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Abstract: The increasing global demand for biodiesel is due to the urgent need to replace mineral diesel with
a fuel based on renewable energy sources. In this scenario, biocatalysis stands out as an efficient and
environmentally friendly alternative to chemical catalysis. When associated with the use of immobilized
enzymes, which allow their reuse in the process of obtaining biofuel, this approach makes production
sustainable and reduces costs. In this sense, we investigated the use of the lipase produced by an Amazonian
endophytic fungus in immobilized form as a biocatalyst in the transesterification of waste cooking oil for
biodiesel production. The fungus Endomelanconiopsis endophytica QAT_7AC demonstrated high production of
lipase. The lipolytic extract was precipitated in ethanol, which increased the specific enzyme activity by 28%.
The lipolytic extract and the precipitated lipolytic extract were immobilized in calcium alginate beads.
Immobilization efficiency was over 89%. The immobilized biocatalysts showed thermal stability (30-50 °C) and
were used in the production of biodiesel using waste cooking oil and ethanol. It was possible to reuse them for
up to four reaction cycles, with yields greater than 70%. These results prove the efficiency of immobilized
biocatalysts in the production of ethyl esters from waste oils.

Keywords: biocatalysis; enzyme; ethanol; biofuel

1. Introduction

The environmental problems caused by the consumption of energy obtained from fossil fuels
have generated growing global concerns. These fuels produce gases that contribute significantly to
the worsening of the greenhouse effect, which highlights the urgent need to seek cleaner and more
sustainable alternatives [1-3]. In this scenario, enzymatic transesterification stands out for its ability
to generate renewable, biodegradable and non-toxic fuel from triglycerides, with lower emissions of
exhaust gases and greenhouse effect [4,5].

The production of biodiesel using immobilized lipases is a promising approach in the search for
alternative and sustainable energy sources in order to mitigate the environmental problems
associated with the use of fossil fuels [6-8]. In recent years, there has been a gradual transition from
chemical catalysts to enzymes as catalysts in biodiesel production, in line with the search for more
sustainable processes [9,10]. In this context, lipases emerge as an environmentally friendly and
efficient alternative for the production of biodiesel and offer significant advantages over traditional
chemical methods [11-14].

The use of lipases in the catalysis of the transesterification has shown itself to be especially
promising. Unlike chemical catalysts, lipases offer milder reaction conditions, higher selectivity,
substrate specificity and an absence of unwanted byproducts [11,15,16]. These characteristics make
biocatalysis an attractive option due to their eco-efficiency and the reduction in the environmental
impacts associated with the biodiesel production process [6,12,16]. In addition, the use of lipases in
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transesterification allows the use of alternative raw materials, such as waste cooking oils, thereby
contributing to a reduction in waste and the circular economy [17-19]. This approach not only
minimizes competition with food sources, but also proves to be economically viable, since waste
cooking oils are generally more affordable in terms of cost [20,21].

Although there are still challenges to overcome, such as the high cost of commercial enzymes
and the need to optimize reaction conditions, immobilized lipases emerge as a viable technological
solution for sustainable biodiesel production on an industrial scale [18,22]. Enzymatic immobilization
allows lipases to be reused, which reduces operating costs and improves several enzymatic properties
such as stability, selectivity and resistance to inhibitors [23,24].

There have been many studies in the field of enzyme immobilization applied to biodiesel
production. Shao et al. [25] obtained a conversion of 63.6% of the methyl esters under ideal conditions
for the immobilization of lipases from Candida rugosa in chitosan, while Bergamasco obtained a yield
of 66.3% using a PVA support in the immobilization of lipases from Rhizomucor michei [26].

