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Abstract
Heterogeneously catalyzed transesterification reaction is known to be the most appropriate process for producing biodiesel 
from triglyceride-containing feedstock as it ensures catalyst reusability and easy product separation, lowers production 
costs, and makes biodiesel affordable. This work investigates the influence of calcination temperature (700–1000 °C) on the 
performance of CaO catalyst obtained from eggshells for biodiesel synthesis from waste frying oil (WFO). The prepared 
CaO catalyst was characterized using various techniques (TGA/DTA, N2 adsorption–desorption isotherm (BET), FTIR, 
CO2-TPD, XRF, XRD, and SEM). Taguchi optimization method with an orthogonal array was used to investigate the effect 
of process parameters (time, catalyst amount, methanol/oil ratio, and temperature). Reaction time was observed to be the 
most influential variable according to the design. Under the optimal transesterification conditions (i.e., at 50 °C for 3 h using 
WFO/methanol molar ratio of 1:10 with catalyst dosage of 0.75 wt.%), the biodiesel yield attained 90.81% when eggshell 
derived-catalyst calcined at 850 °C (CEG-850) was used. The remarkable performance of the CEG-850 could be attributed 
to its high basic strength (749 μmol/g), improved surface area (15.4 m2/g), and dominance of basic sites on its surface. The 
blended fuel with 10% by volume biodiesel (B10) exhibited improved fuel properties compared to blended fuel with 50% by 
volume biodiesel (B50), which confirmed the suitability of a low-level biodiesel blend in the diesel engine. More than 54% 
biodiesel yield was achieved after the seventh cycle, depicting better stability.
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1  Introduction

Since energy demand keeps increasing and the search for 
appropriate methods to mitigate the greenhouse gas emission 
caused by fossil diesel utilization is ongoing, the subject of 
renewable energy and appropriate technology for its sus-
tainability has dominated the global scene [1, 2]. Among 
the numerous alternative energy sources, biodiesel has been 
considered one of the eco-friendly substitutes [3]. However, 
its high cost of production and unavailability of raw material 

compared to petroleum-based diesel have been a major chal-
lenge for its commercialization, mostly in the undeveloped 
nations [1, 4].

In general, the economic feasibility of biodiesel produc-
tion is heavily influenced by feedstock costs [5]. As previ-
ously stated, raw material costs account for more than 60% 
of total production costs [6]. Furthermore, processing tech-
nology is critical to the economics of biodiesel production 
[5]. Many studies have been investigated to reduce biodiesel 
production costs, but a large number of these studies focused 
more attention on new catalyst synthesis and yield increase 
[7–10]. However, the idea of using second-generation (non-
edible) feedstock, such as waste frying/cooking oil, animal 
fat, Jatropha curcas oil, etc., to substitute edible oils should 
be the main consideration for the biodiesel production pro-
cess. Biodiesel synthesis from waste frying oil (WFO) can 
lower prices and production cost as well as encourages rea-
sonable biomass utilization [11].
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According to Pukale et al. [12], the global production of 
WFO is estimated to be 29 million tonnes annually. WFO 
is one of the household wastes generated through food fry-
ing with vegetable oil (edible). The generated WFO is not 
appropriate for human consumption because of the harm-
ful components present in it. Besides, its usage as food has 
been discouraged because of its damaging effect on body 
enzymes [13]. In addition to this, inappropriate management 
of WFO depicts a severe disposal problem, which represents 
economic and environmental challenges [14]. Therefore, 
conversion of WFO to biodiesel would ensure production 
sustainability, price stability, and a clean and healthy envi-
ronment [15, 16]. In this regard, biodiesel has been synthe-
sized from WFO in the presence of different catalysts [4, 4, 
14, 17, 18]. For example, Shu et al. [19] produced biodiesel 
via methanolysis of WFO over a carbon-based solid acid cat-
alyst. WFO-based biodiesel was synthesized using fly ash-
supported ZnO catalyst in a batch reactor [16]. In another 
study reported by Olutoye et al. [9], transesterification of 
WFO with methanol over a barium-modified clay catalyst 
was carried out in order to synthesize fatty acid methyl esters 
(FAME). Furthermore, ZnO nanoparticle loaded on pumice 
was utilized as a solid catalyst for the FAME synthesis via 
methanolysis of WFO [20]. The application of optimized 
eggshell-derived CaO catalyst to catalyze biodiesel produc-
tion from WFO is barely investigated.

