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Abstract: In this research, core—shell structured Fe3O,@MIL-100(Fe) composites were prepared
by coating Fe;O, magnetite with porous MIL-100(Fe) metal-organic framework (MOF) material,
which were then utilized as magnetic supports for the covalent immobilization of the lipase from
Candida rugosa through amide linkages. By using the carbodiimide/hydroxysulfosuccinimide
(EDC/NHS) activation strategy, the lipase immobilization efficiency could reach 83.1%, with an
activity recovery of 63.5%. The magnetic Fe;O,@MIL-100(Fe) composite and immobilized lipase
were characterized by several techniques. The characterization results showed that the FezO4 core
was coated with MIL-100(Fe) shell with the formation of perfect core—shell structured composites,
and moreover, the lipase was covalently tethered on the magnetic carrier. The immobilized lipase
displayed a strong magnetic response and could be facilely separated by an external magnetic field.
With this magnetic biocatalyst, the maximum biodiesel conversion attained 92.3% at a methanol/oil
molar ratio of 4:1, with a three-step methanol addition manner, and a reaction temperature of 40 °C.
Moreover, the biocatalyst prepared in the present study was recycled easily by magnetic separation
without significant mass loss, and displayed 83.6% of its initial activity as it was reused for five runs,
thus allowing its potential application for the cleaner production of biodiesel.

Keywords: magnetic composite; immobilized lipase; transesterification; biodiesel;
metal-organic framework

1. Introduction

Biodiesel fuels, basically consisting of methyl esters of long-chain fatty acids (FAs) and as a
viable alternative clean energy, are expected to replace petroleum-based fuels in accordance with
the requirements of sustainable development [1,2]. Commonly, biodiesel is easily produced by
catalytic transesterification of plant oils or animal fats with methanol. Conventional homogeneous
alkaline catalysts (including NaOH or KOH) are frequently adopted for the transesterification reaction
thanks to their high activities. However, the homogeneously catalyzed transesterification process
has major constraints for the production of biodiesel, such as the difficulties in the catalyst recovery
and the undesirable yielded wastewater [3,4]. In this connection, a green and cleaner production
has stimulated development of heterogeneous catalysts as replacements for homogeneous catalysts
for the transesterification processes. Heterogeneous catalysts have several merits in addressing the
aforementioned issues of homogeneous catalysts, such as they are environmental friendly, have easy
separation, and have fewer disposal problems, thus greatly minimizing the formation of wastes and
allowing the transesterification procedure to be even more effective [5,6].

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) are an important class of enzymes, which are
used widely for esterification and transesterification reactions. The lipase-mediated transesterification
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process is environmentally friendly, sustainable, and has a lower susceptibility to free FAs and moisture
present in the oil feedstocks, and thus is beneficial for biodiesel production [7]. In comparison with
chemical catalysts, the production of biodiesel using lipase catalysts can provide several advantages,
such as mild reaction conditions, non-toxicity, and less by-products [8,9]. However, the practical
application of native lipases suffers from inherent hitches, including their difficulties of recovery and
their unsatisfactory operational stabilities. The immobilization of lipase on suitable porous carriers
is an efficient approach to improve the enzymatic biodiesel production by enhancing the catalytic
stability and facilitating the reutilization of lipase [9,10]. In this regard, various methods for lipase
immobilization, including physical adsorption, covalent binding, as well as hydrophobic ion affinity
ligation, have been extensively explored so far. In particular, covalent binding approach is deemed to
be a viable and appealing method for the immobilization of a lipase by the tight fixation of the enzyme
against its leaching from the support [11-13].

Over the past decades, a growing attention has been paid to porous nanomaterials that can be
employed as an important support for enzyme immobilization because of their large surface area and
low mass transfer resistance [14]. The reduction in the size of the immobilized lipase can permit better
exposure to and access of the active sites. Filtration and centrifugation methods are usually utilized
for the separation of the immobilized lipase from the reaction mixture. In most cases, the recycling
of immobilized lipases with small sizes is difficult, making these conventional separation methods
time-consuming and inefficient. Moreover, the inevitable loss of the biocatalysts in the separation
processes can also preclude their wide practical application [12,14]. From a sustainability point of
view, it is still of great demand to fabricate a novel enzyme support with the aim of improving the
separation performance of the immobilized lipase. Quite recently, magnetic materials, when used
as enzyme supports, have attracted great research attention since the magnetite-loaded enzyme can
allow solid-liquid separation to be done fast and facilely, with minimal mass loss, by applying an
external magnet [15,16]. Unfortunately, magnetic nanoparticles may easily aggregate into large clusters,
owing to their magnetic dipole-dipole attractions. This phenomenon greatly lowers the catalytic
activities and impedes them from being well-dispersed in the liquid substrate mixture. Additionally,
the naked magnetic nanoparticles always show instability over longer periods of time because of their
sensitivities to oxidation [17,18]. To address these issues, appropriate passive porous materials, such as
carbon materials, silica, and organic polymer, are reported to be coated on the magnetic nanoparticles
in an attempt to greatly suppress their aggregation and also to effectively enhance their chemical
stabilities [19,20]. The thus-formed core-shell structured composites, consisting of a magnetite core
and a porous material shell, are of particular interest due to the comprehensive advantages of their
individual components.

Among the porous materials, metal-organic frameworks (MOFs), produced through self-assembly
of metal clusters with interconnected organic linkers, have become regarded as excellent catalyst
supports owing to their highly ordered crystalline structure, tunable porosity, and large surface
area [21]. However, to our knowledge, very limited works have appeared to immobilize the lipase
on the MOF support [22,23]. Nevertheless, the encapsulation of MOF materials onto the magnetic
nanoparticle is attempted in order to fabricate core-shell magnetic composites that can combine a high
regular porosity with a magnetic property. The so-formed hybrid composites would be beneficial for
high lipase loading and strong affinity for lipase, and more significantly, can be facilely separated and
reutilized by an external magnetic field.

