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Received Biodiesel, a renewable and biodegradable fuel, offers a promising alternative to fossil
18 August 2025 fuels. This study investigates the production of biodiesel using a novel, cost-effective,
f;‘;;;im ber 2025 and environmentally sustainable catalyst derived from waste materials. Specifically,
Accepted biochar from pine fruit was used as the catalyst support, while eggshells, rich in calcium
4 October 2025 oxide, served as the active catalytic component. The catalyst and its support were
Published online characterized using FESEM, XRD, EDX, and FT-IR. The transesterification reaction
1 November 2025 was optimized using response surface methodology with Design-Expert 7.0.0 software,
Keywords varying the oil-to-methanol volume ratio (1, 2, and 3 v/v), reaction time (60, 90, and 120
Biodiesel min), and eggshell percentage in the catalyst (20, 30, and 40 wt.%). The optimal
Biochar conditions were determined to be an oil-to-methanol ratio of 2 v/v, a reaction time of 90
Eggshell min, and an eggshell percentage of 30 wt.%, resulting in a biodiesel purity of 96.83%.
Heterogeneous catalyst These findings demonstrate the potential of utilizing waste-derived catalysts for efficient
Pine fruit and sustainable biodiesel production, offering a promising avenue for future research
Transesterification focusing on process optimization and catalyst longevity.

1. Introduction

Fossil fuels are an important part of the economy and the main energy sources in today's world. Fuels

derived from the products of these materials have long been a source of energy in internal combustion

engines, and the existence of abundant underground reserves has contributed to the greater use of these

fuels [1]. The increasing need for energy in the world and the reduction of fossil fuel resources on the one

hand, and environmental problems caused by the combustion of these fuels, on the other, have led to

extensive research in recent years to find alternative energies in different countries of the world. The use of

alternative fuels - especially biodiesel - is generally regarded as one of the possible feasible solutions to
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these problems. Biodiesel is a clean fuel produced from natural, renewable sources such as vegetable oils,
which could be used in combustion engines like fossil diesel without the need to make any modifications
to the engine itself [2]. The use of biodiesel in a conventional diesel engine ultimately results in a drastic
decrease in the amount of unburned hydrocarbon, carbon monoxide, and particulate matter being released
into the atmosphere [3].

Biodiesel's use decreases the carbon content in particulate matter. The properties of biodiesel are fairly
identical to conventional diesel; however, the resultant exhaust from biodiesel is much greener [4]. In
addition, when compared with diesel fuels, there are many benefits of biodiesel, including enhanced
lubrication, reduced emission rates of many pollutants such as soot, carbon monoxide, and sulfur dioxide,
a higher boiling point, renewability, biodegradability, and, foremost, a reduction in the amount of
greenhouse gas accumulating in the atmosphere [5].

The main industrial method followed for biodiesel production is the transesterification process; it is a very
simple and highly cost-effective process. Its main purpose is to reduce the viscosity of the oil. It involves
the purification of the oil or fat, which then reacts with an alcohol-mostly ethanol or methanol-with the help
of various catalysts [6]. The sources of biodiesel production include various types of vegetable oilseeds,
algae, various animal fats, and fatty wastes, and their availability and price are very important in choosing
a source for biodiesel production, because the highest cost of biodiesel production (about 81%) is related
to the raw material used [7].

The use of inexpensive sources such as waste cooking oils (WCOs) and animal fats instead of refined edible
oils, in addition to reducing the final price of biodiesel, allows for the recovery and reuse of waste. Used
cooking oils are a significant source of fat that is discharged into the environment and causes
environmental pollution, which can be a good feedstock for biodiesel production [8]. Bases and acids have
been used as catalysts in the transesterification reaction. Some of the most commonly used acidic
homogeneous catalysts in this process include sulfuric acid, hydrochloric acid, and sulfonic acid. Basic
homogeneous catalysts include sodium hydroxide, potassium hydroxide, and potassium methoxide. The
use of homogeneous base catalysts in biodiesel production has disadvantages, such as producing more
wastewater and being non-reusable; however heterogeneous catalysts are more promising because they
reduce the high costs of biodiesel production. Heterogeneous catalysts are basic or acidic solids that include
anion exchange resins, zeolites, enzymes, hydrotalcites, alkali metal salts, and alkaline earth metal oxides
[9].

CaO is considered one of the most efficient catalysts for biodiesel production due to its high catalytic
activity in transesterification, easy preparation, low solubility in methanol and biodiesel, and relatively low

cost [10-13]. Various waste biomaterials such as eggshells, oyster shells, crab and snail shells, chicken
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excrement, and animal bones have been used in research related to biodiesel production for the derivation
of CaO catalysts [14-17].

Various studies have been conducted on CaO loading on distinct natural supports for biodiesel production
[18-25], and a number of these studies are reviewed below. In their study Mohadesi et al. [18] reported the
synthesis of biodiesel from WCO using a clay/CaO catalyst, under optimum conditions, i.e., a reaction
temperature of 54.97°C, catalyst concentration of 9.6 wt.%, oil-to-methanol volume ratio of 1.94 v/v,
concentration of toluene as co-solvent of 16.13 wt.%, and reaction time of 74.32 minutes, yielding a
conversion of 97.16%. Different studies represented by Kumar et al. [19] on the implementation of
nanocatalysts in the transesterification process developed a further proposal for the extraction of biochar
from waste biomass for use as a nanocatalyst. They found that nanocatalysts greatly enhance the efficiency
of the transesterification process.