Chicken eggshell is among the waste generated from 
households, eateries, and hotels due to egg consumption. 
Improper disposal of eggshells could pose environmental 
and health hazards. However, the valorization of eggshell 
wastes could serve as an avenue to mitigate the waste bur-
den on the environment. The valorization strategies include 
converting waste to value-added material [1]. For example, 
since eggshell contains more than 90% CaCO3, it could be 
converted to CaO via calcination at elevated temperature and 
used as a catalyst for biodiesel production. Interestingly, bio-
derived catalysts from eggshell, animal bone, and biomass 
have high potential and less harmful environmental impacts 
[5]. The heterogeneous catalysts prepared from eggshells 
have been used to catalyze transesterification reactions, and 
such studies are well reported [1, 3, 21–28].

The recent research is geared toward utilizing heterogene-
ous catalysts for biodiesel production due to the numerous 
challenges associated with homogeneous catalysts [3, 9, 29]. 
Although CaO catalysts have been synthesized from various 
bird eggshells for biodiesel synthesis [3, 24, 26, 28, 30–32], 
very few attempts have been made to investigate the calci-
nation temperature effect on the catalytic performance of the 
resulting CaO catalyst. Only Abdul Patar et al. [33] optimized 
the eggshell calcination process between smaller temperature 
ranges of 900 °C to 950 °C and concluded that calcination 
temperature above 900 °C could guarantee better catalyst per-
formance. Though the authors did not study the decomposition 

trend of the chicken eggshell by TGA/DTA analysis prior to 
calcination, they could not ascertain the consistent tempera-
ture for calcination. However, Sharma et al. [24] reported that 
decomposition of eggshell begins at 700 °C and complete 
decomposition occurs at 850 °C, whereby CaCO3 present in 
the eggshell might have degraded to CaO and CO2. Recently, 
Singh and Verma [34] reported that 800 °C was a suitable 
temperature for the formation of CaO from chicken and duck 
eggshells. Comparing the results reported by Abdul Patar et al. 
[33] and Sharma et al. [24], a significant correlation between 
the calcination temperature and eggshell-derived CaO catalyst 
performance is yet to be established. Moreover, many studies 
reported on CaO catalyst synthesis from eggshells failed to 
illustrate the influence of calcination temperature on its forma-
tion and activity [1, 3, 28, 35].

Thus, in this study, chicken eggshell was employed as a 
heterogeneous catalyst after calcination to catalyze WFO 
conversion to biodiesel. The influence of calcination tem-
perature on CaO formation from eggshells was investigated. 
Additionally, the factors affecting the transesterification 
process, including catalyst loading, methanol/WFO ratio, 
time, and temperature, were optimized using the Taguchi 
approach. Furthermore, an attempt was made to improve fuel 
and physicochemical characteristics of biodiesel via blend-
ing with fossil diesel.

2 � Materials and methods

2.1 � Materials

Chicken eggshells and WFO were collected from ABUAD 
Guest House’s Kitchen, Ado-Ekiti, Nigeria, while methanol 
(CH3OH, 95%), n-hexane, and methyl heptadecanoate were 
procured from Topjay Scientific Limited, Ado-Ekiti, Nigeria. 
Diesel was obtained from a Total Petrol Station, Ibadan, Nigeria.

2.2 � Synthesis of CaO catalyst

The catalyst preparation started by soaking the collected 
eggshells and washing them with clean water to remove 
dirt. The white membrane adhered to the shell was gently 
detached. Subsequently, the neatly rinsed eggshells were 
dried in an oven at 90 °C for 12 h to remove excess water. 
The dried eggshell was ground into a fine powder using 
0.6 mm sieve mesh to obtain particles less than 0.6 mm in 
size. After that, a considerable portion of the sieved eggshell 
powder was calcined at different temperatures (700, 800, 
850, 900, and 1000 °C) for 4 h in a muffle furnace. Hence-
forth, the obtained catalyst samples refer to CEG-T, where 
T indicates calcination temperature, e.g., CEG-700 depicts 
a sample of eggshell powder calcined at 700 °C.
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2.3 � Catalyst characterization

The thermal degradation trend of chicken eggshell-based 
catalyst was studied by using a thermogravimetry/differen-
tial analyzer (TGA/DTA) (DTG 60, Shimadzu, Japan) in the 
temperature range of 30–900 °C under N2 carrier flow rate of 
100 mL/min at heating rate of 15 °C/min. The specific area 
and pore sizes of the as-synthesized catalyst samples were 
evaluated using N2 sorption isotherm analyzer (Micromeritics 
ASAP 2010) via Brunauer–Emmett–Teller (BET) and Barrett-
Joyner-Halenda (BDJ) methods, respectively. Prior to analy-
sis, all analyzed samples were degassed at 250 °C for 5 h to 
remove any adsorbed molecules from the pores and surfaces.

