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INTRODUCTION

Biodiesel is a renewable fuel derived from organic materials
like plants and animals. It shares qualities with traditional diesel,
making it suitable for use in existing diesel engines [1,2]. In
response to the environmental worries and dwindling reserves
of critical resources such as crude oil and coal, biodiesel has
emerged as an alternative to petroleum-based diesel. The demand
for energy worldwide continues to surge, projected to spike by
56% between 2010 and 2040 as reported by Energy Information
Administration (US EIA, 2013) [3]. The escalating population
growth and the shift toward better living standards coupled
with increased urbanization have notably contributed to this
challenge. Consequently, there is a concerted push to tackle
environmental concerns, notably the exhaustion and escalating
prices of fossil fuels like natural gas, petroleum and coal, through
extensive research into alternative energy sources, particularly
renewable energy.
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The aim of this work was to use a unique technique to maximize the efficiency and cost-effectiveness of biodiesel synthesis utilizing Aloe
vera oil. Moreover, in order to facilitate the magnetic separation from the resultant mixture, lipase was immobilized on a magnetic
nanocomposite consisting of polyaniline (PANI) and Fe3O4. Utilizing XRD, SEM, TGA and FTIR spectroscopy, the nanocomposite was
thoroughly characterized. The results indicated that the immobilized lipase exhibited enhanced thermal stability and a modified optimum
pH compared to its free form. Using immobilized lipase also significantly improved the biodiesel conversion yield from 27% with free
enzyme to 60%. Remarkably, after five cycles of reutilization in the production of biodiesel, the immobilized lipase retained 90% activity.
The catalytic effectiveness of lipase during biodiesel synthesis was significantly enhanced and its resistance to heat and pH fluctuations
was strengthened by this novel immobilization approach. Beyond its potential usage in biodiesel production, the PANI-Fe3O4 magnetic
nanocomposite also demonstrated photocatalytic removal and degradation of methyl violet dye from aqueous solution.
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Biodiesel, comprised of long-chain fatty acid methyl esters
(FAME), has garnered worldwide interest as a readily deploy-
able replacement for traditional fossil fuels in this context [4].
As a renewable energy source, biodiesel made from vegetable
oil has a lot of potential. For producing biodiesel, numerous
procedures using biochemical or enzyme catalysis or a super-
critical CO2 environment have been devised [5-7]. The ongoing
burning of fossil fuels has resulted in the release of dangerous
gases such particulate matter, CO, SOx and NOx. It puts human
life at risk for several major health problems [8,9]. The quantity
of various wastes generated has increased in tandem with the
world population’s rapid growth. As a result, there is a pressing
need for efficient waste disposal methods [10,11]. Since enzyme
the transesterification of lipids is a sustainable method of prod-
ucing renewable fuels, it is a good substitute for chemical proce-
dures. Because of its selectivity and low temperatures, enzymatic
catalysis produces highly pure products while still being environ-
mentally benign.
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Edible and non-edible oils are used to create biodiesel in
numerous nations. However, the high cost of vegetable oil means
that biodiesel is 1.5 times more expensive than fossil fuel, which
restricts its widespread use [12]. For this reason, waste oil was
chosen as the study’s feedstock to produce biodiesel. Numerous
studies have been published on the enzymatic catalysis of freed
or immobilized lipases in the generation of biodiesel. Resear-
chers have become interested in enzymatic transesterification
with lipase to produce biodiesel in recent years. The lipase
enzyme (EC 3.1.1.3, triacylglycerol hydrolases) can be used
to produce biodiesel because of its outstanding catalytic activity
even in non-aqueous conditions. When it comes to biodiesel
manufacturing, lipase outperforms chemical catalysis in several
ways. These include minimum wastewater treatment require-
ments, fast glycerol recovery and no adverse effects [13,14].
Because immobilized lipases are easily retrieved from the
reaction mixture, they are helpful for the continuous generation
of biodiesel. Numerous techniques for immobilizing lipase
have been documented, including as entrapment, covalent immo-
bilization, adsorption as well as whole cell biocatalysts [15,16].

