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A B S T R A C T

The efficacy of waste chicken eggshells as a heterogeneous catalyst is investigated for biodiesel production from 
high-free fatty acid feedstock under microwave irradiation. The calcined waste chicken eggshells were identified 
using Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD), X-ray Fluorescence (XRF) and Scanning 
Electron Microscope (SEM) equipped with Energy Dispersive X-ray (EDX). The effect of esterification conditions 
such as catalyst weight, molar ratio of oleic acid to methanol, reaction time and microwave power were 
determined on biodiesel conversion and yield. The highest conversion and yield of 92.04 ± 0.8 % and 78.75 ±
1.8 %, respectively, were achieved under the reaction condition of molar ratio of 1:15, catalyst weight of 6 wt%, 
reaction time of 20 minutes and microwave power of 60 %. The catalytic stability of calcined waste chicken 
eggshells revealed that the weight of CaO was decreased after the first cycle. However, the biodiesel conversion 
was above 80 % after five times usage.

1. .Introduction

The major bottleneck in biodiesel production is the oil extraction and 
purification process which is estimated to consume 75–80 % of biodiesel 
production cost [1–3]. Moreover, the utilization of edible oil as biodiesel 
feedstock has raised a fuel vs food problem [4,5]. Hence, low-cost bio
diesel feedstocks such as waste cooking oil (WCO) and fat/grease are a 
potential source [6]. However, the current biodiesel production tech
nology platform which uses a homogeneous alkaline substance as a 
catalyst could not use this low-cost feedstock as it usually contains high 
free fatty acids (FFA) [7]. Commonly, two-steps reaction using different 
types of catalysts was performed to produce biodiesel [8]. Esterification 
using a homogenous acid substance such as sulphuric acid was first 
conducted to reduce the FFA content to <2 % to avoid saponification 
and a homogeneous base is used as a transesterification catalyst in the 
next step [9]. Photaworn et al. (2017) required 1 hour reaction time to 
reduce FFA contained in WCO to be <1 % using sulphuric acid as a 

catalyst [10]. This long-step process is energy and time-intensive. 
One-step esterification reaction using a homogeneous acid catalyst 
and a homogenizer device has been studied in our previous research. 
The maximum conversion of methyl oleate was achieved after 30 mi
nutes of reaction time at room temperature condition [11]. However, 
the utilization of a homogeneous acid as a catalyst in an esterification 
reaction requires a neutralization and purification product process 
which increases the total biodiesel production cost [12,13].

Recently, heterogeneous catalysts have been developed to overcome 
this issue [14]. Prinsen et al. (2018) successfully converted 100 % pal
mitic acid into methyl palmitate in a reaction time of 3 hours using 
commercial zeolite as a catalyst and concluded that the heterogeneous 
catalyst was easily recovered and could hold its catalytic activity for up 
to five cycles of esterification reaction [15]. Transforming the hetero
geneous catalyst either to form a nano-particle or impregnated with the 
sulfonic group could increase the catalytic activity and reduce reaction 
time [8,16–18]. A biodiesel yield of 90.24 % was achieved in 30 minutes 
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reaction time from esterification of waste cooking oil using CuFe2O4 
nanoparticles as a catalyst [17]. The reaction time could be shortened 
using the sulfonated carbonaceous catalyst. Rana et al. (2019) achieved 
a biodiesel yield of 99.8 % after 20 minutes of reaction time using sul
fonated biomass derived from rice husk and microalgae biomass [18]. 
However, the preparation of those catalysts requires additional time and 
energy hence could increase the total biodiesel production cost.

Microwave has been developed and used to accelerate chemical re
actions [19–22]. The effects of microwaves on chemical reactions stem 
from the heightened molecular motion within a short range which is 
triggered by the alignment of polar molecules or dipoles in response to 
the electric fields generated by microwave radiation. The resulting in
crease in molecular collisions raises the temperature of the medium and 
accelerates reaction rates [21,23]. Lin et al. (2013) showed that a bio
diesel yield of 99.4 % was achieved in a reaction time of 6 minutes using 
a microwave while the conventional heating method requires 90 mi
nutes to produce similar yield [24]. Further, Yadav et al. (2023) used a 
heterogeneous catalyst derived from Oryza sativa husk in 
microwave-intensified esterification of oleic acid and obtained a 
maximum biodiesel yield of 99.6 ± 0.2 % in 60 minutes reaction times 
and observed that the catalyst could be reused up to 7 cycles [25].

