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Abstract

:

Enzymatic biodiesel production is a potential eco-friendly alternative to the conventional chemical route which requires extensive study to reduce the costs associated with the application of commercial enzymes. Thus, this study aimed to develop a bioprocess using residues from macauba (Acrocomia aculeata) as raw material for lipase production in solid-state fermentation (SSF) by Yarrowia lipolytica. Then, the product obtained was used as a biocatalyst for the conversion (hydrolysis/esterification) of macauba acidic oil to biodiesel esters. Firstly, different SSF parameters (inoculum concentration, initial moisture content, and carbon and nitrogen levels) were investigated in a factorial design approach, using the cake from macauba fruit. Afterwards, moisture and urea concentration were shown to be statistically significant variables for lipase production. Lipase productnivities were 12.6 ± 0.6 U g−1 h−1 (at 24 h) for macauba fruit cake and 11.6 ± 1 U g−1 h−1 (at 20 h) for macauba pulp and peel cake. The solid enzymatic preparation (biocatalyst) showed optimized values at pH 6–7 at 37 °C, remaining stable (>70% retention) for 90 days at room temperature. Finally, enzymatic hydrolysis of the acidic oil from macauba reached 96% conversion (72 h) to fatty acids, and esterification of fatty acids reached 72% (biodiesel yield of 67%). The bioprocess described is a promising alternative for an integral and self-sufficient valorization of the macauba products.
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1. Introduction


Lipases are ubiquitous enzymes considered leading biocatalysts with proven industrial potential for the multi-billion-dollar underexploited lipid bioindustry [1]. Defined as triacylglycerol acyl hydrolases (E.C. 3.1.1.3), lipases can catalyze the hydrolysis of ester bonds in long-chain triglycerides, releasing fatty acids and glycerol. They can also catalyze the reverse reactions—esterification and transesterification—often in nearly anhydrous organic solvents. In addition to hydrolysis, lipases can catalyze a wide range of reactions, including interesterification, alcoholysis, acidolysis, and aminolysis [2,3]. For all these reasons, lipases can be applied in several industries, such as pharmaceutical, fine chemical, food, textile, paper, and energy [4,5]. Despite being naturally produced by plants and animals, microbial lipases attract special attention due to their multifaceted properties, such as stability at moderate temperatures and pH, and in organic solvents, as well as their selectivity and broad substrate specificity [6]. Microorganisms offer a great variety of catalytic activities, the potential for high yields, easy genetic manipulation, a regular supply due to the absence of seasonal fluctuations, and the rapid growth rate of microorganisms [7]. Among all the potential applications of lipases, biodiesel production has attracted considerable attention due to the rising worldwide demand for renewable energy and its advantages over chemical catalysts [5].



Although the high production costs often restrict their use as biocatalysts [6], lipases can be easily induced by the type of carbon source, allowing lipolytic microorganisms to grow and secrete lipases on low-cost culture media, especially residues from agroindustry [7]. Yarrowia lipolytica is an example of an oleaginous microorganism with the capacity to degrade hydrophobic substrates very efficiently for lipase production. This yeast is capable of producing important metabolites and presents an intense secretory activity, which justifies efforts to use it on an industrial scale [8]. Y. lipolytica LIP2 (YlLIP2), the main extracellular lipase, is one of the most important as it has high hydrolysis, transesterification, and esterification activities, making it suitable for biodiesel production [9,10]. An interesting type of biocatalyst has recently been used for biodiesel production, the solid enzymatic preparation (SEP) enriched with lipases, obtained directly by solid-state fermentation (SSF). In SSF, microbial cells are spontaneously immobilized on particles of the solid fermentation medium, and lipases are secreted and remain adhered to the fermented matrix, which can be further used for biocatalysis. This system can significantly reduce the process cost. Since it is obtained by solid-state fermentation, it offers the opportunity to use agro-industrial residues (e.g., cakes and brans from vegetable oils), which are inexpensive and plentiful in countries like Brazil, as substrates for cell growth and nutrition [11,12]. Moreover, the absence of downstream processes such as extraction, purification, and enzyme immobilization also contributes to cost reduction [13].



