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Abstract

:

Lubricants are substances of the foremost importance in the modern world, as they are essential to the proper functioning of various mechanisms. Most lubricants, however, are still made from petroleum fractions. I light of this, and due to various environmental problems, the search for feasible biolubricants has become essential. This study obtained biolubricants through the in situ transesterification of microbial biomass, containing at least 20 wt% of lipids. The following two distinct biomasses were evaluated: the marine microalgae, Dunaliella salina, and the consortium of microalgae-fungi, Scenedesmus obliquus and Mucor circinelloides. Microbial oil from both biomasses presented a fatty acid profile with high amounts of oleic acid. The oil of D. salina had a lower content of polyunsaturated fatty acids relative to the microbial consortium profile, which indicates that this is a good configuration for increasing biolubricant oxidation resistance. The catalyst used was a Keggin-structure heteropolyacid supported on niobium, H3PMo12O40/Nb2O5, activated at 150 °C, which had high transesterification yields, notwithstanding the feedstocks, which were rich in free fatty acids. The performed transesterification reactions resulted in excellent yields, up to 97.58% and 96.80%, for marine microalgae and the consortium, respectively, after 6 h at 250 °C, with 10 wt% of catalyst (related to the lipid amount). As such, the (H3PMo12O40/Nb2O5) catalyst could become an attractive option for producing biolubricants from microbial biomass.
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1. Introduction


Lubricants are described as substances that are put on machines, or parts of machines, for the purpose of alleviating friction. Applying lubricant smooths the movements of various types of mechanisms, preventing frictional heat release, and the erosion of moving parts [1,2]. Additionally, lubricants help reduce oxidation and act as a sealing solution against dirt and water. It should be of no surprise that lubricant use is increasing around the world, since, for the next seven years, an estimated market increase of 3.7% per year has been predicted [3].



A concerning problem, however, is that most lubricants in popular use are still made from petroleum fractions. When such products are inappropriately discarded, they cause huge environmental problems, with soil, water, and air contamination. In light of these issues, biolubricants could be an attractive alternative, as they have high biodegradability, low toxicity, and can be made of various renewable sources [1,2,4].



From the many diverse sources available to produce biolubricants, vegetable oils are the most practical option [1,2,4]. Despite that, microalgae oil is also an interesting choice to produce biolubricants, as it does not compete with the food industry for supply, as vegetable oils would. Moreover, many kinds of vegetable oils have excessive amounts of polyunsaturated fatty acids. This oil composition reduces the thermal stability of the resulting biolubricant [5,6]. Microalgae oil, on the other hand, has different kinds of composition, depending on the microalgae species, and cultivation parameters [7,8,9]. Bredda et al. [10], for instance, using different light colors to illuminate a Dunaliella salina cultivation, obtained microalgae oil with high productivity. The lipids obtained by the authors were rich in oleic acid, C18:1, with very low contents of linoleic and linolenic acids, C18:2 and C18:3, respectively. This specific composition makes the microalgae oil, obtained by Bredda et al. [10], an excellent candidate for the production of biolubricants [5,6].



Another source of microbial oil comes from the consortia formed by two distinct species. The fatty acid profile of the microbial consortium composed of the species Chlorella vulgaris and Mucor circinelloides was studied by Zorn et al. [11]. The microbial oil presented around 35% oleic acid (C18:1), 12% linoleic acid (C18:2), and 15% linolenic acid (C18:3). Although polyunsaturated acids represent about 26.7% of this composition, the synthesis of biolubricants may be possible, considering the high content of oleic acid.



Microalgae biomass can be used as raw material for biolubricant production via the transesterification of triglycerides present in its oil. The transesterification reaction is, essentially, the transformation of one ester into another. For biolubricant production, the triacylglycerol of the microalgae oil reacts with one or more alcohols, producing a mixture of fatty esters (biolubricant). The alcohol molecules act as acyl receptors in the transesterification reaction [1,4,12]. Therefore, choosing an appropriate acyl receptor is of immense importance to the final properties of the produced biolubricant, and for the transesterification yield.



