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Synthesis of Biomass-Derived Sulphonated Heterogeneous Bifunctional 
Catalyst-Ce-OrP-SO3H for Optimization of Biodiesel Production from Waste 

Cooking Oil 

Aderibigbe, F. A., Harvis, B. S., Mustapha, S. I., Mohammed, I. A., Ochapa, S. O. and 
Adeyemo, A. A. 

Abstract This study uses a bifunctional catalyst made from orange peel-derived porous activated 
carbon enriched with SO3H and impregnated with calcined eggshell to optimise biodiesel 
production utilising waste cooking oil. The catalyst was characterised using SEM/EDX, XRD, 
BET, and FTIR techniques. The optimisation of biodiesel production was assessed through 
response surface methodology based on central composite design (RSM-CCD), considering factors 
such as temperature, catalyst loading, reaction time, and methanol-to-oil ratio. The optimal 
conditions were 2% catalyst loading, a 6:1 methanol-to-oil ratio, 60 °C reaction temperature, and 
60 min reaction time, resulting in an 87.5% FAME (fatty acid methyl ester) conversion. Gas 
chromatography-mass spectrometry (GCMS) analysis showed both saturated and unsaturated fatty 
acids in the biodiesel. 
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I. Introduction 

Energy is essential to a nation's economic and 

social development, with demand rising 

significantly due to global population growth. 

Currently, fossil fuels account for 57.7% of 

transportation energy and up to 88% of overall 

energy consumption [1].  However, the 

combustion of fossil fuels releases greenhouse 

gases, contributing to environmental pollution 

and global warming. Renewable and sustainable 

energy sources, such as wind, solar, and biofuels, 

are being explored to address these challenges. 

Biofuels, derived from biomass, offer an 

affordable, eco-friendly, and biodegradable 

alternative to fossil fuels, promoting 

sustainability while reducing environmental 

 

 

 

 

 

 

impact [2]. They can exist in solid (biocoal), 

liquid (biodiesel, bioethanol), or gaseous (biogas, 

biosyngas) forms [3]. Biodiesel is the second 

most commonly produced and widely utilised 

biofuel [4]. Composed of fatty acid methyl esters 

(FAME), biodiesel is renewable, biodegradable, 

sulphur-free, and emits a number of greenhouse 

gases than fossil fuels [5]. Its high oxygen 

content and flash point enhance engine 

efficiency, reducing air pollution [6]. 

Biodiesel production relies on methods such as 

pyrolysis, transesterification, direct vegetable oil 

blending, and micro-emulsion, with 

transesterification being the most efficient and 

widely used. This process converts triglycerides 

(TGs) from vegetable oil and other sources into 

biodiesel and glycerol, using alcohol as a 

reactant. Catalysts, either homogeneous (acidic 

or alkaline) or heterogeneous, accelerate this 

reaction. Homogeneous catalysts, though 

effective, are less desirable for industrial 
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applications due to their toxicity, corrosiveness, 

and challenges with separation and reuse. 

Heterogeneous catalysts, in contrast, are non-

toxic, recyclable, and suitable for high-

temperature operations [7]. 

Calcium oxide (CaO), a commonly used 

heterogeneous base catalyst, is preferred for its 

high activity and mild reaction conditions [8]. 

Additionally, bifunctional solid catalysts combine 

basic and Lewis acid sites, enabling simultaneous 

transesterification of TGs and esterification of 

free fatty acids (FFAs), even in feedstocks with 

high water and FFA content [9, 10]. Although 

enzyme catalysts are environmentally friendly, 

their high cost and slow reaction rates limit their 

practicality [11]. 

Biomass-derived heterogeneous carbon catalysts 

have emerged as a sustainable alternative in 

recent years. Non-toxic and cost-effective, these 

catalysts are often synthesised from waste 

materials like eggshells and fruit peels. For 

instance, calcined eggshells, primarily composed 

of calcium carbonate and sulphonic acid-grafted 

orange peel carbon, have demonstrated high 

catalytic efficiency and reusability, aligning with 

"green" chemistry principles [12]. 