Surface functional group characterization of the raw egg-
shell (REG) and CEG-850 was conducted using a Spectrum 
TWO infrared (FTIR) spectrometer (Perkin Elmer, USA). 
The spectra of the samples were recorded in the wavenum-
ber range from 4000 to 400 cm−1. Also, a scanning electron 
microscope with high resolution (JEOL-JSM 7600F) was 
used to evaluate the external morphologies of the REG and 
CEG-850 samples. The crystallographic structure and phases 
of the active CEG-850 catalyst were evaluated using an X-ray 
diffractometer (Rigaku D/Max-III, Tokyo, Japan) with Cu k 
∝ ( λ = 1.542 Å) irradiation at a scan rate of 0.02°/min.

The basic strength of the active CEG-850 catalyst was eval-
uated by temperature-programmed desorption of carbon diox-
ide (CO2-TPD) analysis using a Micromeritics Chemisorp-
tion analyzer (AutoChem II 2920). However, the chemical 
composition of the CEG-850 catalyst was determined by an 
X-ray fluorescence (XRF) analyzer (Pananalytical Minipal 4).

2.4 � Process optimization by Taguchi method

In the current study, the Taguchi method was applied to eval-
uate the influence of operating variables of transesterifica-
tion process on biodiesel yield. The main factors investigated 
were CEG-850 loading, methanol/WFO molar ratio, reaction 
temperature, and time, while the process response (output 
factor) was the biodiesel yield. A total of 9 experiments were 
carried out based on the L9 orthogonal array approach. For 
statistical calculations, signal/noise ratio (S/N) was utilized 
to analyze the experimental results.

S/N ratio is a dimensionless quantity that evaluates the 
difference between the process output variable and the desired 
value [36]. It also takes into account both the process mean and 
the variance. According to the Taguchi method, there are three 
specific goals in an experiment, including the smaller, the better 
(minimizing the response), the larger, the better (maximizing 
the response), and the target is best (achieving a given target 
value). However, the main goal herein is to maximize the 
yield of biodiesel. Thus, the S/N ratio for the larger, the better 
criterion (Eq. 1) is required to achieve the main objective.

where y is the biodiesel yield mean and n is the repetition 
number of experiments.

Table 1 presents the investigated process factors and 
their levels for biodiesel production via the transesteri-
fication process. It is worth mentioning that preliminary 
studies were carried out to determine the extreme value of 
the studied factors.

2.5 � Biodiesel production process

Conversion of WFO to biodiesel via transesterification 
process was conducted using the synthesized CaO catalyst 
from eggshell in a two-neck round bottom flask coupled 
with a condenser, thermometer, and temperature-con-
trolled magnetic stirrer. Before the commencement of the 
reaction, methanol and the needed quantity of CaO catalyst 
were fed into a flask and stirred at 60 °C for 20 min to lib-
erate calcium methoxide. After that, the methanol-catalyst 
mixture was added to the preheated WFO contained in the 
reactor, and stirring immediately started after coupling of 
the reactor to prevent diffusion limitation. The catalytic 
reaction process was conducted with varying operational 
conditions through the Taguchi design approach (see 
Table 2). The WFO weight was fixed at 50 g while the 
stirring rate was also kept constant at 400 rpm.

Upon completion of the reaction, the reaction products 
were separated via centrifugation for 10 min at 7500 rpm. 
Thereafter, the centrifuged products, comprising reaction 
products (glycerol and biodiesel), were poured into a sepa-
rating funnel, and the biodiesel, whose yield was determined 
as given in Eq. 2, was obtained as the upper product.

where Y is biodiesel yield in % while MB and M
WFO

 are 
masses of biodiesel and WFO, respectively.