The iron(III) trimesate MIL-100(Fe) MOF (MIL = Materials of Institute Lavoisier) materials are made
up of trimers of iron(Ill) octahedra interconnected via covalent bonds to the 1,3,5-benzenetricarboxylate
linker, possessing a rigid zeotype crystal structure with high surface area, abundant carboxyl groups,
and high chemical stabilities [24-26]. Of particular interest, these surface carboxyl groups are exposed
on the surface of MIL-100(Fe) MOFs and can be activated by the carbodiimide/hydroxysulfosuccinimide
(EDC/NHS) strategy [27]. Subsequently, the so-activated MIL-100(Fe) MOFs are covalently bound to
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the lipase by amide linkages to afford the immobilized lipase, whereby the lipase is highly accessible
and retains good activities.

Based on the above considerations, the present research was intended to prepare core-shell
structured Fe;O4@MIL-100(Fe) composites by a step-by-step self-assembly methodology, and then
the lipase from Candida rugosa was bound onto the surface of the core-shell magnetic
composites using EDC/NHS activation strategy so as to form a magnetically recyclable biocatalyst.
The Fe;04@MIL-100(Fe) composite and immobilized lipase were fully characterized by means of
enzymatic activity assays, Fourier transform infrared (FI-IR) spectra, transmission electron microscopy
(TEM), vibrating-sample magnetometer (VSM), powder X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and nitrogen adsorption-desorption measurements. The lipase immobilization
process was optimized regarding the immobilization efficiency and activity recovery. The catalytic
activity was investigated in the transesterification of soybean oil for the enzymatic production of
biodiesel. Here, soybean oil was selected as a feedstock mainly due to its easy availability in China.

The main innovation of this research is related to the preparation of the recyclable biocatalyst with
a magnetic core-shell structure and its successful application for the cleaner production of biodiesel in
a heterogeneous manner. Particularly, this magnetic behavior permits the developed biocatalyst to be
easily and efficiently recycled, with minimal mass loss, by using a permanent magnet.

2. Results and Discussion

2.1. Enzymatic Activities of the Immobilized Lipase

The synthetic route of the Fe30,@MIL-100(Fe) support and immobilized lipase is depicted
in Figure 1. EDTA-2Na was used for the functionalization of magnetic particles, and the
carboxyl-functionalized Fe3;Oy particles are coated with MIL-100(Fe) MOFs by means of a step-by-step
self-assembly method. In this case, the chelation interactions between FeZ" cations on the Fe;0,
particles and the bridging organic linkers (COO™) of MIL-100(Fe) MOFs can induce the initial nucleation
and growth of the MOF shell. Moreover, this layer-by-layer approach can endow the uniform deposition
of the MIL-100(Fe) shell, and the MOF thickness on the magnetic particles can also be modulated
by performing different growth cycles. The uniform thickness of the MIL-100(Fe) MOFs is favorable
for high loadings of lipase on the magnetic composite. Thereafter, the resultant Fe304,@MIL-100(Fe)
was chemically activated by the EDC/NHS strategy to generate imide functionalities on the magnetic
support surface for the subsequent covalent binding with amino groups of the lipase. By this EDC/NHS
activation strategy, the lipase could be firmly fixed on the surface of the core-shell magnetic support,
on which several terminal amino groups of the lipase react readily with the NHS ester groups. As the
lipase is bound to the magnetic support, its structure seems to become more rigid, thereby leading to
the improved stabilities of the bound lipase.

The enzymatic activity of the immobilized lipase was assessed in the transesterification of soybean
oil. As expected, the transesterification reaction did not take place without a catalyst, and the
Fe;0,@MIL-100(Fe) support exhibited no catalytic activity for the transesterification reaction. As the
native lipase was used for the reaction, the oil conversion of 91.8% could be obtained under the
reaction conditions. However, as aforementioned, the native lipase has technical problems due to
its homogeneous nature, including the difficulty of the separation together with non-reusability of
biocatalysts. In order to examine the possibility of the physical adsorption of lipase on the magnetic
support, we attempted to prepare the immobilized lipase without the EDC/NHS activation step.
The thus-obtained biocatalyst showed lower activities toward the transesterification reaction, giving
an oil conversion of 65.6%. Moreover, the oil conversion was remarkably reduced to 35.8% as the
recovered biocatalyst was utilized for the first recycle run. However, after immobilization of lipase onto
the magnetic support with the EDC/NHS activation methodology, the immobilized lipase developed in
the present research displayed high transesterification activities and stabilities with an oil conversion
of 92.3%.
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Figure 1. Schematic representation of the preparation of core-shell structured Fe;O,@MIL-100(Fe)
composites and the subsequent immobilization of lipase onto the magnetic composite.

