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ARTICLE INFO ABSTRACT

Keywords: The solvent-free esterification of the free fatty acids (FFAs) obtained by the hydrolysis of castor oil (a non-edible
Biolubricant vegetable oil) with 2-ethyl-1-hexanol (a branched fatty alcohol) was catalyzed by different free lipases. Eversa
Estolide

Transform 2.0 (ETL) features surpassed most commercial lipases. Some process parameters were optimized by
the Taguchi method (L16"). As a result, a conversion over 95% of the FFAs of castor oil into esters with lubricants
properties was achieved under optimized reaction conditions (15 wt% of biocatalyst content, 1:4 molar ratio
(FFAs/alcohol), 30 °C, 180 rpm, 96 h). The substrates molar ratio had the highest influence on the dependent
variable (conversion at 24 h). FFAs/2-ethyl-1-hexanol esters were characterized regarding the physicochemical
and tribological properties. Interestingly, the modification of the FFAs with 2-ethyl-1-hexanol by ETL increased
the oxidative stability of the FFAs feedstock from 0.18 h to 16.83 h. The biolubricants presented a lower friction
coefficient than the reference commercial mineral lubricant (0.052 + 0.07 against 0.078 + 0.04). Under these
conditions, ETL catalyzed the oligomerization of ricinoleic acid (a hydroxyl fatty acid) into estolides, reaching a
conversion of 25.15% of the initial FFAs (for the first time).

Lipase Eversa Transform 2.0
Taguchi method
Tribology

1. Introduction

Vegetable oils and animal fats have been employed as lubricating
materials since the ancient Egyptian civilization [1]; however, as the
petroleum industry developed, vegetable oils and animal fats were
substituted by mineral oils [2]. Lubricants especially control friction and
wear losses in interacting surfaces in most industries (e.g., trans-
portation, manufacturing and energy), being mineral oils the most uti-
lized lubricants due to their low price, availability and high performance
[2,3]. Regardless of the convenient features of mineral-based lubricants,
they are obtained from non-renewable resources and are toxic to the
environment due to leakage/spillage and/or improper disposal [4-6].
The growing concerns about the depletion of petroleum reserves and the
difficulties in avoiding or even mitigating the environmental problems
of mineral lubricants have been boosting the use of non-toxic and
biodegradable feedstocks (e.g., vegetable oils and animal fats) to
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produce bio-based lubricants (formally, biolubricants) [4,6,7]. Vege-
table oils may be employed as a bio-based lubricating material due to
their excellent lubricity, high viscosity index and flash point. However,
they must be further modified to enhance, for example, their oxidative
stability [7,8].

The transesterification of vegetable oils or the esterification of the
corresponding FFAs are the most common strategies for producing high-
performance biolubricants [6,9,10]. Acid catalysts have been mainly
used to perform the esterification of FFAs with fatty alcohols or polyols
to avoid soap formation that occurs using alkaline catalysts [11].
Nevertheless, the chemical production of biolubricants is performed at
high temperature and, as such, it is high energy-demanding. Moreover,
the acid catalysts may lead to equipment corrosion and further effluent
post-treatment complications in the downstream. In this context, the
esterification of FFAs catalyzed by enzymes (e.g., lipases, EC.3.1.1.3)
may be a suitable alternative to the chemical esterification of FFAs to
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produce high-performance biolubricants [6,12,13].

The physiological function of lipases is to hydrolyze triacylglycerols
(e.g., from vegetable oils) into FFAs and glycerol; however, at low water
activity, lipases may catalyze the esterification of FFAs [6,12,13].
Therefore, lipases are the most employed biocatalyst in the esterification
of FFAs with suitable alcohols to produce high-performance bio-
lubricants [6,12,13]. The lipase Eversa Transform 2.0 (ETL) is an
industrially genetically engineered enzyme derived from the lipase from
Thermomyces lanuginosus (TLL), being produced by submerged fermen-
tation of a genetically modified Aspergillus oryzae strain [14]. ETL was
primarily designed to produce biodiesel using feedstocks with any FFAs
content —i.e., from low acidity to high acidity oils, such as residual oils —
in a one-batch process (transesterification of acylglycerols/esterification
of FFAs) [14]. ETL is a low-cost liquid lipase preparation, accounting for
approximately 5% of the final expenses in biodiesel production [15].
Compared to biodiesel, biolubricant is a high added-value product; thus,
ETL may be even more suitable to produce it. However, the acyl ac-
ceptors to produce biodiesel are small chain alcohols, whereas fatty al-
cohols and polyols are employed to produce biolubricants; that way, due
to enzyme specificity, ETL may not be so efficient for this application.
This enzyme is offered in the market to be used in free form to catalyze
the production of biodiesel, saving the costs of immobilization and also
losing the advantages that the immobilization may offer [14]. In the
production of biolubricants, few reports evaluated the performance of
free ETL in the esterification of FFAs with fatty alcohols and polyols [16,
17]. This is the primary objective of the current paper, even though the
use of immobilized Eversa can alter the results, this first evaluation in-
tends to study the behavior of the free enzyme as suggested by the
supplier [14]. Very likely, results can be improved using immobilized
forms of Eversa [18-20], as immobilization can improve enzyme sta-
bility, selectivity and specificity [21-31].

