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ABSTRACT
An alternate energy source for a variety of applications is provided by the produc-

tion of biodiesel from Pongamia pinnata oil. To load MgO onto the ferrite-coated zirconium
oxide, the impregnation method was used. A 0.5 mol solution of magnesium nitrate was al-
lowed to dissolve in distilled water. After adding sodium hydroxide and CTAB, the mixture
was added to a solution comprising ferrite-coated zirconium oxide and swirled constantly
for eight hours at 65◦C using a hot plate magnetic stirring device. Once the color of the fi-
nal solution changed, the introduction of sodium hydroxide was halted. The dense, viscous
filtrate was cleaned using methanol and distilled water. After that, the thick sediment was
dried by being kept at 110◦C for 12 hours in an oven. Lastly, the precursor material was
calcined for three hours at 600◦C in a muffle furnace. To investigate its catalytic activity,
the produced catalyst was evaluated using FTIR, SEM, XRD, and particle size analysis. A
maximum yield of 97 wt% biodiesel was attained, when it was transesterified utilizing the
ZrO2/MgO-Fe3O4 catalyst under different conditions: 6% (w/w) catalyst concentration, 15:1
methanol to oil molar ratio, 60◦C reaction temperature, and 240 min reaction duration. The
ASTM standard was utilized for the analysis of the fuel qualities. It appears that the synthe-
sized nanocatalyst is quite responsive in terms of both quality and effectiveness.

Keywords: Doping; Impregnation; Nano catalyst; Pongamia pinnata oil; Transesterification

*Corresponding author: aravind.n1987@gmail.com doi: 10.14456/scitechasia.2025.89



N. Aravindh et al. | Science & Technology Asia | Vol.30 No.4 October - December 2025

1. Introduction
Petroleum fuel is used extensively in

all facets of our lives. Because the energy
sector relies heavily on fossil fuels, their de-
pletion is accelerating over time on a global
scale. Additionally, a number of environ-
mental problems have been brought about
by the ongoing usage of fossil fuels, which
has increased global warming and produced
additional pollutants like sulfur oxide and
carbon dioxide. Several studies have con-
centrated on looking for an alternate source
in an effort to both meet the world’s ever-
increasing energy demand and protect the
environment. A sustainable and renewable
natural source should be used to replace the
non-renewable fuel. In comparison to other
sustainable sources, biodiesel is now the
most appropriate substitute because it is a
green fuel with significant potential in place
of petroleum diesel. Biodiesel is a fuel de-
rived from renewable sources that is non-
toxic, biodegradable, renewable, and envi-
ronmentally beneficial. It mostly contains
free fatty acids and triglycerides.

In the transesterification or esterifi-
cation process, a short chain alcohol and
a catalyst (acidic or base) are employed
to convert the presence of free fatty acid
and triglycerides to methyl ester. These
chemicals are concentrated in vegetable
oil and animal fat. Nowadays, edible oils
including sunflower, palm, rapeseed, and
soybean are the main source of energy
for commercial biodiesel, which has a
significant impact on the food business. It
is always crucial to concentrate on using
an inexpensive feedstock since this will
cut the price of biodiesel. Non-edible oils
are the most viable feedstock as the food
industry won’t be impacted in any way by
their existence. The use of homogenous
basic and acid catalysts, such as NaOH,
KOH, sulfuric acid, and hydrochloric acid,

has been widespread in many companies.
However, due to the emergence of serious
issues like environmental pollution, corro-
sion, and limitations on its selectivity for
producing better products, its use in indus-
trial applications has drastically decreased.
Because of the strict environmental reg-
ulations, there is now a more direct route
for the creation of innovative catalysts.
According to reports, zeolite and metal
oxides are two common solid catalysts
utilized in the production of biodiesel.
More stable heterogeneous catalysts, such
as WO3/ZrO2, TiO2/SO2−

4 , ZrO2/SO2−
4 ,

CaO/ZrO2, Cs-Na2ZrO3, Fe3O4/KBr,
and MgO/MgAl2O3, KF/CaO, Zn/CaO,
KF/CaO/Fe3O4, and Cs/Al2O3/Fe3O4, are
found in this acidic or basic heterogeneous
catalyst. The existence of water and free
fatty acid during the reaction doesn’t really
affect these catalysts. However, to carry
out the reaction at a higher temperature
and give it more time has an impact on
particular applications. Alkaline earth
metal oxides, are supposed to have a larger
surface area for improved catalytic activity,
which results in selectivity and a longer
reaction, both of which improve biodiesel
synthesis. When compared to homogenous
catalysts, this kind of catalyst has the
capacity to be separated more readily from
the finished biodiesel product with a higher
grade.

