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ABSTRACT: This research presents the modification of MOF- |
199 and ZIF-8 using furfuryl alcohol (FA) as a carbon source to N \&(‘ -
subsequently fix lipase from Pseudomonas cepacia and use these U .d\\—//,

-methyl-2H-imidazol-2-ideg, /.~
biocatalysts in the transesterification of African palm oil (APO). Y
The need to overcome the disadvantages of free lipases in the '&
biodiesel production process led to the use of metal organic ' \
framework (MOF)-type supports because they provide greater
thermal stability and separation of the catalytic phase, thus
improving the activity and efficiency in relation to the use of free
lipase, disadvantages that could not be overcome with the use of
other types of catalysts used in transesterification/esterification
reactions for the production of biodiesel. The modification of
MOFs ZIF-8 and MOF-199 with FA increases the pore volume
which allows better immobilization of Pseudomonas cepacia lipase (PCL). The results show that these biocatalysts undergo
transesterification with biodiesel yields above 90%. Additionally, studies were carried out on the effect of (1) enzyme loading, 2)
enzyme immobilization time, (3) enzyme immobilization temperature, and (4) pH on the % immobilization of the enzyme and the
specific activity. The results show that the highest immobilization efficiency for the FA@ZIF-8 support has a value of 91.2% when
the load of this support was 3.5 mg/mg and has a specific activity of 142.5 U/g protein. The FA@MOF-199 support presented
80.3% enzyme immobilization and 125% U/g specific activity protein. We established that the specific activity increases in the period
from 0.5 to 5.0 h for the systems under investigation. After this time, both the specific activity and the % efficiency of enzyme
immobilization decrease. Therefore, 5.0 h (immobilization efficiency of 95 and 85% for FA@MOF-199, respectively) was chosen as
the most appropriate time for PCL immobilization. Methods of adding methanol, with three and four steps, were tested, where
biodiesel yields greater than 90% were obtained for the biocatalysts synthesized in this work (FA@ZIF-8-PCL and FA@MOF-199-
PCL) and above 70% for free PCL, and the maximum yield was reached at a molar ratio between methanol and APO of 4:1 when
using the one-step method under the same reaction conditions (as mentioned above). Only the results of FA@ZIF-8-PCL are
presented here; however, it should be noted that the results for biocatalyst FA@MOEF-199-PCL and lipase-free PCL presented the
same behavior. The order of biocatalyst performance was FA@ZIF-8-PCL > FA@MOF-199-PCL > PCL-Free, which demonstrates
that the use of FA as a modifier is a novel aspect in the conversion of palm oil into biodiesel components.
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1. INTRODUCTION

Industrial development has been based on the very high
consumption of fuels, which are used in a vast majority of
chemical process activities. This has generated great concern
about environmental safety not only due to the high
consumption but also due to the activities generated due to
this consumption, such as transport of large quantities which can
generate environmental danger in case of spills, in addition to
the multiple industrial applications which have resulted in the
depletion of fossil fuel reserves. This has posed a great challenge
to the scientific community which has focused its research in this
area in order to find alternative energy sources to synthesize
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liquid fuels that are renewable and, most importantly, nontoxic

and environmentally friendly.' ~
Numerous investigations have found the so-called agrodiesel,

green biodiesel, or simply biodiesel to be an excellent substitute
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for conventional fuels, and it has additionally shown to be very
promising, particularly when compared to conventional diesel
derived from petroleum due to its renewable nature, low exhaust
gas emission, high ignition, nontoxicity, biodegradability, and
use in recycling carbon dioxide (CO,) in short periods.””>
Producing biodiesel additionally has an additional plus and is
that it is very friendly to the environment because it is possible to
use residues of vegetable oils and fats during its synthesis
process, reducing pollution due to the poor handling of residues
such as frying oils, fats that are discarded, and so forth.>™> When
an adequate synthesis is carried out to obtain a good-quality
biodiesel, its use varies, and it can be used directly in the
currently existing compression ignition engines (diesel) and in
refueling technology without the need to previously modify the
injection system or the engine or the fuel lines due to its
physically adjustable ability and chemical properties.”””

Monoalkyl esters of long-chain fatty acids are the main
components of green biodiesel, which highlights that it is a green
fuel not derived from petroleum but produced from the oil of
plants, vegetables, waste, microorganisms, and animal fats
through a transesterification reaction.”®” When combined, 1
mol triglyceride reacts with 3 mol short-chain alcohol (ethanol
or methanol) in the presence of a suitable catalyst to produce
biodiesel,”*'%!'! and thus, transesterification is accelerated.

To carry out transesterification, researchers use both
homogeneous catalysts and heterogeneous catalysts for the
production of biodiesel. Due to the faster reaction rate, acidic
and/or basic homogeneous solid catalysts are commonly used in
the industrial production of biodiesel under mild reaction
conditions.””'” The corrosive nature, the increase in pH of the
final product, the generation of emulsion, the reuse or
regeneration of the catalysts, and the involvement of a large
amount of wastewater processing are the main problems with
the use of a homogeneous catalyst for biodiesel production.””"?
This coupled with the difficulty of separating the catalysts from
the methyl ester phase and requirement for faster equipment and
skilled labor results in higher production costs. To overcome
these drawbacks, it has been reported that a heterogeneous
base—acid catalyst such as KOH/AL,O; and alumina/silica for
the transesterification reaction is an alternative solution to the
conventional homogeneous catalysts.””'* The type of catalysts
designed in this way follows (during the separation process) an
easier step, provides a product free of catalyst impurities, and
follows steps of neutralization and purification of the product,
therefore improving the purity of the reaction products.””"®
However, chemical process materials dissolved in methanol are
relatively difficult to synthesize and even hinder the recovery of
glycerol from biodiesel.”>'® Acid catalysts use a higher
methanol/oil molar ratio and require a longer reaction time.
Several alternatives have been proposed with the aim of
overcoming the aforementioned drawbacks during transester-
ification, and one of the alternative techniques is based on
enzymatic processes for the production of biodiesel, taking into
account that it is a very promising and additionally ecological
technique.”"”

It is worth noting that the synthesis of biodiesel by enzymatic
biocatalysis has an added value such as the reduction of waste
generation and CO, emission compared to those from fossil
fuels due to its substrate specificity. Lipases (triacylglycerol ester
hydrolase, EC 3.1.1.3) are considered as a type of green catalyst
that is produced by plants, animals, and microorganisms and
have wide applications depending on the type or class to which
they belong, having a broad spectrum of applications both at

commercial and industrial levels, logically including the
transesterification process.””'*~*' Thus, lipases from different
sources are the most common enzymes for transesterification
and biodiesel production from lipids.”*****

Although the use of lipases is promising, their application in
the free form in the production of biodiesel is limited due to
several factors such as inactivation of enzymatic activity, regular
stability, % recycling, and reuse. Enzyme immobilization
techniques have been studied, a procedure that is very important
when evaluating the reaction products that are catalyzed by the
respective enzyme, and these techniques play a critical and
beneficial role in the formation of products and usually
overcome the aforementioned weak points effectively.”***>

Is it possible to increase certain properties of enzymes such as
activity, thermal stability, and subsequent reuse using the correct
immobilization technique? However, this is possible if the
enzymes are supported on a suitable porous solid that allows
their properties to be maintained and/or increased during the
particular transesterification process.””*° In the scientific
literature, several authors have reported a wide variety of porous
materials to support lipases, such as calcite,”” activated carbon,'”
chitosan,”® graphene oxide (GO),” magnetite nanoparticles,’
silica gel,31 resins, > polyurethane,3’3’3 and zeolite.”>** On the
other hand, metal—organic frameworks (MOFs) are a class of
novel porous materials which are formed by organic ligands and
inorganic metal nodes assembled by coordination bonds.***¢
Their design is varied due to the great diversity of organic ligands
and metal ions, as well as the way of combining and generating
diverse structures; MOF materials have a great variety of types.
Due to their textural properties, diverse crystal structures,
controllable pore size, high porosity, and specific surface area,””
MOFs are nowadays widely investigated structures. MOFs are
materials that, according to the synthesis routes, can be applied
in various areas such as adsorption separation,”® photoelectric
induction,>>*’ biotechnology, 9 and so forth. Carrying out the
immobilization of enzymes on porous solid supports of different
characteristics usually generates low protein loading efficiency,*!
low stability at high temperatures, and enzymatic leaching.

