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Abstract: The increasing global demand for petroleum oils has led to a significant increase in their
cost and has led to the search for renewable alternative waste resources for biodiesel synthesis
and production using novel environmentally sound and acceptable methods. In the current study,
Kocuria flava lipase was immobilized on Fe3O4/cellulose nanocomposite; and used as a biocatalyst
for the conversion of cooking oil wastes into biodiesel through the transesterification/esterification
process. The characterization of Fe3O4/cellulose nanocomposite revealed several functional groups
including carboxyl (C=O) and epoxy (C-O-C) groups that act as multipoint covalent binding sites
between the lipase and the Fe3O4/cellulose nanocomposite and consequently increasing lipase
immobility and stability. The immobilized lipase showed a high thermo-stability as it retained about
70% of its activity at 80 ◦C after 30 min. The kinetics of immobilized lipase revealed that the Km

and Vmax values were 0.02 mM and 32.47 U/mg protein, respectively. Moreover, the immobilized
lipase showed high stability and reusability for transesterification/esterification reactions for up
to four cycles with a slight decline in the enzyme activity. Furthermore, the produced biodiesel
characteristics were compatible with the standards, indicating that the biodiesel obtained is doable
and may be utilized in our daily life as a diesel fuel.

Keywords: Fe3O4/cellulose nanocomposite; biocatalyst; biodiesel; transesterification/esterification
process; Kocuria flava lipase; immobilized lipase

1. Introduction

The world’s strategic petroleum reserves will eventually run out due to higher demand
for development, transportation, and industrialization [1,2]. This is in addition to certain
political unrest and wars which resulted in certain restrictions and higher costs. There
are also many environmental issues that are involved including environmental pollution.
For this reason, the search for an alternative has been sought. One of these alternatives
includes the use of prospective sustainable alternative energy sources for bioenergy gen-
eration [3,4]. Biodiesel is one of the most prevalent prospective renewable resources that
is produced from oil/fat feed-stocks biomass through transesterification/esterification
processes through chemical or enzymatic reactions [5]. Enzymatic catalysis enables the
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use of low-quality inedible oil and waste cooking oil [6], thereby reducing environmental
issues and costs associated with subsequent production processes [7]. It also allows for
milder production conditions (temperature, pH, and pressure) with lower amounts of by-
products. Enzymatic transesterification/esterification reactions are considered greener than
chemical processes and have recently attracted a great deal of attention. Such processes
involve the use of an effective and recyclable biocatalyst instead of conventional catalysts
due to the growing environmental issues associated with their use [5]. Consequently, a
significant increase in developing newer and novel technologies for biodiesel production
has been evident. However, there are some issues with enzyme recovery and recycling
that make the lipase-mediated industrial transesterification processes less effective [8,9].
Numerous research efforts have been made to immobilize lipases on suitable carriers for
the improvement of lipase enzyme activities in an effort to overcome these challenges.
However, several lipase immobilization strategies have intensively been exploited for the
enzymatic transesterification process [10,11]. There are many drawbacks concerning the
carrier material to be used which showed a significant impact on the performance and activ-
ities of the immobilized lipases. Therefore, the use of biological nanocomposites can retain
high amounts of lipases with superior activities [12], due to the greater surface/volume
ratio as well as less mass dispersal restriction [13]. However, certain drawbacks have
been noted and some of these include (1) the recovery of the nanocomposite carriers by
filtration or centrifugation is extremely difficult, (2) loss of the biocatalyst activity, and
(3) higher energy consumption is needed [12,14]. To enhance the application and feasibility
of nanocomposite carriers alternative recovery methods are required for simple enzyme
recovery. Interestingly, magnetic nanoparticles can be used for enzyme support because of
their easy recovery using an external magnetic field with negligible biocatalyst loss [15–17].
Immobilization of biological nanocomposite with magnetic nanoparticles may be consid-
ered a potential and attractive way for increasing lipase enzyme activity and recyclability
as well as the stability of the magnetic nanoparticles [18–20].

Magnetic nanoparticles (NPs) are essential not only in the study of catalysis [21], but
also in a variety of other areas of research, including material science, advanced tech-
nological and medicinal applications, and green chemistry [22–26]. Magnetic NPs play
an essential role in the conversion of vegetable oils into biodiesel, with two primary ad-
vantages [27]. The nanoscale particles enhance the surface area of the catalyst, thereby
increasing its activity status, and it may also be easily separated from biodiesel and crude
with a high recovery rate using an external magnetic field [28]. Among all the magnetic
nanomaterials, Iron-based nanoparticles are of great interest due to their favorable mag-
netic and electrical properties. They are mainly divided into three types i.e., α-Fe2O3,
γ-Fe2O3 [29], and Fe3O4 [30]. Among them, Fe3O4 is non-toxic, easily prepared, and has
the largest saturation magnetization. Fe3O4 NPs properties are highly dependent on their
shape, size, and surface chemistry, so accurate control over the nanoparticle synthesis
process is essential. Several chemical, physical, and biological methods are used for their
synthesis [31]. However, an unmodified catalyst is reversible, and the reaction is unstable
because it can easily be agglomerated and oxidized due to the presence of Fe2+ [23]. There-
fore, it is essential to develop nanocomposite material using a support that can protect
Fe3O4 NPs.

