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Abstract: The synthesis of two biocatalysts based on a commercial Candida antarctica lipase B, CALB
enzyme (E), physically immobilized on two silica supports, was carried out. The first support was
a periodic mesoporous organosilica (PMO) and the second one was a commercial silica modified
with octyl groups (octyl-MS3030). The maximum enzyme load was 122 mg enzyme/g support
on PMO and 288 mg enzyme/g support on octyl-MS3030. In addition, the biocatalytic efficiency
was corroborated by two reaction tests based on the hydrolysis of p-nitrophenylacetate (p-NPA)
and tributyrin (TB). The transesterification of sunflower oil with ethanol was carried out over the
biocatalysts synthesized at the following reaction conditions: 6 mL sunflower oil, 1.75 mL EtOH,
30 °C, 25 uL. NaOH 10 N and 300 rpm, attaining conversion values over 80% after 3 h of reaction time.
According to the results obtained, we can confirm that these biocatalytic systems are viable candidates
to develop, optimize and improve a new methodology to achieve the integration of glycerol in
different monoacylglycerol molecules together with fatty acid ethyl esters (FAEE) molecules to
obtain Ecodiesel.

Keywords: biofuel; ecodiesel; biodiesel; commercial CALB lipase; ordered mesoporous materials
(PMO); amorphous siliceous material MS3030

1. Introduction

The technology integrated into current transportation vehicles is suffering a radical
change. In this sense, several strategies are gaining a lot of attention, such as electric energy,
batteries of different technologies or vehicles based on hydrogen fuel cells. However, it
seems highly probable that the use of liquid fuels in internal combustion engines will
continue as one of the best solution in a number of specific transportation sectors, i.e.,
aviation, maritime shipping or heavy vehicles, where the incorporation of new engines is
still a challenge [1,2]. Besides, the urgent need for reducing anthropogenic gases implies
that this energy transition must consider the engines installed in actual vehicles [3]. In
this respect, to fulfill the deadline established in the fuel decarbonization strategy and
considering the advantages of using the currently in-use vehicles, the development of
biofuels from renewable raw materials is mandatory [4]. In addition, biofuels can be easily
integrated into the logistic transportation systems [5].
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Today, biodiesel is the principal renewable alternative for diesel fuel substitution. As
is well-known, biodiesel is obtained from vegetable oils or animal fats, by the transester-
ification reaction of triglycerides with methanol, obtaining the fatty acids methyl esters
(FAME) blend. However, this reaction presents, on an industrial scale, several problems
associated with the glycerol generated during the process (10 wt.% of the total biodiesel
produced). This glycerol must be completely removed, together with soap and methanol
excess, by repeated washing with water, increasing the costs of the process because of the
high amount of water that must be employed [5,6].

To solve these drawbacks, increase the yield of the process and reduce the production
costs, the synthesis of biofuels that integrates glycerol as monoglycerides (MG) have been
extensively studied [6,7]. Among these biofuels, Ecodiesel® was obtained by enzymatic
selective transesterification of one mole of triglyceride (TG) with ethanol; producing two
moles of ethyl esters (FAEE) and one mole of monoglyceride (MG), Figure 1. Thus, the
atomic performance of the process increased practically to 100%, avoiding the generation
of waste glycerol as well.

2 CH;CH,OH Lipase )k ont
+ 3L, _— R" O{ +

OH 2R OCH,OH
Monoglyceride Fatty Acid Ethyl Ester
Ethanol (MG) (FAEE)

Ecodiesel®

Figure 1. Selective transesterification of a triglyceride molecule through the application of enzymatic catalysis to pro-

duce Ecodiesel®.

This procedure takes advantage of the 1,3-selective nature of lipases, which stop the
reaction in the second alcoholysis step. Thus, several advantages can be obtained, e.g., the
generation of glycerol is avoided, the reaction conditions are much milder than with the
conventional alkaline process to obtain biodiesel and the generation of impurities (acid
or alkaline) is greatly reduced. Another specific feature of the enzymatic process is that
ethanol is employed instead of methanol. Several researches initially described the use of
pig pancreatic lipase (PPL), in free [8] and immobilized form [9,10] in this transesterification
selective process. However, the high price of PPL lipases, even immobilized, represent
an important handicap to scale-up the process. Therefore, a high number of low-cost
lipases have also been evaluated in both, free-form and/or immobilized on different
supports [11-20]. Nevertheless, the economic cost of the enzymatic process continues being
the main drawback to achieve economic feasibility at the highest production level.

