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Abstract: This study describes the production of solketal esters from used soybean cooking oil (USCO)
via enzymatic hydroesterification. This process consists of the complete hydrolysis of USCO into
free fatty acids (FFAs) catalyzed by crude lipase extract from Candida rugosa (CRL). The resulting
FFAs were recovered and utilized as the raw material for an esterification reaction with solketal,
which was achieved via an open reaction. For this purpose, lipase Eversa® Transform 2.0 (ET2.0) was
immobilized via physical adsorption on treated epicarp particles from Acrocomia aculeata (macauba),
a lignocellulosic residue. A protein loading of 25.2 ± 1.3 mg g−1 with a support and immobilization
yield of 64.8 ± 2.5% was achieved using an initial protein loading of 40 mg g−1 of support. The
influence of certain parameters on the esterification reaction was evaluated using a central composite
rotatable design (CCRD). Under optimal conditions, a FFAs conversion of 72.5 ± 0.8% was obtained
after 150 min of reaction at 46 ◦C using a biocatalyst concentration of 20% wt. and a FFAs–solketal
molar ratio of 1:1.6. The biocatalyst retained 70% of its original activity after ten esterification batches.
This paper shows the conversion of two agro-industrial waste into valuable materials (enzyme
immobilization support and solketal esters).

Keywords: solketal esters; hydroesterification; lipase; agro-industrial wastes; valorization

1. Introduction

Solketal esters, a valuable class of chemical compounds extensively used as dietary
supplements, antimicrobial agents, oxygenated fuel additives, and plasticizing agents,
are traditionally produced by esterification and/or transesterification reactions catalyzed
by acid or basic classical chemical catalysts [1–6]. These reaction systems require the
utilization of high temperatures to achieve high levels of conversion/high yields [1–4,7].
Moreover, complex reaction schemes utilizing hazardous organic solvents or ionic liquids
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to improve the miscibility of the raw materials are required [1,3,6–8]. Therefore, the
utilization of lipases as catalysts is of great interest due to their advantages compared to
traditional chemical routes; for example, they require less extreme experimental conditions,
reducing energy demand, and have high specificity and selectivity, reducing the formation
of undesirable byproducts, minimizing the generation of wastes, and simplifying the
purification steps [9,10].

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are a class of enzymes that catalyzes
the hydrolysis of triacylglycerols to glycerol and free fatty acids (FFAs) [11,12]. They
have been utilized as biocatalysts in the production of solketal esters, as lyophilized
crude extracts [13,14], as lyophilized mold mycelia [15–17], or in immobilized forms using
different supports [8,18–24]. These studies have also been preferentially conducted in
solvent systems using hazardous classical organic solvents [13,16,18,22,23]. In a previous
study performed in our group, a saturated solketal ester was produced via enzymatic
esterification using palmitic acid as the raw material [22]. Under optimal conditions, a
maximum acid conversion of 83% was achieved after 150 min in a heptane medium. The use
of solvent-free reaction systems in the enzymatic production of several chemicals, including
solketal esters, has attracted attention due to its potential for use in environmentally friendly
processes of industrial interest. The use of these systems can avoid the use of any additional
organic solvent, although these systems have their own drawbacks [9].

In this context, the objective of the present study was to develop a sustainable means of
producing solketal esters from used soybean cooking oil (USCO) via a two-step enzymatic
process (hydroesterification), as shown in Figure 1. This process has been extensively
utilized in ester production [25,26], since the direct transesterification of triacylglycerols
with various alcohols, including solketal, requires high temperatures or long reaction times
to obtain high ester yields because the high viscosity of the reaction medium increases
the mass transfer limitations [2,20,27,28]. The first step comprises the complete hydrolysis
of USCO, utilizing a non-specific lipase from Candida rugosa (CRL) as a biocatalyst [29].
After eliminating the glycerin (which can become a competitor for the target reaction), the
resulting FFAs were esterified with solketal in open reactors in a reaction catalyzed by
lipase Eversa® Transform 2.0 (ET2.0), a low-cost means of lipase preparation with high
catalytic activity that is reusable in esterification reactions [30,31]. In this reaction, ET2.0
was immobilized via physical adsorption [32,33] on treated Acrocomia aculeata (macauba)
epicarp particles (Figure S1). This oleaginous plant has been considered a highly promising
oil-producer. This oil may be useful in the production of biodiesel and biokerosene for
aviation [34,35]. However, its processing generates large amounts of wastes. Therefore, this
study intends to transform this agro-industrial waste, which is currently mainly disposed
of in nature, into a valuable lipase immobilization support. Although the utilization of
lignocellulosic wastes as enzyme support materials has been extensively studied [36–38],
the use of this renewable support to immobilize enzymes has not been reported in the liter-
ature to date. However, these materials require pre-treatment to ensure the development of
appropriate particle features, such as a specific size, surface, and pore diameter, to provide
stable and active biocatalysts with a high enzyme-retention capacity [36].