Conversely, a solid heterogeneous
catalyst with magnetic properties facilitates
simple separation from the product through
the application of an outside magnetic field.
Typically, the spinal type ferrite is used to
characterize magnetic catalysts. The char-
acteristics that will stand out the most with
the inclusion of ferrite are the increased area
and the uniform distribution of the active
phase of the particles put onto the surface.
There is resistance to both chemical and
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thermal affinity in this magnetic nanocata-
lyst spinel. According to Feyzi and Norouzi
[1] the ferrite compounds found in the het-
erogeneous catalysts exhibit low toxicity,
high magnetic property and biocompatibil-
ity.

The biodiesel manufacture using
zinc-doped magnesium oxide as a nanocat-
alyst yielded 84.91% [2]. Excellent charac-
teristics of these nanoparticles include ac-
tivity, selectivity, and recoverability in the
biodiesel synthesis process.

Therefore, a nano - catalyst was syn-
thesized in my current study to produce
biodiesel from non-edible oil. The syn-
thesized nano-catalyst was examined using
various analytical tools such as FTIR, PSA,
XRD and SEM. The activity of the nano-
catalyst was assessed through transesterifi-
cation process. The effect of process vari-
ables such as methanol to oil molar ratio,
catalyst loading (wt %), reaction tempera-
ture (K), reaction time (min) were investi-
gated for optimization studies. Finally, the
properties of the produced biodiesel were
analyzed and compared with the ASTM
standards.

2. Materials and Methods
The feedstock, non-edible oil

(Pongamia pinnata) was procured from
“The Arshan Green Organics”, which is
a organic product store located in Kot-
turpuram, Chennai. The chemicals such
zirconium oxy chloride hydrate, magne-
sium nitrate, ferric chloride, ferric sulphate,
CTAB, and methanol which are utilized for
the synthesising of nano-catalyst and for
transesterification reaction were purchased
from Merck in India, of analytical grade.

Fig. 1. Preparation of nanocatalyst Fe3O4.

3. Catalyst Preparation
3.1 Preparation of nanocatalyst Fe3O4

In a 100 mL SMF flask, 0.5 mol of
ferric chloride, 0.25 mol of ferric sulphate,
and 0.2 mol of ferric sulphate were added.
Deionized water was then allowed to dis-
solve the mixture. The two samples were
combined in a 1000 ml beaker and contin-
uously mixed for one hour at 65◦C using
a hot plate magnetic stirrer. To create a
thick precipitate, 3g of CTAB was added
during the reaction. A burette containing
0.1 N of sodium hydroxide was attached
to the hot plate magnetic stirrer, and drops
of the solution were applied until the color
changed and the pH level remained at 11.
After being matured for an entire night, the
thick, black, solid magnetic precipitate was
cleaned three times using methanol and dis-
tillate water. The precipitate was calcined,
and maintained at 600◦C for three hours in
a muffle furnace and dried for 12 hours at
110◦C in a hot air oven. In order to gener-
ate the nanocatalyst Fe3O4-ZrO2, two mil-
ligrams of ferrite combined with deionized
water were added to 0.2 milligrams of zir-
conium oxy chloride hydrate.

The resultant solution is stirred con-
tinuously for an hour by placing it over a hot
plate magnetic stirrer. To get a thick pre-
cipitate, CTAB was added the resultant so-
lution and after that sodium hydroxide was
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added in drop wise in order to look after
the pH between 10 to 11. Once the thick
blackish precipitate was obtained, it was
cooled naturally at room temperature; then
after it was washed with distilled water and
methanol for thrice and the filtrate was kept
for drying overnight at 120◦C as shown in
Fig. 1.

3.2 Preparation of nanocatalyst
MgO/Fe3O4-ZrO2

MgO was loaded onto the ferrite-
coated zirconium oxide using the impreg-
nation process. A 0.5 mol solution of mag-
nesium nitrate was allowed to dissolve in
distilled water. After adding sodium hy-
droxide and CTAB, the mixture was added
to a solution containing ferrite-coated zir-
conium oxide and constantly swirled over
a hot plate using a magnetic stirring device
for eight hours at 65◦C. Once the color of
the final solution changed, the addition of
NaOH was halted. The dense, viscous fil-
trate was cleaned using methanol and dis-
tilled water. After that, the thick precipitate
was dried by being kept at 110◦C for 12 hrs.
in an oven. Lastly, the precursor was cal-
cined for 3 hours at 600◦C in a muffle fur-
nace.