Nano-cellulose is a carbohydrate polymer that functions as a sustainable nanomaterial
due to its biodegradability, biocompatibility, and porous nature. It has the potential to
be employed as an effective support material since it can form bonds with a variety of
functional groups, for example, it was used as a supporting material for Fe3O4 in the
synthesis of biodiesel from oleic acid [32].

Based on the increasing interest in biotechnological applications of microbial lipases for
producing biodiesel using lipase transesterification and esterification techniques from used
cooking oil, this study was conducted with the objectives to enhance bioenergy production
technology via the improvement of the lipase transesterification/esterification activity
with the aim to develop lipase immobilization process with coupled nanocomposites of
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biological (nanocellulose) and magnetic nanoparticles. In addition, characterizing the
immobilized lipase using different techniques and its activity and kinetics was evaluated.
Furthermore, the reusability of immobilized lipase for transesterification/esterification was
checked and the characteristics of the produced biodiesel were compared to conventional
standard products.

2. Results
2.1. Production and Purification of Kocuria flava ASU5 Lipase

Kocuria flava MT919305 lipase purification process was performed using salt precipita-
tion process, followed by the dialysis separation to get a partially purified enzyme. The
activity of the bacterial lipase varied with different enzymatic conditions, while the lipase
crude enzyme activity exhibited 15.03 ± 0.62 U/mL and that of the partially purified en-
zyme was 25.24 ± 2.03 U/mL. The specific activities of the crude enzyme and the partially
purified enzyme were 33.35 ± 1.94 and 38.83 ± 2.07 U/mg protein, respectively (Table 1).
Consequently, the partially purified enzyme was used for immobilization and encapsula-
tion using the prepared nanomaterials. Furthermore, the activity of the biocatalyst was
determined under different reaction conditions.

Table 1. Activity, protein content, and lipases specific activity of crude and partially purified enzyme.

Activity (U/mL) Protein Content
(mg/mL)

Specific Activity
U/mg Protein

Crude enzyme 15.03 ± 0.62 0.45 ± 0.32 33.35 ± 1.94
Partially purified enzyme 25.24 ± 2.03 0.65 ± 0.98 38.83 ± 2.07

2.2. Synthesis and Characterization of Nanocomposite and Immobilization of Kocuria flava
ASU5 Lipases

The FTIR spectra of Fe3O4 NPs, nanocellulose, Fe3O4/cellulose nanocomposite, and
Fe3O4/nanocellulose/lipase enzyme are displayed in Figure 1. For the Fe3O4 NPs, there
are various function groups were recorded at 3424 cm−1, 2921 cm−1, 2850 cm−1, 1628 cm−1,
634 cm−1, 560 cm−1, and 445 cm−1. For the nanocellulose, the characteristic bands were
assigned as follows: 3416 cm−1, 2901 cm−1, 1640 cm−1, 1570 cm−1, 1431 cm−1, 1373 cm−1,
1164 cm−1, 1113 cm−1, 1060 cm−1, 1033 cm−1, 902 cm−1, 670 cm−1, and 615 cm−1. The
other characteristic bands of pure nanocellulose were the same as Fe3O4/nanocellulose
and Fe3O4/nanocellulose/lipase enzyme. No characteristic bands of Fe3O4 NPs or li-
pase enzyme could be detected. Data in Figure 2 shows the TEM images of Fe3O4 NPs,
nanocellulose, and Fe3O4/nanocellulose nanocomposite. It was observed that the prepared
Fe3O4 has a spherical shape with an average particle size of ~34.5 nm. The nanocellulose
(Figure 2b) showed a fiber structure with an average width of ~49 nm and an average length
of ~526 nm. On the other hand, the micrograph of the Fe3O4/nanocellulose nanocomposite
(Figure 2c) showed small dark-colored spherical particles and a fiber-like structure (lighter
in color).

2.3. Characterization of Partially Purified Free Kocuria flava ASU5 Lipase and Immobilized Lipases

Lipase enzymes are primarily responsible for catalyzing the conversion of triglycerides
into fatty acids and glycerol. As interfacial enzymes, lipases need an interface to carry out
their catalytic activities. This is due to the fact that their physiological medium is aqueous
while their substrate (triglycerides) is insoluble in water [33]. Lipase thus operates at the
water/oil interface. When the substrate concentration is high enough to generate micellar
solutions or emulsions, or interfaces, the activity of lipases is greatly improved. Lipases
have relatively lower activity toward molecularly dispersed substrates in aqueous solution.
The reaction mixture’s conditions and the carrier’s hydrophobicity were the key factors
affecting lipase activity. More hydrophobic carriers than less hydrophobic ones enhanced
lipase activity [33].
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Figure 1. FTIR spectra of (a) Fe3O4 NPs, (b) nanocellulose, (c) Fe3O4/cellulose nanocomposite, and
(d) Fe3O4/ nanocellulose/lipase enzyme composite.