2.2. Characteristics of the Immobilized Lipase

Figure 2 presents the graphical FI-IR spectra of the magnetite core, naked Fe3O4,@MIL-100(Fe), and
lipase-bound Fe30,@MIL-100(Fe). For Fe304 sample (Figure 2a), the IR absorption peak at 586 cm™!
was discernible, which could be assigned to the characteristic absorption of Fe-O bond in the Fe;Oy
magnetite [16,18]. In addition, the IR band at 1635 cm™! mainly originated from the bending vibration
of water present in the magnetite [16]. Moreover, the shoulder IR peak at 1709 cm™! resulted from
the C=0 stretching vibration of the surface carboxyl groups, which elaborated that the surface of the
Fe304 was carboxyl-functionalized for the subsequent coating with the MIL-100(Fe) MOFs. As for the
Fe3;04,@MIL-100(Fe) sample (Figure 2b), the IR absorption band situated at 1713 cm™! was reasonably
attributed to the C=0 stretching mode in the MIL-100(Fe) component. Moreover, two distinct IR
peaks appeared at 1629 cm~! and 1376 cm~!, which could correspond to the COO~ anti-symmetric
and symmetric stretching vibration of the organic ligand H3zBTC, respectively [24,25]. In additional,
the IR absorption peaks at 1571 cm ™! and 1441 cm™~! could be ascribed to the stretching vibration of
benzene rings [28]. Obviously, the Fe-O bond vibration absorption peak was also shown at 586 cm™,
demonstrating that the existence of Fe3Oy in the magnetic FesO4@MIL-100(Fe) support. In the IR
spectrum of the immobilized lipase, there were two IR absorption bands at 1642 cm~! and 1551 cm™! to
be observed as shown in Figure 2c. Even though these two IR bands were probably overlapped with the
COO™ anti-symmetric and symmetric stretching vibration absorption bands, they mainly originated
from amide I and II of the lipase [15,18]. Furthermore, the characteristic IR bands assignable to the
Fe;0,@MIL-100(Fe) support were also found for the immobilized lipase. Such IR results collectively
revealed that the amide linkages were formed between the enzyme and the magnetic composite during
the immobilization process. Taking these IR results into account, we can conclude that the lipase was
indeed bound on the Fe;O,@MIL-100(Fe) support.

The morphological characteristics of the Fe;0,, FesO4@MIL-100(Fe), and the immobilized
lipase were identified by SEM and TEM techniques. As can be observed from the SEM images
(Figure 3), the Fe30y particles had a regularly spherical shape with uniform particle size. Moreover,
the Fe30,@MIL-100(Fe) and immobilized lipase also displayed spherical shapes, and the mean particle
sizes for the two samples were increased after the coating of MIL-100(Fe) MOF and subsequent binding
of the lipase. The TEM images of the selected samples are presented in Figure 4. Morphologically,
the Fe304 microspheres were uniform and monodispersed with a mean diameter of about 300 nm.
After being encapsulated with MIL-100(Fe) MOF, the obtained Fe;O,@MIL-100(Fe) composite showed
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a perfect core—shell structure, composed of a dark FezOy core and a clear gray MOF shell, with a
mean diameter of approximately 400 nm, thus implying the magnetic core was virtually coated with
the MIL-100(Fe) material. The thickness of the compact MOF shell can be adjusted by varying the
growth cycles. In this work, after ten growth cycles, the MOF shell thickness of the Fe;04,@MIL-100(Fe)
composite was estimated to be approximately 100 nm. Additionally, the morphology and size for
the lipase-bound Fe3;0,@MIL-100(Fe) samples were not significantly varied in comparison with the
Fe3;04@MIL-100(Fe) support, suggesting the magnetic core—shell structure was not destroyed after the
lipase loading. As such, this core-shell structured support does not only have composite magnetic
behaviors, but also offers accessible surface carboxyl groups for binding of the Candida rugosa lipase.
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Figure 2. FT-IR spectra of Fe30,4 microsphere (a), Fe304@MIL-100 (Fe) support (b) and the immobilized
lipase (c).

Figure 3. SEM images of Fe3O4 microsphere (a,b), Fe;0,@MIL-100 (Fe) support (c,d), and the
immobilized lipase (e,f).



Catalysts 2019, 9, 850 6 of 19

& R

(b) (d) ‘. )
00

100 nm 100 nm 100 nm

( ()

s

Figure 4. TEM images of Fe3O4 microsphere (a,b), Fe30,@MIL-100 (Fe) support (c,d) and the
immobilized lipase (e,f).