Regarding feedstocks, biolubricants may be produced from edible
and non-edible oils [32,33]. Non-edible vegetable oils may be a better
option due to food security and the possibility of plant cultivation under
harsh environments; in addition, non-edible vegetable oils are usually
cheaper than edible vegetable oils [7,8]. Among the non-edible vege-
table oils, castor oil is a promising feedstock to produce biolubricants
due to its composition [34-40]. Castor oil is mainly composed of rici-
noleic acid (up to 90%), which is a hydroxy fatty acid [35,38]. Castor oil
has a higher viscosity and a lower viscosity index than other vegetable
oils [35]. The selection of vegetable oil should be evaluated, and the
rational design of high-performance biolubricants should also consider
the selection of a suitable alcohol [6]. Substituting the glycerol back-
bone of vegetable oils by a more suitable alcohol (e.g., branched fatty
alcohols or polyols) may result in a biolubricant with enhanced oxida-
tive stability [10]. For instance, due to its potential to improve the
physico-chemical properties of castor oil, 2-ethyl-1-hexanol is a
branched fatty alcohol widely employed in the production of bio-
lubricants by chemical catalysts [41-47]; however, its potential has not
been exploited in the enzymatic modification of castor oil to produce
biolubricants yet.

Apart from the selection of the proper biocatalyst and feedstocks
(vegetable oil and alcohol), the process parameters (e.g., biocatalyst
content, substrates molar ratio (FFAs/alcohol), reaction temperature,
stirring rate and reaction time) must be carefully evaluated to optimize
the production of biolubricants as much as possible [48-50]. In the
majority of recent literature, the optimization of process parameters has
been mainly performed by univariate design, in which the influence of
one independent variable is evaluated at a time for its effect on the
dependent variable [51]. Nevertheless, depending on the number of
process parameters and levels evaluated, it may be very time, cost and
labor-intensive [52]. The Taguchi methods are powerful statistical de-
signs for product development and industrial engineering [52]. Never-
theless, in partial fractional statistical designs, the Taguchi methods
provide enough information to accurately and reliably optimize process
parameters with the minimum number of experiments [52,53]. As other
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robust design protocols, the Taguchi methods evaluate controllable and
uncontrollable process parameters by the signal to noise (S/N) ratio and,
thus, aims to mitigate noise effects and to reduce variation in order to
lead towards the development of cost-effective processes [52,53].

As a reaction system, we have decided to utilize a solvent-free sys-
tem. This system has the advantage of saving the use of any organic
solvent in the reaction, increasing the concentration of the substrates
and, that way, the volume productivity [54-58]. However, it is a com-
plex system. Changing the ratio of substrates, the properties of the re-
action media are changed (polarity, viscosity, etc.); that way, the change
on the enzyme performance may be derived from several causes. These
media properties change when the reaction proceeds, which can cause
unexpected effects on the reaction courses [58].

Herein, the esterification of the FFAs from castor oil with 2-ethyl-1-
hexanol in a solvent free media catalyzed by free ETL was evaluated
regarding the process parameters (biocatalyst content, substrates molar
ratio (FFAs/alcohol), reaction temperature, stirring rate and reaction
time) by the Taguchi method. First, to check if really this enzyme may be
a good option as biocatalyst of this reaction, it was compared with some
of the most popular commercial lipases: lipases A and B from Candida
antarctica (CALA and CALB) [59-62], lipase from Rhizomucor miehei
(RML) [63,64] and lipase from Thermomyces lanuginosus (TLL) [65]. The
product was further characterized regarding its physico-chemical and
tribological properties. To the best of the authors’ knowledge, it is the
first report in the scientific literature to optimize the esterification of the
FFAs from castor oil with 2-ethyl-1-hexanol catalyzed by free ETL.

2. Materials and methods
2.1. Materials

ETL (protein concentration of 27.50 mg/mL in the commercial
preparation), CALA (protein concentration of 7.7 mg/mL in the com-
mercial preparation), CALB (protein concentration of 7.9 mg/mL in the
commercial preparation), RML (protein concentration of 3.2 mg/mL in
the commercial preparation) and TLL (protein concentration of 21 mg/
mL in the commercial preparation) were kindly donated by Novozymes
Spain (Alcobendas, Spain). FFAs from castor oil were purchased from
Azevedo Indtstria e Comércio de Oleos LTDA (Sao Paulo, Brazil). Ac-
cording to the supplier, castor oil is composed of ricinoleic acid (82-90
wt%), linoleic acid (2-8 wt%), oleic acid (2-7 wt%), stearic acid (2 wt%)
and palmitic acid (2 wt%). 2-ethyl-1-hexanol was purchased from
Dinamica (Sao Paulo, Brazil). All other used chemicals were of analytical
grade. The chrome steel alloy balls (hardness of 64 HRC, diameter of
12.7 mm and initial surface roughness of 0.015 um) used in the tribology
tests were purchased from CYH Rolamentos e Esferas (Sao Paulo, Brazil).
A commercial mineral lubricant (with a flow behavior of 20 W-50) was
purchased from Elf (Sao Paulo, Brazil). The software Statistica® (Stat-
soft South America, Sao Caetano do Sul, Brazil) was used to create and
analyze the design of experiments by the Taguchi method.

2.2. Methods

All experiments were performed at least in triplicate, and the results
are presented as the average of these values, with a standard deviation
typically below 5%.

2.2.1. Evaluation of different biocatalysts as catalysts of the production of
biolubricants

Prior to experimental design, five liquid lipase preparations (ETL,
CALA, CALB, RML and TLL) were evaluated under the same reaction
conditions (lowest level of the experimental design: 30 °C, 120 rpm, 1:1
molar ratio (FFAs/alcohol) and 5 wt% of biocatalyst content) regarding
the esterification of the FFAs from castor oil and 2-ethyl-1-hexanol for
0.5-8 h. The ester productivity of the five liquid lipase preparations was
calculated as the ratio of the consumed FFAs (mmol) per space time (h)
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and protein mass (g).