(1)
S

N
= −10log

[

1

n

∑n

i=1

1

y2
i

]

(2)Y =
MB

M
WFO

× 100%

Table 1   Studied independent variables and their levels

Level
Symbol Parameter 1 2 3

A Catalyst loading (wt.%) 0.5 0.75 1.0
B Methanol/WFO ratio 8:1 10:1 12:1
C Reaction temperature (°C) 50 60 70
D Reaction time (h) 1.0 2.0 3.0
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2.6 � Analysis of synthesized biodiesel

In an attempt to ascertain the quality of the prepared bio-
diesel, its physicochemical properties (see Table 3) were 
evaluated using the American Standard for Testing Mate-
rial (ASTM) procedures. Furthermore, the functional 
groups contained in the produced biodiesel and WFO were 
determined using the same FTIR spectrometer mentioned 
in Sect. 2.3. Moreover, fatty acid methyl ester content in 
the produced biodiesel was evaluated with the aid of gas 
chromatography (Agilent GC, 7890A, USA) combined with 
flame ionization detector (FID) and capillary column (J & 
W DH-5HT, dimension: 15 m × 0.32 mm × 0.1 � m) as dis-
cussed in our previous study [4].

2.7 � Blending of biodiesel with diesel

To improve the properties of the produced biodiesel and 
enhance its quality for better engine performance, the WFO 
biodiesel was blended with petroleum-based diesel in differ-
ent quantities such as B10 (10%.v/v biodiesel and 90%.v/v 
diesel) and B50 (50%.v/v biodiesel and 50%.v/v diesel). 
The biodiesel-diesel mixture was blended in a 250 mL 
beaker placed on a magnetic stirrer at 25 ± 2 °C (ambient 

temperature) and 300 rpm until a well-blended fuel was 
obtained. The pure biodiesel and pure diesel would hence-
forth refer to as B100 and B0, respectively. The physico-
chemical and fuel characteristics of B0, B100, B10, and B50 
were determined in line with ASTM standard.

3 � Results and discussion

3.1 � As‑synthesized catalyst characterization

To gain insight into the properties of the as-prepared CaO 
catalysts from chicken eggshell, TGA/DTA, N2 sorption 
isotherm, FTIR, SEM, CO2-TPD, XRD, and XRF analyses 
were carried out and discussed as follows.

3.1.1 � TGA/DTA analysis

Figure 1 depicts the decomposition trend of raw eggshell 
during TGA/DTA analysis. As evident in the figure, between 
100 °C and 700 °C, there was significant weight loss due to 
the removal of organic matters and moisture. As reported by 
Sharma et al. [24], this stage might signify the commence-
ment of decomposition. However, the second degradation 

Table 2   Experimental design 
matrix and expected response

Run 
no.

Transesterification process variables Yield of biodiesel

Metha-
nol/oil 

Reaction 
time (h)

Catalyst loading 
(wt.%)

Reaction temperature 
(°C)

Experimental value 
(%) 

S/N ratio

1 8 1 0.5 50 77.56 37.79
2 8 2 0.75 60 80.51 38.12
3 12 2 0.5 70 80.33 38.10
4 10 3 0.5 60 84.80 38.57
5 12 3 0.75 50 85.0 38.59
6 10 1 0.75 70 78.98 37.95
7 8 3 1.0 70 81.45 38.22
8 12 1 1.0 60 72.54 37.21

9 10 2 1.0 50 79.30 37.99

Table 3   Fuel and 
physicochemical properties 
of produced biodiesel (B100), 
diesel (B0), and blended fuels 
(B10 and B50)

Property B100 (produced 
biodiesel)

ASTM D6751 B0 (fossil diesel) Blended fuels

B10 B50

Specific gravity at 15 °C 0.883 0.86–0.90 0.828 0.829 0.856
Kinematic viscosity at 40 °C 

(mm2/s)
4.19 1.9–6.0 2.72 3.01 3.81

Acid value (mg KOH/g) 0.28 0.50 - - -
Flash point (°C) 178.4  ≥ 130 46.0 49.0 58.0
Cloud point (°C)  + 12 -3 to 12  + 2.0 -2.0  + 5.0
Pour point (°C)  + 9 -15 to 10  + 6.0 -11.0 -4.0
API gravity, API 31 - 39.4 37.5 57.0
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Table 4   Textural characteristics of REG and CEG catalysts at differ-
ent temperatures

Material BET surface area 
(m2/g)

Pore volume (cm3/g)

REG 1.96 0.027
CEG-700 5.06 0.048
CEG-800 9.71 0.098
CEG-850 15.40 0.123
CEG-900 13.1 0.109
CEG-1000 5.62 0.061

stage, which occurred between 700 and around 800 °C, 
indicated decomposition of CaCO3 present in the eggshell 
to CaO [3]. This observation agreed with result reported by 
Singh and Verma [34], who concluded that chicken eggshell 
could be transformed to CaO and CO2 at 800 °C. In addi-
tion, the degradation (TGA) curve was almost flat above 
800 °C, which suggested the completion of the decomposi-
tion process.

