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Abstract: The demand for biodiesel worldwide is skyrocketing as the need to replace fossil diesel with
renewable energy sources becomes increasingly pressing. In this context, biocatalysis is emerging as
an environmentally friendly and highly efficient alternative to chemical catalysis. When combined
with the utilization of waste materials, it has the potential to make the process of biodiesel production
sustainable. In the study, the potential of an extract rich in lipase produced by an Amazonian endo-
phytic fungus as a biocatalyst in the transesterification of waste cooking oil for biodiesel production
has been systematically investigated. The fungus Endomelanconiopsis endophytica exhibited an enzyme
production of 11,262 U/mL after 120 h of cultivation. The lipolytic extract demonstrated its highest
catalytic activity at 40 ◦C and a pH of 5.5. Using soybean oil and frying residue as raw materials,
biodiesel was produced through biocatalytic transesterification, and yields of 91% and 89% (wt.),
respectively, were achieved. By evaluating the process parameters, a maximum biodiesel yield of
90% was achieved using ethanol at a ratio of 3:1 ratio within 120 min. The experimental results
demonstrate the feasibility and sustainability of applying a fungal enzymatic extract as a biocatalyst
in the production of ethyl esters using waste cooking oil as a raw material.

Keywords: biocatalysis; Endomelanconiopsis endophytica; ethanol; transesterification; biodiesel

1. Introduction

Fossil diesel is a non-renewable energy source that generates pollutants and is directly
associated with global warming, climate change and even some incurable diseases [1].
Biodiesel, being a renewable fuel, has become an attractive alternative to replace diesel or
be blended with it in order to mitigate pollution problems [2]. The advantages of biofuel
over diesel include the fact that it is safe, non-toxic and biodegradable; contains no sulfur;
and is a better lubricant. In addition, the global demand for biodiesel has been increasing
considerably in recent years due to public policies that demand increased incorporation
of biodiesel in diesel [3]. The global biodiesel market is estimated to be worth around US
$54.8 billion in 2028, with a compound expected annual growth of around 5.8% between
2021 and 2028 [4].

In Brazil, soybean oil is the main raw material used to produce biodiesel and, as such,
represents 70 to 80% of the total cost of the production of the biofuel [5]. In addition,
soybean oil is a widely used product in the food industry, which fuels the debate regarding
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the need to prioritize its use for food rather than fuel [6,7]. One solution to decrease this
cost and the impasse over the use of food oils is to replace the soybean oil used in fuel
production with waste cooking oil [7–11].

Waste cooking oil is a valuable source of raw materials that have considerable potential
for biodiesel production and stand out for their lower cost when compared to refined
vegetable oils [12–16]. These waste oils constitute one of the main categories of organic
waste generated in commercial establishments in the food sector and in households and are
a widely available raw material. In addition, waste cooking oil represents an environmental
threat, since it contributes to soil and water pollution and causes clogging in sewage
systems [14,17].

By virtue of its remarkable energy density, waste cooking oil can play a key role in
the production of biodiesel [7,18]. Therefore, the use of cooking oil as a raw material in the
manufacture of biodiesel can be considered an environmentally responsible and sustainable
approach to the management of such waste [7,19]. Additionally, approximately 20% of all
biofuels used in Europe currently originate from waste cooking oil, the use of which has
grown when compared to other biomass-based feedstocks [20]. This finding reinforces the
need to explore and improve new processes for biodiesel production.

The main method for commercial biodiesel production is alkaline catalysis, which
involves base-catalyzed transesterification (such as NaOH or KOH) to convert long-chain
fatty acids to esters [17,21]. However, this process generates a highly alkaline effluent,
requires significant water consumption in the purification steps and faces challenges in the
recovery of glycerol [22]. In addition, when waste cooking oil is used as a raw material, pre-
liminary treatment is required, which increases the costs of biodiesel production [16,17,20].
Therefore, alternatives are actively sought to optimize this process, such as the adoption of
biocatalysis with the use of lipases [17,23,24].

Lipases are enzymes whose biological function is to catalyze the hydrolysis of fats
and oils, releasing free fatty acids, diacylglycerols, monoacylglycerols and glycerol [25].
Nonetheless, depending on the reaction conditions, these enzymes can also act as catalysts
for transesterification reactions (acidolysis, aminolysis and alcoholysis), esterification and
interesterification [26]. These enzymes generated 1.94 billion US dollars in 2019, with an es-
timated market increase of 5.9% per year until 2026 [27]. Lipases demonstrate considerable
levels of activity and stability in non-aqueous environments, which favors the catalysis of
reactions such as esterification and transesterification [28].

Lipases of microbial origin have numerous industrial applications, such as in the
pharmaceutical, food and chemical industries [29,30]. Some studies have shown that
endophytic fungi are promising sources of these enzymes [31–34], and microorganisms
associated with tropical hosts are still little explored for this application.