2.2.2. Experimental design

A design of experiments by the Taguchi method with a standard
orthogonal array L16' (“L” represents the Latin square and “16" repre-
sents the number of experiments) was employed to screen five factors at
four levels each in the esterification of the FFAs from castor oil with 2-
ethyl-1-hexanol catalyzed by ETL, as depicted in Table 1. The signal/
noise (S/N) ratios for the conversion of each assay of the L16' orthogonal
array were calculated by a “larger-is-better” function, as the main goal is
to maximize the response (conversion). The S/N ratios for each assay
were calculated by Eq. 1.

N 11
5= 1010g<n Zy2> @

In which, y is the conversion to the corresponding essay, i is the
number of replicates and n is the number of responses for the combi-
nation of factor levels in any specific parametric combination according
to Table 1. The predicted S/N ratio under optimal conditions to achieve
the highest conversion was estimated by Eq. 2.

N S (s S
fﬁ+;<ﬁ/_+ﬁ> 2
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In which, S/N is the arithmetic mean of all S/N ratios, S/Njisthe S/N
ratio at the optimal point for each factor and n is the number of factors
significantly affecting the process.

2.2.3. Biolubricant production

To produce 2-ethylhexyl esters (biolubricant), the FFAs from castor
oils (5¢g), 2-ethyl-1-hexanol (1:1-1:4 molar ratio, FFAs/2-ethyl-1-
hexanol) and ETL (aqueous buffer solution, without any further treat-
ment) (5-20 wt% of the FFAs) were incubated in an open vessel (50 mL,
42 mm diameter and 60 mm height) in an orbital shaker (120-180 rpm)
at 30-60 °C for 4-24 h, as depicted in Table 1. After the specific reaction
time for each assay, ETL was removed from the reaction medium by
centrifugation (10,000 rpm and 5 min), as it forms a semi-solid phase in
contact with 2-ethyl-1-hexanol; then, the unreacted 2-ethyl-1-hexanol
and the produced water was separated from the product by Kugelrohr
reduced pressure distillation (70 °C and 1 h). Finally, the Acidity Index
(AI) of the product was determined using 1 g aliquots (free of ETL and
water) diluted in 10 mL of ethyl alcohol and 3 drops phenolphthalein
and titrated with sodium hydroxide (0.1 M) [66,67]. The AI was
calculated by Eq. 3.

Vaon

AI(mgNaoH/g) = MWnraon X Myaon X f % 3

In which, MWy,on (g/mol) is the molecular weight of NaOH; Myaon
(mol/L) is the molarity of the NaOH solution; f is the correction factor
determined by NaOH standardization; Vyaog (mL) is the volume of

Table 1

Independent factors and the corresponding levels to screen the esterification of
the free fatty acids (FFAs) from castor oil with 2-ethyl-1-hexanol catalyzed by
Eversa Transform 2.0.

Temperature  Stirring Time  Molar Ratio Biocatalyst
(°C) (rpm) (h) (FFAs/ (Wt%)
Alcohol)
Level 1 30 120 4 1:1 5
(L1)
Level 2 40 140 8 1:2 10
(L2)
Level 3 50 160 16 1:3 15
(L3)
Level 4 60 180 24 1:4 20
(L4)
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NaOH spent on the titration; and, m (g) is the mass of the sample to be
analyzed. The conversion of the FFAs from castor oil and 2-ethyl-1-hex-
anol into 2-ethylhexyl esters was calculated by Eq. 4, considering the
acidity at time zero (Alp) and time t (AL) [66,67].

Aly — Al

ALy 4

Conversion(%) =

2.2.4. Estolide production

To evaluate the potential of ETL to produce estolides of the FFAs
from castor oil, a reaction under the same optimal conditions to produce
the 2-ethylhexyl esters by ETL was performed, but without using 2-
ethyl-1-hexanol. The conversion of the FFAs from castor oils into esto-
lides was evaluated as in Section 2.2.2.

2.2.5. Feedstock and product characterization

The feedstock (FFAs from castor oil) and the products (2-ethylhexyl
esters and estolides) were characterized regarding kinematic viscosity at
40 °C and 100°C in a viscometer (Anton Paar, SVM 3000, Graz,
Austria), according to ASTM D445 [68]. The Viscosity Index (VI) and
Iodine Value (IV) were determined according to the ASTM D2270 and
D5554, respectively [69,70]. The oxidative stability was determined by
the Rancimat method in a Professional Biodiesel Rancimat (Methohm,
893, Herizau, Switzerland), according to the EN 14112 [71].

The composition of the feedstock and products was determined by
Fourier-Transform Infrared spectroscopy with Attenuated Total Reflec-
tion (FTIR-ATR, for short) in the scanning range of 400-4000 cm ™! and
32 scans at a resolution of 4 cm™! in a spectrophotometer (Shimadzu,
IRTracer-100, Kyoto, Japan).

The feedstock and products were further characterized regarding
tribology in a four-ball tester coupled to a rheometer (DHR-3, TA In-
struments, New Castle, USA). First, the ball was cleaned with acetone
and dried under ambient temperature. The four-ball test was conducted:
one ball rotated at constant sliding speed (0.46 m/s), temperature
(75 °C) and loading force (55 N) against three fixed balls submerged in
the evaluated sample (FFAs from castor oils, biolubricant, estolides and
commercial lubricant) during 1 h. Finally, the wear morphology and
wear scar diameter were determined in optical microscopy (Zeiss,
Oberkochen, Germany) [47].