3.1.2 � N2 adsorption–desorption analysis

The N2 sorption analysis conducted on REG and CEG cata-
lysts (see Table 4) showed some important textural char-
acteristics of the samples studied. As shown in Table 4, it 
was observed that CEG-850 exhibited a high surface area 
and pore volume compared to its counterparts. Interestingly, 
the specific area and pore volume values obtained showed 
a consistent increase, with the increase of the calcination 
temperature from 700 up to 850 °C. However, the textural 
properties started to decline as the temperature exceeded 
850 °C, probably due to the merging of small particles to 
form large agglomerates, which resulted in pore collapse 

(sintering) and reduced surface area [3, 10]. However, the 
higher BET surface area exhibited by the CEG-850 sam-
ple suggested that its surface was dominated by active sites, 
which could overcome the diffusion problem. Based on these 
results, eggshell calcined at 850 °C was selected as the best 
among the prepared CaO catalysts and analyzed further to 
know more about it.

3.1.3 � FTIR analysis

Figure 2 depicts the detected functional groups on the sur-
faces of the REG and CEG-850 samples. As seen in the 
figure, the main peaks in the REG sample occurred at 
3641–3487 cm−1 (O–H stretching vibration), 2480 cm−1 
(C-N stretching), 1724 cm−1 (C = O stretching), 1416 cm−1 
(C-O asymmetric stretching of carbonate), 1032  cm−1 
(P-O-C band for aliphatic amines), 874 cm−1 (C-O out-of-
plane bending of carbonate), and 712 cm−1 (C-O in-plane 
bending of carbonate). The appearance of fifth, seventh, and 
last peaks on the spectrum of REG confirmed the presence 
of calcium carbonate in the raw eggshell sample [3, 24]. 
However, after the calcination process, some of the peaks 
that were corresponded to CO2−

3
 molecules disappeared or 

diminished, indicating a significant reduction in the mass of 
the functional group attached to the CaCO3 [24]. Meanwhile, 
the CEG-850 sample exhibited a sharp peak at 3639 cm−1 
(O–H stretching vibration) formed as a result of atmospheric 
moisture adsorption onto the surface of the synthesized CaO, 
which led to the formation of Ca(OH)2, as also confirmed by 
XRD analysis (see Fig. 5). This result was in line with the 
result reported by Tan et al. [3], who prepared CaO catalysts 
from ostrich and chicken eggshells.

Fig. 1   Decomposition (TGA/DTA) analysis of REG

Fig. 2   FTIR spectra of (a) REG and (b) CEG-850
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3.1.4 � SEM analysis

Figure 3 shows the microstructural (SEM) images of REG 
and CEG-850 catalyst showing the CaO grains formation 
upon calcination (Fig. 3b) while the REG sample (Fig. 3a) 
possessed small and irregular particles. The structural 
changes observed after calcination suggested the decompo-
sition of CaCO3 in the chicken eggshell into CaO and CO2 
[34].

3.1.5 � CO2‑TPD analysis

The basic strength (total basic sites) of a heterogeneous 
catalyst, which acts as an active center during the catalytic 
reaction, is a prime trait of any solid catalyst in the bio-
diesel production process [37, 38]. The result of CO2-TPD 
analysis to determine total basic sites on synthesized CaO 
catalyst (CEG-850) from eggshell is depicted in Fig. 4. The 

CEG-850 catalyst sample exhibited two desorption peaks 
at 326 °C and 550 °C. The first corresponded to the basic 
sites of medium strength, similar to the data reported by 
Laskar et al. [37]. However, the second peak, which was 
located between 500 and 600 °C, confirmed the presence of 
stronger basic sites due to the CO2 desorption that occurred 
at elevated temperature [3]. Overall, the total basic amount 
of 749 �mol/g indicated that stronger basic sites at 326 °C 
and 550 °C were part of the active centers during the trans-
esterification process.