Therefore, zeolitic imidazolate frameworks (ZIFs) are a class
of supports worth investigating as possible supports for enzyme
immobilization on various MOFs."”~** The scope of this
research is to explore the scope of the use of MOF-199 and ZIF-
8 as lipase supports from Pseudomonas cepacia in the
transesterification reaction for the synthesis of green biodiesel
from African palm oil (APO). Additionally, the modification of
the two MOFs by means of furfuryl alcohol (FA) is studied, and
they are supported on these Pseudomonas cepacia lipase (PCL)
materials, and the biodiesel production capacity is evaluated. In
this work, the effect of temperature, pH, lipase dosage, and time
is investigated. To make comparisons, this study is based on
published research on the same subject.*

The biocatalysts are characterized by N, isotherms at 77 K, X-
ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, and scanning electron microscopy (SEM)-energy-
dispersive X-ray spectroscopy (EDS).

2. EXPERIMENTAL METHODOLOGY

2.1. Characterization of the Starting Adsorbents.
2.1.1. Reagents Used. MOF-199 and ZIF-8 (Sigma-Aldrich),
Pseudomonas cepacia from lipase (Sigma-Aldrich (62309)),
methanol (Merck), FA (Sigma-Aldrich, 185930), and APO
(certified by the National Federation of Oil Growers,
FedePalma) were used.

https://doi.org/10.1021/acsomega.2c02873
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2.1.2. Modification of MOFs with FA. FA, MOF-199, and
ZIF-8 were introduced as additional carbon sources by the
impregnation method. The procedure reported in the
literature™ was closely followed with some small changes
according to previous experiments carried out in our laboratory
with the aim of optimizing the modification of the MOFs. In
summary, initially, 4.5 g of both MOFs (MOF-199 and ZIF-8)
was dissolved in 40 mL of FA solution and stirred for 20 min.
Each mixture was then kept at room temperature without
stirring overnight, and finally, each product was separated by
filtration and labeled FA@MOF-199 and FA@ZIF-8, respec-
tively.

2.1.3. TGA of MOFs. Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) were performed on a Hitachi
STA7000 series simultaneous thermal analysis instrument.
Approximately 10—20 mg of each of the MOF samples was
placed in a platinum crucible on the plate of a microbalance and
then heated from room temperature to 800 °C at a heating rate
of 2 °C/min while purging with argon at a flow of 100 mL min~"
and constantly weighed.

2.1.4. FTIR Spectrophotometry. The FTIR absorbance
spectra of the MOFs were recorded using the KBr technique,
with analysis performed on a Nicolet iS 50 FTIR spectrometer in
the wavenumber range of 4000—400 cm™". The solid samples
were mixed with KBr in a ratio of approximately 1:300, and then,
the mixture was ground in an agate mortar to a very fine powder.
After drying at 100 °C for 12 h in a vacuum oven, about 300 mg
of the fine powder was used to make a pellet. After preparation,
the pellet was immediately analyzed, and the spectra were
recorded by a series of scans with a resolution of 4 cm™. A pellet
prepared with an equivalent amount of pure KBr powder was
used as the background.

2.1.5. SEM-EDS of the MOFs. Analyses of the morphology,
chemical composition, and elemental maps of the samples were
performed using a JEOL JSM-7100FA field-emission scanning
electron microscope equipped with an energy-dispersive X-ray
system.

2.1.6. X-ray Diffraction. Powder XRD patterns were recorded
on an X-ray diffractometer (MiniFlex II, Rigaku, Japan) at 30 kV
and 15 mA using Cu Ka radiation (4 = 1,5418 A), with a scan
rate of 4° min™", a step size of 0.01° in 2 h, and a sweep range of
3—40°.

2.1.7. Isotherms of N, at 77 K. The textural characterization
of the starting materials and those modified with furfuric acid
was carried out. The preliminary texture of the materials was
determined by physical adsorption on N, at 77 K using a
Quantachrome IQ2 sorptometer. The results of the gas—solid
isotherms were analyzed in different pressure ranges using the
Brunauer—Emmett—Teller (BET) method in which the
calculation of the specific surface area (P/P° range) was
determined using the method proposed by Rouquerol et
al.***” Dubinin—Astakhov (DA) for micropore analysis (P/P°
range< 0.1) and narrow micropore volume, pores <0.7 nm, was
calculated by applying the DA equation to CO, adsorption data
at 0 °C and density functional theory (DFT; range P/P° 10—
1) considering different pore models and the effects of surface
roughness and heterogeneity nonlocal DFT (NLDFT) and
quenched solid (QSDFT) using the ASQiWin software.*®

2.2. Lipase Preparation from PCL Tuned. 100 mg of PCL
was weighed and dissolved in 0.5 mL of 20 mM sodium
phosphate buffer, pH 8.00. This solution thus corresponds to
what we will call tuned lipase here.

2.3. Transesterification Reaction from Supported PCL
+ Methanol. We carried out the respective transesterification
reactions using the free-lipase enzyme from PCL and with the
enzyme supported on the FA-modified MOFs, which are labeled
in this study as FA@MOF-199-PCL and FA@ZIE-8-PCL. The
samples were stored in a humidity-free environment until use.
Methanol was used as a solvent for the process and APO as raw
materials.

2.4. Procedure for Performing the Lipase Immobiliza-
tion Optimization Study (PCL) on MOFs by the Simple
Physical Adsorption Method as a Function of pH,
Temperature, Time, and Amount of Lipase from PCL.
Initially, in order to study the optimal conditions for the
immobilization of PCLon the different supports in an adequate
manner, previous tests were carried out in order to establish
these conditions based on the (1) pH, (2) temperature, (3)
time, and (4) amount of lipase for its immobilization. To
determine the effect of pH on the immobilization of lipase from
PCL, 20 mM sodium phosphate buffer was used at pH 5.0 6.0;
7.0, 8.0,9.0,and 10.0. To study the effect of temperature, 125 mg
of the respective supports (MOF-199 and ZIF-8) was suspended
in the solution of lipase from PCL(100 mg of PCL, dissolved in
0.5 mL of 20 mM sodium phosphate buffer pH 7.0) at different
temperatures (4, 25, 37, 60, and 70 °C) for 6 h; then, it was
centrifuged at 5000 rpm, establishing that the volume of the
supernatant was 95% with respect to the original solution of
PCL. Finally, the effect of incubation time on the immobilization
of the lipase from Pseudomonas cepacia was also studied, for
which small aliquots were withdrawn for a period of time, and
the solutions were centrifuged, and the supernatant (lipase from
Pseudomonas cepacia) was stored at S °C. Catalysts with
supported lipases were labeled: FA@MOF-199-PCL and FA@
ZIF-8-PCL.

2.5. Preparation of the Immobilized Enzyme. The tuned
PCL prepared in Section 2.2. was mixed with 125 mg of each
support (FA@MOF-199 and FA-ZIF-8) and subsequently
brought to —20 °C and lyophilized for 48 h. After 24 h and
performing constant agitation at 250 rpm, the respective support
was removed; the residual liquid was stored to evaluate the
amount of protein. Sodium phosphate (pH 7) washes were
performed, with 2 to 5 min for each wash session. Then, the two
biocatalysts (FA@MOF-199 and FA-ZIF-8) were stored in a
freezer at 5 °C. Wash solutions were stored to determine their
protein content.

The amount of enzyme immobilized on the supports was
evaluated by measuring the concentrations of the initial enzyme
solution (milligram of initial protein) and the concentration of
the supernatant and washing solutions (milligram of final
protein) using the Bradford method.

2.6. Enzymatic Activity of PCL. The activity of the lipase
from free and immobilized Pseudomonas cepacia was determined
using palmitic fatty acid (PFA) as a substrate (one of the fatty
acids that has the greatest quantity in APO), and a reaction
mixture was prepared, which contained 75 uL of FA (20 mM)
and 5 pL of PCL, and 20 mM sodium phosphate buffer pH 8.00
was made up to a volume of 3 mL, and this was done for both the
biocatalysts (FA@MOF-199-PCL and FA@ZIF-PCL) and the
free enzyme (PCL). Subsequently, they were incubated at 37 °C
for 15 min, and the reaction was terminated by adding 1 mL of
0.2 M sodium carbonate. The synthesized biodiesel was
subsequently quantified.

https://doi.org/10.1021/acsomega.2c02873
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One unit (U) of enzyme activity was defined as the amount of
enzyme that produced 1 gmol FAME in 1 min under the assay
conditions.

2.7. Optimization of the Parameters for the Fixation of
the Lipase from Free Pseudomonas cepacia and the
MOFs for Its Subsequent Use in the Transesterification
of Palm Oil. To carry out this procedure, APO (0.5 g) and
methanol were taken in a ratio of 1:4 (mol™") in a glass vial with
a screw cap. To this mixture, S0 mg of the prepared enzyme
(refined or immobilized) was added and then incubated at 40 °C
with constant agitation at 200 rpm. The progress of the reaction
was monitored by withdrawing aliquots (20 yL) at various time
intervals. Aliquots were diluted appropriately (with hexane), and
lauric acid was added to the diluted aliquots as an internal
standard prior to gas chromatography (GC) analysis.