3. Results and discussion
3.1. Biocatalyst screening

Four commercial preparations of free lipases (CALA, CALB, RML and
TLL) were compared to ETL in the esterification of the FFAs from castor
oil with 2-ethyl-1-hexanol to check if the use of this new enzyme was
competitive with some of the most popular enzyme commercial. As
depicted in Fig. 1, CALA, CALB and RML exhibited a similar perfor-
mance: an increase in the conversion over time, but with a minimal
increase in conversion after 4 h of reaction. ETL and TLL exhibited an
increase in conversion over time, but with a more significant increase in
conversion after 4 h of reaction. ETL exhibited a very adequate perfor-
mance, similar to the performance found for the parent lipase (TLL)
[14]. Table 2 shows that the activities of TLL and ETL were higher than
the activities of the other 3 enzymes, and very similar each other. That
way, the optimization of this reaction using the new enzyme, even
designed for the utilization of short-chain alcohols, presents itself as a
reasonable idea, being cheaper than TLL, the parent enzyme [14].

3.2. Experimental design

To study the esterification of FFAs from castor oil with 2-ethyl-1-hex-
anol catalyzed by ETL as biocatalyst, an experimental design by the
Taguchi method with a standard orthogonal array 116’ was performed as
detailed in Section 2.2.1. Table 3 depicts the combination of the five
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Fig. 1. Biocatalyst screening for the esterification of the free fatty acids from
castor oil with 2-ethyl-1-hexanol. Reaction condition: 30 °C, 120 rpm, 1:1, 5 wt
% of biocatalyst content and 0.5-8 h. (CALA: lipase A from Candida antarctica;
CALB: lipase B Candida antarctica; ETL: Eversa Transform 2.0; RML: lipase from
Rhizomucor miehei; TLL: lipase from Thermomyces lanuginosus). The experiments
were carried out in triplicate for each group. p < 0.05, one-way ANOVA test.
Further details are provided in Section 2.2.

Table 2

Biocatalyst productivity for the esterification of the free
fatty acids from castor oil with 2-ethyl-1-hexanol. Re-
action condition: 30 °C, 120 rpm, 1:1, 5 wt% of bio-
catalyst content and 8 h. (CALA: lipase A from Candida
antarctica; CALB: lipase B Candida antarctica; ETL:
Eversa Transform 2.0; RML: lipase from Rhizomucor
miehei; TLL: lipase from Thermomyces lanuginosus).
The experiments were carried out in triplicate for each
group. p < 0.05, one-way ANOVA test. Further details
are provided in Section 2.2.

Biocatalyst Productivity
pmolg'h~!
CALA 2445.5 + 6.00
CALB 2495.7 £ 5.56
ETL 3115.5 + 6.00
RML 2412.0 £ 16.67
TLL 3257.9 £10.67

independent variables (reaction temperature, stirring rate, reaction
time, substrates molar ratio and biocatalyst content) at four levels each
with conversion as dependent variable and S/N ratio, which was
calculated by the “bigger-the-better” function (Eq. 1). The maximum
speed of our facilities limits the maximum stirring rate, and 20% of
biocatalyst content was the maximum amount of enzyme considered as

Table 3
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the limit to have the possibility of handling the reaction mixture. It
should be considered that the enzyme is in an aqueous buffer; that way,
adding more ETL means adding more water to the system. A substrate
molar ratio 1:4 is also the limit to have an adequate industrial process;
further increasing the alcohol content would dilute the acid and reduce
the overall productivity of the process, even if the alcohol is recovered
and reused. The use of conversion as dependent variable at a maximum
of 24 h enables us to see the reaction rate as at that reaction time the
equilibrium has not been reached in any of the reactions, but it is easy to
make longer reaction cycles if desired (as in fact, we have performed).

As depicted in Table 3, the highest conversion of the FFAs from
castor oil and 2-ethyl-1-hexanol into 2-ethylhexyl esters was experi-
mentally achieved at the superior level (L4) for all independent vari-
ables, except for reaction temperature (L1). As such, the highest
conversion (74.19%) was achieved at run 4 (30 °C, 180 rpm, 24 h, 1:4
molar ratio (acid/alcohol) and 20 wt% of biocatalyst content).

Nevertheless, Eq. 2 predicted that the highest S/N ratio (38.05) and,
thus, the highest conversion (75.46%) would be achieved at 50 °C (L3),
180 rpm (L4), 24 h (L4), 1:4 (FFAs/alcohol) and 15 wt% of biocatalyst
content, as depicted in Fig. 2. Then, an experiment was run under these
theoretical optimal reaction conditions to validate the predicted value of
the dependent variable, resulting in a conversion of over 74%. Even
though the highest conversion (74.46%) was achieved under the optimal
theoretical reaction conditions, a very similar conversion (74.19%) was
achieved at run 4, but at room temperature (30 °C).

The reaction conditions of run 4 are less energy-demanding and,
thus, these sub-optimal conditions were selected as selected conditions
and the following analyses were performed under these conditions.
Overall, the performance of ETL observed in this study is similar to the
one previously reported for the esterification of fatty acids with similar
carbon chain length (> C18) with fatty and/or branched alcohols [16,
72,731.

In a similar solvent-free approach, Triveli et al. employed ETL as
biocatalyst in the esterification of oleic acid with different alcohols
(oleyl alcohol, octanol, hexanol, 3,7-dimethyloctan-1-ol and 2-ethyl-1-
hexanol) [72]. Even though ETL was primarily designed to produce
biodiesel using short-length carbon chain alcohols (e.g., methyl and
ethyl alcohol) [14], it was reported that the performance of esterifica-
tion of ETL increased as the carbon chain length increased [72]. Strictly,
a conversion of 53% was reached for the esterification of oleic acid with
2-ethyl-1-hexanol under optimized reaction conditions (30 °C, 200 rpm,
18 h, 1:1 (acid/alcohol), 1 wt% of biocatalyst content) [72]. Similarly,
ETL was employed as biocatalyst in the solvent-free esterification of
oleic acid with octanol, reaching a conversion of less than 30% at 45 °C,
200 rpm, 5 h, 1:4 molar ratio (acid/alcohol) and 5 wt% of biocatalyst
content [16]. In another approach, ETL was immobilized onto a hybrid

L16’ orthogonal array to screen the esterification of the free fatty acids (FFAs) from castor oil with 2-ethyl-1-hexanol by Eversa Transform 2.0. Further details are

provided in Section 2.2.

