
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 4
:2

9:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Superparamagne
aChemical Engineering Department, FEI Un

SP, 09850-901, Brazil. E-mail: lpeffi@fei.ed
bInstitute of Chemistry, University of São Pa
cPhysics Department, FEI University Center,

Brazil

† Electronic supplementary information
TEM, DLS, zeta Potential of pure magne
composition are available. See DOI: 10.10

Cite this: RSC Adv., 2020, 10, 38490

Received 17th July 2020
Accepted 5th October 2020

DOI: 10.1039/d0ra06215d

rsc.li/rsc-advances

38490 | RSC Adv., 2020, 10, 38490
tic iron oxide nanoparticles
(SPIONs) conjugated with lipase Candida antarctica
A for biodiesel synthesis†

Luis Fernando Peffi Ferreira, *a Thayná Mazzi de Oliveira,a Sergio Hiroshi Toma, b

Marcos Makoto Toyama, b Koiti Araki b and Luis Humberto Avanzi c

Biodiesel is an alternative biodegradable and non-toxic fuel, with a low emission profile and capable of

reducing significantly the level of carcinogenic pollutants released into the atmosphere. A newly

designed nano-biocatalyst prepared by conjugation of lipase A on superparamagnetic iron oxide

nanoparticles (SPIONs) demonstrated high efficiency for production of biodiesel by the reaction of

soybean oil with anhydrous methanol. The nanomaterial was characterized by FTIR, TGA and XRD, and

its enzymatic activity compared with Lipozyme 435, a commercial gold standard from Novozyme™,

which presented average enzymatic activity of 4559 � 75 only twice as large as that of the SPION-CAL-

A catalyst (2283 � 249 PLU g�1), whereas Lipozyme TLIM showed a much lower activity of 588 � 16 PLU

g�1. These results were confirmed in the transesterification reaction for production of biodiesel where

a yield of 11.4% was achieved with Lipozyme 435 and 4.6 � 0.5% with the nano-biocatalyst. Such an

improved performance associated with easy magnetic recovery and reuse make the material potentially

interesting for production of biodiesel from used cooking oil, adding value to this abundant resource.
Introduction

Biodiesel is a more sustainable alternative to petroleum diesel
since it has the advantage of being produced from strategic
renewable agricultural crop sources.1–3 Also, enzymatic conver-
sion of vegetable oils to biodiesel offers amore efficient and lower
waste option than conventional processes.4–8 In fact, hydrolytic
enzymes such as lipases can be used as biocatalysts, although the
industrial application of a biotechnological process has not been
found in the literature. The transesterication reaction9,10 that
takes place, using lipase as a catalyst in the process, is the same
as using chemical catalysts, but with a much higher selectivity
than the reaction based on alkalis as catalyst, and under milder
conditions than using acids.11

Enzymes, such as lipase, can be used to transform the avail-
able biomass into greener, more environmentally friendly and
sustainable value-added products. However, the difficulties in
separating such catalysts from the reaction products, has led to
the development of supported heterogeneous catalysts that have
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as a signicant advantage the possibility of recovery and reuse,
while preserving the efficiency and the nanostructure. Thus,
these materials exhibit a much larger surface to volume ratio, i.e.
a larger specic catalytic active area, in addition to enable the
development of more efficient and selective materials. Properties
similar to those found in molecular systems can be incorporated
by conjugating molecular catalysts on the surface of nano-
particles, whereas the superparamagnetic iron oxide nano-
particles (SPIONs) incorporate the possibility of easy recovery
using magnets, a very relevant advantage considering the quite
high cost of enzymes. However, other supporting materials such
as silica, carbon, alumina and polymer nanoparticles, have also
been used for preparation of nano catalysts for specic applica-
tions conferring greater structural rigidity12 and stability to the
biomolecules,13,14 while keeping the enzymatic activity.15 Addi-
tional advantages such as improved activity and selectivity,
reduced inhibition, as well as ease recovery and reuse of biolog-
ical material16–19 upon immobilization have been reported.