The crystalline structure of the Fe;0y4, Fe;04@MIL-100(Fe), and the immobilized lipase was
characterized by XRD techniques. As illustrated in Figure 5a, the Fe;O4 showed six characteristic
XRD peaks at 26 of 30.1°, 35.5°, 43.2°, 53.5°, 57.2°, and 62.7°, which could be ascribed to the
typical crystallographic plane reflections, (220), (311), (400), (422), (511), and (440), of Fe3O4
magnetite, respectively, corroborating a spinel crystalline structure of Fe3O4 (JCPDS database file,
No.85-1436) [16,18,29]. After encapsulation of MIL-100(Fe) into Fe;O;, as disclosed in Figure 5b,
the Fe3O4@MIL-100(Fe) support had similar characteristic XRD peaks to Fe3O4, with a slight difference
in the Bragg diffraction intensity. Moreover, an additional XRD peak located at 10.9° was observed,
attributing to the crystallographic plane of the MIL-100(Fe) MOF [24,25]. Such XRD results further
implied that the MIL-100(Fe) was practically coated onto the Fe;O, magnetite and the crystal phase of
the Fe3O4 remained essentially unchangeable in the preparation processes. After immobilization of
the lipase, the characteristic XRD peaks for both Fe3O4 and MIL-100(Fe) were absolutely remained for
the immobilized lipase (Figure 5c). Accordingly, the immobilized lipase well maintained its magnetic
features, thus permitting the efficient and facile separation of the biocatalyst after the reaction.
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Figure 5. XRD patterns for Fe3O4 microsphere (a), Fe3O,@MIL-100 (Fe) support (b), and the immobilized
lipase (c).
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To further verify the successful preparation of the magnetic support and the immobilized lipase,
the surface chemical states were investigated by XPS techniques, as shown in Figure 6. The comparative
survey spectra (Figure 6a) exhibited various XPS peaks at binding energies of 286.35 eV, 533.02 eV,
and 712.01 eV, which could be attributable to C 1s, O 1s, and Fe 2p for both the magnetic support and
the immobilized lipase, respectively [25,30]. More importantly, an extra N 1s XPS peak at a binding
energy of 400.36 eV, due to the lipase, was clearly observed in Figure 6a for the immobilized lipase,
further confirming that the lipase was practically tethered onto the magnetic composite. By using a
curve-fitting approach, the deconvoluted C 1s spectra of Fe30,@MIL-100(Fe) are illustrated in Figure 6b.
As observed, three XPS peaks centered at 284.79 eV, 286.27 eV, and 288.76 eV were presented, which were
tentatively assigned to C—C/C=C (aromatic rings), C-O, and O-C=0 of MIL-100(Fe), respectively [25].
In addition to the three similar XPS peaks, the curve-fitting C 1s spectra of the immobilized lipase
(Figure 6¢) showed a new XPS peak situated at 285.42 eV, which was undoubtedly arisen from the
C-N of the lipase [31]. The high-resolution Fe 2p spectra of the Fe;0,@MIL-100(Fe) and immobilized
lipase are depicted in Figure 6d. For the two samples, the Fe 2p1/2 and Fe 2p3/2 peaks were observed
at 725.43 eV and 711.27 eV, respectively, with the separation (2p1/2-2p3/2) of 14.16 eV highlighting
the existence of Fe30; in the Fe30,@MIL-100(Fe) and the immobilized lipase. Moreover, the satellite
XPS peak at about 717.5 eV was also seen for the two samples, which could be originated from the
Fe(III) in the MIL-100(Fe) MOF [30]. Furthermore, the curve-fitting O 1s spectra of the immobilized
lipase (Figure 6e) exhibited three XPS peaks at 530.55 eV, 532.08 eV, and 535.36 eV, attributing to
Fe-O, C-O/C=0, and O-C=0 in the immobilized lipase, respectively [31,32]. As compared to the
magnetic support, the immobilized lipase had new N 1s XPS peaks located at 400.11 eV and 399.19 eV,
respectively, as shown in Figure 6f, which could be ascribed to CO-NH- and amino groups of the
lipase, evidencing the immobilization of the lipase on the magnetic support [32]. Overall, the above
XPS results further validated that the Fe30,4 was indeed coated with the MIL-100(Fe) MOF and the
lipase was loaded on the magnetic Fe30,@MIL-100(Fe) support.

The nitrogen adsorption-desorption isotherms of the Fe3O,@MIL-100(Fe) and immobilized
lipase microsphere are given in Figure 7. For the Fe30,@MIL-100(Fe) support, according to IUPAC
(International Union of Pure and Applied Chemistry) classifications, the nitrogen adsorption-desorption
isotherm exhibited mixed type I/IV curves with H2-type hysteresis loop, which was characteristic
of both micro and mesopores [26]. However, the isotherm of the immobilized lipase was of type
IV, indicative of the presence of mesoporosity. The Fe;O4@MIL-100(Fe) had a high surface area of
271.1 m?/g, a pore volume of 0.19 cm®/g, and a mean pore size of 6.09 nm. For the immobilized lipase
sample, the surface area and pore volume were measured to be 36.43 m?/g and 0.12 cm®/g, respectively,
and the mean pore size was 6.88 nm. Clearly, the decrease in the surface area and pore volume resulted
from the binding of the Candida rugosa lipase. However, the mean pore size was shown to increase
after the lipase immobilization. Such phenomenon has also been reported for MOF materials by
other researches [23]. By drawing on the results, the high surface area and porous structure of the
Fe;04@MIL-100(Fe) composites can endow the lipase to be highly dispersed on the magnetic support
and then allow the efficient access of substrates to the bound lipase.
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Figure 6. XPS spectra for (a) the survey spectra of Fe;0,@MIL-100(Fe) and the immobilized lipase;
(b) C 1s spectra of Fe30,@MIL-100(Fe); (c) C 1s spectra of the immobilized lipase; (d) Fe 2p spectra of
Fe304,@MIL-100(Fe) and the immobilized lipase; (e) O 1s spectra of the immobilized lipase; and (f) N
1s spectra of the immobilized lipase.
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The magnetic separability of the immobilized lipase was assessed using a vibrating sample
magnetometer along with a visible magnetic separation experiment. The comparative magnetization
hysteresis loops are illustrated in Figure 8. As could be seen, the magnetization curves of the three
selected samples (Fe3O4, Fe304@MIL-100(Fe), and immobilized lipase) displayed almost zero coercivity
or remanence at room temperature, and no hysteresis loop was clearly found, thereby indicating
their paramagnetic properties [16,18,32]. Such magnetic features showed that the biocatalyst could be
attracted by an external magnet, whereas no residual magnetism was retained as the magnetic field
was removed. The corresponding saturation magnetization of the Fe304 magnetite was estimated to
be 77.94 emu/g. After coating of the MOFs, the saturation magnetization of the Fe;O,@MIL-100(Fe)
composite was decreased to 40.23 emu/g. Probably, the decreased saturation magnetization value
could be ascribed to the decrease in the Fe304 mass ratio in the magnetic support. For the immobilized
lipase, the corresponding saturation magnetization was further decreased to 19.17 emu/g. In spite of
this, such saturation magnetization is sufficient for the magnetic biocatalyst to rapid migrate in an
external magnetic field and also is suitable for easy magnetic separation. Hence, the immobilized
lipase possesses a prompt response to a permanent magnet, which is very applicable for the efficient
separation of the magnetic biocatalyst. As illustrated in the insert of Figure 8, the immobilized lipase
could be quickly and completely separated from the liquid reaction mixture with minimal mass loss
by using an external magnet. Moreover, it could be readily re-dispersed into the liquid reaction
medium, with no evidence of agglomeration, by slight shaking after removal of the external magnet.
Thus, the core-shell structured composite cannot only act as an enzyme support, but can also impart
magnetism to the support for the convenience of separation and reuse.