Foroutan et al. [20] prepared a biochar catalyst from brown algae Sargassum oligocystum and CaO from
the shells of produced eggs and concluded that the maximum biodiesel production efficiency under optimal
conditions would be 98.83%. Wang et al. [21] studied biochar from municipal sludge as a new structure for
the synthesis of a series of heterogeneous calcium-based catalysts for biodiesel production. They found that
the highest biodiesel yield was up to 93.77%. Kostic et al. [22] studied the production of biodiesel from
sunflower oil in the presence of a biochar catalyst prepared from palm kernel shells. They found that under
optimal conditions, the biodiesel production efficiency was 99%.

Zhao et al. [23] explored high-performance and stable CaO-based catalysts supported on rice husk biochar.
The results indicated that efficiencies as high as 93.4% might be achieved upon loading 30 wt.% CaO and
calcination at 700°C. Jung et al. [24]studied the use of biochar from poultry manure pyrolysis for biodiesel
production as a greener approach. They found that the prepared biochar at 350°C gave better performance,
achieving a 95.6% biodiesel yield.

Wang et al. [25] employed raw coal, a sort of solid waste, as a substrate for synthesizing a solid carbon-
based acid catalyst in producing biodiesel from palm oil. They attained the highest biodiesel yield of 98.6%
at optimum conditions. In agreement with this work, Sivan et al. [26] explored the production of biodiesel
from cashew nut shell liquid using a sulfonated cashew nut shell biochar catalyst during the
transesterification process. This was conducted under ideal conditions of a temperature of 65°C, a reaction
time of 1 h, and an oil-to-methanol molar ratio of 18:1, where the biodiesel production attained its maximum
yield of 94.2%.

Mazaheri et al. [27] discussed the use of the Chicoreus brunneus shell to produce heterogeneous CaO
nanocatalysts to be applied to rice bran oil transesterification in order to produce biodiesel. The results of
their research indicated that the CaO catalyst derived from the Chicoreus brunneus shell had favorable

results regarding biodiesel production, demonstrating considerably lower kinematic viscosity.
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Lani et al. [28] researched rice husk and eggshells for biodiesel production via transesterification with
hybrid catalysts prepared using the wet impregnation method and revealed that silica-supported CaO had
higher activity than pure CaO in biodiesel production. Another research work was done by Kaewdaeng et
al. [29] on the production of biodiesel using a calcium oxide catalyst obtained from the ash of the river snail
shell. Under optimum operating conditions - a methanol-to-oil molar ratio of 9:1, a catalyst amount of 3
wt.%, and a reaction time of 1 hour- the maximum yield for biodiesel production was found to be 92.5%.

This research introduces a novel and sustainable approach to biodiesel production by utilizing a composite
catalyst derived from waste materials: biochar from pine fruit as a support and eggshells as the active
calcium oxide component. This combination offers a cost-effective and environmentally benign alternative
to conventional catalysts, achieving a high biodiesel purity under optimized conditions determined through
response surface methodology (RSM), demonstrating the synergistic potential of these readily available

waste streams for efficient and sustainable biofuel production.

2 . Materials and Methods

2.1. Materials

In this study, WCO was selected for biodiesel production. This oil was obtained from restaurants and fast-
food stores and was used in this research. Among the alcohols that can be used to produce biodiesel,
methanol is a suitable choice; in this study, methanol with a purity of 99% was used. A calcium oxide
catalyst based on biochar was employed. In this study, biochar was prepared from pine fruit, and calcium

oxide was sourced from eggshells. Distilled water was used to wash the materials (eggshells and pine fruit).

2.1.1. Preparation of eggshell, biochar, and catalyst

The eggshells were cleaned with distilled water to remove dust and all kinds of impurities. Thereafter, the
materials were dried in an oven at 100°C for 24 hours and then ground and sieved using a grinder to less
than 45 pm. The eggshell material was then heated at a rate of 10°C/min and calcined at 1100°C for 2 hours
[30]. Other cleaning of pine fruits with distilled water was followed by oven drying at 100°C for 24 hours
and grinding/sieving to sizes finer than 45 um. Pyrolysis of the prepared sample was conducted in a tubular
furnace under inert gas at a heating rate of 5°C/min, holding at 550°C for 2 hours. In order to prevent the
sample from absorbing humidity, the dried product was kept in an airtight container [31].

The preparation of the catalysts was carried out by mixing calcium oxide and biochar in an appropriate ratio
with distilled water. Afterwards, it was stirred using a magnetic stirrer at room temperature for 24 h. Then,
it was dried in an oven at 100°C for 24 hours. Finally, the prepared catalyst was treated under nitrogen gas

flow in a tubular furnace at 550°C for 2 hours.
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2.1.2. Preparation of waste cooking oil

In frying, the oil undergoes various physical and chemical changes that produce undesirable products like
free fatty acids and water. The presence of these substances, above all water, seriously lowers the yield of
biodiesel obtained and can even provoke a failure in the transesterification reaction. To neutralize this
effect, WCO was previously submitted to a cleaning step by filtration to eliminate the suspended solids and
fine particulates. Then, a 1 wt.% sulfuric acid treatment combined with a methanol-to-oil molar ratio of 6:1
for 2 hours was carried out to reduce the acid value of the substance [32]. Finally, the obtained oil was

heated to 80°C for 12 hours to remove the trace amount of water.

2.2. Experimental procedure

All experiments were performed using WCO, methanol, and in the presence of a CaO/biochar catalyst. For
each sample, 20 mL of WCO was used. A certain amount of methanol was added to a two-necked flask
along with the WCO. The experiments were conducted under reflux at a constant temperature of 63°C with
a stirring speed of 600 rpm and in the presence of an 8 wt.% catalyst [33, 34]. After the experiments, a
separator funnel was used to separate glycerol from the produced biodiesel. Thereafter, the crude biodiesel
obtained was washed several times with hot distilled water to remove residual impurities and dried in a hot
air oven at 80°C for 12 hours. The purity of the biodiesel sample thus obtained was analyzed using GC-

MS.

