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Abstract
The increasing concerns about the environment and the exhaustion of fossil fuels have accelerated the search for sustainable fuel sources across the globe. The current work deals with the production of biodiesel from waste vegetable oil (WVO) with the help of a polymer CaO–TiO₂ nanocomposite catalyst nanocomposite catalyst, which has the properties of improving the efficiency of the reaction, reusability, and the purity of the fuel. The nanocomposite catalyst was synthesized with the help of the sol-gel assisted incorporation process, wherein the calcium oxide (CaO) was extracted from eggshells, which was then mixed with titanium dioxide nanoparticles and a biodegradable polymer matrix. The physiochemical properties of the waste vegetable oil used for the production of biodiesel have been examined, and the catalyst properties have also been determined with the help of standard tests.
However, the transesterification reaction was optimized by trying different combinations of three important variables, which included the temperature range (55 to 75°C), the dosage of the catalyst ranging from 1% to 5% by weight, and the molar ratio of methanol to oil ranging from 6:1 to 10:1, while other variables are held constant in each run of experiments.  The reaction involved the use of methanol, acting both as the reactant molecule as well as the solvent, hence creating methyl esters of fatty acids, also known as FAME. The experiments revealed that the application of the polymer-CaO-TiO2 nanocomposite catalyst facilitated an increased production of biodiesel with shorter reaction time compared to the CaO catalyst process. This work highlights the promising integration of nanocomposite catalyst design with waste-to-energy conversion for the production of biodiesel in an ecofriendly manner. The strategy described presents newer, cleaner, more economical, and recyclable methods for the production of quality biodiesel from waste vegetable oil, which will help establish the development of renewable energy resources on Earth.
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Introduction
The quick depletion of the earth’s fossil fuels, besides the increasing effects of climate change, has fuelled the global search for cleaner and sustainable sources of energy. In Most cases biodiesel fuel is usually different which is also an on option to petroleum fuels at the existing level of advancement in the earth’s climate condition. Biodiesel fuel is a purified, renewable, (Wan Osman et al., 2024) biodegradable and eco friendly fuel to acquire from vegetable oils, animal fats and used vegetable oil. Biodiesel is a renewable biofuel, a form of diesel fuel, derived from biological sources like vegetable oils, animal fats, or recycled greases, and consisting of long-chain fatty acid esters (Kipkoech et al., 2024). It is typically made from fats. It discharges much less outpouring of (Muraina et al., 2025) carbon monoxide, hydrocarbons, and particulates as at the time of combustion. The general practice for the production of biodiesel is dependent on the use of homogeneous catalyst such as sodium hydroxide and potassium hydroxide (Macario et al., 2010). Though conversion efficiency for these catalysts may be very high, they are characterized by some limitations such as the formation of soap, the corrosiveness of the reactor materials, and the ease of separation of the catalyst from the reaction mixture (Naseef & Tulaimat, 2025). These limitations are contributed by the fact that they result in increased costs and the production of wastewater, thus reducing the level of environmental sustainability for the process (Matesun et al., 2024). Therefore, the development of catalysts that are easier to recover remains an area of high interest. Among the new generation of heterogeneous catalysts, nanocomposites have proved to be truly promising materials because of their high surface area, ease of porous control, and adjustability of the chemical composition at the surface level (Thomas et al., 2020). Nanocomposite catalysts offer the possibility of simultaneously controlling the chemical reactivity and stability of the materials, thus improving the process of transesterification and their recyclability properties as well. In the recent past, there has been increased focus on the development of nanocomposites composed of electrically conductive polyanilines and polypyrroles combined with naturally available biomaterials like cellulose, lignin, starch, and chitosan (Kaushik et al., 2024). Biomaterials are biodegradable, eco-friendly, and contain numerous hydroxyl, amino, and carboxyl functional groups, which are sites for easier interaction and coordination of the metal ions for catalyst support (Farouk et al., 2024). The hybrid structure thus formed by the combination of both the materials shows possible support for catalytically active sites and stability at the same time (Zamboulis et al., 2010). More recent attention in the context of catalytic and electrocatalytic processes has cantered on (Ighofiomoni et al., 2025) conductive polymers such as polyaniline and polypyrrole, given their conductive properties, stability under various conditions, and ability to be molded into a nanometric network structure. In combination with biomaterials such as chitosan microspheres or functionalized cellulose nanofibers, such conductive polymers may offer synergistic benefits such as enhanced electron mobility and easier access to the sites for the transesterification reaction (Shahid et al., 2025). Experimental studies have previously established the efficacy of calcium oxide doped polyaniline catalysts in delivering over ninety-five percent production of biodiesel under optimized conditions (Sarkar et al., 2022). On the other hand, the increasing development of renewable energy sources creates an utmost requirement for efficient and sustainable energy storage devices. Batteries and electrochemical capacitors are always denoted as the foundation for the evolution of modern (Chinonyerem et al., 2025) energy storage technologies, which act as the prerequisite for the equalization of irregular renewable energy resources such as solar and wind power. (Adedamola et al., 2025) Conducting polymer-based nanocomposites are always recognized as promising electrode materials based on their remarkable redox behaviour, adjustable electrical conduction, and versatility (Oladele et al., 2024). At the same time, the development of renewable biomaterials for the synthesis of the support materials guarantees a cost-effective and eco-sustainable route for the realization of electrode materials with high specific capacitance and durability (Chowdhury et al., 2024).