Oilseed cakes are by-products from vegetable oil refining industries, and they have been applied in several biotechnological processes due to their residual nutrients that can serve as both carbon and nitrogen sources [14]. The macauba palm (Acrocomia aculeata) is known for its potential to generate different products and co-products with high productivity, and its chemical composition has great features for biodiesel production [15]. This species bears massive bunches of oleaginous fruits with smooth epicarp (peel) and fibrous yellow or white mesocarp (pulp), which together account for approximately 58% of the fruit, involving the nut (endocarp and kernel), which represents around 42% of the fruit [16]. The macauba palm presents high productivity with the potential to produce 4000 t/ha of oil and increase the commercial competitiveness of biodiesel since it is an alternative vegetable non-edible oil crop [11]. During the processing of macauba fruits for oil extraction, several residues are generated in large amounts: it is estimated that from every 1000 palms/ha are generated 1159 kg of oil and 11,055 kg of cake from pulp, and 428 kg of oil and 812 kg of cake from the kernel [17].



The integrated processes have great potential for the biorefinery concept development, which consists of full energy supply chain utilization. The use of low-cost culture media to obtain high-value lipases, combined with its use as biocatalysts in enzymatic biodiesel synthesis, can make the process economically viable. Therefore, the main objective of the present study was to develop and optimize an SSF process for lipase production by Yarrowia lipolytica using macauba by-products. We also evaluated the use of SEP as a biocatalyst in different reactions: in the hydrolysis of macauba acidic oil and esterification reactions.




2. Methods


2.1. Microorganism


Yarrowia lipolytica IMUFRJ50682 (isolated from Guanabara Bay, Rio de Janeiro, Brazil) [8] was cultured on YPDA medium (m/v: 1% yeast extract, 2% peptone, 2% glucose, and 3% agar) and propagated on YPD growth media (m/v: 1% yeast extract, 2% peptone, and 2% glucose) for 72 h in a rotary shaker (160 rpm, 28 °C). Cells from this seed culture were used to inoculate SSF media.




2.2. Solid-State Fermentation (SSF)


2.2.1. SSF Experiments


Two by-products (purchased from COOPERRIACHÃO Cooperative, Montes Claros, Minas Gerais State, Brazil) from macauba oil processing were used as raw materials for lipase production through SSF. Cakes from the cold pressing of the entire fruit (comprising kernel cake, pulp, and peel) and of the pulp and the peel were stored at 5 °C and used without any chemical treatment. The cakes were subjected to a particle size separation using sieves with a size opening of 1.18 mm. Fermentations were carried out in lab-scale tray-type bioreactors (cylindric with flat plastic bottoms; 6.5 × 9 cm), containing 10 g of cake (from entire fruit or pulp and peel) forming a 1 cm deep layer. The system was sterilized at 121 °C for 20 min. The moisture and inoculum were adjusted according to the conditions described in the experimental designs. The bioreactors were incubated in fermentation chambers with temperature and moisture control, set to 28 °C and 99% water saturation, respectively.




2.2.2. Optimization of Lipase Production in SFF Experiments


To optimize the lipase production of Y. lipolytica in SSF using macauba fruit cake, a fractional factorial design (FFD) 26−2 (Table 1) with 3 central points was performed. Thereafter, a central Composite Rotatable Design (CCRD) was used to optimize the reaction conditions using both macauba cakes, aiming to maximize lipase production [18]. Statistical analyses were performed using STATISTICA 7.0 software (Statsoft, Inc., Tibco, CA, USA) to calculate the main effects of the variables and their interactions and perform the variance analysis (ANOVA). At optimized conditions from CCRD, SEP was obtained after 20 h of fermentation, being subsequently lyophilization, and stored at 4 °C for further application and characterization.




2.2.3. Compositional Characterization of SFF Medium


The contents of C, N, H, and S of the oilseed cakes were determined in triplicate, using a flash EA112 (Thermo Finnigan, ThermoFischer Scientfic, Sidney, Australia) elemental analyzer. Ash contents of oilseed cakes were determined by weighing the residual mass after incubation at 575 °C for 5 h. For the determination of lipid contents, the samples of oilseed cakes were initially dried and then packed into Whatman filter paper. The lipids were then extracted with hexane (Vetec) under reflux for 4 h. The flasks with the extracted lipids were incubated overnight at 65 °C and finally weighed. Total carbohydrate, hemicellulose, cellulose, lignin, and protein contents were determined according to Cunniff [19,20,21]. All compositional analyses were performed in triplicate.





