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Abstract
The exhaustion of natural resources has occasioned the pro�t margin of oil products to increase
dramatically, prompting the use of sustainable fuels like as biofuel. In the proposed investigation, biofuel
was developed from castor oil utilizing Fe3O4@MnO2 NCs as a heterogeneous catalyst for the
transesteri�cation process. X-Ray Diffraction evaluation acknowledged the nanocatalyst's single phase.
Scanning Electron Microscopy revealed the spherical morphology of the consolidated nanocatalyst. The
magnetic characteristics were examined using a vibrating sample magnetometer. Atomic Force
Microscopy demonstrated that the catalyst exhibited has a greater surface area and unevenness. The
yield was achieved was 95 percent (w/w) in 50 minutes at 600 C with 15 wt percent catalyst loading and
a 12:1 methanol/oil ratio, as acknowledged by a gas chromatograph with mass spectrometer. The
�ndings indicate that Fe3O4@MnO2 NCs are an encouraging catalyst for bio-fuels production via
heterogeneous catalyzed transesteri�cation under relatively mild response circumstances.

1. Introduction
The massive global scramble against options available to petroleum product offerings to counteract
ecological issues had also received a lot of attention awhile back. From 2016 to 2020, the global biofuel
industry is projected to grow by 14% in terms of driving climate adaptation and mitigation. The expected
bio-fuel constraint in 2020 is 33.2 billion liters, which is noticeably greater than the upper in 2016 [1].
Glycerol or glycerin is a substantial adventure mode in the biofuel production process. It's also been
encountered that glycerine is presented with methanol as an undesirable hand in the preparatory work of
unsaturated lipid transesteri�cation process. Besides that, except in the manufacturing of 100 pounds of
bio-fuel, nearly 10 pounds of jagged glycerol are presented [2]. As a necessary consequence, bio-fuel
production may lead to the enhancement of crucial synthetic drugs in food, drug, and beauty and
cosmetic item expeditions.

Biofuels is primarily developed through the transesteri�cation of scrap cabbage oil, green algae oil, or
peanut oil as a raw material. It is a response that occurs among triglyceride levels and alcohol in the
existence of an appropriate catalyst to produce FAME and glycerin. Bioethanol or ethyl alcohol is by far
the most frequently utilized alcohol [3]. Castor is one of the seedlings with the highest oil harvest
prospects due to its high seed produce and sulfur content in its seedlings. Castor oil is a rich source
dynamic viscosity due to its high subject matter of ricinoleic acid, which has a hydroxyl group. They are
also distinguished by their good stabilization and hydrophilicity. The propensity of almond oil to dissolve
in alcohol in�uences the biodiesel production operation [4].

Several investigations have been performed to pro�le for biofuel production terms of essential or acidic
motivations utilizing effective approach [5, 6]. But now day’s Magnetic nanomaterials are found to be
more selective and effective than conventional heterogeneous materials as a robust, readily available,
extremely small size and large surface area of heterogeneous catalyst support. Further, it has more
volume ratio which allows more reactions to occur at the same time and consequently speed up the
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reaction process [7–8]. Advantageously, they are magnetically separable, which eliminates the
requirement of catalyst �lteration or centrifugation after completion of the reaction. The Fe3O4 MNPs,
due to their unique physicochemical properties becoming increasingly signi�cant in the �eld of catalysis,
imaging, photonics, nanoelectronics, sensors, biomaterials, and biomedicine [9].

Henceforth, the recent �nding expected to focus on utilizing castor oil as a biofuel origin to use an
Fe3O4@MnO2 nanocatalyst by tuning the parameters such as adsorbent dose, oil:methanol ratio, reaction
temperature, and reaction time. The kinetic models of the transesteri�cation method were also explored,
and the biofuel obtained was categorized in order to achieve full their great promise.

2. Materials And Methods

2.1 Required materials
Essential oil has been used to perform out the transesteri�cation process. Chemicals required for the
synthesis of catalyst and production of biodiesel are Ferric chloride, ferrous sulphate, manganese
sulphate, Sodium Hydroxide, polyethylene glycol and Methanol were acquired from Chemspure, Chennai,
Reachem chemicals, Chennai, and Merck, India, subsequently.

