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ABSTRACT
Biodiesel is considered to be more friendly to the environment than petroleum-based fuels, cheaper and capable for producing greener energy 
which contributed positively in boosting bio-economy. In this work, waste cooking oil (WCO) is converted into biodiesel utilizing a waste 
eggshell (CaO) nano-catalyst in an effort to discover environmentally beneficial and economically viable processes for social and economic 
development. The eggshell-based CaO catalyst developed for the production of ecologically friendly biodiesel at a reduced price is calcined 
at temperatures between 600 and 1100 °C. The synthesized catalysts were assessed in terms of their physical and chemical qualities via BET, 
TGA and XRD analysis. This revealed that, besides displaying exceptional transesterification activity, the catalyst synthesised at 950 °C 
also offered the greatest biodiesel yield. Transesterification, used in biodiesel generation, was used to evaluate the catalytic performance of 
manufactured catalysts under several reaction circumstances. Under prime reaction conditions i.e., a reaction time of 3 hours, an ethanol-
oil molar ratio of 9:1, and a catalyst amount of 4 wt.%, it was ascertained that a catalyst which had calcined at 950 °C  demonstrated excellent 
transesterification activity and delivered a ceiling yield of 88% fatty acid ethyl esters. The production of FAME was confirmed by using gas 
chromatography-mass spectroscopy (GC–MS). Fuel properties of fatty acid ethyl ester complied with ASTM D 6751 which indicated that it 
would be an appropriate alternative form of fuel. 
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INTRODUCTION

Energy is an important foundation for each country’s economy and 
society. Presently, over 78% of the world’s energy consumption is met 
by non-renewable sources. As a result of their rapid consumption, 
their supply is dwindling in the modern world.1 Anthropogenic 
activities produce vast quantities of carbon dioxide (CO2) and 
greenhouse gases (GHGs), which in turn cause pollution, degradation, 
and global warming.2,3 Furthermore, climate change is caused by these 
trace gases. Therefore, it is essential to reduce these emissions; this 
may be accomplished by concentrating on mitigation techniques, such 
as the use of renewable energy sources. A renewable, maintainable, 
economically viable, and environmentally friendly alternative to 
a fossil fuel-based energy system must be conceived. One potential 
product is biodiesel: a liquid biofuel currently under consideration 
as a carbon-efficient alleviation solution. Replacing traditional fossil 
fuels with a product such as biodiesel is a credible means of reducing 
greenhouse gas (GHG) emissions and the build-up of CO2. This is of 
particular significance to the transportation sector, which is viewed 
as playing a significant role in the reduction of global warming and 
climate change.4 

Biodiesel production costs and the cost of raw materials used in the 
manufacturing of biodiesel are the key obstacles to commercialization 
and market competitiveness.2,5 For biodiesel to compete with gasoline, 
it’s essential to find inexpensive feedstocks, alcohols, and catalysts that 
are both easily available and inexpensive. There is a viable option for 
the manufacturing of low-cost and ecologically sustainable goods such 
as biodiesel from waste cooking oil (WCO).6,7 

The production of biodiesel requires various procedures which 
include micro-emulsion,8 blending, pyrolysis, and transesterification 
(defined as the reaction between a fat/oil triglyceride and alcohol, 
to produce esters and glycerol). Transesterification is a rescindable 

procedure and one which requires a surplus of alcohol to impel the 
equilibrium to the product side. Theoretically, the stoichiometry 
for this process requires a ratio of 3:1 alcohol to oil but, empirically, 
this ratio has been seen to fluctuate. When it comes to biodiesel 
manufacturing, transesterification is the most generally utilized 
technology due to its low price point, efficiency, and compatibility with 
diesel oil in any ratio.9 The manufacture of biodiesel from vegetable 
oils frequently makes use of homogeneous catalysis. Soap formation, 
excessive wastewater generation, reactor corrosion, and other process 
problems can occur with homogeneous catalysts, despite the fact 
that they provide high yields in a short period of time.10 Biodiesel 
technology is urged to use heterogeneous catalysts to overcome the 
challenges of homogeneous catalysis and lower the cost of biodiesel 
production. Among the many advantages of heterogeneous catalysts 
are environmental friendliness, ease of recyclability, minimal reactor 
corrosion, ease of separation, and increased purity in the ester and 
glycerol products.11 The use of low-cost and environmentally favorable 
solid waste sources for sustainable biodiesel production has recently 
gained promising scope. 