2.3. Experimental design

Biodiesel production relies on various parameters, such as reaction time, reaction temperature, mixing
speed, oil-to-methanol ratio, type of catalyst, and catalyst concentration. Regarding this study, the influence
exerted by the volume ratio of oil to methanol, reaction time, and eggshell percentage in the catalyst on
biodiesel purity was considered. The values of the above variables can be identified from Table 1. The
selection of process parameter levels was based on previous related literature[18, 34, 35].

Response surface methodology is one of the tools used in conducting regression analysis to find
relationships among responses observed, which has been applied to study the effect of many variables on
biodiesel production by several researchers. Within RSM, two popular experimental designs stand out:
Box-Behnken design (BBD) and central composite design (CCD). While both aim to efficiently model the
response surface, they differ in their approach and suitability for specific applications [36, 37]. In this study,
the BBD was chosen due to its efficiency in exploring the design space with fewer runs compared to the
CCD, particularly considering the number of factors being investigated. This minimized resource

consumption while still providing sufficient data for model fitting and optimization [38].
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As mentioned, experimental design has been carried out using the BBD. This multi-level method requires
a total of 15 experiments based on three variables selected: oil-to-methanol volume ratio, reaction time, and
the percentage of eggshell in the catalyst, each at three levels, including 13 unique experiments and 2

replicates at the central point.

Table 1. Operating parameters and their levels

Levels
Factor Unit Symbol
Low Middle High
Reaction time min t 60 90 120
Oil-to-methanol volume ratio  v/v Roum 1 2 3

Eggshell/(Eghshell+Biochar) wt.% EB 20 30 40

A full quadratic model describes the dependency of the dependent variable concerning the independent

variables. Mathematically, a full quadratic model may be represented as:

Y=ﬂo+i3ixi+iﬁiixiz+zz: i Bij Xij (1
i=1 i=1

i=1 j=i+1
The above equation is explained as follows: Y, the response variable; X; andX;, independent variables; S,
constant; f3;, coefficients for linear terms; f;;, coefficients for quadratic terms; and f;;, coefficients for
interaction terms.
Analysis of variance was conducted for the proposed model of response. This method included the
calculation of the regression coefficients of linear, interaction, and quadratic terms, as well as testing the

integrity of the model equation through the coefficient of determination R%. Furthermore, the adjusted

2

adj. . does

coefficient of determination R g,

was measured to test the accuracy of the model. Unlike R?, RZ;

not necessarily improve by including more factors in the model: it can decrease if irrelevant factors are
included. Thus, it is a more conservative estimate of model precision [39].

The calculated p-value and F-value statistically analyzed the importance of model factors. In identifying
the significance of the model, the first step is to calculate and compare the p-value to 0.05. When the
calculated p-value is less than 0.05, the model is statistically significant. The comparative importance of

the factors is made using the F-value, calculated by [39]:

MS.
F — value = —%

2

Sres.

SS .
where MS = oF and mean square error and DF are the degrees of freedom and the subscripts reg. and res.

indicate the regression and residual, respectively.
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2.4. Samples characterization

XRD analysis (Philips PW 1730) was used to identify the chemical and crystalline composition of the
synthesized samples (biochar, eggshell, and synthesized catalysts) in the 20 range between 10 and 80°.
Identification of the functional groups of the synthesized samples was carried out using FT-IR analysis
(Thermo Nicolet AVATAR 360) with the KBr tablet technique. EDX analysis (TESCAN model MIRA 11
with SAMX detector) was also used to determine the compounds and elements present in the synthesized
samples. In addition, the detection and determination of the surface properties and morphology of the

synthesized samples were carried out using SEM analysis (TESCAN model MIRA III).

3. Results and Discussion

3.1. Characterization of synthesized samples

3.1.1. XRD analysis

XRD analysis was used to determine the crystalline structure of the synthesized samples. Figure 1 shows
the XRD patterns for the biochar sample, eggshell, and different catalyst samples in this study. As can be
seen in Figure 1, there are many similar peaks in the three different catalyst samples (20, 30, and 40 wt.%)
at 18.1,28.8,34.2,47.1,51.2,54.3,59.5,61.4,62.2,71.8, and 79.8°, all of which are indicative of Ca(OH)..
There is a large variation in the peaks related to Ca(OH),, with the main peak at 34.2° [40]. As it is clear,
there are two similar peaks at 23.2 and 29.4° related to the CaO phase. For the 30 wt.% and 40 wt.%
samples, two dissimilar peaks at 50.9 and 62.6° related to the CaO phase are observed. According to Figure
1, for the eggshell sample, it is observed that the prominent diffraction values at 18.1, 28.8,32.4, 34.2, 37.5,
47.5, 51.0, 54.0, 62.7, 64.2, 67.4, and 71.9° correspond to the Ca(OH)> phase and also to the CaO phase.
As is clear, the main peak observed at 37.5° is related to the calcium oxide phase [41]. In addition, the
XRD pattern for biochar, in the form of a broad peak with a peak at about 21° indicates carbon content that

is amorphous in terms of crystalline structure [42, 43].