CaO has received special concern among heterogeneous catalysts 
due to its availability in a wide variety of sources, easy to handle and low 
cost [26]. Cholapandian et al. (2022) transesterified waste cooking oil to 
produce biodiesel using CaO nanocatalyst derived from Acalypha indica 
leaves and achieved optimum biodiesel yield of 94.74 % in 70 minutes 
reaction time [27]. Further, Kodgire et al. (2023) used a combination of 
microwave and ultrasound to enhance biodiesel production from waste 
cottonseed oil and obtained a biodiesel yield of 92.11 % in 30 minutes 
reaction time [28]. However, to date no literatures were found in 
microwave-intensified esterification high FFA feedstock using CaO as a 
heterogeneous catalyst.

This study reports the outcomes of microwave-assisted esterification 
of a high FFA content to biodiesel using CaO derived from calcined 
waste chicken eggshells as a heterogeneous catalyst. The calcined CaO 
was characterized using Thermogravimetric Analysis (TGA), X-ray 
Diffraction (XRD), X-ray Fluorescence (XRF) and Scanning Electron 
Microscope (SEM) equipped with Energy Dispersive X-ray (EDX). The 
effect of catalyst weight (wt.%), molar ratio of oleic acid to methanol, 
reaction time (minutes) and microwave power (%power) were system
atically investigated to optimize the reaction condition to achieve 
maximum biodiesel conversion and yield.

2. Methods

2.1. Materials

Waste chicken eggshells were collected from a local restaurant in 
Medan, Indonesia. The oleic acid and other chemicals were purchased 
from Sigma-Aldrich and were used as received. The household micro
wave which has an input and output power of 1200 and 900 W, 
respectively, was used and modified to connect with a condenser and 
magnetic stirrer.

2.2. Catalyst preparation and characterization

The waste chicken eggshells were washed, dried overnight, crushed 
using a homemade coffee crusher and then sieved. The calcination 
temperature of the waste eggshell powder was determined using TGA 
(Shimadzu DTG-60). As shown in Fig. 1A, the decomposition of CaCO3, 
the main component in waste chicken eggshell, to CaO occurred at a 
temperature of 900 ◦C. The calcined CaO were characterized using XRD, 
XRF and SEM EDX.

2.3. Microwave-intensified esterification of oleic acid to biodiesel using 
calcined waste chicken eggshells

The biodiesel production from the esterification of oleic acid with 
methanol using calcined waste chicken eggshells as a heterogeneous 
catalyst under microwave irradiation was conducted on a laboratory 
scale. The maximum biodiesel conversion was determined by exper
imenting with parameters of catalyst weight of 3, 6, 9, 12, 15, 18 and 21 
wt% (based on weight of oleic acid), molar ratio of oleic acid to meth
anol of 1:1, 1:3, 1:6, 1:9, 1:12, 1:15 and 1:8, reaction times of 1, 5, 10, 
20, 30, 40, and 60 minutes, and microwave power of 20 %, 40 %, 60 %, 
80 % and 100 %. The reaction was performed in a 50 mL round bottom 
flask which contained 5 mL of oleic and 9.64 mL of methanol (for a 
molar ratio of 1:1). The calcined CaO of 0.3 g (6 wt% based on oleic acid 
weight) was added and the irradiation was performed for 20 minutes 
with microwave power of 60 %. The product mixture was separated 
from the catalyst using centrifugation and was transferred to a bottle vial 
for methanol evaporation. The biodiesel conversion was determined 
based on the acid value before and after the esterification following the 
ISO 660:2020 procedure. The acid value (AV) was calculated based on 
equation (1). 

AV =
V x N x 56.1

W
equation 1 

Where V is the volume of KOH (mL), N is the concentration of KOH (mol 
L− 1) and W is the mass of sample (g). The biodiesel conversion (C) was 
determined following equation (2). 

C=
AV0 − AV1

AV0
equation 2 

Where AV0 is the initial acid value and AV1 is the acid value after the 
product after the reaction.