Run Temperature Stirring Time Molar Ratio Biocatalyst Conversion S/N Ratio
“Q) (rpm) (h) (FFAs/Alcohol) (Wt%) (%)
1 30 120 4 1:1 5 29.7 +1.2 29.4
2 30 140 8 1:2 10 47.7 +1.3 33.6
3 30 160 16 1:3 15 65.8+1.9 36.4
4 30 180 24 1:4 20 742+ 1.5 37.4
5 40 120 8 1:3 20 57.4+1.4 35.2
6 40 140 4 1:4 15 639+1.5 36.1
7 40 160 24 1:1 10 37.8+1.3 31.6
8 40 180 16 1:2 5 49.1+1.4 33.8
9 50 120 16 1:4 10 64.7 + 2.0 36.2
10 50 140 24 1:3 5 58.3+1.4 35.3
11 50 160 4 1:2 20 488 +1.4 33.8
12 50 180 8 1:1 15 43.0+1.3 32.7
13 60 120 24 1:2 15 49.7 + 1.4 33.9
14 60 140 16 1:1 20 36.8+1.3 31.3
15 60 160 8 1:4 5 63.6 + 1.5 36.1
16 60 180 4 1:3 10 57.8+1.4 35.2
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Fig. 2. Signal/Noise (S/N) ratios plots for (A) reaction temperature (°C), (B)
stirring rate (rpm), (C) reaction time (h), (D) substrates molar ratio (free fatty
acids/alcohol) and (E) biocatalyst content (wt%) obtained from Eq. 1. Further
details are provided in Section 2.2.

support of chitosan and agarose activated by glutaraldehyde; then, the
immobilized ETL was employed as biocatalyst in the solvent-free
esterification of oleic acid with 2-ethyl-1-hexanol, reaching a conver-
sion of approximately 40% [73]. That way, our results are very
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competitive and surpass the literature results.

In Table 4, the ranking of the independent variables is based on the
delta values (the difference of the S/N ratio values between the highest
and the lowest levels). Among the independent variables evaluated, the
substrate molar ratio (FFAs/2-ethyl-1-hexanol) is the one that most
influenced the conversion (dependent variable). At a significance level
of 10% (o = 0.1), the molar substrate ratio was the independent variable
with the lowest p-value and, thus, the highest statistical significance, as
depicted in Table 5. In solvent-free esterification of monocarboxylic
acids, the alcohol may be used beyond the stoichiometric ratio, thereby
being used as reactant and a solvent. In the production of biolubricants,
as the esterification proceeds, the viscosity of the medium may increase,
so that the excess alcohol may decrease medium viscosity and, thus,
favor mass transfer. Furthermore, the acid usually exerts adverse effects
on enzyme properties (due to its ionic and amphipathic character).
Therefore, the excess of alcohol may promote some positive effects in a
solvent-free system: reducing the concentration of acid, facilitating a
high conversion of acid, and acting as a solvent that can reduce the
impact of the biolubricant progressive concentration during the reaction
in the physical features of the reaction media.

As depicted in Table 4 and Table 5, the biocatalyst content, stirring
rate and reaction time presented a lower influence (similar delta and p-
value) on the conversion, compared to the substrates molar ratio.
However, the highest S/N ratios for all these independent variables were
reached at the highest level (L4), except for the biocatalyst content.

Considering that the viscosity of the reaction medium increases as
the esterification proceeds toward the production of the biolubricant, a
faster stirring in the reaction medium may favor the mixing of the
substrates. The maximum conversion observed using 15% biocatalyst
may be derived from the increase in the water content when further
increasing the biocatalyst content (the enzyme is in aqueous buffer).
However, some failures in properly dispersing the enzyme particles (in
medium with low water content, the enzymes will be precipitated)
cannot be discarded. In any case, the obtained values were much better
than the previously reported ones.

The reaction temperature was the independent variable with the
lowest influence on the conversion. The optimal temperature of ETL is
50 °C; however, it is stable at 60 °C even after 24 h of incubation [74]. In
addition, as reaction temperature increases, the viscosity of the reaction
medium decreases, thereby mitigating mass transfer resistance. How-
ever, at 60 °C, it is clear that there is a decrease in the conversion, and
this should be associated with some distortion of the enzyme at this
temperature; as it has been reported, stability in thermal inactivation
experiments may be not fully coupled to operational stability and
optimal reaction temperature [75].

Even though the highest S/N ratio is reached at a high level (L3), a
similar S/N ratio and, thus, a similar conversion is reached at the lowest
level (L1). Therefore, even though ETL has the highest conversion at
24 h at 50 °C (L3) and an increase in reaction temperature may facilitate
fluidity of the medium, the production of the biolubricant was proposed
to be performed at 30 °C (L1), reducing the energy consumption of the
process, as yields were virtually identical.

Overall, the highest S/N ratio was reached at the highest level of
stirring rate, reaction time and substrate molar ratio; however, even

Table 4

S/N ratios for reaction temperature (°C), stirring rate (rpm), reaction time (h),
substrates molar ratio (free fatty acids/alcohol) and biocatalyst content (wt%) at
each level. Further details are provided in Section 2.2.