2.8. Biodiesel Quantification. Fuel characteristics were
verified by European (EN) and American Society for Testing
and Materials (ASTM) standards. Based on these, the following
properties were determined: acidity, pH, density, calorific value,
humidity, and percentage of esters.

2.8.1. Characterization of Biodiesel. 2.8.1.1. Density. It was
determined using a pycnometer at 20 °C, and then according to
the provisions of the EN 14214 standard, we have

Prsoc =Py + 0723 X (T — 15)

wherep,soc = density at 15 °C in Kgm™p; = density in °C y
Kgm™ of certain temperature.

2.8.1.2. Humidity. 1t was determined by performing TGA
using the STA 7200 Hitachi High Tech equipment and TAT
7200 Standard Analysis software using 10.0 mg of the sample
and a temperature ramp of 10 °C.min ", starting at 30 °C and
ending at 500 °C, in a nitrogen atmosphere with a flow of 100
mL min~".

2.8.1.3. Determination of the Acid Value. It is defined as the
amount (in milligrams) of potassium hydroxide required to
neutralize the free fatty acids contained in 1.0 g of the sample.
The method was based on the EN 14104 and ASTM D774
standards: the samples were dissolved in hot, neutralized
alcohol, and the free fatty acids that were solubilized in hot,
neutralized alcohol were determined by means of titration with
potassium hydroxide.

The method was as follows:

a 1.0 mL of 96% ethanol was taken; two drops of
phenolphthalein were added; and the solution was heated
and neutralized with 0.1 N potassium hydroxide.

b 0.5 g of the sample was added, mixed, and titrated with 0.1
N KOH. This was performed in triplicate; the percentage
of acidity is given by the average according to

Vikon X Nxon X Myon

Acidity Index =
m

whereVyoy = volume in milliliter of KOH spent in the
titration.Nyoy = KOH normality. Mgy = molecular weight of
KOH in g mol.”'m = weighted amount of the sample.

2.8.1.4. Saponification Value. According to the ASTM
196295 standard, it is expressed as the weight in milligram of
KOH necessary to saponify 1.0 g of the sample.

The method is as follows:

a 1 g of the sample was weighed.
b 15 mL of 0.5 KOH was added.
¢ heated for 1 h under reflux.

d Once this time had elapsed, two drops of phenolphthalein
were added, and the solution was titrated with 0.5 M HCL

e The same process was repeated with a blank sample

Myon X My X (V, = V,)

m,

Saponification index =

whereMyoy = molecular weight of KOH in g mol. ™' My =
concentration of the HCI solution.V} = volume in milliliter of
HCI spent in the titration of the blank.V, = volume in milliliter
of HCI spent in the titration of the sample.m, = weighted
amount of the sample.

2.8.1.5. Viscosity. The determination of the viscosity was
carried out at 40 °C according to the ASTM D445 standard
using an Ostwald viscometer.

u=Kxt

wherey = kinematic viscosity in ¢St.K= viscometer constant.t =
time it takes for the liquid to fall.

2.8.1.6. Cetane Index. A FOSS brand near-IR (NIR)
spectrophotometry equipment was used. Measurements were
performed at room temperature, initially using air as a blank.

2.8.1.7. Calorific Power. The calorific value was measured
using a 1341 Parr oxygen bomb calorimeter, with Parr 45¢10
nickel-chromium wise, and excess oxygen in combustion at a
rate of 25 Atm. For the calculation, the heat of combustion of the
wire was considered to be 2.3 cal/cm, and a specific heat of the
pump equivalent to 2430 cal. °C™" according to the pump’s user
manual. For its calibration, a 1.0 g benzoic acid pellet for
calorimetric combs (CAS reg N. 65-85-0) was used, which must
present a temperature increase of 3 °C.

Determination of Characteristics According to European
Standard EN 1421: Biodiesel needs to have specifications that
list the properties and guarantee the quality of the product. In
addition, biodiesel must meet the requirements for mineral
automotive fuels, which are set out in the European standard
EN-590. In this research, in parallel, the parameters recom-
mended by the European standard to ensure the quality of the
synthesized biodiesel were determined. This standard is EN-
14214 (2003), which brings together and specifies all the test
methods to be followed for methyl esters of the corresponding
fatty acids that are currently marketed and used for automotive
engines in concentrations up to 100%. The parameters density,
moisture, acid value, viscosity, cetane number, calorific value,
and flash point were determined according to EN ISO 3675, EN
ISO 12185, EN ISO 12937, EN 14104, EN ISO 3104, EN ISO
5165, and EN ISO CD 3679e, respectively.

2.8.1.8. Gas Chromatography. Methyl esters (from biodiesel
FAMEs) were analyzed by means of GC coupled to a mass
spectrometer (Shimadzu series QP2010S) with a medium—high
polarity type column (DB-225 MS, Agilent, serial N
USS5268413H) with dimensions 20 m X 0.1 mm X 0.1 pgm.
The conditions set for the analysis were as follows: mass injector
temperature = 220 °C, using helium as the carrier gas with a flow
rate of 1.0 mL/min, sample injection = 1.0 4L, automatic sample
chromatographic series (AOC) injection = 20 s (split mode,
using a 30:1 ratio). The temperature program followed in the
oven was follows: initial temperature 60.0 °C for 1 min, then
heating at 10 °C/min up to 195 °C, after reaching this
temperature, heating from 3.0 °C min~" up to 205 °C, and finally
8.0 °C min™" until 220 °C; this temperature was maintained for
30 min before ending the analysis.

https://doi.org/10.1021/acsomega.2c02873
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Figure 1. N, adsorption—desorption isotherms MOF-199 (blue circles) and ZIF-8 (red circle).

Table 1. DA and DFT Parameters Obtained from the Adsorption—Desorption Isotherm of N, at 77.4 K

DA (P/P°< 0.1)

DFT (P/P° 1077-1)

samples Sger [m? g~ ]* Viie [em® g7] E, [Kj mol™'] n pore radius [A] Vp [em? g7'] half pore width [A]
MOEF-199 1750 0.66 8.47 34 7.0 0.69 3.52
ZIF-8 1733 0.88 4.47 3.4 8.6 0.65 4.63
Quantification was performed by area optimization and using 3. RESULTS

internal standards. Methyl-heptadecanoate (Sigma-Aldrich,
reference 51633-1G) was used as an internal standard; a
calibration curve was plotted from 10 to 500 ppm, and with it,
the different biodiesel samples were quantified. For the
identification of methyl esters, two mixtures of FAMEs, Supelco
(GLC 30 and GLC90), from C8:0 to C21:0 were used.

2.8.2. Transesterification. 2.8.2.1. Lipase-Catalyzed Trans-
esterification from Pseudomonas cepacia. Studies were
carried out with the three systems: free PCL and the synthesized
biocatalysts (FA@MOF-199-PCL and FA@ZIF-8-PCL). APO
(0.5 g) and methanol were taken in a ratio of 1:4 (mol™") in a
screw cap vial. 50 mg of each biocatalyst synthesized in this work
was added to this mixture: FA@MOF-199-PCL, FA@ZIF-8-
PCL, and free PCL; then, they were incubated at 40 °C with
constant agitation at 200 rpm. The progress of the reaction was
monitored by withdrawing aliquots (10 pL) at various time
intervals. Aliquots were diluted appropriately (with hexane), and
lauric acid was added as an internal standard to the diluted
aliquots before analysis by GC.

2.8.2.2. Effect of the Amount of Each Biocatalyst, FA@
MOF-199-PCL and FA@ZIF-8-PCL, in the Transesterification
Reaction in the Presence of Methanol. APO (0.5 g) and 2.0 mL
of methanol were taken and placed in a screw cap vial. Varying
amounts of each biocatalyst, FA@MOEF-199 and FA@ZIE-8,
were added to this mixture separately, namely, 10, 50, 75, and
100 mg. The reaction mixture was incubated at 40 °C with
constant stirring at 270 rpm for 8 h. Aliquots were diluted
appropriately (with hexane), and the corresponding internal
standards were added to the diluted aliquots prior to analysis by
GC.

Each of the above reactions was performed in duplicate, and
the yields between duplicate experiments were found to be
within 3%.