2.3. Analytical Assays


2.3.1. Quantification of Biomass Growth


Biomass quantification of yeast growth was determined indirectly by measuring the content of α-1,4-N-acetilglycosamine, as described by Aidoo et al. [22].




2.3.2. Enzyme Extraction


For lipase characterization, 5 mL of phosphate buffer (50 mM, pH 7) was added to the SSF medium (10 g), followed by agitation in an orbital shaker at 35 °C and 200 rpm for 20 min. The solid–liquid separation was achieved with pressing followed by centrifugation at 3000 rpm for 5 min. The supernatant was used for the quantification of enzyme activity.




2.3.3. Quantification of Enzyme Activity


Lipase activity was measured using a spectrophotometric method using p-nitrophenyl laurate (p-NPL) as a substrate. The p-NPL was dissolved in dimethyl sulfoxide (DMSO) and potassium phosphate buffer (50 mM, pH 7) to a final concentration of 0.504 mM [23]. The activity was determined by the addition of 0.1 mL of crude enzyme extract to a 1.9 mL of substrate solution. The hydrolysis reaction was carried out at 37 °C, and the absorbance increase was measured for up to 100 s at 410 nm. One unit of lipase activity was defined as the enzyme amount that releases 1 µmol of p-NPL per minute at pH 7 and 37 °C. Enzyme activity was expressed as units per gram of initial dry solid medium.



The lipase activity of the SEP was determined using a titrimetric method. The enzyme extract (1 mL) was added to an emulsion (19 mL) of 5% (m/v) olive oil and 5% (m/v) gum arabic in phosphate buffer (100 mM, pH 7.0) and incubated for 20 min, 200 rpm at 37 °C. The reaction was interrupted by adding an acetone–ethanol mixture (1:1 v/v), which also promotes the extraction of the free fatty acids (FFAs). These were titrated in a pH-stat (Mettler Toledo) using 0.04 M NaOH up to a final pH of 11 [24]. One lipase unit was defined as the enzyme amount that releases 1 µmole of fatty acids per minute, under the assay conditions. Enzyme activity was expressed as units per gram of initial dry solid medium.




2.3.4. Acidity Determination


The acidity, i.e., the percentage of FFAs (wt %) in the oil, was analyzed by titration with NaOH 0.04 mol L−1 using a Mettler DG 20 auto titrator. The acidity was established according to Equation (1).


   Acidity       %   FFA    =   V × M × m m   10 × m    



(1)




where M is the NaOH concentration, V is the volume of NaOH (mL), mm is the molecular mass of the predominant fatty acid (g), and m is the sample mass (g).



The conversion (%) of FFAs to esters was calculated considering the acidity at time zero (A0) and time t (At), according to Equation (2).


   Conversion     %  = 100 ×    A 0  −  A t     A 0     



(2)









2.4. Characterization of SEP


The effect of pH on SEP activity was studied using different buffers: sodium acetate (50 mM, pH 5), sodium phosphate (50 mM, pH 6–8), and sodium carbonate (50 mM, pH 9). The effect of temperature was evaluated using phosphate buffer (50 mM, pH 7) at different temperatures: 27, 32, 37, 42, and 47 °C. Lipase activity was determined according to the titrimetric method [25]. For evaluation of the stability after long-term storage, SEP was divided into small fractions of 4 g and kept at two different temperatures, ambient (25 °C) and 4 °C, for up to 330 days. All samples were analyzed in triplicate.




2.5. Enzymatic Hydrolysis of the Acidic Oil from Macauba Pulp


The hydrolysis of macauba acidic oil (≈10% of acidity) was carried out in 50 mL thermostated reactors provided with magnetic stirring. Oil and buffer were added (ratio 1:1 v/v) to the system with SEP (10% m/v) to an enzyme loading of 10 U per gram of macauba oil. Two buffers were evaluated in the oil hydrolysis at 37 °C, pH 7: Buffer I was potassium phosphate 50 mM (KH2PO4; K2HPO4), while buffer II was a complex mineral solution (KH2PO4; Na2HPO4⋅7H2O; MgSO4⋅7H2O; CaCl2⋅2H2O; FeCl3⋅6H2O; ZnSO4⋅7H2O; MnSO4⋅H2O). For analysis, an aliquot of 500 µL was centrifuged at 3000 rpm for 5 min to remove particles. After centrifugation, 100 µL was added to 40 mL of acetone/ethanol solution (1:1). FFAs were titrated with 0.04 N NaOH solution until pH 11 in an automatic titrator (916 Ti-Touch–Metrohm), as described by Sousa et al. [26].




