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Abstract: Biodiesel is a viable alternative to non-renewable fossil fuels. However, its 

commercialization faces challenges due to the high costs of conventional feedstocks. This study 

investigated the influence of reaction parameters—catalyst concentration, reaction temperature, and 

reaction time—on the yield of synthesized biodiesel from waste cooking oil using snail shell and plantain 

peel wastes as catalysts. Snail shells were calcined at 800 °C to produce CaO and characterized by     

X-ray fluorescence. Organic KOH, extracted from plantain peel ash burned at 750 °C, impregnated the 

CaO to form a composite KOH/CaO catalyst. Using low-quality feedstock (acid value of 8.8 mg KOH/g 

oil), the oil underwent acid-esterification followed by transesterification under varied conditions. The 

optimal parameters, determined via response surface methodology (RSM), were 7% wt/wt catalyst 

concentration, 60.51 °C reaction temperature, and 1.93 h reaction time, achieving a maximum 

biodiesel yield of 92.23%. The best experimental yield, 92.10%, was obtained using a 2:1 green 

KOH/CaO ratio. Physicochemical properties and biodiesel composition conformed to ASTM D6751 

standards. The highest fatty acid to methyl ester conversion rate, 93.86%, was achieved using the 

optimized snail shell catalyst. This research demonstrates that converting waste into biodiesel is not 

only feasible but also adds value to waste materials. 
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1. Introduction  

Energy is a fundamental requirement for the economic growth of every civilization. Due to its 
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availability and low cost, fossil-based fuels currently serve as the main source of energy, catering to 

the worldwide energy demand [1–3]. Recently, this demand has significantly increased due to a rapidly 

increasing human population and the corresponding growth of industrialization. Consequently, the 

currently limited reserves of fossil fuels are projected to be exhausted or depleted in the near      

future [4–6]. In addition to the expected price increase associated with the diminishing supply of fossil 

fuels, another issue of concern is the environmental impact posed by these fuels. The burning of fossil 

fuels accounts for more than half, or approximately 52%, of the total CO2 emissions generated by 

human activities [7,8]. This greenhouse gas emission leads to ecological problems, including air 

pollution, ozone layer depletion, global warming as a consequence of rising global temperatures, acid 

precipitation, and forest destruction [9–11]. Therefore, it has become imperative to explore renewable 

energy sources, which are both affordable and have a lower impact on the environment [12–14]. 

Biodiesel, derived from organic sources or feedstocks, such as vegetable oils, waste cooking oil, 

or animal fats, is an environmentally friendly and sustainable replacement or alternative to fossil  

fuels [15–17]. Biodiesel is produced by a process known as transesterification, where the fat and 

vegetable or recycled oil is reacted with an alcohol, generally, ethanol or methanol, in the presence of 

a catalyst to yield ethyl or methyl ester biodiesel [18]. Through this process, the triglycerides in the 

fats or oils are converted into fatty acid ethyl or methyl ester, also known as biodiesel [19]. Compared 

to fossil fuels, biodiesel offers advantages as a cleaner, renewable, and sustainable alternative [15]. It 

is compatible with existing petrol-diesel engines with favorable lubricating properties, which can help 

reduce engine wear and enhance their durability [20]. Its significant growth potential makes it a 

desirable alternative for enhancing energy sustainability and mitigating GHG emissions [21–23]. 

Additionally, biodiesel emits less particulate matter and sulfur dioxide into the atmosphere, thereby 

enhancing air quality and lowering health hazards [24,25]. Furthermore, biodiesel offers opportunities 

for rural development and enhanced energy independence [26–28]. It can be generated using locally 

accessible feedstocks, including waste oils or agricultural products, which reduces dependency on 

fossil fuels and opens new business prospects to produce biofuels and farming [29,30]. One of the 

concerns raised by opponents of biodiesel development is the competition with food production. As 

such, one of the objectives of this study is the valorization of vegetable oil, plantain peel, and snail 

shell wastes in the production of biodiesel. 

Transesterification reactions may be catalyzed using either homogeneous or heterogeneous 

catalysts [31]. Homogeneously catalyzed reactions often proceed at a faster rate, thereby requiring less 

loading when compared to heterogeneously catalyzed reactions. One of the biggest drawbacks of 

homogeneous catalysts is the complexity involved in the processes required for product separation and 

purification [32]; consequently, their reuse is often limited or even unfeasible [33]. Apart from that, it 

tends to create soap, which necessitates many washing processes, resulting in water consumption and 

the creation of emulsions in the mixture [34]. Conversely, heterogeneous catalysts exist in a phase 

distinct from that of the reaction mixture, allowing for simpler separation of the catalyst and 

eliminating the formation of soaps. This enables these catalysts to be reusable without requiring intense 

washing procedures, thereby minimizing process wastes and lowering overall production cost [35].  

On the other hand, bio-based heterogeneous catalysts have significant benefits over conventional 

homogeneous catalysts in biodiesel production [36–38]. They are obtained from sustainable and 

renewable biomass sources, offering biodiesel producers an eco-friendly and sustainable option [39–41]. 

Solid-base catalysts made of organic materials, including animal bones and discarded shells of eggs, 

snails, and periwinkles (e.g., calcium oxide), are a typical kind of bio-based heterogeneous catalysts 
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used in the synthesis of biodiesel [42,43]. Obadiah et al. (2012) showed that regardless of the source 

of calcium oxide, the base oxide remains a suitable transesterification catalyst, being widely accessible 

and reasonably inexpensive [32]. Impurities in these waste-derived catalysts, however, may render 

them less effective than commercial CaO, and thus an alkaline support is required to increase their 

activity. Yang et al. (2012) [44] and other researchers explored the transesterification of vegetable oil 

utilizing potassium hydroxide (KOH) as a support loaded onto various oxides (MgO, CaO, Al2O3, 

kaolin, Bentonite) as heterogeneous catalysts [44–46]. It was determined that a composite catalyst of 

KOH/CaO produced the highest yield of biodiesel at 97.1%. Additionally, Efeovbokhan et al. (2017) 

documented that KOH can be extracted from plantain peel waste due to its high potassium     

content [47].  

Therefore, this research study sets out to optimize the production of biodiesel from waste cooking 

oil utilizing CaO-heterogeneous catalyst synthesized from snail shells. Then, a composite catalyst of 

KOH/CaO derived from snail shells and plantain peel waste is employed to produce biodiesel at the 

obtained optimized conditions. 