Figure 2. Cont.
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Figure 2. TEM images of (a) Fe3O4 NPs, (b) nanocellulose, and (c) Fe3O4/cellulose nanocomposite.
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2.3.1. Effect of Reaction Temperature

The effect of reaction temperature on the partially purified free enzyme and nanocompo
site-lipase specific activities was investigated at different incubation temperatures (40, 45,
50, 55, 60, 65, and 70 ◦C). The results showed that the specific activities of the tested lipases
increased between 40 ◦C to 55 ◦C for partially purified free lipase at temperatures between
40 ◦C to 60 ◦C in the case of the immobilized bacterial lipase. The optimum temperature for
the partially purified free lipase activity was 55 ◦C recording 34.05 U/mg protein (Figure 3)
and the optimum incubation temperature for the immobilized lipase was 60 ◦C recording
36.97 U/mg protein. After that, an insignificant reduction in the lipase-specific activities
was noted above the optimum temperatures for both partially purified free and immobi-
lized lipases. At an incubation temperature of 65 ◦C, there was a significant reduction in
the partially purified free lipase specific activities down to 33.22% as compared to that
at optimum temperature. The specific activity of the immobilized lipase enzyme at the
incubation temperature of 70 ◦C revealed a reduction of the activity by 44.20% (Figure 3).

Figure 3. Effect of the reaction mixture temperature on the partially purified free enzyme and immobi-
lized lipase-specific activities. The means value of three replicates ±SD (vertical bars) is represented.

2.3.2. Effect of Hydrogen Ion Concentration

The effect of pH (3, 4, 5, 6, 7, 8, and 9) was evaluated on both partially purified free
Kocuria flava lipase enzyme and its immobilized lipase-specific activity. The results indicated
that the lipase activity increased with increasing the pH value, with an optimum pH value
of ~8 (Table 2). However, the partially purified free lipase activity declined dramatically at
pH 9 as compared to the immobilized lipase.

Table 2. Effect of pH concentration of the reaction mixture on the partially purified free enzyme and
immobilized lipase-specific activities. The means value of three replicates ± SD is represented.

pH
Enzyme Specific Activity (U/mg Protein)

Partially Purified Free Lipase Immobilized Enzyme

4 11.49 ± 1.96 9.04 ± 0.45
5 21.73 ± 1.83 20.32 ± 1.13
6 26.49 ± 4.01 27.93 ± 0.55
7 30.26 ± 1.85 34.87 ± 0.45
8 35.87 ± 2.25 39.7 ± 1.4
9 20.71 ± 0.43 32.53 ± 0.97
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2.3.3. Assay of Thermo-Stability

The thermo-stability of the partially purified free and the immobilized lipase were
assayed at different time intervals (5–120 min) and at different reaction temperatures
(50, 60, 70, 80, and 90 ◦C). The data revealed that the activities of the partially purified
free lipases retained 90% of their activity at 50 ◦C and for 15 min of exposure. This was
followed by a significant decline in their activity with increasing the reaction temperature.
A faster activity drop was observed in the case of partially purified free lipase enzyme with
increasing the reaction temperature (Figure 4a). In comparison to the partially purified
free lipase, the immobilized lipase could sustain its greater specific activity at a higher
reaction temperature (Figure 4b). The immobilized lipase activity continued to be active
at a reaction temperature of 80 ◦C for 30 min. However, the free lipase was significantly
deactivated at reaction temperatures higher than 80 ◦C as shown in Figure 4.

Figure 4. Thermo-stability of the partially purified free enzyme (a) and immobilized lipase (b).
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2.4. Kinetics of the Immobilized Lipase Enzyme

The kinetic parameters of the immobilized lipase enzyme Km and Vmax values were
estimated using Lineweaver-Burk plot (Figure 5). The Km and Vmax values for the Kocuria flava
ASU5 immobilized lipase were approximately 0.02 mM and 32.47 U/mg protein, respectively.

Figure 5. Lineweaver-Burk plot plots for Kocuria flava ASU5 immobilized lipase.

2.5. The Efficiency of Biodiesel Synthesis and the Reusability of the Immobilized Lipase

Data obtained by GC/MS analysis revealed that the most common fatty acid methyl
ester detected after the transesterification process were 9-octadecenoic acid, hexadecanoic
acid, octadecanoic acid, heptanoic acid, 9,12-octadecadienoic acid and 9,10-epoxy-octadecanoic
acid methyl esters recording 27.14%, 19.2%, 8.47%, 5.99%, 3.24% and 2.65% of the total
analytes, respectively. Other fatty acid methyl esters were detected using GC/MS analysis
as shown in Figure 6. Biodiesel yield from the transesterification process of the waste
cooking oils with the immobilized enzyme was 91.07% at a reaction temperature of 60 ◦C
and incubation period of 5 h. The immobilized lipase maintained its activity in the recycle
assay and could be treated four times with slightly observable activity loss, yielding 74.53%
fatty acid methyl esters (FAMEs) (Figure 7).

Figure 6. GC/MS graph for biodiesel analysis produced from transesterification/esterification
process of waste cooking oils by immobilized lipase.
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Figure 7. The reusability of Kocuria flava ASU5 immobilized lipase for biodiesel synthesis.