3.3 Preparation of biodiesel
The production of biodiesel was car-

ried out in a 500 mL three neck round
bottom flask fitted with reflux condenser.
After that it was placed over a hot plate
magnetic stirrer. Initially oil was added
to the round bottom flask and was allowed
to heat with continuous stirring to remove
the moisture content. Then the mixture
of catalyst and methanol was added slowly
to one of the necks to study the differ-
ent parameters affecting the transesterifica-
tion reaction, such as methanol to oil mo-
lar ratio, catalyst loading, reaction temper-

ature and reaction time. After the com-
pletion of the reaction, the mixture was al-
lowed to cool and was poured into a sep-
arating funnel. The unreacted methanol
present in the biodiesel was recovered by
using a rotary vacuum evaporator. After the
biodiesel product was separated from glyc-
erol, it was washed with warm water and
dried at 110◦C. The final product was de-
termined gravimetrically as shown in Eq.
(3.1).

𝐵𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑌𝑖𝑒𝑙𝑑 (%)

=
𝑊𝑖𝑒𝑔ℎ𝑡 𝑜 𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 (𝑔)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜 𝑓 𝑜𝑖𝑙 (𝑔) × 100.

(3.1)

3.4 Catalyst characterization
The synthesized catalyst was exam-

ined to identify the morphology behaviour
of the catalyst through various analytical
analyses such XRD, SEM, FTIR, PSA and
N2 adsorption – desorption measurements.

The crystalline nature of the cata-
lyst was examined using X’pert Pro model,
which is working with radiation sources in
the range of 2𝜃 (10◦ to 80◦). The catalyst
surface area, pore volume and porosity were
measured using NOVA 2200 instrument. It
was found that surface area for the nanocat-
alyst was 206.6 m2/g. pore volume was
0.178 cm3/g and pore diameter was found
to be 2.2 Å.

The SEM analysis was carried out to
identify the morphology of the catalyst us-
ing JSM 6360LA. The FTIR was analysed
for getting functional group present over the
surface of the catalyst in the wave length be-
tween 400 to 4000 cm−1 [15].

4. Results and Discussion
Characterization of ZrO2/MgO-

Fe3O4 Nano Catalyst:
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Fig. 2. XRD analysis of ZrO2/MgO-Fe3O4 cat-
alyst.

4.1 XRD- analysis
A study was conducted to determine

the crystalline nature of the produced nano
catalyst (MgO/Fe3O4-ZrO2). The devel-
opment of crystal phases clearly indicates
the presence of oxides, which will increase
the catalyst’s activity and stability. It has
been discovered that the Fe3O4-ZrO2 sur-
face possesses an amorphous MgO layer,
which is represented by a smaller peak at 2𝜃
equal to 37.71◦, 45.85◦, 60.15 and 76.43. A
strong crystalline phase is indicated by the
presence of iron oxide (Fe3O4) at 2𝜃 32.17,
46.06, 54.39, and 62. Iron oxide and zir-
conium oxide are strongly attached to each
other like cohesive forces because the zir-
conium oxide presents a tetragonal appear-
ance, notably at the centered position retain-
ing 2𝜃 equal to 37.71, as illustrated in Fig.
2. Consequently, the crystalline phase may
change from tetragonal to monoclinic [6].

4.2 SEM - analysis
According to the SEM analysis of the

nanocatalyst (MgO/Fe3O4-ZrO2), as illus-
trated in Fig. 3, the aggregation of mag-
netic nanoparticles with magnesium results
in the formation of condensation plate-like
surfaces that induce higher porosity levels.
This is because there are more pores, which
improve the uniform distribution of parti-
cles and allow the particles to take on spher-

Fig. 3. SEM of ZrO2-CaO-Fe3O4 catalyst.

ical shapes.

