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| Calcium oxide (CaO) has emerged as an efficient and versatile catalyst for various chemical transformations, particularly in the production |
of biodiesel and other value-added chemicals. This study highlights the superior catalytic performance of CaO compared to alternative

| catalysts, demonstrating its ability to deliver higher yields in both methanol and ethanol-based reactions. Its robust stability under reaction |

| conditions ensures prolonged catalytic activity, reducing the need for frequent regeneration. Furthermore, CaO exhibits excellent activity |

| with both methanol and ethanol, exhibiting its adaptability to different feedstocks. The combination of high yield, stability and dual- |

| feedstock activity highlights the potential of CaO as a cost-effective and sustainable catalyst for industrial applications. |

| |

INTRODUCTION

The increasing demand for sustainable energy sources has
led to a growing interest in biofuels, particularly biodiesel, as
an alternative to conventional petroleum-based fuels [1]. Bio-
diesel, primarily produced through transesterification, offers
significant environmental benefits such as reduced greenhouse
gas emissions and biodegradability [2]. Among the various
feedstocks for biodiesel production, vegetable oils, including
Karanja oil, have gained attention due to their high energy
content and availability [3]. However, the catalytic process
involved in converting these oils into biodiesel requires effic-
ient, cost-effective and eco-friendly catalysts. In recent years,
alumina-supported calcium catalysts have emerged as promi-
sing candidates for biodiesel production due to their high catal-
ytic activity, stability and ease of synthesis. Calcium, a low cost
alkaline earth metal, can effectively promote the transesteri-
fication of vegetable oils by breaking the ester bonds and facili-
tating the conversion into biodiesel [4].

When supported on a material like alumina, which offers a
high surface area and enhanced stability, these catalysts exhibit
improved performance in terms of reaction efficiency and reus-
ability [5]. This study focuses on the investigation of alumina-
supported calcium catalysts for the transesterification of Karanja
oil into biodiesel. Karanja oil, derived from the seeds of

Pongamia pinnata tree, is an under utilized feedstock rich in
triglycerides, making it an ideal candidate for biodiesel produc-
tion. By exploring the synthesis, characterization and catalytic
performance of these catalysts, this study aims to contribute
valuable insights into the development of more efficient and
sustainable biodiesel production processes.

EXPERIMENTAL

Alumina-supported calcium catalyst preparation by
incipient impregnation method: The preparation of alumina-
supported calcium catalysts using the incipient impregnation
method involves the following steps [6]:

(i) Preparation of alumina support: High-purity alumina
(AIOs) as support material was pre-treated by washing with
distilled water to remove any impurities or residual moisture.
The alumina was then dried at 110 °C for 12 h to eliminate the
excess moisture and ensure the proper surface activation for
effective impregnation of calcium precursor.

(ii) Preparation of calcium precursor solution: A solu-
tion of the desired concentration was prepared by dissolving
calcium acetate salt in distilled water [7]. The concentration of
calcium precursor was selected according to the desired calcium
loading on the alumina support. The solution was agitated to
ensure homogeneous dissolution of the salt.
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(iii) Impregnation process: The dried alumina substrate
was subsequently impregnated with the calcium precursor
solution using the impregnation technique [6]. During this
procedure, the alumina was placed in a beaker and the calcium
solution was gradually introduced, ensuring complete wetting
of the alumina’s pore structure without the presence of excess
liquid. The alumina is allowed to absorb the solution for an
adequate duration (typically 1 to 2 h), ensuring that the entire
surface of alumina was saturated with the calcium precursor.

(iv) Drying and calcination: After the impregnation, the
catalyst precursor was dried at 110 °C for 12 h to remove the
remaining water and solvents from the impregnated solution.
The dried material was then subjected to calcination in a muffle
furnace at different temperature of 700-500 °C for 4 h. This
step promotes the thermal decomposition of calcium salt, resul-
ting in the formation of calcium oxide (CaO) supported on the
alumina surface. The calcination process also helps to enhance
the stability and dispersion of calcium on the alumina support
[8].