This production procedure can be performed in one or two stages. The two steps approach is made by the transesterification of the triglycerides with methanol or ethanol, producing methyl or ethyl esters, respectively. Those products, then, react with a polyol (e.g., trimethylolpropane, pentaerythritol, and neopentyl glycol), producing the biolubricant. The first stage is necessary to reduce the viscosity of the triglycerides, accelerating the second stage of the process, favoring the purification of the biolubricant. This has been one of the main routes to produce biolubricants [1].



Obtaining biolubricants with a single step, however, is possible, which can reduce production costs. Da Silva et al. [4], for instance, achieved high transesterification yields with single-step transesterification, using fusel oil as acyl receptor. This method establishes fusel oil as an interesting choice among acyl receptors. Fusel oil is a byproduct generated in the multistage distillation of ethanol, which was obtained through fermentation. It is mainly composed of alcohols with two to five carbon atoms per molecule (e.g., ethanol, n-propyl alcohol, isoamyl alcohol, isobutyl alcohol, and n-butyl alcohol) [13,14]. The use and proper disposal of fusel oil, as a chemical residue, is of immense importance, economically and environmentally speaking. This is reinforced by the increasing demand for pure alcohol, provoked by the COVID-19 pandemic, which greatly increased the production of fusel oil [13].



Yet, to make the transesterification of microalgae oil a feasible method of producing biolubricants, a proper catalyst must be chosen. Of the variety available, heteropolyacid catalysts were considered with great interest, both in industrial fields and in academic research, due to their high versatility [15]. H3PMo12O40, a heteropolyacid with a Keggin-structure, oxide supported on niobia (Nb2O5) has been reported to achieve high transesterification yields, even with lipids containing high amounts of free fatty acids [15,16]. In addition, this catalyst (H3PMo12O40/Nb2O5) can be extracted at the end of the reaction and used again with a low loss of activity; it has two reuse cycles, increasing the process’ feasibility.



Another important parameter to be taken into consideration when developing a feasible microalgae-based bioprocess is the harvesting method. In addition to microbial consortia being able to generate a lipid-rich biomass, forming a composite biomass is achievable via a simple, low-cost, and sustainable method. To elaborate, using filamentous fungi to support the aggregation of microalgae cells has been highlighted as a method that generates lichen-like structures with elevated harvesting yields. Therefore, the microalgae-fungi consortium may contribute to a decrease in the global cost of algae-based biolubricant production [11,17].



Microalgae Scenedesmus obliquus and C. vulgaris have many characteristics in common. Both species are freshwater, colonial, lipid producers, and fast-growing [18,19,20]. Based on the previous work done in [11], the freshwater species Scenedesmus obliquus was applied in the composition of a microbial consortium with the filamentous fungus Mucor circinelloides, also presenting a fatty acid profile rich in oleic acid (29.69% average).



Considering previous studies, the present study aimed to evaluate the microalgae oil from Dunaliella salina and the oil of a microalgae-fungi consortium composed by Scenedesmus obliquus and Mucor circinelloides as feedstock for biolubricant synthesis, using the following as acyl receptors: fusel oil components (ethanol, butanol, and isoamyl alcohol) and simulated fusel oil. The catalyst chosen was the heteropolyacid H3PMo12O40 oxide-supported (Nb2O5).




2. Materials and Methods


Marine microalgae Dunaliella salina (BMAK 116), from the Seaweed Culture Collection (Oceanographic Institute-University of São Paulo), was kindly provided by the Department of Biological Oceanography (São Paulo, Brazil). The oil of Acrocomia aculeata (macaw palm oil) was supplied by the Association of Small Farmers D’Antas (Minas Gerais, Brazil).



Microbial consortium composition: filamentous fungus Mucor circinelloides f. griseo-cyanus URM 4182 was obtained at Federal University of Pernambuco, Recife, Brazil, and freshwater microalgae Scenedesmus obliquus CCMA-UFSCar 604—was purchased from the Federal University of São Carlos, Brazil.



Other chemicals are of an analytic degree.