4.3 FTIR - analysis
The FTIR analysis of the nanocata-

lyst MgO/Fe3O4-ZrO2 core shell during the
calcination process is displayed in Fig. 4.
The Fe-O particles are evenly distributed
across the nano catalyst’s surface, giving
the appearance of high absorption peaks
that induce two phases of vibration: O-Zr
vibrations at 622 cm−1 and stretching vi-
brations at 459 cm−1 (tetrahedral and oc-
tahedral). Strong vibrations of cubic phase
nanoparticles are indicated by the presence
of MgO, which is detected at 1272 cm−1.
The water molecule’s existence is demon-
strated to be an O-H stretching vibration in
the 3400–3600 cm−1 range [16].

Fig. 4. FTIR spectrum of ZrO2/CaO-Fe3O4 cat-
alyst.
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4.4 PSA-particle size analysis
The particle size distribution plays a

role in determining howmuchmicro disper-
sion the catalyst can cause in the oil phase of
the reaction. The diversity of particle sizes
was not very wide, as Fig. 5, demonstrates.
This indicates that the catalyst will have lit-
tle trouble producing a homogeneous distri-
bution in the medium.

Fig. 5. Particle size analysis.

About 97% of the particles have dis-
persion between 20 and 100 nm. The des-
orption technique yielded an overall acid
site density of 3473 𝜇mol g−1 on the cat-
alyst’s surface.

5. Transesterification
The parameters optimized to get

maximum yield of biodiesel are effect of
calcinations temperature, effect of catalyst
concentration, effect of methanol to oil ra-
tio, effect of reaction time and effect of re-
action temperature [2].

5.1 Effect of methanol to oil molar ratio
The main factor influencing the yield

of biodiesel is the alcohol to triglyceride
molar ratio. But since transesterification is
reversible, extra alcohol is typically added
to move the reaction to the product side.
The methyl ester concentration rises as the
mass ratio of methanol to oil increases be-
cause the higher reactant mass ratio in-

creases the contact between the methanol
and oil molecules [17].

Fig. 6. Effect of the methanol to oil molar ratio.

The catalyst concentration 6%, re-
action time 240 minutes, and tempera-
ture 60◦C were set. The production yield
rose along with the rise in the molar ra-
tio of methanol to oil ranging from 3:1
to 18:1. Reduced biodiesel was the out-
come of an additional ratio increase. Us-
ing ZrO2/MgO-Fe3O4 catalysts, the oil to
methanol molar ratio was found to be 15:1,
yielding the highest yield (86 weight per-
cent) of biodiesel fuel from the Pongamia
pinnata oil Fig. 6.

5.2 Effect of catalyst concentration
The amount of catalysts employed

can have an impact on the production of
biodiesel. The transesterification reaction
is influenced by the concentration of the
catalyst, which works to speed up reaction
rates. The effect of varying concentrations
was investigated by varying the nanocata-
lyst concentration within the ranges of 2%
to 7% (w/w). As seen in Fig. 7, the high-
est biodiesel yield of 92 weight percent was
achieved with a 6% nanocatalyst concen-
tration. This suggests that the biodiesel
yields above 7% are caused by inadequate
methanol and oil diffusion; when catalyst
concentration rises the biodiesel is absorbed
on the catalyst’s surface. As the quantity
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of heterogeneous catalysts increased, the
slurry became excessively viscous, which
made mixing difficult and required a lot of
power to stir the mixture enough.

Fig. 7. Effect of the catalyst concentration.

5.3 Effect of reaction time
Methyl ester yield is directly im-

pacted by reaction times. In catalytic ac-
tivity, the methyl esters increase with in-
creasing reaction time. The conversion
of fatty acid esters rises with time, while
the prolonged exposure of the catalysts and
methanol causes a decrease in yield. Re-
action time raises the conversion. Further-
more, as Fig. 8 illustrates, a prolonged re-
action time has no effect on the biodiesel
production. Under ideal conditions, with a
molar ratio of 15:1 methanol to oil and 6%
nanocatalyst, the impact of reaction dura-
tion on conversion was investigated for var-
ied reaction times ranging from 60 to 360
minutes. When the reaction period was ex-
tended to 240 minutes, the biodiesel output
rose to 95 weight percent.