(v) Cooling and final catalyst: After calcination, the
catalyst was allowed to cool to room temperature in a desiccator
to prevent moisture absorption. The final alumina-supported
calcium catalyst was characterized and use in biodiesel produc-
tion.

Catalyst characterization: The surface area of the catalyst
samples were measured using nitrogen adsorption at 77 Kina
SMART SORBS 92/93 set up. The single point BET equation
was used to calculate the surface area. The XRD patterns of the
supported samples were obtained with a 180 Debye Flex-2002
X-ray diffractometer. Nickel filtered Ko radiation of a copper
target (A= 1.541841 A) was employed and the data was obtained
from 20° to 70° in a step mode at a 20 sweep of 3° min" and a
time constant of 3 s. The UV-vis spectra were obtained using
a Cary 5000 UV-vis-NIR spectrophotometer equipped with a
Harrick Scientific diffuse reflectance accessory. All spectra
were collected under ambient conditions with BaSOs,.

Reactor used: A 2.0 L batch reactor (AmAr Equipments
Ltd, Mumbai, India) was used for most of the transesterification
experiments [9]. The reactor was equipped with a PID contr-
oller, a RTD-PT100 temperature sensor, an electrically heated
jacket, a condenser with a cooling water circulation system, an
agitator for proper mixing, a valve for sample removal and
gauges. The same batch reactor was previously used for bio-
diesel production. Bench top experiments were also performed
in an agitated 250 mL beaker with proper temperature control.
The bench top experiments were performed for the exploratory
studies.

Experimental procedure: Known amounts of methanol
and 3.5% g/g-oil liquid-phase catalysts, were thoroughly mixed
atroom temperature. This solution was then added to the bottom
of batch reactor or beaker depending on the type of study. In
the beaker experiments, 100 g of soybean oil was added and the
temperature was then raised to 333 K. The reaction was allowed
to continue for 1 h after and then biodiesel yield was deter-
mined. In 2 L batch reactor, 250 g of soybean oil was added and
then the transesterification reaction using solid-phase catalysts
were carried out from 293 K to 333 K. At each temperature, a

fresh stock of reactant and solid catalyst was considered. The
required amount of supported catalyst and volume of methanol,
with methanol to oil molar ratios of 3:1, 6:1, 12:1 or 24:1, were
added to the reactor. To calculate the molar ratio, the molecular
weight of soybean oil was taken to be 882.82 g/mol. A previous
study reported a molecular weight of soybean oil as 874 g/mol
[10]. Samples (about 20 mL) were withdrawn at various time-
intervals for biodiesel yield determination. The extracted sam-
ples were permitted to settle for 12 h, agitated and then rinsed
with distilled water at 343 K, targeting the upper biodiesel
layer. The upper ester layer of the samples were analyzed with
NMR spectroscopy for the calculation of yield using previously
established procedures [11]. Several runs were repeated to check
for reproducibility and the average value was reported.
Catalyst leaching: To study the effect of catalyst leaching,
the following procedure was followed. The powder form of
Al O; supported Na catalyst was mixed with the amount of
methanol required for the reaction. The amount of methanol
required was according to the methanol to oil ratio. The solid-
phase was then separated from the liquid phase by decantation
and then by filtration. The liquid phase containing methanol
and any leached material was then taken in the beaker or batch
reactor specified above. A known amount of oil corresponding
to the methanol to oil was then mixed with the liquid phase
mixture and the reaction was carried out under the appropriate
operating conditions based on the specific study [12].

RESULTS AND DISCUSSION

Calcium loading effect: As the calcium loading increases
from 5% to 20%, the absorption in the NIR region becomes
more intense and sharper (Fig. 1). This indicates the increased
presence of calcium oxide species and their interactions with
the alumina support. At lower loadings (5% and 10%), the
calcium species are better dispersed on the alumina surface,
leading to weaker absorption features. As the loading increases
(15% and 20%), calcium aggregation occurs and the absorption
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becomes more pronounced due to the formation of larger CaO
particles and clusters.