The transesterification process for conversion of the oily feedstock into long-chain fatty
acid esters is a kinetically controlled reaction, and therefore, the biodiesel yield depends on
the catalyst [35]. The performance of lipase, in turn, depends on several factors, including
adsorption characteristics of the active center of the enzyme, specificity, and inhibitors of
the reaction, among others [26]. As a result, the search for new sources of obtaining this
enzyme becomes interesting [4].

The choice of the biocatalytic approach in this study aims to improve biodiesel produc-
tion by using waste cooking oil as a raw material, making it more efficient and ecologically
responsible. This is possible thanks to the use of an extract enriched with lipase obtained
from an Amazonian endophytic fungus. This fungus is recognized as a promising source
of enzymes of industrial interest and offers a valuable alternative to traditional sources of
lipolytic enzymes. Specifically, this research uses the fungus Endomelaconiopsis endophytica
as a catalyst in the production of biodiesel from waste cooking oil in order to evaluate its
viability. This approach not only contributes to the sustainable and efficient production
of biodiesel but also strengthens the industry by diversifying the sources of raw materials
and offering an additional source of industrial enzymes.
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2. Materials and Methods

The present study was conducted following the steps described in the flowchart
shown in Figure 1. Initially, the enzyme extract was produced from the Amazonian
endophytic fungus E. endophytica QAT_7AC in submerged culture. The lipase produced
was characterized in terms of optimal pH and temperature ranges. Simultaneously, the
waste cooking oil was collected, filtered and characterized in terms of density, acidity index,
saponification index and peroxide index. Enzymatic transesterification of the waste cooking
oil was performed in the presence of alcohol (ethanol or methanol) and lipase, resulting
in biodiesel that was purified and then analyzed using GC-MS. The process was studied
using comparative evaluations, and with the aid of an experimental design, the influence
of alcohol type, reaction time and alcohol:oil ratio on biodiesel yield was evaluated.
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Figure 1. Flowchart of the steps taken to obtain biodiesel via enzymatic transesterification.

2.1. Waste Cooking Oil and Soybean Oil

The waste cooking oil was provided by a restaurant located in the city of Manaus.
The waste oil was collected in a sufficient quantity to perform all the experiments. After
filtration, it was stored in bottles at room temperature. Unused soybean oil, used for
comparison purposes, was purchased in a local supermarket.

2.2. Physicochemical Characterization of Waste Cooking Oil

Density was determined according to the AOCS [36], using a 5 mL pycnometer. For
the determination of the acidity index, the methodology described by the Instituto Adolfo
Lutz [37] was followed; 5 g of residue were homogenized in an ether:alcohol solution (2:1)
v/v and titrated with 0.1 M of potassium hydroxide solution (previously standardized).
The peroxide index was defined by the ability of the residue to oxidize potassium iodide,
as described by the AOCS [38], as well as the saponification index, which was determined
by the KOH mass required to neutralize the free fatty acids obtained from the hydrolysis of
1 g of the residue [39].

2.3. Microorganism

The endophytic fungus Endomelaconiopsis endophytica QAT_7AC, isolated from
Aniba canelilla (Lauraceae), was used in the present study for lipase production. The
fungus is part of the Central Microbiological Collection (CMC) of the Universidade do
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Estado do Amazonas (UEA) and was previously selected as a good producer of the en-
zyme [33]. Its reactivation was carried out in a potato dextrose agar (PDA) medium, in a
BOD chamber (Tecnal, TE-39I, Piracicaba, Brazil) at 30 ◦C for 11 days.

2.4. Lipase Production

The fungus was cultured in Erlenmeyer flasks containing 100 mL of liquid medium
composed of NH2NO3 (1.0 g/L), MgSO4·7H2O (0.6 g/L), KH2PO4 (1.0 g/L), peptone
(20 g/L) and olive oil (1.0%), pH 6.0 [40]. The fungus E. endophytica was inoculated with
three mycelial discs (5 mm in diameter) taken from the edge of the colony grown in PDA.
The vials were incubated in a shaker (Tecnal, TE-4200, Piracicaba, Brazil) for 7 days at 28 ◦C
under 160 rpm agitation. The experiments were conducted in triplicate. Every 24 h, 1 mL
aliquots were taken and filtered for further measurement of enzymatic activity. From the
determination of the enzymatic activity during the cultivation time, the time to obtain the
enzyme was defined, which was later used in the production of the biodiesel.

2.5. Determination of Lipase Enzyme Activity

The lipolytic activity was quantified according to the methodology of Winkler and
Stuckmann [41], whereby a p-nitrophenyl palmitate (pNPP) emulsion was prepared by
adding (dropwise) 1 mL of solution A (30 mg of pNPP dissolved in 10 mL of isopropanol)
in 9 mL of solution B (0.4 g of Triton X-100; 0.1 g of gum arabic and 90 mL of 50 mM tris HCl
buffer, pH 7.0) under intense agitation. The emulsion obtained and the previously filtered
enzyme extract samples were stabilized for 5 min at 37 ◦C. An aliquot of 0.2 mL of the
supernatant was added to 1.8 mL of the substrate emulsion and the mixture was incubated
for 15 min at 40 ◦C. The absorbance of the mixtures was measured in a spectrophotometer
(Shimadzu, UV-1800, Kyoto, Japan) at 410 nm [42]. One unit (U) of enzyme activity was
defined as the amount of enzyme required to release 1.0 µmol of p-nitrophenol per minute
under assay conditions.