3.1.2. FT-IR analysis

Figure 2 shows the spectral information of biochar, eggshell, and various catalysts measured in this
experiment. For the biochar sample, the peaks between 462 and 924 cm™ represent the bond vibrations that
make up the structure or fingerprint region of the biochar. Additionally, small peaks observed between 1013
and 1114 cm™' can be assigned to the stretching vibrations of metals bonded within the biochar matrix. One
strong peak at 1421 cm™ was assigned to the vibrational modes of the aromatic C-C bonds, revealing the
presence of aromatic organic compounds. The peak detected at 1575 cm™ corresponds to the stretching
vibrations of N-H bonds. A broad and weak peak at 3464 cm™! belongs to the vibrations of the O-H bonds;
thus, in this structure, there is slight moisture present. The absorption peaks from 522 to 929 cm™ relate to

the structural bond vibration or fingerprint region in the case of the eggshell and eggshell-biochar composite
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samples. The absorption peaks between 1022 and 1110 cm™ may correspond to the stretching vibration of
different metal-oxygen bonds in the structure. The sharp peak at 1416 cm™ is from the aromatic C-C bond

vibration of aromatic organic compounds that initially existed in the sample.

m CaO
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®
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Fig. 1. XRD pattern for biochar, eggshell, and catalyst samples was used in this study.

The peak at 1570 cm! characterizes the stretching of the N-H bonds. The wide peak between 3469 and
3641 cm! corresponds to the stretching mode of the O-H bond due to slight moisture in the structure [41,

42].

3.1.3. EDX analysis

Table 2 shows the elemental analysis results for the biochar, eggshell, and various catalyst samples in this

study. The EDX results confirm the elements constituting the phases identified in the XRD patterns. The

10
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biochar sample consists of approximately 87% carbon, and the other elements indicate organic and
inorganic residues present in the sample as impurities. The results also show the absence of oxygen in the

biochar sample.

EB=40wt.%

g

<

3643.50
3433.67

1421.69
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Fig. 2. FT-IR spectrum for biochar, eggshell, and catalyst samples was used in this study.

In the eggshell sample, the high levels of calcium and oxygen indicate different calcium oxides, which are
consistent with the elemental analysis results in XRD. In the samples synthesized from different proportions
of biochar and eggshell, the levels of carbon, calcium, and oxygen are the highest and are consistent with
the phase results of these samples. In other words, the formation of a calcium carbonate phase due to the
combination of biochar with eggshell indicates a chemical interaction between carbon atoms in biochar and

calcium oxides in the eggshell sample.

11
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3.1.4. FESEM analysis

FESEM analysis is one of the methods for determining the morphology and size of the particles constituting
a sample. SEM images of the biochar sample, eggshell, and various catalyst samples in this study are
presented in Figure 3. The SEM image for the biochar shows that, in terms of morphology, the particles
constituting the sample are amorphous and lack a specific geometric shape [44]. Among the 80 particles
measured, the smallest particle constituting the sample has a size of 0.06 nm, the largest particle constituting

the sample has a size of 0.59 nm, and the average particle size is 0.18 nm.

Table 2. Composition of elements in biochar, eggshell, and catalyst used in this study using EDX

analysis.
Composition, wt.%
Element
Biochar Eggshell EB=20wt.% EB=30wt.% EB=40 wt.%
C 87.37 4.34 44.17 37.63 12.79
N 3.66 1.47 1.65 1.61 1.23
o - 38.02 28.32 22.00 28.15
Na 0.94 1.49 1.19 1.05 1.04
Mg - 2.33 1.58 1.33 1.43
Al 1.38 1.02 0.91 0.90 1.02
Si 2.15 0.84 0.94 1.02 0.94
S 0.94 0.90 0.70 0.76 0.74
K 0.89 - - - -
Ca 2.61 48.79 19.86 33.20 52.63
Fe 0.07 0.79 0.69 0.51 0.02

As the SEM image of the eggshell shows, in terms of morphology, the particles constituting the sample are
irregularly polyhedral [45]. Among the 24 particles measured, the smallest particle has a size of 0.47 nm,
the largest particle has a size of 1.84 nm, and the average particle size is 0.97 nm. The SEM image of the
catalyst containing 20 wt.% of the eggshell sample shows that the particles are cubic in terms of
morphology. The SEM image of the catalyst containing 30 wt.% of the eggshell sample shows that the
particles constituting the sample are a mixture of polyhedral to amorphous shapes in terms of morphology.
The SEM image of the catalyst containing 40 wt.% of the eggshell sample shows that the particles are
amorphous in terms of morphology. For all samples, the particle size distribution indicates that 100% of

the particles have a size of less than 1 nm.

12
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SEM MAG: 100.0 kx Det: InBeam | SEM MAG: 70.0 kx Det: InBeam MIRA3 TESCAN
WD: 5.01 mm BI: 7.00 500 nm WD: 4.95 mm BI: 7.00 500 nm
View field: 2.08 ym | Date(m/dy): 12/04/22 View field: 2.97 pm  Date(m/dly): 12/04/22

|

SEM MAG: 70.0 kx Det: InBeam MIRA3 TESCAN SEM MAG: 70.0 kx Det: InBeam T MIRA3 TESCAN

'WD: 5.02 mm BI: 7.00 500 nm WD: 4.94 mm BI: 7.00 500 nm
View field: 2.97 pym |Date(m/dly): 12/04/22 View field: 2.97 ym Date(m/dly): 12/04/22

EB=40wt.%

SEM MAG: 70.0 kx Det: InBeam
WD: 4.95 mm BI: 7.00 500 nm
View field: 2.97 pm Date(m/dly): 12/04/22

Fig. 3. SEM images for biochar, eggshell, and catalyst samples.
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3.2. Investigation of the results and statistical analysis