2.6. Properties of Obtained Biodiesel from Immobilized Lipase
Transesterification/Esterification Process

The physicochemical properties of the produced biodiesel from the transesterification
process of cooking oil wastes were calculated mathematically from the provided equations
using GC/MS analysis (Figure 6). The following characteristics of the biodiesel produced
included: determination of biodiesel density (ρ), kinematic viscosity (νmix), saponification
number (SN), iodine value (IV), higher heating value (HHV), Cetane Number (CN), and
free fatty acid (FFA) of the produced biodiesel and concentration of linolenic acid (C18:2)
(%) were 0.64 g.cm−3, 3.6 mm2 s−1, 128.69, 33.74, 43.65 MJ kg−1, 59.02, 5.98% and 3.24%,
respectively. In addition, FAME having ≥4 double bonds were not detected in the trans-
esterified cooking oil wastes by lipase transesterification/esterification process (Table 3).

Table 3. Properties of fatty acid methyl esters produced by immobilized lipases transesterification process.

Property Value
Standard

US Biodiesel Standard
ASTM D6751

EU Biodiesel Standard
EN 14214

Density (g.cm−3) 0.642 NS 0.86–0.90
Kinematic viscosity
(40 ◦C; mm2 s−1) 3.6 1.9–6.0 3.5–5.0

SN 128.69 NS NS
IV 33.74 NS 120 max
HHV (MJ kg−1) 43.65 NS NS
CN 59.02 47–65 51 min
FFA (%) 5.98 NS NS
Concentration of linolenic acid
(C18:2) (%) 3.24 NS 12 max

FAME having
≥4 double bonds (%) ND NS 1 max

3. Discussion
3.1. Production and Purification of Kocuria flava ASU5 Lipase

The obtained data revealed that the activity of the bacterial lipase varied with further
purification processes. The crude lipase exhibited enzyme activity of 15.03 ± 0.62 U/mL
and specific activities of 33.35 ± 1.94 U/mg protein, whereas the lipase activity and specific
activity of the partially purified enzyme were 25.24 ± 2.03 U/mL and 38. 83 ± 2.07 U/mg
protein, respectively. Najjar et al. [34] reported that the Kocuria fava MT919305 lipases
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showed promising thermostable and methanol-tolerant properties, which may increase
enzyme economic feasibility for the synthesis of green energy. Furthermore, the Kocuria fava
ASU5 crude enzyme displayed biodiesel yield (83.08%) when conducted using optimized
reaction conditions of 60 ◦C, pH ~8, and 1:2 oil/methanol molar ratios. The main goal
of the current study is to increase the rate of the transesterification reaction for bacte-
rial lipase purification in order to achieve a high conversion of oily substrates associated
with higher biodiesel yield. The immobilization of the bacterial lipases by the nanocom-
posites may improve the enzyme biocatalyst stability and reusability. Various methods
were used for the immobilization of the lipases through adsorption, encapsulation, ionic
bonding, cross-linking, and entrapments [35,36], with the goal to enhance the resistance
of the lipases to methanol and glycerol inhibitory effect [37,38]. Due to their exceptional
physical and chemical properties, magnetic nanoparticles (NPs) have been identified as a
class of nanostructured materials of current interest Magnetic Fe3O4 NPs have low toxic-
ity [39], large surface area, high mass transfer, and stability under storage and operating
conditions [40]. As Fe3O4-cellulose nanocomposite possesses a high surface area and a
biocompatible environment for the immobilization of enzymes [41]. As a result, many
advantages may be obtained from such a system including better functionality and pu-
rification [42]; with improved dispersion characteristics and high binding capacity of the
biological elements [43]. This is in addition to fewer environmental concerns associated
with renewable and biodegradable cellulosic materials; and inhibits the adsorption of
non-targeted compounds due to the carbohydrate nature of nanocellulose that may provide
a non-stick surface. Interestingly, it was found that lipase enzymes produced by various
microbes such as; Penicillium expansum [44], Bacillus sp. [45], Candida sp. 99125 [46] and
Burkholderia [47] have lower operational costs and higher product purity compared to
chemical methods.

3.2. Synthesis and Characterization of Nanocomposite and Immobilization of Kocuria flava
ASU5 Lipases

Nowadays, there is a continuous need to improve and expand methods for enzyme im-
mobilization to develop new procedures which are more economic with better performance.
Recent explorations focus on the development of novel forms with good characteristics,
including better stability, more biocompatibility, and are readily available having a large
surface area for higher enzyme immobilization efficiency. Since they may increase reusabil-
ity and reduce the mass loss of the nano-catalyst throughout the separation processes,
magnetic-nanocellulose supports are used in the current work to enhance the separation
efficiency of the immobilized enzymes.