Several immobilization techniques can be used, such as adsorption, covalent bonding,
encapsulation and cross-linking [23,24]. Among them, encapsulation stands out for its potential by
confining enzymatic molecules in microcapsules [27]. These microcapsules protect enzymes against
adverse conditions and allow controlled release, thus increasing catalytic efficiency [27]. Despite
challenges such as the development of compatible materials, encapsulation is highly advantageous
for the production of biodiesel with immobilized lipases and improves the stability and efficiency of
enzymes, especially on a large scale [27,28].

Based on the above, this study aimed to use the extract rich in lipase produced by an Amazonian
endophytic fungus, immobilized in calcium alginate, for the production of biodiesel from the
transesterification of waste cooking oil with ethanol. The lipolytic extract has catalytic potential
similar to that of industrial lipases, allows the reuse of the biocatalyst and increases the efficiency of
the process. In addition, the use of waste cooking oil and ethanol makes the reaction more sustainable
and aligned with the principles of green chemistry and is an ecological and viable alternative to
produce biofuels.

2. Materials and Methods

The present study was conducted following the steps described in the flowchart shown in Figure
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Figure 1. Flow chart of the steps used to obtain biodiesel via enzymatic transesterification of waste cooking oil
with ethanol.

2.1. Microorganism

The endophytic fungus Endomelanconiopsis endophytica QAT_7AC isolated from Aniba canelilla
(Lauraceae) was used in the present study for production of lipase. The fungus is deposited in the
Central Microbiological Collections (CCM) of the Amazonas State University (UEA) and was
previously selected as a good producer of the enzyme [29]. Its reactivation was performed on potato
dextrose agar (PDA) in a BOD incubator (TE-391, Tecnal, Brazil) at 30 °C for 11 days.
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2.2. Lipase Production

The fungus was grown in Erlenmeyer flasks containing 100 mL of liquid medium composed of
NH2NOs (1.0 g/L), MgSO4.7H20 (0.6 g/L), KH2POu (1.0 g/L), peptone (20 g/L) and olive oil (1%), pH
6.0 [30]. E. endophytica was inoculated with three mycelial discs (5 mm diameter) taken from the edge
of the colony grown in PDA. The flasks were incubated in a shaker (TE-4200, Tecnal, Brazil) for five
days at 28 °C under agitation at 160 rpm. The experiments were conducted in triplicate. At the end of
the 5t day, the lipolytic extract (LE) was filtered and used in the subsequent steps.

2.3. Determination of Lipase Enzyme Activity

The lipolytic activity was quantified according to the methodology of Winkler and Stuckmann
[31], whereby an emulsion of p-nitrophenyl palmitate (pNPP) was prepared by adding, dropwise,
10% by volume of solution A (30 mg of pNPP dissolved in 10 mL of isopropanol) in 90% by volume
of solution B (0.4 g of Triton X-100; 0.1 g of gum arabic and 90 mL of Tris buffer 50 mM HCL, 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 samples 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 (UV-1800, Shimadzu, Japan) at 410 nm [32]. One unit (U) of
enzyme activity was defined as the amount of enzyme required for the release of 1.0 umol of p-
nitrophenol per minute under assay conditions.

The dosage of proteins present in the enzyme extract was determined using the Bradford method
[33], whereby 100 uL of enzyme extract was mixed with 1,000 uL of Bradford reagent, followed by
reading the absorbance in a spectrophotometer at 595 nm. Bovine serine albumin (BSA) was used for
the construction of the standard curve.

2.4. Enzyme Extract Precipitation

Ethanol was used for enzymatic precipitation, according to the methodology of Costa et al. [34].
With the aid of a burette, 90 mL of 99% ethanol were added at 2 mL/min to 10 mL of enzyme extract
in an ice bath. After the addition of ethanol, the mixture was placed in a freezer at -20 °C for 2 h and
centrifuged at 4,000 rpm for 15 min. Subsequently, the precipitate was resuspended in 0.05 M sodium
acetate buffer, pH 6.0 and the precipitated lipolytic extract (PLE) was used in the subsequent steps.