2. Materials and methods 

2.1. Raw materials and reagents 

The primary materials were sourced locally: Waste cooking oil (WCO) utilized as 

transesterification feedstock, plantain peel waste (PPW), and snail shell waste (SSW). The reagents 

used were all analaR grade: 99% purity concentrated sulfuric acid (H2SO4) (obtained from     

Sigma-Aldrich Co., UK), 99.8% purity methanol (CH3OH) (J.T Baker Chemical Co., USA), 99.9% purity 

ethanol (CH3OH) (Merck, KGaA., UK), 37% purity concentrated hydrochloric acid (Sigma-Aldrich Co., 

UK), potassium hydroxide pellets (KOH) (J.T Baker Co., USA), sodium hydroxide (NaOH)    

pellets (BDH Inc.), 99.5% purity isopropyl alcohol (Sigma-Aldrich, USA), 99% purity benzene (J.T 

Baker Co., USA), distilled water, phenolphthalein indicator, and methyl orange indicator. 

2.2. Equipment and apparatus used 

Muffle furnace, carbolite high-temperature furnace (HTF 1700) calibrated at 0–1700 °C, sample 

preparation sieve shaker [Biobase biodustry (Shandong) Co., Ltd], x-ray fluorescence (XRF)  

analyzer (Phillips PW-1800, Axios Max), air oven (Vision Scientific, Japan), gas chromatography-mass 

spectrometer (Varian 3800/4000, Varian Inc), hotplate magnetic stirrer (UC152, Cole-Parmer Stuart), 

and weighing balance (Radwag AS/310/C/2). Additionally, some of the apparatus used include 500 

and 1000 mL three-neck flat bottom flasks, 250 mL conical flasks, 250 mL beakers, 500 mL measuring 

cylinders, 500 mL separating funnels, mercury-in-glass thermometers (0–360 and 0–110 °C), 150 mL 

ceramic crucibles, mortar and pestle, 50 mL burette, 25 mL pipette, glass funnel, spatula, glass stirring 

rods, and rubber stoppers. 

2.3. Pre-treatment of WCO feedstock 

WCO was filtered to eliminate solid particles such as food bits and other impurities. Afterward, 

the saponification value (SV), acid value (AV), and free fatty acid (FFA) content were determined 
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following the methods described previously [48] to ensure it was a viable feedstock for the 

transesterification reaction of the WCO. This is explained by the fact that a high number of FFAs (>1%) 

will inhibit the transesterification reaction when using an alkaline catalyst, primarily due to the 

formation of soap [49]. Oils with FFA content higher than 1% must undergo pretreatment by an acid 

esterification step to reduce the FFA content. Eqs (1–3) were used to calculate SV, AV, and FFA, respectively. 

Saponification value (SV) =
Z × M × 56.1

W
        (1) 

Acid value (AV) =
X × M × 56.1

W
         (2) 

where Z denotes the volume of HCl used in the neutralization of excess alkali (mL), and M denotes 

the molarity of HCl. The average titer volume of KOH, denoted by X, is used to neutralize the  

solution (mL). In Eq (2), M denotes the molarity of KOH titrant, and in both Eqs (1–2), W denotes the 

mass (g) of WCO used, and the constant 56.10 is the molecular weight of KOH (g/mol). With the acid 

value known, the percentage of FFA can be determined using Eq (3): 

%FFA = 0.503 × AV                         (3) 

With both the acid value (AV) and saponification value (SV) known, Eq (4) is applied to 

determine the molecular weight ( Ms ) of WCO [50–52]. The molecular weight is essential in 

establishing the masses of WCO and alcohol required to establish the alcohol-oil molar ratio desired. 

 Ms =  
56.1×1000×3

SV−AV
             (4) 

where Ms is the molecular weight of the WCO. 

After the free fatty acid content was determined to be greater than 1%, an acid-esterification 

process was required to minimize the amount of free fatty acids within the WCO [53,54]. 300 g of 

WCO was weighed into a 1000 mL three-neck flat-bottom flask, and the oil was then pre-heated at a 

reaction temperature of 60 °C on a hotplate magnetic stirrer. In a separate 250 mL beaker, 0.6 wt/wt of 

methanol and 2% wt/wt of concentrated sulfuric acid (H2SO4) were weighed and stirred at room 

temperature on a separate hotplate magnetic stirrer for 5 minutes. Afterward, the methanol-acid 

mixture was carefully poured into the three-neck flask bearing the oil, where the mixture was allowed 

to react for 2 h at 65 °C and 600 rpm agitation speed. This was carried out under reflux to prevent the 

escape of volatile alcohol. At the end of this process, the reaction product was transferred to a 

separating funnel firmly secured on a retort stand. After 3 h, two distinct layers were formed. The lower 

layer was the esterified WCO, whereas the top layer was the acidic methanol layer, as shown in  

Figure 1. The esterified layer was collected in a beaker and heated to drive out water and unreacted 

methanol. A sample of the esterified oil was tested to ensure that the desired acid value and FFA content 

were achieved. Once this was confirmed, the esterified WCO was taken to the transesterification  

stage [55]. 
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Figure 1. Esterified waste cooking oil. 

2.4. Catalyst preparation and impregnation with organic KOH 

The two catalysts prepared in this study were CaO obtained from snail shells and green KOH/CaO 

composite catalyst prepared from snail shells and plantain peels. The snail shells were cracked open, 

soaked in warm water, and washed with soap. This was repeated twice before they were then sun-dried 

until no moisture could be observed. The dried shells were then ground to a 75–150 μm particle size 

using a mechanical grinder. The ground shells were then sieved via a sieve shaker machine with a mesh 

size of 75 μm. After, the sieved snail shell powder was transferred into ceramic crucibles, half-full to 

ensure uniform heating. The crucibles were then placed in a muffle furnace and heated to 800 °C    

for 3 h to calcine the powder to obtain CaO, which was allowed to cool before it was placed in      

air-tight sample bottles and stored in a desiccator. Figure 2 shows two images of the calcination process, 

where (a) represents sun drying of snail shells, and (b) represents the ground calcined snail shells.  

  

(a)                           (b) 

Figure 2. (a) Dried snail shells and (b) calcined and ground snail shell powder. 
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The plantain peels were first water-washed to remove debris, food particulates, and dirt. 

Afterward, the peels were oven-dried in an air oven to constant weight. The now brittle plantain peels 

were then pounded with a mortar and pestle into a coarse powder, increasing the surface area. The 

plantain peel powder was then placed in 150 mL ceramic crucibles and ashed for 1 h in a muffle furnace 

to produce white ash. This ash was stored in a zip-lock bag and placed in a desiccator to keep it dry. 