3.1.6 � XRD analysis

Figure 5 shows the X-ray diffractogram of CEG-850 catalyst, 
indicating typical characteristic peaks of CaO and Ca(OH)2 
as major and minor phases, respectively. The peaks of CaO 
occurred at 2 � equal to 32.4°, 36.6°, 39.4°, 50.8°, 54.3°, and 

Fig. 3   SEM images of (a) REG 
and (b) CEG-850 catalyst

Fig. 4   CO2-TPD profile for CEG-850 catalyst Fig. 5   XRD pattern of CEG-850 catalyst
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71.6°, which agreed with the result reported by Tan et al. [3] 
while the peaks at 17.9°, 34.3°, and 62.9° were attributed to 
the Ca(OH)2. The detection of Ca(OH)2 was as a result of 
reaction between CaO and atmospheric moisture [24], which 
could be concluded that the synthesized CEG-850 catalyst 
was a mixture of CaO and Ca(OH)2.

3.1.7 � XRF analysis

Table 5 presents the result of XRF analysis, and it was 
revealed that the calcined eggshell catalyst was largely domi-
nated by CaO (97.39%) along with the traces of other metal 
oxides. The presence of CaO as a major phase in the CEG-
850 sample played a significant role in the transesterification 
of WFO make biodiesel [33, 37], indicating that CaCO3 in 
eggshell could be transformed into CaO via calcination [39].

3.2 � Impact of calcination temperature on yield 
of biodiesel

In furtherance of our desire to establish the optimum calci-
nation temperature based on biodiesel yield, it was planned 
to calcine the raw eggshell at different temperatures ranging 
from 700 to 1000 °C. In this regard, the synthesized cata-
lyst samples (CEG-700, CEG-800, CEG-850, CEG-900, and 
CEG-1000) were tested for transesterification of WFO using 
methanol/oil molar ratio of 10:1, catalyst loading of 0.5 wt.% 
and reaction time of 2 h at 60 °C. The average values of the 
WFO biodiesel yields obtained using the catalyst samples 
are displayed in Fig. 6. As evident in the result, the REG 
sample was inactive due to the presence of CaCO3, which 
could not drive the transesterification reaction to equilib-
rium. However, there was an increase in the FAME yield as 
calcination temperature increased from 700 °C to 850 °C but 
started to decrease as the temperature rose above 850 °C, 
attributing it to the occurrence of sintering (pore structure 

collapse) which reduced the surface area of the catalyst and 
consequently inhibited its activity [10]. These results sug-
gested that CEG-850 was the most active catalyst among 
the synthesized catalysts. Its remarkable performance in the 
transesterification reaction resulted from CaO dominance on 
the catalyst surface, which enhanced the basic strength, thus 
improving the activity of the CEG-850 sample.

3.3 � Process optimization by Taguchi method

The 3 level-4 factor L9 orthogonal matrixes, experimental 
responses obtained during the biodiesel production process, 
and values of S/N ratio estimated using Eq. 1 are presented 
in Table 2. Herein, we assumed that the large S/N ratio is 
desirable as it signifies the optimal transesterification pro-
cess and suggests the best levels for each parameter [40].

The main effect plot in terms of the S/N ratio of biodiesel 
yield against transesterification process parameters (metha-
nol/WFO ratio, time, catalyst amount, and temperature) is 
depicted in Fig. 7. The plot revealed that the optimum levels 
and influential variables could be easily identified. As seen 
in the figure, the optimum factors for maximum yield of bio-
diesel were found to be 10:1, 3 h, 0.75 wt.%, and 50 °C for 
methanol/oil molar ratio, time, catalyst loading, and temper-
ature, respectively, which resulted in the predicted biodiesel 
yield of 88.47% (S/N ratio = 38.94). Upon identifying the 
optimal levels, further experimental tests were conducted in 
order to validate the predicted response, and the maximum 
experimental biodiesel yield and corresponding S/N ratio 
were 90.81% and 39.16, respectively.