This study also aims to present a promising strategy to mitigate the deleterious and
hazardous effects of the improper disposal of waste cooking oils to the environment, as
this can damage plants, animals and marine life [39]. Therefore, the production of valuable
chemicals using recycling waste cooking oils can offer several benefits, such as economic,
social, environmental, and waste management benefits. Moreover, this study also intends
to expand the potential application of Eversa® Transform 2.0 (ET2.0) in industrial processes.
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to remove extractives, hemicellulose, and/or lignin fractions to provide a material with 
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reports, such as acid pre-treatment and solvent extraction processes [40–42]. In this study, 
the influence of pre-treatment techniques on the properties of macauba epicarp particles 
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by the treatment of macauba epicarp particles within 3600–500 cm−1. According to Figure 
2, both untreated and treated samples exhibited a broad band at 3329 cm−1 related to O–H 
stretching vibrations, which corresponds to the presence of alcoholic and phenolic 
hydroxyl groups in their structures. 

3500 3000 2500 2000 1500 1000 500

(B) Treated Support

(A) Untreated Support

1028
3329

3329
1028

1710

2852

  

2922

28522922

Wavenumber (cm-1)

Tr
an

sm
ita

nc
e 

(u
.a

.)
  

 
Figure 2. FT–IR spectra of untreated (A) and treated (B) macauba epicarp particles. 

Figure 1. Illustrative scheme of the enzymatic production of solketal esters from USCO via the
hydroesterification process.

2. Results and Discussion
2.1. Macauba Epicarp Particles Characterization

In this study, preliminary tests were conducted using untreated macauba epicarp parti-
cles as a support material to immobilize ET2.0. However, a very small amount of adsorbed
enzyme, or immobilized protein loading—IP ≤ 5 mgprotein g−1, was used as a support,
using a high level of lipase loading (40 mg g−1 of support) was obtained due to the release
of components (extractives) of this material in the immobilization supernatant, resulting in
strong turbidity (a milky appearance). Therefore, the use of macauba epicarp particles as
a lipase immobilization support requires efficient pre-treatment technologies to remove
extractives, hemicellulose, and/or lignin fractions to provide a material with better fea-
tures [36,37]. A series of pre-treatment methods was proposed based on recent reports, such
as acid pre-treatment and solvent extraction processes [40–42]. In this study, the influence
of pre-treatment techniques on the properties of macauba epicarp particles was evaluated
by FT–IR, XRD, and SEM analyses and compared with those of their untreated form.

An FT–IR analysis was conducted to identify changes in functional groups induced by
the treatment of macauba epicarp particles within 3600–500 cm−1. According to Figure 2,
both untreated and treated samples exhibited a broad band at 3329 cm−1 related to O–H
stretching vibrations, which corresponds to the presence of alcoholic and phenolic hydroxyl
groups in their structures.
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Figure 2. FT–IR spectra of untreated (A) and treated (B) macauba epicarp particles. Figure 2. FT–IR spectra of untreated (A) and treated (B) macauba epicarp particles.
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On the other hand, a sharp decrease in the intensity of the band between 2922 cm−1

and 2852 cm−1 was observed after the treatment, assigned to the stretching vibrations of
C–H bonds of methyl and methylene groups, in addition to the disappearance of the band
associated with the stretching vibrations of the C=O bond in carbonyl groups of 1710 cm−1.
This disappearance of this characteristic band suggests a possible cleavage in acetyl and
uronic esters, and/or ester bonds of ferulic and p-coumaric acids in the structure of the
lignocellulosic materials [43]. These results indicate the partial removal of hemicellulose
and lignin fractions during the treatment process [44]. Moreover, an increase in the intensity
of the characteristic band at 1028 cm−1 related to C–OH stretching vibrations was also
observed, which suggests an increase in the percentage of cellulose content in the chemical
composition of the treated support material [44,45]. These results confirm that changes
occurred in the chemical composition of macauba epicarp after the treatment processes.

The X-ray diffraction patterns for untreated and treated macauba epicarp particles
are illustrated in Figure 3. A typical sharp peak in the untreated support material at 2θ
values between 16 and 25◦, which is characteristic of crystalline cellulose, was observed.
After the treatment process, an increase in the intensity of this peak, with the concomitant
appearance of a peak at a 2θ value of around 34◦, was detected. This X-ray diffractogram
reveals the loss of amorphous components such as lignin, hemicellulose, and extractive
fractions after the sequential treatment process [44,46], which corroborates the results of
the FT–IR analysis.
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Figure 3. X-ray patterns of untreated (A) and treated (B) macauba epicarp particles.

An SEM analysis was performed in order to investigate the changes in the morphology
of the macauba epicarp particles after the treatment process (Figure 4). Untreated macauba
epicarp particles have an irregular structure (Figure 4A) and a smooth and highly ordered
surface structure. Due to this non-porous structure (Figure 4B), a low capacity to adsorb
ET2.0 may be expected. After the treatment process, the material presented a porous
structure that resulted in the exposure of its internal surface (Figure 4C). These images show
that the rigid structure of the native material was disarranged due to the cleavage and/or
partial removal of hemicellulose and/or lignin fractions and extractives, in accordance with
FT–IR and XRD analyses. Moreover, the mass balance shown in Figure S2 also reveals a
mass loss of around 54% (from 19.1 ± 0.7 g to 8.88 ± 0.4 g) after the combined treatment
processes, which resulted in the formation of a porous structure. This can improve its
specific area and, in this way, could perhaps improve its enzyme adsorption capacity.
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2.2. Characterization of the Heterogeneous Biocatalyst Prepared via Physical Adsorption