2.6. Enzymatic Esterification Reactions


Initial reactions were carried out in closed 50 mL cylindrical flat-bottomed glass batch reactors magnetically stirred and thermostated at 37 °C for 72 h. The medium was composed of oleic acid or hydrolyzed macauba oil and ethanol, with a molar ratio of 2:1 (alcohol:acid) and 5 U g−1 enzyme load. Ethanol was added stepwise in 7 equal aliquots (at 0, 1, 4, 8, 24, 28, and 48 h reaction). To evaluate ethanol and methanol as acyl-acceptors, reactions were carried out in closed 50 mL batch reactors magnetically stirred and thermostated at 37 °C for 72 h. The medium was composed of oleic acid and methanol or ethanol, with a molar ratio of 1:1 (alcohol:acid) and 15 U g−1 enzyme load. Alcohol was added as previously described. For optimization studies, reactions were carried out in closed 50 mL batch reactors magnetically stirred and thermostated for 72 h. The medium was composed of hydrolyzed macauba oil and ethanol, which was added stepwise as previously described. The parameters evaluated were enzyme load, molar ratio, and temperature. In all experiments, the conversion of FFAs to ethyl/methyl esters was monitored at fixed intervals by acidity determination.




2.7. Esters Yield Determination


The fatty acid ethyl/methyl ester content was determined on a GC-2010 (Shimadzu Co., Kyoto, Japan) equipped with a flame ionization detector (FID) and an Omegawax capillary column (30 m × 0.25 mm × 0.25 µL). The oven program was 200 °C for 5 min, then heated at 20 °C min−1 to 260 °C and kept constant at 260 °C for 6 min. The detector and injector were set at 250 °C and 260 °C, respectively. Helium was used as carrier gas at a 2 mL min−1 flow rate. Samples of 20 µL were diluted in 480 μL of an internal standard solution of methyl heptadecanoate (9 mg mL−1) in heptane, and 1 μL was injected with a split ratio of 1:20. The ester content was quantified using the peak area of the internal standard. The analyses were performed in duplicate, and the data are supplied as mean value and standard deviation.





3. Results


3.1. Characterization of Macauba Cakes


Knowing the chemical composition of the raw material is important when it comes to the SSF process. The nutritional requirements for enzyme production can be partially or completely fulfilled depending on the by-product used for microbial growth. It is possible to observe that the chemical composition of macauba cakes presents some differences, mostly in the lipid content (Table 2). Macauba fruit cake showed a lipid amount almost three times higher than macauba pulp and peel cake, which may be significant for lipase production. It is already known that lipids are good inducers of lipase expression, so a higher residual oil content in the cake can result in better productivity [9]. Likewise, the contents of crude protein and carbohydrates are important to be evaluated for lipase production. As Table 2 shows, the values are similar for both cakes, the pulp and peel cake being slightly poorer when compared with the fruit cake. This result was expected, since the macauba fruit cake contains residues from the kernel, which adds more nutritional value to the cake, including lipids.



Nitrogen and carbon are necessary elements for microorganism growth and as a consequence for the biosynthesis of enzymes. Lipases from fungi are also positively influenced by a high nitrogen concentration in the medium [7]. The C/N ratio is a factor usually calculated to assess the importance of nitrogen sources in lipase activity, so the percentage weight of the chemical elements was estimated (Table 3). The calculated C/N ratios of macauba fruit cake and pulp and peel cake are 39.4 and 43.0, respectively. These values can be considered high when compared to other raw materials used in SSF, such as cakes from castor seed (4.9), babassu (13.8), sunflower (9.8), and canola (8.4) [26]. A way to overcome the high C/N ratio is by adding a nitrogen source (organic or inorganic) to the medium. Many reports have shown that nitrogen supplementation is essential to modify the C/N ratio and increase lipase production in SSF [27,28,29].