100 .
80 NN £ i a
B
0] ‘ | s
20 :

] ' c

ol
-20 .
-40 _ .———J
o —_J
-80 _

-100

Magneticzation (emu/g)

T ¥ T ¥ T ¥ ¥ T X T ¥ T
-30000 -20000 -10000 0 10000 20000 30000
Field/Oe

Figure 8. Room temperature magnetization curves for Fe;O4 microsphere (a), Fe304,@MIL-100(Fe)
support (b) and the immobilized lipase (c).

2.3. Factors Affecting the Immobilization Efficiency and Enzymatic Activity Recovery

In order to ascertain the proper concentration of lipase for the immobilization process, different
concentrations of lipase solution between 1.0 and 3.0 mg/mL were utilized for the binding of lipase on the
Fe30,@MIL-100(Fe) support. As indicated in Figure 9a, the immobilization efficiency on the magnetic
support was gradually decreased as the lipase concentration increased in the lipase concentration
range investigated. However, for the activity recovery, an optimum lipase concentration of 2.0 mg/mL
was observed, as shown in Figure 9a. In this case, the enzymatic activity recovery was shown to
increase from 34.1% to 63.5% by enhancing the lipase concentration from 1.0 mg/mL to 2.0 mg/mL;
however, further increment in the lipase concentration beyond 2.0 mg/mL led to decreased activity
recovery. A similar phenomenon has also been observed in several previous studies [12,33-35]. Ata
low lipase concentration, the low activity recovery was attained owing to less amounts of bound lipase.
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However, with lipase concentrations higher than 2.0 mg/mL, the surface of the Fe;04@MIL-100(Fe)
composite would be saturated, therefore causing steric hindrance among the enzyme molecules and
thus blocking the catalytic sites on the bound lipase. From the above results, it is reasonable to suggest
that the proper lipase concentration is 2.0 mg/mL.
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Figure 9. Influence of lipase concentration (a), pH (b), immobilization time (c), and immobilization
temperature (d) on the immobilization efficiency and activity recovery. Other immobilization
conditions, as follows: Immobilization temperature, 30 °C; lipase concentration, 2 mg-mL‘1 ; PH,
7.0; and immobilization time, 6 h.

The immobilization efficiency and enzymatic activity recovery as a function of pH are given in
Figure 9b. As can be seen, the two pH profiles showed similar patterns for the free and immobilized
lipase, and the best immobilization efficiency and activity recovery were both achieved at the pH of 7.0.
Moreover, the immobilization efficiency was increased from 61.4% to 83.1% by increasing the pH from
6.0 to 7.0, and then started to decline as the pH rose higher than 7.0. In a similar trend, the activity
recovery was improved from 38.2% to 63.5% with the pH increasing from 6.0 to 7.0, reaching the
highest level at the pH of 7.0, and then decreased upon further increment of the pH higher than 7.0.
The pH has an influence on the ionic state of the enzyme and the polarity of the organic groups of the
magnetic support. At pH 7.0, the lipase might be efficiently activated, which could increase the lipase
binding onto the magnetic support. In light of the results, the pH of 7.0 was chosen for the lipase
immobilization process.

The influence of immobilization duration on the immobilization efficiency and enzymatic activity
recovery was studied at various immobilization times ranging from 3 h to 7 h. As displayed in
Figure 9¢, the immobilization efficiency was found to increase from 63.4% to 83.1% by prolonging
the time from 3 h to 6 h, and then declined slightly beyond 6 h. Additionally, the enzymatic activity
recovery tended to increase with the extension of the immobilization duration, and the highest activity
recovery, 63.5%, was obtained at the immobilization duration of 6 h. Generally, a long immobilization
duration can enhance the number of covalent bonds between the lipase and the magnetic support,
thus increasing the activity recovery. However, the enzymatic activity recovery was decreased slightly
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as the immobilization duration further prolonged beyond 6 h, which was most likely due to the lipase
inactivation with a longer immobilization duration. By drawing on the results, the best immobilization
time is considered to be 6 h.

The immobilization efficiency and enzymatic activity recovery obtained for different temperatures
are presented in Figure 9d. It could be seen that the highest immobilization efficiency and enzymatic
activity recovery were both achieved at 30 °C. Increasing the temperature from 25 °C to 30 °C could lead
to an increase in the immobilization efficiency from 74.4% to 83.1%. Similarly, the enzymatic activity
recovery was also improved with the increase in the temperature from 25 °C to 30 °C, since more
lipase molecules were covalently bound onto the magnetic composites due to thermodynamic reason.
However, as shown in Figure 9d, the increased temperature higher than 30 °C resulted in a decline in
the immobilization efficiency and activity recovery. As a well-known phenomenon, the lipase could
be thermally deactivated during the immobilization processes, and the activity is reduced when the
temperature is lower or higher than the suitable temperature. Obviously, too much high temperature
would cause protein denaturation and therefore decrease the enzymatic activity recovery. As such,
the appropriate temperature for the lipase immobilization process is 30 °C. Overall, the suitable lipase
immobilization conditions were as follows: A lipase concentration of 2.0 mg/mL, an immobilization
duration of 6 h, and an immobilization temperature of 30 °C. In these conditions, the lipase loading
amount on the Fe;O4@MIL-100(Fe) composite was calculated to be 43.8 mg/g support.