The FTIR spectra of Fe3O4 NPs showed many function groups and that the stretching
and bending vibration of O–H groups of the magnetite surface and adsorbed water can be
detected at 3424 cm−1 and 1628 cm−1, respectively [48]. The two strong bands at 634 cm−1

and 560 cm−1 indicate the formation of magnetic nanoparticles [49]. The band located
at 560 cm−1 can be assigned to the Fe–O stretching vibration of tetrahedral sites of the
spinel structure, which confirms the formation of the magnetite phase in the sample [50].
The band that was observed at 445 cm−1 may be related to the tetrahedral and the octahe-
dral sites [51]. Moreover, the bands at 2921 cm−1 and 2850 cm−1 are ascribed to the C-H
stretching vibrational of ethanol that is used for washing the precipitate. As well, the FTIR
spectra of the nanocellulose, revealed the characteristic bands can be assigned as follows:
3416 cm−1 (stretching vibration of O–H group), 2901 cm−1 and 1373 cm−1 (stretching
and deformation vibrations of C–H group in glucose unit), 1640 cm−1 (C=O stretching)
1431 cm−1 (–CH2-deformation vibration), 1164 cm−1 and 1060 cm−1 (C–O stretching mode),
1113 cm−1 and 1033 cm−1 (C–O–C stretching) and 902 cm−1 (β-glycosidic linkage between
glucose units). Other characteristic bands for nano-celluolose at 670 and 615 cm−1 were
related to C–C–O and C–OH groups [52]. The stretching band (1570 cm−1) also indicated
the formation of hydrogen bonding between the hydroxyl group of the nanocellulose and
the amino group of bacterial lipase [53]. The other characteristic bands of pure nanocellu-
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lose were the same as Fe3O4/nanocellulose and Fe3O4/nanocellulose/lipase enzyme. No
characteristic bands of Fe3O4 NPs or lipase enzyme could be detected which may be due to
their low band intensities or overlapping with that of pure nanocellulose. Xie and Huang
found that the IR bands at 1642 cm−1 and 1551 cm−1, which are corresponding to amide I
and II of the lipase are overlapped with the COO− anti-symmetric and symmetric stretch-
ing vibration of the support [54]. The presence of epoxy groups (C–O–C) acts as multipoint
covalent binding sites between the lipase and the Fe3O4/nanocellulose composite, therefore
reducing the lipase enzyme mobility and enhancing the enzyme’s long-term stability [55].
In addition, the presence of carboxyl groups (C=O) is activated by the easily binding of
the lipase enzyme forming amide linkage between the Fe3O4/nanocellulose composite
and the enzyme. The obtained results are in accordance with other already published
papers [17,56]. Immobilization of bacterial lipase was achieved by the formation of covalent
bonds between bacterial lipase enzyme and Fe3O4/cellulose nanocomposite. This approach
of immobilization produces stable and recyclable immobilized enzymes when compared
with enzyme immobilization via entrapment methods or physical adsorption [57]. Interest-
ingly, Wang et al. [58] and Zhang et al. [59] reported that covalent-immobilized enzyme
using cellulose-gold nanocomposites decreases protein unfolding and enables the enzymes
to operate as free enzymes without inactivation. Furthermore, the presence of various
functional groups capable of covalent binding or activation to give binding sites makes this
approach a generally applicable technique of enzyme immobilization [42,60].

From transmission electron microscope images, it was observed that the Fe3O4 NPs
have a spherical shape (average particle size of ~34.5 nm) and nanocellulose exhibited a
fiber structure (average width of ~49 nm and an average length of ~526 nm),whereas the
Fe3O4/nanocellulose nanocomposite displayed small dark-colored spherical particles and
a fiber-like structure. Such characteristics may be attributed to the magnetite Fe3O4 and
the nanocellulose, respectively. This also confirms that the Fe3O4 NPs were successfully
composited with the nanocellulose as a support material [32]. Costantini and Califano [33]
stated that the immobilization of lipase using nanoparticles is an excellent alternative tactic
due to their combination of thermal and mechanical stabilities with regulated textural
properties. Additionally, the abundance of surface hydroxyl groups makes it simple to
chemically modify surfaces. The last factor is the most crucial as lipases have a strong
attraction for hydrophobic supports. Nanocellulose is a biomaterial recovered from acid
hydrolysis of native biological cellulosic materials. It was reported that the formation of
nanocellulose based on the extraction method, might be rod-shaped, spherical, or have
a network shaped with a very high surface area [61]. The unique characteristics of the
nanocellulose including large surface area, high surface/volume ratio, high stiffness and
strength, and lack of toxicity make nanocellulose an attractive biomaterial used in many
industries and functions as drug delivery, protein immobilization, biosensors, medical
devices, and nanocomposite applications [60,62–64]. Recently, there has been increased
interest in the development of composite materials consisting of more components to
achieve more sensitivity and stability for improving their applicability [58,59,65], due to
the synergistic characteristics initiated from the components of the mixed nanomaterials.
These nanocomposites are more appealing than other composite materials. So, the current
study aimed to develop reliable immobilized enzymes with new nanocomposites that can
improve their potential in biofuel technology. Combining Fe3O4 magnetic nanoparticles
with nanocellulose has proven to be an efficient tactic for producing nanocomposite materi-
als capable of immobilizing enzymes and producing a highly active bio-catalytic support
suitable for green energy applications [60].