3.2. Lipase Production via Solid-State Fermentation of Macauba Fruit Cake


A 26−2 FFD was employed to determine which factors were critical for lipase production by Y. lipolytica IMUFRJ 50682. The highest lipase activity was obtained at the central point condition (221 U g−1), after 24 h of fermentation (Table S1). Protease activity was also measured to evaluate its possible influence on lipase activity. The protease activity was low in all cases (<1.5 U g−1) and, therefore, the impact of proteases on the lipases produced by Y. lipolytica at 24 h of fermentation can be considered not relevant. Statistical analysis of the variables’ effects and interaction between them was performed at a 10% significance level (p < 0.1), considering the inherent variability in bioprocesses that involve enzymes and microorganisms. Among all studied effects, only moisture and urea concentration were found to be statistically significant (Figure 1). The interaction between them also presented a p-value of less than 0.1, indicating that, in addition to the relevance of individual factors on lipase activity, their interaction was also statistically significant. It is clear that the effect of these two variables not only positively impacted the lipase activity, but also led to absolute values higher than other effects.



Moisture content has been reported as a key factor for microbial growth and, consequently, for enzyme production in SSF, since it allows oxygen transfer to the culture medium and substrate diffusion of hydrolyzed substrates [30,31,32]. Regarding the significant effect of urea among the tested nitrogen sources, our result was similar to that observed by Rodriguez et al. [33]. They found that the SSF using sugarcane bagasse supplemented with urea increased six-fold the enzyme activity when compared with the medium supplemented with yeast extract. Imandi et al. [34] studied statistically the influence of ten different nitrogen sources on lipase production by the strain Y. lipolytica NCIM 3589 in SSF with palm kernel cake. Among the nitrogen sources, four were statistically significant for lipase production, and the highest positive effect was obtained with urea.



To optimize lipase production by Y. lipolytica from macauba fruit cake, a CCRD was performed considering urea and moisture as the independent variables and in triplicate on the central point. Table 4 presents all the trials of this experimental design and the yield values for lipase activity. Fermentations were carried out for 24 h. As in the factorial design experiments, protease activity was quantified, observing no more than 1.64 U g−1, which was considered irrelevant for lipase activity. Variance analyses (ANOVA) were performed to determine the significance and quality of the quadratic model adjustment (Tables S2 and S3). According to the calculated F value (20.9), the models are statistically significant at a level of 93%, which fits the experimental data adequately. The analysis of CCRD corroborates the relevance of moisture and urea contents on lipase production (Table S4). The data were analyzed and a regression model with real values was obtained (Equation (3)). The model indicates that the lipase production was positively influenced by the linear components of the two independent variables (expressed as x and y) and by the interaction effect between them.


Z = −4303.89 + 171.39x − 1.65x2



(3)




where Z = Lipase activity (U g−1), x = Moisture content (%).



The response surface graph was generated (Figures S1–S4) and clearly shows that the maximum point of lipase activity was located within the ranges of the two variables investigated, thus corroborating the validity of this optimization. The response surface indicates that the lipase activity reaches a maximum value (212.7 U g−1) when the moisture and urea contents are 52% and 1.5%, respectively. At the predicted condition, the C/N was estimated to be 26.5, whereas, in the assay condition, it was 23.5. Comparing the CCRD results for macauba cakes, it is possible to observe that the models predicted similar urea concentration to obtain the maximum values of lipase activity. The predicted moisture, however, was different and indicated the necessity of a lower content for macauba fruit cake.



There are few studies in the literature reporting lipase production by Yarrowia lipolytica in SSF. Among them, Imandi et al. [34,35] investigated lipase production by Y. lipolytica NCIM 3589 using palm kernel cake and niger oilseed cake. According to the authors, lipase activity reached 18.6 and 26.4 U g−1 (based on the colorimetric method with p-nitrophenyl palmitate), respectively, after 96 h in similar conditions of moisture (60% with palm kernel cake and 70% with niger oilseed cake) and urea (1.5%). Farias et al. [36] studied lipase production by Y. lipolytica IMUFRJ 50682 using soybean cake and cottonseed cake as raw materials. The soybean cake, supplemented with its sludge, favored lipase production after 14 h of fermentation when compared with fermentation with cottonseed after 28 h (139 and 102 U g−1, respectively). Lopes et al. [37], using the same strain of Y. lipolytica, studied the effect of nitrogen supplementation on lipase production in SSF with residue from the olive oil industry. They reported maximum productivity of 7.8 U g−1 h−1 after 24 h of fermentation, lower than the yields achieved in the present study was 12.6 U g−1 h−1 for macauba fruit cake after 24 h and 11.6 U g−1 h−1 for macauba pulp and peel cake after 20 h of fermentation. Recent studies with the strain Y. lipolytica IMUFRJ 50682 include the production of lipases by SSF with potential for PET depolymerization and for the synthesis of esters with commercial value in the food industry [38,39].