41886

3.1. Results of the Unmodified Supports: Textural
Analysis of the Starting MOF-199 and ZIF-8. The
morphological properties of MOF-199 and ZIF-8 were
determined by nitrogen adsorption analysis at 77.0 K. The
results show that the commercial starting MOFs present type I
isotherms, according to recent [IUPAC recommendations, which
are shown in Figure 1. A detailed analysis of these adsorption—
desorption isotherms of these starting MOFs shows a micro-
porous network for ZIF-8 (pore size <2 nm). If the area of study
of the isotherm at low pressure is extended for this ZIF-8, it is
observed that it has a slight change in the trend of the isotherm
corresponding to type VI behavior. This phenomenon has
already been analyzed in the scientific literature, which,
according to the researchers, is explained by a possible structural
flexibility that is induced by the gas on the ZIF-8 structure, while
some authors argue that this behavior is due to the very weak
interaction between the adsorbate and adsorbent. The literature
has also reported this interesting phenomenon.**™>° The
microporous volume is 0.88 cm® g™' as calculated by applying
the DA method. The synthesized sample is a microporous
material with a BET specific surface of 1750 m* g~" (relative
pressure calculated from 0.009 to 0.02).

The textural properties for the two starting materials are
summarized in Table 1.

The evaluation of the parameters reveals that the two
materials used in the subsequent synthesis of the biocatalysts
have high BET specific surface areas,”' ~>* which are slightly
higher than those reported in the technical data sheet of the
manufacturer.

This is probably due to the fact that they were previously
subjected to a study of the effect of drying on their BET area, and
thus, an adequate temperature and the level of vacuum were
selected for desorption (so that the structure would not be

https://doi.org/10.1021/acsomega.2c02873
ACS Omega 2022, 7, 41882—-41904


https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

affected). In this investigation, detailed studies were carried out
on the other textural parameters. It was found that for MOF-199,
the micropore volume is 0.66, and for ZIF-8, it is 0.88 cm® g_l.
The characteristic energy (E,), pore radius, pore volume, and
average pore size are shown in Table 1.

Taking into account that they are the starting point to
synthesize the biocatalysts of this work, a detailed study was
carried out on the distribution of the size of the pores through
the DFT; since the reports in the scientific literature are not
many in this area, a comparison was made of the theoretical
isotherms obtained for the NLDFT and QSDFT models for
different pore shapes versus the experimental isotherms.”
Results are shown in Table 2.

Table 2. Mean Error Adjustment between Different Surface
Textures (NLDFT vs. QSDFT) in Slit and Slit/Cylindrical
Pores

NLDET QSDET
fitting error  fitting error slit-  fitting error fitting error slit-
(slit pore) (cylindrical (slit pore) (cylindrical
sample [%] pore) [%] [%] pore) [%]
MOE-199 0.60 0.14 0.84 0.70
ZIE-8 4.43 5.45 3.34 2.73

QSDFT, unlike NLDFT, is the one that best fits the
experimental data of ZIF-8, possibly due to the presence of
roughness and chemical and/or geometric heterogeneities in the
pore wall. However, the error is large, and the theoretical
isotherm has a greater dispersion, especially at low pressures (see
Figure 2). This indicates that there may be more pronounced
heterogeneities in the smaller pores. MOF-199 shows a good fit
with a model of homogeneous pore walls by the NLDFT
method.

700
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NLOFT (pores sit/cyindacal)
500 4 Q Expenmental 2F-8
—_ — —  QSDFT poms siticyindria )
)
X 400 4
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Figure 2. Analysis of the porosity by applying NLDFT and QSDEFT for
MOFs synthesized MOF-199/NLDFT and ZIF-8/QSDFT.

Once the most suitable model was established, the
distribution of the size of the pores was studied.

As shown in Figure 3 due to the marked microporosity of the
samples, the analysis of the DA equation was performed at low
pressures (see Figure 4).

It can be seen that while V ;. presented by ZIF-8 is slightly
higher than that of MOF-199 (see Table 3), the characteristic
energy in the micropores is much higher in MOF-199 (this

o
N
ooai.... e o o ©
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Figure 3. Porosity analysis: (a) MOF-199 (blue circles) and (b) ZIF-8
(red circles).
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Figure 4. Size distribution of pores of MOF-199 and ZIF-8 from the N,

adsorption isotherms at 77 K. The Weibull equation was used for the
analysis of DA equation at low pressures.

surface terms the Sppr) and that difference a advantage N,
adsorption.

Table 3. DA Parameters Obtained from the Adsorption
Isotherm of CO, at 273.15 K

DA (CO,)
sample Viielem® g7'7  E, [Kj mol™'] N pore radius [A]
MOF-199 291 4.53 1.3 8.2
ZIE-8 5.19 1.85 1.0 10.6

The parameter n of the DA equation”*” provides a measure

of the description of adsorption data in many microporous
solids, ranging from a narrow micropore size distribution (n ~ 3)
to a broad one (n < 3). In this way, and in accordance with what
is observed in the graph, a narrow distribution of the size of the
micropores is concluded (see n ~ 3 in Table 1). In order to
provide more complete information in the presence of smaller
micropores not detected by N,, it is proposed to extend the
investigation by adsorption of CO, at 273.15 K since it is
sensitive to inaccessible micropores N, at 77 K. Adsorption
equilibrium isotherms for CO, at 273.15 K for MOF-199 and
ZIE-8 were also determined from 0 to 0.030 in relative pressure
(P/P°) in order to avoid problems caused by nitrogen. At
cryogenic temperatures, allowing the adsorbate to enter the
narrow microporosity,”” >° are graphically represented in
Figure 5. MOF-199 has a higher adsorption capacity compared
to that of ZIF-8, probably due to morphological and chemical
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differences. On the other hand, the narrow porosity analysis was
carried out from the CO, isotherms (Figure 5).
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Figure 5. Adsorption—desorption isotherms of CO, to 273.15 K. (a)
MOE-199 (blue circles) and (b) ZIF-8 (red circles).

Analysis of CO, adsorption data at 273.15 K using the DA
equation shows that there are (closer) smaller micropores with a
wide size distribution (n < 3). The CO, adsorption isotherm at
273.15 K shows that for MOF-199, the CO, adsorption capacity
is higher, possibly associated with a higher characteristic energy
in the pores. In addition, ZIF-8 shows a larger pore size
distribution curve trend, indicating a greater heterogeneity (see
Figure 6). It should be noted that the analysis of the adsorption
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Figure 6. Size distribution of pores of MOF-199 and ZIF-8 from CO,
adsorption isotherms at 273.15 K.

isotherms for the two MOFs used in this research study was the
same as that carried out in a previous publication. The behavior
of the isotherms is the same; however, here the commercial
samples were used, so the textural values changed.*

It is interesting to note that in addition to this analysis, these
MOFs used as starting materials to synthesize biocatalysts have a
high CO, adsorption capacity. This is in good agreement with
recent publications made on these materials, which show their
wide spectrum of applications, especially within the area of the
development of materials for the storage and separation of gases
in engineering.

3.2. TG-DTA of the Starting MOF-199 and ZIF-8. The
thermal behavior of the MOFs used in this research study to
analyze biodiesel production (ZIF-8 and MOF-199) is shown in
Figure 7. Figure 7a shows the TGA-DTA curve of MOF ZIF-8
under a nitrogen flow. The TGA curve clearly shows a long
plateau up to a temperature of 420 °C, indicating a high thermal
stability of the sample. Analyzing this TGA curve of ZIF-8 in
detail, a small weight loss of approximately 2% around 100 °C is
observed, which can be attributed to adsorbed water molecules
inside the structure. Subsequently, a weight loss occurs between

450 and 600 °C, which can be attributed to the elimination of
methanol from the surface and the pores of the ZIF-8 crystals,
which was used during the synthesis process.

Finally, two subsequent weight losses occur at 600 °C that are
associated with the decomposition of organic groups (e.g., 2-
methylimidazole), which lead to the collapse of the
structure.’’ "% The final weight that usually remains afterward
corresponds to ZnO, which is the expected residual solid.”*~"
In summary, in a general way, we can say regarding the thermal
behavior of ZIF-8 that the TGA curve exhibits a gradual weight
loss step of about 20% between 450 and 600 °C, corresponding
to the elimination of guest molecules (e.g., H,O) from cavities or
residual species (e.g, 2-methylimidazole) on the surface of
nanocrys.t5115.57’73’_77 After 600 °C, the TGA curve shows a
steadily decreasing line indicating sample collapse.