The adsorption and covalent immobilization techniques
are the least expensive and most successful immobilization
techniques available. One of the simplest techniques is adsor-
ption, although this type of biocatalyst typically lacks the
degree of stability that is obtained by covalent binding since
the binding of enzymes to matrices is frequently poor. When
compared to alternative techniques, covalent immobilization
yields the strongest enzyme support link. Lipases need to be
strong and flexible at the same time because a flexible active
site can withstand stress without becoming less active. Strong
multipoint covalent bonds, however, increase the possibility
of irreversible active site deformation and function loss. To
increase the immobilization effectiveness and stability of A.
niger (RM1265) lipase, we employed an intermediate technique
in this study that falls among adsorption and covalent bonding.
Nanoparticles preserved in lipases serve as efficient catalysts
for biodiesel production [17].

Immobilization using magnetic nanocomposites has been
used for magnetic lipase methods since they are cost-effective
and the total surface area of reaction mixture is enhanced by
small particle size. Thus, in this study, to methanize waste oil,
Aspergillus niger lipase (RM1265) was first immobilized on
an active PANI-Fe3O4 magnetic nanocomposite. Additionally,
the PANI-Fe3O4 magnetic nanocomposite is shown to be an
effective catalyst for methyl violet dye degradation.

EXPERIMENTAL

Aspergillus niger lipase (RM1265) was supplied by HiMedia
Laboratories Pvt. Ltd., India, whereas p-nitrophenol palmitate
was procured from Sigma-Aldrich, USA. The other reagents
and solvents used were of AR grade and purchased from diffe-
rent reputed commercial suppliers. The Soxhlet extractor was
used to extract oil from dried Aloe vera leaves.

Modification of nanocomposite: Lipase was immobilized
using a polyaniline (PANI)–Fe3O4 magnetic nanocomposite,
which was prepared in situ by self-polymerizing aniline mono-

mer [18]. The magnetic nanocomposite exhibited a transforma-
tion after 5 g were refluxed in 25 mL of ethanolamine. The nano-
composite was air dried and rinsed three times with 60 mL of
acetone following a 3 h reflux. After that, 25 mL of 4% (w/v)
glutaraldehyde in 50 mM phosphate buffer (pH 8) was added
to activate the magnetic nanocomposite and the mixture was
stirred gently at 40 ºC for 2 h. The active magnetic nanocom-
posite was washed with phosphate buffer to remove glutaralde-
hyde.

Immobilization of lipase: After mixing 25 mL of lipases
with 0.1 mL of Tween 80 in 50 mM phosphate buffer (pH 8)
and stirring for 5 min, 5 g of PANI-Fe3O4 magnetic nanocom-
posite was added. After the addition of 100 mL of cold acetone,
the mixture was agitated for 0.5 h at 40 ºC. Filtered lipase
immobilized by magnetic nanocomposite was lyophilized after
being rinsed with 25 mL of cold acetone.

Lipase assay: p-Nitrophenol palmitate was used as subs-
trate in a spectrophotometric lipase assay [19]. The amount of
lipase that releases 1 µmol of p-nitrophenol per min under assay
conditions is known as one unit (U) of lipase.

Characterization: The XRD spectra were recorded with
a Bruker D8 Advance X-ray diffractometer using CuKα1 radia-
tion X-ray source having a 1.5406 Å wavelength. The SEM
analysis of modified nanocomposite and lipase immobilized
modified nanocomposite were carried out using HITACHI-S-
4800 (type II) instrument, Japan. Thermal analysis of modified
nanocomposite and lipase immobilized modified nanocom-
posite were carried out using Thermal analyzer Perkin-Elmer
Pyris-1 TGA. The FTIR analysis of modified nanocomposite
and lipase immobilized modified nanocomposite were carried
out on FTIR spectrometer Perkin-Elmer spectrum GX in the
range of 4000 cm–1 to 370 cm–1.

Effect of temperature and thermostability: The effect
of temperature on the free and immobilized lipase activity was
determined for p-nitrophenyl phosphate (p-NPP) hydrolysis.
The hydrolysis of p-NPP was observed at various temperatures
(20-70 ºC), where the p-NPP solution was pre-incubated to
reach the desired temperature before the addition of lipase.

pH stability and thermostability: Following pre-incub-
ating enzyme specimens at 300 ºC for 60 min at pH 4–11 [50
mM sodium acetate buffer (pH 5), 50 mM potassium phosphate
buffer (pH 6), 50 mM Tris–HCl buffer (pH 8) and 50 mM
glycine–NaOH buffer (pH 9)] [20,21]. The impact of pH on
the free or immobilized enzymes was investigated. After that,
remaining activity was measured using the industry standard
procedures. Thermostability of the free and immobilized lipase
activity was assessed by measuring the remaining enzyme acti-
vity at 37 ºC after 60 min of incubation in a phosphate buffer
(50 mM, pH 7) at temperature ranging from 30 ºC to 90 ºC.
The lipase that was not incubated was assumed to have 100%
enzyme activity.