3.3. Characterization of Partially Purified Free Kocuria flava ASU5 Lipase and Immobilized Lipases
3.3.1. Effect of Reaction Temperature

The highest specific activities for the partially purified free lipase activity were 55 ◦C
and the highest lipase activity for the immobilized lipase was 60 ◦C. At the optimum
conditions, the specific activity of the immobilized lipase (36.97 U/mg protein) was higher
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than that of the partially purified free lipase (34.05 U/mg protein), then a reduction in
the lipase-specific activities was noted. The decline of the lipase-specific activity may be
attributed to the slowing down of the enzyme metabolic activity and the denaturation
of the bacterial lipase proteins [66]. Priyanka et al. [67] reported that the activity of the
Pseudomonas reinekei lipases was reduced by 70% at temperatures higher than 50 ◦C at 1 h.
This is in contrast to the lipase activity maintained at about 90% of the initial activity at
40 ◦C at one day of reaction. Furthermore, Pseudomonas sp. AG-8 lipase exhibited optimum
activity at a reaction temperature of 45 ◦C [68].

3.3.2. Effect of Hydrogen Ion Concentration

The highest lipase activity was estimated at the optimum pH value of ~8 and then the
enzyme activity declined with increasing the pH value. It was reported that pH plays a
significant role in the stability of enzymes by preserving their three-dimensional structure,
which is necessary for their biological function [69]. The optimum pH for the lipase enzyme
activities is within the alkaline range which may be attributed to the higher affinity of
the substrate to the enzyme active catalytic site in the alkaline medium than in the acidic
one. Similarly, it was reported that most of the bacterial lipases had an optimum pH in the
alkaline range. In specific instances, certain bacterial lipases like those of Bacillus subtilis
had an optimum activity at high alkaline pH (10–11.5). Talon et al. [70] reported that the
optimum pH for Staphylococcus warneri lipase enzyme activity was 9 as well as the highest
lipase activities for Staphylococus hyicus and Staphylococus haemolyticus were recorded in
alkaline pH [71]. Moreover, the Pseudomonas and Bacillus lipases were more stable at
alkaline pH conditions. Shah and Bhatt [72] stated that B. subtilis lipase was more stable
with more than 70% activity over a wider pH range of 5–10.

3.3.3. Assay of Thermo-Stability and Immobilized Enzyme Kinetics

The partially purified free lipases retained 90% of their activity for 15 min at 50 ◦C
then a rapid decline with increasing the reaction temperature was observed, whereas the
immobilized lipase could retain its high specific activity at 80 ◦C for 30 min. The high
stability of the immobilized lipases at high temperatures may be due to the strong binding
of the bacterial lipase and the nanocomposite and consequently, protect the immobilized
lipases from unfolding through increasing lipase enzyme rigidity. It was reported that
the highest lipase activity of Bacillus subtilis (Pa2 lipase) was at temperatures ranging
between 30 ◦C to 50 ◦C. 70% of its initial activity was indicated at 45 ◦C. Then lipase activity
decreased rapidly at 60 ◦C [72]. Sztajer et al. [73] reported that the optimum temperature for
oil hydrolysis by Pseudomonas fluorescence lipase was between 50 and 55 ◦C. Furthermore,
the optimum temperature of lipases produced by mesophilic microorganisms was within
the temperature range of 45–60 ◦C. Interestingly, several thermophilic bacterial strains
of Bacillus produced thermostable lipases that are active between 60 and 75 ◦C [74–76].
The kinetics of the immobilized lipase enzyme Km and Vmax values were 0.02 mM and
32.47 U/mg protein, respectively. The lowest Km value indicates the highest affinity of the
immobilized lipase to the substrate [67].

3.4. The Efficiency for Biodiesel Synthesis and the Reusability of the Immobilized Lipase

Biodiesel yield from waste cooking oils by lipase transesterification process was
91.07% at a reaction temperature of 60 ◦C and incubation period of 5 h and the highest
concentration of fatty acid methyl ester recorded from GC/MS analysis were 9-octadecenoic
acid, hexadecanoic acid, octadecanoic acid, heptanoic acid, 9,12-octadecadienoic acid, and
9,10-epoxy-octadecanoic acid methyl esters. The ability to reuse Kocuria flava immobilized
lipases is crucial, particularly for industrial applications. The immobilized lipase retained
its activity after four times assay recording 74.53% fatty acid methyl esters (FAMEs). The
active lipase conformational structure alteration during the enzymatic biodiesel synthesis
may be the cause of the corresponding decline in the lipase enzymatic activity. Similarly,
Xie and Huang [17] stated that the immobilized lipase enzyme could be reused for 5 runs
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without any significant loss in its enzymatic activity producing 79.4% biodiesel yield. The
determining characteristics of the produced fatty acid methyl esters (biodiesel) in the
current study were in the range of both biodiesel standard specification US ASTM D6751
and EU EN 14214. Interestingly, the obtained results of the lipase trans-esterified waste
cooking oils were compatible with the results of the waste cooking oil properties and
the biodiesel from waste cooking oil [77]. Ramalingam et al. [78] stated that biodiesel
production from lipase enzyme is non-toxic, biodegradable biofuel and increases lubricity
of diesel fuels, as well as biodiesel being compatible with diesel engines due to the similarity
in their physicochemical properties. Consequently, waste cooking oils may be a promising
renewable feedstock for biodiesel synthesis; especially since millions of tons of waste
cooking oils are generated from several countries all over the world [79–81]. In addition,
the application of waste cooking oils as a feedstock for biodiesel production may reduce
the production cost of biodiesel by 60–90% [82].