The thermostability of MOF-199 was also investigated. A
diagram corresponding to the TGA curve and the DTA of MOF-
199 (Figure 7b) shows two clearly differentiated steps
corresponding to the changes in weight that are associated
with the structural changes that the MOF presents when under
thermal analysis conditions. The first % weight loss occurred
between 30 and 170 °C due to the vaporization of the present
solvents used in the synthesis process (C,H,Cl, and DMF),
which are usually occluded inside the porous structure of the
MOFEF. The second change is a weight loss of 39.07% in the
temperature range of 310—380 °C due to material decom-
position. Therefore, MOF-199 is stable at temperatures up to
360 °C. Subsequently, a drastic loss of mass occurs, which is
related to the decomposition of the structure in CuO.”*””

3.3. FTIR Analysis of the Starting MOF-199 and ZIF-8.
The results corresponding to FTIR spectroscopy of the MOFs
that have been used in this research study for the production of
biodiesel are shown in order to analyze its purity by determining
the corresponding bands reported in the specialized literature.
All the vibration bands of the IR spectra (Figure 8) agreed with
the published data for MOF-199 used in this work.*>*" The IR
spectra of MOF-199 exhibited the strong stretching vibration of
the carboxylate anions at 1647 cm™', demonstrating the
existence of the reaction of —COOH groups in 1,3,5-
benzenetricarboxylic acid (BTC) with metal ions. The
appearance of a broad band between 3500 and 2700 cm™
indicated the presence of water and —OH groups in the
structure of the material. Figure 8a shows the FTIR spectrum of
ZIF-8 where the characteristic peaks at 3420 cm™ and 2930
cm™ are related to the aromatic and aliphatic C—H stretching of
imidazole, respectively.*>** The absorption peak at 1591 cm™ is
due to C—N""* stretching. The peaks at 1145 and 998 cm™!
correspond to C—N stretching and bending, respectively.”* ™
These characteristic peaks fully confirm the successful synthesis
of ZIF-8.%

Figure 8b shows the FTIR spectrum corresponding to MOF-
199 used in this work. The spectrum of MOF-199 is clearly
dominated by a large amount of the solvent in the region of
3800—2500 cm™". In the dehydrated form, the IR absorption
bands of the linker BTC are observed in the range of 1800—400
em 157 The off-scale absorption bands in the range 1700—
500 cm™ and 1500—1300 cm™ correspond to vasym (C—0,)
and vsym (C—0,).” ™! The other very intense absorption band
is centered at 730 cm ™' and was previously assignedgé_91 to the
C—H bending mode. In the considered range, only the band
centered at 490 cm™’ is assigned to a vibrational mode that
directly involves the Cu center. Following the previous
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Figure 7. Thermograms of the starting MOFs: (a) ZIF-8 and (b) MOF-199.
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3.4. SEM Analysis of the Starting MOF-199 and ZIF-8.
The morphologies of the samples are examined by SEM. The
SEM image corresponding to ZIF-8 is shown in Figure 9a small

https://doi.org/10.1021/acsomega.2c02873
ACS Omega 2022, 7, 41882—-41904


https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02873?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

% Transmittance

A~ 7
N /\f‘ ‘f\v/ﬂ\lj

2361~

“ ~ P "/

T

-
R

S—

1591+~
1381
1176 —m——r=

993
750 =

1421—1309==""7"
1307
1145

4000 3500 3000 2500

2000 1500 1000 500

Wavenumbers (cm™?)

oo %\
85 ‘
80
75
70
65
60
55
50
45
40
35
30
25

ZOB

% Transmittance

3428 C

1585
1449 -
730 760 —==
490 -

1643~

1374 —

3500 3000 2500

4000

2000 1500 1000 500

Wavenumbers (cm™?)

Figure 8. FTIR spectra of MOF samples used in this research study: (a) ZIF-8 and (b) MOF-199.

particles with sizes of approximately 1 ym and 0.1 ym and with
shapes that vary between slightly deformed to small rhombic
dodecahedrons are observed.” ™"

The SEM image of MOF-199 is shown in Figure 9b, which is
composed of polyhedral particles; the crystal structure of the
MOF includes unsmoothed surfaces with obvious cracks and a
porous structure that is consistent with the results reported in
the literature studies.”””® This confirms that the samples used in
this research study have a high degree of purity, a condition that
is necessary for biodiesel biosynthesis tests. On the other hand,
when analyzing the elemental mapping shown in Figure 10, the
elemental mapping showed a homogeneous distribution of C,
Zn, and N elements in ZIF-8. The O element comes from the
zinc nitrate hexahydrate residue or from the conductive link used
for the characterization.”””*
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The EDS is used for elemental and chemical analyses. This
analysis detects the individual elements through X-rays emitted
by the materials. The energy peaks are attributed to the different
elements in the sample. This analysis confirms the purity of the
MOF used in this research study as observed by detecting the
presence of only C, O, and Cu elements that are related to the
organic ligand and the metal in the final structure of MOF-199
(Figure 11).

3.5. XRD Analysis of Unmodified MOFs Used in This
Research. The XRD spectra of the two MOFs used in this
investigation were examined in order to analyze their
crystallinity. The XRD patterns of ZIF-8 are shown in Figure
12a. ZIF-8’s XRD pattern was taken at angles from 0 to 70°.
Characteristic peaks are observed between S and 40°. The Miller
indices (h k 1) for the most representative correspond to the
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Figure 9. SEM images of used MOFs (a) ZIF-8 and (b) MOF-199.

planes (011),(002),(112),(022),(013),and (222),
which shows the crystallinity of the MOFs used in this work
since they coincide with those reported in the literature
studies, 30314041,48,50

The XRD pattern of MOF-199 and its Miller indices (h k 1)
are shown in Figure 12b. Clear and sharp peaks show the good
crystallinity of the sample used. All diffraction peaks of MOEF-
199 agree well with the standard pattern of ZIF-8. The sample
used was a pure phase of MOF-199 because no obvious impurity
peaks were detected.”””® For this case, the difraction ray-X
(DRX) corresponding to MOF-199 was also taken at angles
from 0 to 70°.

Characteristic peaks are observed between S and 30°. By
determining the Miller indices (h k1) for the most representative
one, they correspond to the planes (01 1), (220), (022),(40
0), and (4 4 0), which shows likewise for this MOF its high
crystallinity due to high coincidence with those reported in the
literature studies.”* ">

3.6. Biocatalyst Results: FA@MOF-199 and FA@ZIF-8.
3.6.1. Textural Characterization. According to the procedure
presented in the part of the Section 2.1.2, the starting MOFs
were modified with FA. The respective N, isotherms at 77 K
were determined to establish whether, as explained in the
procedure part, the starting materials were altered. In Figure 13a,
the isotherms corresponding to the materials that are now
labeled FA@MOEF-199 and SA@ZIFE-8 are presented.

The nitrogen isotherms were measured to examine the surface
area, total pore volume, and pore size distribution of FA@MOF-
199 and FA@ZIF-8; the two samples show isotherms that,
according to the IUPAC, belong to type IV isotherms. If they are
observed carefully, at low relative pressures of N, due to the
shape on the isotherm, it can be seen that in both samples, there
are micropores, which provide, in both samples, sites that can
play an important role in the subsequent use in the respective

biocatalysis reactions. The N, adsorption isotherms present the
most important result with this modification with FA result that
can be seen at relatively higher pressures of P/P° = 0.85—0.90,
where in both samples, a hysteresis loop was generated, which is
larger in the FA@ZIF-8 sample than in the FA@MOEF-199
sample, as well as a higher nitrogen adsorption capacity.

This shows very clearly that when comparing these isotherms
with those of Figure 1, corresponding to the starting samples,
that the effect of FA had an effect and also that mesoporosity was
generated, which is very useful in the subsequent application
that is carried out will give you when you fix the lipase. When
performing the respective calculations, it was determined that
for sample FA@ZIF-8, its specific surface area was 787 m* g™/,
while for sample FA@MOF-199, its specific area was 634 m” g,
and the corresponding total pore volumes were 1.82 cm® g™ for
the FA@ZIF-8 sample and 1.71 cm® g~ for the FA@MOF-199
sample. These results clearly show that the starting samples were
modified by FA treatment.

In summary, after modification with FA, the final working
samples to synthesize the biocatalysts present a heterogeneous
distribution of pores (Figure 13b; mesopores and micropores)
and some macropores. It can be inferred that during the process
of obtaining the two materials, specifically by heat treatment, the
structures of the MOFs were altered, especially Zn and Cu,
which led to the formation of partial macropores in the samples
that generate the destruction of the base structure of each
sample and later, during the internal reaction processes,
generated mesoporosities, which shows that the thermal
treatment affected the structure additionally.'”*~"' Addition-
ally, the other analysis was carried out for these samples such as
FTIR, XRD, and SEM-EDS to verify the results obtained by
means of the adsorption isotherms of N, at 77 K. The results
confirmed that the starting MOFs were indeed modified, which
was especially seen with the XRD and FTIR results. In the case
of the XRD results, in both samples, the peaks between 25 and
45 (in the 20 range) decrease radically, verifying the effect of the
addition of FA. While for the FTIR those presented in the
starting MOFs in the range in addition to the FTIR, they showed
that FA did insert into the structures of the MOFs, since the two
FTIR of the starting samples were also modified in the zone of
the region of 3500 cm™" generated a string band to the vibration
of the —OH of FA, and in the area between 1500 and 750 cm™},
new strong and well-defined bands were seen that correspond to
the different groups and vibrations of FA. We have not presented
each of the results here due to lack of space and additionally
because they will be a part of another publication.