Surface hydroxyl groups: Absorption bands in the range
of 1000-1400 nm are often associated with the presence of
surface hydroxyl groups, which can interact with CaO [13].
These bands may shift or increase in intensity as the calcium
loading increases, reflecting the increased availability of active
sites and changes in the surface structure.

Bonding and aggregation: The intensity and position of
the peaks in the 1400-2000 nm range are indicative of Ca-O
bonding. At higher calcium loadings, aggregation of calcium
oxide is observed, which leads to a more crystalline structure
and stronger bonding interactions with the alumina support.

Effect of methanol and ethanol in biodiesel production
process: The effect of methanol and ethanol on biodiesel conv-
ersion was investigated using different alcohol-to-oil ratios of
6:1,12:1, 15:1 and 30:1. Methanol consistently showed better
conversion rates compared to ethanol across all ratios. At a 6:1
methanol-to-oil ratio, the conversion achieved was 17%, whereas
ethanol produced only 2% conversion. However, at a 12:1 ratio,
methanol exhibited a significant increase in conversion to 98 %,
demonstrating its superior reactivity in the transesterification
process. In contrast, ethanol showed a modest improvement,
reaching 17% conversion at the same ratio. At higher methanol-
to-oil ratios of 15:1 and 30:1, the conversion dropped drama-
tically for methanol, with the conversion falling to 4% and 0%,
respectively as shown in Fig. 2. Ethanol also experienced a
decline in conversion with increasing alcohol-to-oil ratios, but
to a lesser extent, showing 63% conversion at 15:1 and 5%
conversion at 30:1. These results suggest that while methanol
is more efficient than ethanol, excessive amounts of alcohol in
the reaction mixture can negatively impact the conversion effi-
ciency. The diminishing returns at higher alcohol-to-oil ratios
for both methanol and ethanol can be attributed to factors such
as excess alcohol interfering with phase separation, reduced
catalyst efficiency and the equilibrium constraints of the trans-
esterification reaction [14].
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Fig. 2. Biodiesel yield at different alcohol to oil ratio

Methanol activated calcium oxide catalyst: The increase
in conversion from 17% to 30% when using methanol-activated
calcium oxide (CaO) as catalyst can be attributed to several
key factors that enhance the catalytic activity of CaO. When

methanol was introduced into the system, it activates the CaO
catalyst by promoting the formation of more reactive species
on the catalyst surface. Methanol, as a polar solvent, enhances
the dissolution of oil and facilitates the dispersion of catalyst
particles, thereby increasing the surface area available for the
reaction. Herein, methanol may facilitate the generation of more
hydroxyl groups (OH") on the surface of CaO, which act as active
sites for the transesterification process, improving the reactivity
of catalyst.

Moreover, methanol can also help in the deactivation of
CaO by breaking any surface carbonate bonds that might form
during the reaction, leading to the regeneration of active sites.
As aresult, methanol activation increases the efficiency of CaO
catalyst by providing more reactive sites for the esterification
reaction. The enhanced solubility and better phase mixing of
the reactants due to methanol also help in improving the conv-
ersion rate. Therefore, the methanol-activated CaO catalyst
shows a higher conversion of oil to biodiesel, as it effectively
facilitates the transesterification reaction by increasing the
number of accessible active sites and improving the reaction
conditions.

