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Abstract: Residual oil from babassu (Orbignya sp.), a low-cost raw material, was used in the enzymatic
esterification for biodiesel production, using lipase B from Candida antarctica (Novozym® 435) and
ethanol. For the first time in the literature, residual babassu oil and Novozym® 435 are being
investigated to obtain biodiesel. In this communication, response surface methodology (RSM) and a
central composite design (CCD) were used to optimize the esterification and study the effects of four
factors (molar ratio (1:1–1:16, free fatty acids (FFAs) /alcohol), temperature (30–50 ◦C), biocatalyst
content (0.05–0.15 g) and reaction time (2–6 h)) in the conversion into fatty acid ethyl esters. Under
optimized conditions (1:18 molar ratio (FFAs/alcohol), 0.14 g of Novozym® 435, 48 ◦C and 4 h), the
conversion into ethyl esters was 96.8%. It was found that after 10 consecutive cycles of esterification
under optimal conditions, Novozym® 435 showed a maximum loss of activity of 5.8%, suggesting
a very small change in the support/enzyme ratio proved by Fourier Transform Infrared (FTIR)
spectroscopy and insignificant changes in the surface of Novozym® 435 proved by scanning electron
microscopy (SEM) after the 10 consecutive cycles of esterification.

Keywords: biodiesel; Novozym® 435; residual oil from babassu; esterification; response
surface methodology

1. Introduction

Biodiesel may be produced by the esterification of free fatty acids or the transesterification of oils
and fats with short-chain alcohols [1]. Remarkable, biodiesel has been reported as one of the options to
replace or complement traditional fuels, using natural raw materials or renewable biological elements
for its production [2–4]. Indeed, it has several advantages for being a renewable, clean, biodegradable,
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non-toxic and low polluting energy source, compared to petroleum diesel [5]. In this regard, seeking
to increase the commercial competitiveness of biodiesel in the market, it is expected that alternative
oilseeds will expand its application as a raw material in the production of biodiesel [6,7].

For instance, babassu (Orbignya sp.) is an oil palm that may be an alternative raw material for the
production of biodiesel, as it is a non-edible oil with low cost [8–10]. The quality of the babassu oil
depends on the almonds; in fact, broken or scratched almonds, when exposed to light and moist air,
become rancid in proportion to the time of exposure [8], resulting in an oil with high content of free
fatty acids. The deteriorating state of the oil is indicated by the proportions of free fatty acids present
and can significantly limit its use. Thus, this oil cannot be used as a raw material in the production of
biodiesel using alkaline catalysts because it has high acidity.

Thus, the production of biodiesel may be carried out through the hydroesterification process,
which allows the use of raw material with high concentrations of free fatty acids. The process takes
place in two stages, the first of which is the hydrolysis reaction of the glycerides that produce free fatty
acids and glycerol. The second stage is the esterification reaction of free fatty acids with a short-chain
alcohol for the production of esters and water [9]. In this regard, the literature reports the use of the
hydroesterification process for the production of biodiesel, with the hydrolysis stage catalyzed by a
lipase and the esterification catalyzed by an acid [11], using commercial lipases in both reactions [12]
or even with the hydrolysis stage in subcritical water and use of a lipase in the esterification stage [13].

More and more, the interest in biodiesel production using immobilized lipases has been
increasing [14–17], due to the advantages that the immobilized enzymes offer in relation to the
conventional processes that use chemical catalysts [18–20]. For example, milder reaction conditions,
reduced energy consumption, compatibility with the quality of raw materials and recovery of the
biocatalyst [21]. In this scenario, Novozym® 435 (lipase B from Candida antarctica immobilized on a
macroporous resins) the most commonly used lipase in the biodiesel production (see Table 1) [22–24].
In general, lipases are used in a wide variety of biotransformation through several types of reactions,
such as hydrolysis, esterification and transesterification [25]; therefore, they are used for laboratorial
and industrial applications [26–33], such as formulation of drugs, modification of racemic alcohols, acids
and esters [34]. Besides, lipases can replace synthetic processes in the industry, such as in the cleaning,
hygiene, leather, pharmaceutical and food industries (aroma and flavor) [35], once enzyme exhibits a
very high degree of substrate specificity and selectivity [36–38].

To authors’ knowledge, up to date, this is the first work reported in the literature that investigates
both the production of biodiesel Novozym® 435 as a biocatalyst and the free fatty acids obtained
from the residual oil from babassu. The chemoenzymatic route used in this communication, chemical
hydrolysis followed enzymatic esterification, proved to be an efficient process for the production of
biodiesel. Comparatively, transesterification is a slow process that consumes more energy, generating
more costs [39]. During the enzymatic transesterification for the production of biodiesel, one of the
products formed is glycerol, which can be deposited on the surface of the enzyme, forming an outer
layer preventing contact between the substrate and the enzyme active site, reducing the catalytic
activity of the enzyme [1,40].

Table 1. Application of Novozym 435 in the transesterification reaction for biodiesel synthesis.

Substrate Alcohol Conversion/Experimental Conditions References

Sweet basil seed oil Methanol 94.58%/68 h at 47 ◦C [41]
Fish oil Ethanol 52.11%/8 h at 35 ◦C [42]

Jatropha oil Methanol 66.80%/24 h at 40 ◦C [43]
Microalgal oil

Botryococcus sp. Methanol 88.00%/4 h at 40 ◦C [44]

Oils from microalgae Methanol 19.30%/6 h at 35 ◦C [45]
Corn oil Methanol 91.00%/18 h at 60 ◦C [46]

Soybean oil Methanol 96.00%/4 h at 40 ◦C [22]
Palm oil Methanol 91.00%–92.00%/10, 20, 24 h at 40 ◦C [47]

Frying oil Methanol 89.10%/4 h at 50 ◦C [48]
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Remarkably, cost reduction in biodiesel production has been a major challenge for more than
20 years [49]. In this sense, efforts have been made to enable the use of a wide range of raw materials,
to optimize the processes of production and to investigate more efficient catalysts. As a result, low-cost
raw materials from non-edible resources have been investigated for the production of biodiesel [50],
once the cost of the raw material is one factors that directly affects the economic viability of biodiesel
production are. In fact, the cost of the raw material is one of the main and most important parameters
in the production of biodiesel, as it corresponds to 80% of the total production cost [11]. According
to Baskar and Aiswarya (2016) [51], the raw material and the type of catalyst are the most important
factors for an efficient production of biodiesel. In this regard, heterogeneous catalysts have been
used as an effective substitute for reactions using homogeneous catalysts [52]. As a matter of fact,
heterogeneous catalysts such as immobilized enzymes are used as a new method in the purification and
production of biodiesel, in the quest to obtain greater conversions, to reuse the catalyst in consecutive
cycles and to produce products with high added value and to achieve higher yields, when compared
to the processes catalyzed by chemicals catalysts [53,54].

Thus, the aim of this work is to present a route for industrial production of biodiesel, using as
raw material the residual babassu oil, obtained from the extraction of damaged almonds, a waste that
is discarded in the environment, adding value to this product; furthermore, it seeks to analyze the
influence of temperature, molar ratio (FFAs/alcohol), biocatalyst content (Novozym® 435) and time in
the production of biodiesel.

2. Results and Discussion

Scheme 1 was designed to facilitate the understanding of the results and discussions.
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2.1. Analysis of the Chemical Composition of Residual Oil from Babassu

The analysis of the chemical composition of the residual oil from babassu was performed by gas
chromatography (GC). The results with the free fatty acids present in the residual oil are shown in the
chromatogram presented in Figure 1.
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Figure 1. Chromatogram obtained by GC for the determination of the free fatty acids in the residual oil
from babassu.

The residual babassu oil chromatogram reveals a well-defined peak of lauric acid (C12:0), whose
retention time (rt) is 19.68 min. The GC analysis identified others expressive peaks in the chemical
composition of the residual babassu oil: caproic acid (C6:0), caprylic acid (C8:0), capric acid (C10:0),
myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1n9c), linoleic acid
(C18:2n6c). Melo et al. (2019) [55], analyzed the fatty acid composition of babassu oil, the results
confirming the high levels of lauric acid in babassu oil (47.40%). The difference in melting point did
not influence the content of lauric acid. The results confirmed the high content of saturated fatty acids
of babassu oil; this is mainly due to the high content of lauric acid. As can be seen in Table 2, lauric
acid had a content of 41.55% in the composition of residual babassu oil.

Table 2. Percentages of free fatty acids in the chemical composition of residual oil from babassu.

Fatty Acid Nome Formula Molecular Weight (g/mol) Percentage (%)

C6:0 Caproic Acid C6H12O2 116.15 0.80
C8:0 Caprylic Acid C8H16O2 144.21 9.64

C10:0 Capric Acid C10H20O2 172.26 6.85
C12:0 Lauric Acid C12H24O2 200.31 41.55
C14:0 Myristic Acid C14H28O2 228.37 14.01
C16:0 Palmitic Acid C16H32O2 256.40 6.96
C18:0 Stearic Acid CH3(CH2)16COOH 284.48 2.66

C18:1n9c Oleic Acid C18H34O2 282.47 11.04
C18:2n6c Linoleic Acid C18H32O2 280.44 1.76
Others - - - 4.73

2.2. Physicochemical Characterization of the Residual Babassu oil and Free Fatty Acids

Table 3 shows the results of the physicochemical characterization of the residual babassu oil and
the free fatty acids obtained after the chemical hydrolysis. The data obtained were compared with the
values determined by Codex Alimentarius (International Food Standards) [56] and with results found
in the literature for babassu oil and soybean oil, which is the most used raw material for biodiesel
production in Brazil [57].
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Table 3. Results of the physicochemical characterization of residual babassu oil.