2.5. Calculation of Specific Activity, Recovery Percentage and Purification Factor

The PLE was evaluated for the specific activity (SA), the percentage of recovery (R), and the
purification factor (PF), in relation to the specific enzymatic activities before and after precipitation,
using to the equations below [35]:

_ Ap
E= o (1)
R = 22x100 )
Aa
FP= & 3)
Cp
Where:

Ap - activity after precipitation (U/mL)

Cpp - protein concentration after precipitation (g)
Aa - enzyme activity before precipitation (U/mL)
Cp - protein concentration before precipitation (g)

2.6. Immobilization in Calcium Alginate

For the immobilization in calcium alginate, the lipolytic extracts LE and PLE were added
separately to 50 mL of a 5% sodium alginate solution. After homogenization, the particles were
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formed by dripping the aqueous solution of sodium alginate into a gelling solution of calcium
chloride at 0.1 M. This process occurred with a flow rate of 3.0 mL/min, with a drop height of 24 cm
and a particle immersion time of 1 h (Figure 2). [36]

- Lipolytic extract

Sodium alginate 5%

Galgium ehloride

o

Figure 2. Illustration of the system used for immobilization of the lipase-rich enzyme extract of the endophytic
fungus Endomelanconiopsis endophytica in calcium alginate spheres.

2.7. Immobilization Yield

The immobilization yield (1) was calculated based on the enzymatic activity obtained and the
residual enzymatic activity present in the reaction medium after the immobilization process. The
immobilization yield was calculated using Equation 4 [37].

Up—Us
Uo

n (%) = x100 4)
Where:

Uo: enzymatic activity obtained at the beginning of immobilization (U/g)

Ur: residual enzyme activity present in supernatant after immobilization (U/g)

2.8. Enzyme Activity Recovered

The calculation of the recovered activity was determined by the relationship between the
enzymatic activity of immobilized biocatalysts and the initial and final activities present in the
supernatant, according to Equation 5 [36].

AR (%) = ”Sfo 100 (5)

Uo-
Where:

Us: enzyme activity of immobilized lipolytic extract (U/g)

Uo: enzymatic activity obtained at the beginning of immobilization (U/g)

Ur: residual enzyme activity present in supernatant after immobilization (U/g)

2.9. Thermal Stability of Immobilized Enzyme Extracts

Thermal stability was evaluated by incubating immobilized lipolytic extracts (ILE and IPLE) in
0.1 M sodium acetate buffer (pH 7.0). The immobilized extracts were incubated for 24 h at different
temperatures, ranging from 20 to 70 °C. For this, 5 mL of buffer were added to tubes containing 0.1 g
of ILE or IPLE and kept under constant agitation (20 rpm) in an orbital shaker at study temperatures
for 24 h. After the contact time, the tubes were centrifuged, and the supernatant was filtered. Enzyme
activity was measured, and the proteins were quantified in the supernatant [38]. The thermal stability
of the non-immobilized lipolytic extract (LE) was also evaluated for the purpose of comparison.

2.10. Enzymatic Transesterification — Biodiesel Production

Enzymatic transesterification was performed using the previously filtered waste cooking oil and
ethanol. The reaction time was 360 min and the ethanol/oil ratio used was 3:1 [6]. The immobilized
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biocatalyst was added to the reaction medium at a concentration of 3% (w/v) [39,40]. The reactions
were conducted in an adapted bench reactor, with constant agitation at 150 rpm and a temperature
of 40 °C. To adapt the reactor, the reagents were added to 250 mL borosilicate glass Erlenmeyer flasks
and sealed. These bottles were then placed in a shaker incubator (TE-4200, Tecnal, Brazil) to control
the temperature and agitation. Figure 3 schematically illustrates the test procedure. Biodiesel
production was also carried out with LE for the purpose of comparison.

== S
er— P
[ | # Glycarin
Water
Ethanol| " = u o el
Waste cooking oll + Ethanol  Immaobilized enzyme sample Shaker 40 “C | 150 RFM

Figure 3. Illustration of the procedure used in the enzymatic transesterification reaction to obtain biodiesel.