There are two main distinct methods to immobilize enzymes
on nanoparticles surface: (a) by physically trapping (physical
method) and (b) by covalent attachment (chemical method). In
the rst method, enzymes are entrapped in microvolumes/voids,
or within semipermeable wall membranes. In this case, there is
no bonds formed between the support and enzyme, nevertheless
molecules such as substrates and products are able to diffuse in
and out to the reaction medium and come into contact with the
enzyme's active sites, whereas more complex molecules, such as
proteins, are entrapped in the support and are not able to diffuse
This journal is © The Royal Society of Chemistry 2020
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through thewall.20 In the chemicalmethod, proteins are bond to the
surface of the support in three different ways: (a) by ionic, (b) van der
Walls interactions, and (c) covalent bonds with the amino acid
residues in the enzyme and reactive groups graed on the support.20

The choice of the type of support and the method of
immobilization employed depends on the characteristics of the
biological material and the conditions of use of the immobi-
lized catalyst. Therefore, there are no single specic method
and no universal supporting material that can be considered in
all cases.21 Among the support materials, magnetite (Fe3O4) and
maghemite (g-Fe2O3) nanoparticles22 are considered ideal since
are cheap, easy to prepare, chemically stable, and the resultant
enzymatic catalyst can be easily separated by applying
a magnetic eld. On the other hand, among the enzymes sup-
ported on SPIONs,23–25 one of the most commonly used ones for
trans-esterication reaction are lipases.26–29

The immobilization of enzymes such as lipases on magnetic
nanoparticles or other similar supports, where reported to
enhance their stability in a wide range of pHs and solvents, at
mild temperatures, as compared with the free enzyme. In
addition, they showed a reasonable recyclability allowing ve up
to ten cycles of recovery and reuse.30–33 Interestingly, CAL-A
presented much higher enzymatic activity in the trans-
esterication of waste cooking oil34 than PcL (Pseudomonas
cepacian) and TLIM (Thermomyces lanuginosus) in a comparative
study, demonstrating to be a suitable biocatalyst for that
process leading to the formation of higher amounts of product
at a lower activation energy. Those ndings provided a better
understanding of the biocatalytic activity and showed that CAL-
A can be promising for real applications.

However, realizing a hybrid nanomaterial preserving or
enhancing the enzymatic activity is not a trivial task, especially
considering the several possible conformations and anchoring
sites that would block the enzyme active site. Accordingly,
hereon described is a simple method to prepare a lipase-based
nanocatalyst with good activity as compared with Lipozyme 435
for esterication and trans-esterication reaction producing
biodiesel from soybean oil and anhydrous methanol as raw
materials. For this purpose, a glutaraldehyde free nanocatalyst
was developed by using the unusual linker APC (3,4-dihydrox-
yaldehyde or protocatechuic aldehyde) for lipase immobiliza-
tion on SPIONs; and the enzymatic activity and biodiesel
production performance compared with a gold standard sup-
ported commercial enzyme (Lipozyme 435). The magnetic
nano-biocatalyst was easily and rapidly recovered from the
reaction medium using a NdBFe magnet. Another key point of
this work is the preparation of a catalyst by immobilization of
a lower cost CAL-A lipase instead of CAL-B lipase onto SPION
surface, and a non-ordinary choice for biodiesel production.
Fig. 1 (A) Size distribution histogram by number of SPION-CAL-A
nanoparticles measured by DLS. The average diameter is indicated. (B)
TEM image of SPION-CAL-A precursor, showing the about 12 nm
average size of nanoparticles.
Results and discussion

This section is divided in two parts. First, the rawmaterials were
characterized to ensure the quantication of biodiesel produc-
tion assays and the quality of the oil itself. Secondly, the char-
acterization of the catalyst based on enzyme conjugated
This journal is © The Royal Society of Chemistry 2020
magnetic nanoparticles and its application, enzymatic activity
and performance in biodiesel synthesis.

Characterization of raw materials

The average molar mass of the soybean oil, its acidity (IA) and
saponication (IS) index were determined according to the
procedure described in “methodology of characterization of raw
materials”, and presented as the average of at least two assays.