2.2 Magnet preparation
Fe3O4 nanoparticles were established using a simplistic co-precipitation strategy, as described in the
following: 2mol/L NaOH administrations and a 5 percent polyethylene glycol (Stake) design have been
suitable for immediate use. Extracted were 100 mL of deionized water, 3.24 g of FeCl3, and 2.39 g of
FeCl2•4H2O. Following that, we combined FeCl3, FeCl2•4H2O, and 5% PEG for 10 minutes with ultra - sonic
movement [10]. The slurry has been kept to 75°C, and then 2 mol/L NaOH was introduced till the pH of
the blends was around 11.5. Incorporating and blending occurred at 60°C for two hours, followed by 30
minutes of improvement at 80°C. The nanoparticles were then sterilized on a routine basis utilizing
applied magnetic �eld detachment, managed to wipe countless times with ultra - pure water or ethanol,
and dried at 80°C.

2.3 Synthesis of core magnet catalyst (Fe3O4/MnO2 NCs)
A Fe3O4/MnO2 nanocomposite with a core magnetic was designed and built in a continuous cycle. The
term "precipitation methodology" refers to a method for forecasting the proportion of rain that will drop.
0.5 g Fe3O4 particles were scattered in 100mL 5 percent Stake for 30 minutes by ultra - sonic swirling,
then incorporated in with 100mL MnSO4 grouping of exact immobilization, supported by additions of
NH3•H2O formation in a typical mixing. The impact lasted for 12 hours at 60 degrees Celsius. During the
conclusion of the period, the aggregates were extracted and washed countless times with puri�ed water
utilizing aesthetically effective barriers [11]

2.4 Bio-diesel production method
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Transesteri�cation of castor oil was carried in batch process in a 500 ml beaker using magnetic stirrer
and heat plate arrangement. The process was carried by mixing desired amount of catalyst with required
amount of methanol. Then the oil was added to the mixture containing the catalyst and methanol in
beaker. Quantity of catalyst to be measured depends upon the oil g/g oil. The requisite temperature was
maintained and the set up were left undisturbed depending upon the reaction time required. After the
desired duration, the mixture was transferred to the separating funnel for the separation of the desired
product. The set up were again left undisturbed for 2 h for the separation of lighter phase and darker
phase. Glycerol obtained at the bottom was withdrawn. The obtained biodiesel was washed and
measured. The bottom catalyst layer was removed carefully and regenerated. The regenerated catalyst
was successively used to study the reusability. Transesteri�cation reactions were carried by varying
catalyst concentration, O/M ratio, reaction time, temperature about 2–18%, 1:5 − 1:14, 10–60 min and 40-
800C respectively. The biodiesel produced consists of methyl esters, monoglycerides, diglycerides, and
unreacted triglycerides and they were characterized by Gas Chromatography along with Mass
Spectrometry and the yield or conversion was calculated.[12]

2.5 Kinetic studies
The experiment was carried out at different temperatures at 40, 50, 60, 70 and 800 C and tested for order
of kinetics of the reaction. The kinetics of the transesteri�cation reaction is represented by Eq. (1).

d[P]/d[t] = k[P]-----------------------(1)

Where P is methyl esters in terms of yield (%), t is the reaction time (min), and k is rate of the reaction
(min1). The ln[P] versus ln[dP]/dt at different interval of time and temperature were plotted. The rate
constant was determined from intercept and slope. Arrhenius equation in Eq. (2) was used to study the
in�uence of temperature on the speci�c reaction rate.

k = Ae−(Ea/RT) ----------------------- (2)

where “ Ea” is the activation energy (J/mol), de�ne as the minimum energy required to start a chemical
reaction, R is the gas constant (8.314 J/mol.K), T is the absolute temperature (K), A is the frequency
factor (collision factor) and k is the reaction rate constant. The slope and intercept of the graph between
ln k versus 1/T give the values of activation energy [13].