In the present analysis, the three variables of interest were reaction time, oil-to-methanol ratio, and catalyst
eggshell content at three levels: low, medium, and high. Their actual numerical values are shown in Table
1. The next section shows the Box-Behnken design of the experiment, while the results of the experiments
carried out are summarized in Table 3. Table 3 presents that the highest biodiesel purity, based on FAME
concentration, was achieved in experiment 15, using a reaction time of 90 minutes, an oil-to-methanol
volume ratio of 2 v/v and an eggshell proportion of 30 wt.% in the catalyst, resulting in a purity of 96.83%.
Meanwhile, the lowest purity was recorded in the test number 1: 60 minutes of reaction time, with an oil-
to-methanol volume ratio of 2 v/v and catalyst material with eggshell at 20 wt.%, yielding a purity of
54.35%. Using the method of least squares, a quadratic model was designed to predict the purity of
biodiesel, represented here as FAME:

FAME = 95.73 + 11.33X; + 2.06Xy,,, + 7.67Xgp — 3.74X;. Xg,,,, — 1.84X;. Xpp —

(3)
5.41Xg,, - Xp — 11.27X% — 7.55X3 . — 8.41X3;

The respective coded values for reaction time, the volume ratio of oil to methanol, and % of eggshell in the
catalyst can be defined by the use of X, Xp, , and Xgp in the model equation. The positive terms in the
equation show a positive effect on purity, while the negative terms reflect a negative effect contributed by
the respective variable. Table 4 shows the results of ANOVA for the quadratic model. The model is highly
significant since the F-value is 94.92, and the p-value is below 0.0001. Furthermore, all the terms are
significant since the p-values for all model coefficients are below 0.05. The three variables t, Ry, and EB
are involved since they have a significant influence on the purity of biodiesel. Interaction terms such as
(t.Rom. t. EB,and EB.R,)), and quadratic terms like t2, R3,,, and E B? represent remarkable significance
with small p-values. The poor fit is also reflected by p-values higher than 0.05, reflecting a good agreement

between the model and experimental data. The R? and RZ; ;. determination coefficients are equal to 0.9942

and 0.9837, respectively. That would point to a very well-fitting and strong model.

3.2.1. Analysis of statistical plots

Figure 4 displays the statistical analysis of the results. In particular, Figure 4a presents the estimated values
of purity in biodiesel as opposed to the actual experimental values. The high value of the correlation
between calculated and actual values underlines a very good agreement between the model and
experimental values.

The set of residual plots shown in Figures 4b, 4c, and 4d provides an additional explanation of the analysis
of the results. The following plots are included: the residual plot for the predicted response (Figure 4b),
normal probability plot for the residuals (Figure 4¢), and residuals sorted by the order of the experiment

(Figure 4d). In general, Figure 4b presents the residual plot of the predicted response, all with stochastic

14
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scattering of points in such a way that their values fall within the two indirect lines, where any systematic

errors would have appeared.

Table 3. Designing experiments using the Box-Behnken method and the results of them (C =8 wt.% and

T=63 °C)

Run ¢, min Rgy,v/iv EB,wt.% FAME, %
1 60 2 20 54.35
2 90 3 20 79.15
3 60 2 40 72.65
4 90 1 20 64.34
5 60 1 30 60.92
6 90 1 40 91.22
7 90 2 30 94.87
8 90 2 30 95.50
9 120 3 30 85.42
10 90 3 40 84.39
11 120 1 30 88.65
12 120 2 20 83.13
13 120 2 40 94.06
14 60 3 30 72.67
15 90 2 30 96.83

Table 4. Variance analysis for the quadratic response surface model.

Source Sum of squares DF Mean square F-value g;‘:::; Significance level

Model 2540.30 9 282.26 9492 <0.0001 highly significant
t 1027.63 1 1027.63 345.57 <0.0001 highly significant
Rom 34.03 1 34.03 11.44 0.0196 significant
EB 470.48 1 470.48 158.21 <0.0001 highly significant
t.Roum 56.10 1 56.10 18.87 0.0074  highly significant
t.EB 13.58 1 13.58 4.57 0.0856  possibly significant
Roy-EB 117.07 1 117.07 39.37 0.0015 highly significant
t2 469.21 1 469.21 157.79 <0.0001 highly significant
R3y 210.22 1 210.22 70.69 0.0004  highly significant
EB? 261.33 1 261.33 87.88 0.0002  highly significant

Residual 14.87 5 2.97
Lack of fit 12.87 3 4.29 4.28 0.1950 not significant
Pure Error 2.00 2 1.00

Cor Total 2555.17 14
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Predicted

Fig. 4. (a) Comparison of predicted and actual biodiesel purity values, (b) Plot of residuals against predictor, (¢) Residuals normal distribution
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3.2.2. Effect of operating variables

Reaction time is one of the important variables in the transesterification process. Thus, reaction time was
studied within the range of 60 to 120 minutes and is represented in Figure 5. When the reaction time is
increased from 60 to 120 minutes at a fixed temperature of 63°C, catalyst concentration of 8 wt.%, and 30
wt.% eggshell content in the catalyst, the purity of biodiesel was considerably improved, as shown in Figure
5a. The purity reached its maximum value at approximately 110 minutes, which implies that the purity of
biodiesel largely depends on variations in reaction time. The results of the experiments ae similar to the
findings of a study by Mohadesi et al. [18].

Apart from that, the studied factor was the oil-to-methanol volume ratio at three different levels. The purity
of biodiesel was highest at the lowest value of this factor (Ryp=1 v/v). On the other hand, the purity of the
biodiesel produced decreased with an increasing volume ratio. The volume ratio of oil to methanol should
be set at 2.4 v/v according to optimal conditions.