2.6. Characterization of Enzyme Extract

To determine the pH that best favors the highest enzymatic activity, the extract of
the fungal enzyme was incubated in a 50 mM citrate buffer (pH 5.5 and 6.0) and sodium
phosphate buffer (pH 7.0, 8.0 and 8.5). The determination of the optimal temperature for
the lipolytic extract was carried out via its incubation at 35, 37, 40, 45 and 50 ◦C [33,43].

2.7. Determination of Protein Concentration

The dosage of proteins present in the enzyme extract was determined by using the
Bradford method [44], in which 100 µL of enzyme extract was mixed with 1.0 mL of
Bradford reagent, followed by the reading of the absorbance in a spectrophotometer at
595 nm. Bovine serine albumin (BSA) was used as the reference standard.

2.8. Enzymatic Transesterification—Biodiesel Production

Initially, enzymatic transesterification was performed with two different raw materials:
unused soybean oil (used as a control for comparison purposes) and waste cooking oil, in
order to verify the feasibility of using the waste oil via the biocatalytic route. The reaction
time was 360 min and the ethanol:oil ratio was 3:1. The enzyme extract was added to the
reaction medium at a concentration of 3% (m/v) [45,46]. The reactions were carried out in
an adapted bench reactor, with constant stirring at 150 rpm and at a temperature of 40 ◦C,
ideal conditions for the enzyme to act [47,48]. The adaptation of the reactor was carried
out as follows: raw materials totaling 100 mL were added to 250 mL sealable borosilicate
glass Erlenmeyer flasks. The flasks were placed in a shaker (Tecnal, TE-4200, Piracicaba,
Brazil), with precise control of temperature and agitation. Figure 2 schematically illustrates
the procedure used in the assay.
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Figure 2. Illustration of the procedure used in the enzymatic transesterification reaction to
obtain biodiesel.

After this, the ethanol:oil ratios of 2:1 and 3:1 were evaluated, using the waste oil and
the enzyme extract. The commercial enzyme Candida rugosa lipase (Sigma-Aldrich, L1754,
St. Louis, MI, USA) was used for comparison with the fungal extract. The biocatalytic
reaction of the waste oil was also evaluated from a 23 experimental design, in which the
influence of the reaction time (120 and 360 min), the type of short-chain alcohol (methanol
and ethanol) and the alcohol:oil ratio (3:1 and 4:1) were determined. The reaction time
was chosen based on the reaction time used to produce biodiesel under alkaline or acid
catalysis [49,50]. The alcohol:waste cooking oil ratio was set considering amounts of alcohol
that would not denature the enzyme [48,51]. The tests were performed in triplicate.

2.9. Purification of the Biodiesel

At the end of the reaction, the mixture obtained was transferred to a separation funnel
and allowed to stand for 24 h. After phase separation, the biodiesel was washed with
50 mL water [52] (approximately 1 mL of water to 2 mL of biodiesel) and then subjected to
gas chromatography–mass spectrometry (GC–MS) analysis. The mass of biodiesel obtained
after purification was used in the calculation of the yield.

2.10. Chromatographic Analysis

To confirm the production of biodiesel, the methodology described by Naser et al. [53]
with adaptations was used. One mL of acetone was added to 100 µL of the sample obtained
after the purification process. The sample was then analyzed on a chromatograph (Agilent
Technologies, CG-7890B, Santa Clara, CA, USA) coupled to a mass spectrometer (Agilent
Technologies, MS-5977a, Santa Clara, CA, USA). The column used was a Carboxen 1010
(30 m × 0.53 mm). The carrier gas was H2 with a flow of 1.2 mL/min. The initial temper-
ature of the column was 100 ◦C, maintained for 1 min, with a heating rate of 5 ◦C/min
up to 290 ◦C, maintained at this temperature for another 21 min. The temperatures of the
injector and detector remained at 300 ◦C. The amount of sample injected was 3 µL. The
resulting mass spectra were compared with those of the NIST Standard Reference Database
1A library. This comparison allowed the identification of the compounds present in the
biodiesel samples.

2.11. Biodiesel Yield

The yield of biodiesel produced was calculated from the mass of biodiesel obtained
after the transesterification reaction (mbiodisel), as a function of the mass of oil or waste oil
(moil) used in the reaction (Equation (1)) [21,54,55].

Yield (%) =
mbiodiesel

moil
× 100 (1)
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2.12. Statistical Analysis

The results were expressed as mean and standard deviations and submitted to the
analysis of normality and homogeneity of data, analysis of variance (ANOVA) and Student’s
t and Tukey tests (p < 0.05). The data from the experimental design were analyzed with the
aid of Statistica 10.0 software (p < 0.05).