To further reduce the economic cost of Ecodiesel production, this research studied
the production of Ecodiesel on a biocatalytic system obtained by the immobilization of
a lipozyme CALB lipase on two tailor-made silica supports. The first one is a periodic
mesoporous organosilica, whereas the other is an amorphous silica MS-3030 functionalized
with octyl groups (octyl-MS3030). The influence of the hydrophobic nature of both supports
along with the porous topology was evaluated. Desorption of the enzyme could be
prevented by confinement in the pore channel and by chemical affinity of the hydrophobic
surface of the silica. In addition, these silica-type materials have an additional stabilizing
effect on enzyme molecules against organic solvents. In this work, sunflower oil has been
selected for the evaluation of the enzymatic process, although the final objective is its
application in the production of second-generation biofuels to avoid ethical conflicts, due
to the foreseeable competition in the uses of edible oils as biofuels. Besides, recycled waste
cooking oils are more suitable for enzymatic transesterification because they include a
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large amount of free fatty acids [21]. The application of sunflower oil in this research is
exclusively determined by its greater reproducibility, in comparison to the reproducibility
that would be achieved using recycled used oils.

2. Results and Discussion
2.1. Immobilization of Candida Antarctica Lipase B (CALB) on Periodic Mesoporous Organosilica
Materials (E-PMO) and on Octyl-MS3030 (E-Octyl-MS3030)

As has been previously reported, lipases exhibit a strongly hydrophobic domain
on its surface, being able to be adsorbed on supports with hydrophobic surfaces and
walls [22-24]. Table 1 shows the values of the enzymatic load and the corresponding non-
specific catalytic activities of the biocatalytic systems obtained by the physical adsorption
of the lipase CALB on both mesoporous organosilica materials.

Table 1. Results obtained in the enzymatic activity in the hydrolysis of p-nitrophenylacetate (pNPA) as well as in the

hydrolysis of tributyrin (TB), thus obtaining the enzyme load of the investigated biocatalysts.

Biocatalvst Time (h) Max. Load Enzyme Biocat. Act. Cat. Eff. Biocat. Act. Cat. Eff.
y (mg/g) a Immob (%) b (UpNPA/g) ¢ (UPNPA/mg) d (UTB/g) e (UTB/mg) £
E-PMO 5 122 31 322+ 14 2.6 5563 138 45.6
E-PMO 3.5 100 25 332+ 19 3.3 5366 + 222 53.6
E-Octyl-MS3030 5 288 72 358 £ 10 1.2 10336 & 287 35.9
E-Octyl-MS3030 3.5 236 60 468 £ 10 2.0 7293 4 328 30.9

2 Maximum enzymatic loading, expressed in milligrams of lipase per gram of support. ® Percentage of immobilized enzyme in the solid
calculated from the amount of enzyme in the suspension. ¢ Biocatalyst activity expressed in Upnpa per gram of support. d Catalytic

efficiency expressed in U,npa per mg of lipase. © Biocatalyst activity expressed in Utp per gram of support. f Catalytic efficiency expressed
in Urp per mg of lipase.

A longer immobilization time leads to a higher enzyme binding. Times over 5 h
did not promote a further immobilization. Thus, the loading capacity of PMO for lipase
immobilization was 122 mg of lipase per gram of PMO, which was clearly inferior to that
exhibited by the octyl-MS3030, around 288 mg lipase per gram of support. This fact could
be attributed to the relatively small pore size of the PMO (Table S1 in Supplementary
Materials), which would prevent multilayer adsorption of the enzyme. In contrast, lipase
loadings up to 288 mg per gram of support were achieved on octyl-MS3030 due to its larger
pore size. The higher lipase loadings on octyl-MS3030 promote its higher catalytic activity
in both reactions, pNPA and TB. However, the catalytic efficiency values obtained over this
E-octyl-MS3030 was lower than that exhibited by E-PMO. This fact could be ascribed to the
stronger interaction between the enzyme and the octyl groups of the support, in contrast
with the mild interactions of enzyme with the ethylene groups in the wall of E-PMO. These
mild interactions allow the catalyst to preserve the high catalytic activity. Nevertheless, the
possibility to obtain a protein corona on the surface of the silica nanoparticles cannot be
ruled out [25-27].