The recovery of potassium hydroxide from the ash was achieved in two steps. First, 20 g of the ash 

was mixed with 125 mL of distilled water. The mixture was kept warm at 50 °C and stirred 

continuously for 1 h. The mixture was then filtered hot into a conical flask to obtain a caustic solution, 

confirmed by a deep blue coloration in a pH paper test. In the next step, the residue was mixed again 

with 50 mL of distilled water to further extract KOH. The mixture was heated to 50 °C and stirred  

for 1 h before it was filtered hot into a conical flask. The filtrates obtained in step 1 and step 2 were 

then evaporated to dryness to obtain solid KOH, which was then weighed and kept in plastic containers 

stored in a desiccator to keep dry [47]. 

The alkalinity of organic KOH in terms of hydroxide and carbonates present was determined by 

the double-indicator titration method [56,57]. 1 g of organic KOH was dissolved in 25 mL of distilled 

water in a 250 mL conical flask. The solution was then titrated with 0.5 N H2SO4 using three drops of 

phenolphthalein indicator (endpoint indicated when the pale pink coloration turned colorless). 

Following this, three drops of methyl orange indicator were added to the solution, which was then 

further titrated with 0.5 N H2SO4 (endpoint indicated when the yellow coloration turned reddish pink). 

The volumes of titrant (0.5 N H2SO4) used in the sequential titrations were recorded and used in    

Eqs (5–6) to calculate the hydroxide alkalinity and carbonate alkalinity of the synthesized      

organic KOH. 

Equation 5 was used to determine the percentage purity of alkali constituents (hydroxides and 

carbonates) and non-alkali components present in the given sample. 

%𝑝𝑢𝑟𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡

𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠
× 100      (5) 

where the mass of the constituent is determined using a combination of Eqs (6–9) as well as 

stoichiometric analysis. 

Number of moles of acid used to neutralize hydroxide = 𝑛1 = 𝑐𝑣1     (6) 

Number of moles of acid used to neutralize carbonate = 𝑛2 = 𝑐𝑣2      (7) 

𝑣1 = 2𝑃 − 𝑀          (8) 

𝑣2 = 2(𝑀 − 𝑃)                    (9) 

where 𝑐  denotes the concentration of acid (mole/L), 𝑣1  denotes the volume of titrant used to 

neutralize hydroxide (mL), 𝑣2 denotes the volume of titrant used to neutralize carbonate (mL), P 

denotes the burette reading at phenolphthalein end point (mL), and M denotes the burette reading at 

methyl orange end point (mL). 

The KOH/CaO composite catalyst was prepared in three molar ratios of 1:2, 1:1, and 2:1 by 

incipient wetness impregnation. 5.00, 10.01, and 20.01 g of organic KOH were weighed, and each was 

separately dissolved in 70 mL of distilled water to form three solutions. Afterward, 10 g of snail   

shell-derived CaO was suspended in each aqueous solution of organic KOH and stirred continuously 

for 1 h. The mixtures were each heated at 150 °C for 4 h to drive off moisture before being calcined  
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at 500 °C for 1 h in a muffle furnace. The synthesized catalysts were labeled as CCB for a molar ratio 

of 1:2 (KOH:CaO), CCA for a molar ratio of 1:1 (KOH:CaO), and CCC for a molar ratio of 2:1 (KOH:CaO), 

before they were kept in airtight plastic containers and stored in desiccators to keep conditions dry. 

2.5. Experimental design 

Experimental data collected were statistically analyzed utilizing response surface methodology (RSM) 

using MINITAB 20 software. Of the available response surface methodologies, the Box-Behnken 

design was selected and used in ascertaining the number of experimental runs necessary to study the 

influence of varied operating parameters on biodiesel yield [58]. Tables 1 and 2 show the coded and 

varied parameters, respectively, which include catalyst concentration (%wt/wt), coded A, reaction 

temperature (°C), coded B, and reaction time (h), coded C.  

Table 1. Box-Behnken design displaying coded factors and their respective levels.  

Factor  Unit Symbol Level 

Low (−1) Middle (0) High (1) 

Catalyst concentration  % wt/wt A 2 4.5 7 

Reaction temperature °C B 50 60 70 

Reaction time h C 1 1.5 2 

Table 2. Box-Behnken design of varied reaction parameters in WCO transesterification. 

Run  Catalyst concentration (% wt/wt) Reaction temperature (°C) Reaction time (h) 

1 2 50 1.5 

2 7 70 1.5 

3 4.5 70 2 

4 2 70 1.5 

5 7 60 1 

6 4.5 60 1.5 

7 7 50 1.5 

8 4.5 70 1 

9 4.5 60 1.5 

10 4.5 50 1 

11 2 60 1 

12 4.5 60 1.5 

13 2 60 2 

14 7 60 2 

15 4.5 50 2 

The response surface generated was analyzed and subsequently optimized using the design of 

experiment (DOE) response optimizer in MINITAB 20. Using a full quadratic model, the mathematical 

interrelation between biodiesel yield (as a dependent variable) and the three varied factors (independent 

variables) was established.  
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Yield as a function of the parameters is expressed by the general formula of a second-order 

response surface model, as expressed in Eq (10). 

𝑌 =  𝛼𝑜 + 𝛼1𝐴 + 𝛼2𝐵 − 𝛼3𝐶 − 𝛼11𝐴 × 𝐴 + 𝛼22𝐵 × 𝐵 − 𝛼33𝐶 × 𝐶 + 𝛼12𝐴 × 𝐵+𝛼13𝐴 × 𝐶 −

𝛼23𝐵 × 𝐶               (10) 

Y denotes the predicted biodiesel yield (%), 𝛼𝑜 denotes the intercept, 𝛼1, 𝛼2, and 𝛼3 denote 

linear coefficients, 𝛼12 , 𝛼13 , and 𝛼23  depict the interactive regression coefficients, 𝛼11 , 𝛼22 , and 

𝛼33 are the quadratic coefficients, and A, B, and C denote coded factors of the model. 

For all runs, stirring speed was held constant at 600 rpm, and the methanol to oil molar ratio was 

held constant at 9:1.  

MINITAB 20 (LEAD Technologies, Inc., Minneapolis, MN, USA) was utilized to create a 

regression model and interaction surface plots for the experimental data recorded. The optimum 

conditions required to maximize the biodiesel yield from calcined snail shell catalyzed 

transesterification of WCO were determined using MINITAB 20 software. 