3. Results and Discussion
3.1. Characterization of the Waste Oil

The results obtained for the characterization of the waste cooking oil, used as raw
material for biodiesel production, are presented in Table 1, which also shows results found
by other authors for the characterization of this type of oil.

Table 1. Characterization of waste cooking oil used for biodiesel production.

Density at 25 ◦C
(g/cm3)

Acidity Index
(mgKOH/g)

Peroxide Index
(meq/kg)

Saponification Index
(mgKOH/g) Reference

0.922 1.45 25.98 172.77 Castro et al., 2018 [56]
0.908 28.50 - 175.87 Aworanti et al., 2019 [57]
0.916 35.40 - 234.71 Al-Saadi et al., 2020 [58]

- 1.86 - 181.25 Farooq et al., 2015 [59]
0.917 1.78 18.36 - Siqueira et al., 2019 [60]
0.917 5.75 19.38 175.70 This study

High values are observed for the acidity and peroxide indices when compared to the
specific values for refined oil, which is the main raw material used for biodiesel production
in Brazil [61]. However, these values are in accordance with those obtained for waste
cooking oil, as can be seen in Table 1. According to Castro et al. [56] and Plata et al. [62],
the high values of the acidity index and peroxide index indicate the thermal and oxidative
degradation of the oil, caused by the high temperature of the frying process in contact
with atmospheric oxygen. The low saponification index value may be associated with the
occurrence of hydrolysis during the frying process, releasing unsaponifiable impurities.
It is also observed that the residue presented a density that is close to that of commercial
soybean oil (0.9205 g/cm3) [63], which, according to Castro et al. [56], may be an indication
that there are no significant amounts of water or impurities in the waste oil.

The parameters analyzed presented values similar to those of other studies [56–60,64,65], in
which waste oil was used for biodiesel production. This indicates that the waste oil used in
this study also presents adequate characteristics for the lipase-catalyzed transesterification
reaction. However, it is important to note that, unlike other studies [56,59,66], the waste oil
used in our research did not undergo any type of treatment; it was only filtered and used
directly in the enzymatic transesterification reaction.

3.2. Enzyme Production

Lipase enzyme activity was evaluated daily during submersed culture of the endo-
phytic fungus E. endophytica QAT_7AC (Figure 3). It can be observed that the highest lipase
production, of 11,262 U/mL, occurred after 120 h of fungal culture. The enzymatic extract
presented a protein concentration of 1.85 mg/mL, which means that the extract has a high
specific enzymatic activity of 6087 U/mg.

From the adjustment of the experimental data, it was possible to draw a polyno-
mial curve and, from this, generate an equation that could mathematically describe the
enzymatic production of E. endophytica, which is presented in Equation (2) (R2 = 0.9538):

y = −1.0135x2 + 270.47x − 7069.7 (2)

Y = enzyme activity (%)
X = growing time in hours
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Abu et al. [67], as well as Dutta et al. [68] and Behera et al. [69], also used mathemat-
ical models to describe the production of microbial lipase. The equation derived from
the polynomial curve provides a quantitative and modeled approach to understand the
performance of enzyme production over time. This approach not only helps to identify
the point of maximum enzymatic activity but also provides a tool for optimizing the time
to obtain the enzyme. Using the equation, it is possible to anticipate and predict enzyme
production over time [67–69].
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The results of enzyme production can be considered promising. When compared to
the result obtained by Carvalho Neto [70], who used the same fungal species, it is noted
that E. endophytica isolated from A. canelilla presents greater enzymatic activity. In addition,
when compared to other endophytic fungi [71,72] and even bacteria [35], E. endophytica
QA7_AC demonstrates excellent potential as a source of lipase, with high extracellular
enzyme production.

However, when evaluating the time taken to obtain the highest lipolytic activity, it
is noted that QAT_7AC begins enzymatic production only after 24 h of culture, with a
peak at 120 h. In the study by Sopalun et al. [71], the enzyme extract with the highest
activity (82.22 U/mL) was obtained in 72 h using the endophytic fungus Colletotrichum
gloeosporioides XmL-02. Oliveira, Silva and Hirata [72] obtained an enzyme extract rich
in lipase (28 U/mL), which was produced using the fungus Preussia africana in only 48 h.
Rocha et al. [73] obtained the highest lipolytic activity in 96 h using the endophytic fungi
Stemphylium lycopersici (397 U/mL) and Sordaria sp. (286 U/mL). On the other hand,
Sena et al. [74] obtained their extract with the highest lipase activity in 144 h using the
endophytic fungus Aspergillus sp., which is closer in time taken to that obtained using E.
endophytica QAT_7AC, although it presented lower enzyme activity.

Thus, in order to reduce the cultivation time, there is a need to optimize the production
of the fungal enzyme. Factors such as culture temperature and pH of the medium are crucial
for lipolytic production [74] and were previously evaluated in the study by Matias et al. [33].
However, other factors should be studied, such as agitation, components of the medium
and inoculum concentration, in order to reduce the bioprocess time [33,75].