2.2. Transesterification of Sunflower Oil with Ethanol to Produce Ecodiesel

Biocatalysts previously synthesized (E-PMO and E-octyl-MS3030) were tested on the
transesterification reaction of sunflower oil with ethanol to produce Ecodiesel and the
results are shown in Figure 2. In addition, blank experiments were performed with the
supports without immobilized enzyme and did not promote the Ecodiesel production,
attaining very similar results as a blank reaction.
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Figure 2. Conversion and viscosity values obtained in the transesterification of sunflower oil with ethanol. Reaction
conditions: 6 mL sunflower oil, 1.75 mL EtOH, 30 °C, 25 uL. NaOH 10 N, 300 rpm and 10 h of reaction time. Biocatalyst
weight: 0.1 g of E-PMO or 0.05 g of E-octyl-MS3030 to add the same amount of enzymatic extract.

Regarding the catalytic results obtained over the biocatalytic systems, the E-octyl-
MS3030 exhibited a higher conversion value in the transesterification reaction (89%), in
comparison to that obtained over the E-PMO (66.5%). Considering the higher catalytic
efficiency of the E-PMO in the pNPA and TB reaction tests, a higher conversion was
expected for this biocatalyst, in comparison to the E-octyl-MS3030 but the opposite results
were obtained. A possible explanation to this fact would reside in both the size of the
reactant molecules, i.e., the high volume of triglyceride molecules together with the low
pore size of E-PMO (~7 nm, Table S1). Therefore, the active sites of the enzyme would be
more accessible for the triglyceride molecules in the E-octyl-MS3030 (pore diameter around
28 nm, Table S1) than in the E-PMO.

In addition to conversion values, Figure 2 also represents the viscosity values of the
Ecodiesel obtained. As expected, the higher the conversion value, the lower the viscosity
of the product. Figure 3 shows the evolution of conversion values with reaction time over
the biocatalysts studied. In addition, reactions with supports at different reaction times
(1, 4 and 10 h) have also been included.

The results obtained with supports stay constant at conversion values of 20-30%,
which are very similar to the value obtained with the blank reaction. Therefore, it can be
confirmed that support did not catalyze the transesterification reaction. Regarding the
conversion values obtained with the biocatalysts, the maximum conversion was reached at
reaction times of 3—4 h and then, this stabilized, independent of the biocatalyst employed.
The reaction time is an important parameter, when considering an industrial scale process,
since it is essential to have biocatalysts capable of achieving high yields in the shortest
reaction times.
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Figure 3. Study of the variation of conversion with time of reaction on the catalysts studied under the same experimental

conditions as in Figure 2. Some conversion values obtained with the supports, without enzymatic load, have been

also included.
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Another essential parameter, for the possible application of a heterogeneous biocat-
alyst, is the possibility of its reuse in a high number of consecutive reaction cycles. The
results obtained in the reuse tests of both biocatalysts are shown in Figure 4. It must be
mentioned that no treatment was performed on the biocatalysts after each reaction.

E-PMO E-octyl-MS3030

2 3 4 5 6 7 8 9 10
Reaction

Figure 4. Influence of the catalyst recycling on the biocatalytic activity of E-PMO and E-octyl-MS3030 at 3 h of reaction time.

Reaction conditions as in Figure 2.