2.4. The reusability and leaching test of the catalyst

The reusability of the calcined waste chicken eggshells was investi
gated at reaction condition of catalyst weight of 6 %, molar ratio of 1:15, 
reaction time of 20 minutes and microwave power of 60 %. After the 
reaction was completed the leftover catalyst was directly used to cata
lyze the next esterification reaction under the same reaction condition. 
The biodiesel product was separated and purified for conversion anal
ysis. For the leaching test, 1.8 g of calcined waste eggshells were 
dispersed in 14.56 mL of methanol and irradiated using microwave 
power of 60 %. After 20 minutes of reaction time, the leftover catalyst 
was separated, dried in an oven to evaporate methanol, weighed and 
used for the next leaching study.

2.5. Statistical analysis

The experiments were performed three times and the Statistica v14 
software was used to determine the statistical difference between the 
parameters. The analysis of variance (ANOVA) and Tukey’s post hoc 
were used to confirm the significance.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1A shows the degradation pattern of waste chicken eggshells 
powder during the heat treatment of the sample in an atmospheric 
environment. Evaporation and thermal desorption of physically adsor
bed materials such as water vapour and hydrocarbons causes very small 
mass losses observed at temperatures of 100–200 ◦C. The next stage was 
the release of volatile materials due to the decomposition of organic 
compounds with a weight loss of 28.38 % at temperatures 300–600 ◦C. 
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Fig. 1. Calcined waste chicken eggshell characterization: (A) TGA thermogram; (B) XRD pattern; (C) XRF spectra (D) SEM image; and (E) EDX spectra.
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The decomposition of calcium carbonate into metal oxide was observed 
at temperature of 600–850 ◦C. Furthermore, heating at a temperature 
above 900 ◦C did not show any change in the weight of the waste 
chicken eggshell ash. Hence, a temperature of 900 ◦C was chosen as the 
temperature for calcining waste chicken eggshells into a heterogeneous 
catalyst. These results agreed with the report of Attari et al. (2022), 
Fayyazi et al. (2018), and Putra et al. (2017) [30,31].

The XRD pattern of the calcined CaO is shown in Fig. 1B. The 
diffraction pattern of the catalyst shows a strong peak at 37.33◦ 32.18◦; 
37.33◦; 53.83◦; 64.12◦; and 67.34◦ which are CaO crystals with a cubic 
structure (JCPDS CaO #PDF 01-082-1691). Another diffraction peak of 
SO3 and Fe2O3 diffraction peaks were not observed which can be 
assumed to be due to their very small amounts in the sample. This is in 
agreement with the XRF analysis result (Fig. 1C), where CaO is the 
dominant compound with a concentration of 99.19 % followed by SO3 
and Fe2O3 of 0.42 % and 0.074 %, respectively. As shown in Fig. 1D, the 
surface morphology of the calcined CaO catalyst is not homogeneous 
and comprises irregular shapes of the particles. The lumpy structures 
with several pores are caused by agglomeration during the calcination 
process. Similar SEM results were reported by Tan et al. (2015) who 
calcined chicken egg shells at 900 ◦C for 3 hours [32]. Elemental anal
ysis of the calcined waste chicken eggshells using EDX analysis showed 
the presence of a mixture of metals as shown in Fig. 1E. The metals are 
postulated to be in the form of metal oxides due to the presence of ox
ygen. The significant amount of the mixture of metal oxide in the 
catalyst verifies the high basicity which exhibits a remarkable potential 
as a heterogeneous catalyst for biodiesel production [33].

3.2. Effect of catalyst weight

Catalyst concentration/weight is one of the important parameters 
that directly affects the biodiesel conversion/yield [34]. Hence, finding 
the suitable concentration/weight of the catalyst is necessary to achieve 

maximum biodiesel conversion [34–36]. In this study the catalyst 
weight ranges from 3, 6, 9, 12, 15, 18 and 21 wt% (based on the weight 
of oleic acid) was explored to determine the maximum biodiesel con
version under reaction conditions of a molar ratio of 1:12, reaction time 
of 20 minutes and microwave power of 60 %. As expected, the catalyst 
weight affected the biodiesel conversion as shown in Fig. 2A. The con
version was increased from 75.20 ± 1.5 % using a catalyst weight of 3 wt 
% to reach the maximum conversion of 90.85 ± 0.9 % using a catalyst 
dosage of 18 %. However, increasing catalyst weight to 21 wt% 
decreased the biodiesel conversion to 90.17 ± 1.1 %. A high concen
tration of CaO in the reactant could increase the viscosity and induce 
emulsion which decreases the conversion [29,37]. Attari et al. (2022) 
reported similar results in ultrasonic-assisted transesterification of waste 
cooking oil using calcined waste chicken eggshells [29]. Similarly, Tan 
et al. (2015) observed decreasing biodiesel yield in the increasing of CaO 
weight derived from waste ostrich eggshells [32]. The biodiesel yield 
has shown a similar graph pattern to the biodiesel conversion. However, 
the maximum biodiesel yield of 73.87 ± 1.4 % was achieved using a 
catalyst weight of 12 % (Fig. 3A). Further, the one-way ANOVA showed 
that catalyst weight has a significant effect both on biodiesel conversion 
and yield. Tukey’s test post hoc identified the significance that was 
driven by high biodiesel conversion using catalyst weight of 15 and 18 
wt% and low biodiesel yield using catalyst dosage of 21 wt%