The high cost of feedstock, comprising 60–70% 

of biodiesel production expenses, remains a 

significant challenge. Edible oils like palm and 

sunflower oil are expensive, compete with food 

resources, and may cause social issues [13]. To 

address this, less costly alternatives such as waste 

cooking oil (WCO) and non-edible oils like 

Jatropha and Karanja are being explored. WCO, 

a byproduct of frying in households and the 

food industry is 60% cheaper than fresh 

vegetable oils and offers an environmentally 

friendly solution for biodiesel production when 

properly utilised [14]. 

This study employs WCO and solid bifunctional 

catalysts derived from orange peel and eggshell 

to optimise biodiesel production, showcasing a 

sustainable and cost-effective approach to 

addressing energy challenges. 

 

II.  Materials and Methods 

A. Materials and equipment 

Chicken eggshells (Ce), orange peels (OrP), and 

waste cooking oil (WCO) were sourced from 

Ilorin, Kwara State, Nigeria. The University of 

Ilorin Chemical Engineering Laboratory 

provided analytical-grade chemicals (Sigma-

Aldrich) such as concentrated sulphuric acid, 

hydrochloric acid, sodium hydroxide, potassium 

hydroxide, and barium chloride, as well as 

equipment like an electric oven, magnetic stirrer, 

and muffle furnace. 

B. Pre-treatment and characterisation of 

WCO 

The WCO was filtered to remove impurities, 

then preheated at 80 °C for 30 min to eliminate 

moisture. Its physicochemical properties were 

evaluated per ASTM D5555-95 (2011) 

standards.  

C. Preparation of catalyst and 

characterisation 

The chicken eggshell was washed, air-dried, 

crushed, and ground into a fine powder, then 

calcined at 900 °C for 2 h to convert CaCO₃ to 

CaO. The resulting chicken eggshell catalyst 

(CeC) was stored in a desiccator. 

The Orange peel (OrP) solid acid catalyst was 

prepared with slight modifications to a method 

by Nagasundaram et al. [15]. The OrP was 

washed, sun-dried to constant weight, and 

carbonised at 400 °C for 2 h to form biochar. 

This biochar was ground and sifted, then 5 g of 

it sulfonated with 10 mL concentrated sulphuric 
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acid in a 250 mL beaker and placed in an orbital 

shaker at 50 °C for 24 h. After cooling, the 

mixture was washed with distilled water until no 

sulphate ions were detected using barium 

chloride. The catalyst was dried at 105 °C 

overnight to obtain the final sulfonated 

carbonised OrP catalyst. 

The acid-base bifunctional catalyst of CeC and 

OrP was prepared via wet impregnation similar 

method described by Wang et al. [16]. The 

synthesised catalyst was characterised using 

FTIR to detect the presence of various 

functional groups, SEM-EDX to examine its 

surface morphology and chemical composition, 

BET for surface analysis, and XRD for 

crystallinity and elemental identification. 

D. Optimization of biodiesel production 

This study used response surface methodology 

with a central composite design (CCD) to 

optimise biodiesel synthesis conditions. Four 

input factors—methanol/WCO molar ratio, 

temperature, catalyst amount, and reaction 

time—were analysed for their impact on 

biodiesel yield. Design Expert USA software 

conducted 26 runs following Saidi et al. [17]. A 

quadratic polynomial model evaluated the output 

response, with Equation (1) calculating the 

biodiesel production rate. 

Yield (%) = 
                   

             
                 (1)                                                     

Table 1: Independent Variable Quantities 

and Levels used for the Experimental 

Design 

Factors Symbols (-1) (+1) 

Catalyst amount (wt %)  F1 2 4 

Methanol to WCO ratio F2 6:1 10:1 

Reaction duration (min) F3 60 120 

Temperature (°C) F4 60 70 

 

III. Results and Discussion 

A. Characterization of Waste Cooking Oil 

and Catalyst  

The results in Table 2 show the biodiesel's WCO 

properties compared with the used cooking oil. 

