or mineral diesel) must be used in a mixture with methanol [67].




4.2. Alcohols and Solvents Used for Enzymatic In Situ Transesterification


As with chemical transesterification, methanol and ethanol are commonly used as transesterification agents in the case of enzymatic transesterification. The use of methanol is more problematic due to its negative effect on lipase activity [41]. This negative effect was reduced by using methanol for the transesterification of substrates with higher amounts of free fatty acids [68,69]. Considering lipase inactivation by methanol, the methanol content in the reaction medium should be less than that normally used in chemical catalysis. Typically, the molar ratio of methanol to oil used in conventional chemical catalysis is 6:1, while Kojima et al. (2004) studied the enzymatic process and suggested a lower molar ratio. However, in the absence of solvent, when using a catalyst from Candida cylindracea at an amount of 10 wt% (on a seed mass basis), a reaction temperature of 37 °C, a reaction time of 7 h, and a methanol to oil ratio of 4:1, only a 55% FAME yield was obtained [67].



Higher alcohols have fewer negative effects on the activity of lipases, and ethanol is often used during enzymatic transesterification [70,71]. To reduce the negative effects of alcohol, it has been proposed that other acyl receptors be used, in most cases dimethyl carbonate or diethyl carbonate. Su et al. (2009) used dimethyl carbonate and diethyl carbonate at a 10:1 molar ratio for in situ transesterification of Jatropha curcas L. seed and Pistacia chinensis Bunge seed. The yields of methyl esters from Jatropha curcas L. with both dimethyl carbonate (95.5%) and diethyl carbonate (94.5%) were very similar. The fatty acid ester yields of Pistacia chinensis Bunge seed were lower than those of Jatropha curcas L. seed, but the results were not significantly different when dimethyl carbonate (89.6%) or diethyl carbonate (90.7%) was used for transesterification [66].



The in situ transesterification process has been investigated not only by using alcohols as transesterification agents [29,66,67] but also by using mixtures of alcohols and solvents [8,67]. Kojima et al. (2004) found that the FAME yield after enzymatic transesterification with methanol at a 4:1 alcohol-to-oil molar ratio reached only 55% with a reaction time of 96 h. The addition of hexane or mineral diesel as solvent resulted in 100% FAME yield after 7 and 2–3 h, respectively [67]. A higher optimal molar ratio of methanol to oil was determined by Sangaletti-Gerhard et al. (2015). It was found that a FAME yield of 97.3% could be achieved by in situ enzymatic transesterification of the microalgae Chlorella vulgaris ESP-31 with a methanol-to-oil molar ratio of 67.93:1 and an 80.57 wt% hexane for a 48 h process duration [29].



The main results of in situ enzymatic transesterification prove that a higher molar ratio of alcohol to oil and the addition of solvent increase the reaction rate and maximize the product yield. Since pure biodiesel is rarely used in the transport sector, mineral diesel and biodiesel blends are the most common. During the in situ process, mineral diesel can be used as an extraction solvent. The advantage of the application of such a solvent is the simultaneous production of a biodiesel and mineral diesel mixture directly, avoiding the blending of pure mineral diesel with biodiesel. Scientists have produced mixtures containing 10% fatty acid esters in mineral diesel [8,67].




4.3. Temperature of Enzymatic In Situ Transesterification


Temperature is an important factor determining the rate of reaction. At higher temperatures, transesterification reactions occur faster, but biocatalysts are sensitive to higher temperatures. It is generally suggested that enzymatic reactions must be performed at 40–70 °C [72,73]. It has been found that enzymatic activity decreases at higher temperatures due to the denaturation of enzymes [74]. A fatty acid ester yield of 52%–100% at 37–50 °C was reported by researchers investigating the enzymatic in situ transesterification process [29,66,67]. Su et al. (2009) reported Jatropha curcas L. and Pistacia chinensis Bunge fatty acid ester yields of 95.5% and 89.6%, respectively, when transesterification was performed at 50 °C under the same process conditions, which also demonstrates the influence of the origin of the oily feedstock on ester yield [66]. Transesterification of rapeseeds with butanol and mineral diesel as an extraction solvent resulted in 97.6% fatty acid butyl esters at a process temperature of 40 °C [8]. At the same transesterification temperature (40 °C), a 97.3% yield of FAME from the microalgae Chlorella vulgaris was achieved [52]. Tran et al. (2012) found that biodiesel conversion and transesterification rates increased when the temperature was raised from 25 to 40 °C and decreased when the temperature was further increased to 50 °C. This result proved that the inactivation/denaturation process of the biocatalyst (Burkholderia lipase) had begun [52].