The use of CaO as a catalyst in the transesterification process has 
been well documented by many previous publications. Originating 
from naturally occurring shells, an exceptionally untainted version of 
CaO (obtained from the shells of mussels under specific experimental 
conditions) created biodiesel from soybean oil, with a yield of 94.1%, 
as reported by Rezaei et al.12 Other methods, such as those employed 
by Chen et al., manufactured CaO from ostrich eggshells, by 
implementing a technique involving ultrasound, which yielded 93% 
biodiesel from palm oil. Another research team, Gupta et al., obtained 
a 96% biodiesel output from soybean oil, using CaO catalysts based 
on snail shells. One team demonstrated the feasibility of using waste 
chicken eggshells and soybean oil to generate high yield and high-
quality biodiesel synthesis of over 97%.13 

In previous research, it was demonstrated that the transesterification 
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of high-grade vegetable oil is possible when combined with the use of a 
naturally occurring CaO catalyst. This use of vegetable oil is, however, 
not viewed as economically viable and, consequently, the use of this 
process to enter the biodiesel market is particularly challenging. To 
overcome this issue, there is a great deal of current research exploring 
alternate, renewable, feedstock that is enduring, economically 
feasible and environmentally benevolent. This research involves an 
investigation into the use of waste cooking oil and inedible plant 
oils, such as jatropha, castor, tobacco and linseed which are essential 
feedstocks, crucial to transesterification. When considering the 
production of biodiesel, the use of surplus cooking oil and eggshells 
has two advantages: a reduction in pollution (caused by the disposal of 
these two products) and a reduction in production expenditure.

To obtain improved biodiesel yields, CaO’s catalytic activity can 
be boosted through increased basicity and surface area, fabrication 
of a nanoparticle can greatly enhance the catalytic performance of a 
heterogenous catalyst via a reduction in crystal size. Biodiesel made 
from used cooking oil has been extensively studied, although there are 
still drawbacks such as high levels of free fatty acids and contaminants. 
For it to be deemed a potential contender for traditional homogenously 
catalyzed biodiesel production, these constraints must be addressed 
or reduced.14 A number of research papers on the subject found that 
biodiesel produced from waste cooking oil using eggshell catalysts 
yielded between 91% and 100% depending on the reaction conditions. 
Due to differences in reaction time, heterogeneously catalyzed 
transesterification processes were slower than those mediated by 
homogeneous catalysts. In the three-phase systems (oil, alcohol, and 
catalyst), the mixing difficulty caused this.15 CaO’s lack of basicity and 
surface area may restrict its ability to catalyze. Transesterification can 
be complicated by the need for more catalysts and a longer reaction 
time, both of which increase manufacturing costs. To obtain improved 
biodiesel yields, CaO’s catalytic activity can be boosted through 
increased basicity and surface area.

Currently, no work has been reported studying different calcination 
temperature and application of green nano particles of CaO derived 
from waste eggshells as efficient catalyst for synthesizing biodiesel 
via waste cooking oil that doesn’t lead to food competition. This is 
innovative research, the catalysts engineered were investigated using 
X-ray diffraction (XRD), TGA and Brunauer-Emmett-Teller (BET) 
techniques. The ASTM6751 reference standards were used to judge 
the suitability of the biodiesel product for use as a fuel. Biodiesel 
production from date seed oil is cost-effective and has no negative 
impact on food security. It contributes to GHG reduction while also 
providing a cost-effective alternative to fossil fuels. As a result, our 
work herein aims to identify the economic benefits associated with 
conversion of waste material into a value-added product.

EXPERIMENTAL

Preparation of the waste cooking oil sample (WCO)

This WCO was originally gathered from surrounding eateries that 
used sunflower oil in their cooking. After being heated at 110 °C for 
roughly half an hour in an oven to eliminate the water contained in the 
WCO, the oil was filtered to get rid of any remaining food particles. 
Density, acid value and free fatty acid (FFA) value, were all calculated 
for WCO in accordance with industry standards.16 

Preparation of CaO nanocatalyst from eggshell 

Eggshell wastes were gathered from surrounding restaurants and 
treated in boiling water to harden the gelatinous components sticking 
to the eggshell’s inner wall, allowing for simple removal. It was then 
oven-dried at 120 °C for 16 hours after being cleaned many times with 
tap water and rinsing with distilled water to eliminate contaminants. It 
was ground after drying. The powdered eggshell is placed in a crucible 
and calcined in a muffle furnace for 3 hours at temperatures of 600, 

700, 800, 900, 1000 and 1100 °C. 
The GC-MS for produced biodiesel and eggshell-derived catalysts 

were subjected to an analysis, including BET, in order to find one that 
would work well in the manufacture of biodiesel.