For the 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 separation of the phases, the
biodiesel was washed with water [41] and used in the calculation of the yield and in the analysis via
gas chromatography coupled to mass spectrometry (GC-MS).

2.11. Chromatographic Analysis

For the confirmation of the production of biodiesel, the methodology described by Naser et al.
[42] was used (with adaptations). An aliquot of 1.0 mL of acetone was added to 100 pL of the sample
obtained after the purification process. The sample was then analyzed on a chromatograph (CG-
7890B, Agilent Technologies, USA) coupled to a mass spectrometer (MS-5977a, Agilent Technologies,
USA). The column used was a Carboxen 1010 (30 m x 0.53 mm). The drag gas was Hz with a flow of
1.2 mL/min. The initial temperature of the column was 100 °C, maintained for 1 min, with a ramp
rate of 5 °C/min up to 290 °C, and then remained at this temperature for another 21 min. The
temperature of the injector and detector remained at 300 °C. The amount of sample injected was 3
uL. The resulting mass spectra were compared with those of the NIST Standard Reference Database
1A library. This comparison allowed the identification of the ethyl esters that were produced.

2.12. Biodiesel Yield

The yield of the biodiesel that was produced was calculated from the mass of biodiesel obtained
after the transesterification reaction (mviodisel) as a function of the mass of waste cooking oil (moit) used
in the reaction (Equation 7) [43,44].

Yield (%) = ‘“bm#l‘ x100 (6)

2.13. Reuse of Immobilized Biocatalyst

The reuse of the immobilized biocatalyst was evaluated through consecutive reactions of the
biodiesel synthesis, reusing the IPLE and calculating the enzymatic activity at the end of each cycle,
according to the aforementioned methodology. The retained enzyme activity was calculated
according to Equation 6 [45].

2.14. Physical-Chemical Characterization of Biodiesel

The biodiesel was characterized following the standards provided by ANP (Brazilian National
Agency of Petroleum, Natural Gas and Biofuels) for the evaluation of quality parameters [46]. The
specific mass was determined using a 10 mL volumetric flask and an analytical balance [47]. The
kinematic viscosity was determined using a viscometer (0860R24, Quimis, Brazil) at 40 °C with the
results expressed in mm?/s [47].
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The flash point was obtained based on the ASTM D92 method [48], in which biodiesel samples
were placed in a porcelain crucible positioned over an asbestos screen that was heated using a Bunsen
burner. The increase in the temperature of the biodiesel was monitored with the aid of a mercury
thermometer, while a flame was passed over at every 1 °C increase in the temperature of the fuel. The
determination of the acid index consisted of weighing 5 g of sample, followed by homogenization in
ether: alcohol (2:1) v/v solution and titration, using a 0.1 M sodium hydroxide solution that was
previously standardized [49].

2.15. Statistical Analysis

The results were expressed as the mean and standard deviation 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 of the experimental design were analyzed with the aid of Statistica 10.0 software.

3. Results and Discussion
3.1. Lipase Production and Precipitation of the Enzymatic Extract

After 5 days of cultivation of the fungus E. endophytica QAT_7AC, an enzyme production of
11,262 U/mL and a protein concentration of 1.72 mg/mL were obtained [6]. This result is remarkable
when compared to other studies [50-54] and highlights the potential of this endophytic fungus as a
source of lipase.

The precipitation of the LE using ethanol resulted in an increase in specific activity by 28%, with
a recovery of 73.8% (Table 1). Ethanol precipitation has previously been employed as an initial
method of lipase purification. Zhu et al. [55] employed this method in the first step of purifying the
lipase produced by Burkholderia gladioli and reported a 6.6% increase in specific enzyme activity. On
the other hand, Preczeski et al. [56] observed a 90% increase in specific activity and a purification
factor of 9.82 for a lipase produced by Aspergillus niger after the addition of salt and precipitation with
ethanol. Therefore, ethanol precipitation proves to be effective in terms of increasing lipase enzymatic
activity and stands out as a simple and efficient approach for the pre-purification of this enzyme.