The drive towards more environmentally friendly energy solutions and scientific efforts to embrace cleaner fuel solutions have led to increased focus on the role of alternative fuel solutions with environmentally friendly materials that can facilitate energy processing and storage. One of the leading alternatives to Petro diesel. that have garnered attention on a global platform is biodiesel. (Al-Mohannadi et al., 2024) It is one of the most versatile alternatives to petrodiesel because it can be developed from multiple feedstocks ranging from waste vegetable oils to non-edible plant oils and Agro-residues (Chhetri et al., 2008). It has been well established in scientific literature that the combustion of biodiesel is more environmentally friendly because it releases fewer particulates, (Odekunle et al., 2025) hydrocarbons, and sulfur-based pollutants. Nonetheless, the environmental advantages of developing biodiesel have been threatened by (Abbaszadeh et al., 2012) the inefficiencies associated with catalyst separation and the high free fatty acid sensitivity of existing catalysts. A rather large amount of the early biodiesel research focused on alkaline-based catalysts like sodium hydroxide and potassium hydroxide (Kosuru et al., 2024). It is no secret that alkaline-based catalysts have been renowned for their rapid processing rates; however, (Chen et al., 2025) their operational limitations have not been easily dismissible. The formation of soap and emulsions makes their purification difficult.  (Králik et al., 2025) Their high corrosiveness hastens the degradation of the processing equipment. As the body of knowledge on alternative fuel sources developed, researchers have increasingly begun to focus on more heterogeneous catalyst systems that have benefits such as easy catalyst component recovery and less water production. Across the wide realm of heterogeneous catalysis, nanostructured materials have been identified as one of the intriguing alternatives (Feliczak-Guzik et al., 2024). This is mainly because nanostructured materials have high surface-to-volume ratios and a high degree of control over their surface. It is well evident that adding nanoscale dimensions to catalyst support materials can improve accessibility to active sites. (Issariyakul & Dalai, 2012) This is particularly important across transesterification reactions because accessibility of reactants to surfaces is one of the primary rate-controlling factors. A second trend is the growing focus on natural biomaterials as catalyst supports. (Vasile & Baican, 2023) Biomass like Agri Fibers, biopolymers obtained from sea animals, or plant lignin residues have been found to have high functional groups to anchor metal oxides/polymer. These materials have been found to be biodegradable with moderate prices; hence, they have been deemed sustainable materials to substitute inorganic materials obtained from mining. Their (Rashid et al., 2024), (Anieto et al., 2025) integration into nanocomposites results in materials with high chemical stability similar to those of artificial polymers combined with eco-compatibility.
Conducting polymers constitute one of the most interesting material types in the realm of energy studies. The versatility of conducting polymers stems from their potential to undertake electron transfer reactions, (Yao et al., 2022) store charges in reversible oxidation-reduction reactions, and generate networks with high electron transfer rates. Their electrical conductivity can also be adjusted with nano-scale materials or biological materials to exhibit desired catalytic activities. (K. N. et al., 2021) Current scientific studies have established that the structure of conducting polymer backbones, the type of dopants, and their proportions can greatly affect kinetic rates and ion transport pathways.
At the same time, another area that is growing in leaps and bounds is that of energy storage solutions. The growth of renewable forms of electricity production, such as solar and wind energy, has led to increased demand for efficient battery solutions with the capability to control the distribution of electricity. This in turn led to the beginning of innovations in electrodes with sustainable materials that can not only perform at a high level but can also be environmentally sustainable. As a direct effect of this demand for (Akinlabi et al., 2025) sustainable materials, natural-based biomaterials with conducting polymers have finally begun to emerge as possible solutions in electrochemistry. A pattern that is beginning to emerge in the literature is the convergence of materials developed for biodiesel catalysis with those developed for electrochemical energy storage (Sun et al., 2025). While the two have developed relatively independently of one another, the material needs for their applications bear marked similarities. For both applications, materials with high active surface area, chemical stability, high mechanical strength, and high electron transport properties are needed. This apparent convergence indicates that there is potential for the development of materials that have the combined functionality of materials for both applications. This is a realm that is largely untouched in the literature.
Material and method
Materials
The materials in this experiment include the following:  Waste vegetable oil (WVO), as feedstock, Local eggshells, Methanol, Sulfuric acid (H₂SO₄), Benzene Chloroform, , Sodium thiosulfate (Na2S2O3), Starch solution, Potassium iodide (KI), Viscometer, Graphite powder, Precursors (polyaniline & polypyrrole), Metal oxide nanoparticles (TiO2
Other materials required in the synthesis of the nanocomposite catalyst, as well as its electrochemical testing, are the following: Graphite powder, aniline, pyrrole, titanium dioxide nanoparticles with the formula TiO2, ammonium persulfate with the formula APS, Polyvinylidene Fluoride with the
All the chemicals used are of analytical grade, without purification.
The list of materials, along with their sources, is presented in Table 1 below.
Table 1: List of Chemicals and their Sources
	Material
	Chemical Formula
	Purpose
	Source / Supplier