Figure 5b shows the effect of reaction time and the content of the eggshell inside the catalyst during fixed
operating conditions, namely. An oil-to-methanol volume ratio of 2 v/v, a reaction temperature 63°C, and
8 wt.% catalyst concentrations. Up to 105 minutes, the reaction time increased the purity of biodiesel, and
after that, it decreased with further increases in reaction time. Regarding the percentage of eggshell,
increasing it from 20 wt. % to about 35 wt. % increased the purity of biodiesel dramatically. Beyond this
level, an increase in the catalyst concentration progressively lowered the purity. The results show that the
optimum percentage of eggshell in the catalyst is slightly above the average level for this factor, which can
be due to the adverse reaction conditions that negatively affected the saponification of triglycerides [18].
Figure 5c combines the effect of the volume ratio of oil to methanol with respect to the percentage of
eggshell in the catalyst on the purity of biodiesel under the following conditions: reaction time of 90
minutes, 63 °C, and 8 wt.% catalyst concentrations. It can be realized from this figure (Figure 5¢) that at
the lowest volume ratio between oil and methanol R,y =1 v/v, the purity of biodiesel was the lowest.
However, with an increased volume ratio, the purity of biodiesel also increased. Beyond the average volume
ratio, biodiesel purity started to decline due to the decreased percentage of eggshell in the catalyst. Further
increases in the oil-to-methanol volume ratio resulted in reverse reactions. A similar trend has been reported
in previous studies [46, 47]. The optimum oil-to-methanol volume ratio was 2.4 v/v.

Figure Sc also shows that increasing the catalyst eggshell percentage to the upper bound value (EB=40
wt.%) increased the purity of the obtained biodiesel considerably. The optimal value of the eggshell content

for the maximum yield of biodiesel was found to be 37 wt.%.
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Fig. 5. (a) Interaction between reaction time and volumetric ratio of oil to methanol on biodiesel purity
(C =8 wt.%, T=63 °C, and EB=30 wt.%), (b) Influence of reaction time and eggshell/(eggshell + biochar)
on biodiesel purity. (C =8 wt.%, T=63 °C, and Ry=2 v/v), and (c) Effect of oil-to-methanol volume
ratio and eggshell/(eggshell + biochar) on purity of biodiesel (C =8 wt.%, T=63 °C, and t=90 min).
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3.3. Biodiesel specification

Table 5 shows the physical properties of the biodiesel produced under the optimum conditions (=90 min,
Rony=2 v/v, and EB=30 wt.%). These properties mostly align with the acceptable ranges defined by the
ASTM D6751 standard.

Table 5. Properties of biodiesel under optimal conditions compared by ASTM D6751.

Physical property Biodiesel ASTM D6751
Density at 15 °C, g/cm? 0.88 0.86 to 0.90
Kinematic viscosity at 40 °C, ¢St 4.7 4t06
Pour point, °C 5 -15to 10
Cloud point, °C 7 -3to0 12

3.4. Catalyst reusability

The catalyst was tested for reusability under optimal conditions (t=90 min, Ry=2 v/v, and EB=30 wt.%)
over six cycles. After each cycle, the catalyst was washed with methanol and then heated at 90°C with
gentle stirring to remove any remaining methanol [47]. The results, shown in Figure 6, indicate that the
FAME percentage decreased from 96.49% to 91.37% after seven uses. This reduction in efficiency is likely

due to the blockage of active sites on the catalyst and the loss of active components from the catalyst surface.

Fig. 6. Reusability of eggshell/biochar catalyst at optimal conditions (¢=90 min, R,p=2 v/v, and EB=30
wt.%).

4. Conclusion
In the present study, the production of biodiesel proceeds via the transesterification process of waste

cooking oil using an eggshell catalyst in conjunction with hydrochar derived from pine fruit, all conducted
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at a laboratory scale. In the present study, three independent variables were considered: reaction time (60,
90, and 120 minutes), oil-methanol volume ratio (1, 2, and 3 v/v), and catalyst-eggshell percentage (20, 30,
and 40 wt.%). While reaction temperature was kept constant at 63°C and catalyst loading was fixed at 8
wt.%, Response surface methodology was employed to predict the purity of biodiesel produced from this
waste stream using a quadratic polynomial fit. The analysis of the experimental results showed that the
optimum purity of the produced biodiesel was 96.83%. Further, from the optimization results obtained, the
optimum oil-to-methanol volume ratio was determined to be 2.4 v/v. The Box-Behnken experimental
design and modeling of the experiment, however, showed that the relationship of biodiesel purity vs.
variables is given by a quadratic equation. Among the factors investigated, the linear and quadratic effects
of reaction time, t and t2, respectively, explained most of the biodiesel purity. For efficiency, the most
important contribution was provided by the interaction of the oil-to-methanol volume ratio with the

percentage of eggshell used in the catalyst, Ry EB.

Authors’ contributions
Samira Rahmati Asl: Data curation, Writing- Original draft preparation, Investigation

Majid Mohadesi: Supervision, Methodology, Software, Writing- Reviewing and Editing

Funding

The authors did not receive support from any organization for the submitted work.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that

could have appeared to influence the work reported in this paper.

Availability of data and materials

All data, models, or code generated or used during the study are available in a repository or online.

Reference

[1] D.E. Carey, P.J. McNamara, D. Zitomer, Biochar from pyrolysis of biosolids for nutrient adsorption
and turfgrass cultivation, Water Environment Research 87(12) (2015) 2098-2106.

[2] J.-M. Jung, J.-I. Oh, K. Baek, J. Lee, E.E. Kwon, Biodiesel production from waste cooking oil using
biochar derived from chicken manure as a porous media and catalyst, Energy Conversion and Management
165 (2018) 628-633.

[3] P.R. Pandit, M.H. Fulekar, Biodiesel production from microalgal biomass using CaO -catalyst
synthesized from natural waste material, Renewable Energy 136 (2019) 837-845.