The biomass growth of Y. lipolytica was monitored in SSF for macauba cakes, using the best condition determined in CCRD studies. The glucosamine method is based on the indirect measurement of chitin, a monomer found on the cellular wall of fungi and yeast [22]. Both macauba fruit cake and macauba pulp and peel cake were suitable for yeast growth. The content of N-acetyl-D-glucosamine reached similar levels, approximately 0.27 and 0.26 (mg g−1 of cake) for macauba fruit cake and macauba pulp and peel cake, respectively, as shown in Figure 2. From the results here presented, macauba pulp and peel cake was chosen for further enzymatic studies due to the possibility of achieving the maximum lipase production in a shorter time (20 h), which led to a good productivity of 11.6 U g−1 h−1.




3.3. Characterization of SEP from Macauba Pulp and Peel Cake


The macauba pulp and peel cake, enriched in enzymes after 20 h of process, was named solid enzymatic preparation (SEP) after being freeze-dried [40]. SEP was characterized according to critical variables for its application. Figure 3a,b show the lipase activity of SEP at different pH and temperature values, respectively. It can be seen that slightly acidic lipases govern the SEP activity, as seen by other authors under different production conditions. The pH ranged from 5 to 9, and lipase activity was detected in all these pH values. However, lipase activity was higher in pH 6 and 7 (Figure 3a). A previous study demonstrated that the optimum pH for Y. lipolytica IMUFRJ 50682 to hydrolyze p-nitrophenyl laurate was 7 at 37 °C [41]. Fickers et al. [9] studied the optimum pH for Lip2 lipase production and concluded that it depends on the substrate used in enzyme production.



The best temperature for lipase activity was 37 °C (Figure 3b), corroborating other studies in the literature [40,41,42]. Yu et al. [43] reported that the maximum lipase activity of Lip2 was achieved in temperatures between 37 °C and 42 °C. However, there are also some studies reporting lower temperatures in acidic pH values. Kebabci et al. [44] studied the optimum temperature and pH for lipase production in submerged fermentation using three different strains of Y. lipolytica, and for all strains, the best temperature was 30 °C, with pH ranging from 4.4 to 4.6. Since the biocatalyst must support long-term storage for economic and operational feasibility, this parameter was evaluated. The lipase activity of SEP was monitored for 330 days at 4 °C and ambient temperature (±25 °C), as shown in Figure 4. At ambient temperature, the lipolytic activity remained stable over 90 days, decreasing after 150 days of storage. At 4 °C, the enzyme activity had a sharp drop between 60 and 90 days and continued to decrease until the last day slightly. Thus, the stability was better at ambient temperature, in which lipolytic activity retained 70% of initial activity. This storage condition is relevant to the economic viability of the process since it will prevent energy costs.




3.4. Application of SEP in the Conversion of the Acidic Macauba Pulp Oil


Initially, SEP was applied in the hydrolysis of acidic macauba pulp oil. At this stage, reactions at three different conditions were performed, two buffered (pH 7) and one unbuffered at 37 °C, based on the optimal conditions found previously (Figure 3a,b). According to Figure 5, buffers I and II led to the same conversion profile, which yielded 100% after 72 h. This shows that the simpler and lower-cost buffer (buffer I) can be used in this reaction. The yield achieved in the unbuffered reaction was significantly lower, corroborating the role of pH on enzyme activity. Meng et al. [45] investigated the hydrolysis of soybean oil using 100 U of free lipase of Yarrowia lipolytica CGMCC 2707, obtaining 86% conversion after 48 h of reaction. A 10-times-lower enzyme loading (10 U) was used in the present work, and an almost complete conversion was achieved. A possible strategy to improve enzyme activity and increase the conversion rate is by adding free lipase, thus avoiding mass transfer problems. Free and immobilized lipases of Thermomyces lanuginosus were applied in the hydrolysis reaction of soybean oil, reaching 100% conversion after 10 h [46]. At the end of the hydrolysis reaction with buffer I, the free fatty acids (FFAs) profile was determined by GC. Oleic acid (C18:1) was the major FFA, with a content of 58%, followed by 18% palmitic (C16:0), 18% linoleic (C18:2), 7% palmitoleic (C16:1), 1% stearic (C18:0), and 1% linolenic (C18:3).