Thus, the conversion felt around a 25-30% after the first biocatalytic use and then, kept
constant up to the 8th reuse. Finally, another decrease of around 20-25% was observed.
Probably, the loss of activity after the 8th reuse could be related to the adsorption of some
reactants to the support, mainly unreacted sunflower oil, making difficult the diffusion of
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the reactants to the active sites of the enzyme. Despite these activity losses, the possibility
of performing a great number of reuses confirms the stability and efficiency of enzyme
immobilization by physical adsorption on the PMO and octyl-MS3030 supports. In addition,
considering that the cost of the commercial lipase is the limiting factor in the economic
feasibility of the process (the price of commercial CALB is around 15 times higher than that
of the support), its immobilization on the silica support in order to reuse it up to 10 times
would represent a step forward for the possible industrial scaling up of the process.

2.3. Comparison with Other Biocatalytic Systems Employed in the Ecodiesel Production

The catalyst performance was compared with the activity of some of the reported im-
mobilized enzymes in the selective transesterification of sunflower oil to produce Ecodiesel,
Table 2.

Table 2. Reaction time, conversion values and viscosity of the biofuel obtained on the solids investigated herein and, on
several catalysts previously reported by our research group.

Reaction Time Conversion Viscosity

Enzyme Support ) %) (cSD) Reference

CALB PMO 3 62.1 13.8 This work

CALB octyl-MS3030 3 91.8 12.6 This work
PPL Sepiolite 24 65.1 16.6 [8]
PPL AIPOy 24 49.1 16.6 [9]
PPL AIPO,-Sepiolite 24 58.7 12.9 [10]
ROL Sepiolite 2 84.0 - [12]
Nov.435 Acrylic resin 24 57.9 12.3 [11]
LIP. RM IM Sepiolite 2 0 18.8 [16]
LIP. RM IM Commercial silica 2 83 11.6 [16]

CALB: Candida antarctica lipase; PPL: porcine pancreatic lipase; ROL: Rhizopus oryzae lipase; LYP: lipozyme RM IM.

As can be seen, the E-PMO and E-octyl-MS3030 exhibited similar or even higher con-
version value (90% at 3 h and 100% at 4 h obtained over E-octyl-MS3030) than benchmark
biocatalysts previously reported, the Rhizopus oryzae lipase (ROL) supported on sepiolite
(84% of conversion) and the lypozime RM IM supported on amorphous silica (83% of
conversion), although the reaction time employed in the current research was slightly
higher, 3 h vs. 2 h employed with ROL (Table 2). Therefore, the present results show the
possibility of using this CALB commercial lipase, in immobilized form, to perform the
ethanolysis of sunflower oil in a successful way, also considering the possibility of reusing
it at least eight times without a dramatic loss of activity.

3. Materials and Methods
3.1. Synthesis of the PMO Material

PMO material used as inorganic support was synthesized following a previous re-
ported procedure [28]. Briefly, in a Teflon bottle, 3.19 g of P123 were dissolved by slow
stirring in 127 mL of HCl solution 0.174 M. Once the surfactant was dissolved, 9.38 g of KCl
were added [29]. When homogenized, the solution was heated in a water bath to a constant
temperature of 40 °C. Then, 3.97 mL of the functional bis-alkoxysilane BTME was added
dropwise and stirred vigorously. Then, stirring speed was diminished and the solution was
kept at 40 °C for 24 h. Then, the solution was aged for another 24 h at 100 °C in the oven.
The resulting product was filtered, washed with ethanol and dried at room temperature.

Surfactant was removed following a soft method that allows surfactant molecules to
be removed without affecting the structure of organosiliceous materials [30]. We added
1.5 g of material, 205 mL of ethanol and 20 mL of concentrated HCI to a round bottom
flask with a capacity of 500 mL, keeping the mixture at reflux for 24 h. A small amount of
HCI was also added to improve the degree of condensation of the structure and minimize
defects. The material was collected by vacuum filtration and washing with ethanol. The
resulting powder was dried at room temperature for 24 h.
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3.2. Synthesis of Octyl-MS3030

The functionalization of commercial MS3030 material was carried out by a grafting
method [31], using octyl-triethoxysilane (OTES) as a silination agent, according to the
scheme shown in Figure 5. Prior to silanization reaction, 5 g of the sample was degassed
by subjecting it to a vacuum in a nitrogen stream at a temperature of 80 °C for 20 h [23].
The grafting reaction was carried out by suspending the silica in 100 mL of dry toluene, the
organic precursor (OTES) in excess (25 g) was added to the dispersion, and kept at reflux
with a stream of nitrogen for 48 h at 100 °C. The solid was recovered by filtration, washed
with dry toluene to remove the reagent in excess and then, with acetone to dry it. Finally, it
was left to dry at room temperature for 1 day.