Table 1. — Enzymatic activity of the lipolytic extract produced by the endophytic fungus Endomelanconiopsis
endophytica QAT_7AC, after ethanol precipitation. .

Sample EA (U/mL) PC (mg/mL) SEA (U/mg) RE (%) PF
LE 11,262.0 1.72 6,434.5 - -
PLE 8,146.0 0.99 8,228.9 73.8 1.3

LE = Lipolytic extract. PLE = Precipitated lipolytic extract. EA = Enzyme activity. PC = Protein concentration.
SEA = Specific enzyme activity. RE = Recovery. PF = Purification factor.

3.2. Enzyme Immobilization

Enzyme immobilization is an important strategy to enable the stability and reuse of biocatalysts
[25,26]. With the immobilization of the LE, approximately 520 calcium alginate beads were produced.
Each sphere weighed 30 mg on average and had a diameter of 6 mm. After 24 h of production of the
beads, it was possible to observe that the immobilization efficiency reached 89.7%, with retention of
67% of its initial enzymatic activity. When the PLE was immobilized in calcium alginate, 848 beads
were produced, each with an average weight of 15 mg and a diameter of 7 mm. The immobilization
yield was 92.26%, with 100% recovery of the initial lipase activity. These results are in line with other
studies that used calcium alginate in lipase immobilization (Table 2).

Table 2. - Efficiency of lipase immobilization in calcium alginate in different studies.

Calcium alginate Immobilization =~ Retained
Enzyme Reference
concentration efficiency activity
2.0% Lipase from Rhizopus oryzae 37.0% 60.0% Ghattas et al. [57]

2.0% Lipase from Candida rugosa 100% 94.0% Vetrano et al. [58]
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2.5% Lipase from Bacillus sp. 69.4% 9.0% Sari et al. [59]
Lipolytic extract from
3.7 % v ol 100% 50.0% Pereira et al. [60]
arrowia lipolytica
4,0% Lipase from Candida rugosa 99.0% 57.6% Knezevicetal. [61]
6,0% Lipase from Candida rugosa 98.7% 53.5% Knezevicetal. [61]
Lipolytic extract from
5,0% Endomelanconiopsis 89.7% 67.0% This study
endophytica
Precipitated lipolytic extract
5,0% from Endomelanconiopsis 92.3% 100% This study
endophytica

3.3. Thermal Stability of the Biocatalysts

The thermal stability of the lipolytic extract (LE) and immobilized extracts (ILE and IPLE) are
shown in Figure 4. When evaluating the thermal stability of lipolytic extracts produced by E.
endophytica, an increase in lipase activity is observed as the temperature increases, with maximum
enzymatic activity recorded between 40 and 50 °C (Figure 4). This result corroborates those of other
studies that also report an ideal temperature of 40-60 °C for free and immobilized lipase in different
supports [62-65]. The immobilized extracts (ILE and EPLE) maintained the enzymatic activity at a
higher temperature range, between 30 and 50 °C, when compared to LE. Therefore, greater resistance
of the enzyme to thermal denaturation is observed after its immobilization in alginate beads. In
contrast, the further increase in temperature to over 55 °C resulted in a marked decrease in lipase
activity. At 80 °C, none of the extracts showed enzymatic activity.

12000
10000
8000 +
6000

4000 +

Enzymatic Activity (U/mL)

20 30 40 50 60 70 80
Temperature (°C)

Figure 4. Thermal stability of lipolytic extracts of Endomelanconiopsis endophytica: (v) non-immobilized lipolytic
extract; (@) lipolytic extract immobilized in calcium alginate; (n) precipitated lipolytic extract immobilized in
calcium alginate.