Analytical Parameter Technical
Norm

Residual
Babassu Oil

Babassu Oil
[58]

Soy Oil
[57,58]

CODEX
[56]

Acidity Level (mgKOH/g) Adolfo Lutz
Institute [59]

4.851

174.442 - 0.41 0.28 0.50

Saponification Index
(mgKOH/g)

Adolfo Lutz
Institute [59] 271.94 - - - 245–256

Oxidative Stability
(hours)

EN 14.214
[60] 1.30 - - 7.16 -

Kinematic Viscosity at 40 ◦C
(mm2/s)

ASTM
D445-18 [61]

3.96
7.782 2.95 3.18 3.15 1.44–1.45

Density at 20 ◦C
(g/cm3)

NBR 14.065
[62]

0.92
0.872 0.92 0.92 0.92 0.914–0.917

1Residual oil, 2Hydrolyzed oil. Technical standards used: Adolfo Lutz Institute, European Standards (EN 14.214),
American Society for Testing and Materials (ASTM D445-18), Brazilian Standard NBR 14.065.

Based on Table 3, the value of the acidity index obtained in the analyzes for the residual babassu
oil showed a high value in comparison to the value determined by Codex Alimentarius and the values
reported in the literature, which confirms that it is a residual oil. The acidity index deals with the
conservation status of oils; due to factors such as exposure to light and heating, the breakdown of
triglycerides is enhanced, causing the formation of free fatty acids accompanied by the formation of
rancid [63]. Through the acidity index, it was possible to verify the efficient formation of free fatty
acids from the saponification reaction followed by acid hydrolysis, since the acid value increased from
4.85 mgKOH/g to 174.44 mgKOH/g. As the present study deals with an esterification reaction using a
lipase as biocatalyst, acidity is not a problem. According to Babaki et al. (2017) [21], in the case of a
biodiesel production using enzymatic catalysts, the formation of soaps does not occur, which favors
the increase in the reaction yield and avoids the necessity of washing step.

The saponification index aims to establish the degree of deterioration of oils and fats; its main
function is to verify adulterations by low quality oils, the lower the molecular weight of fatty acids, the
higher their saponification rate [64]. In the studies carried out by (Singh et al. 2019) [58], the authors
determined the values for the saponification index of some oilseed plants most used in the production
of biodiesel. In their studies, oil from canola showed a value of 111.61 mgKOH/g, oil from sunflower
129.54 mgKOH/g, oil from soybean of 109.17 mgKOH/g. In the present study, the saponification value
showed a relatively high value of 271.94 mgKOH/g, which means that it contains more saturated fatty
acids, thus allowing the saponification followed by acid hydrolysis to be successful.

Oxidative stability is a property that depends on the proportions of saturated and unsaturated
fatty acids present in the oils used in the biodiesel production; the high degree of unsaturation favors
the oxidation and degradation of oilseeds [65]. Oxidative stability can be defined as the time required
to reach the point where the degree of oxidation increases abruptly [66]. Oxidation of lipids is a
degradative process, which can lead to loss of oil stability. This process can be favored and intensified
by the action of light, which acts as a catalyst [67]. Babassu is rich in lauric acid, a saturated compound
that does not favor oxidative rancidity. In this study, the oxidative stability of the babassu residual
oil was 1.30 h, which is much lower than that found by Melo et al., (2019) [55], which was 33.69 h.
This is due to the fact that the raw material used in this study is a residual oil, favoring the activity of
oxidizing agents.

Kinematic viscosity is related to the length of the carbon chain and the degree of saturation of
the fatty acids present in oils and fats [63]. Saturated fatty acids have a linear conformation, allowing
a more effective interaction between molecules, while unsaturated fatty acids present folds in the
carbon chain for each double bond, causing molecular interactions with low efficiency and reducing
their kinematic viscosity [68]. It is possible to observe that the value of the kinematic viscosity of the
residual oil (3.96 mm2/s) is greater than that of the fatty acids produced (7.78 mm2/s), this fact may be
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linked to the quality of the raw material since it had both saturated and unsaturated fatty acids, in
addition to oxidizing agents favoring their degradation. After the saponification reaction followed by
acid hydrolysis, it was possible to obtain saturated fatty acids, increasing the kinematic viscosity [68].
Both results showed high values compared to literature, shown in Table 3.

The density values obtained were (0.92 g/cm3) for the residual babassu oil and (0.87 g/cm3) for the
free fatty acids. Density is a measure used in the characterization of oils and fats in the liquid state and
that varies inversely with the average molecular weight of fatty acids or with temperature and directly
with the degree of unsaturation [69]. As the fatty acids obtained were mostly saturated, their value
was lower, compared to the residual oil, which was also composed of unsaturated fatty acids [70].

The values of the physicochemical properties of residual babassu oil and free fatty acids are very
close to the oils studied in the literature by Singh et al. (2019) [58] and Mihaela (2013) [57] (Table 3), so
that babassu residual oil could be further explored as a raw material in the production of biodiesel.

2.3. Statistical Analysis

2.3.1. Model Fitting and Analysis of Variance (ANOVA)

Table 4 presents the conditions proposed by the experimental design to determine the temperature,
time, molar ratio (FFAs/alcohol) and biocatalyst content for the production of biodiesel using the free
fatty acids from residual babassu oil, ethanol and Novozym® 435 as biocatalyst. In total, 27 experimental
tests were performed (24 tests at factorial points, 3 with repetitions at the central point). According to
the author Elkelawy et al. 2020 [71], repetitions at the central point are necessary, as they allow the
estimation of pure experimental errors and verify the fit of the model.

Table 4. Complete experimental design with 18 factorial points, 6 axial points (2 axial points on the
axis of design variable) and 3 replications at the central point, totaling 27 experiments, with the result
for the conversion into esters for the esterification of residual babassu oil.

Run Temperature
(◦C)

Time
(hours)

Molar Ratio
(FFAs/alcohol)

Biocatalyst Content
(grams)

Conversion
(%)

1 30 2 1:1 0.05 70.42 ± 0.04
2 30 2 1:1 0.15 65.19 ± 0.03
3 30 2 1:15 0.05 85.94 ± 0.04
4 30 2 1:15 0.15 91.11 ± 0.05
5 30 6 1:1 0.05 71.22 ± 0.04
6 30 6 1:1 0.15 70.69 ± 0.04
7 30 6 1:15 0.05 91.10 ± 0.05
8 30 6 1:15 0.15 91.07 ± 0.05
9 50 2 1:1 0.05 67.88 ± 0.03

10 50 2 1:1 0.15 68.61 ± 0.03
11 50 2 1:15 0.05 89.92 ± 0.04
12 50 2 1:15 0.15 91.10 ± 0.05
13 50 6 1:1 0.05 68.90 ± 0.03
14 50 6 1:1 0.15 68.07 ± 0.03
15 50 6 1:15 0.05 90.49 ± 0.05
16 50 6 1:15 0.15 91.12 ± 0.05
17 30 4 1:8 0.10 86.07 ± 0.04
18 50 4 1:8 0.10 85.97 ± 0.04
19 40 2 1:8 0.10 88.63 ± 0.04
20 40 6 1:8 0.10 84.81 ± 0.04
21 40 4 1:1 0.10 69.77 ± 0.03
22 40 4 1:15 0.10 91.08 ± 0.05
23 40 4 1:8 0.05 91.07 ± 0.05
24 40 4 1:8 0.15 89.85 ± 0.04

25 (C) 40 4 1:8 0.10 89.79 ± 0.04
26 (C) 40 4 1:8 0.10 89.84 ± 0.04
27 (C) 40 4 1:8 0.10 89.92 ± 0.04



Catalysts 2020, 10, 414 7 of 20

Based on Table 4, it is possible to observe that the highest conversion to fatty acid ethyl esters was
found in test 16 with a conversion of 91.12%, at a temperature of 50 ◦C, for 6 h, in the molar ratio of 1:15
(FFAs/alcohol) and in the biocatalyst content of 0.15 g. Through the software Statistica® 10 software
(Statsoft, Tulsa, OK, USA), it was possible to determine the optimized conditions for the synthesis of
biodiesel (0.14 g of biocatalyst, molar ratio of 1:18 (FFAs/alcohol), temperature of 48 ◦C in 4 h), obtaining
a yield theoretical of 95.87%. The validation of the proposed model was performed by chromatographic
analysis of ethyl esters, following the standard EN 14,103 [72] with some modifications, the value
obtained was 96.84%. The Resolution 51/2016 of the Brazilian National Petroleum Agency states that
to be considered biodiesel the conversion to esters must present a minimum value of 96.5%. Based on
the chromatographic analysis, biodiesel was produced in the present study.

In Table 5, the ANOVA results are presented to adjust the response surface model of second order,
using the mean square method. According to equation 2, the coefficients of the response surface model
were analyzed. To test the statistical significance of the model, the F-test for ANOVA was used [73].
A very low P (<0.0001) of the model in the F-test proves that the regression is statistically significant
at the 95% confidence level. The calculated F of 58.98 was considerably higher than the tabulated
F of 2.82, which confirms the significance of the model. To determine the quality of the model, the
coefficient of determination (R2) was evaluated. The obtained R2 was 0.99, which indicates that 99% of
the experimental data are compatible with the data provided by the model. The adjusted R2 was 0.97,
a high value, stating the significance of the model.

Table 5. Analysis of variance (ANOVA) for the empirical model.