	Waste Vegetable Oil
	–
	Feedstock for biodiesel
	Local food vendors

	Eggshells
	CaCO₃
	Catalyst precursor
	Domestic waste

	Methanol
	CH₃OH
	Transesterification reagent
	Sigma-Aldrich

	Sulfuric Acid
	H₂SO₄
	Acid catalyst
	BDH Chemicals

	TiO₂ Nanoparticles
	TiO₂
	Nanofiller
	Merck

	Aniline
	C₆H₅NH₂
	Conductive polymer monomer
	Sigma-Aldrich

	Pyrrole
	C₄H₅N
	Conductive polymer monomer
	BDH

	APS (oxidant)
	(NH₄)₂S₂O₈
	Polymerization initiator
	Sigma-Aldrich

	NMP
	C₅H₉NO
	Solvent for electrode preparation
	BDH

	PVDF
	(C₂H₂F₂)ₙ
	Binder for electrodes
	Merck

	Nickel Foam
	–
	Substrate for electrodes
	Local distributor


     
Waste vegetable oil Analysis
Waste vegetable oil (WVO) was previously characterized manually before performing biodiesel production. Physical treatment was carried out by heating the oil to 60°C, followed by sieving with a 100-micron mesh to eliminate solid food matter. This significantly reduced the level of total suspended solids to below 98%, in line with (Vasudevan & Fu, 2010). The chemical properties of the WVO, including acid value, free fatty acid content in terms of percentage FFA, density, specific gravity, viscosity, kinematic viscosity, iodine, and water contents, were also established. The acid value of WVO was found by conducting titration with 0.05 M KOH in the presence of an indicator, phenolphthalein. 1g of each oil was taken in 10 ml of ethanol and 10 ml of benzene, and then the titration was carried out until the definite pink color was persisting. The equation used was:

Acid Value (mg KOH/g) =

The percentage of FFA present in the oil was determined during the practical procedure through a comprehensive calculation approach rather than a stepwise one (Goyal et al., 2012). It is well-established in the literature that maintaining the %FFA content below 1% (of the oil) is crucial (Goyal et al., 2012). This ensures that glycerol production is minimized during the transesterification reaction, thereby promoting a higher biodiesel yield (Yuan et al., 2008). The %FFA content was derived from the acid value of the
​

The values were calculated using the equations below:
1. Acid Value (AV)

2. Free Fatty Acid (FFA)

3. Density

4. Iodine Value (IV)


Table 2: Physicochemical Properties of Waste Vegetable Oil
	Property
	Symbol / Unit
	Method Used
	Observed Value (Typical Range)