The characteristics of the biodiesel produced in 

this study are within the acceptable EN14214 

standard for biodiesel. WCO's qualities and 

suitability for biodiesel production are 

determined mainly by its characteristics. 

Scanning Electron Microscopy (SEM) examined 

the bi-functional catalyst's morphology before 

and after optimisation, as shown in Figures 1(a) 

and (b). Before use, at x3000 magnification (10 

kV), the catalyst displayed a rough, porous 

surface typical of calcined materials, indicating a 

high surface area for catalytic reactions [18]. The 

roughness likely stems from calcite crystals in 

eggshells or calcination. Similar effects were 

reported by Kumar et al. [19] on alumina-

supported catalysts. After use, at x2000 

magnification (15 kV), the catalyst surface 

appeared smoother with micro-cracks, indicating 

sintering and reduced surface area. Gupta et al. 

[20] observed similar degradation in metal oxide 

catalysts due to prolonged high-temperature 

exposure, leading to surface cracks and 

efficiency loss. Pore blockage from reaction by-

products or structural collapse was evident. 

Energy dispersive analysis (EDX) in Figures 2(a) 

and (b) confirmed sulphur (57%) as the 

dominant element in fresh catalysts due to 

sulphonation of orange peel, along with calcium 

and oxygen from eggshell-based calcium oxide 

[21]. In recovered catalysts, calcium 

predominated, with oxygen, phosphorus, and 

trace elements such as aluminium and 

magnesium the basic components (CaO) derived 
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orange peel. A strong peak at 2516 cm⁻¹ suggests 

C≡C or C≡N stretching, while a sharp 

prominent spike at 1796 cm⁻¹ corresponds to 

C=O stretching from carbonyl compounds. The 

S=O bond peak at 874 cm⁻¹ confirms 

sulphonate groups from orange peel 

sulphonation [23]. Peaks at ~485 and 435 cm⁻¹ 

represent M-O or M-S bonds, indicating 

inorganic components like calcium from  
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eggshells. These findings confirm the presence 

of both organic and inorganic components. 

For the recovered catalyst [Figure 3(b)], peaks at 

3600–2929 cm⁻¹ indicate O-H stretching, 

attributed to hydroxyl groups from sulfonated 

orange peel. The peak at 1612 cm⁻¹ signifies 

C=O stretching, indicating carbonyl groups [24]. 

Sulphate groups are confirmed by strong S=O 

Table 2: Characteristics of WCO 

Properties (Units) WCO  WCO Biodiesel EN 14214 

Acid Value (mg KOH/g) 1.0659 0.512 ≤ 0.8 

Saponification Value (mg KOH/g) 185.13 174 - 

Iodine Value (g Iodine/100g) 87.5 88 ≤ 120 

Density (g/cm
3
) 0.94 0.876 0.86 – 0.9 

Free Fatty Acid Content % 0.5 < 0.5 

 

 

Figure 1: SEM image of the catalyst (a) before and (b) after use (recovered) 

 

Figure 2: EDX pattern of the catalyst (a) before and (b) after use (recovered) 
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peaks at 1099 and 1441 cm⁻¹, while peaks at 

~550 and 460 cm⁻¹ represent M-O or M-S 

bonds, suggesting calcium or metal oxide- 

 

 

 

 

 

 

 

The crystalline phases of the synthesized catalyst 

were identified using XRD analysis, as shown in 

Figure 4(a). Peaks at 2θ angles of 20°, 26.2°, and 

37° confirmed the presence of SiO₂ crystalline 

phases, while the peak at 19° indicates sulphate 

presence and suggests partial crystallinity with 

possible amorphous phases. Additional smaller 

peaks at 30° and 40° also correspond to SiO₂ 

and sulphate-related phases. Comparatively, 

Lathiya et al. [25] identified peaks at 27.4° as 

quartz SiO₂ and at 52.38°, 53.7°, and 55.8° as 

SO₃H groups, confirming the successful 

 

 

 

 

sulphonate interactions. These findings indicate 

the retention of organic components after the 

transesterification reaction. 

