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KEYWORDS ABSTRACT

Calcium Oxide; Calcium oxide catalyst derived from eggshell waste was used for biodiesel production via
Biodiesel; transesterification of sunflower oil. The eggshell waste was calcined in air at 900 °C for 4 hours
Waste Eggshell; to convert the calcium carbonate present in the eggshells into active calcium oxide catalyst. To
Sunflower Oil; identify the composition of the CaO catalyst obtained from eggshell waste, X-ray fluorescence
Factorial Design. (XRF) was used. The fatty acid composition of the sunflower oil was also determined by gas

chromatography (GC). A factorial design of experiments was employed to evaluate the effect of
various parameters (reaction time, methanol-to-oil molar ratio, and catalyst amount). The use of
CaO catalyst derived from eggshell waste for biodiesel production gave a high yield of >95 wt.%.
The catalyst performance was achieved at 60°C, with a reaction time of 4hours and a
methanol-to-oil molar ratio of 12. Producing CaO catalyst simply by calcining eggshell waste
provides an opportunity to use this waste material as an effective catalyst for biodiesel production
from sunflower oil. The biodiesel yield remained above 75 wt.% after five cycles of recovery and
reuse, which are promising results for the industrial application of this catalyst.

Extended Abstract

1. Introduction

from vegetable oils or animal fats [1]. It offers advantages such as renewability, lower particulate emissions, better

lubricity, high cetane number, high flash point, and excellent biodegradability [2-4]. The main production route is

transesterification of triglycerides with methanol or ethanol using a strong alkaline, acidic, or enzymatic catalyst [2,5].
Homogeneous alkali catalysts provide fast reaction rates under mild conditions, but they generate large amounts of
contaminated water during washing, produce crude glycerol requiring purification, and cannot be reused [6]. Heterogeneous
catalysts overcome these drawbacks: they are easily separated from the reaction medium, reusable, and yield cleaner biodiesel
and glycerol, potentially eliminating purification steps [2,7]. However, three-phase reaction systems suffer from mass transfer
limitations, often requiring higher temperature, pressure, alcohol-to-oil ratio, and reaction time [8]. Various heterogeneous
catalysts have been reported, including zeolites, supported metal oxides, hydrotalcites, ion-exchange resins, and particularly
calcium oxide (CaO) [9-21]. CaO is attractive due to its availability, suitable basicity, and recent production from waste
materials such as eggshells, mollusk shells, and mud crab shells [22-26]. Chicken eggshells constitute about 10 % of total egg
mass and consist of 85-95 % CaCOs3, along with phosphates, MgCOs3, organic matter, and trace elements [27,28]. The present
study aims to investigate the efficiency of waste chicken eggshell-derived CaO for transesterification of sunflower oil. A
factorial design of experiments (DOE) is employed to evaluate the effects of reaction time, methanol-to-oil molar ratio, and
catalyst amount on biodiesel yield, with statistical analysis of the results.

B iodiesel, a renewable alternative to petroleum diesel, consists of mono-alkyl esters of long-chain fatty acids derived
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2. Materials and Methods

Methanol (99.8 %), potassium hydroxide (84 %) and n-Hexane (>99%) were all supplied by Merck (Germany). Waste
eggshells were collected from a local restaurant in Tehran. Edible sunflower oil was purchased from a local market and used
without further purification. Its fatty acid composition was determined by gas chromatography (GC) (Table 1), showing major
components: C18:2 (58.52 %), C18:1 (27.99 %), C16:0 (7.55 %), and C18:0 (3.52 %). Eggshells were washed with tap water
followed by distilled water to remove adhered organic matter, dried at 120 °C for 24 h, and ground in an agate mortar. The
powder was calcined in a tube furnace at 900 °C for 4 h in air. After each transesterification cycle, the solid catalyst was
separated by simple filtration, washed with n-hexane to remove surface contaminants (glycerol, residual oil, soap, biodiesel),
dried at 110 °C for 12 h, and finally recalcined at 900 °C for 2 h (5 °C/min) to convert any Ca(OH)2 or CaCOs3 back to active
CaO. Transesterification reactions to produce biodiesel were carried out in a 250 mL glass reactor equipped with a double-tube
reflux condenser cooled by water. Heating and mixing were provided by a magnetic-stirrer hot plate. A specified amount of
methanol and catalyst was heated at 60 °C for about 1 h to activate the catalyst, then added to 100 g of sunflower oil.
Transesterification proceeded at 60 °C for the required reaction time. After reaction, the catalyst was removed by centrifugation,
and the glycerol-biodiesel mixture was decanted. Distilled water was added to remove unreacted methanol, and the biodiesel
was dried at 110 °C for 2 h. Each experiment was performed in duplicate. A factorial design (Design Expert v.12) was used to
evaluate the effects of three independent parameters: reaction time (2—4 h), methanol to oil molar ratio (6—12 mol/mol), and
catalyst content (3—6 wt.% based on oil). The response was biodiesel yield (wt.%). Preliminary experiments defined the low
and high levels for each factor.