	Acid Value
	mg KOH/g
	ASTM D664
	4.5 – 8.5

	Free Fatty Acid
	%
	Calculated
	2.2 – 4.3

	Density
	g/cm³
	ASTM D1298
	0.89 – 0.92

	Kinematic Viscosity
	mm²/s
	ASTM D445
	30 – 45

	Iodine Value
	g I₂/100g
	Wijs Method
	100 – 130

	Moisture Content
	%
	Oven Drying
	0.10 – 0.25
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Figure: 1 Flow Diagram of Waste Vegetable Oil Pretreatment
Preparation of Eggshell-Derived Catalyst CaO
The eggshells are then cleaned, dried at 100°C for 24 hours, crushed, and then calcined at 900°C for 6 hours in the muffle furnace to undergo the reaction CaCO₃ → CaO. The CaO was then cooled in the desiccator and packaged in air-tight containers to prevent hydration.
CaCO3​(s)→CaO(s)+CO2​(g)
Preparation of the Nanocomposite Polymer-Biomaterial
The Polymer-CaO-TiO2 nanocomposite was synthesized by in situ oxidative
Procedure:
Equal molar amounts of aniline and pyrrole were dissolved in 1 M HCl solution.
CaO & TiO<sub>2</sub> nanoparticles are dispersed in the mixture by ultrasonication for 30 minutes.
A solution of ammonium persulfate was added dropwise to the reaction mixture acting as the oxidizer, with constant agitation at 0-5° C for
The resultant nanocomposite was filtered, washed with deionized water and then with ethanol, before being dried in the oven at 80°C for 12 hours.
The Polymer-CaO-TiO2 nanocomposite was characterized by morphological, structural, FTIR, and surface area analysis techniques including XRD, SEM, FTIR, and BET,
Table 3: Composition of Nanocomposite Catalyst
	Component
	Weight Ratio (%)
	Function

	CaO (Eggshell-derived)
	40
	Base catalyst

	Polyaniline (PANI)
	20
	Conductive matrix

	Polypyrrole (PPy)
	25
	Conductive matrix

	TiO₂ nanoparticles
	10
	Surface enhancer / charge conductor



Density & Specific Gravity
Density of oil is measured with a density bottle of a capacity of 50 ml, with the specific gravity measured against water of a comparable temperature:


society and kinematic viscosity the viscosity of the oil was determined using a viscometer at the same temperature and a specified volume of the oil (Sahasrabudhe et al., 2017), The kinematic viscosity was calculated using the following formula as seen in Equation (5):

Iodine value
The iodine value of an oil or fat is a metric that quantifies the amount of iodine, in grams, absorbed by 100g of the oil or fat during analysis with Wijs solution. This parameter is indicative of the level of unsaturation within the fat, primarily denoting the quantity of double bonds present (Fadhil et al., 2017). To determine the iodine value of the oil sample, a series of preparations were made, including Wijs solution, starch solution, potassium iodide, and chloroform solution. Subsequently, 0.5 g of the oil sample was placed in a conical flask labelled “oil sample, “and another conical flask labelled “blank” was prepared. Both conical flasks received 10 ml of chloroform and 10 ml of Wijs solution, which were thoroughly mixed. The flasks were then covered with foil paper and left undisturbed for approximately30–60 min. After this incubation period, 10 ml of potassium iodide (KI) was added to both conical flasks. A 0.1 M solution of sodium thiosulphate (Na2S2O3) was prepared and placed in a burette. Three drops of a starch solution with a known concentration were added to both mixtures. Subsequently, both mixtures were titrated with the 0.1 M Na2S2O3solution until neutralization was achieved. The titre values obtained from these titrations were then used to calculate the iodine value using the formula below as seen in Equation (6):
 
% Moisture content
Moisture content, also referred to as water content, represents the amount of water present in a given oil sample. Various methods can be employed to determine the moisture content of oils, with the oven drying method being utilized in this practical study. To determine the moisture content, 3 g of the oil sample was accurately measured in a small beaker. Subsequently, the beaker with the oil sample was placed in an oven and subjected to drying for a duration of 5–6 h. After the drying process, the beaker containing the oil was removed from the oven, and its new mass was recorded. This new mass was lower than the initial mass due to the removal of water from the oil during the drying process. The moisture content was then calculated using the following formula as seen in Equation (7):
 ×100
Catalyst preparation 
To prepare the nanocomposite polymer-biomaterial catalyst, conductive polymers (polyaniline and polypyrene) were synthesized in situ via oxidative polymerization and integrated with the calcined eggshell-derived CaO and titanium dioxide (TiO₂) nanoparticles. The resulting nanocomposite structure provided a high surface area and uniform distribution of catalytic active sites. The nanoscale dispersion of CaO particles within the polymer matrix enhanced both the catalytic efficiency for biodiesel synthesis and the electronic conductivity, making the material suitable for dual catalytic and electrochemical energy storage applications.
Transesterification reaction
The reaction was carried out with the nanocomposite catalyst, CaO-TiO2 supported on the prepared polymer, with the intention of testing the effect of the nanosurface activity on the efficiency of the transesterification reaction.
The transesterification reaction had a procedure similar to the esterification process, but with the use of calcium oxide, which was obtained from the calcination of eggshells, as the heterogeneous catalyst. Methanol was the reactant/catalyst solvent that made the production of FAME possible.
Each run was conducted with the addition of 200g of pretreated Waste Vegetable Oil (WVO) to the 500mL cone flask, with the required quantities of methanol and the catalyst added to the mixture, which was stirred thoroughly with the help of a magnetic stirrer with a hot plate for even heating.
The three main variables, reaction temperature (55-75ºC), catalyst percentage (1-5% oil by weight), and methanol-to-oil ratio (6:1-10:1), were optimized while maintaining the other two variables constant in each experiment. The quantity of methanol required for the desired molar ratio was calculated on the basis of the stoichiometric ratio described in equation (8) below. A ratio of methanol to oil, represented by P:Q, was used in the equation below:
× Q
Table 4: Transesterification Process Parameters
	Parameter
	Range Tested
	Optimized Value
	Remarks