The use of the Gaussian model made it possible to construct a curve and formulate an equation
that describes the enzymatic behavior at different temperatures. Mathematical models, such as the
Gaussian model, are essential tools for predicting enzyme performance, as they provide a detailed
representation of how enzyme activity varies in response to temperature changes. Through the
equation used, it was possible not only to confirm the enzyme’s stability, but also identify the specific
temperature at which each of the lipolytic extracts reached its highest enzymatic activity. This
information is crucial for optimizing operating conditions and improving the control of enzymatic
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reactions in industrial applications. The derived equations are presented below. Equations 8, 9 and
10 describe the mathematical adjustment for the thermal stability of LE, ILE and IPLE, respectively:

X — 44.36
y = 10019 +10,881.03. e(~0.5. (=) )
— 61092 + 7.546.87.(—0,5. (3332 9
y = 61092 +754687.(-05.C>"0%) (9
X — 43.20
y = 668.58 +7,952.01.(~0,5. (7 g5 )°) (10)

3.4. Biodiesel Production

The parameters used for the production of biodiesel were defined from the experimental design
carried out in a previous study [6], in which we analyzed the influence of different experimental
conditions on the yield of biodiesel produced by enzymatic esterification of waste cooking oil. The
yields obtained to produce biodiesel with the ILE and with the IPLE, after four reaction cycles are
shown in Figure 5.

95

75 - *

Baftch

Figure 5. Biodiesel yield obtained from the transesterification of waste cooking oil with ethanol, catalyzed by the
enzyme extract from Endomelanconiopsis endophytica QAT_7AC (e) and by the precipitated enzyme extract (v),
both immobilized in calcium alginate. The immobilized biocatalysts were reused for four reaction cycles and
compared with the yield obtained with the use of non-immobilized enzyme extract (Batch 0).

As shown in Figure 5, the first aspect to be pointed out is the increase in biodiesel yield when
employing immobilized biocatalysts, compared to lipolytic extracts used in free form. Other studies
have also proven the increase in biodiesel yield when using the immobilized enzyme compared to
the free enzyme [61,66,67].

Yields remained above 75% in three reaction cycles when using the ILE, with a decrease in
efficiency of around 20% compared to the first cycle. When using the IPLE, the yield remained above
87% after 4 cycles, reducing less than 10% when compared to the first reaction cycle. However, the
enzymatic activity of the IPLE decreased by about 90% in the last reaction cycle, leading to the
termination of the use of the biocatalyst. This drop in the enzyme activity was also observed by
Knezevic et al. [61], who used lipase from Candida rugosa that was immobilized in calcium alginate
for six cycles for the production of biodiesel, with a reduction in enzyme activity of 83.3% at the end
of the sixth cycle.

On the other hand, Bhushan et al. [66] immobilized the lipase produced by Arthrobacter sp. in
calcium alginate and reused it for 10 cycles in the hydrolysis of triacylglycerides. The immobilized
enzyme showed an increase in thermal, pH and storage stability when compared to the free enzyme.
Vetrano et al. [58] demonstrated excellent recyclability of lipase from C. rugosa immobilized in
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alginate, with a residual enzymatic activity of greater than 80% in the tenth reaction cycle. Zhong et
al. [67] investigated the use of the enzyme immobilized in alginate in up to six cycles in hydrolysis
reactions. Therefore, it can be observed that the reuse of immobilized lipolytic extracts of E.
endophytica can still be improved and new studies are necessary. However, it is important to highlight
that we used the crude extract and the precipitated extract in immobilization, which possibly
influenced the results, especially when compared to other studies that used the immobilized purified
enzyme [67-69].