2.6. Transesterification of waste cooking oil 

100 g of acid esterified WCO was heated to 110 °C until no visible signs of water could be 

observed. This was then confirmed by conducting a splatter test. 75 g of the dried esterified WCO was 

then poured into a 500 mL three-neck flat-bottom flask and maintained at the preselected reaction 

temperature. In a 250 mL beaker, the appropriate mass of methanol (methanol:oil molar ratio of 9:1) 

was mixed with the appropriate mass concentration of catalyst for 15 minutes. The methanol-catalyst 

mixture was then carefully transferred into the three-neck flat-bottom flask containing the esterified 

WCO and allowed to react for the appropriate reaction time under reflux. A thermometer was inserted 

into one neck to keep track of the temperature, while the other neck was corked to prevent the escape 

of methanol. The reaction time, reaction temperature, and catalyst concentrations were determined by 

the design of experiment. 

After the required amount of reaction time had elapsed, the reaction was stopped, and the flask 

was removed from the hotplate stirrer and left to stand for 1 h. This allowed the catalyst to settle at the 

base of the flask to prevent clogging of the separating funnel. After, the product mixture was decanted 

into a separating funnel and left for 24 h to allow for adequate separation. Three layers were observed: 

a top layer of unreacted methanol, a middle layer composed of biodiesel, and a bottom glycerol layer 

containing residual catalyst. The biodiesel layer was then collected in a beaker and heated at 65 °C 

until no methanol could be observed. The biodiesel yield, based on mass, was calculated with Eq (11). 

%Biodiesel yield =
weight of biodiesel

weight of WCO fed
             (11) 

The same procedure was followed in producing biodiesel using both the heterogeneous CaO 

catalyst and the heterogeneous composite KOH/CaO catalysts. 

2.7. Biodiesel and catalyst characterization 

The physicochemical properties of WCO and WCO biodiesel produced using both CaO from 

calcined snail shell (CSS) and the various composite catalysts (CCA, CCB, and CCC) derived from 
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differing molar ratios of green KOH/CaO blends were conducted. The biodiesel properties including 

density, kinematic viscosity, specific gravity, acid value, cloud point, pour point, and flash point were 

obtained following established test procedures of the American Society for Testing and Materials (ASTM) 

standard for biodiesel qualities (ASTM D6751). The specific fatty acids contained in the WCO, as  

well as the resulting fatty acid methyl esters in the WCO biodiesel, were analyzed via gas  

chromatography-mass spectrometry.  

X-ray fluorescence (XRF) analysis of the calcined snail shell catalyst was conducted to ascertain 

the chemical composition of major oxides present in the catalyst. This was to ensure that enough 

calcium oxide was obtained by the calcination of snail shells at a temperature of 800 °C for a holding 

time of 3 h in a muffle furnace 

3. Results and discussion 

3.1. Catalyst characterization 

Table 3 shows the X-ray fluorescence analysis of calcined snail shell catalyst derived by 

calcination of snail shells (CSS) at 800 °C for 3 h. The analysis of the CSS confirms the presence    

of 84.02% CaO as well as other metallic oxides in smaller compositions. The catalyst also contains a 

significant amount of MgO at 3.05%. Some researchers have observed that the combination of oxides 

of alkali earth metals, such as CaO and MgO, synergistically modifies the electronic properties of 

catalyst surfaces [59–61], leading to a larger number of basic sites in contrast to the number observed 

in single metal oxide catalysts. Hence, MgO may improve the performance of the catalyst, rather than 

hinder it as an impurity. 

Table 3. X-ray fluorescence spectrometry of calcined snail shell catalyst. 

Compound Composition (%) 

SiO2 4.2 

AI2O3 2.5 

Fe2O3 2.25 

MnO 0.4 

CaO 84.02 

P2O5 0.75 

K2O 0.53 

TiO2 0.35 

SO3 1.02 

Na2O 0.002 

MgO 3.05 

Cl 0.26 

LOI 0.8 

RbO 0.03 

ZnO 0.1 

Cr2O3 0.01 

SrO 0.02 
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3.2. Analysis of alkalinity and percentage purity of organic KOH constituents 

Table 4 lists the alkalinity and contribution to total alkalinity of the hydroxide and carbonate 

constituents found in synthesized organic KOH. The result shows that the carbonate and hydroxide 

constituents of the sample have a contribution of 95.66% and 4.34%, respectively, to total alkalinity. 

As carbonates are known to be weaker bases than hydroxides, a larger contribution of carbonates 

to total alkalinity indicates that a significantly larger amount of carbonate exists in the sample. 

This is confirmed in Table 5, which lists the percentage purity of suspected constituents of the 

synthesized sample. Hydroxide, carbonate, and non-alkali constituents were found to have a purity 

of 3.31%, 72.9%, and 23.79%, respectively, indicating that most of the sample mass is made of 

potassium carbonate. This indicates that a calcination temperature of 750 °C combined with a holding 

time of 1 h is insufficient for complete degradation of plantain peel carbonates to their oxides. Also, a 

significant purity of non-alkali indicates the existence of non-alkali soluble salts within the sample.  

Table 4. Hydroxide and carbonate alkalinity and contribution to total alkalinity. 

Alkali constituent Alkalinity (mg/L) Contribution to total alkalinity (%) 

KOH 1324.09 4.34 

K2CO3 29161.26 95.66 

Table 5. Percentage purity of organic KOH constituents. 

Constituent Percentage purity (%) 

KOH 3.31 

K2CO3 72.9 

Non-alkali 23.79 

According to Ofori and Awudza (2017), of the soluble carbonates found in plantain peel ash, 

potassium carbonate occurs in a significantly large amount compared to sodium carbonate. Hence, 

the sample is most likely primarily potassium carbonate, with negligible amounts of sodium 

carbonate [62]. 

3.3. Comparability of experimental yield and calculated yield 

Table 6 shows the experimental design results obtained using the Box-Behnken design of  

Minitab 20 software. This design determined the required number of experimental runs to explore the 

effects of varied reaction parameters (catalyst concentration, reaction temperature, and reaction time) 

on biodiesel yield (response). From the table, the experimental and calculated yields of biodiesel 

produced from CSS can be compared. The comparison shows minimal deviations, indicating that the 

regression equation generated was influential in determining the expected yield of biodiesel. 

Deviations between the experimental yield and calculated yield are mostly observed in experimental 

runs having a larger amount of catalyst concentration (7%). A likely cause of this is the difficulty in 

product separation resulting from the high amount of catalyst present in the reaction mixture, which 

may clog the separating funnel. As noted by other researchers, product separation is also made difficult 

by high-viscosity reaction mixtures [17,63]. A high concentration of the solid catalyst results in a 
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denser consistency and increases its adherence to the walls of the flasks or separating funnels. This 

results in product loss, contributing to higher deviations (lower experimental yields) seen between 

experimental and calculated results for runs using a 7% wt/wt catalyst concentration. 