Biodiesel synthesis

Transesterification reaction: The transesterification
reaction used to synthesize biodiesel was conducted at 50 ºC
in screw-capped vials that were housed inside a reciprocating
shaker. Aloe vera leaves were dried and oil was extracted from
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the dried leaves by using Soxhlet extraction method. The oil
extracted from Aloe vera was used as a raw material for biodiesel
synthesis. The initial reaction mixture included the appropriate
controls (samples devoid of enzyme), immobilized lipase 50 U,
a butanol:oil volume ratio of 0.2 and an oil:methanol molar
ratio of 1:2.

Sampling: Synthesis of fatty acid methyl ester was anal-
yzed by modified hydroxamic acid method [22].

Operational stability of nanocomposite bound lipase:
The functional reliability of isolated lipases was observed as
well for the biodiesel synthesis. The immobilized lipases were
collected when the reaction completed, and the reactants adso-
rbed on the matrix were eliminated by centrifuging them for
10 min at 5,000 rpm and washed them in hexane. After that, a
fresh run of the immobilized lipases was initiated using the
same reaction mixture composition and the biodiesel synthesis
was assessed in the supernatant.

RESULTS AND DISCUSSION

Synthesis of biodiesel

Immobilization of enzyme: The process of immobilizing
lipase was done on a modified crosslinked nanocomposite.
The specific activity of the individual lipases before and after
binding to the nanocomposite was used to assess the lipase
immobilization yield. An immobilization efficiency of 85%
was obtained on a modified crosslinked magnetic nanocomposite
for lipase. Covalent immobilization of recombinant Rhizopus
oryzae lipase onto three Purolite® supports treated with glutar-
aldehyde yielded a higher yield than earlier results [14,15]. The
most effective technique for immobilizing enzymes is covalent
attachment; nevertheless, due to the robust interactions that
exist between the support and the enzyme, enzyme distortions
can occasionally arise, resulting in denaturation and decreased
enzyme activity. In current immobilization procedure, ethanol-
amine was first adsorbed on a nanocomposite, treated with
glutaraldehyde and then immobilized using enzyme. As a result,
lipase is effectively immobilized on activated nanocomposite
without losing its enzyme function because this procedure is
not entirely covalent attachment. It was found that the lipase’s
thermostability and immobilization yield are improved by the
activated nanocomposite.

XRD studies: The XRD spectrum of the modified nano-
composite is shown in Fig. 1 and the results are summarized
in Table-1. The obtained sharp and intense peaks confirm the
prepared sample is of good crystallinity and is in good agree-
ment with the JCPDS data (PDF# 01-078-6086) which confirms
the formation of PANI-Fe3O4. Using Scherer’s formula, which
is displayed in eqn. 1, the average crystallite size was calculated
from the XRD data and was around ~45.41 nm. The crystallite
size (D) ranges from 22.05 nm to 94.25 nm, suggesting a
variation in particle sizes within the sample. Dislocation density
provides information about the amount of defects in the crystal
lattice and microstrain indicates the strain within the crystal
structure. Using the eqns. 2 and 3, the strain and dislocation
density of the PANI-Fe3O4 were determined from the XRD
data and given in Table-1.
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Fig. 1. XRD pattern of Fe3O4 magnetic nanocomposite

TABLE-1 
STRUCTURAL PARAMETERS OBTAINED  

FROM XRD OF PANI/Fe3O4 NANOCOMPOSITE 

2θ (°) β (Rad) D (nm) δ (1014) ε 
27.00 0.004219286 33.70 8.75 0.001025653 
31.39 0.003283238 43.80 5.19 0.000790181 
34.65 0.015409778 94.25 1.13 0.003677523 
45.13 0.003695302 40.60 6.05 0.000853046 
56.14 0.004121683 38.10 6.87 0.000909120 
75.00 0.007926460 22.05 20.50 0.001571803 
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where D stands for crystallite size, λ represents wavelength of
X-ray used (1.5406 Å), β stands for full width at half maximum
(FWHM) of the peak, θ is the Bragg’s angle, ε represents the
strain and δ is the dislocation density.