In Figures 6 and 7, it is possible to observe the chromatograms of the biodiesel samples obtained
from the enzymatic transesterification of the waste cooking oil with ethanol, using the ILE and IPLE,

respectively.
—— Batch 1
2,0x107 —— Batch 2
- — Batch3
J 3348
- *“ 33.60
1,5x107 Linoleic acid ethyl ester Ethyl Oleale
2
®
[
2
[t
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Ke]
<
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Figure 6. Chromatograms of biodiesel samples produced by enzymatic transesterification of waste cooking oil
with ethanol, with recycling of crude lipolytic extract from Endomelanconiopsis endophytica immobilized in
calcium alginate for three reaction cycles.
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Figure 7. Chromatograms of the biodiesel samples produced via enzymatic transesterification of waste cooking
oil with ethanol, with recycling of the precipitated lipolytic extract from Endomelanconiopsis endophytica
immobilized in calcium alginate for four reaction cycles.
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In both the biocatalysts, linoleic acid ester (retention time = 33.48 min) was produced in greater
quantity, followed by oleic acid ester (retention time = 33.60 min). It was also possible to identify the
palmitic acid ester (retention time = 30.20) and, to a lesser extent, the stearic acid ester (retention time
= 34.12 min). These results are in line with those obtained in a previous study, where the LE of E.
endophytica was used in the production of biodiesel in free form [6].

3.5. Physical-Chemical Characterization of Biodiesel

Table 3 presents the properties of the biodiesel produced with the LE, ILE or IPLE, and the
respective specifications of the ANP [46]. It is observed that the biodiesel produced via the enzymatic
transesterification process with the LE is within the limits established by the standards for most of
the properties. The values of specific gravity and kinematic viscosity indicate good lubricating
properties for the biodiesel produced. The high flash point (143 °C) ensures safer storage and
transport of the fuel. However, the ester content was below that specified by the ANP, indicating the
need to increase the reaction time, since there are still free fatty acids to be converted into product.
The excess of free fatty acids was also confirmed by the high acidity index, which also did not meet
the standard stipulated by the norm. Thus, further studies should be carried out so that the
parameters outside the established limits are within what is set out by the legislation, thereby
guaranteeing a high-quality biodiesel that is suitable for use in diesel engines [70].

Table 3. Physicochemical characterization of biodiesel samples produced from the enzymatic transesterification
of waste cooking oil with ethanol using the lipolytic extract (LE) of Endomelanconiopsis endophytica QAT 7AC; the
lipolytic extract immobilized in calcium alginate (ILE); and the precipitated lipolytic extract immobilized in
calcium alginate (IPLE). .

Biodiesel produced Biodiesel Biodiesel produced ANP
Properties of biodiesel with LE produced with with IPLE [46]
ILE

Kinematic viscosity (mm?/s) 3.84 3.25 3.56 3.0-5.0
Specific mass (kg/m?) 879.3 885.0 869.8 850 - 900

Ash (%) 0.02 0.01 0.01 <0.02

Flash point (°C) 112 143.5 143.7 >100

Ester content 86% 88.2% 89.7% 96.5%

Acid value (mgKOH/g) 4.15 3.85 3.95 <0.50

5. Conclusions

From the results obtained, it can be observed that the Amazonian endophytic fungus E.
endophytica QAT_7AC is a promising source of lipase, an enzyme of great interest for various
industrial applications. The lipolytic extract produced by this fungus, both in crude form and when
precipitated with ethanol, was effectively immobilized in calcium alginate, with a high recovered
enzymatic activity. The biocatalysts were shown to be able to act in the transesterification of waste
cooking oil for the production of biodiesel, allowing up to four reaction cycles and meeting most of
the quality specifications provided by the ANP. However, in order for this process to be optimized,
and for the biodiesel produced to fully meet the ANP standards, additional studies are needed. These
studies should focus on improving the recycling of biocatalysts, increasing the number of viable
reaction cycles and maximizing the efficiency of the biodiesel production process, thus ensuring a
fully sustainable and economically viable approach to the production of biofuels from waste cooking
oil and ethanol.
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