20



Rahmati Asl and Mohadesi Int. J. Energy Syst. Plan. Optim. / Vol. 1 /Issue 1 /2026 / 3-23

[4] S. Wang, R. Shan, Y. Wang, L. Lu, H. Yuan, Synthesis of calcium materials in biochar matrix as a
highly stable catalyst for biodiesel production, Renewable energy 130 (2019) 41-49.

[5]J. Vakros, Biochars and their use as transesterification catalysts for biodiesel production: a short review,
Catalysts 8(11) (2018) 562.

[6] K. Weber, P. Quicker, Properties of biochar, Fuel 217 (2018) 240-261.

[7] M. Balajii, S. Niju, Biochar-derived heterogeneous catalysts for biodiesel production, Environmental
Chemistry Letters 17(4) (2019) 1447-1469.

[8] M.S. Rashid, G. Liu, B. Yousaf, Y. Hamid, A. Rehman, M. Arif, R. Ahmed, A. Ashraf, Y. Song, A
critical review on biochar-assisted free radicals mediated redox reactions influencing transformation of
potentially toxic metals: Occurrence, formation, and environmental applications, Environmental Pollution
315 (2022) 120335.

[9] L. di Bitonto, H.E. Reynel-Avila, D.I. Mendoza-Castillo, A. Bonilla-Petriciolet, C.J. Duran-Valle, C.
Pastore, Synthesis and characterization of nanostructured calcium oxides supported onto biochar and their
application as catalysts for biodiesel production, Renewable Energy 160 (2020) 52-66.

[10] M. Kouzu, T. Kasuno, M. Tajika, Y. Sugimoto, S. Yamanaka, J. Hidaka, Calcium oxide as a solid base
catalyst for transesterification of soybean oil and its application to biodiesel production, Fuel 87(12) (2008)
2798-2806.

[11] X. Liu, H. He, Y. Wang, S. Zhu, X. Piao, Transesterification of soybean oil to biodiesel using CaO as
a solid base catalyst, Fuel 87(2) (2008) 216-221.

[12] P.-L. Boey, G.P. Maniam, S. Abd Hamid, Performance of calcium oxide as a heterogeneous catalyst
in biodiesel production: A review, Chemical engineering journal 168(1) (2011) 15-22.

[13] L.M. Correia, N. de Sousa Campelo, D.S. Novaes, C.L. Cavalcante Jr, J.A. Cecilia, E. Rodriguez-
Castellon, R.S. Vieira, Characterization and application of dolomite as catalytic precursor for canola and
sunflower oils for biodiesel production, Chemical Engineering Journal 269 (2015) 35-43.

[14] L.M. Correia, R.M.A. Saboya, N. de Sousa Campelo, J.A. Cecilia, E. Rodriguez-Castellén, C.L.
Cavalcante Jr, R.S. Vieira, Characterization of calcium oxide catalysts from natural sources and their
application in the transesterification of sunflower oil, Bioresource technology 151 (2014) 207-213.

[15] Z. Wei, C. Xu, B. Li, Application of waste eggshell as low-cost solid catalyst for biodiesel production,
Bioresource technology 100(11) (2009) 2883-2885.

[16] Y. Sharma, B. Singh, J. Korstad, Application of an efficient nonconventional heterogeneous catalyst
for biodiesel synthesis from Pongamia pinnata oil, Energy & Fuels 24(5) (2010) 3223-3231.

[17] S.H.Y.S. Abdullah, N.H.M. Hanapi, A. Azid, R. Umar, H. Juahir, H. Khatoon, A. Endut, A review of
biomass-derived heterogeneous catalyst for a sustainable biodiesel production, Renewable and Sustainable
Energy Reviews 70 (2017) 1040-1051.

[18] M. Mohadesi, B. Aghel, A. Gouran, M.H. Razmehgir, Transesterification of waste cooking oil using
Clay/CaO as a solid base catalyst, Energy 242 (2022) 122536.

[19] U. Kumar, S.J. Paul, S. Jain, Biochar: a source of nano catalyst in transesterification process, Materials
Today: Proceedings 46 (2021) 5501-5505.

[20] R. Foroutan, R. Mohammadi, J. Razeghi, B. Ramavandi, Biodiesel production from edible oils using
algal biochar/CaO/K2CO3 as a heterogeneous and recyclable catalyst, Renewable Energy 168 (2021) 1207-
1216.

21



Rahmati Asl and Mohadesi Int. J. Energy Syst. Plan. Optim. / Vol. 1 /Issue 1 /2026 / 3-23

[21] Y. Wang, D. Li, D. Zhao, Y. Fan, J. Bi, R. Shan, J. Yang, B. Luo, H. Yuan, X. Ling, Calcium-loaded
municipal sludge-biochar as an efficient and stable catalyst for biodiesel production from vegetable oil,
ACS omega 5(28) (2020) 17471-17478.

[22] M.D. Kosti¢, A. Bazargan, O.S. Stamenkovi¢, V.B. Veljkovi¢, G. McKay, Optimization and kinetics
of sunflower oil methanolysis catalyzed by calcium oxide-based catalyst derived from palm kernel shell
biochar, Fuel 163 (2016) 304-313.

[23] C. Zhao, L. Yang, S. Xing, W. Luo, Z. Wang, P. Lv, Biodiesel production by a highly effective
renewable catalyst from pyrolytic rice husk, Journal of cleaner production 199 (2018) 772-780.

[24] J.-M. Jung, S.-R. Lee, J. Lee, T. Lee, D.C. Tsang, E.E. Kwon, Biodiesel synthesis using chicken
manure biochar and waste cooking oil, Bioresource Technology 244 (2017) 810-815.

[25] S. Wang, C. Zhao, R. Shan, Y. Wang, H. Yuan, A novel peat biochar supported catalyst for the
transesterification reaction, Energy conversion and management 139 (2017) 89-96.