The acidity index represents the fatty acid content while the
saponication index is related to the amount of base necessary
for saponication of the oil. Both chemical parameters are used
by ANVISA35 to determine the quality of oils and fats, which
directly affects the quality of the biodiesel obtained, especially
in base catalyzed reactions. The measured average acidity index
was 0.1554 � 0.036 mg KOH per g, and the saponication index
198.28 � 3.06 mg KOH per g of oil sample. These parameters
were used to determine the averagemolar mass of soybean oil of
849.56� 12.96 g mol�1 based on eqn (3), a value consistent with
those found in the literature ranging around 900 g mol�1.

Characterization of superparamagnetic nanoparticles
conjugated with Candida antarctica enzyme

Dynamic light scattering (DLS). The size of the SPION-CAL-A
prepared by conjugation of Lipase CAL-A onto super-
paramagnetic iron oxide nanoparticles was analyzed by
dynamic light scattering technique giving an average size of
33 nm, as showed in Fig. 1A. This result is a consequence of
a nice control on the preparation and dispersion properties of
the SPION-APC precursor before binding of the CAL-A enzyme
on the surface, since the as prepared SPION is about 10–12 nm
diameter by TEM (Fig. 1B) and DLS (see Fig. S2, in ESI†). Such
RSC Adv., 2020, 10, 38490–38496 | 38491
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Fig. 3 Comparative infrared spectrum of as prepared SPION (top),
SPION-APC intermediate prepared upon bonding of APC on the
SPION surface (bottom), and SPION-CAL-A hybrid (center) obtained
upon conjugation of CAL-A on SPION-APC.
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a result is conrmed by the zeta-potential that changed from
+10.2 mV in the as prepared material to�25.8 mV in the SPION-
CAL-A, suggesting a good dispersibility and colloidal stability in
water (see Table S1, in ESI†).

Infrared spectroscopy (FTIR) and thermogravimetric anal-
ysis (TGA). The TGA (Thermogravimetric Analysis) behavior of
SPION-CAL-A shown in Fig. 2, indicates a 4.5% mass loss until
about 100 �C assigned to weakly bond water molecules, followed
by a 19.5% mass loss at 250 �C due to decomposition of organic
matter (enzyme). The remaining 76% of the initial mass, that
remains stable until up to 700 �C, can be assigned to iron oxide.

The infrared spectrum of the as prepared SPION, SPION-APC
and SPION-CAL-A hybrid enzyme can be compared in Fig. 3. The
as prepared SPION exhibits a broad band at 3397 and 1629 cm�1

that can be assigned to symmetric and antisymmetric O–H
stretching modes of water molecules, whereas the strong band
at 583 cm�1 can be assigned to Fe–O stretching modes of
magnetite (Fe3O4), and the low intensity sharp peaks at 2800-
2950 cm�1 and at 1389 cm�1 to organic species formed in the
thermal decomposition process.

The conjugation of 3,4-dihydroxybenzaldehyde or proto-
catechuic aldehyde (APC),36.37,38 increased dramatically the
number of characteristic peaks in the 1650 to 400 cm�1 range,
as expected for the anchoring of that molecule on the nano-
particle surface through the catechol group. The IR spectrum
bands in (cm�1) were assigned as follow: 3414 (nOH), 1646 (nC]
O aldehyde), 1564 and 1490 (nC]C aromatic), 1294 (nC–H
aldehyde), 1068 (O–H), 899 (aromatic ring) and 589 and 424
(out-of-plane angular deformation of the ring C]C bonds).

The identication of the typical lipase CAL-A modes was
carried out by comparison with SPION-CAL-A and SPION-APC
FTIR spectra. The precise assignment of the vibrational bands
is not feasible because of the overlap of APC linker and lipase
spectrum but signicant differences can be clearly observed in
the 1200 to 1700 cm�1 range upon covalent binding of the
enzyme to the nanomaterial (Fig. 3), characteristic of the
Antarctic Candida Lipase Enzyme (CAL),21,22 in addition to the
magnetite vibrational mode at 577 cm�1. The appearance of two
bands at 2851 cm�1 and 2923 cm�1, assigned to asymmetric
and symmetric C–H stretching modes is remarkable,
Fig. 2 TGA profile of SPION-CAL-A in air, in the 20 to 700 �C range.