The support material that was produced was used in the physical adsorption of
ET2.0 and its properties were compared with those of its soluble form (liquid lipase ex-
tract). In this study, the immobilization process was performed at pH 5.0 [47]. Under
this condition, the maximum hydrophobic interaction between ET2.0 and support surface
via interfacial activation is expected, since the isoelectric point of this lipase is around
4.4 [48]. Initially, the stability of the soluble ET2.0 was evaluated under the immobilization
conditions (5 mmol L−1 buffer sodium acetate, pH 5.0, at 25 ◦C and 15 h). Under these
conditions, the lipase fully retained its original hydrolytic activity. This shows that all units
of hydrolytic activity disappeared in the supernatant of the immobilization suspension
due to the physical adsorption of the enzyme on the support surface. According to our
results, 25.2 ± 1.3 mg protein g−1 of support was immobilized (almost five times higher
than that obtained using the untreated support material), and this corresponds to 62.5%
of the initial protein. This value was very similar to the immobilization yield that was
obtained (YI value of 64.8 ± 2.5%) based on the units of hydrolytic activity that disappeared
in the supernatant during the immobilization suspension, thus showing that the ET2.0
formulation has a very low amount of contaminant proteins [49]. This demonstrates that
the capacity of treated macauba epicarp particles to immobilize lipase was very similar
to or even higher than that of other supports, such as the silica–alumina supports Siral
20 and Siral 40 [50], functionalized rice husk silica [51], metal–organic frameworks [52],
and commercial Purolite® supports [53]. The resulting immobilized lipase exhibited a
hydrolytic activity of 356.6 ± 23.5 U g−1 when using olive oil as a biocatalyst, and a specific
activity of 14.1 U mgprotein

−1. This value corresponds to only 2.5% of the original specific
activity of the liquid ET2.0 extract (560 U mgprotein

−1). This could be explained by diffusion
problems caused by the olive oil emulsion penetrating the support pores where the enzyme
molecules are located [30]. In this study, the resulting biocatalyst (immobilized ET2.0) was
then utilized in the optimized production of solketal esters in a solvent-free system. Under
such conditions, where the medium is just the reaction reagent and is in a homogenous
solution, the raw materials (FFAs and solketal) have better access to the biocatalyst particle
and, thus, a better catalytic performance is expected during the esterification reaction.

2.3. Optimization of the Enzymatic Production of Solketal Esters via Esterification Reaction

The effect of three relevant parameters (FFAs–solketal molar ratio, reaction temper-
ature, and biocatalyst concentration) on ester production following the esterification of
FFAs was evaluated using a full CCRD approach. The levels of each independent variable,
as well as fixed parameters (initial mass of raw materials, mechanical stirring intensity,
and reaction time), were chosen based on previous studies [22,30,31] and preliminary
tests. Esterification is a thermodynamically controlled process [9]. Therefore, the reactions
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were conducted in an open reactor allowing for simple water removal via evaporation at
atmospheric pressure. Moreover, a molar excess of solketal was utilized, which is more
easily separated from the reaction mixture at the end of the process (purification steps).

The coded and actual values of these parameters and their response (experimental and
predicted FFAs conversion percentage) are shown in Table 1. According to our results, the
experimental FFAs conversion percentage at 40 min of reaction varied from 6.2 ± 3.5% (Run
#1) to 55.7 ± 2.4% (Run #14). This large difference between the minimum and maximum
response variable values clearly shows the importance of the variables proposed in this
study in the optimization process. It is possible to observe that both the experimental and
predicted FFAs percentage values were very similar, showing the high level of accuracy
obtained by the proposed polynomial model (see Figure S3).

Table 1. CCRD experimental design for the enzymatic production of solketal esters via esterification
conducted using solvent-free systems.

Runs

Independent Variables’
Coded (Actual)

FFAs Conversion
(%)

FFAs
Conversion

(%) a

FFAs–Solketal
Molar Ratio

Temperature
(◦C)

Biocatalyst
Concentration

(% wt.)

1 −1 (1:1.6) −1 (46) −1 (8) 6.2 ± 3.5
2 +1 (1:3.4) −1 (46) −1 (8) 30.2 ± 2.8
3 −1 (1:1.6) +1 (64) −1 (8) 23.4 ± 2.2
4 +1 (1:3.4) +1 (64) −1 (8) 24.6 ± 1.7
5 −1 (1:1.6) −1 (46) +1 (17) 44.5 ± 0.5
6 +1 (1:3.4) −1 (46) +1 (17) 40.5 ± 2.1
7 −1 (1:1.6) +1 (64) +1 (17) 43.0 ± 0.3
8 +1 (1:3.4) +1 (64) +1 (17) 30.1 ± 3.8
9 −1.68 (1:1) 0 (55) 0 (12.5) 21.7 ± 1.4
10 +1.68 (1:4) 0 (55) 0 (12.5) 22.2 ± 2.2
11 0 (1:2.5) −1.68 (40) 0 (12.5) 28.9 ± 0.1
12 0 (1:2.5) +1.68 (70) 0 (12.5) 39.8 ± 2.1
13 0 (1:2.5) 0 (55) −1.68 (5) 19.3 ± 0.9
14 0 (1:2.5) 0 (55) +1.68 (20) 55.7 ± 2.4
15 0 (1:2.5) 0 (55) 0 (12.5) 35.7 ± 1.3
16 0 (1:2.5) 0 (55) 0 (12.5) 30.2 ± 1.3
17 0 (1:2.5) 0 (55) 0 (12.5) 31.5 ± 0.3
18 0 (1:2.5) 0 (55) 0 (12.5) 33.0 ± 2.2