3.6.2. Study of the Optimal Conditions to Fix PCL and
Obtain Biocatalysts FA@MOF-199-PCL and FA@ZIF-8-PCL.
Prior to the preparation of the biocatalysts (FA@MOF-199-
LPC and FA@ZIF-8-PLC), it is recommended to establish the
optional conditions to achieve the best immobilization of lipase
on the different supports because these parameters have effects
evident on not only the immobilization but also the % yield in
the production of green biodiesel and its specific activity. That is
why this part of the research studied the (1) enzyme load, (2)
enzyme immobilization time, (3) enzyme immobilization
temperature, and (4) the effect of pH on the % immobilization
of the enzyme and the specific activity. For this, the enzyme
(PCL) was loaded between 1.0 and 6.0 mg/mg of FA@MOF-
199 and FA@ZIE-8, respectively. Figure 14a shows that the
highest immobilization efficiency for the FA@ZIF-8 support had
a value of 91.2% when the load was 3.5 mg/mg of this support
and had a specific activity of 142.5 U/g protein. The FA@ZIF-8
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Figure 10. Elemental mapping of ZIF-8.

support presented 80.3% enzyme immobilization and 125% U/g
protein specific activity.'''~'** From these results, it was
determined that 3.5 mg/mg would be used as a load for the
preparation of the biocatalysts as an enzyme load for both
supports as an adequate enzymatic load for subsequent studies.
As shown in Figure 14b, the specific activity increases in the
period from 0.5 to 5.0 h for all three systems tested. After this
time, both the specific activity and the enzyme immobilization
efficiency decrease.''®~"?° In this assay, FA@ZIF-8-PCL
presents 95% efficiency in the immobilization of the enzyme
and 149 U/g protein of specific activity, being the highest of the
three. Therefore, 5.0 h (immobilization efficiency of 95 and 85%
for FA@MOF-8 and FA@MOF-199, respectively) was chosen
as the most appropriate time for PCL immobilization.'** The

41892

effect of temperature as a function of immobilization between 10
and 70 °C was also investigated. The immobilization efficiency
increased slowly for both supports as the immobilization
temperature increased over the range of 20—40 °C. Beyond
this temperature, the specific activity of the immobilized lipase
and the recovery of activity began to decrease (Figure 14c).
Therefore, in this work, 40 °C was set as the optimal
immobilization temperature.122

On the other hand, the pH value of the medium is an
important factor to achieve an adequate immobilization of the
enzyme. Figure 14d shows that a neutral environment is
beneficial for the immobilization of PCL on the synthesized
supports. The maximum activity reached its value of 125.4 and
110.3 U/g protein for FA@ZIF-8 and FA@MOF-199 when the
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Figure 12. XRD patterns of (a) ZIF-8 and (b) MOF-199. The XRD
patterns in the insets are the XRD patterns reported in the literature.

pH of the buffer was 7.0. The immobilization efficiency changed
slightly after pH 8.0, where lipase is probably denatured at the
pH values. Thus, phosphate buffer was used in all the
immobilization processes with the highest recovery of activity
at pH 7.0.''°77*%"** Therefore, the maximum recovery of
specific activity was 125.4 U/g protein for FA@ZIF-8 and 110.3
U/g protein for FA@MOF-199 under immobilization con-
ditions optimized by a factor: enzyme load = 3.5 mg/mg of
supports, immobilization time = 5.0 h for both supports,
immobilization temperature = 40 °C, and phosphate buffer at
pH 7.0.120122

3.5.3. Synthesis of Biodiesel under Optimal Pre-established
Conditions and Study of Biocatalysts Based on the Methanol
Molar Ratio, Oil, Temperature, Dosage, and Reaction Time.
Finally, the biocatalysts synthesized in this work (FA-@MOF-
199-PCL and FA@ZIF-8-PCL) were taken and used to carry
out the transesterification of APO in a methanolic medium. To
set PCL, the previously established parameters were used, and
the performance of the synthesized biodiesel was studied based
on the effect of (1) the molar ratio of methanol:oil and the
method of addition, (2) the temperature, (3) the dosage of the
biocatalysts, and (4) the reaction time, and subsequently, the
results were analyzed. The results obtained in this research study
show a high yield during the synthesis of biodiesel using PCL
immobilized on the two biocatalysts prepared in this work under
the experimental conditional previously established in this
research, showing a high catalytic activity.

Analyzing the results in detail, and in particular the studies on
the effect of biodiesel production depending on the dosage of
methanol during the chemical reaction under study, and taking
into account that there are not enough exhaustive studies that
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Figure 13. (a) Nitrogen adsorption—desorption isotherms (red: FA@
MOF-199; blue: FA@ZIF-8) and (b) pore size distribution.

address investigations of the effect of the dosage of methanol to
the system of the transesterification reaction of oils and fats to
obtain biodiesel, that is, if there is any difference when it is added
in a single step to the reaction system or in several. In this work,
this type of study is addressed, where we base ourselves on
research reported in the scientific literature, where the authors
found that there was an effect and therefore, we wanted to verify
if it was fulfilled for our systems.'”>~'**Figure 15a shows the
effect that different molar ratios of methanol:palm oil have on
the transesterification reaction and the method of addition of
methanol in biodiesel production using free lipase and FA@ZIF-
8 and its influence on the yield of biodiesel production in the
same time intervals (only the results with the FA@ZIF-8@PCL
biocatalyst are shown here).

In this investigation, the methanol addition methods
employed were as follows: (1) methanol was added in a single
step, (2) methanol was added in two steps with an interval of 3 h;
(3) methanol was added in three steps at 3 h intervals; and (4)
methanol was added in four steps at 3 h intervals. The results
show that despite there being differences, these are very small
between the three- and four-step methanol addition methods.
When using the three- and four-step methanol addition
methods, the biodiesel yield was greater than 90% for the
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Figure 14. continued

deviation (SD) is represented by error bars at a confidence level of 95%
in the figure.

biocatalysts synthesized in this work (FA@ZIF-8-PCL and FA@
MOF-199-PCL) and above 70% for free PCL, and the maximum
yield was reached at a molar ratio of methanol:APO of 1 when
using the one-step method under the same reaction conditions
(as mentioned above). Only the results of FA@ZIF-8-PCL are
presented here; however, it should be noted that the results for
biocatalyst FA@MOF-199-PCL and lipase-free PCLpresented
the same behavior). On the other hand, it can be seen in Figure
15b that the maximum yield of biodiesel increases for the three
systems used in transesterification, in which it reached its
maximum value at a molar ratio of methanol:palm oil of 4:1 for
all the steps used. For the addition of methanol. However, the
results show that the molar ratio and the system used to add
methanol have a drastic influence on the yield during the
synthesis of biodiesel from APO and that under the conditions
of this experiment and in particular with the biocatalysts used,
the procedure of adding methanol to the system is very
important. It has been shown for this particular system that
between three- and four-step methods, there is a significant
difference in the yield of green biodiesel.

This result shows that it is important to address this type of
difference because, according to the systems used, the yield of
the transesterification reaction can be improved. Finally, it
should be noted that despite the fact that free PCL generated a
good performance, when supported on catalysts modified with
FA, its power of action on the components of APO is much
higher, and this is a novel aspect. Studies with the varying
temperature for FA@ZIF-8-PCL, FA@MOEF-199-PCL, and free
PCL show that as the system is placed at a higher temperature,
the reaction is faster and ultimately generates a higher yield of
biodiesel.

This is the result of a clearly kinetic aspect where, as the
temperature increases, the oil molecules move faster toward the
catalyst, which in turn manages to reduce the kinetic energy;
however, when it is desired to fix the reaction temperature, care
must be taken because lipase can denature if brought to extreme
temperatures. The results shown in Figure 15c (performed at a
4:1 methanol:oil ratio and using the three-step method
regarding the addition of methanol) allow us to deduce that
the biodiesel yield increases slowly when the reaction temper-
ature is gradually increased in the interval from 10 °C to 30 °C;
FA@ZIF-8-PCL again has the best yield, followed by FA@ZIF-
8-PCL, and finally free FA@MOEF-199-PCL. Although lipase
shows good yields in the production of biodiesel, clearly, when it
is supported on catalysts modified with FA, its yield drastically
improves.