Table 6. Results of Box-Behnken experimental design. 

Run order Catalyst concentration 

(% wt/wt) 

Reaction 

temperature (°C) 

Reaction 

time (h) 

Experimental yield 

using CSS (%) 

Calculated yield 

using CSS (%) 

1 2 50 1.5 66.53 69.52 

2 7 70 1.5 82.75 79.77 

3 4.5 70 2 79.31 77.96 

4 2 70 1.5 65.20 67.14 

5 7 60 1 82.01 82.61 

6 4.5 60 1.5 85.49 86.15 

7 7 50 1.5 85.73 83.79 

8 4.5 70 1 63.82 66.20 

9 4.5 60 1.5 86.27 86.15 

10 4.5 50 1 75.06 76.41 

11 2 60 1 79.23 74.90 

12 4.5 60 1.5 86.70 86.15 

13 2 60 2 74.53 73.92 

14 7 60 2 88.77 93.11 

15 4.5 50 2 76.55 74.16 

3.4. Statistical analysis of variance for CSS-catalyzed transesterification 

The regression in Eq 12, generated by Minitab 20 at a 95% confidence level, was determined to 

have an R-square value of 0.9149. The R-squared value is a statistical measure that explains the extent 

to which the variation of an independent variable(s) accounts for the variations in a dependent variable 

within a regression model. The R-sq value obtained indicates that 91.49% of the combined influences 

of reaction parameters (catalyst concentration, reaction temperature, and reaction time) on the yield of 

biodiesel obtained in the CSS catalyzed process can be explained by the variations in parameters used. 

The p-value and F-value of the CSS catalyzed process model were 0.032 and 5.97, respectively, 

as observed in Table 7. Based on the p-value obtained, the model is significant for a confidence level 

of 95% (p-value lower than 0.05). This implies that the developed model is statistically significant and 

adequately depicts the relationship between reaction parameters and product yield. 

Table 7. Statistical analysis of results obtained from the Box-Behnken design. 

Source Df Adj SS Adj MS F-value p-value Remarks 

Model 9 853.728 94.859 5.97 0.032 Significant 

Linear 3 427.297 142.432 8.97 0.019 Significant 

A: Catalyst conc. 1 361.555 361.555 22.77 0.005 Highly significant 

B: Reaction temp 1 20.466 20.466 1.29 0.308 Insignificant 

Continued on next page 
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Source Df Adj SS Adj MS F-value p-value Remarks 

C: Reaction time 1 45.277 45.277 2.85 0.152 Insignificant 

Square 3 343.809 114.602 7.22 0.029 Significant 

AA 1 12.277 12.277 0.77 0.420 Insignificant 

BB 1 317.700 317.700 20.00 0.007 Highly significant 

CC 1 37.675 37.675 2.37 0.184 Insignificant 

2-way interaction 3 82.624 27.541 1.73 0.275 Insignificant 

AB 1 0.673 0.673 0.04 0.845 Insignificant 

AC 1 32.907 32.907 2.07 0.210 Insignificant 

BC 1 49.043 49.043 3.09 0.139 Insignificant 

Lack-of-fit 3 78.653 26.218 69.52 0.014 Significant 

Pure error 2 0.754 0.377 - -  

• R-sq = 0.9149 

• R-sq(adj) = 0.7617 

3.5. Effects of interacting reaction parameters on biodiesel yield 

Utilizing the response surface methodology on Minitab 20, 2D surface plots were generated to 

study the effects of selected pairs of parameters (while holding a third parameter constant) on the WCO 

biodiesel yield obtained using a CSS catalyst.  

Figure 3 illustrates the relationship between reaction temperature and catalyst concentration while 

the reaction time is held constant at a middle value (1.5 h). The yield plot illustrates that the yield of 

biodiesel increases as both the reacting temperature and catalyst concentration increase. As the quantity 

of catalyst increases, the consistency of the reacting mixture increases, reducing the yield of the 

reaction [64]. However, the yield plot shows that as temperature and catalyst concentration increase, 

the subsequent biodiesel yield increases as well. This is because of two reasons: first, as the 

temperature of the reacting oil increases, its viscosity is reduced [65]. This means that the reduction in 

viscosity brought about by the increase in temperature is enough to compensate for the increase in 

viscosity arising from high catalyst loading. Second, as more heat is applied, reactants gain more 

kinetic energy and subsequently increase the frequency of collisions with the catalytically active   

sites [66,67]. 

 

Figure 3. Effect of reaction temperature and catalyst concentration on biodiesel yield. 
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Figure 4 depicts the interrelation between reaction time and catalyst concentration and yield of 

biodiesel, while the reaction temperature is maintained evenly between the high and low levels (a 

middle level of 60 °C). From the plot, it can be observed that at low reaction times of about 1–1.1 h, 

an increment in catalyst concentration from 2% to 7% wt/wt increases biodiesel yield at a minimal rate. 

This is because a higher catalyst loading increases the viscosity or consistency of the reaction mixture, 

which, in turn, causes ineffective mass transfer and restricts reactants’ access to the catalyst’s active 

sites [68]. This process is then improved by the increase in reaction time, which then provides more 

time for the reactants to interact on the catalyst before the reaction is stopped, hence increasing the 

yield. This is consistent with the findings of Faruque et al. (2020) [69], which postulated that 

heterogeneous catalysts require more time to reach optimum biodiesel yield. Hence, at higher reaction 

times of 1.5–2 h and high catalyst concentrations of 6%–7% wt/wt, the highest yields of biodiesel can 

be achieved (>90%). 

 

Figure 4. Effect of reaction time and catalyst concentration on biodiesel yield. 

 

Figure 5. Effect of reaction temperature and reaction time on biodiesel yield. 

Figure 5 illustrates the relationship between reaction time and reaction temperature while holding 

catalyst concentration at its middle level (4.5%) using the Box-Behnken design of Minitab 20. The 
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yield plot shows that as time increases, a higher reaction temperature is required to achieve yields of 

above 85%. This is likely due to the reversibility of the reaction. According to Ismail et al. (2016) [70], 

at lower reaction times, the production of biodiesel is rapid until an equilibrium point is reached, 

wherein the reverse reaction begins to occur. At this point, higher reaction temperatures are required 

to drive the forward reaction to increase biodiesel yield. Further inspection of the plot indicates that at 

high reaction temperatures and low reaction times, the yield reduces drastically to below 70%. This 

can be attributed to a combination of two reasons. First, at temperatures beyond 65 °C (the temperature 

at which methanol boils at atmospheric conditions), methanol begins to bubble, reducing the number 

of interactions between reactants and the catalyst, thus reducing biodiesel yield [70]. Also, reaction 

times of 1 h are insufficient for the effective transesterification using heterogeneous catalysts [71]. 