Source of Variation Sum of Squares Degrees of Freedom Mean Squares Fcal Probability
(P) > F

Regression 2568.10 14 183.44 58.98 0.0001
Residual error 37.32 12 3.11 - -

Lack of fit 37.31 10 3.73 867.68 0.001152
Pure error 0.009 2 0.00 - -

Total 2605.41 26 100.21 - -

The model presented an R2 value above 99%, confirming an excellent relationship between the
theoretical values predicted by the model and the results obtained experimentally. This correlation is
given by the second order polynomial regression equation between the conversion of esters and the
process variables: temperature (◦C), molar ratio (FFAs: alcohol), biocatalyst content and time, which is
given below:

Y = 32.3289 + 1.8085X1 − 0.0221X2
1 + 4.7503X2 − 0.3768X2

2 − 0.3234X1X2

+0.0066X1X3 + 0.0029X1X4 − 0.0047X2X3 − 0.0163X2X4 + 9.1230
(1)

In which, Y is the conversion for the esterification reaction; Temperature (◦C) (X1), Time (hours)
(X2), Molar ratio (FFAs: alcohol) (X3), Biocatalyst content (% m/m) (X4), are the parameters.

2.3.2. Effect of Reaction Parameters

In the analysis of the Pareto chart, shown in Figure 2, it visually tells us if an independent variable
will produce or no effect on the dependent variable; it also shows if an interaction occurs between
independent variables will result in a significant planning response. With the Pareto chart, it is possible
to observe that the independent variables linear temperature (◦C) and linear biocatalyst content (g)
do not influence the response variable, which is the conversion into esters. In the chart, it is possible
to observe positive and negative values; this implies that the independent variables that present
influence under the response in a positive way, the higher the value, the higher the percentage in esters
conversion. And for the variables that present a negative influence, the higher the negative value, the
lower the percentage in esters conversion [74,75].
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Figure 3. Response surfaces for (A) temperature versus time; (B) temperature versus molar ratio (fatty
acid: alcohol); (C) Temperature versus biocatalyst content; reaction medium: babassu free fatty acids
1:1–1:1:15 (free fatty acids/alcohol), biocatalyst mass of 5–15 g. Reactions were carried out for 2–6 h at
30–50 ◦C at 200 rpm. Further specifications are described in Section 3.

Figure 3A shows the response surface for the analysis of the interaction between time and
temperature. Longer reaction times increase the conversion into fatty acid ethyl esters [48]. In the present
study, the time varied between 2 and 6 h, but there were no variations in the conversion values in the
adopted time interval. This time range adopted in the present work differs from that reported in the
literature by Amini et al. (2017) [41], in which time ranging from 12 to 72 h was evaluated, using a 1:12
molar ratio (sweet basil seed oil: methanol), 5% w/w biocatalyst content (Novozym® 435) and a reaction
temperature of 40 ◦C. The yield in ester gradually increased in the interval from 24 to 72 h. In 48 h of
reaction, the conversion presented was 89% and at 72 h, the conversion was 92%. It was possible to
observe in the present work, in the time of 2 h, using a ratio of 1:15 (free fatty acids/ethanol), with a load
of 0.15 g of biocatalyst at a temperature of 30 ◦C, it was possible to obtain the conversion of 91.11%.
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Figure 3B shows a response surface obtained by plotting the biodiesel conversion in relation to the
molar ratio (fatty acids/ethanol) and temperature. It is possible to observe that the biodiesel conversion
was reduced in a certain molar ratio (fatty acids/ethanol). However, no significant change was observed
as the reaction temperature was raised from 30 to 50 ◦C. High temperatures for heating large reaction
volumes mean a cost for any industrial process. Furthermore, at higher temperatures, the enzyme
may be denatured, causing the reduction of enzymatic efficiency. Lipases show the activity of more
than 90% in the temperature range of 30 to 50 ◦C [76]. Thus, the temperature was not a parameter that
influenced the biodiesel conversion in the present study. The authors Amini et al. (2017) [41], reported
in their work that a significant change was observed in the biodiesel conversion in a temperature range
from 30 to 40 ◦C. In the range from 40 to 60 ◦C, there was no significant change. While in the range from
60 to 70 ◦C there was a drop-in conversion, which may be linked to the denaturation of the enzyme
during the process. Temperature was also a parameter studied by the authors Nguyen et al., 2017 [77],
the range adopted was 20 to 40 ◦C, the authors observed that there was no relevant change in the
biodiesel conversion catalyzed by Novozym® 435 using fat from black soldier fly (Hermetica illucens)
in the presence of methanol. It is possible to observe that the temperature range adopted in the present
work and the temperature ranges reported in the literature did not influence the biodiesel conversion.

The molar ratio is one of the main parameters in the biodiesel production. It is important to note
that the conversion is influenced by the substrate properties and the nature of the catalyst. For the
complete conversion of ethanol and free fatty acids or oil to fatty acid ethyl ester, a stoichiometric
ratio of three moles of alcohol is required for each mole of the substrate, which may vary in different
systems [41]. The molar ratio (free fatty acids/ethanol) was one of the parameters that most influenced
the biodiesel conversion in the present work. It was observed that the conversion to ethyl esters
was reduced in the mixture of 1:1 (free fatty acids/ethanol) and that the value increased significantly
in the 1:15 mixture (free fatty acids/ethanol), Figure 3B. In other studies, reported in the literature
using methanol, excess methanol caused the inactivation of Novozym® 435. The authors Nayak and
Vyas, (2019) [78] showed that the enzyme was deactivated at a 1:15 molar ratio (papaya oil/methanol)
reducing the conversion to methyl esters; however, in the proportion of 1:3 and 1:9, the reaction rate was
directly favored resulting in better biodiesel yields. A similar result was observed that in the proportion
range between 1:3 (sweet basil seed oil/methanol) and 1:12 (sweet basil seed oil/methanol) there was
a gradual increase in conversion to methyl ester and between 1:12 (sweet basil seed oil/methanol)
and 1:15 (sweet basil seed oil/methanol), a reduction was observed [41]. Even with an excess of 1:15
(fatty acids/ethanol), the biocatalyst continued to present its catalytic activity, as it did not suffer from
inhibition of ethanol, unlike methanol, which exerts a greater inhibition in enzymatic activity [79].

For the biodiesel production, the lipase content generally considered is 2 to 10% in relation to
the weight of the oil. Increasing the enzyme load causes a greater conversion to ethyl esters [48,80].
Figure 3C shows the interaction between the biocatalyst contend and the temperature. As well as the
temperature, the biocatalyst content (0.05–0.15 g) did not have a significant change in the conversion;
however, the greatest conversions were achieved when offered a 0.15 g biocatalyst content. Nayak
and Vyas, (2019) [78] reported that the increase in the amount of catalyst from 0.5% to 1% by weight,
improved the yield in methyl esters. Though, when a higher load of biocatalyst (1%–1.5% by weight)
was offered in a molar ratio, with proportions 1:3 to 1:15 (papaya oil/methanol), the yield decreased
due to the formation of a gel and the increase in viscosity in the mixture [81]. Yu et al. (2010) [22],
studied the influence of increased biocatalyst content at a 1:1 molar ratio (soy oil/methanol) in the
transesterification process using Novozym® 435. They observed that as a content of biocatalyst was
varied from 0% to 10% in relation to the weight of the oil, the yield in methyl esters was also increased,
the best load considered was 6%, before this value, the yield of the methyl ester showed a sharp increase;
after this value, the yield was considerably slower. Based on Figure 3C, it is possible to conclude
that there was less interaction between the biocatalyst content and temperature in the conversion of
biodiesel [82].
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2.4. Properties of Biodiesel

Table 6 presents the properties of biodiesel produced by free fatty acids from residual babassu
oil. The values were compared with the literature and European standards EN 14,214 [60] and ASTM
D6751 [83]. As noted in the table, most properties were similar to those found in the literature. Besides,
almost all properties of biodiesel, density (820 kg/m3), viscosity (1.57 mm3/s), ester content (96.84%)
and the acid value (<0.8 mg KOH/g) met the European standard EN 14,214 and the ASTM specification,
only the density that did not meet the standard.

Table 6. Biodiesel properties of residual oil from babassu obtained enzymatically.

Analytical
Parameter

Technical Norm
Adopted

Biodiesel
Babassu

Reference
[58]

ASTM D6751
[83] EN 14,214 [60]

Acidity Level
(mgKOH/g)

Adolfo Lutz
Institute [59] 0.41 0.425 0.5 maximum 0.5 maximum

Ester content (%) EN 14,103 [72] 96.8 nra nra 96.5
Kinematic

Viscosity at 40 ◦C
(mm2/s)

ASTM D445-18 [61] 1.6 4.2 1.9–6.0 3.5–5.0

Density at 20 ◦C
(kg/m3) ASTM D1480 [84] 820 872 <880 860–900

a nr = none reported.

The density is one of the significant characteristics of the fuel. It is used to know the necessary
quantity of fuel supplied by the injection systems for the exact combustion of the fuel to occur [85].
The fuel that has a high density has more mass when compared to a fuel with a lower density. As a
result, the amount of energy and the fuel/air ratio are affected by the density inside the combustion
chamber. The density value can be influenced by several factors, for example, type of raw material,
ethyl ester profile and the biodiesel production process [86]. Viscosity is an important specification to
define the flow capacity of the fuel [87]. When the viscosity has a high value, an inadequate atomization
is created in the fuel, which causes the deposition of dirt and reduces the thermal efficiency [58]. Among
the properties of biodiesel, the lowest acid value and the highest ester content in biodiesel propose
that the lipase-catalyzed process is a promising alternative to the chemically catalyzed process [58].
The density and viscosity of babassu biodiesel obtained are lower than those reported by [58]; this is
because these properties are negatively influenced by the reduction in the length of the carbon chain of
the oil used as raw material and the structure of the ethyl ester of individual fatty acids [88,89].

2.5. Operational Stability of the Biocatalyst

Figure 4 shows the conversion in ethyl esters produced after different cycles of reuse using
Novozym® 435, under optimal conditions of reactions. It is possible to verify that at the end of
10 consecutive cycles, the enzyme maintained 91% of catalytic activity.