3.3. Effect of molar ratio of oleic acid: methanol

Even though a molar ratio of 1:1 is stoichiometrically sufficient for 
the esterification of oleic acid with methanol, an additional mole of 
methanol is required to drive the reaction towards biodiesel production 
[22,38]. Hence, in this study the molar ratio of oleic acid to methanol 
was investigated using seven different ratios of 1:1, 1:3, 1:6, 1:9, 1:12, 
1:15 and 1:18 at reaction condition of catalyst weight of 6 wt%, reaction 
time of 20 minutes and microwave power of 60 %. Fig. 2B and 3B 

Fig. 2. The effect of (A) catalyst weight (wt.%); (B) molar ratio of oleic acid to methanol; (C) reaction time (minutes); and (D) microwave power (%power) in 
biodiesel conversion.
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showed the biodiesel conversion and yield when different molar ratios of 
oleic acid to methanol were used. As shown in those figures, either 
biodiesel conversion or yield was increased with the increase of molar 
ratio to achieve a maximum conversion of 92.04 ± 0.76 % and a 
maximum yield of 78.75 ± 1.8 % both using a molar ratio of 1:15. 
Interestingly, increasing the molar ratio from 1:15 to of 1:18 did not 
promote the esterification reaction. The decreasing either biodiesel 
conversion or yield after reaching the maximum point in the addition of 
methanol volume is presumably due to the deactivation of CaO in the 
excess of methanol [39]. A similar phenomenon was also observed by 
Ezzah-Mahmudah et al. (2016) in the transesterification reaction of 
waste cooking oils using Fe2O3/CaO derived from cockle shells [40]. 
Our previous study in room temperature biodiesel production using 
calcined bio-waste durian peels concluded that an excess volume of 
methanol could dilute the catalyst concentration leading to decreasing 
conversion and yield [35]. A one-way analysis of variance displayed that 
either biodiesel conversion or yield was significantly affected by the 
molar ratio which was driven by low conversion and yield at a molar 
ratio of 1:1.

3.4. Effect of reaction time

The esterification reaction is a reversible reaction and reaction time 
is one important factor that affects the biodiesel production cost 
[41–43]. Hence, to study the effect of reaction time against biodiesel 
conversion and yield, experiments were performed by varying reaction 
time from 1 to 60 minutes under reaction condition of molar ratio of 
1:12, catalyst weight of 18 wt% and microwave power of 60 %, as shown 
in Fig. 2C and 3C. With the increase in reaction time, the collision be
tween reactants becomes intense, leading to an increase in both bio
diesel conversion and yield. The maximum biodiesel conversion and 
yield of 92.04 ± 0.8 % and 83.61 ± 0.8 %, respectively, were achieved 

both at a reaction time of 20 minutes. A similar finding was observed by 
Maafa et al. (2024) for biodiesel production using CaO derived from 
chitosan [44]. Further increasing reaction times do not affect both the 
biodiesel yield and conversion. This is presumably due to reversible 
reaction and deactivation of the catalyst by water as the esterification 
by-product [25]. This result is in agreement with the previous researcher 
which used commercial CaO as a catalyst and assisted by conjoint ul
trasound and microwave to produce biodiesel from a blend of waste 
cooking oil and Ricinus communis oil [28]. The significant effect of 
changing the reaction time both on biodiesel conversion and yield was 
detected using ANOVA. Further, the Tukey test revealed the significance 
of the biodiesel conversion was driven by low conversion at a reaction 
time of 1 minute while low biodiesel yield at a reaction time of 60 mi
nutes drives the significance.