3.6. Optimization of the transesterification of WCO using CSS catalyst 

The design of experiment (DOE) response optimizer on Minitab 20 software was utilized   

to identify the optimal conditions required to achieve the maximum biodiesel yield obtained from  

the transesterification of WCO. The optimal point was obtained at 7% wt/wt catalyst  

concentration, 60.5051 °C, and a 1.9293 h reaction time to obtain a theoretical WCO biodiesel yield 

of 93.23%. The experimental yield at these conditions was 88.77%, as shown in Table 8. 

Table 8. Yield of biodiesel produced using catalysts at optimum conditions. 

S/N Catalyst used Designation KOH:CaO molar ratio Biodiesel yield (%) 

1 Calcined snail shells BCSS  88.77 

2 Composite catalyst B BCCB 1:2 91.55 

3 Composite catalyst A BCCA 1:1 90.58 

4 Composite catalyst C BCCC 2:1 92.10 

 

Figure 6. Optimization of WCO biodiesel yield using CSS catalyst. 

Figure 6 depicts optimum conditions obtained from the response optimizer in Minitab 20 to 
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maximize the yield of biodiesel. An optimal catalyst concentration of 7% wt/wt indicates that the 

increase in catalyst concentration from 2% to 7% favors the yield of biodiesel. This occurs without 

reaching a plateau, indicating that this amount of catalyst does not significantly increase the viscosity 

of the reaction mixture to a detrimental level. 

An optimal reaction temperature of 60.5051 °C indicates that as the temperature increases      

to 70 °C, the methanol bubbles rapidly, which prevents proper mixing of the reactants. This aligns with 

the findings from other researchers [72], who observed that at a temperature exceeding the saturation 

temperature of methanol (64.7 °C), product yield is negatively affected as a result of alcohol loss 

through vaporization. 

An optimal reaction time of 1.9293 h implies that an increase in reaction time favors the forward 

reaction until a point is reached where the plot begins to plateau. At this point, it is likely that the 

reverse of the transesterification reaction begins to occur. This finding is consistent with the results 

reported by Animasaun et al. (2021) [73], who stated that biodiesel yield achieved via base-catalyzed 

transesterification is highest when the reaction duration is kept below 120 minutes (2 h). The 

combination of these optimum conditions produces a WCO biodiesel yield of 93.23%. 

3.7. Comparison of biodiesel yield using synthesized catalysts at optimum conditions 

The optimum conditions determined from the Box-Behnken DOE were used to produce biodiesel 

using composite catalysts B, A, and C, which were prepared from the wet impregnation of organic 

KOH on calcined snail shell catalyst (CSS) at molar ratios of 1:2, 1:1, and 2:1. The yields of biodiesel 

produced are compared in Table 8. 

Figure 6 indicates that as the amount of organic KOH (Or.KOH) doped onto the CSS increases to 

a molar ratio of 1:2, the biodiesel yield increases, most likely as a result of an increase in alkalinity. As 

the amount of Or.KOH increases to a molar ratio of 1:1, the yield reduces, most likely due to the excess 

KOH loading, which blocks the active sites of the CSS component. This complies with findings of 

Yang et al. (2012) [44]: as KOH loading on the CaO catalyst increases beyond 15%, product yield 

begins to decrease. As the amount increases further to a molar ratio of 2:1, the yield of biodiesel begins 

to increase again. When a large amount of KOH is doped onto the catalyst, a large amount of soap is 

subsequently formed along with moisture. The mass of this moisture may significantly contribute to 

the weight of biodiesel and hence the perceived yield achieved. 

3.8. Variations in physicochemical properties of WCO and biodiesel produced 

The density of fuel influences the quality of combustion in an engine because many diesel fuel 

engine systems are designed and metered based on a predetermined volume. The density of fuel alters 

the weight of fuel that reaches the combustion chamber and, therefore, the performance of the engine. 

It is, therefore, necessary that a fuel has a density within a specified standard range. Table 9 shows that 

the feedstock (WCO) has a density of 0.907 g/cm3 at 30 °C, exceeding the ASTM standard, whereas 

all produced biodiesel samples fall within the standard density range 0.86–0.89 g/cm3. The biodiesel 

produced using the CCA catalyst had the lowest density at 0.86 g/cm3, whereas the biodiesel produced 

using the CSS catalyst had the highest density at 0.87 g/cm3. The specific gravity of each biodiesel 

sample is directly proportional to its density; hence, the same trend is observed. 
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Table 9. Physicochemical properties of biodiesel produced compared with ASTM standards. 

S/N Properties WCO BCSS BCCB BCCA BCCC ASTM standard 

1 Density (g/cm3) (30 °C) 0.907 0.879 0.869 0.859 0.868 0.86–0.89 ASTMD6751 

2 Specific gravity (30 °C) 0.911 0.883 0.873 0.867 0.872 0.86–0.9 ASTMD6751 

3 Kinematic viscosity (mm2/s) (40 °C) 21.206 3.349 2.142 1.981 2.306 1.9–6.0 ASTMD6751 

4 FFA content (mg/g) 4.430 0. 240 0.074 0.064 0.092 1.0 max ASTMD6751 

5 Acid value (mg KOH/g) 8.808 0.478 0.147 0.126 0.182 0.8 max ASTMD6751 

6 Cloud point (°C) 7 10 11 12 12 −15 to −5 ASTMD975 

7 Pour point (°C) 0 5 4 5 5 −35 to −15 ASTMD975 

8 Flash point (°C) 260 160 154 138 118 60 min ASTMD975 

where 

Min: minimum; 

Max: maximum; 

BCSS: optimum biodiesel using calcined snail shell catalyst; 

BCCA: optimum biodiesel using composite catalyst A; 

BCCB: optimum biodiesel using composite catalyst B; 

BCCC: optimum biodiesel using composite catalyst. 