Table 5   Chemical composition analysis of the CEG-850 catalyst

Metal oxide Composition (wt.%)

MgO 0.428
Al2O3 0.396
SiO2 0.332
CaO 97.39
Fe2O3 0.186
ZnO 0.063
CuO 0.033
K2O 0.500
WO3 0.006
SO3 0.625
NiO 0.043

Fig. 6   Biodiesel yield against different catalyst samples (catalyst 
loading = 0.5 wt.%, methanol/WFO molar ratio = 10:1, tempera-
ture = 60 °C, and reaction time = 2 h)
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Furthermore, it was evident that methanol/WFO molar 
ratio and catalyst loading had a maximum point at the mid-
dle level, which implied that excessive methanol and catalyst 
amount could inhibit the separation of the desired product 
(biodiesel) and glycerol phases, thereby resulting in low bio-
diesel yield [3, 41]. While the reaction time exhibited the 
highest point at the maximum region, the reaction temperature 
had the highest point at the low region. According to Yee and 
Lee [42], either high reaction temperature or high reaction 
time is needed to achieve high biodiesel yield. However, based 
on the optimization study, the maximum biodiesel yield was 
obtained at 50 °C and 3 h, thus indicating that the process 
adopted in this current work was energy efficient, guarantee-
ing sustainability and a friendly environment.

Table 6 shows the contribution degree of each of the 
parameters studied based on range statistics. The first rank, 
which signified the most contributing parameter for the 
biodiesel production process, indicated that reaction time 
significantly influenced the catalytic reaction. However, the 
methanol/WFO ratio, among the parameters studied, showed 
the least significant effect.

3.4 � Analysis of FAME content in produced biodiesel

The results of GC-FID analysis conducted on biodiesel pro-
duced under optimum conditions are depicted in Fig. 8 and 
Table 7, which revealed that the methyl palmitate, methyl 
oleate, and methyl linoleate were the three dominant com-
ponents in the synthesized biodiesel. The results further 
showed that the biodiesel produced from WFO contained 
a total of 19.63% saturated and 76.39% unsaturated FAME 
contents, thus suggesting that the produced biodiesel would 
have better oxidation stability and improved cold flow prop-
erties [41, 43].

3.5 � Functional groups analysis

As evident in Fig. 9, there was a change in the spectrum of 
WFO upon its conversion to methyl esters (biodiesel, B100). 

Fig. 7   Plot of mean signal/noise 
ratio against transesterification 
process parameters

Table 6   Response data of mean S/N ratios for biodiesel production 
process conditions

Level Methanol/oil 
ratio

Time (h) Catalyst load-
ing (wt.%)

Temperature 
(°C)

1 38.04 37.65 37.95 38.12
2 38.17 38.07 38.22 37.97
3 37.97 38.46 37.81 38.09
Range 0.08 0.81 0.41 0.16
Rank 4th 1st 2nd 3rd
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The characteristic peaks at 2960–2945 cm−1, 1753 cm−1, 
and 1211 cm−1 corresponded to –CH3 asymmetric stretch-
ing vibration, -C = O stretching of ester, and –C-O stretch-
ing of ester, respectively [7, 41, 44], thus confirming the 
formation of methyl esters. Comparing the spectra of B0 
(pure diesel) and B100 (pure biodiesel), the ester functional 
group was absent in the former, indicating that they were 
not derived from the same source. In spite of this, biodiesel 
could replace diesel as it exhibited almost the same func-
tional groups as seen in Fig. 9.

Furthermore, as seen in Fig. 9, B10, B50, and B100 
exhibited similar FTIR spectra pattern, where absorption 
bands at around 2960 cm−1 (-CH3 asymmetric stretching), 
2930 cm−1 (-CH2 asymmetric stretching), 1750 cm−1 (-C = O 
stretching), 1470–1458  cm-1 (-CH2 scissors vibration), 

1230–1000 cm−1 (-C-O stretching), and 700 cm−1 (rocky 
vibration of (CH2)n) were detected [45–47]. It appeared that 
the intensity of peak corresponded to the ester group reduced 
after blending of B100 with B0 in 1:9 mixing proportion to 
produce B10. Although the presence of oxygen-containing 
functional groups such as C = O (ester carbonyl group) and 
C-O (ester stretching vibration) could not be ruled out in 
blended fuel, the B10 appeared to have almost the same 
functional groups with B0 as also corroborated by fuel and 
physicochemical analysis results (Table 3). This observa-
tion was also affirmed by Zaharin et al. [48], who reported 
that a high biodiesel/fossil diesel blend ratio would result in 
blended fuel with poor fuel properties. According to Xue 
et al. [49], the presence of oxygen-containing functional 

Table 7   FAME content in the synthesized biodiesel from WFO

FAME Chemical  
structure

Retention  
time (min)

Composition 
(%)

Saturated
  Methyl palmitate C16:0 12.672 13.71
  Methyl stearate C18:0 14.663 5.44
  Methyl arachidate C20:0 16.466 0.33
  Methyl behenate C22:0 16.735 0.15
  Total 19.63