 

 

 

 

 

 

 

conversion of orange peel biomass into an 

amorphous sulphonated acid catalyst. 

The XRD pattern of the recovered catalyst 

(Figure 4(b)) shows peaks at 2θ angles of 20°, 

24°, 28°, 19°, and 36°, corresponding to calcium, 

potassium, phosphorus, iron, and manganese, 

respectively. Additional peaks labeled "Si" (at 8°, 

14°, and 26°) indicated silicon in various 

crystalline forms. The sharpness of these peaks 

suggests the presence of well-defined crystalline 

structures for these elements. 

 

 

 

 

 

 

Figure 3: FTIR spectrum of the catalyst (a) before and (b) after use (recovered) 

 

Figure 4: XRD pattern of the Catalyst (a) before and (b) after use (recovered) 
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Table 3 shows the BET analysis results for the 

catalyst's surface area, pore volume, and pore 

size before and after use. The exact surface area 

of the fresh catalyst (980.5 m²/g) is suggestively 

higher than that of the recovered catalyst (365 

m²/g), indicating higher catalytic activity in the 

fresh catalyst, as surface area strongly influenced 

catalytic performance.  

 

 

 

 

B. Optimization of Biodiesel Production 

The optimization study employed central 

composite design (CCD), a response surface 

methodology (RSM), with four independent 

factors: catalyst loading (F1) methanol-to-oil 

ratio (F2), time (F3), and temperature (F4) [27]. 

Biodiesel yields for each experimental run are 

presented in Table 4. 

i. Statistical analysis of transesterification 

of WCO 

The model was validated through analysis of 

variance (ANOVA) and assessed individual 

parameter contributions in the quadratic 

response surface model. Statistical analysis, 

conducted with Design Expert (Version 13.0.0, 

Stat Ease, Inc., USA) based on RSM CCD, is 

shown in Tables 5 and 6. The variation 

coefficient (C.V% = 2.05) indicates high 

experimental precision and reliability. The 

predicted R² (0.7555) aligns well with the 

adjusted R² (0.9264), with a difference below 0.2, 

confirming model reliability. Adequate precision, 

at 17.1344, reflects a strong signal, making the 

model suitable for exploring the design space. 

However, the drastic reduction in the surface 

area of the catalyst might be due to deactivation 

or poisoning.  The pore volume showed minimal 

change between the two. Similarly, Fatimah et al. 

[26] observed a rise in the exterior area from 

60.2 to 82.8 m²/g for a ZnO-SiO₂ impregnated 

catalyst. 

 

 

 

 

The model F-value of 23.49 indicates statistical 

significance, with only a 0.01% chance of 

occurring by random noise, as shown in Table 6. 

The F-value of 0.52 for Lack of Fit suggests 

non-significance relative to pure error, meaning 

an 80.40% chance it could result from noise, 

which is favourable. The coded values A, B, C, 

and D correspond to catalyst concentration, 

methanol-to-oil ratio, reaction time, and 

temperature [28]. P-values less than 0.05 indicate 

significant terms, with A, C, AC, BC, A², B², C², 

and D² being substantial. ANOVA confirmed 

the significance of the quadratic polynomial 

Equation (2). 

Yield = 818.51660 + 5.71290A + 14.92431B - 

1.51183C - 22.63388D + 0.239769AB - 

0.082225AC + 0.184166AD + 0.03945BC + 

0.042691BD + 0.001397CD – 2.7444A² – 

1.39610B² + 0.007118C² + 0.167182D² 

             (2) 

The equations can predict the response for given 

factor levels. Table 4 shows the experimental 

data and predicted values from the CCD, with 

an optimal yield of 87.5% in experimental run 2  

Table 3: BET Surface Area, Pore Volume, and Size. 