4. Materials and Methods
4.1. Kocuria flava Lipase Enzyme Production

Thermotolerant bacteria Kocuria flava, isolated from cooking oil waste, was grown
in a liquid medium containing (g/L): peptone, 15; yeast extract, 5; NaCl, 2; MgSO4, 0.4;
KH2PO4, 0.3; K2HPO4, 0.3; in addition to 10 mL of filtrated used cooking oil waste which is
used as a substrate for lipase induction. To isolate the lipase enzyme from the bacterial cells,
the above culture was centrifuged at 8000 rpm for 10 min. The supernatant was collected
for lipase purification by ammonium sulfate saturation process followed by dialysis of
the dissolved precipitate in Tris- HCl buffer solution, pH 7.8. Then the enzyme activity
assay was determined according to Tripathi et al. [83], and the protein content was assayed
according to Lowry et al. [84]. The partially purified enzyme was kept in a deep freezer at
−80 ◦C for enzyme immobilization.

4.2. Preparation of Nanocomposite
4.2.1. Materials

All chemicals were used in their original status and did not undergo any further
purification. Ferric chloride hexahydrate (FeCl3.6H2O), ammonium ferrous sulfate hexahy-
drate ((NH4)2Fe(SO4)2.6H2O), and sodium hydroxide (NaOH) were purchased from Alpha
chemicals (Cairo, Egypt).

4.2.2. Synthesis of Fe3O4 Nanoparticles (NPs)

Fe3O4 NPs were synthesized as described by the co-precipitation method. Typically,
35 g of FeCl3.6H2O and 25.4 g of (NH4)2Fe(SO4)2.6H2O were dissolved in 300 mL of bi-
distilled water. Then, a mixture of iron salts was added dropwise into 500 mL (2.5 M)
of NaOH solution with vigorous stirring to ensure good mixing. After that, the reaction
mixture was heated at 60 ◦C with constant stirring for 2 h. At 2 h, the mixture was left at
room temperature to cool down. The formed black precipitate was separated by an external
magnet and washed several times with bi-distilled water and ethanol. The collected
precipitate was, then, dried in an oven at 60 ◦C overnight, the obtained powder was Fe3O4,
and was stored for further use.

4.2.3. Preparation of Cellulosic Nanomaterials from Waste Papers

Nanocellulose was conducted by the acid hydrolysis process as follows: 1 g of the
pretreated wastepaper was mixed with 100 mL sulfuric acid 65% at 60 ◦C for 1 h. The pro-
duced suspension was centrifuged at 6000 rpm for 15 min and the precipitate was washed
with distilled water until neutral pH was achieved. The produced nanocellulose was
characterized by FTIR (Thermo Scientific Nicolet iS10 FT-IR Spectrometer, Madison, USA)
and Transmission electron microscope (JEOL TEM, Model 100 CX II; Tokyo, Japan) analysis.
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4.2.4. Preparation of Fe3O4 Magnetic-Cellulosic Nanocomposites

0.1 g Fe3O4 NPs were suspended in 60 mL acetonitrile, then 0.4 g of nanocellulose was
added to the mixture. The resulting mixture was then macerated for 20 min. Subsequently,
the produced magnetic nanocomposite was collected, washed with ethyl alcohol, and dried
at 60 ◦C for 24 h.

4.3. Immobilization of Lipase Enzyme with Fe3O4 Magnetic-Cellulosic Nanocomposites

Firstly, 0.1g Fe3O4-cellulose nanocomposite was dispersed in 100 mL distilled water,
then the mixture was continuously stirred at 25 ◦C for 2 h. After that, the nanocomposite
was recovered and washed with distilled water. For lipase immobilization, a Kocuria flava
lipase was dissolved in a phosphate buffer solution (100 mM, pH 7). After this, the Fe3O4-
cellulose nanocomposite was dipped in the Kocuria flava lipase buffer solution and incubated
for 5 h at 30 ◦C in a shaking water bath. Subsequently, the lipase-immobilized material
was collected by the magnetic field, then washed with phosphate buffer, and finally frozen
overnight and kept at −80 ◦C for further uses. The lipase enzyme immobilization efficacy
was estimated according to the following equation [17]:

q =
(

Ci − C f

)
V1/CiV2(%) (1)

where q is the enzyme immobilization efficacy (%), Ci and Cf are the initial and final protein
concentrations (in mg mL−1) in the immobilization solution, respectively; V1 and V2 are
the initial and final volume of the solution (mL), respectively.