SEM studies: Fig. 2a,c show the SEM images of the poly-
aniline/Fe3O4 magnetic nanocomposite confirmed the hetero-
geneous nautre and on the dark greyish polyaniline, there is a
whitish cluster of Fe3O4 nanoparticles. Following activation
with ethanolamine and glutaraldehyde, the lipase immobilized
modified magnetic nanocomposites of polyaniline/Fe3O4, the
surface displayed the high surface porosity and roughness (Fig.
2a,d).

Thermal studies: Thermal studies revealed that both the
modified polyaniline and the enzyme-immobilized polyaniline
are tolerant of thermal degradation as shown in Fig. 3a-b. The
initial weight loss at 200 ºC was primarily caused by low mole-
cular weight molecules and water evaporation. The doping agent
degradation was linked to the second weight loss, which occurred
between 220 and 300 ºC. The breakdown of polyaniline was
linked to the weight loss at 400-500 ºC. Fe3O4 broke down from
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Fig. 2. SEM of lipase immobilized modified magnetic nanocomposites of
polyaniline/Fe3O4 at various resolutions

covalently bound polyaniline at temperatures above 500 ºC.
Fig. 3a (polyaniline-Fe3O4) and 3b (polyaniline-Fe3O4 enzyme
nanocomposite) both showed this tendency. Nevertheless, Fig.
3b illustrates a slight increase in weight loss, which might be
attributed to the incorporation of enzyme in the nanocomposite.

FT-IR studies: Fig. 4a-b display the FT-IR spectra of the
enzyme-immobilized PANI-Fe3O4 nanocomposite and the acti-
vated PANI-Fe3O4 nanocomposite, respectively. The absorption

band at 468 cm–1 is due of the stretching vibration of Fe–O.
The N–H stretching and C–N stretching vibrations can be attri-
buted to the peaks at 3408 cm–1, 1112 cm–1 and 1070 cm–1,
respectively. The C=C stretching vibration of aromatic ring of
aniline is responsible for the appearance at 1633 and 1620
cm–1. Most of the peaks in Fig. 4a-b are similar, except for one
peak at 2854 cm–1, which might be related to the C-H stretching
vibration of aldehydic group. This is because the free aldehyde
group in activated PANI-Fe3O4 nanocomposite is used to immo-
bilize lipase in enzyme-immobilized PANI-Fe3O4 nanocom-
posite.

Effect of temperature on lipase activity: Application
of lipases in the chemical synthesis, especially biodiesel prod-
uction, often leads to thermal inactivation due to denaturation
of protein. Fig. 5 illustrates the effect of temperatures on free
as well as enzyme-immobilized PANI-Fe3O4 nanocomposite.
Up to 40 ºC, it was found that the activity of the immobilized
and free lipases was about equal, but at higher temperatures,
the immobilized lipases was more stable and exhibited a modest
increase in the activity. This hypothesis is feasible due to the
immobilization of enzymes by multiple point binding, resulting
in an enhanced rigidity that is typically associated with
improved resistance to thermal denaturation. In contrast to this,
a study conducted by Kumar et al. [23] showed that activity
of purified lipase increased by ~50% in the presence of all the
tested commercial detergents at a temperature ranging from 5
to 60 ºC.
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Fig. 3. Thermograms of PANI-Fe3O4 magnetic nanocomposite modified after treatment with ethanolamine and glutaraldehyde (a) and lipase
immobilized modified magnetic nanocomposite (b)
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Thermostability of free and immobilized lipases: The
present investigation examined the thermal stability of both
soluble and immobilized lipase across a range of temperatures,
spanning from 300 to 900 ºC (Fig. 6). It was shown that immobi-
lized lipase intacted all its activity, whereas free lipase activity
declined at 400 ºC and remained inactive after 600 ºC. It has
been observed that the immobilized lipase maintained 84% of
its initial activity after 1 h of incubation, even at 900 ºC, while
the free lipase stopped functioning well before this temperature.
Several studies [24,25] have demonstrated that immobilized
lipase is more stable than free lipase, but the thermal stability
seen in this work was significantly better.
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Fig. 6. Thermostability of free and immobilized lipase. Data are represented
as the mean ± standard deviation of three replications