Table 1 Fatty Acid Profile of Sunflower Oil

No. Fatty Acids wt. %
1 C6:0 0.00
2 C8:0 0.00
3 C10:0 0.00
4 C12:0 0.00
5 Cl14:0 0.09
6 C16:0 7.55
7 C18:0 3.52
8 Trans-C18:1 0.02
9 Cl18:1 27.99
10 Trans-C18:2 0.54
11 Cl18:2 58.52
12 Trans-C18:3 0.00
13 Cl18:3 0.27
14 C22:1 0.50
15 Total Trans 0.56
16 Iso-C18:1 0.25
17 Cl6:1 0.17

Table 2 Ranges of Determined Parameters

Factor Unit Low Level High Level
Reaction Time h 2 4
Methanol-to-Oil Molar Ratio mol/mol 6 12
Catalyst Content wt.% 3 6

3. Results and Discussion

The chemical composition of the calcined waste eggshells was determined by X-ray fluorescence (XRF) spectroscopy
(Philips PW2404). The analysis showed Ca as the dominant element (97.53 %), with minor amounts of Mg (1.3 %), P
(0.386 %), A1 (0.31 %), S (0.252 %), Sr (0.160 %), and Si (0.062 %), confirming the formation of highly pure CaO (Table 3).

Table 3 Chemical Composition of Calcined waste eggshells

Element Chemical Composition (wt.%)
Ca 97.53
Si 0.062
Al 0.31
S 0.252
Sr 0.160
Mg 1.3
P 0.386

Sixteen experimental runs (factorial design) gave yields ranging from 76.8 wt.% to 96.73 wt.%. The highest yield
(96.73 wt.%) was obtained at 12:1 methanol-to-oil molar ratio, 3 wt.% catalyst, and 4 h reaction time (run 3). The lowest yields
corresponded to low alcohol ratio (6:1) and high catalyst amount (6 wt.%) at short reaction times.
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Table 4 Experimental Results of the Response

Run A Methanol-to-Oil B: Catalyst C Reaction Agmal Biodiesel Predi'cted Biodiesel
Ratio (mole/mole) Content (wt%) Time (hr) Yield (wt.%) Yield (wt.%)
1 12 3 2 93.36 93.91
2 12 6 2 88.89 89.34
3 12 3 4 96.73 96.42
4 12 6 4 88.92 88.18
5 6 6 2 77.64 77.22
6 12 3 4 96.11 96.42
7 6 6 4 81.58 80.75
8 12 6 4 87.44 88.18
9 6 3 4 90.2 90.77
10 6 6 2 76.8 77.22
11 6 3 2 89.7 89.23
12 6 3 2 88.76 89.23
13 12 6 2 89.8 89.34
14 6 3 4 91.34 90.77
15 12 3 2 94.46 93.91
16 6 6 4 79.91 80.75

Two empirical models (coded and actual factors) were developed to predict biodiesel yield. The final equations in terms of
coded and actual factors were provided respectively as follows:

Final biodiesel model equation in terms of coded factors:
Yield = +88.23+ (3.74 x A) — (4.36x B) + (0.8012 x C) + (1.15 x A x B)
-(0.4650 x A xC)-(0.2112 x Bx C) - (0.7075 x A x Bx C)

Final biodiesel model equation in terms of actual factors:
Yield =+111.08000

-1.56583 x Alcohol Ratio

-9.03333 xCatalyst Ratio

-3.53750 xRXN Time

+0.728056 xAlcohol Ratio xCatalyst Ratio

+0.552500 xAlcohol Ratio xRXN Time

+1.27417 xCatalyst Ratio xRXN Time

-0.157222 xAlcohol Ratio xCatalyst Ratio xRXN Time

where A = alcohol ratio, B = catalyst content, C =reaction time. ANOVA (Table 5) showed the model was highly significant
(p-value <0.0001).