4.4. Duration of Enzymatic In Situ Transesterification


The duration of the enzymatic in situ process is longer than that of the conventional oil transesterification process, as oil extraction and transesterification are carried out simultaneously. Research shows that the optimum duration of the biotechnological process is 19–24 h. [8,59]. Tran et al. (2012) achieved a FAME yield of 97.3% by using Chlorella vulgaris (ESP-31) for in situ transesterification after a process duration of 48 h [52], whereas Kojima et al. (2004) reported that after a duration of 2–3 h, it was possible to obtain a 100% FAME yield by in situ transesterification of waste-activated bleaching earth using methanol and mineral diesel. When methanol and hexane were used, the same yield was obtained after 7 h. When methanol without the addition of solvent was used for transesterification, the FAME yield after 96 h was 55%. These results prove that the use of solvents significantly increases the rate of enzymatic transesterification in situ [67].





5. Conclusions


The oil extraction and refining process is energy intensive, accounting for approximately 70% of the total cost of biodiesel production. The cost of biodiesel production could be reduced by eliminating the oil extraction process and applying the so-called in situ simultaneous oil extraction and transesterification process.



Extraction solvents may be omitted in this process since alcohol is both an oil extractor and a transesterification agent. The in situ process can be performed by chemical and biochemical catalysis. Homogeneous acid and alkaline catalysts are more effective than heterogeneous catalysts in the in situ process. The results of studies on heterogeneous catalysis indicate that their efficiency in the in situ process is limited. Chemical catalysis is being explored more extensively, but with a view to sustainable development, opportunities are being sought to optimize enzymatic processes and implement them in industry. The effectiveness of the in situ transesterification process is essentially dependent on four independent variables: alcohol content, catalyst content, reaction duration, and temperature. The type of raw material, moisture content, degree of crushing, and method of preparation have a smaller influence on transesterification effectiveness.



Duration and temperature have a direct influence on ester yield, but increasing the process temperature above the boiling point of alcohol is not recommended due to energy and alcohol losses. Although more than a stoichiometric amount of alcohol is commonly used, the alcohol content is limited in the enzymatic process due to the negative influence of alcohol on the enzymatic preparation activity. Higher molar ratios may be used by replacing the methanol or ethanol used for in situ transesterification with dimethyl carbonate and diethyl carbonate or by using additional solvents that increase surface contact between lipids and alcohols and thus the rate of reaction and fatty acid ester yield. Further reductions in the cost of the product can be achieved by replacing the solvents with mineral diesel. Initial studies have shown that mineral diesel acts as an oil extracting agent. After determining the required mineral diesel-to-oil ratio in the reaction media, a mixture of mineral diesel and biodiesel is produced; this reaction product is currently used in the transport sector. In this process, a mixture is obtained directly without additional mixing of pure mineral diesel and biodiesel.
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Figure 1. Stages of traditional and “in situ” transesterification. 
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Table 1. Summary of studies on using chemical acid catalysts for in situ transesterification.
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	Raw Material
	Alcohol

Solvent
	Reaction Conditions
	Fatty Acid Esters Yield (%)
	References





	Jatropha. curcas L. seeds
	Methanol/hexane
	Catalyst H2SO4—15 wt% of seed, 60 °C, 24 h, methanol to seed ratio—7.5 mL/g, hexane -10 vol% of solvent.
	99.8
	[18]



	Chlorella sp.
	Methanol
	Catalyst H2SO4 lipid molar ratio 0.35:1, 60 °C, 19 h, methanol to seed molar ratio—600:1.
	92 ± 2
	[48]



	Chlorella vulgaris
	Methanol
	200 powdered microalgae, catalyst H2SO4 (at 80.8 mol/mol of H+ to esterifiable lipid), 60 °C, 120 min.
	94.6
	[53]



	Nannochloropsis
	Methanol
	Catalyst H2SO4 lipid molar ratio 0.35:1, 60 °C, 19 h, methanol to seed molar ratio—600:1.
	73 ± 5
	[48]



	Microalgae lipids
	Methanol
	Microalgae lipids—15 mL, catalyst H2SO4—0.04 mL, 23 °C, 8 h, methanol—60 mL.
	91.3
	[37]



	Dry water microalgae
	Methanol
	Catalyst H2SO4—3.361%, w/w, methanol/algae ratio—8:1, w/w, 50 °C, 60.4 min.
	89.58
	[57]



	Rice bran
	Methanol
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 65 °C, 1 h, alcohol– 200 mL.
	85.8
	[55]



	Rice bran
	Ethanol (96%)
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 78 °C, 1 h, alcohol—200 mL.
	76.4
	[55]



	Rice bran
	Ethanol (99.1%)
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 78 °C, 1 h, alcohol—200 mL.
	78.3
	[55]