After 30 °C, the yield of biodiesel production decreases for the
case of FA@ZIF-PCL and free lipase, while for FA@MOF-199-
PCL, it remained constant. This study concluded that the
optimum reaction temperature was 30 °C with biodiesel yields
of 95, 90, and 83% for FA@ZIF-8-PCL, FA@MOF-199-PCL,
and free PCL, respectively.

Results of the transesterification reaction of palm oil as a
function of time are shown in Figure 15d for FA@ZIF-8-PCL,
FA@MOEF-PCL, and free PCL, using a 4:1 molar ratio.
(methanol:oil), adding methanol in three steps and at 30 °C.
The results obtained are very interesting and show that the
biocatalyst reaches a yield of 100% after 8 h of reaction, while
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Figure 15. continued

dosage of the biocatalysts; and (d) reaction time. The SD is represented
by error bars at a confidence level of 95% in the figure.

FA@MOF-199-PCL reaches a yield of 85% and free PCL
reaches 80%. In any case, the three systems present promising
yields, but the excellent yield of the biocatalysts synthesized in
this work is worth highlighting.

Finally, a study of biodiesel yield was carried out based on the
dosage of biocatalysts and free PCL, using a molar ratio of 4:1
(methanol:oil), adding methanol in three steps, at 30 °C and
setting the reaction time to 8 h.

Figure 15e shows the results for this experiment, and the
results are very interesting: what stands out for the three systems
is the sigmoidal behavior of the curves, which reach a maximum
value of biodiesel of 905, 80, and 70% for FA@ZIF-8-PCL, FA@
MOF-PCL, and free PCL, respectively. The results show that
dosages of 70 mg of the catalyst of free PCL generate the
maximum yield in biodiesel production under the conditions of
this investigation.

It is interesting to perform this type of statistical calculations
basically on the main parameters that influence the trans-
esterification reaction of APO. The parameters considered were
the reaction temperature, methanol:oil ratio, reaction time, and
biocatalyst dosage. Taking into account that the optimization
designs are time-consuming, a Taguchi L9 orthogonal array
(OA) was used, where the four optimizable parameters can each
accommodate three levels. A mathematical analysis of variance
(ANOVA) was used to assess the reliability of the results and
statistical significance. The p-values for the four variables
analyzed lie between 0.0113 and 0.010, showing a low
probability of error. During the research, some parameters
were evaluated statistically using ANOVA to analyze the
reliability of the methodology used in this work.

Several tests were performed on sum of squares (SS) values
according to which the parametric contribution to performance
is evaluated: Fischer’s exact test values (F-value) which measure
the statistical significance of data points through the analysis of
their distribution in the multivariate matrix (L9) and the
deviation from a null hypothesis, as well as error probability
values (p-value) which are a measure of the F-value obtained as a
result of chance. It is known that high F-values indicate stability
of the experimental method in this case and of the factor and are
associated with a low p-value (<0.05 essential), which indicates a
low probability of errors (only the relevant results are
mentioned, taking into account that the statistical part here is
only an instrument).

In this investigation, the biocatalysts presented SS values of
102.14 and 189.34, with F-values of 37.43 and 453.43 for FA@
ZIF-8-PCL and FA@ZIF-8-PCL and with p-values of 0.019 and
0.0010, respectively. Furthermore, according to the results
obtained, the mathematical model was adjusted to minimize all
the data points, and it was also evaluated if it presents any
“residual” for the biocatalysts synthesized in this work.

3.5.4. Physical and Chemical Properties of APO and
Synthesized Biodiesel. The detailed physicochemical character-
istics of the starting palm oil and the biodiesel synthesized in this
investigation were determined and are listed in Table 4. The
kinematic viscosity of the biodiesel produced is comgarab]e to
the standard values of the ASTM D6751 standard;'*™"*° the
acid value of the biodiesel was found to be 0.350 mg KOH g™
and that of APO was 0.645 mg KOH g_l, while the calorific value
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Table 4. Comparison of the Physicochemical Properties of APO and Its Biodiesel Derivative by FA@ZIF-8-PCL Using EN and

ASTM Standards

biodiesel biodiesel B100
FA@ZIF-8-PCL (ASTM) FA@ZIF-8-PCL (EN) EN ASTM
property APO this work this work min max min max references
density (kg m®) 865 880 870 860 900 820 880 134135
humidity (mg kg™") 298 350 158 500 500 133
acid value (mgKOH g™') 0.645 0.350 0.27 0.50 136
saponification index (mg KOH g™')  189.45 192.50 189.00  198.00 137
viscosity (at 40 °C, mm?* s™") 43.2 4.86 443 3.5 5.0 1.9 6.0 13135
centane number 17.3 49.5 52.5 S1 40 135
calorific value (MJ kg™") 21.43 37.89 412 35 35 . 136
flash point (°C) 145.50 110 101 130 170 135

of biodiesel was 37.89 MJ Kg™' (Table 4) and that of APO was
21.43 MJ Kg™'. The flash point is an important parameter that
must be considered during the storage of any (flammable) liquid
fuel. The flash point of the biodiesel was 145.50 °C, a value that
is within the range according to the recommendations of the
ASTM D975 standard. The values of the physicochemical
characteristics obtained in this work are fundamentally due to
the composition of those of APO and biodiesel.'**~"**
However, the values are within the standards established by
the ASTM, so the green biodiesel obtained by means of the
biocatalysts synthesized in this research is of good qual-
ity. 1267130

3.5.5. Analysis of Biodiesel with FTIR Spectroscopy and
GC—MS Using the FA@ZIF-8-PCL Biocatalyst. It is important to
analyze the biodiesel samples obtained through the trans-
esterification of APO in order to verify that the reaction took
place. Here, we only present FTIR and GC—mass spectroscopy
GC—MS results that show that the reaction did indeed occur.
The FTIR and GC—MS analyses are shown, corresponding to
the biodiesel obtained with the FA@ZIF-8-PCL biocatalyst.

In the FTIR spectra of the crude APO used as the starting raw
material to perform transesterification and obtain the biodiesel
with the biocatalysts prepared in this research produced
presented in Figure 16a as well as the FT-IR of the biodiesel
obtained.

When performing the analysis of each of the FTIR bands
corresponding to the APO, the most characteristic ones are
found, among which those that show the presence of symmetric
C—H bonds around 2800 and 3000 cm™'. The band that is
around 2922 cm ™! is assigned to vegetable oils; some authors
also assign it to biodiesel to the vibrations of the methyl groups,
and finally, a band can also be seen at 1743 cm™! that
corresponds to the divisions and vibrations of acid esters and
fatty esters. The differences between both spectra are the
intensity in the aforementioned peaks.

The FTIR spectrum of the biodiesel synthesized using the
FA@ZIF-8-PCL biocatalyst obtained from crude APO shows a
signal that is not completely resolved toward 1200 cm™
assigned to the axial deformation of CC(=0)-0, which is
assigned to the bond vibrations attributed to ester bonds. A
signal around 1170 cm™' appears in the FTIR spectrum of
biodiesel, which some researchers assign to an asymmetric
deformation of O—C—C bonds. The FTIR spectrum exhibits a
zone corresponding to the functional groups of 1750—1740
cm™; it has an intense peak corresponding to the carbonyl group
(C=0). According to the transesterification reaction, for each
methyl ester formed, there is a transformation from a —CH,
group to a —CH group,"”' which in Figure 16a is identified by

the difference between the intensities of 2922 and 1170 cm™" in
both spectra, as has been widely discussed by other authors."**
While for APO, the difference between both signals is not
noticeable, in biodiesel, it is more significant, as is the signal at
1170 cm™"."** These results are shown in Table 4; these,
together with the other results obtained in this research study,
allow us to demonstrate that good-quality biodiesel was
synthesized.

Figure 16b shows one of the chromatograms taken from the
biodiesel samples synthesized in this work. The gas chromato-
gram shown corresponds to a biodiesel sample obtained with the
FA@ZIF-8-PCL biocatalyst, which presents the characteristic
peaks of a biodiesel sample reported in the literature. GC
analysis showed that the main FAMEs present (and their
composition) were as follows: C12:0 (0.35%), C14:0 (1.15%),
C16:0 (44.25%), C16:1 (0.21%), C18:0 (4.45%), C18:1
(42.20%), C18:2 (6.67%), C18:3 (0.52%), and C20:0
(0.20%). Because the polarity of the column used was very
high, here, it is observed that it eludes C20:0 (arachidic) before
C18:3 (linolenic), which is in very good agreement with that
reported by the literature."** As is common in this type of
biofuels synthesized from APO, palmitic acid (44.25%) and
oleic acid (42.20%) are the ones with the highest percentage.
This demonstrates that the biocatalysts work by carrying out the
transesterification of APO.