The results obtained are in agreement with those presented by other authors. Márin-Suárez et al.
(2019) [42], investigated the reuse of Novozym® 435, lipase from Rhizomucor miehei (RML) and lipase
from Thermomyces lanuginosus (TLL), with different enzymes concentrations, in the transesterification of
residual fish oil for the production of biodiesel. Novozym® 435 lost only 16% of its initial activity after
the second re-use and, after that, the ethyl esters production was kept constant for 10 cycles of reuse,
regardless of the mass of enzyme used. On the other hand, RML and TLL lost more than 75% of their
activity after the first reuse and almost 90% after the second cycle, to 12.5 and 25% in mass of enzyme.
However, both lipases showed the same behavior after reuse, they showed a rapid deactivation after
the first cycle, probably caused due to alcohol inhibition and glycerol adsorption (the co-product of
transesterification reaction) by lipase support [90]. As glycerol is insoluble in hexane, it is probably not
able to remove the glycerol layer in the case of more hydrophilic supports [91,92].
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Figure 4. Cycles of activity of Novozym® 435 in the enzymatic esterification of babassu free fatty acids
at 48 ºC, molar ratio 1:18 (FFAs/alcohol), biocatalyst content 0.14 g and 4 h of reaction.

2.6. Modification of the External and Internal Texture of Biocatalyst

The Novozym® 435 is produced from immobilization of the lipase B from Candida antarctica,
adsorbed on a macroporous resin composed by poly (methyl methacrylate acid) (PMMA), crosslinked
with divinylbenzene (DVB). It is reported that after the esterification reaction may occur the enzyme
desorption [93]. Thus, FTIR spectra were obtained for the biocatalyst before (Figure 5a) and after
(Figure 5b) the esterification reaction of free fatty acids, in order to obtain information about its structure.
For the Novozym® 435 samples, broadbands in the range of 3600–3100 cm−1 correspond to O–H and
N–H stretching. The vibrational modes of asymmetric and symmetric stretching methyl groups were
observed at 2950 and 2875 cm−1, respectively. The band centered in 1732 cm−1 can be related to the
stretching vibration of carbonyl groups ν(C=O) of the PMMA [94]. The bands at 1452 and 1512 cm−1

confirm the presence of DVB in the structure of the biocatalyst since it can be associated with the bond
stretching between carbon atoms in the aromatic ring [95]. Moreover, the bands observed from 869 to
682 cm−1 are characteristic of the C–H out-of-plane bending of alkyl-substituted benzene. The presence
of the lipase B from Candida antarctica can be confirmed by bands at 1654 and 1539 cm−1 that correspond
to the Amide I and Amide II [96]. These same bands also were observed in the spectrum obtained after
the esterification reaction. However, it is important to analyze not only the profile and the association
of the bands. The ratio between the bands at 1732 cm−1 and 1654 cm−1 can be used to verify if there is
any charge in the biocatalyst related to the enzyme or support. For the Novozym® 435 (Figure 5a), this
ratio (3.663) is greater than catalyst after reaction (Figure 5b) (2.678), suggesting a small change in the
support/enzyme ratio after the reaction.Catalysts 2020, 10, x FOR PEER REVIEW 12 of 21 
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SEM images were used to evaluate the morphology and textural properties of the biocatalyst
before (Figure 6a,b) and after (Figure 6c,d) the esterification reaction. The biocatalyst showed a
spherical morphology with a diameter ranging from 600 to 700 µm. Additionally, it was observed for
both samples a low roughness on their surface. In order to evaluate the dispersion of elements in the
surface of the material, Energy Dispersive X-ray Spectroscopy EDS images were also obtained (inset
Figure 6b,d). The dispersion of elements in the samples is very similar (Table 7), not being observed
any significant change in the surface of the biocatalyst after the esterification reaction.
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Figure 6. Scanning electron microscopy (SEM) and mapping obtained of Novozym® 435 before (a,b)
and after (c,d) the esterification reaction.

Table 7. Percentage in weight of the elements on the surface of the Novozym® 435 before and after the
esterification reaction.

Map Sum Spectrum (%)

Elements Novozym® 435 before Reaction Novozym® 435 after Reaction

C 84.9 83.3
O 15.0 14.9
S 0.2 0.2

Al - 0.2
Ca - 1.2
Si - 0.1

FTIR is one of the most powerful techniques of molecular analyses for material characterization.
This technique has high-sensibility and allows the identification of many functional groups. Thus,
since Novozym® 435 is formed by immobilization of the lipase B from Candida antarctica adsorbed
on a macroporous resin composed by poly(methyl methacrylate acid) (PMMA) crosslinked with
divinylbenzene (DVB), it is possible to use the FTIR as a tool to the identification of subtle change
in this materials. Besides, this technique is based on the analyses of a certain amount of materials,
usually in the milligram range. SEM and elementary analysis from EDS spectrum are usually obtained
from the upper few micrometers of the sample, i.e., it is not a bulk analysis technique. However, these
techniques provide information on a small area of the sample, since the measurement is being carried
on the surface of a single particle or in a small set of particles.
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3. Materials and Methods

All experiments were carried out at least in duplicate. The results are presented as the average of
these values and the standard deviation (generally below 10%).

3.1. Materials

The commercial lipase (E.C. 3.1.1.3) Novozym® 435 (10,000 PLU/g) was purchased by
Sigma-Aldrich Brasil Ltda (São Paulo, São Paulo, Brazil). The alcohol used was ethanol (P.A. 99.96%)
from Dinâmica (São Paulo, São Paulo, Brazil) and the refined residual babassu oil was purchased at a
local market (Redenção, Ceará, Brazil). The reagents used in the characterization of the raw material
were all of the analytical grades.

3.2. Physicochemical Characterization of Residual Babassu Oil

Table 8 presents the analytical parameters and technical standards used for the physicochemical
characterization of residual babassu oil.

Table 8. Analytical parameters and technical standards used for the physicochemical characterization
of residual babassu oil.

Analytical Parameter Technical Standard

Acidity level (mgKOH/g) Instituto Adolfo Lutz [59]
Saponification Index (mgKOH/g) Instituto Adolfo Lutz [59]

Oxidative Stability (hours) EN14214 2003 [60]
Kinematic Viscosity at 40 ◦C (mm2/s) ASTM D445-18 [61]

Density at 20 ◦C (g/cm3) NBR 14,065 [62]

3.3. Analysis of the Chemical Composition of Residual Babassu Oil

For the preparation of methyl esters from residual babassu oil by transesterification, it was
used the experimental procedure described by [59]. To determine the chemical composition of fatty
acid methyl esters of residual babassu oil, the analysis was performed by gas chromatography (GC)
(Agilent, Santa Clara, CA, USA). The equipment used was the gas chromatograph with flame ionization
detector (GC-FID) of the brand VARIAN and model 450-GC, with a capillary column CP-WAX 52.
The dimensions of the column were: 30 m length, 0.32 mm internal diameter and 0.25 µm liquid
film thickness.

3.4. Production of Free Fatty Acids

For the production of free fatty acids, the experimental procedure described by [97] was used,
adjusted for the use of a reflux and heating system rather than an ultrasound system. Thus, using a
saponification reaction followed by acid hydrolysis, it was possible to obtain the free fatty acid from
the residual babassu oil. The reaction occurred in a system formed by a condenser coupled to a 500 mL
round-bottomed reaction flask suspended in a water tank.

3.5. Esterification Reactions

In all esterification reaction experiments, Novozym® 435 was used as the biocatalyst and ethyl
alcohol as a solvent of the reaction. The free fatty acids used in the reactions were obtained from the
saponification reaction followed by acid hydrolysis of residual babassu oil. The influence of the molar
ratio (FFAs/alcohol), biocatalyst content, time and temperature were evaluated for the experiments.
The reactions were performed in 10 mL Erlenmeyer flasks, containing the substrates and the biocatalyst,
placed in a rotary shaker with digital temperature control and agitation Incubator TE-4200 (TECNAL,
Piracicaba, São Paulo, Brazil) at 200 rpm.
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3.6. Analysis of the Percentage of Ethyl Esters

For monitoring the percentage of ethyl esters formed by the reaction, the methodology
described by [98] and [99] was used, the analytical method of determining the acid index, official
methodology [100], was used.

3.7. Design of Experiment

For the accomplishment of the experiments, an experimental design was performed, evaluating
the molar ratio (FFAs/alcohol), mass of biocatalyst, temperature and reaction time [101].

In order to determine the optimal conditions for the production of biodiesel, a central composite
design (CCD) of 4 variables was carried out using Statistica® 10 software (Statsoft, Tulsa, OK, USA).
Table 9 shows the 4 variables, each at 3 levels. The design was constructed of 18 factorial points, 6 axial
points (2 axial points on the axis of design variable) and 4 replications at the central point.

Table 9. Numerical and coded values of the variables adopted in the experimental design for the
esterification of the free fatty acids of residual babassu oil.

Codes Variable Levels

- - −1 0 1

X1 Temperature (◦C) 30 40 50
X2 Time (hour) 2 4 6
X3 Molar Ratio Fatty Acid: Alcohol (m/v) 1:1 1:8 1:15
X4 Biocatalyst Content (%m/m) 5 10 15

The experimental design response variable (Table 9) was adjusted through a second-order
polynomial equation presented in Equation (1). The objective is to correlate the independent variables
with the response variable. Equation (1) considers the linear, quadratic and interaction effects among
the variables. This was used to plot response surfaces for all variables.

The second order polynomial equation for the variables is as follows:

Y = β0 +
∑

βiXi +
∑

βiXiX j +
∑

XiiX2
1 + ε (2)

In which, Y is the response variable, β0 is the constant,βi, βii, βi j are the coefficients for linear,
quadratic and interaction effects, respectively. Xi and X j the coded levels of variables Xi and X j and ε
is the pure error. The above quadratic equation was used to plot surfaces for all variables.