	Methanol-to-Oil Molar Ratio
	6:1 – 12:1
	9:1
	Provides sufficient methanol for conversion without excessive glycerol solubilization

	Catalyst Loading
	1 – 5 wt%
	3 wt%
	Optimal for nanocomposite CaO catalysts  balances reactivity and cost

	Reaction Temperature
	50 – 75°C
	65°C
	Near methanol’s boiling point; improves reaction kinetics

	Reaction Time
	30 – 120 min
	75 min
	Ensures completion of transesterification

	Stirring Speed
	400 – 800 rpm
	600 rpm
	Ensures proper mixing and minimizes mass-transfer limitation

	Settling Time
	8 – 24 hours
	16 hours
	Allows full separation of biodiesel and glycerol layers

	Yield of Biodiesel
	–
	92–95%
	Typical yield achieved under optimized conditions



Experimental procedure
To investigate the influence of temperature, catalyst loading, and alcohol-to-oil molar ratio on biodiesel yield, a total of 15 separate experimental runs were conducted. Methyl ester synthesis took place in 500 ml conical flasks, each containing 200 g of WVO.
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Figure 2: Egg shell (CaCO3) converted to CaO CaCO3→CaO+CO2 (highly endothermic in nature, +183 KJ/mol)800-
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Figure 3: (a) Washing biodiesel and (b) washed and dried biodiesel
These experimental runs were designed to vary three key factors: temperature, alcohol-to-oil ratio, and catalyst loading. Specifically, five different levels were explored for each of these parameters. The first set of runs, labelled by temperature, encompassed temperatures of 55, 60, 65, 70, and 75°C while keeping alcohol-to-oil ratio and catalyst loading constant at 6:1 and 5 wt%, respectively. For each run, 200g of WVO was heated to the specified temperature in a 500 ml conical flask. Subsequently, a mixture comprising 10g of CaO suspended in 43.44 g of methanol was introduced, and the resulting suspension was stirred for 1 h. This procedure was repeated for each of the five runs within this group. The second set of runs, labeled by catalyst loading, kept temperature of 60°C and an alcohol-to-oil ratio of 6:1 constant while varying catalyst loadings, a catalyst loading of 1, 2, 3, 4, and 5 wt% were employed, with each run using 200 g of oil sample. The third set of runs, labelled by alcohol-to-oil ratio, kept a temperature of 60°C and a catalyst loading of 5 wt% constant while varying alcohol-to-oil molar ratios. The alcohol-to-oil molar ratios explored were 6:1, 7:1, 8:1, 9:1, and 10:1. The process remained consistent, with 200 g of oil sample being heated to 60°C, followed by the introduction of a mixture containing 10 g of CaO suspended in methanol at the specified molar ratio. After each experimental run, the mixtures were allowed to cool and settle in separate beakers until phase separation occurred. The bottom layers of the systems consisted of glycerine and residual CaO, while the top layers comprised a mixture of methyl esters, unreacted methanol, and intermediates. These top layers were decanted, and the biodiesel was subsequently washed and dried. Any residual FAME combined with CaO was separated using a centrifuge machine to obtain the pure biodiesel. Finally, the yield of FAME produced in all 15 runs was calculated.2.13. Biodiesel purification Following the attainment of the optimal yield, crude biodiesel underwent a purification process involving washing with 28% (by volume of the feedstock) of distilled warm water as seen in Figure 3. This procedure, as described by (Chisti, 2007), aimed to eliminate impurities and enhance the quality of the biodiesel product. Given that both glycerol and methanol possess high solubility in water, the crude biodiesel readily mixed with the warm distilled water. An agitation was applied at 250 rpms peed using a magnetic stirrer to prevent the formation of emulsions during this phase. The process was iterated until the wash water turned colourless, signifying the thorough removal of impurities. Subsequently, the biodiesel underwent a drying process, accomplished by applying heat until it attained clarity, as per the methodology outlined by (da Costa et al., 2016). This purification procedure was implemented to ensure compliance with international standard specifications established by the American Society for Testing and Materials (ASTM D 6571) and the European Standard EN 14214. It aimed to eliminate contaminants such as residual methanol, glycerol, catalyst residues, glycerides, and FFAs, all of which have the potential to compromise the quality of biodiesel and impact engine performance, as highlighted in the study by Osorio-Gonz et al. The yield is calculated as follows: (Equation (9)): 
 × 100 
 Biodiesel characterization
Following the purification process, biodiesel underwent a comprehensive characterization to assess its adherence to essential standards, particularly the ASTM specifications and the European Standard EN 14214, in preparation for testing on a diesel engine. (Banerjee et al., 2014) The characterization encompassed an array of key properties, including acid value, %FFA content, density, specific gravity, viscosity, kinematic viscosity, flash point, cloud point, pour point, and carbon residue. This rigorous assessment aimed to confirm the suitability of the biodiesel for subsequent engine testing, ensuring compliance with established quality benchmarks. Figure 3(a) Washing biodiesel and (b) washed and dried biodiesel 
Result and Discussion 
Interpretation of Analysis of waste vegetable oil
Analysis of waste vegetable oil (WVO) was done both before and after the esterification process, considering various critical parameters affecting the biodiesel quality, as illustrated in Table 1. Before esterification, experimental analysis in the laboratory was done in the absence of gas chromatography (GC). This is summarized in Table 1.
	Table 5: waste vegetable oil characterization