- -
-S1-O-H i
—S1—O-_
-51-0O-H Toluene reﬂux _§i—0O— SI—CH:—IfCH:];—CH:—CH;
e -S1-O-H - -3 1‘_0/
-8 -Si-O-H  gep,cH, ocH.cH: _Si—O~
-Si-O-H N /S | Si—O—Si-CH,-(CH,)s-CH,-CH;
Si s
—S1—0O
[ /. -
OCH:CH;  (CHu)s
MS-3030 OTES MS 3030-Octilo

Figure 5. Functionalization of commercial MS-3030 by anchoring an octyl group, through silanization reaction of the surface

silanol groups, with the organosilane octyl-triethoxysilane, OTES.

3.3. Immobilization of CALB Lipase on PMO and Octyl-MS3030

Lipase immobilization was performed by physical adsorption at two different times
(3.5 and 5.15 h), following a reported procedure [18,23]. Table 3 shows the volume of
ethanol required for every support, as well as the lipase extract and buffer volumes
required to prepare the enzymatic solution at a fix pH of 5, as it is the optimal pH value
determined in previous studies [18]. In that research work, the buffer solutions used and
their corresponding pH were: 50 mM glycine/hydrochloric acid (pH 3.5), 50 mM sodium
acetate/acetic acid (pH 5.0), 50 mM potassium dihydrogen phosphate/disodium hydrogen
phosphate (pH 7.0) and 50 mM sodium carbonate/sodium bicarbonate (pH 9.0).

Table 3. Required amounts to obtain the desired enzyme load (400 mg lipase/g support) in both supports, PMO or

octyl-MS3030.
Enzymatic Extract Enzymatic Buffer Enzymatic
Support Msupport (M) Ethanol (mL) (mg/mL) Extract (mL) (50 mM, pH 5.0) (mL) Solution (mL)
PMO/ 2,5 5,9 139 66 205

Octyl-MS3030

We weighed 500 mg of either PMO or octyl-MS3030 into a plastic bottle, moistened
with dry ethanol (maintaining the ratio of 0.5 mL of ethanol /100 mg of solid) and capped it.
Then, a fixed volume of enzyme solution was prepared, considering the necessary volume
of commercial lipase extract to achieve the enzymatic load, Table 3. In addition, a blank
solution was obtained by taking a few milliliters of the enzyme solution, and measuring
its activity three times. The fixed volume of the enzyme solution was suspended on the
support. The resulting suspension was capped and kept under stirring on a roller agitator,
at low speed to avoid breakage of the material.
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3.4. Lipase Activity Assay towards the pNPA Hydrolysis

This assay allows the measurement of non-specific esterase activity, and is often
employed as a standard method to assess the degree of immobilization of lipase on
a support [18]. Lipase activity was determined by spectrophotometric analysis of p-
nitrophenylacetate (pNPA) hydrolysis on an Agilent 8453 UV-Vis spectrophotometer at
348 nm and using 1 cm optical path cuvettes. The immobilization concludes this process
as the activity of the supernatant is totally lost. At this point, the suspension was then
filtered under vacuum, washed with 200 mM buffer pH 5.0 and dried with acetone. Once
the biocatalyst obtained was dry, it was collected and stored in the refrigerator to avoid
loss of activity. For each test, aliquots of the blank, the suspension and the supernatant
were taken periodically to check the incorporation of the enzyme to the support. Taking
into account that an enzyme unit, U, is defined as the amount of enzyme that transforms
one umol of substrate per minute, this value can be transform into enzyme activity units
using Equation (1).