5.4 Effect of the reaction temperature
The temperature of the reaction is an-

other significant element that influences the
output of biodiesel. The remaining param-
eters were kept at 6% catalyst and a 15:1
methanol to oil molar ratio for 240 min-
utes. The temperature range of the reaction
was 300–350◦K. In addition to increasing
the production of biodiesel, a rise in tem-

Fig. 8. Effect of the reaction time.

perature also makes a solvent more soluble
with a faster diffusion rate. In order to pre-
vent alcohol vaporization leakage, the re-
action temperature needs to be lower than
the alcohol’s boiling point. The oil’s vis-
cosity can be reduced by a greater reac-
tion temperature, which will accelerate the
reaction and minimize its duration. The
outcome shows that at lower temperatures,
the conversion of biodiesel was low and
grew steadily, reaching 97 & 6 wt% at 333
K. Methanol vaporization is the cause of
the output decline, indicating insufficient
methanol availability as shown in Fig. 9.
The polarity of the methanol, which de-
creases at higher temperatures, is another
factor contributing to the yield decline as
temperature rises.

Fig. 9. Effect of reaction temperature.
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5.5 Optimized parameters for biodiesel
production

Catalyst concentration: 6wt%,
methanol to oil molar ratio: 15: 1, reaction
time: 240 min and reaction temperature:
333 K to give a maximum biodiesel yield
of 97%.

6. Characterization of Biodiesel
Fig. 10, shows the H1NMR range

of biodiesel produced under optimum con-
ditions. The singlet signal, which is ab-
sent from the oil spectrum and signals the
methoxy protons of the ester functional-
ity, at 3.661 ppm verifies the conversion
of triglycerides to biodiesel. The biodiesel
conversion efficiency was 97%, and its op-
timum yield of 96.2 wt%. This result in-
dicates that the reaction parameter control
has a greater influence on conversion than
biodiesel yield [18].

Fig. 10. Reusability of catalyst.

6.1 Reusability of catalyst
The catalyst reusability was studied

to reduce the cost of processing the reac-
tion. As the reaction is carried under op-
timization condition for nine consecutive
runs. The catalyst was removed from the
reaction mixture by using an external per-
manent magnet. Then the recovered cata-
lyst was washed with petroleum hexane and
methanol to remove the presence of unre-

acted triglycerides over the surface of the
catalyst. It was noticed that up to seven cy-
cles there was not much reduction in yield,
but after the seventh cycle yield of biodiesel
decreased as shown in Fig. 11 because of
the leaching of iron content from the sur-
face of the catalyst. This will lower the ac-
tive site of the catalyst and, in turn, reduce
the conversion of oil to biodiesel [17].

Fig. 11. H1NMR Spectrum for Biodiesel.

6.2 Fuel properties of biodiesel
The physical – chemical properties of

produced biodiesel are shown in Table 1.

Table 1. Physical and chemical properties of
produced biodiesel.

Property Units Test
method ASTM D6751 Biodiesel

Acid
number

mg
KOH
g−1

ASTM
D664

max
0.5 0.36

Viscosity
@40◦C

mm2

s−1
ASTM
D445

1.9-
6.0 4.2

Flash
point

◦C ASTM
D93

min
130 142

Cloud
point

◦C ASTM
D2500 report 18

Water &
sediments vol.% ASTM

D2709
max
0.05 0.05

Sulfated
ash

mass
%

ASTM
D874

max
0.02 0.001

Cetane
number

ASTM
D613 min 47 60

Oxidation
stability h EN

14112 min 3 6.5

Carbon
residue

mass
%

ASTM
D4530

max
0.05 0.032

Phosphorus
content

mass
%

ASTM
D4951

max
0.001 0.0001

Ca & Mg ppm EN
14538 max 5 1.8
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The properties of biodiesel were
compared with ASTM D6751 and were re-
ported. The values of viscosity were found
to be low in compression with the given
value and found that biodiesel produced
from Pongamia pinnata oil showed better
lubricating characteristics.

7. Conclusion
The biodiesel production from

Pongamia pinnate oil has demonstrated
the efficient catalytic activity of the
ZrO2/MgO-Fe3O4 heterogeneous nanocat-
alyst. The nanocatalyst that was created
was spherical in shape. ZrO2/MgO-Fe3O4
nanoparticles that were calcined at 600◦C
demonstrated the highest level of catalytic
activity. The catalyst concentration is 6
weight percent, the reaction temperature is
333 K, the reaction time is 240 minutes,
and the methanol to oil molar ratio is
15:1. These optimized process parameters
allow for a maximum biodiesel output of
97%. According to ASTM D6751, the
fuel characteristics of Pongamia pinnata
biodiesel were ascertained. Thus, it can
be said that the large-scale generation of
biodiesel is appropriate for both Pongamia
oil and ZrO2/MgO-Fe3O4 nanocatalyst.
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