3.3. Characterization of the Enzyme Extract

The enzymatic extract obtained after 120 h of culture of E. endophytica QT_7AC was
characterized regarding the temperature and pH ranges in which it presents the highest
enzymatic activity. The results obtained are shown in Table 2.
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Table 2. Effect of temperature and pH on lipase activity of the enzyme extract produced by the
fungus Endomelanconiopsis endophytica QAT_7AC.

Temperature (◦C) EA (U/mL) pH EA (U/mL)

35 8611 c ± 29 5.5 8840 a ± 17
37 8559 c ± 10 6.0 8703 b ± 10
40 9100 a ± 6 7.0 8729 b ± 5
45 8445 c ± 4 8.0 8618 c ± 3
50 8849 b ± 5 8.5 8579 d ± 4

EA = Enzymatic activity of lipase. Different letters indicate that there is a statistical difference according to the
Tukey test (p < 0.05). The highest values of enzyme activity are in bold.

The enzyme extract of E. endophytica QAT_7AC showed the maximum lipase activity
when incubated at 40 ◦C. Although the enzyme extract showed high activity throughout
the evaluated temperature range, there was a statistically significant difference (p < 0.05)
between the analyzed temperatures. Therefore, the temperature of 40 ◦C was considered
the optimal temperature for obtaining lipase using E. endophytica QAT_7AC. These results
are in agreement with the study by Colla et al. [76], for which the temperature between
30 and 40 ◦C was reported as the optimal range for the activity of lipase produced by
Aspergillus niger. As for the pH, a significant difference (p < 0.05) was also observed
between the analyzed samples, and it was determined that pH 5.5 was the best among
those evaluated for the performance of the lipase obtained using E. endophytica QAT_7AC.

The conditions for the lipase produced by E. endophytica QAT_7AC are optimal for
the production of biodiesel using enzymatic transesterification, especially when the raw
materials have a high acidity index, as in the case of waste cooking oil. The acidity value is a
limiting factor for producing biodiesel using the transesterification method in the presence
of homogeneous alkaline catalysts (NaOH, KOH), since acid values lower than 0.5 mg
NaOH/g prevent the conversion process [77], and the use of lipase for these raw materials
may be a promising alternative for the production of the biofuel [78,79].

3.4. Biodiesel Production

The formation of ethyl esters was observed in the samples from the biocatalytic
reactions using soybean oil and waste cooking oil as raw materials. The linoleic acid ester
(retention time = 19.920 min) was produced in greater quantity, followed by oleic acid
ester (retention time = 23.512 min) (Figure 4). Esters of palmitic acid and stearic acid were
identified in smaller proportions. The yields obtained were 92% and 89% for the enzymatic
transesterification of soybean oil and waste cooking oil, respectively.

The biodiesel yield obtained from the waste cooking oil was comparable to that
obtained with the unused soybean oil. This suggests that both the biocatalytic system
(lipase from E. endophytica QAT_7AC) and the use of the waste cooking oil are viable for
obtaining ethyl esters. This finding highlights not only the effectiveness of the process, but
also the possibility of contributing to the reuse of resources that have no further use.

The biodiesel yields obtained using the enzymatic extract of the fungus E. endophytica
QAT_7AC are comparable to those of other studies that used lipase-mediated biocatalytic
transesterification reactions [80–85]. Table 3 shows the biodiesel yields obtained via the
transesterification of different oily raw materials under different reaction conditions.

3.5. Biodiesel Production—Evaluation of the Parameters Involved in the Reaction

The biocatalytic reaction was evaluated for the ethanol:waste oil ratio, using the
commercial lipase for comparison with the fungal biocatalytic system. The chromatograms
of Figure 5 demonstrate the production of ethyl esters under all the reaction conditions
evaluated. The fatty acid ethyl ester (FAEE) composition of the raw material and of the
biodiesel samples produced by enzymatic transesterification using Candida rugosa lipase
(CRL) and Endomelanconiopsis endophytica lipase (EEL), determined using GC-MS, can be
found in Table S1.
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Figure 4. Chromatogram of biodiesel sample produced by enzymatic transesterification of unused
soybean oil and waste cooking oil. The reactions were performed for 360 min, with 3% (w/v) of the
fungal enzyme extract, at 40 ◦C, with an ethanol:oil ratio of 3:1.

Table 3. Biodiesel yields obtained by biocatalytic transesterification under different reaction conditions.