The acid value is a number that quantifies the rancidity of biodiesel, as the free fatty acids that 

constitute this value are typically formed as a result of the decomposition of triglycerides. Hence, it is 

a noteworthy property of any biodiesel sample. The acid value of WCO decreased significantly   

from 8.808 to 0.478, 0.126, 0.147, and 0.182 mg KOH/g when using the CSS, CCA, CCB, and CCC 

catalysts, respectively. From this, it can be seen that the composite catalysts, most likely due to their 

high alkalinity, have the capacity to significantly lower the acid value of WCO to values lower than 

those achieved using the calcined snail shell catalyst. It can be noted that the increment in the amount 

of KOH loading reduces the acid value to a minimum point (molar ratio of 1:1 of KOH:CaO). Beyond 

this point (2:1 molar ratio KOH:CaO), the acid value increases, most likely as a result of excess KOH 

lowering the number of active sites available in the CaO component. Thus, the catalytic ability to lower 

the acid value of the biodiesel is hindered. A matching trend is observed when comparing the amount 

of FFA present in the biodiesel samples prepared, as FFA content is directly proportional to acid value. 

The kinematic viscosity of a liquid measures its resistance to flow, brought on by internal friction 

as portions of liquid move over one another. Highly viscous fuels tend to stick to walls, grooves, and 

internal parts of the engine, leaving unburned oxidized fuel to build up and cause further damage within 

the engine. The viscosity of WCO was found to be 21.206 mm2/s, whereas the viscosities of the 

biodiesel produced were 3.349, 1.981, 2.141, and 2.306 mm2/s when using the CSS, CCA, CCB, and 

CCC catalysts, respectively. This shows a dramatic reduction in kinematic viscosity, indicating a high 

conversion of free-fatty acids to FAMEs. The viscosities obtained from the catalyzed 

transesterification reaction all lay within the ASTM standard specifications. As with the density and 

acid value, the lowest kinematic viscosity (1.981 mm2/s) was observed with the CCA catalyst, which 

indicates that the increase in KOH loading during impregnation of the CSS results in an increase in 

reduction of oil viscosity. When the amount of KOH loaded is increased beyond this point (1:1 molar 

ratio), the viscosity begins to increase. This may be as a result of the excess KOH obscuring the active 

sites of the CaO component, reducing the catalytic activity. Also, the excess amount of KOH 

contributes to more soap formation, hindering the transesterification process. 
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According to some researchers [74,75], the cloud point is the temperature below which crystals 

of bio-wax begin to form in biodiesel, forming a cloudy appearance. This solidified wax can thicken 

the biodiesel and clog injectors in engines. Therefore, the cloud point depicts the propensity of the 

biodiesel to clog small apertures when used in cold climates. The cloud point of WCO and the biodiesel 

produced using CSS, CCA, CCB, and CCC catalysts was 7, 10, 12, 11, and 12 °C. This indicates that 

the amount of KOH loading during the impregnation of CSS has little to no effect on the cloud point.  

Furthermore, it can be observed that the cloud point is inversely proportional to density, with the 

WCO having the highest density but the lowest cloud point. This is in compliance with findings from 

Maheshwari et al. (2012) [76], who postulated that density reduction implies an increase in the 

presence of paraffins. Fuels rich in n-paraffinic components, such as dodecane (present in the biodiesel 

samples produced as seen in Table 11), crystallize more rapidly, resulting in higher pour and     

cloud points.  

After the cloud point is reached, further cooling results in the formation of a crystal network of 

paraffins in the fuel, which renders it incapable of flowing; this is known as the pour point. The pour 

point is directly proportional to the cloud point; hence, a similar trend is observed with the WCO and 

the biodiesels produced using CSS, CCA, CCB, and CCC catalysts having pour points of 0, 5, 5, 4, 

and 5 °C.  

These two qualities measure the biodiesel’s cold flow properties and indicate the fuel’s ability to 

operate in cold climates. In tropical regions such as Nigeria, the high values obtained may not reduce 

the performance of these fuels in regular conditions. 

The flash point temperature represents the minimum temperature at which a fuel releases ignitable 

vapors, which briefly ignite in the presence of a fire source. The WCO feedstock has a flash point    

of 260 °C, which, although safe, requires much more thermal energy to produce ignitable vapors as 

compared to regular diesel (50 °C flash point). The transesterification of WCO at optimum conditions 

using CSS resulted in reducing the flash point from 260 to 160 °C, which is between the acceptable 

temperatures specified by the ASTM. A high flash point of 160 °C indicates that the generated biodiesel 

is suitable for storage and use as the fuel is not able to ignite at relatively low temperatures. Also, the 

flash point of biodiesel produced lowers (154, 138, and 118 °C) as the amount of KOH doping 

increases. Although this means that less thermal energy will be required to use biodiesel as a fuel, it 

also means that additional precautions must be taken for safe storage. 

3.9. Comparison of gas chromatography-mass spectrometry results 

Tables 10 and 11 show the results obtained by gas chromatography-mass spectrometry analysis 

of WCO and its biodiesel samples, respectively. Observing Table 10, it can be noted that WCO 

primarily contains free fatty acids, having a 90.16% wt acid content. Table 11 shows that the biodiesel 

produced is made primarily of fatty acid methyl esters. Our results are consistent with the findings of 

several other researchers who have shown that the acids found in waste cooking oil can be converted 

into fatty acid methyl esters using heterogeneous base catalysts [77–80].  

Table 11 shows that the different total ester contents of biodiesel produced using CSS, CCB, CCA, 

and CCC catalysts were 84.62%, 84.18%, 83.42%, and 81.29%. From these values, the conversion of 

fatty acids to FAMEs achieved by each catalyst was obtained. The results indicate that the conversion 

achieved for the CSS, CCB, CCA, and CCC catalysts was 93.86%, 91.15%, 92.52%, and 90.16% 

respectively. By comparing the achieved conversions, it can be observed that the CSS catalyst bearing 
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no organic KOH converts the largest amount of acid to FAMEs (93.86% conversion), whereas the CCC 

catalyst converts the least amount of acid to FAMEs (90.16% conversion). Hence, an increase in the 

amount of KOH doped onto the CSS catalyst results in a decrease in ester formation. From Table 8, the 

catalysts developed in this study—calcined snail shell (CSS) and CSS doped with varying molar 

concentrations of KOH (CCB, CCA, CCC)—achieved biodiesel yields of 88.77%, 91.55%, 90.58%, 

and 92.10%, respectively. These results match those of Kedir et al. (2023) [81], who reported 80% 

biodiesel yield using snail shell-derived CaO, which increased to 90% and 95% upon modification 

with ZnO and TiO₂, respectively. The high biodiesel yields obtained in this study highlight the efficacy 

of the developed green catalysts and their prospective potential for sustainable production of biodiesel.  

Table 10. Results of gas chromatography-mass spectrometry analysis of WCO. 