38492 | RSC Adv., 2020, 10, 38490–38496
conrming the successful conjugation of CAL-A on the SPION
surface. However, it is not clear yet if the enzyme is bound with
suitable conformation keeping its high catalytic activity.
Nevertheless, the magnetic properties of SPION-CAL-A allowing
its easy separation from the reaction medium, thus making it
environmentally more sustainable, is given by the crystal
structure of the magnetite core.

XRD of enzyme conjugated magnetic nanoparticles (SPION-
CAL-A). The experimental (black line) and simulated (red line)
X-ray diffractogram of SPION-CAL-A (Fig. 4) showed a very good
agreement indicating that the core is made of magnetite. The
simulated curve was obtained using the MAUD soware39,40,41

based on the crystallography information les (cif) at Crystal-
lography Open Database (COD).42 In fact, the comparison of the
experimental and simulated results indicated that the sample
has 98.4 wt% of cubic magnetite, and a small amount of
tetragonal Fe responsible for the sharp reection at 2q ¼ 32�

and the peak at 2q ¼ 46�. All the other reections were consis-
tent with the cubic magnetite structure.

All relevant crystallographic lattice parameters for both
crystalline phases, as well as the goodness of t results obtained
from simulation, are shown in Table 1.

Enzymatic activity. The activity of an immobilized enzyme is
strongly dependent on the bridging unit and the anchoring
conformation, but it is very difficult to probe such effects by the
available characterization techniques. Accordingly, such an
information was assessed by comparison with the commercially
available Lipozyme 435 and Lipozyme TLIM, the analogous
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Experimental (black line) and perfectly matching simulated (red
line) X-ray diffraction pattern for the SPION-CAL-A nanoconjugate
material. The residual difference of simulated and experimental curves
is shown at the bottom of the figure.

Table 1 Crystallographic information of SPION-CAL-A sample,
consistent with magnetite and tetragonal iron crystalline phases of the
nanomaterial, obtained from MAUD software

Magnetite (Fe3O4)
a Fe

a (Å) 8.38820 � 0.00086 5.64474
b (Å) — 5.64474
c (Å) — 20.8857
% wt 98.4 1.60 � 1.0
Crystallite size (Å) 103.9 � 1.2 —
Crystal lattice symmetry Cubic Tetragonal
Goodness of t (gof)
Rwp ¼ 5.38% Rexp ¼ 5.16% s ¼ 1.05

a Magnetite is the main phase with standard lattice parameter at 25 �C
of 8.396 Å (JCPDS le 16-0629).
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materials that can be considered the gold standards. This
parameter was also used tomeasure the amount of immobilized
enzyme required for biodiesel production, in order to keep the
enzymatic activity in the trans-esterication reaction constant.
However, the enzymatic activity is generally assayed using the
esterication reaction of lauric acid with isopropanol, whose
results are shown in Table 2.

The results listed in Table 2 are comparable since all three
assays were carried out in similar experimental conditions.
Clearly, Lipozyme TLIM from Thermomyces lanuginosus has
a much lower enzymatic activity for esterication reaction than
Lipozyme 435 (7.7 times) based on CAL-B and SPION-CAL-A (3.9
Table 2 Enzymatic activity for the esterification reaction of lauric acid w

Enzymes Activity 1 (PLU g�1) Activity 2 (PLU g�1

Lipozyme 435 3074.42 3003.56
Lipozyme TLIM 192.15 199.69
SPION-CAL-A 631.5 541.15

a PLU normalized per gram of enzyme supported on SPION, considering t
measured for SPION.

This journal is © The Royal Society of Chemistry 2020
times). A typical composition of the biodiesel obtained in the
trans-esterication reactions are presented in Fig. S3 and S4
(ESI†).

The lipase used in this commercial product, Candida ant-
arctica lipase B, is not exactly the same as that in SPION-CAL-A
conjugate, where CAL-A was used instead. The Lipozyme 435
(CAL-B) presented an enzymatic activity twice as large than
SPION-CAL-A (Table 2),43,44 a value similar to those reported in
the literature, indicating that APC is a good bridging/anchoring
unit and the binding conformation achieved is suitable to
preserve the enzymatic activity of variant A of the enzyme itself.
For example, the enzymatic activity of CAL-A and CAL-B
immobilized on iron oxide nanoparticles described in the
literature23,44 were respectively 3499 U g�1 and 6300 U g�1 of
enzyme with 84% of immobilization yield, for the hydrolysis of
p-NPB (p-nitrophenyl butyrate), i.e. CAL-B showed 1.8 times
larger activity than CAL-A indicating that our conjugation
method is as good as the commercial one.