3.8. Statistical Analysis Using Response Surface Methodology

The experimental data obtained were analyzed through the response surface methodology using
the Statistica® 10 software (Statsoft, Tulsa, OK, USA).

3.9. Gas Chromatography (GC) Analysis

The conversion of the methyl esters was performed according to EN 14,103 norm [72], with some
modifications. Shortly, approximately 50 mg of biodiesel was weighed into a 2 mL vial and 1 mL of the
methyl nonadecanoate solution (10 mg/mL) was added. One microliter of the sample was withdrawn
using a micro-syringe (10 µL) and injected into the gas chromatograph VARIAN-GC 450 (Agilent,
Santa Clara, CA, USA) with flame ionization detector, column (DB-WAX)-phase: polyethylene glycol,
dimensions 60 m long × 0.32 mm internal diameter × 0.25 µm film thickness.

3.10. Operational Stability of the Biocatalyst

The operational stability of Novozyme® 435 was evaluated under optimal conditions for the
production of biodiesel from the free fatty acids of the residual babassu oil. At the end of each cycle, the
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biocatalyst was separated from the reaction medium by vacuum filtration using filter paper. Then, the
biocatalyst was washed three times with hexane, dried again in vacuo and then taken to the desiccator
where it was held for 30 min [102].

3.11. Modification of the External and Internal Texture of Biocatalyst

3.11.1. Scanning Electron Microscopy (SEM)

Micrograph images were obtained by SEM FEG Quanta 450 with EDS. The samples were fixed in
a carbon tape and metalized with silver by the Metalizator Quorum QT150ES (Metalizator Quorum
QT150ES, Quorum Technologies, Laughton, England). Ten Pascals of pressure was applied in the SEM
chamber, with an incident electron beam of 20 kV.

3.11.2. Fourier Transform Infrared Spectroscopy(FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out in a PerkinElmer 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) used to record spectra in the range
between 4000–400 cm−1. Previously, the spheres were dried, grounded to powder and pressed (~10 mg
of the sample to 100 mg of KBr) in disk format.

4. Conclusions

To authors’ knowledge, up to date, this work reported for the first time in the literature the
production of biodiesel from residual babassu oil through enzymatic esterification. Novozym® 435 has
been studied as biocatalyst and the reaction parameters have been optimized to maximize conversion
to fatty acid ethyl esters. The ideal reaction conditions were determined by RSM and a biodiesel yield of
96.84% was obtained under the optimized production conditions (0.14 g biocatalyst, 1:18 (FFAs/alcohol),
48 ◦C and 4 h). Under the optimized conditions, Novozym® 435 was used in 10 consecutive cycles of
esterification, with a slight reduction in the biodiesel yield of 5.84% after the tenth reuse. The biodiesel
properties were analyzed and showed reasonable agreement with the specifications of the European
standard EN 14,214 and ASTM D6751, which implies that the free fatty acids of the residual babassu
oil may be a promising raw material for the production of biodiesel.
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Biodiesel production from corn oil: A review. Renew. Sustain. Energy Rev. 2018, 91, 531–548. [CrossRef]

11. Cavalcanti-Oliveira, E.D.A.; da Silva, P.R.; Ramos, A.P.; Aranda, D.A.G.; Freire, D.M.G. Study of soybean oil
hydrolysis catalyzed by thermomyces lanuginosus lipase and its application to biodiesel production via
hydroesterification. Enzyme Res. 2011, 2011, 1–8. [CrossRef] [PubMed]

12. Talukder, M.M.R.; Wu, J.C.; Fen, N.M.; Melissa, Y.L.S. Two-step lipase catalysis for production of biodiesel.
Biochem. Eng. J. 2010, 49, 207–212. [CrossRef]

13. Soares, D.; Pinto, A.F.; Gonçalves, A.G.; Mitchell, D.A.; Krieger, N. Biodiesel production from soybean
soapstock acid oil by hydrolysis in subcritical water followed by lipase-catalyzed esterification using a
fermented solid in a packed-bed reactor. Biochem. Eng. J. 2013, 81, 15–23. [CrossRef]

14. Ching-Velasquez, J.; Fernández-Lafuente, R.; Rodrigues, R.C.; Plata, V.; Rosales-Quintero, A.;
Torrestiana-Sánchez, B.; Tacias-Pascacio, V.G. Production and characterization of biodiesel from oil of
fish waste by enzymatic catalysis. Renew. Energy 2020, 153, 1346–1354. [CrossRef]

15. Muanruksa, P.; Kaewkannetra, P. Combination of fatty acids extraction and enzymatic esterification for
biodiesel production using sludge palm oil as a low-cost substrate. Renew. Energy 2020, 146, 901–906.
[CrossRef]

16. Zhong, L.; Feng, Y.; Wang, G.; Wang, Z.; Bilal, M.; Lv, H.; Jia, S.; Cui, J. Production and use of immobilized
lipases in/on nanomaterials: A review from the waste to biodiesel production. Int. J. Biol. Macromol. 2020,
152, 207–222. [CrossRef]

17. Chua, S.Y.; Periasamy, L.A.; Goh, C.M.H.; Tan, Y.H.; Mubarak, N.M.; Kansedo, J.; Khalid, M.; Walvekar, R.;
Abdullah, E.C. Biodiesel synthesis using natural solid catalyst derived from biomass waste—A review. J. Ind.
Eng. Chem. 2020, 81, 41–60. [CrossRef]

18. Merza, F.; Fawzy, A.; AlNashef, I.; Al-Zuhair, S.; Taher, H. Effectiveness of using deep eutectic solvents as an
alternative to conventional solvents in enzymatic biodiesel production from waste oils. Energy Rep. 2018, 4,
77–83. [CrossRef]

19. Marchetti, J.M.; Miguel, V.U.; Errazu, A.F. Possible methods for biodiesel production. Renew. Sustain.
Energy Rev. 2007, 11, 1300–1311. [CrossRef]

20. Reis, C.; Sousa, E.; Serpa, J.; Oliveira, R.; Oliveira, R.; Santos, J. Design of immobilized enzyme biocatalysts:
Drawbacks and opportunities. Quim. Nova 2019, 42, 768–783. [CrossRef]

21. Babaki, M.; Yousefi, M.; Habibi, Z.; Mohammadi, M. Process optimization for biodiesel production from
waste cooking oil using multi-enzyme systems through response surface methodology. Renew. Energy 2017,
105, 465–472. [CrossRef]

http://dx.doi.org/10.1016/j.biotechadv.2010.05.012
http://www.ncbi.nlm.nih.gov/pubmed/20580809
http://dx.doi.org/10.3390/su9122341
http://dx.doi.org/10.1039/c0ee00085j
http://dx.doi.org/10.1016/j.fuel.2019.116553
http://dx.doi.org/10.1016/j.jksues.2017.09.003
http://dx.doi.org/10.1016/j.rser.2012.12.058
http://dx.doi.org/10.1016/j.biortech.2012.08.014
http://dx.doi.org/10.1016/j.enconman.2004.10.014
http://dx.doi.org/10.1016/j.fuel.2014.06.069
http://dx.doi.org/10.1016/j.rser.2018.04.024
http://dx.doi.org/10.4061/2011/618692
http://www.ncbi.nlm.nih.gov/pubmed/21052517
http://dx.doi.org/10.1016/j.bej.2009.12.015
http://dx.doi.org/10.1016/j.bej.2013.09.017
http://dx.doi.org/10.1016/j.renene.2020.02.100
http://dx.doi.org/10.1016/j.renene.2019.07.027
http://dx.doi.org/10.1016/j.ijbiomac.2020.02.258
http://dx.doi.org/10.1016/j.jiec.2019.09.022
http://dx.doi.org/10.1016/j.egyr.2018.01.005
http://dx.doi.org/10.1016/j.rser.2005.08.006
http://dx.doi.org/10.21577/0100-4042.20170381
http://dx.doi.org/10.1016/j.renene.2016.12.086


Catalysts 2020, 10, 414 17 of 20

22. Yu, D.; Tian, L.; Wu, H.; Wang, S.; Wang, Y.; Ma, D.; Fang, X. Ultrasonic irradiation with vibration for biodiesel
production from soybean oil by Novozym 435. Process Biochem. 2010, 45, 519–525. [CrossRef]

23. Taher, H.; Al-Zuhair, S.; Al-Marzouqi, A.H.; Haik, Y.; Farid, M. Enzymatic biodiesel production of microalgae
lipids under supercritical carbon dioxide: Process optimization and integration. Biochem. Eng. J. 2014, 90,
103–113. [CrossRef]

24. Madras, G.; Kolluru, C.; Kumar, R. Synthesis of biodiesel in supercritical fluids. Fuel 2004, 83, 2029–2033.
[CrossRef]

25. Miyazawa, T.; Yamamoto, M.; Danjo, H. Chemoselective acylation of (hydroxyalkyl) phenols catalyzed by
Candida antarctica lipase B. Biotechnol. Lett. 2013, 35, 625–630. [CrossRef]

26. Melo, A.; Silva, F.; dos Santos, J.; Fernández-Lafuente, R.; Lemos, T.; Dias Filho, F. Synthesis of benzyl
acetate catalyzed by lipase immobilized in nontoxic chitosan-polyphosphate beads. Molecules 2017, 22, 2165.
[CrossRef]

27. Castejón, N.; Moreno-Pérez, S.; Abreu Silveira, E.; Fernández Lorente, G.; Guisán, J.M.; Señoráns, F.J.
Synthesis of omega-3 ethyl esters from chia oil catalyzed by polyethylene glycol-modified lipases with
improved stability. Food Chem. 2019, 271, 433–439. [CrossRef]