Leaching effect on CaO catalyst: In case of CaO used as
a catalyst for biodiesel production, no leaching of calcium
ions into the reaction medium was observed. Leaching refers
to the loss of catalyst components into the product mixture during
the reaction, which could significantly reduce the catalytic effi-
ciency and cause contamination of biodiesel [15]. However,
in this study, the CaO catalyst demonstrated excellent stability
and durability throughout the reaction process. The CaO rema-
ined intact in its solid phase, without any detectable calcium
ion release into the oil-methanol mixture. This is attributed to
the high stability of CaO under the conditions used in the trans-
esterification process as well as its strong ionic bond structure,
which prevents the migration of calcium ions. The non-leaching
behaviour of catalyst ensures that it remains an effective and
reusable catalyst for biodiesel production, reducing the require-
ment for the frequent catalyst replacement and minimizing the
risk of contamination in biodiesel product as shown in Fig. 3.

The UV spectra of both fresh and used catalysts confirmed
that no leaching of CaO catalyst during the reaction was obse-
rved. No significant changes in the absorption peaks were obse-
rved before and after the reaction, indicating that CaO catalyst
remained stable and did not dissolve or release any metal species
into the reaction medium [16]. This stability suggests that the
catalyst effectively maintained its structural integrity and catal-
ytic activity throughout the process, without any undesirable
loss of material or performance degradation due to leaching.

Effect of methanol to oil ratio and THF as co-solvent:
The presence of CaO in the alumina-supported calcium catalyst
plays a crucial role in enhancing the transesterification reaction
during biodiesel production. One of the key factors influencing
the conversion rate of oils into biodiesel is the methanol-to-
oil ratio. As the amount of methanol is increased in the reaction
mixture, the conversion efficiency improves significantly as
shown in Fig. 4. Calcium oxide facilitates the breaking of ester
bonds in the triglycerides of oils, promoting the formation of
methyl esters (biodiesel). When the methanol-to-oil ratio incre-
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Fig. 4. Effect of methanol to oil ratio and THF as co-solvent

ased, the availability of methanol molecules enhances the
reaction kinetics, allowing for a more complete transesterifi-
cation process. In presence of CaO, which acts as a basic catal-
yst, the increased methanol concentration accelerates the form-
ation of biodiesel by shifting the equilibrium towards ester
production. This leads to a higher conversion rate, as excess
methanol helps in overcoming any potential equilibrium limita-
tions, driving the reaction to completion. Therefore, a higher
methanol-to-oil ratio, in combination with CaO, results in a
more efficient and higher-yield biodiesel production process.

The use of tetrahydrofuran (THF) as a co-solvent in the
transesterification process significantly enhances biodiesel
production yields [17]. THF, being a polar aprotic solvent,
improves the solubility of both oil and methanol, which are other-
wise immiscible to some extent. This increased solubility facili-
tates a more efficient interaction between the methanol and
the oil, allowing for a smoother and faster transesterification
reaction. By acting as a co-solvent, THF helps in breaking the
viscosity of vegetable oils, promoting better dispersion of the

catalyst and methanol throughout the oil phase. Moreover, THF
helps to reduce the formation of emulsions that might hinder
the separation of biodiesel from glycerol, further improving
the purity and yield of the biodiesel. As a result, the presence
of THF in the reaction mixture increases the overall biodiesel
production yield, improves reaction kinetics and ensures a
more efficient and complete conversion of triglycerides into
biodiesel.

Catalyst reusability stability: In the biodiesel production
process using a 12:1 methanol-to-oil ratio and calcium oxide
(CaO) as catalyst with 3.5% loading, the catalyst demonstrated
significant catalytic activity in the first run, achieving a high
conversion rate of 98%. However, upon reuse of CaO catalyst
for subsequent runs, a significant decline in conversion effici-
ency was observed. After the second run, the conversion decrease
sharply to 58%, indicating a decrease in the effectiveness of
catalyst. This reduction in the catalytic performance continued
in the third run, where the conversion decreased further to 4%
and in the fourth run, the conversion was almost negligible, at
0%. The observed decrease in conversion after each reuse sugg-
ests that the CaO catalyst underwent deactivation over time as
shown in Fig. 5. This deactivation could be attributed to factors
such as catalyst poisoning, sintering or leaching of calcium
material, which affected the surface area and active sites of
catalyst [18].
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The used CaO catalyst, even after multiple catalytic cycles,
exhibited identical UV spectra to both the fresh and regenerated
catalysts, demonstrating remarkable stability and consistency
in its catalytic properties. No significant shifts or changes in the
characteristic peaks, indicating that the CaO catalyst retained
its structural integrity and functionality after repeated use and
regeneration [19]. This suggests that the catalyst did not under-
go significant deactivation or alteration of its surface structure
during the reaction cycles and able to effectively recover its
activity upon regeneration. The consistent UV spectral profile,
both for the fresh and used catalyst, underscores the long-term
stability and durability of the CaO catalyst, making it a reliable
choice for processes requiring multiple catalytic cycles.