Transesterification of waste cooking oil (WCO) 

A 100 mL round-bottom flask was used for the transesterification 
procedure, the -bottom flask sitting in a dish containing an oil bath 
to control the reaction temperature on the hot plate. The catalyst was 
weighed and dissolved in the requisite amount of alcohol before being 
added to the round-bottom flask containing the measured and heated 
waste cooking oil for the reaction. By adjusting the catalyst loading, 
alcohol/oil molar ratio, reaction temperature, and reaction duration, 
a high biodiesel yield was achieved by the transesterification process. 
The following equation was used to calculate an expected yield of 
biodiesel:

Yield % =  
Weight of biodiesel produced

 
                          

Weight of sample oil used      × 100                            (1)

Different experimental runs were performed to examine and optimize 
the impact of catalyst loading, alcohol to oil molar ratio, reaction 
temperature, and reaction time. The effect of catalyst loading was 
studied by varying the loading amount from 2 to 6 wt% in each run 
(the mass of catalyst was calculated based on the weight of waste 
cooking oil). A molar ratio of 1:9 was chosen for the oil to ethanol, and 
75 °C and 3 hours reaction time were applied.

The next step of the experiment was to maintain a steady catalyst 
loading. A study was conducted to assess the impact of factors such 
as reaction temperature, reaction duration, and catalyst loading. A 
study was conducted to assess the impact of oil to ethanol molar ratio. 
Variations in the oil-to-ethanol molar ratio (1:3, 1:6, 1:9, and 1:12) were 
tested, and the value with the greatest biodiesel output was chosen. To 
determine the best temperature range for the reaction, temperatures of 
50-80 °C were tested. As the optimal value, the reaction temperature 
with the maximum biodiesel yield was selected.

Lastly, to study the effect of reaction time, the other values for catalyst 
loading, oil to alcohol molar ratio, and reaction temperature were held 
constant while reaction times of 30, 60, 90, 120, and 180 minutes were 
tested to see which one resulted in the maximum biodiesel production. 
The solution was then put into a separate funnel when the reaction was 
completed. The catalyst, Glycerol and the ethyl ester all formed distinct 
layers. Overnight, the product was left standing to separate effectively. 
As can be seen in Figure 1, after an overnight stand, the three phases 

Figure 1: Biodiesel separation after one-night stand biodiesel and glycerol
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are clearly separated. After that, the biodiesel layer was mixed with 15 
mL of distilled water and then shaken on a hotplate for 15 minutes, 
and then transferred to a separating funnel and left for 24 hours to 
end up with two clear layers. The lower layer was discarded, and the 
biodiesel layer was mixed with 0.05 g of sodium sulfate and shaken for 
10 min, then separated to measure the weight of the biodiesel layer.

The calcined samples underwent X-ray Diffraction analysis (XRD) 
using a Brucker AXS-D8 Advance diffractometer (Germany). This 
diffractometer is outfitted with a copper anode that produces Ni-
filtered CuKa radiation (k = 1.5406) from a generator running at 
40 kV and 40 mA, in the 2 range between 20 and 80. The instrument 
is maintained by interfaces of DIFFRAC plus SEARCH and DIFFRAC 
plus EVA to enable an automatic search and match of the crystalline 
phases for identification. For BET, 1 g of catalyst samples were degassed 
for 50 minutes at 120 °C in a sample tube to eliminate moisture and 
other surface contaminants. The tube was allowed to cool to ambient 
temperature before being connected to a gas intake (liquid N2 at -196 
°C) that was running parallel to an empty reference tube. Both tubes 
were immersed in liquid nitrogen in a Dewar. For TEM, Sample 
preparation was as follows: the catalyst powder was dispersed in high 
purity ethanol, then a drop of the suspension was allowed to evaporate 
on a holey carbon film supported on a TEM grid. Images were acquired 
in transmission mode and particle size distributions were calculated 
using Image J software.