a Experimental values obtained after 40 min of reaction.

The significance of each individual parameter and their interactions on the response
variable (FFAs conversion percentage), as determined by Student’s t-test, is shown in
Table 2. The analysis of variance (ANOVA) shows that the mean, quadratic term of the
FFAs–solketal molar ratio (x1

2), the linear term of the biocatalyst concentration (x3), and the
interactions (x1.x2, x1.x3, and x2.x3) were highly significant variables at the 95% confidence
level (p-values < 0.05). On the other hand, the non-significant parameters (p-values > 0.05)
were the linear terms of the FFAs–solketal molar ratio (x1), the linear and quadratic terms of
the reaction temperature (x2 and x2

2), and the quadratic term of biocatalyst concentration
(x3

2); these were excluded from the model.
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Table 2. Regression coefficients, standard errors, p-values, and analysis of variance (ANOVA) for the
developed model of the enzymatic production of solketal esters.

Parameters Regression Coefficients Standard Errors p-Values

Mean 32.64 1.68 0.0000
x1 0.66 0.91 0.4897 *
x1

2 −3.96 0.95 0.0031
x2 1.32 0.91 0.1875 *
x2

2 0.43 0.95 0.6605 *
x3 9.88 0.91 0.0000
x3

2 1.53 0.95 0.1457 *
x1.x2 −3.96 1.19 0.0106
x1.x3 −5.27 1.19 0.0022
x2.x3 −2.92 1.19 0.0400

ANOVA

Source of
Variation Sum of Squares Degree of

Freedom Mean Square F-Test

Regression 2058.6732 9 228.74 20.11
Residual 90.9850 8 11.37
Lack of fit 74.0784 5 14.82 2.63
Pure error 16.9066 3 5.64

Total 2149.6582 17

R2 = 0.9577; F0.05;9;8 = 3.39
x1, x2, and x3 represent the FFAs–solketal molar ratio, reaction temperature, and biocatalyst concentration,
respectively. * Non-significant parameters at 95% confidence level.

The significant terms were utilized to obtain the second-order polynomial model used
to describe the reaction, as shown by Equation (1):

Y(%) = 32.64 − 4.30x2
1 + 9.88x3 − 3.96x1.x2 − 5.27x1.x3 − 2.92x2.x3 (1)

where x1, x2, and x3 represent the FFAs–solketal molar ratio, reaction temperature, and
biocatalyst concentration, respectively.

The coefficient of determination, or correlation (R2), was utilized to show the adequacy
of the proposed model. According to Table 2, a R2 value of 0.9577 was obtained. The
adequacy of the model was also confirmed by Fisher’s F-test (see Table 2).

The calculated F-value (20.11) was greater than the tabulated F-value at the 5% signifi-
cance level (3.39), which clearly shows its significance. On the other hand, the calculated
F-value for lack of fit (2.63) was not significant (p-value > 0.05). These results show that
the second-order polynomial model can be utilized to predict and determine the optimal
conditions for the production of solketal esters via esterification reaction using the proposed
biocatalyst, as shown in Figure 5A,B.

The 3D response surface and contour plots of the effect of the independent variables
of bio-catalyst concentration and FFAs–solketal molar ratio on the reaction are shown
in Figure 5A. As expected, a gradual increase in the FFAs conversion percentage can be
observed with an increase in the biocatalyst concentration from the lowest (5% wt.—coded
value of −1.68) to the highest (20% wt.—coded value of +1.68) levels. In fact, the highest
coefficient and highest positive value in Equation (1) were obtained for the linear term of
biocatalyst concentration (+9.88x3), demonstrating its significant effect on the esterification
reaction. These results shows that the maximum FFAs conversion percentage can be
achieved by utilizing a slight excess of solketal in the reaction mixture, i.e., an FFAs–solketal
molar ratio of 1:1.6 (coded value of −1). The mutual interaction between these variables
was significant at the 95% confidence level (−5.27x1.x3—see Equation (1)). Therefore,
the maximum FFAs conversion percentage can be obtained at the highest biocatalyst
concentration level—20% w/w of reaction mixture and an FFAs–solketal molar ratio of
1:1.6.
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The effects of the reaction temperature and biocatalyst concentration are illustrated
in Figure 5B. The three-dimensional response surface and contour plots analyses show
that the maximum FFAs conversion percentage can be observed at the highest biocatalyst
concentration (20% w/w; coded value of +1.68) and reaction temperature of 46 ◦C (coded
value of −1). The interaction between these two individual parameters was also significant
at the 95% confidence level, with a negative coefficient value (−2.92x2.x3); see Equation (1).
This means that a positive effect on FFAs conversion can also be achieved by using the
highest biocatalyst concentration (20% w/w) and a reaction temperature of 46 ◦C.