2.1. Cultivation of Microalgae


Marine microalgae cultivations were conducted in bubble column photobioreactors (internal diameter of 150 mm, height of 1000 mm, and 5.0 mm wall thickness) with 10 L working volume, inoculated at 20% (v/v). The cultivations were kept for a duration of seven days at 25 ± 1 °C, under white LED light (150 klux of intensity).



Dunaliella salina (D. salina) was cultivated in Guillard f/2 culture media, supplemented with NaNO3 (225 mg L−1) and sodium acetate (4 g L−1), according to Bredda et al. [10].



Microalgae biomass harvesting occurred after flocculation, by adding 1 mol L−1 aluminum sulfate solution to the culture, followed by centrifugation (3000 RPM, 15 min) and washing with distilled water.



Vacuum filtration was carried out to remove excess water and biomass stored at −5 °C until use in the in situ transesterification reactions.




2.2. Cultivation of Microalgae-Fungi Consortium


As a first step, filamentous fungus spores and algal cells were incubated separately in different culture media, suitable for the growth of each species. Fungus spores were grown in Erlenmeyer flasks (250 mL), with 50 mL of culture medium A [21] per flask, composed of the following: glucose (2 g L−1), KNO3 (1 g L−1), KH2PO4 (0.075 g L−1), K2HPO4 (0.1 g L−1), MgSO4·2H2O (0.5 g L−1), Ca(NO3)2·4H2O (0.0625 g L−1), FeSO4·7H2O (0.01 g L−1), and yeast extract (0.5 g L−1); a metal solution (1 mL L−1) composed of the following: H3BO3 (2.86 g L−1), Na2MoO4·2H2O (0.39 g L−1), ZnSO4·7H2O (0.22 g L−1), MnCl2·4H2O (1.81 g L−1), CuSO4·5H2O (0.079 g L−1), and Co(NO3)2·6H2O (0.049 g L−1).



WC culture medium [22] was used for microalgae cells, composed of the following: CaCl2·2H2O (36.76 mg L−1), MgSO4·7H2O (36.97 mg L−1), NaHCO3 (12.60 mg L−1), K2HPO4 (8.71 mg L−1), and NaNO3 (85.01 mg L−1); a metal solution composed of the following: Na2EDTA (4.36 mg L−1), FeCl3.6H2O (3.15 mg L−1), CuSO4·5H2O (0.01 mg L−1), ZnSO4·7H2O (0.022 mg L−1), CoCl2·6H2O (0.01 mg L−1), MnCl2·4H2O (0.18 mg L−1), Na2MoO4·2H2O (0.006 mg L−1), H3BO3 (1.0 mg L−1), and a solution of vitamins consisting of Thiamine (0.1 mg L−1), Biotin (0.5 µg L−1), and Cobalamin (0.5 µg L−1).



Erlenmeyer flasks (500 mL), with 100 mL WC medium, were used for microalgae cell cultures. Sugarcane molasses (0.6 g L−1) were added to the WC culture medium, as a supplement. Culture medium A (50 mL) was inoculated with 4.25 × 105 spores and the WC medium (100 mL) was inoculated with 2.55 × 108 microalgae cells. Flasks were incubated separately for 72 h in different orbital shakers; fungal cultures at 250 rpm, 26 ± 1 °C, and microalgae cultures at 140 rpm, 25 ± 1 °C, with microalgae cultures under constant white led illumination (150 μmol·m−2·s−1).



In a second step, each of the fungal mycelia was harvested by filtration. Two fungal mycelia were added to each flask containing microalgae cell cultures and the incubation continued for another 108 h; at the end of this period, the biomass of the consortia was collected by filtration.



All analyses were conducted in triplicate.




2.3. Catalyst: Synthesis and Surface Acidity


The heteropolyacid (H3PMo12O40) oxide-supported (Nb2O5) was prepared using the incipient-wetness impregnation method, described by da Conceição et al. [16]. 0.6 g of the heteropolyacid catalyst were dissolved in 0.72 mL of alcohol solution (70%) at room temperature. The obtained suspension was mixed with 2.0 g of support (Nb2O5) in order to achieve a final catalyst concentration of 30 wt%. The obtained solid was dried at 100 °C for 30 min and calcinated afterward. The calcination procedure was performed in two steps, both under a 300 °C temperature. The first step lasted 1 h, and the second one, 3 h.