3.5. Effect of microwave power

As reported in the previous works [20–22,36,45–47], the microwave 
input power has a positive effect on the electromagnetic radiation. The 
reaction rate is raised due to intense localized heating leading to high 
biodiesel conversion or yield in short reaction time [20]. The effect of 
microwave power on biodiesel conversion and yield is shown in Fig. 2D 
and 3D. All experiments were conducted at a constant molar ratio of 
oleic acid to methanol of 1:15, catalyst weight of 6 wt% and reaction 
time of 20 minutes. As expected, there was an increase in the biodiesel 
conversion and yield as the microwave power increased. The biodiesel 
conversion gradually increased until it reached 60 % where the con
version raised to 92.04 ± 0.8 % before it decreased to 89.6 ± 0.6 % at 
80 %. Similarly, the biodiesel yield also increases to reach the maximum 
yield of 78.75 ± 1.8 % using microwave power of 60 % and decreases 
with the increasing microwave power. This clearly shows that in the 
high microwave power, the reaction temperature is excessively high 

Fig. 3. The effect of (A) catalyst weight (wt.%); (B) molar ratio of oleic acid to methanol; (C) reaction time (minutes); and (D) microwave power (%power) in 
biodiesel yield.
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generating more methanol vapour in the system. Hence, less methanol 
was reacted with oleic acid resulting in low both biodiesel conversion 
and yield [48]. Similar observations were reported in emollient ester 
production using enzyme lipase as a catalyst under the influence of 
microwave irradiation [21]. The authors reported that the increasing 
microwave power could accelerate the reorientation of reactant mole
cules resulting in high emollient products. However, the ester yield was 
decreased due to the denaturation of enzyme lipase in the high reaction 
temperature [21]. Further, the ANOVA revealed that microwave power 
has a significant effect on biodiesel conversion and yield. Tukey’s test 
showed that the significance in the biodiesel conversion was driven by 
all values tested while the low biodiesel yield at a microwave power of 
100 % drove the significance.

3.6. The reusability and leaching study

The prospect of reusing the heterogeneous catalyst several times 
without losing its catalytic activity is one of the most important ad
vantages in biodiesel production. The reusability and leaching of the 
CaO catalyst are of high priority in deciding if the waste catalyst is viable 
or not. Hence, the reaction condition of a molar ratio of 1:15, catalyst 
weight of 6 wt%, reaction time of 20 minutes and microwave power of 
60 % was used to determine the reusability of the calcined waste egg
shells. The biodiesel conversion decreased by 6.84 % in cycle 2 as shown 
in Table 1. The decline continues to occur in the subsequent cycle. Lin 
et al. (2012) in the transesterification of rapeseed oil using CaO as a 
catalyst showed that the biodiesel conversion gradually decreased in 
each cycle [49]. The decreasing biodiesel conversion was presumably 
due to catalyst loss during filtration and the reaction between CaO with 
methanol to form Ca(OH)2 which was inactive [50]. Therefore, a 
leaching study was conducted to prove the assumption. A 1.8 g of 
calcined waste eggshells was mixed with 14.56 mL and irradiated using 
microwave power of 60 % for 20 minutes. As shown in Table 1, the 
weight of the calcined waste eggshells was decreased by 22 % after the 
first cycle. The amount of CaO remains constant in the following cycle 
with an insignificant decrease. In contrast, Huang et al. (2013) in the 
study of deep eutectic solvent-activated commercial Cao to catalyze 
transesterification of rapeseed oil, did not observed decreasing in bio
diesel yield after reuse several times [51]. Further, some researchers 
suggested incorporating the CaO in the supporting material such as 
Al2O3, silica, carbon, and more to maintain its catalytic activity [52–54].

3.7. Comparison microwave-assisted CaO catalyzed esterification/ 
transesterification

The result of the microwave-assisted esterification of oleic acid using 
calcined waste eggshells as a catalyst obtained in this study was 
compared with those of various biodiesel production using similar 
methods. The biodiesel conversion/yield was varied with most of them 
occurring>90 % except for the study which used CaO derived from 
oyster shells. As shown in Table 2, the molar ratio used in all of those 
studies was more than the stoichiometric ratio required. The presence of 
an excessive amount of methanol could increase the solubility of fatty 
acids generating high biodiesel yield [32]. The catalyst weight varied 
from 4 to 8 wt%. Interestingly, the lowest catalyst weight used produced 
the highest biodiesel yield compared with other studies. The authors 