The validation of the second-order polynomial model was performed by conducting
the reaction under optimal experimental conditions: a FFAs–solketal molar ratio of 1:1.6,
reaction temperature of 46 ◦C, and biocatalyst concentration of 20% w/w. Under these
conditions, the maximum FFAs conversion percentage value of 50.8 ± 1.0% was achieved,
which was similar to the predicted value (Y = 54.7%). Therefore, subsequent tests were
conducted under such conditions.

2.4. Reaction Course

The reaction course was studied under the optimal experimental conditions estab-
lished by CCRD (FFAs–solketal molar ratio of 1:1.6, reaction temperature of 46 ◦C, and
biocatalyst concentration of 20% w/w of reaction mixture). In this set of experiments,
soluble ET2.0 was not used as a biocatalyst due to its lower stability/activity than its
immobilized form in non-aqueous media and strong aggregation that may result in in-
creased mass transfer limitations [30,31]. According to Figure 6, a linear profile of ester
production was observed during the first 50 min of the reaction, showing the satisfactory
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diffusivity of the raw material molecules (FFAs and solketal) to the internal biocatalyst
microenvironment. After this period, a decrease in the reaction rate could be observed due
to a possible increase in the viscosity of the reaction mixture, thus restricting raw materials’
access to the biocatalyst’s surface. Moreover, the decrease in the concentration of substrates
and the increase in concentration of the product can slow the reaction rate and, additionally,
the product may be inhibited as it accumulates. The highest FFAs conversion percentage
(around 72.5 ± 0.8%) was achieved after 150 min of reaction. These results show that an
appropriate immobilization technique was capable of improving the enzyme performance
in this process, in accordance with previous reports [30,31,49,54–56].
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Figure 6. Reaction course of the esterification reaction catalyzed by immobilized ET2.0. The op-
erational stability tests after successive esterification batches in a solvent-free system are shown.
The reactions were conducted at 46 ◦C using an FFAs–solketal molar ratio of 1:1.6 and biocatalyst
concentration of 20% w/w of reaction mixture.

2.5. Operational Stability Tests of the Immobilized Biocatalyst

The operational stability of the immobilized ET2.0 after ten successive esterification
batches under optimal experimental conditions was analyzed. According to Figure 6
(inset), the immobilized ET2.0 led to a steady and progressive decrease in the activity until
the seventh batch. This value remained unaltered until the 10th batch (FFAs conversion
values around of 51% after 150 min of reaction). This value corresponds to 70% of its
original activity (FFAs conversion of 72.5 ± 0.8% at the first batch). This decrease in
catalytic performance could be due to thermal inactivation [54], the desorption of some
lipase molecules from the support surface during the washing steps, and/or the possible
accumulation of unconverted raw materials and/or products in the support, which could
alter the microenvironment of the enzyme [57]. These results clearly demonstrate the
satisfactory stability of ET2.0 after successive batch reactions under moderate conditions.
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2.6. Identification of the Reaction Products via FT–IR and NMR Analysis

The FT–IR spectra of the raw materials (solketal and FFAs) and products (solketal
esters) are shown in Figure 7. The spectrum of FFAs shows intense bands at 2922 cm−1

and 1710 cm−1, attributed to the stretching of C–H overlapping with O–H bonds and
the stretching vibrational band of the carbonyl group (–C=O) from the carboxylic moiety.
The solketal spectrum presents an intense band at 3429 cm−1, attributed to the axial
deformation of –O–H bonds. The bands between 2991 and 2881 cm−1 correspond to the
vibrations in the symmetrical and asymmetrical stretching of –C–H methyl and methylene
groups. Moreover, the characteristic band between 1051 and 1157 cm−1 corresponds to the
asymmetric vibrations of the –C–O–C–O–C– bond present in its structure. The spectrum
of the solketal esters mixture shows an intense band at 1740 cm−1, characteristic of the
carbonyl group of the ester that forms after esterification, and the bands at 1221 and
1160 cm−1 correspond to the stretching vibrational of the –C(=O)O– group.
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The production of solketal esters was also confirmed by NMR analysis. The 1H NMR
spectrum (Figure 8A) showed specific signals of a two-hydrogen triplet at 2.32 ppm for the
methylene group bound to the carbonyl group from the ester moiety [–CH2(C=O)OCH2–],
and a two-hydrogen triplet at 4.13 ppm for the methylene group attached to the oxygen
atom [–CH2(C=O)OCH2–]. The 13C NMR spectrum (Figure 8B) shows an intense signal at
172.51 ppm that corresponds to the carbonyl group of the ester [–CH2(C=O)OCH2–]. These
spectroscopy analyses confirmed the production of solketal esters.
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2.7. Comparing with Previous Reports

The enzymatic production of solketal esters using different raw materials (synthetic
monoesters, oils and fats, and their derivatives—FFA) has been reported in previous reports,
as shown in Table S1. In general, these reaction systems require large amounts of solvent
and long reaction times to achieve a high yield or high conversion values. Solketal esters
from soybean oil [17] and methyl ricinoleate [20] were produced in solvent-free systems.
However, reusability tests after successive batch reactions were not reported in these
studies (see Table S1). This activity of this new heterogeneous biocatalyst demonstrated
high retention after successive esterification batches were performed in a solvent-free
system. This study shows that the immobilization of ET2.0 on epicarp macauba particles
may lead to the highest catalytic performance and simpler downstream processes for the
separation/purification of the esters. This new process can be considered an attractive
option for the sustainable production of solketal esters due to its high catalytic activity and
reusability.