Acid-base titrations were used to determine the catalyst surface acidity. In a typical measurement, 0.1 g of solid was suspended in 20 mL of 0.1 mol L−1 NaOH. The suspension was stirred for 3 h at 25 °C and titrated with 0.1 mol L−1 HCl in the presence of phenolphthalein. The surface acidity of the catalyst was expressed in the mmol H+/g catalyst, according to da Conceição [16].




2.4. Direct Transesterification Reactions and Biolubricant Production


The in situ transesterifications of the microalgae and microbial consortium biomasses (containing at least 20 wt% of lipids) were both performed with the H3PMo12O40/Nb2O5 catalyst (previously activated at 150 °C for 2 h) in a pressurized stainless-steel reactor (Parr Series 5500 HPCL Compact Reactors).



The reaction media comprised 10 wt% of the catalyst, relating to the lipid present in the biomass. All reactions were performed at 250 °C and 300 rpm agitation for 6 h. Hexane was used as a solvent (40% v/v). Ethanol, butanol, isoamyl acid, synthetic fusel oil, and fusel oil were evaluated as acyl group acceptors. The oil/acyl group acceptor molar ratio was fixed at 1:180.




2.5. Purification of Biolubricants


Crude biolubricants were purified using the adsorbent Amberlite BD10DRY, according to the method described by Santos et al. [23].



The samples of crude biolubricant and the Amberlite were transferred to 50 mL Falcon tubes and placed in an ultrasound bath for 2 h. Then, the samples were centrifuged (1570× g for 15 min) and the residual solvent was removed in a rotary evaporator at 80 °C for 30 min.




2.6. Analytical Procedures


The esters’ content was evaluated by proton nuclear magnetic resonance spectrometry (H NMR) in a Mercury 300 MHz-Varian spectrometer, with 5 mm glass tubes, using CDCl3 as a solvent and 0.3% tetramethylsilane (TMS) as an internal standard.



Residual glycerides (monoacylglycerol - MAG, and diacylglycerol - DAG) were analyzed by an Agilent 1200 series HPLC (Agilent Technologies, USA) equipped with an evaporative light scattering detector and Gemini C-18 (5 μm, 150 × 4.6 mm, 110 Å) column [24].



Viscosity was measured at 40 °C, using a Brookfield LVDV-II viscometer (Brookfield Viscometers Ltd., England, UK) [4,24,25]. A circulating water bath was used to maintain the temperature in each analysis at 40 °C. The shear stress measurements were taken as a function of shear rate and the dynamic viscosity was determined as a slope constant. Samples of 0.5 mL were used and the measurements were replicated three times.



The extraction of the lipids in the biomass samples were performed in a digestion system irradiating the microwave region (CEM Discover DU-8081) using 50 mL of ethanol (vol. 96%) as an extraction solvent, at temperature 60 °C, three cycles of 30 min, according to Carvalho et al. [26].



The fatty acid composition was determined via methylation of lipids using a BF3/methanol mixture following an adaptation to the AOCS Ce 1-62 method. The fatty acid methyl esters (FAMEs) were identified via gas chromatography (GC) analysis using a PerkinElmer®-Clarus 580 chromatograph, equipped with a flame ionization detector. A 30-m capillary column with a 0.25-mm internal diameter and 5% diphenyl 95% dimethylpolysiloxane stationary phase (non-polar) was used for GC analysis. Nitrogen was the carrier gas (1 mL min−1). The identification of methyl esters was carried out by comparing the retention times with a MIX Supelco® Fatty Acid Methyl Acid (FAME). Standard capric acid (C6:0) to lignoceric acid (C24:0) quantification was performed by normalizing the calculated areas. After obtaining the complete fatty acid composition, the fatty acids were grouped into saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA), with the percentages of each group calculated in relation to the total.