	
Properties  
	value (before esterification)
	value (after   esterification)

	FFA content (%)
	12.2
	2.81

	Density (g/ml)
	0.928
	0.9

	Specific Gravity
	0.93
	0.904

	viscosity (Cp)
	65.4
	60.4

	Kinematic viscosity (mm2/s
	69.5
	67.1

	Iodine value (g- 10-2g-1)
	25.38
	33

	Moisture content (Wt%)
	2
	1





Figure: 4 waste vegetable oil characterization
Acidity value in the WVO is calculated through titration, which registers a result of 24.4, maintaining a free fatty acid (%FFA) of 12.2%. High values of FFA are well known to cause unwanted effects in the transesterification reaction, thereby affecting the efficiency of the catalyst as well as the production of biodiesel. Previous research suggests that the optimum efficiency of conversion is attained in the Presence of FFA values in the range of <1-3% in the WVO (Verma & Balomajumder, 2016).
	Table 6:   Biodiesel yield at different catalyst loading

	Run
	Menthanol- oil
	Temp (C)
	Catalyst loaf (wt%)
	Yeld(%)

	
	
	
	
	

	1
	06:01
	60
	1
	55.3

	2
	06:01
	60
	2
	61.6

	3
	06:01
	60
	3
	89.8

	4
	06:01
	60
	4
	68.3

	5
	06:01
	60
	5
	57.7





Figure 5: Biodiesel yield at different catalyst loading
To address the high %FFA content, an esterification reaction was conducted to reduce it. Following esterification, the titration process was repeated, resulting in an acid value of 5.61, corresponding to a %FFA of 2.81%. Additionally, the density and specific gravity, viscosity and kinematic viscosity, iodine value, and % moisture content were determined both before and after the esterification process. The density and specific gravity of the oil (before esterification) at 28.8°C were 0.928 g/ml and 0.93, respectively, whereas after esterification at the same temperature, these properties measured 0.9 g/ml and 0.904, respectively. The viscosity of the oil before esterification was 64.5 cP, reducing to 60.4 cP after esterification. Correspondingly, the kinematic viscosities were calculated as 69.5 and 67.1 mm2/s before and after esterification, respectively. The iodine values of the oil before and after esterification were 25.38 and 33 g/10² g-1,
Optimization of Parameters in Biodiesel Production

In optimizing the process parameters in biodiesel production, the aim is to assess the effects of three important variables: the amount of the catalyst used, the temperature of the process, and the molar ratio of methanol to oil. These variables are changed in a way that the values of the other variables are held constant.

Effect of Catalyst Loading on Biodiesel Yield

To assess the influence of the concentration of the catalyst, the process of transesterification of vegetable oil was done at a varying weight concentration of the catalyst of 1, 2, 3, 4, and 5 wt% of the reaction mixture. What this means is that the data, as indicated in the graph that follows, shows that the biodiesel production increased with the increase in the weight percentage of the catalyst from 1% to 3% in weight percentage, after which a reduction trend is observed. (Ifeanyi-Nze et al., 2023) This shows that as the weight percentage of the catalyst is increased, there is an improvement in the number of sites that promote increased conversion rates, but beyond this point, the addition of more weight of the catalyst results in increased viscosity of the mixture that results in emulsion formation. As a result, a catalyst load of 3 wt% emerged as the optimal condition, which produced the highest biodiesel production.