RESULTS and DISCUSION 

Catalyst preparation and characterizations

TGA analysis 

TGA studies were conducted to determine the best calcination 
temperature for eggshells CaO derived catalyst in order to build 
an effective catalyst for biodiesel synthesis from date seed oil. The 
findings of a thermal experiment on uncalcined eggshell are shown 
in Figure 2. The results revealed a modest loss of mass, which was 
most likely caused by water evaporation and the burning of some 
organic elements. The temperature range of 600-1000 °C, on the 
other hand, was linked to considerable weight loss. This weight loss 
at high temperatures might be attributed to CaCO3 breakdown into 
CaO. Catalysts were made from wasted eggshell powder in a muffle 
furnace at three different temperatures, 800 °C, 950 °C, and 1000 °C, 
as measured by thermogravimetric analysis. 

BET analysis

C950’s BET surface area and pore volume were determined to be 
much larger (Table 1). Because of the increased surface area and 
pore volume, the catalyst displayed enhanced catalytic activity in the 

transesterification of date seed oil for biodiesel production. As a result, 
the C950 catalyst was chosen to optimize biodiesel properties.

Characteristics of waste cooking oil

The density, acid value and free fatty acid value of waste cooking oil 
were evaluated after filtering and separation of the biodiesel layer; the 
findings are shown in Table 2.

Influence of reaction conditions on biodiesel production

Effects of calcination temperature on the catalyst activity

For selected feedstocks, the influence of activation temperature on 
transesterification activity was studied in the range of (600–1100 °C) 
as shown in Table 3. The results revealed that as the activation 
temperature for eggshell-derived material was raised, the biodiesel 
conversion rose linearly. In comparison to other catalysts, the 950 °C 
calcined catalyst had the highest catalytic activity. Catalysts calcined 
at 950 °C (C950) showed strong catalytic activity which may be 
due to the catalyst’s surface containing an optimal number of active 
sites. In comparison to catalysts activated at different temperature, 
the BET surface area and pore volume of C950 were found to be 
considerably greater (Table 1). As a result of the increased surface area 
and pore volume, the catalyst demonstrated greater catalytic activity 
in the transesterification process of waste cooking oil (WCO) for 
the manufacture of biodiesel. Because of this, the C950 catalyst was 
selected for optimizing biodiesel characteristics.

Figure 2: TGA/DTA profiles of eggshell catalyst

Table 1: BET analysis of eggshell catalyst calcined at different temperatures. 

Eggshell catalyst at 
different calcination 
temperatures (°C)

Surface area  
(m²g−1)

Pore size  
(nm)

Pore volume  
(cm3 g−1)

600 9.27336 2.4585 0.01232

750 20.5324 2.2973 0.02745

800 21.2762 2.3677 0.11344

950 24.9506 2.3602 0.25432

1000 12.6237 2.7538 0.14213

1100 10.234 2.8992 0.08324

Note: n = 2, where n is the number of repeated measurements

Table 2: Physico-chemical properties of waste cooking oil (WCO). 

Property Unit Measured value

Density g ml−1 0.9155

Acid value mg KOH g−1 oil 2

Free fatty acid value % 1

Note: n = 2, where n is the number of repeated measurements

Table 3: Effects of calcination temperature on the eggshell catalyst activity

Calcination temperature (oC) Biodiesel yield (%)

600 50

700 63

800 72

950 88

1000 74

1100 59
Notes: n =3, where n is the number of repeated experiments
Reaction conditions – catalyst loading 4 wt%, oil to ethanol molar 
ratio 1:9, reaction time 3h, reaction temperature 75°C
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Effect of reaction temperature

Biodiesel production is very temperature dependent. Figure 3 
demonstrates that the highest biodiesel yield was achieved at 75 °C. 
Because ethanol continuously vaporizes at temperatures above 75 
°C, the concentration of ethanol in the reaction medium decreases 
because of the redux, resulting in a lower biodiesel yield.3 At an ideal 
temperature of 75 °C for producing biodiesel, a maximum yield of 
88% was achieved.