3. Materials and Methods
3.1. Materials

Macauba fruits were manually harvested from the Cerrado biome at the Federal
University of São João del-Rei, Campus Sete Lagoas—latitude: 19◦28′32.18′′ S; longitude:
44◦11′44.808′′ W (Sete Lagoas, MG, Brazil). Lipase Eversa® Transform 2.0 (ET2.0), a lipase
derived from the lipase from Thermomyces lanuginosus, expressed in Aspergillus oryzae,
(liquid extract, a hydrolytic activity of 19,856.7 units mL−1, and a protein concentration of
33 mg mL−1), a lipase from Candida rugosa (CRL) (powder extract, a hydrolytic activity of
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16,156.8 units g−1, and a protein content of 24.5 mg g−1), and solketal were acquired from
Sigma-Aldrich Co. (St. Louis, MO, USA). USCO was collected after being used once for
the preparation of french fries in a restaurant at the Federal University of Alfenas (Alfenas,
MG, Brazil). Its fatty acid composition and properties were described in a recent study [51].
All other chemicals were of analytical grade and were acquired from Synth® (São Paulo,
SP, Brazil).

3.2. Preparation of Macauba Epicarp Particles

Macauba fruits were first washed with distilled water to remove impurities and dried
for 15 h in an oven at 60 ◦C to facilitate epicarp removal. Then, the epicarp was separated
and crushed in a knife-mill, and the particles with a size of 75 to 120 µm were selected using
vibratory sieves. Subsequently, 30 g of the material was refluxed with 400 mL of 3.5% w/w
HCl solution at 120 ◦C for 2 h [58]. This experimental procedure was conducted twice. The
treated particles were collected through filtration in a Buchner funnel under vacuum using
Whatman n◦ 41 filter paper, washed with deionized water and dried for 15 h in an oven at
60 ◦C before use. Then, the support material was transferred to a 500 mL closed flask with
200 mL 70% w/w ethanol solution and immersed in a temperature-controlled water-bath
under continuous orbital stirring (200 rpm) at 25 ± 1 ◦C for 15 h. This procedure was also
performed twice. Finally, the treated material was collected by filtration in a Buchner funnel
under vacuum using a Whatman n◦ 41 filter paper and dried for 15 h in an oven at 60 ◦C
before use. The process flow chart for the preparation of treated macauba epicarp particles
(material support) and the average mass loss after each step of the proposed process is
illustrated in Figure S2.

3.3. Support Characterization

The morphology of untreated and treated macauba epicarp particles was determined
via scanning electron microscopy (SEM) using Quanta 200 FEI equipment under a vacuum
operating at 5 kV. These materials were also analyzed via Fourier transform infrared
(FT–IR) spectrometry using a Nicolet iS50 FT–IR Thermo Scientific spectrophotometer
(Madison, WI, USA). The samples were scanned between 3600 and 500 cm−1 at a spectral
resolution of 4 cm−1. X-ray diffraction (XRD) data were collected on Empyrean Panalytical
diffractometer using CuKα radiation (λ = 1.5418 Å) at the 2θ range of 5◦–50◦.

3.4. General Immobilization Procedure of ET2.0 for Treated Macauba Epicarp Particles

The immobilization of ET2.0 on treated macauba epicarp particles was conducted
according to the methodology reported in previous studies [47,59]. This process consisted of
the preparation of a suspension by adding 10 g of the support to 190 mL of a lipase solution
prepared with 12.1 mL of crude lipase solution and 178 mL of 5 mmol L−1 sodium acetate
solution pH 5.0 (initial protein loading of 40 mg g−1 of support). The resulting suspensions
were added to 300 mL closed flasks and immersed in a temperature-controlled water-
bath under continuous orbital stirring (200 rpm) at 25 ± 1 ◦C for 15 h. The immobilized
biocatalyst was recovered via filtration in a Buchner funnel under vacuum using Whatman
n◦ 41 filter paper and thoroughly washed with distilled water to remove unbounded lipase
molecules. The adsorption process was monitored by measuring the residual protein
concentration [60], and hydrolytic activity units [47] in the supernatant solution. The
heterogeneous biocatalyst was stored at 4 ◦C for 24 h prior to use. The hydrolytic activity
of ET2.0 was assessed according to the olive oil emulsion hydrolysis method [47,59]. One
international unit (U) of activity was defined as being the biocatalyst mass necessary to
produce 1 µmol of FFAs per min at pH 8.0 (100 mmol L−1 buffer sodium phosphate), 37 ◦C,
and 200 rpm.