The thermal stability of the immobilized lipase is a critical point for its practical applications.
For the thermal stability test, the free and bound lipase were allowed to incubate at a temperature range
of 30-80 °C for 120 min in substrate-free phosphate buffer (0.1 mol/L, pH 7.0). Thereafter, the residual
hydrolytic activity was measured with olive oil as a substrate in the phosphate buffer (0.1 mol/L,
pH 7.0). As shown in Figure 10, the free and bound lipase exhibited a similar activity decrease trend.
Comparatively, the free lipase showed a drastic decrease in the relative activity by enhancing the
temperature. However, the residual activity for the immobilized lipase was decreased more slowly
than the free lipase. The binding of lipase on the magnetic composite by the formation of covalent
bonds provides a more rigid backbone of the lipase, thus protecting it from unfolding, preventing
the denaturation of lipase at high temperatures, and thereby resulting in enhanced thermal stability.
More specially, at a temperature of 60 °C, the free lipase remained only 51.2% of its original enzymatic
activity, whereas the bound lipase remained 92.8% of its original enzymatic activity. Furthermore,
the enzymatic activity of the free lipase was shown to decline rapidly above 50 °C, and the temperature
range for the high enzymatic activity of the immobilized lipase was shown to be broader after the
lipase immobilization. As the incubation temperature increased to 80 °C, the free lipase practically lost
its initial enzymatic activity, whereas the immobilized lipase could keep 61.4% of its initial enzymatic
activity. Hence, the immobilized lipase displayed a better thermal stability as compared to the free one.

120

—a— Immobilized lipase
100 - —e— Free lipase

80

60 -

40

Relative activity (%)

204

04

30 40 50 60 70 80

Temperature (C)

Figure 10. Thermal stability of free and immobilized lipase.
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2.4. Immobilized Lipase-Catalyzed Transesterification Reaction of Soybean Oil

From the stoichiometric ratio of the transesterification reaction, one mole of triglycerides requires
three moles of methanol to produce three moles of fatty acid methyl esters (FAMEs). Generally,
in order to shift the transesterification equilibrium to the biodiesel direction, an excess methanol is
employed for biodiesel production. Unfortunately, the excess methanol suffers serious inhibitory effect
on the enzymatic activity of lipase. As methanol has a low solubility in soybean oils, it easily forms
droplets which coat the lipase, thus resulting in the deactivation of the lipase. In an attempt to reduce
the detrimental effect of methanol, the stepwise methanol addition manner is frequently utilized in
the lipase-catalyzed transesterification. By using this manner, methanol can be remained at a lower
concentration in the reaction mixture [36]. Therefore, in this research, a three-step addition manner of
methanol, by which the activity inhibition by methanol could be efficiently reduced, was adopted for
the transesterification reaction. On the other hand, in most cases, the lids of lipase are always kept
closed in the absence of an oil-water interface, thereby making the catalytic sites inaccessible to the
substrates [11]. As such, the lipase catalyst usually demands a small amount of water to improve the
lipase activity in the transesterification reaction in the nonaqueous media [11,14]. Therefore, in this
work, 0.3 wt.% of water (based on the oil mass) was initially introduced into the oil feedstocks for the
magnetic biocatalyst to display its most active three-dimensional conformation in the reaction media.

The dependence of the soybean oil conversion to biodiesel on the methanol/oil ratio was explored
using the three-step methanol addition procedure. As can be seen from Figure 11, the gradual increase
in the oil conversion occurred as the methanol/oil molar ratio increased from 2:1 to 4:1, while keeping
the other transesterification parameters unalterable. The maximum oil conversion of 92.3% was
attained at the methanol/oil molar ratio of 4:1. By further enhancing the substrate molar ratio to 6:1,
the conversion to biodiesel was decreased remarkably to 72.1%. With low methanol loading, there was
not enough reactant to be involved in the transesterification. However, higher methanol loading
amount than methanol/oil molar ratio of 4:1 would increase the inhibitory effect of methanol on the
lipase activity, thus decreasing the oil conversion. Based on the results, it can be inferred that the
appropriate substrate molar ratio for this magnetic biocatalyst is 4:1.

The enzymatic transesterification of soybean oil was conducted by various amounts of this
magnetic biocatalyst. Results presented in Figure 11 showed that the o0il conversion was increased
along with the enhancement of the biocatalyst amount to 25 wt.% (based on the oil mass), and then
reduced slightly as the biocatalyst dosage was further increased to 30 wt.%, probably owing to the
increased mass transfer resistance in the three-phase (methanol-catalyst-oil) system. As a consequence,
the proper amount of the biocatalyst chosen to perform the transesterification is 25 wt.%.

Figure 11 shows the influence of reaction time on the oil conversion over the biocatalyst. At the
initial 24 h of reaction, the conversion to biodiesel of 56.8% could be attained. Thereafter, the oil
conversion was slowly increased with the progress of the transesterification to 60 h, and further increase
in the reaction time beyond 60 h did not result in the subsequent increment in the o0il conversion.
Obviously, after 24 h of reaction, the transesterification time had an insignificant influence on the oil
conversion. The reason behind this phenomenon is not clear, and thus, further study is needed in the
future. The maximum conversion of 92.3% was obtained at a reaction time of 60 h. Accordingly, one
can deduce that the favorable reaction time for the enzymatic transesterification reaction is 60 h.