28. Yousefi, M.; Marciello, M.; Guisan, J.M.; Fernandez-Lorente, G.; Mohammadi, M.; Filice, M. Fine modulation
of the catalytic properties of Rhizomucor miehei lipase driven by different immobilization strategies for the
selective hydrolysis of fish oil. Molecules 2020, 25, 545. [CrossRef] [PubMed]

29. Abreu Silveira, E.; Moreno-Perez, S.; Basso, A.; Serban, S.; Pestana-Mamede, R.; Tardioli, P.W.; Farinas, C.S.;
Castejon, N.; Fernandez-Lorente, G.; Rocha-Martin, J.; et al. Biocatalyst engineering of Thermomyces
lanuginosus lipase adsorbed on hydrophobic supports: Modulation of enzyme properties for ethanolysis of
oil in solvent-free systems. J. Biotechnol. 2019, 289, 126–134. [CrossRef] [PubMed]

30. Remonatto, D.; de Oliveira, J.V.; Manuel Guisan, J.; de Oliveira, D.; Ninow, J.; Fernandez-Lorente, G.
Production of FAME and FAEE via Alcoholysis of Sunflower Oil by Eversa Lipases Immobilized on
Hydrophobic Supports. Appl. Biochem. Biotechnol. 2018, 185, 705–716. [CrossRef] [PubMed]

31. Moreno-Perez, S.; Luna, P.; Señorans, J.; Rocha-Martin, J.; Guisan, J.M.; Fernandez-Lorente, G. Enzymatic
transesterification in a solvent-free system: Synthesis of sn-2 docosahexaenoyl monoacylglycerol. Biocatal.
Biotransform. 2018, 36, 265–270. [CrossRef]

32. Pinheiro, M.P.; Monteiro, R.R.C.; Silva, F.F.M.; Lemos, T.L.G.; Fernandez-Lafuente, R.; Gonçalves, L.R.B.;
dos Santos, J.C.S. Modulation of Lecitase properties via immobilization on differently activated Immobead-350:
Stabilization and inversion of enantiospecificity. Process Biochem. 2019, 87, 128–137. [CrossRef]

33. de Morais Júnior, W.G.; Moura Maia, A.; Alves Martins, P.; Fernández-Lorente, G.; Guisán, J.M.;
Pessela, B.C. Influence of different immobilization techniques to improve the enantioselectivity of lipase from
Geotrichum candidum applied on the resolution of mandelic acid. Mol. Catal. 2018, 458, 89–96. [CrossRef]

34. Gotor-Fernández, V.; Busto, E.; Gotor, V. Candida antarctica Lipase B: An Ideal Biocatalyst for the preparation
of nitrogenated organic compounds. Adv. Synth. Catal. 2006, 348, 797–812. [CrossRef]

35. Huang, S.; Liao, M.; Chen, D. Fast and efficient recovery of lipase by polyacrylic acid-coated magnetic
nano-adsorbent with high activity retention. Sep. Purif. Technol. 2006, 51, 113–117. [CrossRef]

36. Goswami, A.; Goswami, J. DMSO-triggered enhancement of enantioselectivity in Novozyme 435-catalyzed
transesterification of chiral 1-phenylethanols. Tetrahedron Lett. 2005, 46, 4411–4413. [CrossRef]

37. Le Joubioux, F.; Bridiau, N.; Ben Henda, Y.; Achour, O.; Graber, M.; Maugard, T. The control of Novozym®

435 chemoselectivity and specificity by the solvents in acylation reactions of amino-alcohols. J. Mol. Catal. B
Enzym. 2013, 95, 99–110. [CrossRef]

38. Wang, Z.-Y.; Bi, Y.-H.; Li, X.-Q.; Zong, M.-H. Influence of substituent groups in regioselective acylation of
nucleosides by Novozym 435 lipase. Process Biochem. 2013, 48, 1208–1211. [CrossRef]

39. Bajaj, A.; Lohan, P.; Jha, P.N.; Mehrotra, R. Biodiesel production through lipase catalyzed transesterification:
An overview. J. Mol. Catal. B Enzym. 2010, 62, 9–14. [CrossRef]

40. Shimada, Y.; Watanabe, Y.; Sugihara, A.; Tominaga, Y. Enzymatic alcoholysis for biodiesel fuel production
and application of the reaction to oil processing. J. Mol. Catal. B Enzym. 2002, 17, 133–142. [CrossRef]

41. Amini, Z.; Ong, H.C.; Harrison, M.D.; Kusumo, F.; Mazaheri, H.; Ilham, Z. Biodiesel production by
lipase-catalyzed transesterification of Ocimum basilicum L. (sweet basil) seed oil. Energy Convers. Manag.
2017, 132, 82–90. [CrossRef]

http://dx.doi.org/10.1016/j.procbio.2009.11.012
http://dx.doi.org/10.1016/j.bej.2014.05.019
http://dx.doi.org/10.1016/j.fuel.2004.03.014
http://dx.doi.org/10.1007/s10529-012-1124-z
http://dx.doi.org/10.3390/molecules22122165
http://dx.doi.org/10.1016/j.foodchem.2018.07.215
http://dx.doi.org/10.3390/molecules25030545
http://www.ncbi.nlm.nih.gov/pubmed/32012738
http://dx.doi.org/10.1016/j.jbiotec.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30465792
http://dx.doi.org/10.1007/s12010-017-2683-1
http://www.ncbi.nlm.nih.gov/pubmed/29297136
http://dx.doi.org/10.1080/10242422.2017.1319823
http://dx.doi.org/10.1016/j.procbio.2019.08.016
http://dx.doi.org/10.1016/j.mcat.2018.07.024
http://dx.doi.org/10.1002/adsc.200606057
http://dx.doi.org/10.1016/j.seppur.2006.01.003
http://dx.doi.org/10.1016/j.tetlet.2005.03.147
http://dx.doi.org/10.1016/j.molcatb.2013.06.002
http://dx.doi.org/10.1016/j.procbio.2013.06.022
http://dx.doi.org/10.1016/j.molcatb.2009.09.018
http://dx.doi.org/10.1016/S1381-1177(02)00020-6
http://dx.doi.org/10.1016/j.enconman.2016.11.017


Catalysts 2020, 10, 414 18 of 20

42. Marín-Suárez, M.; Méndez-Mateos, D.; Guadix, A.; Guadix, E.M. Reuse of immobilized lipases in the
transesterification of waste fish oil for the production of biodiesel. Renew. Energy 2019, 140, 1–8. [CrossRef]

43. Bueso, F.; Moreno, L.; Cedeño, M.; Manzanarez, K. Lipase-catalyzed biodiesel production and quality with
Jatropha curcas oil: Exploring its potential for Central America. J. Biol. Eng. 2015, 9, 12. [CrossRef] [PubMed]

44. Sivaramakrishnan, R.; Incharoensakdi, A. Direct transesterification of Botryococcus sp. catalysed by
immobilized lipase: Ultrasound treatment can reduce reaction time with high yield of methyl ester.
Fuel 2017, 191, 363–370. [CrossRef]

45. Shomal, R.; Hisham, H.; Mlhem, A.; Hassan, R.; Al-Zuhair, S. Simultaneous extraction–reaction process for
biodiesel production from microalgae. Energy Rep. 2019, 5, 37–40. [CrossRef]

46. Gu, J.; Xin, Z.; Meng, X.; Sun, S.; Qiao, Q.; Deng, H. Studies on biodiesel production from DDGS-extracted
corn oil at the catalysis of Novozym 435/super absorbent polymer. Fuel 2015, 146, 33–40. [CrossRef]

47. Talukder, M.M.R.; Wu, J.C.; Van Nguyen, T.B.; Fen, N.M.; Melissa, Y.L.S. Novozym 435 for production of
biodiesel from unrefined palm oil: Comparison of methanolysis methods. J. Mol. Catal. B Enzym. 2009, 60,
106–112. [CrossRef]

48. Maceiras, R.; Vega, M.; Costa, C.; Ramos, P.; Márquez, M.C. Effect of methanol content on enzymatic
production of biodiesel from waste frying oil. Fuel 2009, 88, 2130–2134. [CrossRef]

49. Rezania, S.; Oryani, B.; Park, J.; Hashemi, B.; Yadav, K.K.; Kwon, E.E.; Hur, J.; Cho, J. Review on
transesterification of non-edible sources for biodiesel production with a focus on economic aspects, fuel
properties and by-product applications. Energy Convers. Manag. 2019, 201, 112155. [CrossRef]

50. Rehan, M.; Gardy, J.; Demirbas, A.; Rashid, U.; Budzianowski, W.M.; Pant, D.; Nizami, A.S. Waste to biodiesel:
A preliminary assessment for Saudi Arabia. Bioresour. Technol. 2018, 250, 17–25. [CrossRef]

51. Baskar, G.; Aiswarya, R. Trends in catalytic production of biodiesel from various feedstocks. Renew. Sustain.
Energy Rev. 2016, 57, 496–504. [CrossRef]

52. Shan, R.; Lu, L.; Shi, Y.; Yuan, H.; Shi, J. Catalysts from renewable resources for biodiesel production. Energy
Convers. Manag. 2018, 178, 277–289. [CrossRef]

53. Norjannah, B.; Ong, H.C.; Masjuki, H.H.; Juan, J.C.; Chong, W.T. Enzymatic transesterification for biodiesel
production: A comprehensive review. RSC Adv. 2016, 6, 60034–60055. [CrossRef]

54. Moazeni, F.; Chen, Y.-C.; Zhang, G. Enzymatic transesterification for biodiesel production from used cooking
oil, a review. J. Clean. Prod. 2019, 216, 117–128. [CrossRef]

55. Melo, E.; Michels, F.; Arakaki, D.; Lima, N.; Gonçalves, D.; Cavalheiro, L.; Oliveira, L.; Caires, A.; Hiane, P.;
Nascimento, V. First study on the oxidative stability and elemental analysis of Babassu (Attalea speciosa)
edible oil produced in brazil using a domestic extraction machine. Molecules 2019, 24, 4235. [CrossRef]

56. Stankovic, I. Codex Alimentarius. In Encyclopedia of Food and Health; Elsevier: Amsterdam, The Netherlands,
2016; Volume 1, pp. 191–196.