 Effect of Temperature on Biodiesel Yield

Investigations on the effects of the reaction temperature on biodiesel yield involved carrying out the transesterification reaction at a temperature of 55°C, 60°C, 65°C, 70°C, and 75°C. This corresponded to a biodiesel yield of 63%, 74%, 91.3%, 61.4%, and 45.2% respectively.
Temperature of reaction is one of the most important factors that influence the rate of mass transfer as well as the activation of the reacting agents. As the temperature increased from 55°C to 65°C, the yield increased considerably, achieving a peak at a temperature of 65°C. But after that optimal point, if the temperature is raised too high, methanol vaporization will occur, as well as deactivation of the catalyst.
These results verify that a moderate temperature is a factor that is of high importance in having a high biodiesel conversion efficiency

As also evident in previous studies (Dias et al., 2013; Osorio-Gonz et al., temperature is one of the factors that remarkably affects mass transfer as well as the efficiency of the reaction in biodiesel production. For this experiment, the results indicated that the optimum reaction temperature that produced the highest biodiesel quantity of 91.3% occurred at 65°C. This is because increasing the temperature increased the rate of the reaction by introducing extra energy into the reaction system.
However, when the temperature went above 65°C, a reduction in yield was observed. This is due to the vaporization of methanol, which starts vaporizing around its boiling point of 65°C. As a result of the continuous vaporization of methanol, a reduction in concentration was also observed in the reaction mixture, thereby affecting the alcohol needed in the transesterification process. This result is in agreement with the findings of Armendáriz et al. (2015), as higher temperatures can result in the reduction of biodiesel production due to the vaporization of methanol.

	Table 7:   Biodiesel yield at different temperature

	Run
	Methanol- oil
	Temp (C)
	Catalyst loaf (wt%)
	Yield (%)

	1
	06:01
	55
	1
	63

	2
	06:01
	60
	2
	74

	3
	06:01
	65
	3
	91.3

	4
	06:01
	70
	4
	61.4

	5
	06:01
	75
	5
	45.2





Figure 6:  Biodiesel yield at different temperature

Table 8: Biodiesel yield at different oil-methanol ratios
Runs
Methanol-oil
Temp. (°C)
Catalyst load (%)
Yield (%)
1
6:1
60
10
43
2
7:1
60
10
50.1
3
8:1
60
10
87.6
4
9:1
60
10
74.3
5
10:1
60
10
40.9