Table 5 Biodiesel Yield ANOVA Model

Source P-Value, Prob>F
model <0.0001, Significant
A-Alcohol Ratio <0.0001
B-Catalyst Ratio <0.0001
C-Reaction Time 0.004
AB 0.0004
AC 0.0490
BC 0.3228
ABC 0.0077
R-Squared 0.9911
Adj. R-Squared 0.9832
Pred. R-Squared 0.9643
Adequate Precision 33.8576

The consistency of the predicted values vs. Actual responses is depicted in Figure 1. The determination coefficients were

2 =0.9911, adjusted R? = 0.9832, and predicted R* = 0.9643, indicating excellent fit. Adequate precision (33.8676) far
exceeded the threshold of 4, confirming strong signal-to-noise ratio. Terms A, B, C, AB, AC, and ABC were significant
(p <0.05), while BC was not significant (p =0.3228). Contour and 3D surface plots revealed (Figures 2 and 3): Increasing
methanol-to-oil molar ratio and decreasing catalyst content increased biodiesel yield. Higher alcohol ratio shifts the reversible
transesterification equilibrium toward products. Lower catalyst amount suppresses side saponification reactions, which
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consume triglycerides and reduce yield. Increasing both methanol ratio and reaction time enhanced yield, though reaction time
had a smaller effect compared to the other two factors (consistent with ANOVA p-value = 0.004 for C). Lower catalyst amount
combined with longer reaction time also improved yield. In fact, increasing the amount of alkaline catalyst increases the
production of calcium soap, which leads to catalyst consumption, reduced reaction yield, and emulsion formation (separation
problems). A secondary cause could be mass transfer limitations. At high catalyst concentrations, the diffusion of reactants into
the catalyst pores is also hindered. In fact, using an excessive amount of catalyst increases the viscosity of the reaction mixture,
thereby disrupting the diffusion of reactants in the methanol-oil-catalyst system. Ultimately, this phenomenon can also lead to
a reduction in reaction yield.

The optimal conditions within the studied range were: methanol/oil ratio 12:1, catalyst amount 3 wt.%, reaction time 4 h,
giving 96.73 wt.% yield. Higher catalyst loading (6 wt.%) decreased yield due to excessive basicity promoting soap formation
and mass transfer limitations.

Predicted vs. Actual
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Figure 1 Predicted vs. Actual values for Biodiesel Yield
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Figure 2 Contour plot of predicted biodiesel yield: (a) biodiesel yield as a function of catalyst amount and methanol-to-oil molar
ratio; (b) biodiesel yield as a function of reaction time and methanol-to-oil molar ratio; (c) biodiesel yield as a function of reaction
time and catalyst amount.
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Figure 3 Three-dimensional plot of predicted biodiesel yield: (a) biodiesel yield as a function of catalyst amount and methanol-to-oil
molar ratio; (b) biodiesel yield as a function of reaction time and methanol-to-oil molar ratio; (c) biodiesel yield as a function of
reaction time and catalyst amount.
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The catalyst from the best run (96.73 wt.% yield) was subjected to five successive transesterification cycles with
intermediate regeneration (washing, drying, recalcination) (Figure 4). Biodiesel yield remained above 75 wt.% after five cycles
(specifically: at 1st reuse ~90 wt.%).

The yield drop from 97% to 75% after five cycles results from both chemical and physical deactivation. The main
mechanisms include formation of carbonate/hydroxide phases on the catalyst surface (chemical deactivation of alkaline active
sites), loss of surface area, and pore blockage by organic byproducts (physical deactivation) [29]. Evidence indicates that
although both factors intensify over time, chemical deactivation (conversion of CaO to Ca(OH)2 and CaCOs and partial leaching
of calcium) are the primary root causes of the yield decline. Reasons are as follows:

Irreversible chemical poisoning: Conversion of CaO to Ca(OH):2 and especially CaCO3 destroys the main alkaline active
sites. Solvent washing (e.g., with hexane) cannot restore the CaO phase. Each cycle converts a fraction of active surface sites
into inactive phases, and this accumulation reduces catalyst activity.