Level Temperature Stirring Time Molar Ratio Biocatalyst
1 34.2 337 33.6 31.2 33.7
2 34.2 34.1 34.4 33.8 34.1
3 34.5 34.4 34.4 35.5 34.8
4 34.1 34.8 34,5 36.4 34.4
Delta 0.3 1.1 0.9 5.2 1.1

Ranking 5 3 4 1 2
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Table 5

ANOVA results for the L16' orthogonal array (« = 0.1). {} indicates that the
variable (reaction temperature) has no (or negligible) effect. Further details are
provided in Section 2.2.

dF SS MS F-value p-value
Temperature {3} {0.33} - - -
Stirring 3 2.65 0.88 8.12 0.06
Time 3 2.03 0.68 6.21 0.08
Molar Ratio 3 62.92 20.97 193.03 0.00
Biocatalyst 3 2.60 0.87 7.99 0.06
Residual 3 0.33 0.11 - -
Total 15 70.53 - - -

under these conditions, it was not possible to achieve the full conversion
of the FFAs from castor oil and 2-ethyl-1-hexanol into biolubricant. As
explained above, only reaction time could be prolonged from our point
of view. Therefore, a set of reactions was performed under the optimal
conditions (30 °C, 180 rpm, 1:4 molar ratio (acid/alcohols) and 15% of
biocatalyst content), but evaluating reaction times up to 96 h, as
depicted in Fig. 3. The conversion increased as the time increased,
reaching 95.70% of conversion after 96 h of reaction. These yields were
interesting, but the reaction rate was somehow slow for industrial
application. The immobilization of the enzyme could be a simple solu-
tion for this problem. For example, ETL immobilized via physical
adsorption (interfacial activation) onto hydrophobic support (poly-
styrene-divinylbenzene) presented an improved behavior in the pro-
duction of biolubricants, also enabling a simple enzyme recovery [76].
Similarly, magnetic cross-linked aggregates of ETL were compared to
free ETL in the production of biolubricant [77]. As a result, a conversion
of approximately 90% was achieved for the immobilized ETL, whereas a
conversion of approximately 34% was achieved for the free ETL after
72 h [77]. In this sense, a proper immobilization protocol may enhance
ETL performance, reaching higher conversions even after shorter reac-
tion times. That way, the immobilization of ETL seems to be a simple
solution to improve enzyme performance in these reactions
significantly.

3.3. Estolide production

Hydroxyl fatty acids (e.g., ricinoleic acid) may be oligomerized to
produce estolides by the esterification of the hydroxy moiety of one
hydroxy fatty acid molecule with the carboxyl moiety of another fatty
acid molecule [78]. In this sense, to evaluate the performance of ETL in
the oligomerization of ricinoleic acid, which is the major constituent of
castor oil, into estolides, a reaction without 2-ethyl-1-hexanol was per-
formed under optimal conditions (30 °C, 180 rpm, 96 h and 15 wt% of
biocatalyst content). In this case, the solvent-free system means that
FFAs are the medium only initial components, which may be deleterious
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Fig. 3. Conversion of the free fatty acids (FFAs) from castor oil and 2-ethyl-1-
hexanol into biolubricant over time. Reaction conditions: 30 °C, 180 rpm,
12-96 h, 1:4 molar ratio (FFAs/alcohol) and 15 wt% of biocatalyst content. The
experiments were carried out in triplicate for each group. p < 0.05, one-way
ANOVA test. Further details are provided in Section 2.2.
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for the enzymes performance. As depicted in Fig. 4, a FFA consumption
suggests that ETL can perform this reaction even under this drastic
condition. It should be considered that lipase-catalyzed oligomerization
of ricinoleic acid into estolides is not an easy task. For instance, the
production of estolides resulting from the oligomerization of ricinoleic
acid cannot be catalyzed by Novozym® 435 (a commercial immobilized
lipase B from Candida antarctica biocatalyst) or Lipozym® RM-IM (a
commercial immobilized lipase from Rhizomucor miehei biocatalyst)
[38]. The conversion of the FFAs from castor oil into estolides catalyzed
by ETL increased over reaction time, reaching a moderate 25.12% of
conversion after 96 h. Therefore, ETL is suitable to produce estolides
even under these drastic conditions; however, other reaction settings
should be further evaluated to reach higher conversion increasing the
enzyme activity (e.g., evaluating different organic solvents). Further-
more, it cannot be discarded that some of the esters produced in the
presence of alcohols can be estolides, even though the 4-fold excess of
2-ethyl-1-hexanol should reduce this possibility, it is not possible to
discard the presence of some traces of these components in the final
product.

Due to the intrinsic interest of these estolides, further research
should be performed to optimize this reaction (including medium and
biocatalysts optimization). We just pointed out the possibility of using
ETL as an alternative enzyme to the already reported lyophilized lipase
from Candida rugosa (Lipomod 34 MDP) to catalyze this interesting re-
action [38].

3.4. Product characterization

Table 6 depicts the physicochemical properties of the feedstock
(FFAs from castor oils) and the biolubricant — 95.70% of conversion into
esters after centrifugation to remove ETL and reduced pressure distil-
lation to remove non-reacted and remaining alcohol and produced water
— and estolides — 25.15% of conversion into oligomeric esters after
centrifugation to remove ETL and reduced pressure distillation the
produced water. For both, biolubricant and estolides, the non-reacted
FFAs were not removed from the reaction medium prior to
characterization.