S/N Compound name Molecular formula Compound weight 

1 3-Hexen-1-ol C6H12O 2.85 

2 Cyclohexaneethanol C8H16O 2.93 

3 9,12,15-Octadecatrienoic acid, (Z,Z,Z)- C12H24O2 1.38 

4 Methyl tetradecanoate C15H30O2 1.46 

5 Oleic acid C18H34O2 1.53 

6 trans-13-Octadecenoic acid C18H34O2 0.47 

7 cis-10-Heptadecenoic acid C17H32O2 1.08 

8 Heptadecanoic acid C17H34O2 1.29 

9 9-Hexadecenoic acid C16H30O2 0.86 

10 9,12-Octadecadienoic acid (Z,Z)- C18H32O2 19.26 

11 n-Hexadecanoic acid C14H28O2 10.15 

12 Octadecanoic acid C18H36O2 15.99 

13 14-methylpentadecanoic acid C16H32O2 30.21 

14 11-Octadecenoic acid, (Z)- C18H34O2 5.32 

15 Methyl stearate C19H38O2 2.51 

16 cis-11-Eicosenoic acid C20H38O2 1.80 

Total unresolved compound weight (% wt) 0.91 

Total known compound weight (% wt) 99.09 

Total acid content (% wt) 90.16 

Deeper inspection of Table 11 shows that the reduction in conversion to FAMEs occurs with an 

increase in conversion of WCO to the hydrocarbons exo-tricyclo (5.2.1.02.6) decane and dodecane. 

This phenomenon can be explained by the increase in the amount of KOH doped onto the catalyst, 

which may serve as a catalyst or reactant in the complex hydrocarbon-producing side reactions that 

occurred. The other reactants involved in this complex side reaction may include the 3-hexen-1-ol 

impurity present in the WCO, amorphous impurities existing in the organically derived KOH, and the 

unresolved compounds present in the biodiesel. Although these hydrocarbons can be viewed as 

impurities in the biodiesel, the two compounds are currently used in the production of jet fuels [81]. 

According to Li et al. (2019) [81], exo-tricyclo(5.2.1.02.6)decane is currently used in missiles and 

supersonic military jets as a super fuel (JP-10 fuel) because of its high-energy density and good thermal 

stability. Additionally, Kim et al. (2017) [82] posited that dodecane can serve as a surrogate for 

kerosene-based jet fuels. Hence, the hydrocarbon by-products may serve to improve the fuel 



107 

AIMS Energy  Volume 14, Issue 1, 89–114. 

characteristics and engine performance of the biodiesel rather than hinder them. 

Table 11. Gas chromatography-mass spectrometry analysis of optimum biodiesel produced. 

S/N Compound name Molecular 

formula 

Compound weight (%) 

BCSS BCCB BCCA BCCC 

1 Exo-tricyclo(5.2.1.02.6)decane C10H16 10.91 10.21 10.51 6.32 

2 Dodecane C12H26 2.95 3.53 3.80 9.53 

3 Cyclohexaneethanol C8H16O 1.48 2.70 2.24 1.89 

4 8,11-Octadecadienoic acid, methyl ester C19H34O2 17.00 17.33 17.66 16.25 

5 9-Hexadecenoic acid, methyl ester, (Z)- C17H32O2 1.85 2.60 1.58 2.32 

6 Dodecanoic acid, methyl ester C13H26O2 2.63 2.46 2.13 2.41 

7 Pentadecanoic acid,13-methyl ester C16H32O2 4.99 4.76 2.95 3.21 

8 Methyl tetradecanoate C15H30O2 1.50 1.21 1.17 2.04 

9 9,12,15-Octadecatrienoic acid, methyl ester C19H32O2 2.11 1.35 1.81 0.94 

10 9-Octadecenoic acid, methyl ester C19H36O2 13.09 14.21 14.57 13.17 

11 Hexadecanoic acid, methyl ester C17H34O2 5.94 5.32 5.63 5.21 

12 Tridecanoic acid, methyl ester C14H28O2 6.73 6.01 6.00 5.83 

13 Docosanoic acid, methyl ester C23H46O2 20.72 20.18 22.08 22.15 

14 Eicosanoic acid, methyl ester C21H42O2 3.98 3.51 3.61 3.62 

15 Methyl stearate C19H38O2 2.03 2.00 2.31 2.21 

16 Tetracosanoic acid, methyl ester C25H50O2 1.83 1.24 1.92 1.93 

Unresolved compound weight (% wt) 0.26 1.38 0.03 0.97 

Total known compound weight (% wt) 99.74 98.62 99.97 99.03 

Total ester content (% wt) 84.62 82.18 83.42 81.29 

Total conversion of fatty acid to FAME (%) 93.86 91.15 92.52 90.16 

4. Conclusions 

This study successfully demonstrates that waste materials such as snail shells and plantain peels 

can be effectively used as catalysts in the production of biodiesel from waste cooking oil. The study 

presents a viable method for producing biodiesel, helping to reduce greenhouse gas emissions and 

dependence on fossil fuels. 

The key findings in this study and their implications are summarized below: 

➢ Snail shells and plantain peels were successfully utilized as catalysts in the production of 

biodiesel from waste cooking oil. 

➢ This approach offers a greener and more affordable alternative to conventional catalysts, which 

are often costly, environmentally harmful, and unsustainable.  

➢ Using response surface methodology (RSM) and Box-Behnken design, optimal conditions 

were determined as follows: 7% wt/wt catalyst concentration, 60.51 °C reaction temperature, 

and 1.93 h reaction time, resulting in 92.23% maximum biodiesel yield. 

➢ The biodiesel produced met ASTM D6751 standards, confirming its suitability for diesel 

engines without modification. 

➢ Repurposing waste materials helps reduce environmental impact and supports sustainable 

energy practices. 
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Limitations and future work 

While the success achieved in the laboratory indicates potential for large-scale production of 

biodiesel using CaO/KOH biocomposites derived from biomass materials, there are still several 

limitations to contend with, highlighting the need for further studies to address some of the practical 

challenges encountered. These include:  

➢ Optimization of KOH content in the plantain peel extract to minimize the presence of sodium 

carbonate, which may affect catalyst purity and performance. 

➢ Enhancement of catalyst potency, particularly the activity and stability of the CaO/KOH 

biocomposite, to improve reaction efficiency. 

➢ Development of effective separation and recovery techniques to enable catalyst reuse without 

significant loss of activity. 

➢ Assessment of catalyst life cycles, including performance across multiple reaction cycles and 

long-term durability under operational conditions. 
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