The influence of reaction temperature on enzymatic biodiesel production was also assessed.
As seen from Figure 11, there was an increment in the oil conversion upon increasing the reaction
temperature from 30 °C to 40 °C. However, further increase in the transesterification temperature
beyond 40 °C had a reverse impact on the activity of the bound lipase, mostly owing to the reason
of thermal deactivation, leading to decreased oil conversion. Therefore, it can be visualized that the
proper reaction temperature for the enzymatic transesterification is 40 °C.
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Figure 11. Influence of oil/methanol molar ratio (a), catalyst dosage (b), reaction time (c), and reaction
temperature (d) on the oil conversion over the immobilized lipase. Other transesterification conditions
are as follows: Biocatalyst amount, 25 wt.%; methanol/oil molar ratio, 4:1; reaction temperature, 40 °C;
reaction time, 60 h.

2.5. Reusability of the Immobilized Lipase

The reusability of the magnetic biocatalyst is one of the important factors, particularly in the
viewpoint of industrial applications. To assess the reusability of the biocatalyst, the consecutive
reactions were carried out under the optimized transesterification conditions. As the reaction had
completed, the magnetic biocatalyst was removed from the reaction mixture with the aid of a permanent
magnet, then washed with phosphate buffer solution (0.1 mol/L, pH 7.0), and ultimately freeze-dried
overnight. By the magnetic separation, there was no significant mass loss of the magnetic biocatalyst
during the separation process. In the reusability test, the recovered biocatalyst was adopted for the
next reaction cycle with fresh substrates, and the reuse results are presented in Figure 12. As can be
observed, the enzymatic activity of the solid biocatalyst displayed insignificant loss after being reused
for five cycles. Specifically, the residual lipase activity still retained about 84% of its initial lipase
activity after the reuse for five cycles. The decline in the lipase activity could be originated from the
denaturation of lipase during the transesterification processes. However, the covalent bonds between
the enzyme and the magnetic support could lead to the stabilization of the configuration for the bound
lipase and the improvement of its stability. Considering the reusability study, the long-term stability
for the immobilized lipase is really comparable to that reported in the previous work [19,23,33-35].
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Figure 12. The reuse test results of the immobilized lipase for the transesterification of soybean oil.
Reaction conditions as follows: Biocatalyst amount, 25 wt.%; reaction temperature, 40 °C; methanol/oil
molar ratio, 4:1; reaction time, 60 h.

The leaching test was also performed in an attempt to verify the heterogeneous nature of the
magnetic biocatalyst. For this purpose, the immobilized lipase was separated after 36 h of reaction
(with 67.1% of the oil conversion), and the transesterification further proceeded with the liquid filtrate
under the identical reaction conditions. It was shown that no further reaction progress occurred in the
liquid filtrate without the immobilized lipase, signifying that the transesterification reaction was truly
catalyzed by the bound lipase. Moreover, no enzyme was obviously detected in the biodiesel product
by using the aforementioned Bradford method, which implied that the lipase was not leached during
the biodiesel production.

Therefore, the immobilized lipase is a potential solid biocatalyst with high operational stabilities
for biodiesel production. As taking the separation process into consideration, the magnetic biocatalyst
shows better performance due to its convenient and efficient separation by applying an external
magnetic field.

3. Materials and Methods

3.1. Materials

Commercial soybean oil, purchased from a local grocery store (Zhengzhou, China), presented
the following fatty acid (FA) profiles: 49.4% linoleic acid, 26.5% oleic acid, 12.3% palmitic acid,
5.9% linolenic acid, 5.8% stearic acid, and traces of other FAs. Commercial Candida rugosa lipase,
N-hydroxysulfosuccinimide (NHS), bovine serum albumin (BSA), benzene-1,3,5-tricarboxylic acid
(H3BTC), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and olive oil were procured from
Sigma-Aldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid disodium (EDTA-2Na),
ferric chloride hexahydrate (FeClz-6H,0O), ammonium acetate (NH;OAc), and ethylene glycol were of
analytical grades.

3.2. Preparation of Core-Shell Structured Fe30,@MIL-100(Fe) Composites

The carboxyl-functionalized Fe3O, particles were initially prepared by means of a solvothermal
method [37]. Typically, FeClz-6H,O (0.8 g), NH4OAc (2.0 g), and EDTA-2Na (0.5 g) were firstly
dissolved in ethylene glycol (50 mL) and then stirred for 2 h at a temperature of 50 °C. Thereafter,
the resultant solution was transferred into a Teflon-lined stainless-steel autoclave, and was kept at
200 °C for 12 h. After cooling down to ambient temperature, the formed magnetite precipitates were
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separated by magnetic separation, washed with anhydrous ethanol and deionized water, and finally
dried under vacuum at 60 °C for 24 h.

The core-shell structured Fe;O4;@MIL-100(Fe) composites were prepared by a step-by-step
self-assembly procedure with magnetite particles as cores [38,39].  Briefly, 0.1 g of the
carboxyl-functionalized Fe3zO, particle was well-dispersed in an ethanol solution of FeCl3-6H,O
(10 mL, 10 mM) under ultrasonication. After this, an H3BTC ethanol solution (10 mL, 10 mM) was
added and subsequently permitted to stir at 70 °C for 2 h. The solid product was collected by applying
an external magnet, and washed with anhydrous ethanol. The final Fe30,@MIL-100(Fe) composite
was thus-obtained after 10 cycles of such runs by coating Fe3O4 cores with MIL-100 (Fe) and ultimately
dried at 60 °C overnight.

The Fe;0,@MIL-100(Fe) composites exhibited a strong magnetic response to a permanent magnet
and had carboxyl groups that could easily react with the enzyme to afford covalent bonds.