Lubricants may protect the material from corrosion and/or oxidation
[79]. On the other hand, vegetable oils may confer poor corrosion
and/or oxidation protection; indeed, highly acidic vegetable oils or the
corresponding FFAs will extend the material ability to prevent corrosion
and/or oxidation. The transesterification/esterification of highly acid
vegetable oils or the corresponding FFAs may reduce the acidity index,
thus reducing the risks of corrosion [7,8]. Herein, the esterification of
the FFAs from castor oil with 2-ethyl-1-hexanol reduced the acidity
index of the feedstock approximately 117-fold (from 91.13 mg NaOH/g
to 0.78 mg NaOH/g). Regarding the production of estolides, the oligo-
merization of ricinoleic acid reduced the acidity index of the feedstock
approximately 1.3-fold (from 91.13 mg NaOH/g to 68.38 mg NaOH/g).
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Fig. 4. Conversion of the free fatty acids from castor oil into estolide over time.
Reaction conditions: 30 °C, 180 rpm, 12-96 h and 15 wt% of biocatalyst con-
tent. The experiments were carried out in triplicate for each group. p < 0.05,
one-way ANOVA test. Further details are provided in Section 2.2.
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Table 6

Physiochemical properties of the feedstock (free fatty acids from castor oil), the
reactions mixture obtained under optimal conditions using 2-ethyl-1-hexanol
(biolubricant) and in its absence (estolide). The experiments were carried out
in triplicate for each group. P < 0.05, one-way ANOVA test. Further details are
provided in Section 2.2.

Feedstock Biolubricant Estolide
Acidity Index (mg NaOH/g) 91.13 + 0.25 0.78 + 0.00 68.38 + 0.61
Iodine Index (gI/100 g) 86.30 + 0.56 32.80 + 0.24 66.00 + 0.03
Oxidative Stability (h) 0.18 16.83 16.11
Viscosity @ 40 °C (mm?/s) 139.31 29.73 246.60
Viscosity @ 100 °C (mm?/s) 13.46 5.24 25.51
Viscosity Index 90.31 107.17 128.99

Therefore, to avoid corrosion, further oligomerization of ricinoleic acid
or its esterification with alcohol must be performed to use estolides as a
biolubricant or additive, which is out of the scope of this study. Beyond
the reduction on the acidity index, the biological modification of the
FFAs from castor oil with ETL was able to reduce the iodine number of
the feedstock from 86.30 gl>/100 g to 32.80 gl,/100 g (2-ethylhexyl
esters) and 66.00 gl>/100 g (estolide). The iodine number measures the
degree of unsaturation of the feedstock and products (i.e., the higher the
iodine number, the higher the amount of double bonds, and, thus, ten-
dency to oxidation) [80]. Usually, epoxidation followed by oxirane-ring
opening has been employed to decrease the degree of unsaturation of
biolubricants [81,82]. This study did not employ such a strategy; how-
ever, as stated so far, while esterifying the FFAs from castor oil with
2-ethyl-1-hexanol, ETL may simultaneously oligomerize ricinoleic acid
into estolides. Estolides may be produced by the esterification of the
hydroxy moiety of one fatty acid with the carboxyl moiety of another
fatty acid; in addition, estolides may be produced by the reaction be-
tween the carboxylic moiety of one fatty acid with the double bonds of
another fatty acid, thereby resulting in the reduction of unsaturation
degree of the biolubricant [78]. Overall, the biological modification of
the FFAs of castor oil with 2-ethyl-1-hexanol catalyzed by ETL was able
to enhance the oxidative stability of the feedstock approximately 94-fold
(from 0.18 h to 16.83 h), probably due to the production of estolides
since the stability of the estolide was very similar to one of the 2-ethyl-
hexyl ricinoleate.

In terms of the viscosity index, the esterification of the FFAs from
castor oil with 2-ethyl-1-hexanol resulted in a biolubricant (2-ethylhexyl
esters) with a higher viscosity index (107.17) compared to the feedstock
(90.31). In a similar study, the FFAs from castor oil were esterified with
2-ethyl-1-hexanol catalyzed by p-toluenesulfonic acid, resulting in a
biolubricant with a viscosity index of 89.2 [47]. Therefore, the modifi-
cation of the FFAs from castor oil with 2-ethyl-1-hexanol may enhance
the viscosity index of the biolubricant (i.e., high viscosity index infers
that the viscosity of the lubricant will be slightly affected by temperature
changes [83]). According to the American Petroleum Institute (API),
lubricant base stocks with a viscosity index of 80 to 120 are categorized
into groups I and II [84]. Lubricants from group I are usually used as
engine oils, hydraulic oils, heat transfer oils, while lubricants from group
II are used as engine oils, automatic transmission fluid and turbine oils
[85].

Beyond the physico-chemical characterization, the feedstock (FFAs
from castor oil) and the products (2-ethylhexyl esters and estolides)
were characterized by FTIR-ATR to determine the functional groups, as
depicted in Fig. 5. Accordingly, there is a sharp peak for the FFAs from
castor oil, biolubricant and estolide around 1750 cm ™, related to the
carbonyl groups (C=0). In details, the FFAs from castor oil present a
peak at 1750 cm ™!, which is related to the C=0 stretch of a carboxylic
acid, whereas the biolubricant presents a peak at 1750 cm ™!, which is
related to the C=O0 stretch of an ester linkage [47]. Overall, it suggests
the esterification of the FFAs from castor oil with 2-ethyl-1-hexanol;
however, as expected, the spectra of the FFAs from castor oil and esto-
lide are very similar as both are carboxylic esters.
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Fig. 5. Fourier transform infrared-attenuated total reflectance spectra of the
feedstock (free fatty acids from castor oil and 2-ethyl-1-hexanol) and products
(biolubricant and estolide).