Raw Material Reaction Conditions
(T; A:O; t; A) Biocatalyst Yield (%) Reference

Soybean oil 37 ◦C; 1:1; 2 h; EtOH Lipase from Thermomyces lanuginosus 85.0 Silva [80]
Macauba oil 37 ◦C; 1:1; 2 h; EtOH Lipase from Thermomyces lanuginosus 71.0 Silva [80]
Soybean oil 45 ◦C; 3:1; 6 h; EtOH Lipase from Rhizomucor miehei 74.0 Aguieras et al. [81]
Macauba oil 40 ◦C; 2:1; 8 h; EtOH Lipase from Rhizomucor miehei 91.0 Aguieras et al. [82]

Olive oil 30 ◦C; 1:1; 3 h; EtOH Candida Lipase sp. 80.0 Li et al. [83]
Palm oil 50 ◦C; 4:1; 6 h; EtOH Commercial lipase Novozyme® 435 87.2 Raita et al. [84]

Soybean oil 34 ◦C; 3:1; 8 h; MetOH Lipase from Leonotis nepetifolia 74.5 Vazquez et al. [85]
Waste cooking oil 40 ◦C; 3:1; 6 h; EtOH Lipolytic extract of E. endophytica 89.0 This study

Soybean oil 40 ◦C; 3:1; 6 h; EtOH Lipolytic extract of E. endophytica 92.0 This study

T = Reaction temperature, A:O = alcohol:oil ratio; t = reaction time; A = alcohol.
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Figure 5. Chromatogram of biodiesel samples obtained in the transesterification reactions of waste
cooking oil catalyzed using commercial Candida rugosa lipase (CRL) and using the enzymatic extract
produced using the fungus Endomelanconiopsis endophytica QAT_7AC (EEL), with ethanol:waste
cooking oil ratios of 2:1 and 3:1. The reactions were carried out for 360 min, with 3% (w/v) of fungal
enzyme extract, at 40 ◦C.
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The biodiesel yields obtained in the transesterification reactions with 2:1 and 3:1 ratios
of ethanol:waste cooking oil, using the enzymatic extract and the commercial enzyme, are
shown in Figure 6. The enzymatic extract produced by the Amazonian endophytic fungus
made it possible to obtain yields comparable to those obtained with the commercial lipase
of Candida rugosa, an enzyme that underwent a purification process. It is also noted that
the increase in the proportion of ethanol in relation to the residue promoted the increase in
biodiesel yield. According to Cavalcante et al. [86], regarding the production of biodiesel, it
is necessary to use between three and six times the amount of alcohol to that of soybean oil
in order to guarantee the conversion to product in the transesterification reaction.
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) 3:1. The reaction was carried out for 360 min at 40 ◦C. Experiments
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(p < 0.05).

The biodiesel yields obtained in the present study are comparable to those of other
studies that used lipase-mediated biocatalytic transesterification reactions. Table 4 shows
the biodiesel yields obtained for the transesterification of the waste cooking oil under
different reaction conditions.

Table 4. Biodiesel yields obtained by biocatalytic transesterification of the waste cooking oil under
different reaction conditions.

Reaction Conditions
(T; A:O; t; A) Biocatalyst Yield (%) Reference

40 ◦C; 4:1; 30 h; MetOH Lipase B from Candida antarctica immobilized 96.0 Parandi et al. [54]
40 ◦C; 4:1; 4 h; MetOH Lipase from Geotrichum sp. 85.0 Yan et al. [87]

42.5 ◦C; 4:1; 36 h; MetOH Lipase from Pseudomonas cepacia immobilized 76.3 Kuan et al. [88]
40 ◦C; 10:1; 32 h; EtOH Lipase from Candida rugosa immobilized 85.7 Abdulla et al. [89]
50 ◦C; 6:1; 4 h; MetOH Commercial lipase Novozyme® 435 72.0 Taher et al. [90]
40 ◦C; 6:1; 9 h, MetOH Lipase from Candida sp. 80.0 Gong et al. [91]
40 ◦C; 3:1; 6 h; EtOH Lipolytic extract of E. endophytica 90.0 This study

T = Reaction temperature, A:O = alcohol:oil ratio; t = reaction time; A = alcohol.

When compared with the results obtained by other authors, the yield values observed
here are promising, since 90% was obtained using the fungal enzyme extract, a result
which is similar to that achieved in studies that used purified enzymes for the biocatalytic
reaction [54,82,88,89].
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According to Geris et al. [92], for a stoichiometrically complete transesterification,
a molar ratio of 3:1 alcohol:triacylglyceride is required. However, due to the reversible
character of the reaction, the transesterifying agent (alcohol) is usually added in excess in
these reactions, thus contributing to increasing the yield of the ester, as well as allowing
its separation from the glycerol formed. However, excess alcohol can impair enzymatic
activity, as it can destabilize the enzyme structure, compromising its three-dimensional
conformation and, consequently, its catalytic function [92]. In addition, alcohol can act as a
non-competitive inhibitor of the enzyme; in other words, it binds to sites other than the
active site of the enzyme, interfering with its ability to bind to the substrate and carry out
catalysis. These unwanted interactions between alcohol and the enzyme can result in a
significant reduction of enzymatic activity [93,94]. Therefore, it is essential to avoid excess
alcohol in the biocatalytic reaction in order to preserve the correct structure and functioning
of the enzyme, thus ensuring efficiency in the transesterification process [95].