3.3. Lipase Immobilization

The lipase from Candida rugosa was immobilized on the Fe304@MIL-100(Fe) composite according
to the procedure described in Figure 1. Firstly, the Fe;0,@MIL-100(Fe) composite (0.1 g) was dispersed
in distilled water (100 mL) with ultrasound for 30 min. After this treatment, 0.1g of EDC and 0.08 g
of NHS were added into the above solution and stirred for 2 h at ambient temperature, with the aim
of activating the carboxyl groups of the magnetic support. Thereafter, the thus-activated magnetic
support was collected by an external magnetic field and then washed thoroughly with distilled water.
Meanwhile, a stock solution of lipase was prepared by dissolving a required amount of the Candida
rugosa lipase in 100 mL of phosphate buffer solution (0.1mol/L, pH = 7.0). Later, the activated magnetic
Fe;0,@MIL-100(Fe) support was added into the prepared lipase solution, and then the resultant
solution was incubated at 30 °C for 6 h in a shaking water bath with a continuous shaking rate (120 rpm)
so as to covalently bind the lipase. After magnetic separation, the immobilized lipase was washed
with phosphate buffer solution (0.1 mol/L, pH = 7.0) in order to absolutely remove the unbound lipase,
then freeze-dried overnight and, finally, stored at 4 °C prior to use.

At the same time, in this assay, the washing solutions were also collected for determining the
amount of residual lipase. The lipase protein amounts in the original lipase solution and washing
solutions were measured by the Bradford method, with BSA as a standard protein [40]. The loaded
amount of lipase was assessed by subtracting the original amount of the protein from the residual
protein in the washing solutions after the lipase immobilization. The lipase immobilization efficiency
onto the magnetic support was calculated from the following equation:

q = (G - C)V1/Ci V2 (%) (1)

where q represents the immobilization efficiency (%); C; and C¢ are the concentrations of the initial
soluble lipase, and the final lipase concentrations in the supernatant after the lipase immobilization,
respectively (mg/mL); and V; and V, are the solution volume (mL). All the determinations were carried
out three times and the averages were presented with the standard deviations.

3.4. Lipase Activity Assay

The hydrolytic activity of the free and immobilized lipase was measured by using titrimetric
assays based on an olive oil emulsion method [41]. The quantity of the hydrolyzed FAs was determined
by the titration of the FAs derived from the hydrolysis of olive oil with a standard NaOH solution.
One unit of enzymatic activity for the immobilized lipase was defined as the amount of enzyme that
released 1umol of FAs per minute under the assay conditions. The activity recovery (%) was assessed
as the ratio between the enzymatic activity of the bound lipase and the total activity of the lipase added
in the initial solution.
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The thermal stabilities of the free and bound lipase were also investigated by determining the
residual lipase activity after being incubated for 120 min at different temperatures in phosphate buffer
solution (0.1 mol/L, pH =7.0).

3.5. Characterizations

TEM photographs were acquired on a JSM-6390LV transmission electronic microscope operating
at an accelerating voltage of 200 kV. XRD patterns were collected on a Rigaku D/max-3B X-ray
diffractometer (Tokyo, Japan) using Cu K« radiation (y = 0.1542 nm) over the 2 theta ranges from
3° to 80°. SEM micrographs were taken on a JEOL JSM-6390LV field-emission microscope. The Nj
adsorption-desorption measurements were performed at —196 °C using a Quantachrome NOVA
1000e instrument. The surface area was estimated by the Brunauer-Emmett-Teller (BET) method,
while the pore size distribution and pore volume were assessed by the Barrett-Joyner-Halenda (BJH)
method. XPS analyses were carried out with a Thermo ESCALAB 250XI spectrometer under ultrahigh
vacuum. The C 1s peak (284.6 eV) was used for the binding energy calibration. The FI-IR spectra were
acquired with a Shimadzu IR-Prestige-21 spectrometer using the KBr pellet techniques. The magnetic
susceptibility was measured by determining the magnetic hysteresis curve with a LakeShore model
7304 vibrating sample magnetometer (VSM) in the field range from —30,000 to +30,000 Oe.

3.6. Enzymatic Transesterification Process

The enzymatic transesterification of soybean oil was performed in a conical flask (100 mL) in a
shaking incubator with a reciprocal shaker. In a typical experiment, the initial assay mixture contained
48.5 g of soybean oil and 25 wt.% (based on the initial oil mass) of the immobilized lipase. After the
reaction temperature was raised to 40 °C, 5.4 g of methanol was introduced in a three-step addition
manner. When the reaction was accomplished, the biocatalyst was magnetically separated from the
liquid mixture, and then the excess methanol was removed absolutely under reduced pressure at 60 °C
using a rotary evaporator. After this, the obtained liquid reaction mixture was centrifuged at 6000
rpm for 20 min. The upper phase containing FA methyl esters, un-reacted oil, mono and diglycerides,
and the lower phase containing by-product glycerol were absolutely separated. The upper layer was
assayed by using Agilent 7890A gas chromatograph fitted with a capillary column (30 m x 0.25 mm
x 0.25 mm) and a flame ionization detector. The soybean oil conversion to biodiesel was evaluated
according to the GC analysis results by the method presented in the literature [42]. All experiments
were conducted in triplicate, and the results are reported as the means with the standard deviations.

4. Conclusions

Core-shell structured Fe;O,@MIL-100(Fe) composites were successfully prepared, and then
Candida rugosa lipase was immobilized onto the magnetic hybrid composites through covalent amide
bonds so as to obtain the magnetic biocatalyst. The immobilized lipase was employed for the
transesterification of soybean oil to biodiesel in a solvent-free medium. The immobilized lipase not
only showed catalytic activities to the transesterification reaction, but could also be reused several
times with an insignificant loss of its activity. More importantly, as a technical advantage, the recovery
of the solid biocatalyst was facilely accomplished using an external magnetic field, due to its strong
magnetic responsiveness, which would have the potential for cleaner production of biodiesel.
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