The validity of our method for evaluation of the enzymatic
activity is corroborated by comparing the activity of the enzyme
TLIM, whose value found in the literature is 443� 25 PLU g�1 45

whilst we obtained 588 � 16 PLU g�1. In addition, the catalytic
activity of the CAL-A enzyme supported on SPION was also
measured to evaluate its effect. A systematic assay was carried
out using 1, 2, 3, 5 and 10% of SPION and molar proportion of
soybean oil/methanol of 1 : 6, and 4 to 6 hours of reaction time,
at 60 �C, at 300 rpm in a shaker. No esterication reaction
product was found demonstrating that SPION is sole acting as
support in addition to incorporate magnetic properties to the
SPION-CAL-A hybrid, imparting no effect to the catalytic prop-
erties of lipase CAL-A enzyme immobilized on the surface.
Similar result is expected for SPION-APC as well since APC does
not exhibit any catalytic activity.

Biodiesel synthesis. Considering the fact that lipase CAL-B is
the enzyme most used commercially, the efficiency of SPION-
CAL-A for the trans-esterication reaction aiming the produc-
tion of biodiesel was evaluated in comparison with Lipozyme
435 (CAL-B). The yields were calculated based on the amount of
glycerin formed in the reaction, since this by product is generated
in the complete trans-esterication reaction of a triglyceride
generating three equivalents of biodiesel per equivalent of glycerin.
The amounts of this species were determined using the periodate
method described in the section “determination of glycerin
content” and the results are presented in Table 3 below.

Assays were conducted by adding equal volumes of methanol
in three portions of both catalysts. As expected, Lipozyme 435
ith isopropanol, and titration with aqueous 0.05 mol L�1 KOH solution

) Average & deviations Normalized activity (PLU g�1)a

3039 � 50 4559 � 75
196 � 5 588 � 16
586 � 64 2283 � 249

he mass of enzyme actually present on catalyst. No catalytic activity was

RSC Adv., 2020, 10, 38490–38496 | 38493
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Table 3 Yields of glycerin and biodiesel in enzyme catalyzed trans-
esterification reactions

Enzymes Glycerin (g) Initial mass of oil (g) Yield (%)

Lipozyme 435 0.0623 5.04 11.4
SPION-CAL-A 0.0252 5.05 4.60
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achieved a better biodiesel yield than SPION-CAL-A, which
corroborates the commercial production based on CAL-B lipase
enzyme instead of CAL-A lipase. However, the observed differ-
ence was not as large as that obtained in the enzymatic activities
reported in the literature. In fact, the biodiesel yield obtained in
the synthesis was 40%, whereas the catalytic capacity of SPION-
CAL-A was about 50% of that obtained with Lipozyme 435, an
excellent result considering the performance of CAL-A reported
in the literature.46,47

An interesting fact was noted upon washing SPION-CAL-A
with pH ¼ 7.0 phosphate buffer solution to check for glycerin
adsorption on the nanoparticles surface. The results indicated
that 0.9 wt% of glycerin was retained in the material lowering
the expected biodiesel yield determined based on that byprod-
uct. Note that a signicant fraction produced in the trans-
esterication reaction was not considered in the initial
analyses, thus distorting the results by the periodate method.
Furthermore, the glycerin molecules may cause steric
hindrance slowing down the diffusion of the reagents to the
active sites of the enzymes immobilized on the SPION.