3. Results


3.1. Growth Parameters and Characterization of Microalgae Oil


Cultivations of Dunaliella salina (D. salina) were conducted to obtain sufficient microalgal biomass for biolubricant synthesis, as well as to obtain biomass from the microbial consortium. Nine cultivations (90 L of growth medium) of D. salina were used to obtain sufficient microalgal biomass for biolubricant synthesis. A total of 103.50 g of biomass and 19.66 g of microalgal oil were obtained. Table 1 shows the growth and production parameters of both the microalgae, D. salina, and the microalgae-fungus consortium, S. obliquus-M. circinelloides.



According to Table 1, D. salina oil had a high content of saturated (34.27%) and monounsaturated fatty acids (46.74%), and a low content of polyunsaturated fatty acids (18.99%). This fatty acid profile indicates good oxidative stability and the potential of D. salina oil for use in transesterification reactions. D. salina oil had a similar fatty acid profile and physicochemical properties, such as viscosity (60.1 mm2 s−1), density (0.89 g mL−1), and acid value (43.27 mg KOH g−1), to macaw palm oil [4]. All these properties were determined at 40 °C, according to da Silva et al. [4].



The lipids of the microbial consortium are composed of the relevant content of saturated (33.69%) and monounsaturated fatty acids (34.23%), while polyunsaturated fatty acids correspond to 32.08%. In comparison to the lipids of the D. salina species, the fatty acid composition of the microbial consortium presents a more balanced distribution. However, considering that oleic acid (C18:1) stands out as the main contributor among monounsaturated fatty acids (29.69% on average), this composition may still be promising for the generation of biolubricants.




3.2. Catalyst Activity


Acidity is one of the most important properties of catalysts used in transesterification reactions, which is directly related to their activity. For the heteropolyacid catalysts, specifically, the acidity also indicates if the catalyst impregnation on the support was successful. The acidity of the finished catalyst (H3PMo12O40/Nb2O5) of 5.644 mmol H+g−1 is quite different from that of the oxide, Nb2O5, (0.041 mmol H+g−1). Such a difference is convincing evidence that the impregnation was effective and that effective catalyst activity is to be expected.



This specific heteropolyacid catalyst (H3PMo12O40/Nb2O5) was previously characterized, and the results are presented by da Conceição et al. in ref. [16].




3.3. Biolubricant Synthesis Catalyzed by Keggin-Structure Heteropolyacid Supported on Niobia


To verify the performance of the catalyst H3PMo12O40/Nb2O5, it was initially used to catalyze the transesterification of macaw palm oil. Ethanol and fusel oil were used as the acyl receptors. For both, a ratio of 1 oil:180 alcohol was used. Reactions lasted 6 h. The final products of the reactions were qualitatively analyzed with H NMR, with the results depicted in Figure 1. Additionally, the amounts of monoacylglycerol, MAG, and diacylglycerol, DAG, were quantitatively obtained with HPLC analysis, and the results are shown in Table 2, alongside the viscosities of the purified products.



According to the data shown in Table 2, high conversion results were obtained independently of the acyl receptor used. The high conversion of the transesterification reactions can also be confirmed by the low amounts of residual MAGs and DAGs (DAG was not even detected by HPLC analysis). Additionally, high conversion is also confirmed by the low amounts of viscosity. These results confirm the excellent efficiency of the catalyst, H3PMo12O40/Nb2O5 (ethanol or fusel oil).
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Figure 1. H NMR graphs on macaw palm oil transesterification reactions with different acyl receptors: (a) ethanol; (b) fusel oil and heteropolyacid supported by niobium as a catalyst. 
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Table 2. Efficiency of the transesterification of the macaw palm oil, using H3PMo12O40/Nb2O5 as a catalyst with two different acyl receptors.
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	Acyl Receptor
	Conversion

(%)
	* MAG

(m/m%)
	* DAG

(m/m%)
	Viscosity

(mm2 s−1)





	Ethanol
	98.14
	1.86
	** ND
	4.9



	Fusel oil
	99.10
	0.81
	** ND
	5.5







* MAG e DAG amounts are related to its mass content in the purified sample. ** ND: not detected.











Once the catalyst’s efficiency was verified, the next step was to evaluate its viability in direct transesterification using microbial biomass as feedstock. Thus, the obtained catalyst was evaluated via in situ transesterifications of the microalgae biomass (D. salina), using different acyl receptors: ethanol, butanol, isoamyl alcohol, and simulated fusel oil. The results of the analysis of these products are depicted in Figure 2 and Table 3.