AA - V7 -1000-d

where A. is the enzymatic activity (U/mL), AA is the increase in absorbance per minute
(AAbs/min), V1 refers to the total volume in mL added to the cuvette (1.90 mL + 0.05 mL),
d is the dilution, ¢ is the molar extinction coefficient (at 25 °C, ¢ 348" = 5150 M~! cm™1),
L is the light path length (1 cm), V), refers to the volume of the aliquot of blank sample,
suspension or supernatant added to the cuvette (0.05 mL). Tests were undertaken in
triplicate and the results are shown as average along with standard deviation, represented
as error bars.

From the enzyme concentration in the enzyme solution, Ce (mg/mL), the specific
activity is calculated in U/mg, by using Equation (2).

)

AA - V7 -1000-d
A =— 2
3.5. Lipase Activity Assay towards the Tributyrin Hydrolysis
The hydrolysis of tributyrin has also been used as a more specific test to determine
the catalytic activity, based on the release of butyric acid generated by the hydrolitic action
of lipases in the tributyrin molecules, according to Figure 6.

/0

/d
CH;—O—C— CH,CH,CH, CH;—OH

//0 Lipase ‘ //0
CH—O—C~—CH,CH,CH; +3H,0 ———— CH—OH +3 CH,CH,CH;~C__
| A |
CH;—O0—C— CH,CH,CH, CH;—OH

Figure 6. Enzymatic hydrolysis reaction of tributyrin, which generates one molecule of glycerin and three of butyric acid.

This reaction was carried out in a weakly buffered solution constantly at pH 7.0, using
a Mettler Toledo DL-50 pH-stat. Thus, as the reaction occurs releasing butyric acid, the
equipment released the volume of NaOH 100 mM necessary to maintain the pH at constant
value [18]. Thus, 48.5 mL of 10 mM potassium phosphate buffer pH 7.0 and 1.47 mL of
tributyrin were poured into a beaker with stirring. A known biocatalyst mass, mp, was
then introduced in the beaker. The addition rate of sodium hydroxide, vn,0p, which was
necessary to maintain a constant 7.0 pH value, obtained the slope value of the line that
corresponded to the rate of hydrolysis, and therefore, the activity of the enzyme. Thus, the
tributyrin units (Urp) are obtained from Equation (3):

UNson (ML/min) - 100 (pmol/mL)

Urp(Urg/g) = iy (2)

®)
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In this respect, the catalytic efficiency of an immobilized lipase biocatalyst is defined
as the activity /load ratio, according to Equation (4):

Urp /g catalyst
immobilized enzyme (mg lipase/ g support)

A.(Urg/mg lipase) = 4

Following these steps, the enzyme loading and catalytic activity values of the biocat-
alytic systems prepared and shown in Table 1 were calculated. Tests were undertaken in
triplicate and the results are shown as averages along with standard deviation, represented
as error bars.

3.6. Ethanolysis Reaction
3.6.1. Chemicals

Commercial sunflower oil was locally obtained. The chromatographically pure ethyl
esters of palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid were commer-
cially obtained from AccuStandard (New Haven, CT, USA), and hexadecane (cetane) was
obtained from SigmaAldrich (St. Louis, MO, USA). Other chemicals like absolute ethanol
and sodium hydroxide were pure analytical compounds (99.5%) obtained commercially
from Panreac (Castellar Del Valles, Spain)

3.6.2. Transesterification of Sunflower Oil with Ethanol to Produce Ecodiesel

The selective enzymatic transesterification reactions were carried out in a stirred tank
reactor (“Batch”) at atmospheric pressure at the reaction conditions previously reported
by our Research Group [15,16]. This allowed the comparison of the results among the
biocatalysts, and especially with the CALB lipases [11,15]. Briefly, the same enzymatic
charge, 0.1 g of E-PMO or 0.05 g of CALB/MS-3030, was added to a 25 mL two-necked
round bottom flask and the temperature was fixed at 30 °C with the help of a thermostatic
bath. Then, 6 mL of commercial sunflower oil (4.7 g, 0.005 mol), 1.75 mL of absolute ethanol,
and 25 pL of 10 N NaOH were added and stirred at 300 rpm.