Although biodiesel production results are low when
compared to those obtained with the commercial catalyst
(Lypozime 435), a switch to CAL-B and new assays are warranted
due to the better efficiency of this enzyme in trans-esterication
reaction and the possibility of cleaner production of biodiesel
using magnetically recoverable heterogeneous nano-
biocatalysts. Another point to be considered is the simplica-
tion of biodiesel and glycerin purication steps due to the easy
separation of the catalyst by a magnet and its absence in the
nal product.
Experimental
Materials

Analytical grade reagents were used to prepare all solutions.
Sulfuric acid (98 wt%) was acquired from Vetec®, hydrochloric
acid (37 wt%) were purchased from Dinâmica®; isopropyl
alcohol (99.5 wt%), sodium periodate (99.8 wt%), monoethylene
glycol (99 wt%), sodium hydroxide (>97 wt%) and potassium
hydroxide (>97 wt%) were purchased from Neon. Absolute
methanol (99.95 wt%), absolute ethanol (99.95 wt%), THF and
ammonium hydroxide (99.8 wt%) were acquired from Merck®.
lauric acid (99.8 wt%), Candida antarctica Lipase A (CAL-A)
recombinant from Aspergillus oryzae, and 4 Å molecular sieves
were purchased from Sigma-Aldrich®. Lipozyme 435 and lip-
ozyme TLIM were purchased from Novozyme®, and Soya®
soybean oil was acquired at local market.
38494 | RSC Adv., 2020, 10, 38490–38496
Methods
Characterization of raw material

Average molar mass. The average molar mass of the soybean
oil (MMaverage) was calculated according to eqn (1), using the
acidity (IA) and saponication (IS) indexes, according to Adolfo
Lutz Institute.48 From this value, the required amounts of
reagents for biodiesel synthesis assays were calculated using
eqn (1),

MMaverage ¼ 3000MKOH

ðIS� IAÞ (1)

where MKOH: KOH molar mass (g mol�1); IS: saponication
index (mg KOH per g of oil sample); and IA: acidity index (mg
KOH per g of oil sample).

Enzymatic activity and biodiesel assay. For the measurement
of enzymatic activity, 0.050 � 0.005 g of SPION-CAL-A and 0.2 �
0.015 g of 4 Å molecular sieves were transferred into a 50 mL
Falcon® conical centrifuge tube, then 4 mL of 0.125 mol L�1

lauric acid solution in isopropanol was added and immediately
stirred in a shaker (120 rpm), at temperature of 60 �C, for 15
minutes. Simultaneously, similar reactions were carried out
with the commercial Lipozyme 435 and Lypozyme TLIM, as well
as a control reaction using pure SPION without enzyme.

An activity unit (PLU ¼ Propyl Laurate Unit)26,29 is dened as
the amount of enzymatic activity capable of generating 1 mmol
of isopropyl laurate per minute under dened assay conditions.
The enzymatic activity was determined accordingly using the
eqn (2):

Activity

�
PLU

g

�
¼

�ðVb � VaÞ50fc
m

�
(2)

where Va: volume of KOH solution spent for sample titration
(mL); Vb: volume of KOH solution spent for titration of the
control reaction (mL); m: enzyme mass (g); fc: correction factor
considering a 0.05 M KOH solution.

Biodiesel by trans-esterication reaction. The biodiesel
production by transesterication reaction was performed by
weighing equal masses of soybean oil, methanol and SPION-
CAL-A catalyst. The reaction was performed by fractionating
the amount of methanol in three equal parts, and adding them
every 3 h into the reaction mixture, under stirring. Each assay
used 5 g of oil, 2.71 g of methanol and 0.4 g of enzyme. The
Falcon tubes containing the reaction mixture were shaken for
a period of 24 hours, at 300 rpm and a temperature of 60 �C, and
centrifuged at 4000 rpm for 15 minutes for phase separation.

Determination of glycerin content. The efficiency of
conversion in the trans-esterication reactions was measured
by analyzing the amount of glycerin in both, the biodiesel and
glycerin phases, and adsorbed on the catalyst, using the peri-
odate method.49,50 The glycerin mass percentages were obtained
in those phases, and the yield calculated considering the reac-
tion stoichiometry and mass balance.