Effect of different catalyst loading

One of the most important aspects of a successful transesterification 
reaction is the amount of catalyst used. In Figure 4, we see how changing 
the catalyst loading affects the biodiesel yield. Increasing the catalyst 
loading from 1% to 4% wt resulted in a greater biodiesel production. 
This study’s findings suggest that increasing catalyst loading can 
increase the biodiesel yield by increasing the active surface area of 
the catalyst involved in the transesterification process. This process 
has, however, negatively impacted the biodiesel yield, which declined 
by 4 to 6 wt.%. This may be due to the transesterification reaction 
product becoming stickier, due to the larger catalyst quantities, which 
inhibits the mass transfer process taking place in the liquid (oil/
alcohol/catalyst) structure, resulting in a reduced biodiesel yield once 
the optimal amount is attained. The decrease in biodiesel production 
with low catalyst loading is likely attributable to the insufficiency of 
the catalyst for complete conversion and the creation of methyl ester. 
This research found that a catalyst loading of 4% wt resulted in an 88% 
biodiesel yield.

Effect of reaction time

Figure 5 depicts the influence of reaction time on the transesterification 
process. The highest biodiesel production was achieved after three 
hours of reaction. After the optimal reaction time, the biodiesel yield 
declines significantly due to the transesterification process’s reversible 
nature, which results in product loss with longer reaction times. 
Longer reaction times may also cause the hydrolysis of esters and the 
production of more fatty acids, which lowers the amount of biodiesel 
that can be made.17

Effect of oil to ethanol molar ratio

Another factor that has a significant influence on biodiesel yield, is 
the oil-to-ethanol ratio. As observed in Figure 6, an increase in the 
molar ratio of oil to ethanol from 1:3 to 1:12 creates a comparative 
growth in biodiesel production. When the ratio exceeds 1:12, biodiesel 
production decreases which can be ascribed to the high molar ratio 
of oil to ethanol impeding the separation of glycerin, as the solubility 
of glycerol, in surplus ethanol, escalates. It is necessary to keep the 
glycerin in solution, to reduce the production of esters and assist the 
formation of mono-, di-, and triglycerides. In this investigation, the 
optimal molar ratio of oil to ethanol for a maximum biodiesel yield of 
89% was determined to be 1:12.

Reusability test 

An extremely useful method of determining a catalyst’s long-term 
viability from an economic standpoint is to examine its reusability 
in the biodiesel synthesis process. Experiments on the CaO-1000 
catalyst’s reusability were conducted using fresh reactants and 
improved reaction conditions as shown in Table 4. Used catalyst was 

Figure 3: Effect of reaction temperature on biodiesel yield (%).  
Notes: Reaction conditions − catalyst loading 4 wt%, oil to ethanol molar ratio 
1:9, 3h. n=3, where n is the number of repeated experiments
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Figure 4: Effect of catalyst loading on biodiesel yield (%). 
Notes: Reaction conditions − a oil/ethanol ratio of 1:9, reaction time 3h, and 
reaction temperature of 75 °C. n = 3, where n is the number of repeated 
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Figure 5: Effect of reaction time on biodiesel yield (%). 
Notes: Reaction conditions − catalyst loading 4wt%, oil to ethanol molar ratio 
1:9, and reaction temperature 75 °C.  n=3, where n is the number of repeated 
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Figure 6 Effect of oil to ethanol molar ratio on biodiesel yield (%). 
Notes: Reaction conditions − catalyst loading 4 wt%, reaction time 3h, reaction 
temperature 75 °C. n=3, where n is the number of repeated experiments
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centrifuged out of the reaction mixture, washed in n-hexane to remove 
adsorbed materials, and then dried in an oven at 110 °C for 16 hours 
after each run. Biodiesel yields of over 80% were recorded for as many 
as two separate cycles. Once the catalyst was reused more than three 
times, however, the biodiesel yield began to drop. The accumulation of 
organic contaminants on the surface of the catalyst may account for its 
loss of transesterification activity.

Comparison with previous studies

A comparison has been made between previous studies and what has 
been studied in this study as shown in Table 5. In this work the focus 
was on the effect of calcination temperature of the catalyst whereas 
in previous studies one calcination temperature was selected. Also, in 
this study, this catalyst was compared with pure calcium oxide under 
the same reaction conditions to be close to the same effectiveness as 
the eggshell catalyst, while this comparison was not made in previous 
studies.