3.5. Application of SEP in Esterification Reactions for Biodiesel Synthesis


The FFAs from macauba oil hydrolysis were used in synthesis reactions with ethanol to evaluate the esterification potential of the SEP. A reaction with oleic acid was carried out as a control, using SEP as a biocatalyst. The ethanol was added stepwise with seven equal aliquots; this strategy favors the synthesis avoiding enzyme inhibition [47]. After 72 h, the SEP catalyzed conversions of 40% and 50% were obtained in the reactions with FFAs from macauba oil and oleic acid, respectively (Figure S5). Although the conversion rates were lower than the conversions already reported in the literature [48,49,50], no optimization was performed at this stage. According to Meng et al. [43], the change in the molar ratio from 1:1 to 1:2 (acid:alcohol) may deactivate the enzyme, decreasing the conversion by up to 50%. The authors achieved 82% conversion after 3 h in reactions using a molar ratio of 1:1 and an enzyme load of 18 U g−1 FFA. Thus, a set of experiments was carried out using a higher enzyme load (15 U g−1) in reactions with oleic acid, methanol, and ethanol. The molar ratio tested was 1:1 and alcohols were added stepwise in 7 aliquots. The esterification profile for both alcohols was similar (Figure S6), with a maximum conversion rate of 48 h. However, reactions using ethanol achieved 43% conversion, while reactions using methanol achieved only 30% conversion.



Methanolysis is the most common reaction to produce biodiesel, due to its economic feasibility [35]; however, some drawbacks are expected when it comes to enzymatic catalysis. Comparing ethanol and methanol as acyl-acceptors, methanol is more polar, and lipases are easily inactivated by their presence [49]. Short-chain alcohols interact with water molecules necessary to keep the native structure of the enzyme [48,49]. It is possible to observe that the change in the molar ratio from 1:2 to 1:1 limited the conversion with ethanol, even applying a high enzyme load. To optimize the esterification reactions using SEP, a new CCRD was carried out to evaluate the influence of three parameters, enzyme load, molar ratio, and temperature on the synthesis of ethyl esters using the hydrolyzed macauba acidic oil. The stepwise feeding strategy of ethanol was applied as described previously. Although central points had a low experimental error, with a coefficient of variation of 5%, the coefficient of determination R2 indicated a lack of fit (0.57); thus, the variability in the response could not be explained by the model. Nevertheless, from the results of 17 assays, it was possible to choose the best esterification condition, which reached a yield of 49% in ethyl esters. The optimal conditions were 15 U g−1 enzyme load and a 1:3 molar ratio (acid:ethanol) at 29 °C.



Since water can interfere as a competitive inhibitor in the mechanism of reactions catalyzed by lipases [11], a strategy for reducing the water content was evaluated. Two successive esterifications in the optimal condition were carried out so the remaining fatty acids from one reaction could be converted into ethyl esters in the following reaction. Between reactions, the liquid phase went through a distillation process to withdraw the water content (Figure S7). After a 48 h reaction, conversion reached 53% (yield of 49% in ethyl esters), confirming the previous study, with a water content of 1.6% (v/v). Samples were collected during distillation to confirm water removal, and at the end of the process, the water content in the liquid phase dropped to 0.05% (v/v). The second esterification started with 0.05% water content, and after 48 h, the yield in ethyl esters reached 67%, with a conversion of 72%. The strategy for water removal was successful since it led to an increase of 36.7% in ester yield without any other improvement. Thus, in our study, process simplicity and low costs were important factors for the decision-making on the best strategy for biodiesel production.