Immobilization yield percentage (IY) was calculated as shown in Equation (2) [61].

IY =

(EA0 − EA f

EA0

)
× 100 (2)
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where EA0 and EAf are the initial and residual enzymatic activity in the supernatant
immobilization (U mL−1), respectively.

Immobilized protein loading (IP—mg g−1 of support) at equilibrium was calculated
as shown in Equation (3):

IP =
Venz ×

(
C0 − C f

)
m

(3)

where Venz is the volume of the enzyme solution (mL); C0 and Cf are, respectively, the initial
and residual protein concentration in the immobilization supernatant (mg mL−1); and m is
the mass of support (g).

The specific activity (SA—U mgprotein
−1) was calculated as shown in Equation (4):

SA =
HA
IP

(4)

where HA is the hydrolytic activity of the biocatalyst (U g−1 for soluble ET2.0 and U g−1

for immobilized lipase) and IP is the immobilized protein loading (mg g−1 of support).

3.5. Enzymatic Hydroesterification of USCO

The production of FFAs via the hydrolysis of USCO catalyzed by a non-specific lipase
(lyophilized CRL extract) in the absence of an emulsifier and buffer agents was conducted
according to the methodology described in previous reports [30,31,51]. The reaction system
was prepared by mixing 20 g of waste oil and 30 g of distilled water in a closed reactor
(350 mL polypropylene flask) immersed in a temperature-controlled water-bath under
continuous mechanical stirring (1500 rpm) at 40 ± 1 ◦C. The reaction was started by adding
50 units of hydrolytic activity of CRL per g of reaction mixture, corresponding to 3.2 g
powder CRL extract per Kg of reaction mixture. Under these experimental conditions, a
hydrolysis percentage of above 98% was achieved after 3 h of reaction [51]. The resulting
FFAs were then recovered in a separation funnel, followed by washing with distilled water
at 60 ◦C, and dehydrated by adding anhydrous sodium sulfate for use as a raw material in
the esterification reaction.

The esterification of FFAs and solketal was performed in 100 mL open glass bottles
(height to diameter ratio of 2) containing 6 g of raw materials and appropriate amounts of
the immobilized lipase. The reaction mixtures were immersed in a temperature-controlled
water-bath under fixed continuous orbital stirring (240 rpm). At regular intervals, 50 µL
aliquots were taken from the reaction mixture and suspended in 10 mL, 95% w/w ethanol
solution. The resulting solution was strongly stirred and titrated with 30 mmol L−1 NaOH
solution using phenolphthalein as indicator to calculate FFAs conversion percentage (Y),
as shown in Equation (5) [51,59]. In this set of experiments, all reactions were performed
with two replicates and the experimental values are represented as mean ± s.d. Control
assays were performed using only macauba epicarp particles and no FFAs consumption
was detected under such conditions.

Y(%) =

(
FFAs0 − FFAst

FFAs0

)
× 100 (5)

where FFAs0 is the initial concentration (mol.L−1) and FFAst is the residual concentration
after a certain time t (mol.L−1).

The scheme of the sequential enzymatic hydrolysis of trilinolein, the most abundant
triacylglycerol present in soybean oil [62,63], and the esterification of the resulting FFAs
with solketal in a solvent-free system is shown in Figure 1.

3.6. CCRD Optimization of Solketal Esters’ Production via Esterification Reaction

In this set of experiments, a full CCRD with three independent parameters, such as
FFAs–solketal molar ratio (from 1:1 to 1:4), reaction temperature (from 40 to 70 ◦C), and
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biocatalyst concentration (from 5 to 20% w/w), was proposed to optim, ize the enzymatic
production of solketal esters. The levels of each independent variable were determined
based on previous studies performed by our research group [22,30,31]. The statistical
approach consisted of eighteen runs—eight factorial points, six axial points, and four center
points. The reactions were performed in a random order to reduce possible systematic
errors using a fixed initial mass of raw materials (6 g), continuous orbital stirring (240 rpm),
and a fixed reaction time (40 min). The dependent variable (response) was FFAs conversion
percentage. The experimental data were analyzed at a 95% confidence level utilizing
the software Protimiza Experimental Design (https://experimental-design.protimiza.com.
br, accessed on 4 October 20204) to obtain the 3D response surface and contour plots.
The relation between coded independent variables and their interactions and response
was described using a quadratic polynomial equation (Equation (6)). In this study, the
empirical model was developed considering only the statistically significant parameters
(p-value < 0.05).

Y(%) = a0 +
n

∑
i=1

aixi+
n

∑
i=1

aiixi
2+

n−1

∑
i=1

n

∑
j=i+1

aijxixj + e (6)

where Y is the predicted FFAs conversion percentage; n is the number of independent
variables (3); xi and xj are coded independent variables; a0, ai, aii, and aij are the regression
coefficients of intercept, linear, quadratic, and interaction terms, respectively; i and j are the
index numbers of each independent variable; and e is random error.