Unsaturated
  Methyl palmitoleate C16:1 13.589 0.18
  Methyl oleate C18:1 14.839 23.17
  Methyl linoleate C18:2 15.319 47.24
  Methyl linolenate C18:3 16.000 5.80
  Total 76.39
  Others 3.98

Fig. 8   Chromatogram of bio-
diesel produced from WFO

Fig. 9   FTIR spectra of WFO, biodiesel (B100), fossil diesel (B0), and 
blended fuels (B10 and B50)
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groups in fuel enhances combustion and results in low 
CO emission, thus confirming the suitability of low-level 
blended fuel such as B10 to power compression ignition (CI) 
engine and vehicular diesel engine.

3.6 � Fuel, physical, and chemical characteristics 
of biodiesel and blended fuels

In an attempt to enhance the fuel properties of the synthe-
sized WFO biodiesel, it was blended with petrodiesel, and 
the properties of the resulting blended fuel were investi-
gated, and the results are shown in Table 3. It was found that 
the properties of B100 (synthesized biodiesel) were in line 
with the ASTM D675 standard [50]. However, upon blend-
ing of B100 with B0 to make blended fuels (B10 and B50), 
the properties appeared to be improved and more compara-
ble to pure diesel, especially B10, thereby suggesting the 
suitability of the diesel–biodiesel blends to power vehicular 
and CI engine without resulting in engine operational prob-
lems [3, 51].

Also, it could be observed that that f lash point of 
B100 significantly reduced after blending from 178.4 °C 
to 49.0 °C for B10 and 58.0 °C for B50, which signi-
fied a remarkable improvement in the volatility of the 
synthesized biofuel. Since the flash points of B10 and 
B50 were greater than that of B0, as seen in Table 3, 
the blended fuels could be safely stored and transported 
[52]. Interestingly, the cloud point and pour point (cold 
flow properties) of the B100 were greatly improved by 
the blending, which suggested that the utilization of the 
blends in the engine could not cause blockage of the fuel 
filter. This observation agreed with findings reported by 
Verma and Sharma [53]. Notably, the B10 exhibited bet-
ter fuel properties than B50, indicating that the former 
could be used in several diesel vehicles without modify-
ing their engines [54].

3.7 � Reusability of CEG‑850 catalyst

After the catalytic reaction, the used catalyst was removed 
from product mixtures through centrifugation, thoroughly 
rinsed in solvent (hexane) to remove oil molecules, 
and then recalcined at 600 °C for 1 h in a furnace. The 
recovered CEG-850 catalyst was thereafter employed to 
catalyze WFO conversion for seven times under opti-
mum transesterification process conditions (tempera-
ture = 50 °C, methanol/WFO molar ratio = 10:1, catalyst 
loading = 0.75 wt.%, and time = 3 h). As shown in Fig. 10, 
the yield of biodiesel gradually decreased from 89.44% 
to 54.22%. However, a considerable loss of more than 
30% in catalytic activity was noticed after the last cycle, 
depicting a reduction in the number of active sites due 
to the catalyst surface poisoning by oil molecules and 

washing during the recovery process, which inhibited 
biodiesel yield [9].

4 � Conclusions

Waste chicken eggshell-derived CaO catalyst with high 
basic strength was successfully synthesized and utilized 
to catalyze transesterification of WFO to biodiesel. XRD, 
FTIR, CO2-TPD, and BET analyses, among other charac-
terization techniques, confirmed the dominance of CaO in 
the catalyst sample calcined at 850 °C. It was found that the 
CEG-850 catalyst exhibited better catalytic activity for WFO 
conversion due to the high basicity and surface area, which 
enhanced biodiesel yield. Under optimum operating condi-
tions (i.e., at 50 °C for 3 h using a WFO/methanol ratio of 
1:10 and 0.75 wt.% catalyst loading), the highest biodiesel 
yield of 90.81% was attained. Also, the produced biodiesel 
contained 76.39% unsaturated and 19.36% saturated esters, 
suggesting that the WFO-based biodiesel had better oxida-
tion stability and improved cold flow properties. The physic-
ochemical and fuel characteristics of the produced biodiesel 
significantly improved after blending with diesel. CEG-850 
sample exhibited good activity and stability as a heterogene-
ous base and cheap catalyst for the conversion of low-grade 
feedstock to biodiesel.
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