3. Results And Discussion

3.1 Crystallite phase investigation
[Figure-2] illustrates the X-ray obstruction framework of the two specimens that emerged before it.
Whereas relatively limited template represents frequent Fe3O4 fragments, the existence of MnO2 in the
Fe3O4/MnO2 lattice is recommended by comparative recognisable peaks at 2θ = 27.5 and 2θ = 40.3 in the
located in the outer line. This it seems to be due to the in�uence of the sharp phases. As stated
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previously, the crystallographic peaks were detected to be mainly correlated to the magnetite cubical
symmetric spinel platform's standard template recognisable peak position (JCPDS 01-072-2345). Using
the Scherrer equation, we assessed the crystalline structure of Ferrite nanoparticles and acquired 19.64
nm [14].

3.2 FT IR analysis
[Figure-3] depicts the FTIR spectrum of Fe3O4/MnO2 nanocomposite. The recognizable peak observed of

Fe3O4/MnO2 composite particles is located at 647 cm− 1. It's possible that the Fe-O-Mn particles were bind

to the monodispersive compared to the feedstock oil. It is noteworthy that a novel peak at 439 cm− 1

originated in the ability to respond of the nanocomposites, suggesting that a new bond was formed
between both the core and the shell. The absorption peaks near 3711.9 and 3157 cm− 1 are adaptable
oscillating hydroxy peaks on the surface of substrate; they are broader and powerful than that of the
Fe3O4 absorption bands. It assumes that the composite particles encompass more hydroxys than Fe3O4,
which may increase the activity of MnO2 particles [15].

3.3 Morphological investigation
[Fig-4 (a)] shows the structural and morphological spectrum of Fe3O4@MnO2 NCs. These SEM images
showed granular shapes with no assemblage and un equality of homogeneously Fe3O4@MnO2 NCs.
Figures 4 (c) HRTEM shows the surface characteristics of Fe3O4@MnO2 NCs. [Fig-4 (b)] shows that TEM
images of Fe3O4@MnO2 NCs indicate rod like spherical in patterns with molecule size varying from 12 to
22 nm. Furthermore, the monocrystalline phase of Fe3O4@MnO2 NCs by co-precipitation strategy was
supported by their corresponding SAED examination, as shown in Fig. 4 (d), with recognizable peak (311),
(400), (422), (511) and (400) crystallographic patterns recommending cubical symmetric spinel strategy.
The HR-TEM illustration also reveals a well inner surface of the ligament, with the d –widths for adjoining
interlayer fringes one assessed to be 0.236 nm, that also represents the proportion of the (311) plane
cubical symmetric spinel of Fe3O4@MnO2 NCs [16, 14]

3.4 BET isotherm of Fe3O4@MnO2NCs
The N2 adsorption-desorption isotherm models and pore size diffusion of a novel Fe3O4@MnO2 impetus
are displayed in Fig. 5 (a & b). Figure 5 (a) illustrates an impressively genuine MnO2@Fe3O4 impetus with
a group IV isotherm, which emerges to be a characteristic revealed by hierarchical highly permeable
components. The inter - facial state (SBET) was assessed using Brunauer–Emmett–Teller (BET)
approach, and the pore diameter correspondence was acquired utilising the Barrett–Joyner–Halenda
(BJH) tactic case and even the adsorption isotherm band. Figure 5 (b) demonstrates how the volume
immobilized rapidly with increasing comparative imperative attributes for all isotherms depending on the
volume required to �ll of mesopores in Fe3O4 screenplay. The porosity and surface province of

MnO2@Fe3O4 and the permeability length across were characterised to be 13.19 m2/g and 0.059 cm3/g,
respectively [17]
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3.5 EDX spectrum and Elemental mapping Analysis
Elemental analysis of Fe3O4@MnO2 NCs photo detectors demonstrated that certain components, chie�y
iron, oxygen, and Mn were generally provided in the hybrid Fe3O4@MnO2 nanocomposite. Moreover, the
EDX template of Fe3O4@MnO2 NCs reported the existence of all component parts including such Fe, O,
and Mn were shown in Fig – 6 [18]