4. Conclusions


In this work, the yeast Yarrowia lipolytica IMUFRJ 50682 successfully produced lipase through a simple solid-state fermentation process using macauba fruit cake as raw material and an agro-industrial by-product. The solid enzymatic preparation (SEP) produced was able to catalyze both hydrolytic and synthetic reactions. Its lipolytic activity remained stable over 90 days at room temperature, which is a relevant characteristic for the economic viability of the process. The acidic macauba oil was hydrolyzed to fatty acids with a 100% conversion after 72 h, using only a 10 U enzyme load. Then, the fatty acids released from the acidic oil were converted to ethyl esters, reaching a yield of 67% in 48 h with 15 U enzyme loads. The optimized usage of biomass to produce several products of commercial interest in a sustainable and economical way is one of the main concepts of biorefinery. In this study, it was possible to demonstrate a potential integrated bioprocess in which the residual biomass from the extraction of macauba oil was used to produce lipases easily and cheaply by SSF. Then these biocatalysts can be applied to hydrolyze macauba oil, releasing fatty acids that are further esterified by the same enzymes to produce biodiesel esters.




5. Patents


PETROBRAS has patent applications in this field.
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Figure 1. Pareto diagram illustrating the significant variables of fractional design. 
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Figure 2. Lipase production (open triangle) and biomass production (square) in SSF using macauba fruit cake (a) and macauba pulp and peel cake (b) within 96 h. 
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Figure 3. Effect of pH (a) and temperature (b) on lipase activity of Y. lipolytica in SSF. 
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Figure 4. Analysis of SEP lipolytic activity when subjected to 4 °C and ambient temperature for 330 days. 
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Figure 5. SEP lipolytic activity analysis when subjected to 4 °C and room temperature for 330 days. 
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Table 1. Independent variables at different levels in the fractional factorial design.
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Independent Variables

	
Levels




	
−1

	
0

	
+1






	
Initial moisture content (%)

	
30

	
40

	
50




	
Glucose (% m/v)

	
1

	
2

	
3




	
Urea (%)

	
0

	
1

	
2




	
Peptone (%)

	
0

	
1

	
2




	
Yeast extract (%)

	
0

	
1

	
2




	
Inoculum (mg g−1)

	
0.67

	
3.70

	
6.70











 





Table 2. Chemical composition of macauba cakes used in solid-state fermentation for lipase production.






Table 2. Chemical composition of macauba cakes used in solid-state fermentation for lipase production.





	
Composition (% Dry Basis)

	
Macauba Cakes




	
Fruit

	
Pulp and Peel






	
Ash

	
3.5 ± 0.1

	
2.3 ± 0.1




	
Crude protein

	
6.7 ± 0.2

	
4.6 ± 0.2




	
Lipids

	
14.4 ± 0.1

	
5.8 ± 0.3




	
Carbohydrates (Nifext fraction)

	
21.6 ± 3.1

	
16.2 ± 1.6




	
Crude fiber

	
53.8 ± 3.4

	
71.2 ± 1.6











 





Table 3. The elementary composition of macauba cakes used in solid-state fermentation for lipase production.
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Element

	
Content (wt %)




	
Fruit

	
Pulp and Peel






	
Nitrogen

	
1.2 ± 0.2

	
1.1 ± 0.0




	
Carbon

	
47.3 ± 0.9

	
47.3 ± 0.3




	
Hydrogen

	
6.7 ± 0.2

	
6.2 ± 0.1




	
Sulfur

	
0.3 ± 0.0

	
˂0.3 ± 0.0











 





Table 4. Matrix of the CCRD (real values in parenthesis) for lipase production from macauba fruit cake.
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Run

	
Levels and Variables

	
Lipase Activity (U g−1)




	
Moisture (%)

	
Urea (wt %)






	
1

	
−1 (30)

	
−1 (0.4)

	
6.6




	
2

	
−1 (30)

	
+1 (2)

	
9.7




	
3

	
+1 (50)

	
−1 (0.4)

	
7.4




	
4

	
+1 (50)

	
+1 (2)

	
302.4




	
5

	
−1.41 (26)

	
0 (1.2)

	
7.9




	
6

	
+1.41 (54)

	
0 (1.2)

	
195.8




	
7

	
0 (40)

	
−1.41 (0.1)

	
15.9




	
8

	
0 (40)

	
+1.41 (2.3)

	
88.4




	
9

	
0 (40)

	
0 (1.2)

	
257.4




	
10

	
0 (40)

	
0 (1.2)

	
284.7




	
11

	
0 (40)

	
0 (1.2)

	
260.8
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