A blank experiment was performed, giving a conversion value inferior to 10%. All
experiments were repeated a minimum of three times and the standard deviation was
always lower than 6%. The reuse experiments were performed with the two supported
systems investigated, operating under the same standard experimental conditions. To
do this, the mixture was decanted for 1 h and then the reaction products were extracted,
leaving the biocatalyst at the bottom of the batch reactor. Afterwards, the reagents were
added to generate a new reaction cycle. Tests were undertaken in triplicate and the results
are shown as an average along with standard deviation, represented as error bars.

3.6.3. Analytical Method

Determination of the content of methyl esters, ethyl esters and different glycerides in
the biofuel samples was carried out by a chromatographic method developed in previous re-
search [32,33]. Thus, an HP 5890 Series II gas chromatograph with a HT5 (25 m x 0.32 mm
LD x 0.1 um, SGE, Supelco) Aldrich Chemie capillary column and equipped with a flame
ionization detector (FID) was employed. Cetane (n-hexadecane) was used as an internal
standard.

Results obtained are expressed as the relative amounts of the corresponding methyl
esters (FAME, fatty acid methyl esters), monoglycerides (MG), and diglycerides (DG). The
amount of diglycerides (DG) and triglycerides (TG) which had not reacted was calculated
from the difference to the internal standard (cetane). Thus, the conversion included the
total amount of triglyceride transformed (FAEE + MG + DG) in the methanolysis process,
and selectivity referred to the relative amount of FAEE + MG obtained.

3.7. Viscosity Measurements

Kinematic viscosity was determined following the methodology described in pre-
vious works [34,35], according to specifications established by the European standard



Catalysts 2021, 11, 1350

10 of 12

(EN 590 ISO 3104). Thus, kinematic viscosity was measured in an Ostwald—Cannon-Fenske
capillary viscometer (Proton Routine Viscometer 33,200, size 150) working at 40 °C. The
kinematic viscosity (v), expressed in centistokes (cSt) or mm? /s, was calculated from
Equation (5):

v=_C-t 5)

where t is the flow time in seconds, required for a certain volume of liquid to pass under
gravity between two marked points on the instrument, and C is the calibration constant
of the measurement system, supplied by the manufacturer (0.037150 (mm?/s)/s at 40 °C).
All the viscosities values reported here are the media of three determinations. The error is
indicated as standard deviation.

4. Conclusions

E-PMO and E-octyl-MS3030 were obtained by physical immobilization of the commer-
cial CALB lipase (E) on periodic mesoporous organosilica (PMO) and on octyl-functionalized
commercial silica (MS-3030). The effectiveness in the immobilization process was mea-
sured by two lipase activity tests, the hydrolysis of p-NPA and the hydrolysis of tributyrin.
The biocatalytic efficiency of E-PMO was superior to that exhibited by E-octyl-MS3030.
However, the E-octyl-MS3030 exhibited a higher catalytic activity in the selective trans-
esterification of sunflower oil with ethanol to produce biodiesel. These differences were
ascribed to the textural properties of the supports. The octyl-MS3030, with a higher size of
pores would allow a better diffusion of the reactant to the active sites of the enzyme.

In addition, the biocatalysts reported here were subjected up to 10 reuses, showing
a decrease in activity after the first use and also after the eighth reuse. This fact will
contribute to the economic feasibility of the process, since the price of commercial lipase is
the limiting factor for scaling up.

In summary, we can conclude that the results obtained in this research indicate that
a commercial CALB lipase, immobilized on inorganic supports, is viable and effective
in obtaining selective 1,3 ethanolysis processes, where glycerol remains as MG in the
biofuel mixture, with different FAEEs obtained and together with the excess of unreacted
ethanol. Thus, a new type of biofuel is achieved, called Ecodiesel, consisting of a mixture
of monoacylglycerols and FAEEs mainly (nominally 1/2), which can be used in different
mixtures with diesel fuel, in a similar way to how the biodiesel (made up exclusively of
mixtures of FAEEs or FAMEs) is employed in current internal combustion engines, which
operate with fossil diesel.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal11111350/5s1, Table S1: Textural properties of the supports employed for the enzyme
immobilization.
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