4. DISCUSSION AND ANALYSIS

When comparing the textural characteristics of the starting
materials with those of the biocatalysts, it is noteworthy (Tables
5 and 6) that the total volume increased for both ZIF-§ and
MOF-199 when modified with furfuryl acid. This increase in
volume is due to the fact that when FA is coupled to the MOF
network, it creates new pores. The size of these new pores
depends on the interaction of FA with the support. In the case of
the interaction of ZIF-8 with FA, for the formation of these new
pores, it must be taken into account that furfuryl acid is
structurally formed by a furanyl group and a hydroxymethyl
group; the furanyl group presents electronic resonance as does
the imidazolate anion, but due to the high electronic density,
these two groups cannot form a pi-stacking system; therefore,
FA cannot be anchored in this way to ZIF-8. The hydroxymethyl
group of furfuryl acid via the hydroxyl group can easily interact
with the basic nitrogens of the imidazolate group by forming
hydrogen bridges; however, the nitrogen atoms of the
imidazolate anion are bonded to zinc atoms in the MOF
structure which does not allow this type of interaction. As the
imidazolate anions are electronically resonant, the medium is

41897 https://doi.org/10.1021/acsomega.2c02873

ACS Omega 2022, 7, 41882—-41904


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

African Palm Oil

% Transmittance

3 T T T "
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm2

transesterification
with FAG@ZIF-8-PCL

8 BIODIESEL
=
]
£
E
[}
c
(1]
=
=
(=]
&
4000 3000 2000 1000
Wavenumber/cm!
Heptane B
(C16:0)
Ayl
Beptadecanoate
& paron
g (€C18:1)
)
=3
L7
- "
-
-
[=]
-
¥
.E & || c1)
= a
2
C14:0)
22 (C1441)
(€12:0) N (€18:3) (€20:0)  (C20:)
Al T l L A- i T
5 10 15 20 min

Figure 16. (a) FTIR spectra of APO and the biodiesel product of transesterification using biocatalyst FA@ZIF-8-PCL. (b) Gas chromatograph of the

biodiesel synthesized from APO using biocatalyst FA@ZIF-8-PCL.

Table S. Improved Textural Properties by the Use of FA to Modify ZIF-8

materials
STA/ZIF8
properties ZIF-8 FA@ZIE-8 10% STA 20% STA 30% STA ZIF-8/pluronic P123
superficial area (m? g™") 1750 787 877.2 995.9 1088.1 1610
total volume (cm® g™") 0.88 1.82 0.59 0.54 0.47 0.73
references this investigation 140 141

maintained at pH 7, and FA has a pKa between 15 and 16,'*" and
the hydrogens present in the hydroxyl groups of FA can form
hydrogen bridges with the pi-cloud of the imidazolate group
without any problem (see Scheme 1); this interaction is
responsible for the formation of new pores with a larger pore

volume. The change in pore volume from 0.88 to 1.82 cm® g™!
from ZIF-8 to FA@ZIF-8 facilitates the anchoring of PCL
because the furanyl groups with a high electron density are more
exposed relative to the imidazolate groups. This increased
exposure allows a better interaction between the hydrophobic
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Table 6. Improved Textural Properties by the Use of FA to Modify MOF-199

materials
GO/MOF-199 TEA/MOF-199
properties MOF-199 FA@MOEF-199 0.5% GO 1.75% GO 5% GO n= n=2 n=3
superficial area (m* g™") 1733 634 684.971 777.88 684.894 550 187 25
total volume (cm® g™') 0.66 1.71 1.024 1.1897 1.026 021 0.07 0.01
references this investigation 142 143

Scheme 1. Hydrogen Bond between FA and the Electron Cloud of the Ligand in the MOF Structure: Most Probable Interaction

|«
N/ \N‘ -

"
2-methyl-2H-imidazol-2-ide,
ligand for ZIF-8

tion WA
interas
Most ikely. inter
«
4,047/.
I‘(’
%,
« oz,

»

furan-2-ylmethanol
Or furfuryl alcohol

oH

«
=
¢ :

S =

*\ﬁ,L\ 2 o
H H e, - OH

ot f,‘k\ C‘> 1600 : c/
i - Ho—C \©/ )
\ 27N

benzene-1,3,5-tricarboxylic acid
ligand for MOF-199

amino acids of PCL, which have a high acidity for high-electron-
density groups,'”” resulting in a better immobilization and
higher thermal resistance of the new catalytic material compared
to that with free lipases. The use of FA enlarges the pores of the
modified ZIF-8 to a greater extent compared to the use of other
modifiers such as silico-tungstic acid (in different percentages)
and Pluronic P123 copolymer (see Table 5); additionally, it
improves the textural properties that allow better anchoring of
PCL. Regarding the interaction of MOF-199 with FA, it is
noteworthy that the pore volume change from 0.66 to 1.71 cm?
g~ ! improves the anchoring capacity of PCLin a similar way to
that of ZIF-8, with the difference that BTC is the ligand that
allows the anchoring of FA to the MOF-199 structure, which
binds to the Cu atoms by the three carboxylate groups.
Therefore, the only interaction option with FA is by the
formation of hydrogen bridges with the new electron of the
phenyl group ligand of MOF-199 and with the hydrogens of the
hydroxyl group of FA; we recognize that a pi-stacking system
between the phenyl group of BTC and the furanyl group of FA
cannot be formed due to their high electronic densities. The
above corresponds to the explanation why the immobilization of
PCL on FA@MOF-199 was less strong than the immobilization
of PCL on FA@ZIF-8; additionally, it should be considered that
the phenyl ring generates greater steric hindrance because it is
larger than the five-carbon ring of the imidazolate group of ZIF-
8.

The use of FA for the modification of MOF-199 is motivated
by the fact that the use of other modifiers such as GO and
tertiary amine triethanolamine (TEA), it is evident that FA
enlarges the pores of the modified MOF-199 to a greater extent
and improves the textural properties of the new biocatalyst in
relation to these two types of catalysts and the starting material
(see Table 6), which allows better anchoring of PCL.

Regarding the synthesis of biodiesel from the FA@ZIF-8 and
FA@MOF-199 biocatalysts, it should be noted that the biodiesel
components derived from the acylglycerides present in AFO are
within the ranges required by the EN and the ASTM standards
as required by the European Union (EU).

Table 4 shows that this work was carried out for the synthesis
of green biodiesel. The results in Section 3.2.2 show that the
performance of the biocatalysts follows the following order:
FA@ZIF-8 > FA@MOF-199 > PCL-Free; this behavior can be
explained as follows: although in both catalysts FA@ZIF-8 and
FA@MOEF-199, the furanyl groups of FA are oriented
perpendicular to their anchoring point on the imidazolate
groups and the phenyl groups on ZIF-8 and MOF-199,
respectively (see Scheme 1), the distances between and angles
of separation of the furanyl groups are different.

For FA@ZIF-8, the angle of inclination is greater than the
separation distance between one group and the other, generating
a cone-shaped inclination between the furanyl groups, a
configuration conferred by the methyl groups adjacent to the
imidazolate groups, whereas in FA@MOF-199, the config-
uration of the furan groups is not much conical, but their
distribution tends to be a mixture of semiconical and parallel
because the phenyl groups of BT'C are symmetrically distributed
around the phenyl groups. The cone shape acquired by FA when
anchored to the electron cloud of the imidazolate anion on FA@
ZIF-8 allows better anchoring of PCL and enables this
biocatalyst to exhibit greater stability and therefore higher
yields. The higher yield achieved by the FA@ZIF-8-PCL and
FA@MOF-199-PCL biocatalysts compared to that by PCL-free
demonstrates that the use of FA as a modifier is a novel aspect in
the conversion of palm oil into biodiesel components.
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5. CONCLUSIONS

In this research, two biocatalysts have been prepared from
MOF-199 and ZIF-8, modified with FA, and adsorbed on PCLto
perform the synthesis of biodiesel from APO. The results
showed that the two biocatalysts prepared in this research show
yields greater than 90% in their biodiesel synthesis capacity,
higher than those of the catalysts reported in the specialized
literature. Additionally, in this study, it is shown that it is
necessary to control variables such as temperature, pH, lipase
dosage, and lipase immobilization time, which are important in
the control for the adequate fixation on lipase and its subsequent
and adequate functioning. Finally, the effect on the yield of the
methanol:oil molar ratio and the way of adding methanol to the
reaction system, temperature, and reaction time were studied in
this work.
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