3.6 AFM analysis
The AFM is a type of electron microscopy that is being used to detect factors like length. In tapping
phase, an AFM image of Fe3O4/MnO2 was captured. Surface morphology, which is commonly expressed
in dimensions of exterior hardness, is essential for forecasting catalytic characteristics. The root mean
square roughness (RMS) of a material is related to its particle diameter. The average rough surface was
5.89 nm, with the Root Mean Square at 10.37 nm. The rougher the texture and the greater the contact
area, the more activation centres there are. The excessive annealing temperature [19] may have caused
the nanocatalyst's irregular structure.

3.7 Magnetic behavior of synthesized Fe3O4/MnO2
nanocomposites
The magnetic pro�les of Fe3O4 nanoparticles and Fe3O4/MnO2 omposite fragments are shown in
Fig. 7(a) and (b). Two very different designs are similar, and the Fe3O4/MnO2 composite particles
possess super-paramagnetic characteristics. Even as permanent magnet �eld was curtailed, the
ferromagnetism lessened until it dropped to zero at H = 0. No residual magnetic moment stayed. It further
inhibits particle aggregation, and the powders could be incredibly quickly distributed equally because
once the magnetic �eld is excised. Fe3O4 nanoparticles have a saturation magnetization of 68.1 emu/g,
while Fe3O4/MnO2 considered as part have a magnetization of 33.5 emu/g.[14, 20]

3.8 Effect of core magnet Fe3O4/MnO2 catalyst loading on
biodiesel production
Effect of Fe3O4/MnO2 nanocomposites posses basic surface sites, which make them highly e�cient in
catalytic processes. Transesteri�cation reaction was strongly affected by catalyst concentration.
Biodiesel conversion was investigated with 12:1 M ratio of methanol: oil at a temperature of 550C for 50
min. When the catalyst concentration was increased from 5wt % to 15wt% the conversion was increased
from 4–90% respectively as shown in Fig. 9 (a). However when the catalyst concentration was increased
beyond 15 wt%, there is slight reduction in the conversion due to slurry being viscous and emulsi�ed [21]

3.9. Effect of methanol to oil ratio on biodiesel production
Important factor governing the biodiesel conversion is methanol to oil molar ratio. The stoichiometry ratio
of the transesteri�cation reaction requires 3 mol of methanol to yield 1 mol of glycerol and 3 mol of fatty
esters. Being a reversible reaction excess methanol is used to shift the reaction to the right. The reaction
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was carried out by varying molar ratios of methanol from 5:1 to 14:1 under the conditions of 14 wt%
catalyst, reaction temperature of 600 C in 50 min. Conversion of biodiesel was increased from 9 to 90%
as the molar ratio increased from 5:1 to 12:1 (Fig. 9 (b)). The conversion decreased from 90–78% when
the molar ratio was further increased from 12:1 to 14:1, this is due to accumulation of methanol and
viscous nature of the �uid [22].

3.10. Effect of temperature on biodiesel production
Reaction temperature is another important criterion that will affect the yield of biodiesel. Each experiment
was run for 50 min with 15 wt% catalyst and 12:1 methanol oil molar ratio. The reaction temperature was
varied from 40 to 800 C as shown in Fig. 10 (a). The result indicates that the biodiesel conversion was
low at lower temperature with only 60% at 400 C, biodiesel conversion increased sharply and reached 95%
at 600 C. Increase in the temperature increases the yield respectively due to increase in the solubility of
the solvent with enhanced diffusion rate. The conversion dropped on further increase in temperature 88%
at 700C. The yield tends to decrease after certain temperature due to methanol vaporization [23].