Characteristics of synthesized biodiesel

CaO nano-catalyst was synthesized by calcination under optimum 
reaction circumstances, and the fuel qualities of the resulting biodiesel 
were analyzed using the American Society for Testing and Materials’ 
technique (ASTM). Table 6 shows that the produced biodiesel had 
high-quality fuel attributes that were within the range of the biodiesel 
standard and were generally consistent with earlier results.22

Fatty acid ethyl esters (FAMEs) in biodiesel were identified using 
GC-MS analysis. Table 7 described the fatty acid ethyl esters and other 
products in more details. All the fatty acid ethyl esters expected to 
appear and responsible for biodiesel appeared in the analysis (Figure 7).

CONCLUSION 

Biodiesel has been successfully manufactured via a combination of 
low-cost, waste cooking oil and a financially viable, high-performance, 
low-impact CaO nano-catalyst created from the waste eggshell. Under 
ideal conditions, of 4 wt.% catalyst loading, 9:1 ethanol to oil molar 
ratio, 75 °C reaction temperature, and 3 h reaction time, the C950 
catalyst functioned commendably, yielding a maximum biodiesel 
yield of 88%. The high BET surface area, and optimal pore volume 
of this catalyst, created increased transesterification activity in the 
surplus cooking oil. However, following many reuses, this activity 
was observed to diminish because of two factors: active sites on the 
surface of the catalyst becoming covered by glycerol and other organic 
molecules and agglomeration of the catalyst particles. In conclusion, 
the use of a catalyst created from surplus eggshells, combined with 
low-cost, waste cooking oil, is a commercially viable and ecologically 
sound alternative to traditional fossil fuels.

Table 4:  Reusability test for eggshell catalyst

Catalyst Biodiesel yield (%)

Fresh 88

1st used 87

2nd used 85

3rd used 73

Note: Reaction conditions – catalyst loading 4 wt%, oil to ethanol 
molar ratio 1:9, reaction time 3h, reaction temperature 75°C

Table 5: Comparison with previous studies

ReferenceOil:alcohol 
molar ratioAlcoholStirring rate 

(rpm)
Reaction 
time (h)

Reaction 
temp.(oC)

Biodiesel 
yield (%)

Catalyst 
weight (%)Raw materialCatalyst

181:9methanol6001 100641 WCOWaste  
eggshell

191:12 mixed methanol and 
ethanol system600 260 942.5 

201:9methanol600380871

211:3methanolnot mentioned 35075.21.5 

221:9methanolnot mentioned1 60 96.814

This work1:9ethanol800375884

Figure 7: GC-MS chromatogram of biodiesel derived from waste cooking oil

Table 6: Fuel properties of produced biodiesel at optimal reaction conditions

Property Unit ASTM Measured value for 
prepared biodiesel

Density kg m−3 860−894 891

Viscosity @40 °C mm2 s−1 1.9−6.0 5.7

Acid number mg KOHg−1 ≤0.5 0.5

Flash point °C >120 159

Notes: n = 2, , where n is the number of repeated measurements

Table 7: FAMEs composition of the waste cooking oil biodiesel

Peak RT Name Formula Area Area sum 
(%)

1 5.765 Dodecanoic acid,  
methyl ester C13H26O2 89461.86 0.12

2 6.652 Methyl tetradecanoate C15H30O2 378748.11 0.51

3 7.528 Hexadecanoic acid, methyl 
ester C17H34O2 21383096 28.78

4 7.619 9-Hexadecenoic acid, 
methyl ester, (Z)- C17H32O2 284606.87 0.38

5 8.758 Methyl stearate C19H38O2 1802077.3 2.43

6 8.895 9-Octadecenoic acid (Z)-, 
methyl ester C19H36O2 35260942 47.45

7 9.233 9,12-Octadecadienoic acid 
(Z,Z)-, methyl ester C19H34O2 14814829 19.94

8 10.841 Linolenic acid,  
methyl ester C19H32O2 147245.8 0.2

9 11.041 cis-13-Eicosenoic acid, 
methyl ester C21H40O2 123129.55 0.17

10 14.102 5,8,11,14-Eicosatetraenoic 
acid, methyl ester, (all-Z)- C21H34O2 20869.23 0.03
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