Effect of pH on lipase activity: Enzyme immobilization
may be caused by the conformational changes in enzyme that
alter ideal pH. The current finding indicates that both immo-
bilized and free lipases remained stable throughout the pH range
of 4 to 7. Immobilized lipase continued to function at pH 8
and below, whereas free lipase began to deactivate (Fig. 7).
Due to the association between the enzyme and the activated
magnetic nanocomposite, the denaturation of the enzyme at
basic pH is prevented, resulting in enhanced stability of the
immobilized lipase [26]. In contrast to this lipase with activity
in a pH range of 7.6-8.6 with an optimum at 8 [27], pH range
8.0-10.5 with an optimum at 8.5 [28] and pH range 7-9 with
an optimum at 8.5 [29] have been defined as alkaline in previous
studies.
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Fig. 7. Effect of pH on free and immobilized lipase. Data are represented
as the mean ± standard deviation of three replications

Kinetic parameters of free and immobilized lipases:
Derivation of the kinetic constants Vmax and Km from the double
reciprocal plots shown in Fig. 8. Whereas immobilized lipase
exhibited a Km value of 0.27 mM and a Vmax of 1.4 U/mg, free
lipase displayed Km values of 0.4 mM and Vmax of 1.5 U/mg.
The decrease in Km value suggested that immobilization had
enhanced the enzyme’s affinity for the substrate [30,31]. The
Vmax values generally decrease during immobilization, which
is consistent with other comparable findings [15].
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Synthesis of biodiesel by free and immobilized lipases:
Studies on the solvent-free biodiesel synthesis capabilities of
both free and immobilized lipases was carried out (Fig. 9).
According to results, after 50 h of reaction time, immobilized
lipase produced a greater percentage conversion of 60%; how-
ever, employing free lipase, the resultant conversion percentage
does not surpass 27%. It was found that this finding outperfor-
med earlier published ones [32]. The complex interaction
between the enzyme and the activated nanocomposite, which
prevents the enzymes from being distorted in the reaction mix-
ture, could be the reason for the enhanced effectiveness of
immobilized lipase in the production of biodiesel.

Operational stability of immobilized lipases: The stability
of the immobilized lipase, which is a potential enzyme for indu-
strial use, is a crucial factor that impacts the cost-effectiveness
of the process. Fig. 10 illustrates that immobilized lipase can
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be reused for up to five cycles while retaining over 90% of its
initial activity when compared with the previous studies cond-
ucted by the researchers showed 84% activity up to 5 cycles
and >66% activity after 10 cycles [33-35]. The good operati-
onal stability may be attributed to the close interaction between
the matrix and the enzyme. The formation of Schiff’s base
between the side-chain amino groups of enzyme: and the free
aldehyde groups of glutaraldehyde-treated nanocomposite is
another explanation for the strong contact. Due to its remark-
able stability, the enzyme immobilized on nanocomposite in
organic solvent ensured good reusability for biodiesel synthesis.

Removal of methyl violet dye

Effect of catalyst dose: Using different doses of magnetic
nanocomposite ranging from 2 to 8 g/L, the impact of catalytic
dose on the degradation of methyl violet was examined. When
the quantity of magnetic nanocomposite rises, photocatalytic
destruction of methyl violet increases rapidly. Fig. 11 shows
that as the number of active sites on catalyst increases, methyl
violet dye degradation also increases.

Effect of pH: The breakdown of methyl violet dye through
photocatalysis was investigated at varying pH levels, as it is a
crucial factor in the surface reactions. At 30 ppm methyl violet
dye and a magnetic nanocomposite concentration of 8 g/L, the
function of pH in photocatalytic dye degradation was investi-
gated in the pH range of 0-12. It was observed that the rate of
photocatalytic degradation enhanced with an increase in pH
up to 8.5 (Fig. 12). The number of anions increases as pH rises
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and a bond was formed between these anions and magnetic
nanoparticles. As the pH increases beyond 8.5, the negatively
charged surface of the magnetic nanoparticles repels the anions
of methyl violet dye, reducing the efficacy of the dye’s
breakdown.

Conclusion

The work effectively reported that lipase can be immobili-
zed on a PANI–Fe3O4 magnetic nanocomposite. Enhancing
the enzyme’s resistance to thermal denaturation and signifi-
cantly increasing its efficacy in biodiesel production compared
to its free state. Additionally, the PANI-Fe3O4 magnetic nano-
composite was also investigated as a photocatalyst, demons-
trating remarkable performance in the breakdown of methyl
violet dye. The intriguing immobilization method demons-
trated excellent operational stability in the biodiesel synthesis
while also speeding the chemical reactions at higher tempera-
tures, indicating a great potential for organic synthesis applica-
tions.
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