The biodiesel percentage yield was obtained as the ratio of
the number of mols of glycerin actually formed in the reaction
and the number of mols of glycerin theoretically expected from
the reaction stoichiometry, according to eqn (3):
This journal is © The Royal Society of Chemistry 2020
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100 (3)

Preparation of SPION-CAL-A catalyst

SPION graed with APC. In the rst step, 10 mL of SPION
nanouid, corresponding to approximately 1.0 g of Fe3O4

nanoparticles, was added into 25 mL of THF in a 50 mL Falcon
tube, vortexed for 10 s, precipitated magnetically, and the
supernatant liquid decanted away. This washing procedure was
repeated two more times and the solid dried in a desiccator,
under vacuum. Then, the solid SPION was dispersed in 10mL of
distilled water and 10 mL of ETOH; mixed with 150 mg of APC
in 10 mL of ethanol, vortexed for 10 seconds, kept in an ultra-
sound bath for 20 minutes, and then stirred in an orbital mixer
for 20 minutes to allow proper dispersion and reaction. Finally,
the functionalized SPION-APC was precipitated out magneti-
cally, the supernatant decanted away and the solid washed with
40 mL of ETOH. Then, washed twice with 10 mL of distilled
water and 40 mL of ETOH, and nally washed twice with 40 mL
of THF, and dried in a desiccator under vacuum.

Conjugation of lipase CAL-A on SPION-APC. CAL-A (250 mg)
was suspended in 15 mL of 10 mM PBS, pH 7.4, and reacted
overnight with SPION-APC, dispersed in 10 mL of distilled
water, in a vortex. The enzyme is covalently linked by formation
of an amide bond between the free aldehyde group of APC and
an amine group of the enzyme. The solid was magnetically
separated and washed with 20 mL of deionized water, then
three times with 20 mL of a 10 mM PBS solution, and with
20 mL of deionized water. Finally, the solid SPION-CAL-A cata-
lyst was dried in a desiccator under vacuum for 24 hours.
Characterization of SPION-CAL-A

Infrared pectroscopy (FTIR) and thermogravimetric analysis
(TGA). TG plots were obtained in a Shimadzu model DTG-60
apparatus sweeping the temperature from 36 �C to 700 �C in
synthetic air as purging gas, and platinum pan for sample and
reference (empty), setting the heating ramp to 10 �C min, as
shown in the discussion section.

Infrared spectra (FTIR) were registered in an ALPHA spec-
trophotometer from Bruker, in the 400 to 4000 cm�1 range, in
transmittance mode. The samples were prepared as KBr disks
by dispersing 1 mg of material in 100 mg of KBr and pressing.
The results presented are the average of at least 16 scans.

X-ray diffractometry (XRD). The powder X-ray diffraction
measurements, in the q–2q mode, were carried out in a Bruker
D2 Phaser diffractometer equipped with a Cu Ka radiation
source (l ¼ 1.5418 Å).

Dynamic light scattering (DLS). Dynamic Light Scattering
measurements were performed using a Malvern Zetasizer Nano
ZS90 equipment. The samples were prepared by dispersing the
materials in pH 7.4 PBS solution.
Conclusions

The new superparamagnetic iron oxide nanoparticle conjugated
to Lipase A (SPION-CAL-A) was synthesized using APC as
This journal is © The Royal Society of Chemistry 2020
a linker in the enzyme immobilization process on its surface,
a strategy that demonstrated to be simple and very effective for
production of such a magnetic nano-biocatalyst. The nano-
material was characterized primarily by comparing the FTIR
pattern of the components, and then by TGA and XRD. These
measurements conrmed the successful conjugation of the
enzyme on the nanoparticle surface. The effectiveness of this
process was veried based on the measurement of the enzy-
matic activity and performance in the trans-esterication reac-
tion for production of biodiesel from soybean oil.

The characterization of soybean oil for reaction with meth-
anol aiming the preparation of biodiesel, was performed by
determination of the respective acidity and saponication
indexes, which were consistent with an average molar mass of
849.56 � 12.96 g mol�1.

The tests conrmed that the commercial enzyme Lipozyme
435 has better activity and biodiesel production performance
when compared to the SPION-CAL-A enzyme conjugated nano-
particle. This is possibly due to the fact that Lipozyme 435 uses
Candida antarctica lipase B, which shows higher enzymatic
activity than lipase A used in the preparation of SPION-CAL-A
catalyst, that demonstrated a much higher enzymatic activity
than expected considering the enzymatic activity reported in the
literature for CAL-A relative to CAL-B. Such an enhanced activity
associated with the possibility of easy magnetic recovery and
reuse make the material potentially interesting for real appli-
cation as esterication and trans-esterication catalyst, espe-
cially for production of biodiesel from used cooking oil, adding
value to this abundant resource.
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