Physical blockage as a consequence: The formed carbonate/hydroxide phases trap organic deposits (e.g., glycerol, soap),
exacerbating pore blockage. The reduction in surface area is a direct result of this phenomenon, but it is an effect, not the root
cause.

Opverall, the yield drop is mainly attributed to the gradual chemical transformation of CaO into inactive Ca(OH)2 and CaCOs3
phases. Physical pore blockage by byproducts plays a secondary, aggravating role. Surface chemistry ultimately dictates the
catalyst’s useful lifetime.

Nevertheless, maintaining >75 wt.% yield after five cycles is very promising for industrial application, as it reduces catalyst
replacement costs and waste generation.
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Figure 4 Biodiesel yield after recovery and reuse in the transesterification process

4. Conclusion

Waste chicken eggshells, after simple calcination at 900 °C for 4 h, produce a highly active CaO catalyst suitable for
sunflower oil transesterification. XRF confirmed that CaO is the dominant phase. A factorial design of experiments successfully
modeled the process, showing that methanol-to-oil molar ratio and catalyst amount are the most influential parameters, while
reaction time has a smaller but significant effect. Under optimized conditions (12:1 methanol/oil, 3 wt.% catalyst, 4 h, 60 °C),
a biodiesel yield of 96.73 wt.% was achieved. The catalyst retained >75 wt.% yield after five reuse cycles following a simple
regeneration procedure. This work demonstrates that eggshell waste, an abundant and low-cost material, can be effectively
valorized as a green, reusable heterogeneous catalyst for biodiesel production, offering economic and environmental benefits.
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Factor Unit Low Level High Level
Reaction Time h 2 4
Methanol-to-Oil Molar Ratio mol/mol 6 12
Catalyst Content wt.% 3 6
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Element Chemical Composition (wt.%)

Ca 97.53

Si 0.062

Al 0.31

S 0.252

Sr 0.160
Mg 1.3

P 0.386
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Run A: .Methanol—to—Oil B: Catalyst C Reaction Actpal Biodiesel Predif:ted Biodiesel
Ratio (mole/mole) Content (wt.%) Time (hr) Yield (wt.%) Yield (wt.%)

1 12 3 2 93.36 93.91
2 12 6 2 88.89 89.34
39 12 3 4 96.73 96.42
4 12 6 4 88.92 88.18
5 6 6 2 77.64 77.22
6 12 3 4 96.11 96.42
7 6 6 4 81.58 80.75
8 12 6 4 87.44 88.18
9 6 3 4 90.2 90.77
10 6 6 2 76.8 77.22
11 6 3 2 89.7 89.23
12 6 3 2 88.76 89.23
13 12 6 2 89.8 89.34
14 6 3 4 91.34 90.77
15 12 3 2 94.46 93.91
16 6 6 4 79.91 80.75

Final biodiesel model equation in terms of coded factors:
Yield = +88.23+ (3.74 x A) — (4.36x B) + (0.8012 x C) + (1.15 x A x B)
-(0.4650 x A x C) - (0.2112 x B x C) - (0.7075 x A x Bx C) )

Final biodiesel model equation in terms of actual factors:
Yield = +111.08000

-1.56583 x Alcohol Ratio

-9.03333 xCatalyst Ratio

-3.53750 xRXN Time

+0.728056 xAlcohol Ratio xCatalyst Ratio

+0.552500 xAlcohol Ratio XRXN Time

+1.27417 xCatalyst Ratio xRXN Time

-0.157222 xAlcohol Ratio xCatalyst Ratio xRXN Time )
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Source P-Value, Prob>F
model <0.0001, Significant
A-Alcohol Ratio <0.0001
B-Catalyst Ratio <0.0001
C-Reaction Time 0.004
AB 0.0004
AC 0.0490
BC 0.3228
ABC 0.0077
R-Squared 0.9911
Adj. R-Squared 0.9832
Pred. R-Squared 0.9643
Adequate Precision 33.8576
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