	Rice bran
	Isopropanol
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 82 °C, 1 h, alcohol—200 mL.
	69.7
	[55]



	Rice bran
	n-Propanol
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 97 °C, 1 h, alcohol—200 mL.
	74.8
	[55]



	Rice bran
	n-Butanol
	Rice bran—50 g, catalyst H2SO4—7.5 mL, 117 °C, 1 h, alcohol—200 mL.
	68
	[55]



	Primary municipal sludge
	Methanol
	Catalyst H2SO4—5% (v/v) of seed, 75 °C, methanol to seed ratio—12:1
	14.5
	[31]



	Secondary municipal sludge
	Methanol
	Catalyst H2SO4—5% (v/v) of seed, 75 °C, methanol to seed ratio—12:1
	2.5
	[31]
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Table 2. Summary of studies on using chemical alkaline catalysts for in situ transesterification.
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	Raw Material
	Alcohol

Solvent
	Reaction Conditions
	Fatty Acid Esters Yield (%)
	References





	Soybeans
	Methanol
	Catalyst NaOH, methanol/acylglycerols/NaOH molar ratio 543:1:2.0, 23 °C, 8 h.
	84
	[15]



	Distillers dried grains with solubles (DDGS)
	Methanol
	Catalyst NaOH—0.4 N, 35 °C, 1.2 h, methanol to seed molar ratio—655:1.
	91.1
	[32]



	Meat and bone meal (MBM)
	Methanol
	Catalyst NaOH—2.0 N, 35 °C, 0.2 h, methanol to seed molar ratio—550:1.
	9.3
	[32]



	Jatropha seeds
	Methanol/hexane
	Catalyst KOH—0,075 mol/l in methanol, 60 °C, 4 h, methanol to seed molar ratio—6:1.
	87
	[20]



	Rapeseed
	Methanol
	Catalyst NaOH—0.1 mol/l in methanol, 60 °C, 1 h, methanol to seed molar ratio—475:1.
	88.8 ± 0.1
	[10]



	Cottonseed meal
	Methanol
	Catalyst NaOH—0.1 mol/l in methanol, 40 °C, 3 h, methanol to seed molar ratio—135:1.
	98
	[17]



	Chlorella sp
	Methanol
	Catalyst NaOH and lipid molar ratio 0.35:1, 60 °C, 19 h, methanol to seed molar ratio—600:1.
	79 ± 2
	[47]



	Jatropha curcas
	Methanol/ethanol mix
	Catalyst NaOH—0.02 N, 60 °C, 1 h, methanol to seed molar ratio—512:1.
	87
	[56]



	Chlorella sp
	Methanol
	Catalyst CH3ONa to lipid molar ratio 0.35:1, 60 °C, 19 h, methanol to seed molar ratio—600:1.
	90 ± 2
	[47]



	Dry water microalgae
	Methanol
	Catalyst NaOH—3.499%, w/w, methanol/algae ratio—8:1, w/w, 50 °C, 73.64 min.
	87.42
	[57]
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Table 3. Summary of studies on using chemical acid/alkaline catalysts for in situ transesterification.






Table 3. Summary of studies on using chemical acid/alkaline catalysts for in situ transesterification.





	Raw Material
	Alcohol

Solvent
	Reaction Conditions
	Fatty Acid Esters Yield (%)
	References





	Castor seeds (Ricinus communis L. red)
	Ethanol
	Seeds—20 g, catalyst H2SO4—1.0 wt%, 60 °C, 1 h, ethanol to oil molar ratio—40:1.

After 1 h, catalyst KOH—1.0 wt%, 60 °C, 1 h, ethanol to oil molar ratio—20:1.
	95.3
	[22]



	Castor seeds (BRS-149 nordestina)
	Ethanol
	Seeds—20 g, catalyst H2SO4—1.0 wt%, 60 °C, 1 h, ethanol to oil molar ratio—40:1.

After 1 h, catalyst KOH—1.0 wt%, 60 °C, 1 h, ethanol to oil molar ratio—20:1.
	98.0
	[22]



	Castor seeds (Ricinus communis L. red)
	Ethanol/hexane
	Seeds—20 g, catalyst H2SO4—1.0 wt%, 60 °C, 1 h, hexane 20% v/v, ethanol to oil molar ratio—40:1,

After 1 h, catalyst KOH—1.0 wt%, 60 °C, 1 h, hexane 20% v/v, ethanol to oil molar ratio—20:1.
	95.6
	[22]



	Castor seeds (BRS-149 nordestina)
	Ethanol/hexane
	Seeds—20 g, catalyst H2SO4—1.0 wt%, 60 °C, 1 h, hexane 20% v/v, ethanol to oil molar ratio—40:1,

After 1 h, catalyst KOH—1.0 wt%, 60 °C, 1 h, hexane 20% v/v, ethanol to oil molar ratio—20:1.
	97.4
	[22]



	Rice bran
	Methanol/petroleum ether
	I STEP Rice bran 50 g (18.6% oil content). Catalyst H2SO4—0.75 g, 3 h, methanol—75 mL, petroleum ether—150 mL.