57. Mihaela, P.; Josef, R.; Monica, N.; Rudolf, Z. Perspectives of safflower oil as biodiesel source for South Eastern
Europe (comparative study: Safflower, soybean and rapeseed). Fuel 2013, 111, 114–119. [CrossRef]

58. Singh, D.; Sharma, D.; Soni, S.L.; Sharma, S.; Kumari, D. Chemical compositions, properties, and standards
for different generation biodiesels: A review. Fuel 2019, 253, 60–71. [CrossRef]

59. Lutz, A.; Intergovernmental Panel on Climate Change. Summary for Policymakers. In Climate Change
2013–The Physical Science Basis; Cambridge University Press: Cambridge, UK, 2008; Volume 1, pp. 1–30.

60. British Standard Institution. Bs En 14214:2008 + a1:2009 Automotive fuels—Fatty acid methyl esters (FAME)
for diesel engines—Requirements and test methods. Br. Stand. Inst. 2010, 1, 1–11.

61. ASTM International. D445-18 Standard test method for kinematic viscosity of transparent and opaque
liquids (and calculation of dynamic viscosity). Annu. Book ASTM Stand. 2010, 1, 1–10.

62. Brazilian National Standards Organization. NBR 14065: Destilados de Petróleo e Óleos Viscosos—Determinação
da Densidade e da Densidade Relativa Pelo Densímetro Digital; Brazilian National Standards Organization:
Rio de Janeiro, Brazil, 2013; Volume 1, pp. 1–13.

63. do Valle, C.P.; Rodrigues, J.S.; Fechine, L.M.U.D.; Cunha, A.P.; Queiroz Malveira, J.; Luna, F.M.T.;
Ricardo, N.M.P.S. Chemical modification of Tilapia oil for biolubricant applications. J. Clean. Prod.
2018, 191, 158–166. [CrossRef]

64. Ibeto, C.N.; Okoye, C.O.B.; Ofoefule, A.U. Comparative Study of the physicochemical characterization of
some oils as potential feedstock for biodiesel Production. ISRN Renew. Energy 2012, 2012, 1–5. [CrossRef]

http://dx.doi.org/10.1016/j.renene.2019.03.035
http://dx.doi.org/10.1186/s13036-015-0009-9
http://www.ncbi.nlm.nih.gov/pubmed/26213567
http://dx.doi.org/10.1016/j.fuel.2016.11.085
http://dx.doi.org/10.1016/j.egyr.2018.11.003
http://dx.doi.org/10.1016/j.fuel.2014.12.080
http://dx.doi.org/10.1016/j.molcatb.2009.04.004
http://dx.doi.org/10.1016/j.fuel.2009.05.007
http://dx.doi.org/10.1016/j.enconman.2019.112155
http://dx.doi.org/10.1016/j.biortech.2017.11.024
http://dx.doi.org/10.1016/j.rser.2015.12.101
http://dx.doi.org/10.1016/j.enconman.2018.10.032
http://dx.doi.org/10.1039/C6RA08062F
http://dx.doi.org/10.1016/j.jclepro.2019.01.181
http://dx.doi.org/10.3390/molecules24234235
http://dx.doi.org/10.1016/j.fuel.2013.04.012
http://dx.doi.org/10.1016/j.fuel.2019.04.174
http://dx.doi.org/10.1016/j.jclepro.2018.04.062
http://dx.doi.org/10.5402/2012/621518


Catalysts 2020, 10, 414 19 of 20

65. Ostrowska-Ligeza, E.; Bekas, W.; Kowalska, D.; Lobacz, M.; Wroniak, M.; Kowalski, B. Kinetics of commercial
olive oil oxidation: Dynamic differential scanning calorimetry and Rancimat studies. Eur. J. Lipid Sci. Technol.
2010, 112, 268–274. [CrossRef]

66. García-Mesa, J.A.; Luque de Castro, M.D.; Valcárcel, M. Factors affecting the gravimetric determination of
the oxidative stability of oils. J. Am. Oil Chem. Soc. 1993, 70, 245–247. [CrossRef]

67. Porto, T.S.; Porto, C.S.; Cavalcanti, M.T.H.; Filho, J.L.L.; Perego, P.; Porto, A.L.F.; Converti, A.; Pessoa, A.
Kinetic and thermodynamic investigation on ascorbate oxidase activity and stability of a Cucurbita maxima
extract. Biotechnol. Prog. 2006, 22, 1637–1642. [CrossRef] [PubMed]

68. Hui, Y.H.; Culbertson, J.D.; Duncan, S.E.; Legarreta, I.G.; Li-Chan, E.C.Y.; Ma, C.Y.; Manley, C.; McMeekin, T.;
Nip, W.K.; Nollet, L.M.L.; et al. Handbook of food science, technology, and engineering. Choice Rev. Online
2006, 43, 5852.

69. Hossain, A.K.; Ouadi, M.; Siddiqui, S.U.; Yang, Y.; Brammer, J.; Hornung, A.; Kay, M.; Davies, P.A.
Experimental investigation of performance, emission and combustion characteristics of an indirect injection
multi-cylinder CI engine fuelled by blends of de-inking sludge pyrolysis oil with biodiesel. Fuel 2013, 105,
135–142. [CrossRef]

70. Ramírez-Verduzco, L.F.; Rodríguez-Rodríguez, J.E.; del Rayo Jaramillo-Jacob, A. Predicting cetane number,
kinematic viscosity, density and higher heating value of biodiesel from its fatty acid methyl ester composition.
Fuel 2012, 91, 102–111.

71. Elkelawy, M.; Bastawissi, H.A.-E.; Esmaeil, K.K.; Radwan, A.M.; Panchal, H.; Sadasivuni, K.K.; Suresh, M.;
Israr, M. Maximization of biodiesel production from sunflower and soybean oils and prediction of diesel
engine performance and emission characteristics through response surface methodology. Fuel 2020, 266,
117072. [CrossRef]

72. Czech Standards Institute. EN 14103. Fatty Acid Methyl Esters (FAME)—Determination of ester and linolenic
acid methyl ester contents. Br. Stand. 2011, 1, 1–16.

73. Ezekannagha, C.B.; Ude, C.N.; Onukwuli, O.D. Optimization of the methanolysis of lard oil in the production
of biodiesel with response surface methodology. Egypt J. Pet. 2017, 26, 1001–1011. [CrossRef]

74. Manan, F.M.A.; Rahman, I.N.A.; Marzuki, N.H.C.; Mahat, N.A.; Huyop, F.; Wahab, R.A. Statistical modelling
of eugenol benzoate synthesis using Rhizomucor miehei lipase reinforced nanobioconjugates. Process Biochem.
2016, 51, 249–262. [CrossRef]

75. Martinez-Silveira, A.; Villarreal, R.; Garmendia, G.; Rufo, C.; Vero, S. Process conditions for a rapid in situ
transesterification for biodiesel production from oleaginous yeasts. Electron. J. Biotechnol. 2019, 38, 1–9.
[CrossRef]

76. Fjerbaek, L.; Christensen, K.V.; Norddahl, B. A review of the current state of biodiesel production using
enzymatic transesterification. Biotechnol. Bioeng. 2009, 102, 1298–1315. [CrossRef] [PubMed]

77. Nguyen, H.C.; Liang, S.-H.; Doan, T.T.; Su, C.-H.; Yang, P.-C. Lipase-catalyzed synthesis of biodiesel from
black soldier fly (Hermetica illucens): Optimization by using response surface methodology. Energy Convers.
Manag. 2017, 145, 335–342. [CrossRef]

78. Nayak, M.G.; Vyas, A.P. Optimization of microwave-assisted biodiesel production from Papaya oil using
response surface methodology. Renew. Energy 2019, 138, 18–28. [CrossRef]

79. Watanabe, Y.; Shimada, Y.; Baba, T.; Ohyagi, N.; Moriyama, S.; Terai, T.; Tominaga, Y.; Sugihara, A. Methyl
esterification of waste fatty acids with immobilized Candida antarctica Lipase. J. Oleo Sci. 2002, 51, 655–661.
[CrossRef]

80. Tupufia, S.C.; Jeon, Y.J.; Marquis, C.; Adesina, A.A.; Rogers, P.L. Enzymatic conversion of coconut oil for
biodiesel production. Fuel Process. Technol. 2013, 106, 721–726. [CrossRef]

81. Wu, X.; Leung, D.Y.C. Optimization of biodiesel production from camelina oil using orthogonal experiment.
Appl. Energy 2011, 88, 3615–3624. [CrossRef]

82. Yuan, X.; Liu, J.; Zeng, G.; Shi, J.; Tong, J.; Huang, G. Optimization of conversion of waste rapeseed oil with
high FFA to biodiesel using response surface methodology. Renew. Energy 2008, 33, 1678–1684. [CrossRef]

83. ASTM International. D6751-15c Standard Specification for Biodiesel Fuel Blend Stock (B100) for Middle
Distillate Fuels. ASTM Int. 2010, 1, 1–11.