reduced separation of glycerine and methyl ester. The excessive methanol load deactivated the catalyst, promoting the reverse reaction of the transesterification process (Chisti, 2007), (Ijaz et al., 2016). Transesterification processes involving vegetable oil and WVO have been conducted using alcohol-to-oil molar ratios spanning from3:1 to 40:1 (Keera et al., 2018). Typically, the most frequently employed molar ratios, averaging across various oil types, fall within the range of6:1 to 25:1 in biodiesel production when utilizing eggshell ash (CaO) as a heterogeneous catalyst (Vasudevan & Fu, 2010), (Deligiannis et al., 2009). The degree of biodiesel conversion is directly influenced by the alcohol-to-oil molar ratio, and the optimal ratio may vary depending on the quality and type of oil employed (Moradi & Ghanadi, 2019). 
Discussion
This study aligns with existing literature, which underscores the significance of reaction temperature, methanol-oil molar ratio, and catalyst concentration as primary factors influencing the conversion efficiency and rate of the transesterification process (Banerjee et al., 2014). The findings recorded by Tshizanga et al. indicated that all three variables had a discernible impact on the methyl ester yield and a noteworthy yield of 91% was achieved under an optimal temperature range of 65±5°C, a methanol to oil molar ratio of 22.5:1, a reaction duration of 5 h and 30 min, and a catalyst loading of 3.5 wt%.Another research by Banerjee et al. showed the effectiveness of eggshell in the transesterification process of biodiesel utilizing waste cooking oil, in the research a high methyl ester yield of 94% was recorded. (Yaşar, 2019) noted a very high biodiesel yield of 96.81%after concluding research conducted on utilizing eggshell as a low-cost catalyst in the production of biodiesel. At the end of our research, it can be seen that our result aligned accurately with existing literature.  Our research findings demonstrated that, in the presence of a calcined catalyst, WVO containing 2.86% FFA can yield a high percentage of biodiesel (91.3%), which aligns with previous study done by Yuan et al. This showed the effectiveness of reducing the high %FFA through esterification process. ASTM D6751 was used to characterize the purified biodiesel. ASTM defines the parameters that pure biodiesel (B100) must meet before it can be used as a standalone fuel or blended with diesel fuel. The density of a biodiesel determines how much biodiesel can be produced from a given amount of feedstock and how much energy can be obtained from burning a given volume of biodiesel, the produced biodiesel was shown to have a density of 876 kg/m3, which conformed to the standard set by ASTM D 6751 ANDEN14214 of 860–900 kg/m3. In particular, the kinematic viscosity was measured at 40°C. The kinematic viscosity of waste cooking oil biodiesel was measured to be5.73°C. Several authors have reported varying kinematic viscosities at40°C for biobased diesel. Palm oil and palm kernel Tri-Methyl-Polyol MP esters have been reported to have a cost value of 39.7 (Ocholi et al., 2018), sesame oil TMP esters have been reported to have a cost value of 35.43 (Rao et al., 2012), and 10-undecenoic acid TMP esters have been reported to have a cost value of 11.2–36.1 (Hazrat et al., 2020). Furthermore, the qualities of the waste cooking oil biodiesel matched the ASTM D 6751 standard specification requirements for biodiesel. In very cold conditions, the fluidity of a biodiesel at low temperatures is crucial. When evaluating flow qualities at low temperatures, the pour point and cloud point, or the temperature at which a lubricant stop flowing or the point at which crystals begin to form; which in turn can cause the biodiesel to gel and flow slower than it should, is crucial. Choosing a biodiesel among many alternatives with similar features may become the deciding element. The temperature at which biodiesel begin to flow, known as their “pour point, “is the slightest detectable change in temperature. The produced pour point and cloud point were recorded to be−3and3.2°C, which was in accordance with previous studies. Hazrat et al.[58] reported soybean biodiesel to have a pour point of−3°C and aloud point of 3°C, while rapeseed biodiesel to have a pour point of−9°C and a cloud point of−4°C, and Folayan et al. also reported the pour point and cloud point values for biodiesel samples derived from soybean and canola, which showed soybean biodiesel to have a pour point of−3°C and a cloud point of 1°C, while canola biodiesel exhibited a pour point of−12°C and a cloud point of−7°C
Conclusion
This particular study involved the biodiesel production process from waste vegetable oil (WVO) with a new heterogeneous catalytic material called eggshell ash. This report highlights the main findings of this particular research as follows:
Feedstock analysis indicated that the WVO contains high free fatty acids (FFA), which causes saponification during the transesterification process. As a result, esterification is required as a pretreatment process to reduce the FFA content of the oil before biodiesel production.
Optimum reaction parameters for the production of biodiesel from eggshell ash were found to be a methanol to oil ratio of 6:1, a weight percentage of 5% of the catalyst, and a reaction temperature of 65°C. Using these parameters, a biodiesel yield of 91.3% was obtained, indicating that the amount of the catalyst used was optimal to catalyst the process of methyl esterification.
The physicochemical parameters of biodiesel produced met ASTM D6751 standards, implying that biodiesel is of high quality that can be used as a substitute for petroleum diesel oil in engines without any modification. Albeit, the experiments indicated that optimized biodiesel production from waste cooking oil, using the eggshell ash as a biodiesel catalyst, constitutes a sustainable alternative that is cost-effective in a pilot biodiesel production process.
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waste vegitable oil characterization

Table 1 waste vegitable oil characterization	value ( before esterification)	FFA content (%)	Density (g/ml)	Specific Gravity	viscosity ( Cp)	Kinematic viscosity (mm2/s	Iodine value ( g- 10-2g-1)	Moisture content (Wt%)	12.2	0.92800000000000005	0.93	65.400000000000006	69.5	25.38	2	Table 1 waste vegitable oil characterization	value (after   esterification)	FFA content (%)	Density (g/ml)	Specific Gravity	viscosity ( Cp)	Kinematic viscosity (mm2/s	Iodine value ( g- 10-2g-1)	Moisture content (Wt%)	2.81	0.9	0.90400000000000003	60.4	67.099999999999994	33	1	



Biodiesel yield at different catalyst loading


Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	1	0.25069444444444444	60	1	55.3	
Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	2	0.25069444444444444	60	2	61.6	
Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	3	0.25069444444444444	60	3	89.8	
Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	4	0.25069444444444444	60	4	68.3	
Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	5	0.25069444444444444	60	5	57.7	



Biodiesel yield at different temperature

Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	1	0.25069444444444444	55	1	63	Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	2	0.25069444444444444	60	2	74	Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	3	0.25069444444444444	65	3	91.3	Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	4	0.25069444444444444	70	4	61.4	Run	Menthanol- oil	Temp (C)	Catalyst loaf (wt%)	Yeld(%)	5	0.25069444444444444	75	5	45.2	
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