Figure 2 presents the H NMR results obtained from the products of the in situ transesterifications of the D. salina biomass. Figure 2a presents a duplet peak, characteristic of ethyl esters (a product of in situ transesterification using ethanol as acyl receptor). Meanwhile, Figure 2b,c have quadruplet peaks, characteristic of the presence of butyl and isoamyl esters (products of in situ transesterification reactions using butanol and isoamyl alcohol, respectively, as acyl receptors). The simulated fusel oil, on the other hand, is composed of a mixture of ethanol, butanol, and isoamyl alcohol. These products are qualitatively documented in Figure 2d. On the H NMR spectra, it can be observed in regions between 4.0 and 4.15, the superposition of the quadruplet peak caused by the presence of ethyl esters, and the triplet peak caused by the presence of butyl and isoamyl esters. In the figure, the region is highlighted by the zoom area.
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Figure 2. H NMR graphs of the products obtained from the in situ transesterifications of microalgae biomass (Dunaliella salina), using H3PMo12O40/Nb2O5 as a catalyst and as acyl receptors: (a) ethanol, (b) butanol, (c) isoamyl alcohol, (d) simulated fusel oil. 
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Table 3. Efficiency of the in situ transesterifications of the microalgae biomass (Dunaliella salina) and Consortium (Scenedesmusobliquus/Mucor circinelloides) biomass, using H3PMo12O40/Nb2O5 as a catalyst.






Table 3. Efficiency of the in situ transesterifications of the microalgae biomass (Dunaliella salina) and Consortium (Scenedesmusobliquus/Mucor circinelloides) biomass, using H3PMo12O40/Nb2O5 as a catalyst.





	

	
Alcohol

	
Conversion (%)

	
* MAG (m/m%)

	
* DAG (m/m%)

	
Viscosity (mm2 s−1)






	
Dunaliella salina

	
Ethanol

	
92.94

	
1.55

	
5.51

	
6.2




	
Butanol

	
97.60

	
1.14

	
1.26

	
4.8




	
Isoamyl alcohol

	
97.40

	
2.60

	
** ND

	
4.9




	
Simulated fusel oil

	
97.58

	
2.42

	
** ND

	
5.0




	
Microalgae-fungus consortium

	
Simulated fusel oil

	
96.80

	
2.30

	
0.90

	
5.1








* MAG e DAG amounts are related to its mass content in the purified sample. ** ND: not detected.











According to Table 3, all reactions achieved good conversions, with low contents of residual MAG and DAG. Additionally, the obtained viscosities were low, ranging from 4.8 to 6.2 mm2 s−1. The lower viscosity (4.8 mm2 s−1), as expected, was obtained by the reaction with the greater yield (97.60%). This result shows that H3PMo12O40/Nb2O5 is a promising catalyst for the transesterification of microalgae biomass.



Since a good reaction performance was observed using synthetic fusel oil, a transesterification reaction with microbial consortium biomass was performed, with equivalent results (conversion of 96.80%).





4. Discussion


Based on obtained results, it is reasonable to say that the use of H3PMo12O40/Nb2O5, in direct transesterification, as a catalyst and fusel oil acyl receptor is promising when it comes to the generation of biolubricants from microbial biomass as feedstock. This statement is supported for two main reasons. The first is related to the use of an in situ transesterification, avoiding a costly extraction process. The traditional extraction process uses too much time, energy, water, and chemicals. Avoiding this step makes the process more practicable. Additionally, the process offers an alternative use for the chemical residues by-produced by fusel oil. The use of these residuals is very important and could make the process more sustainable.



There are few publications about the use of fusel oil as an acyl receptor in an in situ transesterification to obtain biolubricants. However, there are various scientific works that report the use of in situ transesterification to produce biodiesel from biomass [27,28]. Carvalho et al. [24], for instance, carried out direct transesterification reactions to obtain biodiesel from Mucor circinelloides biomass. A similar catalyst, (H3PMo12O40/Al2O3), was applied, obtaining excellent reaction yields (from 96.1 to 98.5%). Carvalho et al. [24] also reported low MAG and DAG contents for the transesterification procedure, similar to the results of the present work.