84. ASTM International. D1480-15. A. Standard Test Method for Density and Relative Density (Specific Gravity)
of Viscous Materials by Bingham Pycnometer. Annu. Book ASTM Stand. 2010, 1, 1–7.

http://dx.doi.org/10.1002/ejlt.200900064
http://dx.doi.org/10.1007/BF02545303
http://dx.doi.org/10.1002/bp0602350
http://www.ncbi.nlm.nih.gov/pubmed/17137312
http://dx.doi.org/10.1016/j.fuel.2012.05.007
http://dx.doi.org/10.1016/j.fuel.2020.117072
http://dx.doi.org/10.1016/j.ejpe.2016.12.004
http://dx.doi.org/10.1016/j.procbio.2015.12.002
http://dx.doi.org/10.1016/j.ejbt.2018.11.006
http://dx.doi.org/10.1002/bit.22256
http://www.ncbi.nlm.nih.gov/pubmed/19215031
http://dx.doi.org/10.1016/j.enconman.2017.05.010
http://dx.doi.org/10.1016/j.renene.2019.01.054
http://dx.doi.org/10.5650/jos.51.655
http://dx.doi.org/10.1016/j.fuproc.2012.10.007
http://dx.doi.org/10.1016/j.apenergy.2011.04.041
http://dx.doi.org/10.1016/j.renene.2007.09.007


Catalysts 2020, 10, 414 20 of 20

85. Sakthivel, R.; Ramesh, K.; Purnachandran, R.; Mohamed Shameer, P. A review on the properties, performance
and emission aspects of the third generation biodiesels. Renew. Sustain. Energy Rev. 2018, 82, 2970–2992.
[CrossRef]

86. Pratas, M.J.; Freitas, S.V.D.; Oliveira, M.B.; Monteiro, S.C.; Lima, A.S.; Coutinho, J.A.P. Biodiesel Density:
Experimental Measurements and Prediction Models. Energy Fuels 2011, 25, 2333–2340. [CrossRef]

87. Bhuiya, M.M.K.; Rasul, M.G.; Khan, M.M.K.; Ashwath, N.; Azad, A.K.; Hazrat, M.A. Prospects of 2nd
generation biodiesel as a sustainable fuel—Part 2: Properties, performance and emission characteristics.
Renew. Sustain. Energy Rev. 2016, 55, 1129–1146. [CrossRef]

88. Yang, S.; Li, Q.; Zeng, Q.; Zhang, J.; Yu, Z.; Liu, Z. Conversion of Solid Organic Wastes into Oil via
Boettcherisca peregrine (Diptera: Sarcophagidae) Larvae and Optimization of Parameters for Biodiesel
Production. PLoS ONE 2012, 7, 45940. [CrossRef] [PubMed]

89. Shu, Q.; Yang, B.; Yang, J.; Qing, S. Predicting the viscosity of biodiesel fuels based on the mixture topological
index method. Fuel 2007, 86, 1849–1854. [CrossRef]

90. Dossat, V.; Combes, D.; Marty, A. Continuous enzymatic transesterification of high oleic sunflower oil in a
packed bed reactor: Influence of the glycerol production. Enzyme Microb. Technol. 1999, 25, 194–200. [CrossRef]

91. Sangaletti, N.; Cea, M.; Regitano-d’Arce, M.A.B.; de Souza Vieira, T.M.F.; Navia, R. Enzymatic transesterification
of soybean ethanolic miscella for biodiesel production. J. Chem. Technol. Biotechnol. 2013, 88, 2098–2106. [CrossRef]

92. Hsu, A.-F.; Jones, K.C.; Foglia, T.A.; Marmer, W.N. Continuous production of ethyl esters of grease using an
immobilized lipase. J. Am. Oil Chem. Soc. 2004, 81, 749–752. [CrossRef]

93. Ortiz, C.; Ferreira, M.L.; Barbosa, O.; dos Santos, J.C.S.; Rodrigues, R.C.; Berenguer-Murcia, Á.; Briand, L.E.;
Fernandez-Lafuente, R. Novozym 435: The “perfect” lipase immobilized biocatalyst? Catal. Sci. Technol.
2019, 9, 2380–2420. [CrossRef]

94. Bashtani, E.; Amiri, A.; Baghayeri, M. A nanocomposite consisting of poly (methyl methacrylate), graphene
oxide and Fe3O4 nanoparticles as a sorbent for magnetic solid-phase extraction of aromatic amines. Microchim.
Acta 2018, 185, 14. [CrossRef] [PubMed]

95. José, C.; Austic, G.B.; Bonetto, R.D.; Burton, R.M.; Briand, L.E. Investigation of the stability of Novozym®

435 in the production of biodiesel. Catal. Today 2013, 213, 73–80. [CrossRef]
96. Viñambres, M.; Filice, M.; Marciello, M. Modulation of the catalytic properties of lipase B from Candida

antarctica by immobilization on tailor-made magnetic iron oxide nanoparticles: The key role of nanocarrier
surface engineering. Polymers 2018, 10, 615. [CrossRef] [PubMed]

97. Mulinari, J.; Venturin, B.; Sbardelotto, M.; Dall Agnol, A.; Scapini, T.; Camargo, A.F.; Baldissarelli, D.P.;
Modkovski, T.A.; Rossetto, V.; Dalla Rosa, C.; et al. Ultrasound-assisted hydrolysis of waste cooking oil
catalyzed by homemade lipases. Ultrason. Sonochem. 2017, 35, 313–318. [CrossRef] [PubMed]

98. dos Santos, R.C.M.; Gurgel, P.C.; Pereira, N.S.; Breves, R.A.; de Matos, P.R.R.; Silva, L.P.; Sales, M.J.A.;
Lopes, R.D.V.V. Ethyl esters obtained from pequi and macaúba oils by transesterification with homogeneous
acid catalysis. Fuel 2020, 259, 116206. [CrossRef]

99. Monteiro, R.R.C.; Neto, D.M.A.; Fechine, P.B.A.; Lopes, A.A.S.; Gonçalves, L.R.B.; dos Santos, J.C.S.;
de Souza, M.C.M.; Fernandez-Lafuente, R. Ethyl butyrate synthesis catalyzed by Lipases A and B from
Candida antarctica immobilized onto magnetic nanoparticles. Improvement of biocatalysts’ performance
under ultrasonic irradiation. Int. J. Mol. Sci. 2019, 20, 5807. [CrossRef]

100. Cavalcanti, E.D.C.; Aguieiras, É.C.G.; da Silva, P.R.; Duarte, J.G.; Cipolatti, E.P.; Fernandez-Lafuente, R.;
da Silva, J.A.C.; Freire, D.M.G. Improved production of biolubricants from soybean oil and different polyols
via esterification reaction catalyzed by immobilized lipase from Candida rugosa. Fuel 2018, 215, 705–713.
[CrossRef]

101. Kochepka, D.M.; Dill, L.P.; Couto, G.H.; Krieger, N.; Ramos, L.P. Production of fatty acid ethyl esters from
waste cooking oil using novozym 435 in a solvent-free system. Energy Fuels 2015, 29, 8074–8081. [CrossRef]

102. Bezerra, R.M.; Neto, D.M.A.; Galvão, W.S.; Rios, N.S.; Carvalho, A.C.L.D.M.; Correa, M.A.; Bohn, F.;
Fernandez-Lafuente, R.; Fechine, P.B.A.; de Mattos, M.C.; et al. Design of a lipase-nano particle biocatalysts
and its use in the kinetic resolution of medicament precursors. Biochem. Eng. J. 2017, 125, 104–115. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.rser.2017.10.037
http://dx.doi.org/10.1021/ef2002124
http://dx.doi.org/10.1016/j.rser.2015.09.086
http://dx.doi.org/10.1371/journal.pone.0045940
http://www.ncbi.nlm.nih.gov/pubmed/23029331
http://dx.doi.org/10.1016/j.fuel.2006.12.021
http://dx.doi.org/10.1016/S0141-0229(99)00026-5
http://dx.doi.org/10.1002/jctb.4080
http://dx.doi.org/10.1007/s11746-004-0973-9
http://dx.doi.org/10.1039/C9CY00415G
http://dx.doi.org/10.1007/s00604-017-2587-3
http://www.ncbi.nlm.nih.gov/pubmed/29594392
http://dx.doi.org/10.1016/j.cattod.2013.02.013
http://dx.doi.org/10.3390/polym10060615
http://www.ncbi.nlm.nih.gov/pubmed/30966649
http://dx.doi.org/10.1016/j.ultsonch.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27746067
http://dx.doi.org/10.1016/j.fuel.2019.116206
http://dx.doi.org/10.3390/ijms20225807
http://dx.doi.org/10.1016/j.fuel.2017.11.119
http://dx.doi.org/10.1021/acs.energyfuels.5b02116
http://dx.doi.org/10.1016/j.bej.2017.05.024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Analysis of the Chemical Composition of Residual Oil from Babassu 
	Physicochemical Characterization of the Residual Babassu oil and Free Fatty Acids 
	Statistical Analysis 
	Model Fitting and Analysis of Variance (ANOVA) 
	Effect of Reaction Parameters 

	Properties of Biodiesel 
	Operational Stability of the Biocatalyst 
	Modification of the External and Internal Texture of Biocatalyst 

	Materials and Methods 
	Materials 
	Physicochemical Characterization of Residual Babassu Oil 
	Analysis of the Chemical Composition of Residual Babassu Oil 
	Production of Free Fatty Acids 
	Esterification Reactions 
	Analysis of the Percentage of Ethyl Esters 
	Design of Experiment 
	Statistical Analysis Using Response Surface Methodology 
	Gas Chromatography (GC) Analysis 
	Operational Stability of the Biocatalyst 
	Modification of the External and Internal Texture of Biocatalyst 
	Scanning Electron Microscopy (SEM) 
	Fourier Transform Infrared Spectroscopy(FTIR) 


	Conclusions 
	References