II STEP Catalyst NaOH—0.71 g, 3 h, methanol—75 mL, petroleum ether—150 mL.
	95.16
	[1]
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Table 4. Summary of studies on using heterogeneous catalysts for in situ transesterification.
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	Raw Material
	Alcohol

Solvent
	Reaction Conditions
	Fatty Acid Esters Yield (%)
	References





	Nannochloropsis sp.
	Methanol/

methylene dichloride
	Catalyst Mg–Zr—10 wt%, 65 °C, 4 h, 45 mL mixed 2:1(v/v) solvent /1 g dried microalgae powder
	2.6
	[34]



	Nannochloropsis sp.
	Methanol/

methylene dichloride
	I STEP Catalyst Mg–Zr—10 wt%, 65 °C, 4 h, 45 mL mixed 2:1(v/v) solvent /1 g dried microalgae powderII STEP Catalyst Mg–Zr—10 wt%, 65 °C, 4 h, methanol to lipid molar ratio—10:1.
	22.2
	[34]



	Nannochloropsis sp.
	Methanol/

methylene dichloride
	Catalyst Mg–Zr—10 65 °C, 4 h, 45 mL mixed 3:1(v/v) solvent /1 g dried microalgae powder
	28
	[34]



	Jatropha curcas L.
	Methanol
	Catalyst—Na2ZrO3 —5 wt%, 65 °C, 8 h, 1:65M ratio of oil/methanol
	99.9
	[62]



	Microalgae mixed culture (dry)
	Methanol
	Magnetic nano catalyst Fe2O3–Al2O3—4 wt%, 65 °C, 6 h, 12 mL/g of methanol-to-dry biomass
	95.6
	[63]










[image: Table] 





Table 5. Summary of studies on using biocatalyst for in situ transesterification.
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	Raw Material
	Alcohol

Solvent
	Reaction Conditions
	Fatty Acid Esters Yield (%)
	References





	Jatropha curcas L. seed
	Dimethyl carbonate
	Catalyst Novozym 435—10 wt%, 50 °C, 24 h, dimethyl carbonate to oil ratio—10:1
	95.5
	[66]



	Jatropha curcas L. seed
	Diethyl carbonate
	Catalyst Novozym 435—10 wt%, 50 °C, 24 h, diethyl carbonate to oil ratio—10:1
	94.5
	[66]



	Pistacia chinensis Bunge seed
	Dimethyl carbonate
	Catalyst Novozym 435—10 wt%, 50 °C, 24 h, dimethyl carbonate to oil ratio—10:1
	89.6
	[68]



	Pistacia chinensis Bunge seed
	Diethyl carbonate
	Catalyst Novozym 435—10 wt% of seed, reaction temperature –50 °C, reaction duration—24 h, diethyl carbonate to oil ratio—10:1
	90.7
	[66]



	Microalgae

Chlorella

vulgaris

ESP-31
	Methanol/

hexane
	Catalyst Burkholderia lipase—1203.11 U/g, lipase was immobilized on alkyl-grafted nanocomposites (Fe3O4–SiO2), 40 °C, water content—71.39 wt%, 48 h, methanol to oil molar ratio—67.93:1, hexane content –80.57 wt%.
	97.3
	[52]



	Greasy

sewage

sludge
	Methanol
	Catalyst Novozym ® 435—10% in mass fraction of sludge (wet weight base), 40 °C, 24 h, methanol to sludge ratio—4 mL/g
	52
	[29]



	Waste activated bleaching earth
	Methanol
	Catalyst Candida cylindracea—10 wt%, 37 °C, 96 h, methanol to oil ratio—4:1
	55
	[67]



	Waste activated bleaching earth
	Methanol/

hexane
	Catalyst Candida cylindracea—10 wt%, 37 °C, 7 h, methanol to oil ratio—4:1, FAME content in sample 10% (w/w)
	100
	[67]



	Waste activated bleaching earth
	Methanol/

mineral diesel
	Catalyst Candida cylindracea—10 wt%, 37 °C, 2–3 h, methanol to oil ratio—4:1, FAME content in sample 10% (w/w)
	100
	[67]



	Rapeseeds
	Butanol/mineral diesel
	Catalyst Lipozyme RMIM—5.2 wt%, mineral diesel to oil ratio (w/w)—9:1, 40 °C, 19.6 h, butanol to oil ratio—31:1
	97.6
	[8]
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