Considering the promising performance of the fungal biocatalyst system in the pro-
duction of biodiesel from the transesterification of waste cooking oil, via an experimental
design, we evaluated the influence of the parameters that affect the yield of the reaction:
reaction time, alcohol type and alcohol:waste oil ratio. The results obtained in each assay
are shown in Table 5.

Table 5. Biodiesel yields obtained from the transesterification of the waste cooking oil catalyzed using
the enzymatic extract produced by the endophytic fungus Endomelanconiopsis endophytica QAT_7AC
under different reaction conditions.

Assay

Parameters * Yield (%)

Time (min) Alcohol:Waste
Cooking Oil Alcohol

1 120 (−1) 3:1 (−1) Methanol (−1) 86.50 b ± 0.19
2 360 (+1) 3:1 (−1) Methanol (−1) 89.57 a ± 0.60
3 120 (−1) 4:1 (+1) Methanol (−1) 83.83 c ± 0.55
4 360 (+1) 4:1 (+1) Methanol (−1) 81.43 d ± 0.49
5 120 (−1) 3:1 (−1) Ethanol (+1) 85.15 b,c ± 0.95
6 360 (+1) 3:1 (−1) Ethanol (+1) 89.29 a ± 0.22
7 120 (−1) 4:1 (+1) Ethanol (+1) 89.19 a ± 0.53
8 360 (+1) 4:1 (+1) Ethanol (+1) 89.50 a ± 0.60

* Demonstrated as real variables and codified variables of the 23 experimental design. Experiments that do not
share the same letter are significantly different according to the Tukey test (p < 0.05).

The biodiesel yields varied between 81.43% and 89.53%, which confirms the satisfac-
tory performance of the fungal biocatalytic system used in the transesterification reactions.
When analyzing Table 5, it is observed that there is no significant difference between ex-
periments 2, 6, 7 and 8 in terms of yield. Of these, only experiment 2 was performed with
methanol. Methanol is widely employed as a solvent and reagent in the production of
biodiesel using enzymatic transesterification. Its high reactivity allows the rapid conversion
of triglycerides into methyl esters, resulting in an efficient and fast execution process [96,97].
In a study conducted by Muanruksa and Kaewkannetra [48], the authors obtained a yield
of 91.3% of biodiesel using the ratio of 3:1 methanol:sludge palm oil at 40 ◦C in just 4 h of
reaction using a commercial lipase.

The variables studied via the experimental design had a significant influence (p < 0.05)
on biodiesel yield, with the reaction time being the independent factor with the greatest
effect (Figure 7). In other words, the longer reaction times were favorable for obtaining
higher biodiesel yields. These results corroborate the conclusions of the study conducted
by Bessa et al. [98]. However, when using an ethanol ratio of 4:1, both in a reaction time of
120 and 360 min, equivalent yields were obtained. These results indicate, therefore, that the
increase in reaction time is not necessary for the biocatalytic system employed.
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The reaction time is an important variable that should be evaluated in order to ensure
the conversion of triglycerides into methyl or ethyl esters. An insufficient reaction time can
lead to a low conversion of esters, while a prolonged reaction time can lead to the formation
of unwanted byproducts, which can reduce the quality of the biodiesel produced [87].
Parandi et al. [54] used methanol in the production of biodiesel and evaluated the reaction
time (between 12 and 36 h), with the highest yield occurring after 30 h (1800 min).

The type of alcohol also significantly (p < 0.05) influenced the biodiesel yield, and
ethanol is preferable to methanol. The use of the ethyl route to replace the use of methanol
in biodiesel production is important, because ethyl esters have several advantages over
methyl esters, such as their higher cetane number, higher oxidative stability, lower iodine
number and better lubrification properties; in addition, the ethyl route produces 100%
renewable biodiesel and gives a better energy balance because it is a fuel synthesized
from biomass fermentation, in addition to having the advantages of non-toxicity and
biodegradability [99].

The proportion of alcohol, i.e., the amount of methanol or ethanol used in relation
to the waste cooking oil, is also an important factor to be considered in the production
of biodiesel. However, this factor, individually, did not present statistical significance
(Figure 7). On the other hand, the interactions between the studied variables showed
a significant effect, and their behavior can be visualized in the response surface graphs
(Figure 8).