For both 2-ethyl-1-hexanol and biolubricant, there is a rounded peak
in the region around 3400-3200 cm ™, which is related to the hydroxyl
groups (O-H) of the alcohol. The rounded peak in the region around
3400-3200 cm™! in the biolubricant may be attributed to un-reacted
and distilled 2-ethyl-1-hexanol. Amines also have N-H stretches in the
region 3400-3200 cm-!; however, N-H stretches tend to be sharper and
may present more than one peak depending on the number of N-H
bonds. Therefore, it may suggest that there is no residue of biocatalyst in
the products (biolubricant and estolide).

The tribological tests are a powerful tool to evaluate the friction,
wear, and lubrication of interacting surfaces [3]; however, they are not
widely employed in the characterization of biolubricants produced by
enzymatic biocatalysts. For instance, natural palm stearin was trans-
esterified with methanol by immobilized lipase B from Candida antartica
(CALB, for short) [86]. Then, the produced biolubricant was compared
to a commercial mineral lubricant (SAE 40) regarding the tribological
performance (FC: friction coefficient, WSD: wear scan diameter) [86].
As a result, the biolubricant presented a slightly lower FC than the
commercial lubricant; the bio-based lubricant produced considerably
larger WSD than the mineral one [86]. Later on, the same research group
evaluated the tribological properties of a biolubricant produced from the
epoxidation of palm stearin methyl ester catalyzed by immobilized
CALB [49]. Compared to a commercial mineral lubricant (SAE 40), the
produced biolubricant presented a lower FC and larger WSD than the
commercial lubricant [49].

Herein, the FC and WSD of the biolubricant were compared with the
ones of a commercial mineral lubricant (20 W-50). The tribology tests of
the estolide were not performed due to its high acidity index (68.38 mg
NaOH/g), which may lead to equipment corrosion and make its use
unfeasible as a biolubricant base. Again, further improvements in re-
action engineering must be performed to enhance the production of
estolides and, thus, reduce its acidity index; however, it is out of the
scope of this communication. Table 7 depicts the average FC and WSD of
the biolubricant (2-ethylhexyl esters) and commercial mineral lubricant
(20 W-50). Regarding the anti-friction properties, the lubricating

Table 7

Average friction coefficient (FC) and wear scan diameter (WSD) of the bio-
lubricant (2-ethylhexyl esters) and lubricant (20 W-50). The experiments were
carried out in triplicate for each group. P < 0.05, one-way ANOVA test.

FC WSD (pm)
Biolubricant 0.052 + 0.07 209.72 + 3.01
Lubricant 0.078 + 0.04 140.36 + 1.36
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material reduces friction by forming a stable film on the metal surface
[87]. Therefore, the lower the FC, the higher the resistance to friction of
the lubricant film is. Accordingly, the FC for the biolubricant was lower
than that for the lubricant. The biolubricant (ester) is a polar substance,
whereas the lubricant (hydrocarbon) is a nonpolar substance. Therefore,
the polar moieties of the biolubricant are adsorbed on the metal surface,
forming a film and, thus, preventing direct metal-to-metal contact;
meanwhile, the nonpolar moieties of the lubricant remain away from the
metal surface [87].

Nevertheless, the WSD of the biolubricant was higher than that of the
lubricant, as depicted in Table 7. Castor oil comprises up to 95% of
unsaturated fatty acids (ricinoleic acid, linoleic acid and oleic acid). The
enzymatic modification of the FFAs of castor oil reduced the iodine
number up to 2.6-fold (Table 6); however, it remains highly unsaturated.
As such, the biolubricant is still very susceptible to oxidation and
degradation, thereby reducing the metal surface protection against
damage [49,86]. The epoxidation followed by oxirane-ring opening is
one of the strategies to reduce the unsaturation content of biolubricants
[6]; however, it is out of the scope of this study.

Nevertheless, the wear morphology (Fig. 6) of the surfaces lubricated
with the biolubricant is smoother due to the better surface protection
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against damage provided by the ester layer adsorbed on the metal sur-
face; however, as the tribology test continues and the biolubricant is
oxidized by the air, such protection is reduced and, thus, eventually, the
metal surface is damaged. As a result, the biolubricant presents a higher
WSD than the lubricant. As depicted in Fig. 6, even though the lubricant
presented a lower WSD, it resulted in higher damage as the metal surface
presented deeper grooves and several scratches and material
detachments.

4. Conclusion

ETL have probed to exhibit better properties for the esterification of
the FFAs (mainly ricinoleic acid) from castor oil with 2-ethyl-1-hexanol
that the other assayed commercial free lipases, except the “mother”
enzyme TLL, that is very similar. After optimizing the reaction condi-
tions by the Taguchi method, and prolonging the reaction time to 96 h, a
conversion of 95.7% into biolubricant was achieved at 30 °C, thereby
reducing energy consumption compared to other publications and with
yields comparable to the best described in literature. The produced
biolubricant exhibited lower friction coefficient and smoother material
damage than a commercial biolubricant. Nevertheless, the reaction was
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Fig. 6. Wear morphology of the surface of the balls lubricated with the biolubricant (2-ethylhexyl esters) and lubricant (20 W-50).
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relatively slow. Here, further work should pursued to improve the
enzyme activity, for example using immobilization strategies, which
have the potential to enhance the activity, stability and even modulate
the specificity of ETL, as discussed in introduction.

Beyond the production of esters from ricinoleic acid and 2-ethyl-1-
hexanol, this paper shows for first time the potential of ETL to pro-
duce estolides from ricinoleic acid; however, further improvement on
the biocatalysts design and process engineering must be performed to
enhance its activity in this reaction to greatly improve enzyme activity
(e.g., use of adequate solvents and immobilized enzymes).
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