Carvalho et al. [29] also worked with H3PMo12O40/Al2O3 as a catalyst for a transesterification reaction. The authors evaluated its use in obtaining biodiesel from Mucor circinelloides biomass by means of regular and direct transesterification. According to their results, both methods achieved excellent yields (around 97%) [29]. Such a result confirms that the suppression of the oil extraction process, using the in situ approach, would not reduce the reaction yield.



Da Silva et al. [4] also verified the feasibility of the production of biolubricants from D. salina biomass. The authors, however, used Burkholderia cepacia immobilized in Nb2O5 as their catalyst. Table 4 compares the results obtained by da Silva et al. [4] and this work. This table presents, for both sets of results, the transesterification yields, and the reaction times.



The performance of the chemical catalyst proved to be efficient, as it demonstrated similar results with shorter reaction times, compared to the results of the biochemical catalyst. Da Silva et al. [4] obtained 90.0% conversion in 120 h, while, conversely, the present work obtained higher conversions in only 6h. The conversions were 97.58% and 96.80%, respectively, for microalgae and consortium biomass. The main difference in the obtained results, in fact, remains in the reaction time. Enzymes, such as the immobilized lipase LBC used by da Silva et al. [4], are good catalyst options among several applications due to their high reaction selectivity. Nevertheless, their main problem is that they need a much higher reaction time to achieve a good reaction conversion.



In terms of industrial production, this time reduction is vital, highly increasing the process’ productivity and, subsequently, its viability.




5. Conclusions


Heteropolyacid (H3PMo12O40) oxide-supported (Nb2O5) is a feasible option for obtaining biolubricants from the transesterification of microalgae biomass for two main reasons: Firstly, it obtains high transesterification yields over brief time periods (up to 97.58% in 6 h of reaction). This means that the process not only achieves high reaction conversions, but also does it quickly, increasing its productivity and, respectively, its industrial viability. Secondly, its use of fusel oil residue in the process, without harming the final results. The reuse and proper disposal of chemical residues are of immense importance, both economically and environmentally. Furthermore, an alternative production method, using oleaginous biomass from a consortium of microalgae-filamentous fungi, demonstrated the same potential. Hence, the H3PMo12O40/Nb2O5 catalyst can make biolubricant production more attractive in the future.
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Table 1. Growth parameters and fatty acid profile: Dunaliella salina and microbial consortium Scenedesmus obliquus/Mucor circinelloides.
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	Growth Parameters
	D. Salina
	Microbial Consortium





	Biomass concentration (g L−1)
	1.15 ± 0.40
	1.27 ± 0.7



	Lipid concentration (mg L−1)
	219 ± 0.30
	482.6 ± 0.3



	Lipid yield (mg lipids mg−1 biomass)
	0.19 ± 0.10
	0.38 ± 0.3



	Volumetric lipid production rate (mg L−1 day−1)
	31.28 ± 0.30
	64.4 ± 0.5



	Volumetric biomass production rate (mg L−1 day−1)
	164.28 ± 0.10
	169.3 ± 0.4



	Fatty Acid Groups (wt%)
	
	



	SFA (saturated fatty acids)
	34.27
	33.69



	MUFA (monounsaturated fatty acids)
	46.74
	34.23



	PUFA (polyunsaturated fatty acids)
	18.99
	32.08
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Table 4. Efficiency of different heterogenic catalysts (H3PMo12O40 and Lipase from Burkholderia cepacia (LBC), both supported in Nb2O5) in the transesterification using simulated fusel oil as acyl receptor.
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Catalyst

	
Lipid Source

	
Time (h)

	
Conversion (%)

	
Reference






	
LBC/Nb2O5

	
D. salina microalgal oil

	
120

	
90.00

	
da Silva et al. [4]




	
H3PMo12O40/

Nb2O5

	
D. salina microalgal biomass

	
6

	
97.58

	
This work




	
Microalgae-fungus biomass

	
6

	
96.80
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