The interaction between the alcohol:waste cooking oil ratio and the type of alcohol has
the greatest influence on biodiesel yield (Figure 8a). The correct proportion of the alcohol
to be used can ensure the high efficiency of the reaction and minimize the formation of
unwanted by-products. However, it is important to evaluate the influence of the alcohol
ratio under these different experimental conditions. For methanol, in higher proportions, it
is possible to observe a decrease in biodiesel yield, a result that corroborates those obtained
by Rosset et al. [51]. This behavior can be attributed to an inhibitory effect of methanol on
lipase, accelerating the denaturation of the enzyme and, consequently, impairing the yield
of the process. Ren, Li and Liu [93] demonstrated that the ethanol:oil ratio for biodiesel
conversion using lipase as biocatalyser can be increased to 4:5.
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In addition, when comparing the results obtained in this study with other method-
ologies that used cooking oil residue for biodiesel production, similar or higher yields are
observed. For example, Corral-Bobadilha et al. [21] achieved a maximum yield of 92.7%
using alkaline catalysis. Lin et al. [7] and Peng et al. [16] obtained maximum yields of 87.3%
and 87.8%, respectively, when adopting CaO as a catalyst in a microwave heating system.
Additionally, Banchapattanasakda et al. [100] achieved a maximum yield of 81.7% with
direct pyrolysis and 83.5% when using activated carbon as a catalyst. These results reinforce
the effectiveness of the biocatalysis methodology used in this study and demonstrate that
it provides yields comparable to those obtained with classical methodologies.

From the statistical analysis, it was possible to observe that, in this study, the use
of ethanol resulted in a significant increase in biodiesel yield (Figure 7). The multivari-
ate function that describes the biodiesel yield for the transesterification of the waste oil
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with ethanol, considering the reaction time and the alcohol:waste oil ratio is presented in
Equation (3) (R2 = 0.98167).

Y = 42.93 + 0.12x1 + 11.52x2 − 0.03x1x2 (3)

Y = biodiesel yield (%).
X1 = time in minutes (ranging from 120 to 360 min).
X2 = number of moles of alcohol in the alcohol:waste oil ratio (ranging between 3 and

4 moles).
Anwar et al. [101] conducted a study on the production of biodiesel from Carica papaya

oil and investigated the relationship between the percentage of biodiesel in blends, the
load and the engine speed. The authors developed a multivariate function that provided
important answers in engine tests. Thus, the multivariate function developed in this study
represents a useful tool to predict the performance of the transesterification process. By
simultaneously considering the reaction time and the alcohol:waste oil ratio, the model
allows us to understand the complex interactions between these variables and their impact
on the final result. The reaction time is a critical factor that influences the formation of ethyl
esters, while the ratio between alcohol and residual oil has a fundamental role in determin-
ing the amount of biodiesel produced and in the enzymatic performance. By synthesizing
these elements into a conjoint function, researchers and engineers can more accurately
predict the yield of the transesterification process under different experimental conditions.

The results obtained via the experimental design highlight the importance of this step
in the evaluation of the efficiency of biodiesel production and in determining the optimal
reaction conditions to ensure higher yields of the biofuel. In addition, the results indicate
that the use of ethanol for biodiesel production is more appropriate, which is an advantage
when considering the environmental benefits associated with the choice of ethanol, and
it contributes to the reduction of the dependence on fossil fuels and the reduction of
greenhouse gas emissions, thus strengthening the sustainability of the biodiesel production
process. Therefore, the results show not only the efficiency of biodiesel production using
the enzyme produced by the endophytic fungus but also the possibility of achieving a
sustainable process.

4. Conclusions

The Amazonian endophytic fungus E. endophytica is a promising source of lipase, an
enzyme of great interest for industrial applications. The lipolytic extract derived from this
fungus was used as a biocatalyst, enabling the use of waste cooking oil as raw material in
the production of biodiesel, with yields between 81.43 and 90.00%. The study also revealed
the identification of important parameters to be considered in biodiesel production, such
as reaction time and the alcohol:waste oil ratio. In addition, it was found that the use of
ethanol presented advantages when compared to methanol, highlighting the potential of
the investigated biocatalytic system for a sustainable production of biodiesel.

These findings underline the potential of the biocatalytic system studied for enabling
sustainable biodiesel production, since the biocatalysis methodology used in this study
demonstrated the achievement of yields comparable to those obtained with classical
methodologies. However, it is critical to recognize that this process still faces challenges
and limitations that require additional considerations. Some of these obstacles include the
continuous need for process optimization, covering variables such as temperature, reac-
tant concentration and reaction time, in order to achieve higher yields in shorter reaction
times. In addition, variability in the composition and quality of the waste cooking oil can
impact the efficiency of transesterification, thus requiring a detailed analysis on how this
variability affects the process. Considerations related to the cost and availability of the
lipolytic enzyme produced by the fungus E. endophytica should also be weighed, given that
large-scale production may be costly and logistically challenging.

In summary, while the results of this study are promising and represent an innovative
approach to sustainable biodiesel production, it is imperative to recognize that significant
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challenges and limitations persist. Continuous progress and dedicated research are crucial
in order to overcome these barriers and maximize the benefits of this method. Thus, this
work not only contributes to the advancement of the biodiesel industry by offering a
more effective and ecologically conscious solution but also emphasizes the importance of
continuing to investigate new approaches to the production of sustainable energy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16196937/s1, Table S1: Fatty acid ethyl ester (FAEE) composition of
raw material and of biodiesel samples produced by enzymatic transesterification using Candida rugosa
lipase (CRL) and Endomelanconiopsis endophytica lipase (EEL), determined using GC-MS.
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