Storage stability of CaO catalyst: The CaO catalyst shows
remarkable stability even after prolonged storage (6 month),
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as evidenced by the UV spectra analysis. UV spectra shown
more noise regardless of moisture. Both the fresh and stored
samples exhibited similar absorption patterns as shown in Figs.
6 and 7, confirming that the catalyst does not undergo signifi-
cant structural or chemical changes over time. This indicates
that the CaO catalyst retains its integrity and catalytic prop-
erties, even after being stored for extended periods. The absence
of any significant shifts or peaks in the UV spectra further sup-
ports the conclusion that the catalyst remains stable, ensuring
reliable performance in the catalytic processes even after long-
term storage.
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Fig. 6. UV spectra of CaO catalyst for different storage time without
calcined sample
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Fig. 7. UV spectra of CaO catalyst for different storage time with calcined
sample

Effect of calcination temperature on catalyst structure:
CaO exhibits similar UV spectra when calcinated at different
temperatures due to the retention of its fundamental electronic
structure and optical properties. During calcination, CaCOs
decomposes to form CaO and the process predominantly rem-

oves volatile components like CO without significantly altering
the electronic transitions responsible for UV absorption [19].
Consequently, the UV spectra remain consistent as shown in
Fig. 8, as these transitions are governed by the intrinsic electronic
configuration of CaO, which does not vary significantly with
temperature changes within the calcination range. Minor varia-
tions, if any, may result from surface defects or impurities
introduced during the process.
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Fig. 8. UV spectra of different calcination temperature

The UV spectra of CaO catalyst reveal distinct carbonate
(CO;™) peaks in the range of 1750-1250 cm™, which are charac-
teristic of surface-bound carbonate species. These peaks are
typically associated with the interaction of CaO with carbon
dioxide or moisture, leading to the formation of carbonate
groups on the catalyst surface as shown in Fig. 9. The presence
of these COj; peaks suggests that the CaO catalyst undergoes
surface carbonation, a common phenomenon for basic metal
oxides like calcium oxide. The intensity and position of these
peaks can also provide insights into the extent of carbonation,
which can influence the catalytic properties of CaO, particu-
larly in reactions involving CO or other carbon-containing
species.

Effect calcium acetate as precursor: The CaO catalyst,
derived from calcium acetate as precursor and calcined at diffe-
rent temperatures (500, 600 and 700 °C), exhibited consistent
catalyst stability across the different calcination conditions
[20]. UV spectra (Fig. 10) confirmed that calcium acetate as a
precursor forms a stable CaO phase and does not significantly
degrade or lose its catalytic properties with varied calcinied
temperature. The similar UV spectral features, including the
behaviour of characteristic carbonate and hydroxyl peaks, further
support the conclusion that the catalyst maintains its effectiveness
and stability even after calcination at higher temperatures,
ensuring reliable performance in the catalytic applications.
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focus on optimizing the catalyst preparation process, enhancing
its catalytic activity and exploring its performance in various
reaction conditions to further improve biodiesel yields and
lower production costs.
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Conclusion

In conclusion, the alumina-supported calcium catalyst
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