concluded that the addition of bromooctane could improve the catalytic 
activity of commercial CaO [55]. In terms of reaction time, the biodiesel 
production from Jatropha curcas oil using calcined Oyster and Pyr
amidella shells used a shorter reaction time to achieve comparable bio
diesel conversion. However, the reaction was conducted under 
microwave irradiation with a power of 800 W [56]. Other studies were 
conducted with varied reaction time from 20 to 180 minutes. The long 
reaction time is presumably due to the reaction temperature being fixed 
at 65 ◦C in which the irradiation will stop when reaches the temperature. 
Hence, the higher collision among the reactants due to rapidly changing 
electromagnetic was discontinued [57]. The microwave power used in 
all studies was varied with the lowest power used by Hsiao et al. (2020) 
generating the highest biodiesel yield [55].

3.8. Propose reaction mechanism for CaO catalyze esterification

The mechanism esterification reaction of fatty acid to produce bio
diesel using a homogeneous acid catalyst is different from using a het
erogeneous catalyst. In acid acid-catalyzed esterification reaction, the 
fatty acid was protonated by the catalyst forming an intermediate that 
can ease the acceptance of the nucleophilic alcohol molecule attack 
[61]. The mechanism esterification reaction of fatty acid with methanol 
using CaO as a catalyst is similar to the transesterification reaction 
which has been proposed and published elsewhere [39,62,63]. As shown 
in Fig. 4, the reaction begins with the activation of the alcohol to form 
methoxide anion. This anion further attacks the carbon atom of the 
carbonyl species to form a tetrahedral intermediate substance. Due to 
the unstable condition, the intermediate substance underwent a rear
rangement. The lone pair electron in the hydroxyl species attracts the 
proton from the alcohol. The methyl oleate or biodiesel as the main 
product was formed as the water molecule and CaO were released. This 
proposed reaction mechanism is similar to the previous research which 
uses Fe2O3/CaO as the heterogenous catalyst in the esterification of free 
fatty acid [40].

4. Conclusion

The CaO derived from waste eggshells was successfully prepared and 
employed for microwave-assisted biodiesel production from high-free 
fatty acid feedstocks. A maximum biodiesel conversion and yield of 
92.04 ± 0.8 % and 78.75 ± 1.8 %, respectively were achieved under the 
reaction condition of molar ratio of 1:15, catalyst weight of 6 wt%, re
action time of 20 minutes and microwave power of 60 %. This result 
indicates that calcined waste eggshells can be employed for sustainable 
biodiesel production from oleic acid using microwave irradiation. 
Moreover, the catalytic activity of the heterogeneous catalyst remains 

Table 1 
Reusability and leaching test of CaO catalyst.

Cycle Biodiesel Conversion (%) Weight of CaO (gram)

Cycle 1 92.04 ± 0.8 % 1.8
Cycle 2 85.2 ± 0.4 1.416
Cycle 3 83.6 ± 0.9 1.378
Cycle 4 82.6 ± 0.5 1.368
Cycle 5 81.7 ± 0.9 1.361

Table 2 
Comparison of microwave-assisted esterification/transesterification using CaO 
as a catalyst.

Type of reaction/ 
Oil/Catalyst

Reaction Condition (molar 
ratio, catalyst weight, 
reaction time, microwave 
power)

Biodiesel 
Conversion/ 
Yield (%)

Ref.

Waste cooking oil 
Commercial CaO

1:8, 4 wt%, 75 minutes, 300 
W

98.2 [55]

Waste cooking oil 
Oyster shells

1:9, 6 wt%, 180 minutes, 800 
W

87.3 [58]

Waste lard 
CaO-Zeolite

1:30, 8 wt%, 75 minutes, 595 
W

90.89 [59]

Jatropha curcas oil 
Eggshells

1:9, 5 wt%, 165 minutes, 800 
W

92 [60]

Jatropha curcas oil 
Oyster and 
Pyramidella 
shells

1:15, 4 wt%, 5 minutes, 800 
W

93 [56]

Oleic acid 
Eggshells

1:15. 6 wt%, 20 minutes, 540 
W

92.04 This 
study
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higher to produce biodiesel conversion up to 80 % after use five times. 
However, the leaching study showed that the stability of the catalyst 
needs to improve.
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