3.11. Effect of reusability of Fe 3 O 4 /MnO 2 NCs

Reusability is one of the most important features of a heterogeneous Fe3O4/MnO2 catalyst. Catalysts
were reused to test the lifetime and stability of the catalyst. The catalyst used after the �rst cycle was
collected and dried for the use in the successive cycles. To study the effect of reusability, experiments
were carried out at 600 C, with a 12:1 methanol to oil ratio, 14 wt.% of catalyst for 50 min. The activity of
the regenerated catalyst used for the sequential steps tends to remain stable for four cycles where the
yield was around 95% (Fig. 8). The conversion was 87% after fourth cycles and tends to decrease at
faster rate due to the deactivated active sites [24]

3.12. Kinetic investigation

The kinetic survey was done by appropriate conditions for the transesteri�cation process. The average
rate variable at various heating rate (40–800 C) for the biodiesel synthesis of castor oil engendered by
Fe3O4/MnO2 NCs has been estimated Nanocatalyst. Transesteri�cation reaction tends to follow the �rst
order reaction as the product formations (Methyl esters) are studied as function of time. Plot of ln[p]
versus ln(dp/dt) at different interval of time and temperature was found to be linear where rate constant
was determined from intercept and slope. The yield tends to increase with respect to time and
temperature where the reaction rate rises with increase in temperature [25]. Thus the reaction rate is
dependent on reaction temperature and time. Arrhenius relationship and the activation energy were
studied for the transesteri�cation process. The activation energy (Ea) was calculated using Eq. (3).

ln k = - Ea/RT + C ---------------- (3)

The activation energy was calculated from the slope of 1/T versus (ln k). The �rst order tends to �t the
kinetic model. The activation energy required for transesteri�cation of castor oil catalyzed by
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nanocatalyst was found to be 1627.23 J/mol.

3.14 Bio-fuel assessment

The fatty acid methyl ester contents of biofuels compounds were characterized employing Gas
chromatography - mass in detection mode, as demonstrated by earlier work. The prevalence of methyl
esters is indicated by the distinct peaks in Fig. 11. The greatest signal, with latency duration of 18.7
minutes, shows the existence of 9-octa decenoic acid, methyl ester [26].

4. Conclusion
Fe3O4 and Fe3O4/MnO2 nanocomposites constructed by co-precipitation integral approach. Catalytic
performance for the biodiesel production of essential oil (castor oil) utilizing methanol. All of the
speci�cations explored, including response time, catalyst dosage, heating rate, time, and methanol to oil
molar ratio, had a massive implication on the heterogeneous transesterification of Castor oil. At perfect
circumstances, the cumulative extraction yields from Castor oil was 95%: 50 minutes of response time,
600C temperature, 15 wt% catalyst dosage, and a methanol to oil molar ratio of 12:1. The �rst order tends
to �t the kinetic model, with an activation vitality of 1627.23 J/mol. Finally the Fe3O4/MnO2 core shell
magnet was very effective nature in biofuel production from castor oil.
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Figure 1

scheme representation of biofuel production using core magnet Fe3O4/MnO2 NCs
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Figure 2

powder x-ray diffraction pattern of Fe3O4/MnO2 nanocomposites
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Figure 3

Functional group analysis of Fe3O4/MnO2 NCs using co-precipitation method
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Figure 4

(a) SEM image of Fe3O4@MnO2 (b) TEM microscopic spectrum of Fe3O4@MnO2 NRs (c) HR-TEM image
of Fe3O4@MnO2 (d) SAED pattern of Fe3O4@MnO2 NCs 
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Figure 5

(a) N2 adsorption-desorption isotherms (b) pore volume vs pore diameter of Fe3O4/MnO2 NCs

Figure 6

(a) energy dispersive spectroscopy (b) elemental mapping spectrum 

Figure 7

Atomic force microscopy of synthesized Fe3O4/MnO2 NCs
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Figure 8

VSM spectra for (a) Fe3O4 (b) Fe3O4/MnO2 nanocomposites by co-precipitation method

Figure 9

(a) effect of core magnet catalyst loaded (b) effect of methanol to oil ratio on biofuel production
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Figure 10

(a) reusability curve after �ve cycles (b) effect of temperature on biofuel production method
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Figure 11

GC-MS curve of bio-fuel production from castor oil