[26] V.G. Sivan, A. Paleri, A. Kallingal, Production of Biodiesel From Cashew Nut Shell Liquid Using
Cashew Nut Shell Derived Bio-char Catalyst, (2022).

[27] H. Mazaheri, H.C. Ong, H.H. Masjuki, Z. Amini, M.D. Harrison, C.-T. Wang, F. Kusumo, A. Alwi,
Rice bran oil based biodiesel production using calcium oxide catalyst derived from Chicoreus brunneus
shell, Energy 144 (2018) 10-19.

[28] N.S. Lani, N. Ngadi, N.Y. Yahya, R. Abd Rahman, Synthesis, characterization and performance of
silica impregnated calcium oxide as heterogeneous catalyst in biodiesel production, Journal of Cleaner
Production 146 (2017) 116-124.

[29] S. Kaewdaeng, P. Sintuya, R. Nirunsin, Biodiesel production using calcium oxide from river snail shell
ash as catalyst, Energy Procedia 138 (2017) 937-942.

[30] J. Goli, O. Sahu, Development of heterogeneous alkali catalyst from waste chicken eggshell for
biodiesel production, Renewable energy 128 (2018) 142-154.

[31] N.A. Mohammed, R.A. Abu-Zurayk, I. Hamadneh, A.H. Al-Dujaili, Phenol adsorption on biochar
prepared from the pine fruit shells: Equilibrium, kinetic and thermodynamics studies, Journal of
environmental management 226 (2018) 377-385.

[32] Y. Tanawannapong, A. Kaewchada, A. Jaree, Biodiesel production from waste cooking oil in a
microtube reactor, Journal of Industrial and Engineering Chemistry 19(1) (2013) 37-41.

[33] B. Aghel, M. Mohadesi, M.H. Razmehgir, A. Gouran, Biodiesel production from waste cooking oil in
a micro-sized reactor in the presence of cow bone-based KOH catalyst, Biomass Conversion and
Biorefinery 13(15) (2023) 13921-13935.

[34] M. Mohadesi, A. Gouran, A.D. Dehnavi, Biodiesel production using low cost material as high effective
catalyst in a microreactor, Energy 219 (2021) 119671.

[35] M. Mohadesi, A. Gouran, Z. Anbarian, A Biodiesel Production from Waste Cooking Oil by Employing
Heterogeneous Base Catalysts Supported on Discarded Glass as Waste Materials, Iran. J. Chem. Chem.
Eng.(IICCE) Research Article Vol 43(9) (2024).

[36] 1. Veza, M. Spraggon, [.R. Fattah, M. Idris, Response surface methodology (RSM) for optimizing
engine performance and emissions fueled with biofuel: Review of RSM for sustainability energy transition,
Results in Engineering 18 (2023) 101213.

[37] N. Manojkumar, C. Muthukumaran, G. Sharmila, A comprehensive review on the application of
response surface methodology for optimization of biodiesel production using different oil sources, Journal
of King Saud University-Engineering Sciences 34(3) (2022) 198-208.

22



Rahmati Asl and Mohadesi Int. J. Energy Syst. Plan. Optim. / Vol. 1 /Issue 1 /2026 / 3-23

[38] S.C. Ferreira, R. Bruns, H.S. Ferreira, G.D. Matos, J. David, G. Brandao, E.P. da Silva, L. Portugal,
P. Dos Reis, A. Souza, Box-Behnken design: An alternative for the optimization of analytical methods,
Analytica chimica acta 597(2) (2007) 179-186.

[39] D.C. Montgomery, Design and analysis of experiments, John wiley & sons2017.

[40] P. Sarker, X. Liu, M.S. Rahaman, M. Maruo, Eggshell waste as a promising adsorbent for phosphorus
recovery from wastewater: A review, Water Biology and Security 4(1) (2025) 100319.

[41] W. Ahmad, S. Sethupathi, Y. Munusamy, R. Kanthasamy, Valorization of raw and calcined chicken
eggshell for sulfur dioxide and hydrogen sulfide removal at low temperature, Catalysts 11(2) (2021) 295.

[42] S. Naderi, M. Mohadesi, Optimization of synthesized hydrochar from acorn to adsorb malachite green,
International Journal of Environmental Science and Technology 22(11) (2025) 10145-10157.

[43] L. Qiu, C. Li, S. Zhang, S. Wang, B. Li, Z. Cui, Y. Tang, O. Tursunov, X. Hu, Importance of oxygen-
containing functionalities and pore structures of biochar in catalyzing pyrolysis of homologous poplar,
Chinese Journal of Chemical Engineering 65 (2024) 200-211.

[44] H. Elshareef, O. Tursunov, S. Ren, K. Spiewak, A.R. Mohamed, Y. Fu, R. Dong, Y. Zhou,
Investigation of Bio-Oil and Biochar Derived from Cotton Stalk Pyrolysis: Effect of Different Reaction
Conditions, Resources 14(5) (2025) 75.

[45] Y. Kim, Y. Yoo, M.G. Kim, J.-H. Choi, K.S. Ryoo, Evaluation of Raw and Calcined Eggshell for
Removal of Cd 2+ from Aqueous Solution, Journal of the Korean Chemical Society 64(5) (2020) 249-258.

[46] W.N.N.W. Omar, N.A.S. Amin, Optimization of heterogeneous biodiesel production from waste
cooking palm oil via response surface methodology, Biomass and bioenergy 35(3) (2011) 1329-1338.

[47] B. Aghel, M. Mohadesi, S. Sahraei, M. Shariatifar, New heterogeneous process for continuous
biodiesel production in microreactors, The Canadian Journal of Chemical Engineering 95(7) (2017) 1280-
1287.

23