The effects of the main variables and their interactions were estimated using variance
analysis (ANOVA). The adequacy of the quadratic model was evaluated via the coefficient
of determination (R2), probability (p-value), lack of fit, and Fischer’s “F” test. Three-
dimensional response surface and contour plots were used to determine the optimal
experimental conditions. The experimental model was validated via the production of
solketal esters production under the conditions predicted by the quadratic model. The
experimental results were compared with the predicted values using Equation (6).

3.7. Effect of Reaction Time on Enzymatic Solketal Esters’ Production

The effect of the reaction time on solketal esters production was conducted under
the optimal conditions obtained from the analysis of the 3D response surface and contour
plots (an FFAs–solketal molar ratio of 1:1.6 (6 g of reaction mixture that corresponds to
3.4 g of FFAs and 2.6 g of solketal), 46 ◦C, and a biocatalyst concentration of 20% w/w,
corresponding to an immobilized protein concentration of 5.05 mg g−1 of the reaction
mixture).

3.8. Operational Stability Tests of the Immobilized ET2.0

These tests were conducted under optimal experimental conditions (an FFAs–solketal
molar ratio of 1:1.6 (6 g of reaction mixture that corresponds to 3.4 g of FFAs and 2.6 g
of solketal), 46 ◦C, and a biocatalyst concentration of 20% w/w) after 150 min of reaction
(time required to achieve maximum FFAs conversion percentage). At the end of each
esterification batch, the heterogeneous biocatalyst was recovered from the reaction mixture
via filtration in a Buchner funnel under vacuum and washed with cold hexane to remove
any compounds retained on its surface. The biocatalyst was stored overnight at 4 ◦C under
static conditions. Finally, the recovered biocatalyst was resuspended in a fresh reaction
mixture to start a new esterification batch.

3.9. Separation of the Esters

Firstly, the heterogeneous biocatalyst was recovered from the reaction mixture via
filtration in a Buchner funnel under vacuum. The resulting reaction mixture was then
transferred to a 500 mL separation funnel, followed by the addition of 200 mL distilled
water at 60 ◦C. The bottom phase (washing water) was eliminated and the upper phase was
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washed three times following this protocol. Finally, 20% w/w anhydrous sodium sulfate,
dried in a muffle furnace at 250 ◦C for 24 h, was added to the esters and kept overnight
under static conditions at 25 ◦C to remove water traces.

3.10. Identification via FT-IR and NMR Analyses

The FT-IR spectra for raw materials (FFAs and solketal) and product (solketal esters)
were recorded on a Spectrum GX FT-IR spectrometer (Perkin Elmer, Shelton, CT, USA).
These spectra were acquired after 32 scans between 4000 and 400 cm−1 with a spectral
resolution of 4 cm−1 using KBr as a matrix. The 1H (300 MHz) and 13C (75 MHz) nuclear
magnetic resonance (NMR) spectra of solketal esters were recorded on Bruker AC 300
equipment (Bruker BioSpin, Billerica, MA, USA). The signals of deuterated water (solvent)
and tetramethylsilane (internal standard) were suppressed from the spectra.

4. Conclusions

In this study, a new and sustainable process was developed for the production of
a valuable class of chemical compounds (solketal esters) from used soybean cooking
oil. This two-step process is called hydroesterification. For this purpose, a new and
active heterogeneous biocatalyst was prepared via immobilization through the physical
adsorption of a low-cost commercial lipase (ET2.0) on an agro-industrial support material
(macauba epicarp particles). This study demonstrated that this material required some
further treatment steps to allow for its use in lipase immobilization and in the production of
a heterogeneous biocatalyst with a high enzyme-loading capacity and successful catalytic
performance. This could be achieved via the formation of a porous structure, which was
confirmed by the mass balance that was obtained in the treatment process (mass loss of
around of 54%), and by FT–IR, XRD, and SEM analyses. This generation of porosity allowed
for the adsorbtion of ET2.0 molecules in its internal surface. This study clearly showed
that the resulting immobilized lipase was more active and stable during esterification
reactions conducted under moderate conditions (46 ◦C). Under these conditions, a linear
profile of solketal esters’ production was observed, thus demonstrating that raw materials
molecules (FFAs and solketal) could access the internal biocatalyst microenvironment at
a satisfactory rate. This is a relevant aspect of the proposed process, since it could allow
for the production of an important class of chemicals to be achieved with a low energy
demand. The development of an eco-friendly process utilizing waste cooking oil from food
processing (raw material) and lignocellulosic residue (enzyme support material) can be
considered a promising approach for oleochemical industries. Therefore, further studies
will be conducted on the application of the resulting solketal esters as bio-based plasticizers
for poly(vinyl chloride) (PVC) films. Moreover, the study findings provide new possibilities
for further studies regarding the application of the generated glycerol in the hydrolysis
step in the production of solketal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14100693/s1, Figure S1: Representation of macauba palm
tree (A); palm tree with fruit bunches (B), fruits (C), and treated macauba epicarp particles (D).;
Figure S2. Process flow chart for the preparation of the support from macauba epicarp particles.;
Figure S3. The relationship between experimental and predicted FFAs conversion percentage values
for the enzymatic production of solketal esters from USCO.; Table S1. Literature survey regarding the
enzymatic production of solketal esters in batch systems.
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