4.4. Optimization and Characterization of the Lipase Enzyme Activity

The effect of different reaction temperatures (15, 20, 25, 30, 35, 40, and 45 ◦C) and
different pH values using different buffers including: citrate phosphate buffer (pH 3–7),
sodium phosphate buffer (pH 7–8) and glycine-NaOH buffer (pH 9–10) were used to
evaluate the lipase specific activities of the partially purified free enzyme and immobilized
lipases. In addition, the lipase thermo-stability at different temperatures (50–90 ◦C) was
determined at different time intervals. The lipase enzyme activity of partially purified free
and immobilized lipase of Kocuria flava ASU5 (MT919305) was assayed as described by
Najjar et al. [34]. All the experiments were performed in triplicates.

4.5. Kinetics of Immobilized Enzyme Reusability

The Michaelis-Menten constant (Km) and maximum velocity (Vmax) value of the immo-
bilized lipase enzyme was assessed at different para-nitro phenyl-palmitate concentrations
under the optimum assay conditions using Lineweaver-Burk plots (double reciprocal plot)
that describe enzyme kinetics [85]. In this plot, the reaction rate inverse (1/V) was plotted
against the substrate concentration inverse (1/S). The Lineweaver-Burk plot is represented
by a straight line in which

The slope = KM/Vmax (2)

Y intercept = 1/Vmax (3)

4.6. Assay for Immobilized Enzyme Reusability

The immobilized enzyme was assayed for its reusability and recyclability in the
transesterification process several times under optimum reaction conditions. To estimate
the stability of the immobilized lipase of Kocuria flava ASU5, a multi-cyclic assay using
the Fe3O4/cellulose nanocomposite biocatalyst was performed by adding fresh cooking
oil wastes. The biocatalyst was collected then rinsed out with phosphate buffer (100 mM,
pH 7), and finally frozen down for further use in a new transesterification reaction.

4.7. Biodiesel Production from Waste Oil by Immobilized Lipase Enzyme

Biodiesel synthesis from cooking oil wastes was performed using the immobilized
lipase as a biocatalyst using 5 mL stopper glass vials as described by Najjar et al. [34].
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The biodiesel yield (% FAME) from the transesterification process was measured using
GC/MS (Thermo Scientific, Model: DPC-Direct Probe Controller (DPC-20451), USA, Austin,
TX78728) at the Chemistry Department, Faculty of Science, Assiut University [34].

4.8. Determination of the Physicochemical Characteristics

The characteristics [density (ρ), kinematic viscosity (νmix), iodine value (IV), saponifi-
cation number (SN), higher heating value (HHV), and Cetane Number (CN), free fatty acid
(FFA)] of the produced biodiesel was estimated based on the mathematical equations [86–92]:

ρ = ∑(ciρi) (4)

νmix = ∑(Acxvc) (5)

SN = ∑(254 × Ai)/MWi (6)

IV = ∑(254 × D × Ai)/MWi (7)

HHV = 49.43 − [0.041(SN) + 0.015(IV)] (8)

CN = 1.068 ∑(CNiWi)− 6.747 (9)

These characteristics were compared with the standard biodiesel “US biodiesel stan-
dard specification ASTM D6751 and EU biodiesel standard EN 14214.

Where,

ci = the concentration (mass fraction)
ρi = the density of component (individual the fatty acid methyl ester) present in the biodiesel
νmix = the kinematic viscosity of the biodiesel sample (the mixture of fatty acid alkyl esters),
Ac = the relative amount (%/100) of the individual neat ester in the mixture (as determined
by, GC/Ms)
νc= obtained from the kinematic viscosity database of the individual FAME present
in biodiesel
Ai = the percentage,
D = the number of the double bonds
MWi = the molecular mass of each fatty acid methyl ester
CNi = reported CN of pure fatty acid methyl esters available in the database
Wi = the mass fraction of the individual fatty ester components detected and quantified
by GC/MS.

5. Conclusions

The development of magnetic Fe3O4-cellulose nanocomposites for the immobilization
of Kocuria flava ASU5 lipase may provide a prospective novel recyclable Kocuria flava
immobilized lipase for transesterification of waste cooking oils for biodiesel production.
The findings of this work clearly demonstrate that Fe3O4-cellulose nanocomposite showed
much superior stability towards pH, thermal, and methanol denaturation as well as good
recyclable properties following hydrolysis of the used cooking oil. Together, these findings
showed the nanocomposite’s potential for use in the immobilization of the lipase enzyme.
Moreover, the application of magnetic Fe3O4-nanocellulose/lipase and the recovery of the
biocatalyst may increase the feasibility of the downstream process by magnetic separation
without extensive enzymatic activity loss. The immobilized lipase can be reutilized for up
to four cycles maintaining about 70% of the initial enzyme activity. As a result, using this
biocatalyst may be more advantageous from an economic and environmental standpoint,
and research indicates that it has a great deal of potential for use as a reliable biocatalyst
to produce biodiesel. Although there are advantages presented by this method, there are
limitations also, such as the high costs of enzyme purification especially highly purified
enzymes, poor stability, and the enzyme deactivation by successive subjection to alcohol
and partly by the generated glycerol.
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