Sample Surface Area (m
2
/g) Pore Volume (cm

3
/g) Pore Size (nm) 

Catalyst 980.5 0.6035 3.034 

Recovered Catalyst 365.2 0.6054 2.854 
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Table 4: CCD for the Experimental Runs 

Run Catalyst (wt 

%) 

Methanol: 

Oil 

Time 

(min) 

Temp 

(°C) 

(Yield %) Predicted 

Yield (%) 

1 2 8 90 65 76.4 77.49 

2 2 6 60 60 87.5 86.7 

3 3 8 60 65 83.44 84.5 

4 4 8 90 65 69.68 68.96 

5 2 10 120 60 85 83.67 

6 4 6 60 60 80.49 80.3 

7 3 8 90 70 79.89 80.75 

8 4 10 120 60 68.61 69.32 

9 3 8 90 60 79.26 79.55 

10 4 10 60 60 75.64 74.2 

11 2 10 120 70 83.2 84.29 

12 3 10 90 65 69.2 69.65 

13 4 6 120 70 69.7 68.56 

14 4 10 60 70 76.71 77.67 

15 3 8 90 65 77.9 75.97 

16 2 6 120 60 82.47 82.22 

17 2 10 60 70 80.3 78.46 

18 2 6 60 70 84.78 84.78 

19 3 8 120 65 81.2 80.25 

20 2 10 60 60 76.89 78.68 

21 3 6 90 65 71.2 71.12 

22 2.5 9 90 70 81.1 80.06 

23 4 6 120 60 64.73 65.96 

24 3 8 90 65 74.9 75.97 

25 2 6 120 70 80.5 81.14 

26 4 6 60 70 81.6 82.06 
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Table 5: Statistical Fit 

Std Dev Mean C.V % R
2 

Adjusted 

R
2 

Predicted 

R
2 

Adequate 

Precision 

1.59 77.78 2.05 0.9676 0.9264 0.7555 17.1344 

 

Table 6: Analysis of variance (ANOVA) 

Source Sum of 

Squares  

Degree of 

Freedom 

Mean 

Square 

F-value  p-value  

Model 835.06 14 59.65 23.49 < 0.0001 Significant 

A-Catalyst 282.58 1 282.58 111.27 < 0.0001  

B- Methanol:  Oil 8.53 1 8.53 3.36 0.0940  

C- Rxn time 70.16 1 70.16 27.63 0.0003  

D- Temp 5.78 1 5.78 2.28 0.1595  

AB 3.11 1 3.11 1.22 0.2921  

AC 82.35 1 82.35 32.43 0.0001  

AD 11.51 1 11.51 4.53 0.0567  

BC 75.82 1 75.82 29.86 0.0002  

BD 2.5 1 2.5 0.9857 0.3421  

CD 0.5939 1 0.5939 0.2339 0.6381  

A² 38.67 1 38.67 1.40 0.2638  

B² 135.98 1 135.98 4.93 0.0507  

C² 234.75 1 234.75 8.51 0.0154  

Residual 27.93 11 2.54    

Lack of Fit 23.43 10 2.34 0.5208 0.8040 Not 

significant 

Pure Error 4.50 1 4.5    

Cor Total 862.99 25     
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at 60 °C, 2 wt% catalyst loading, 60 min 

response time, and a 6:1 methanol to oil ratio. In 

their work, Aderibigbe et al. [29] reported 98.98 

% conversion at time 6 h, temperature 65 °C, 

catalyst loading 6% wt/wt of WCO, and 

methanol to oil ratio of 11.75:1.  Ngige et al. [30]  

in their work reported a similar result, while 

Ajala et al. [31] reported 98.28% at 6:1 MeOH: 

oil molar ratio, 3 h reaction time, 55 °C 

temperature, and 2% (w/w) catalyst quantity in 

transesterification of palm kernel oil to biodiesel. 

Figure 5(a) confirmed the minimal difference 

between predicted and actual values, validating 

the quadratic model's suitability for this study. 

 

 

 

 

 

 

 

 

 

 

III. Conclusion 

The current study gives insight into the 

preparation and the use of orange peel-derived 

porous activated carbon enriched with SO3H 

impregnated with calcined chicken eggshell as a 

bifunctional catalyst for optimizing biodiesel 

production from waste cooking oil (WCO). 

Characterizations of Ce-Orp-SO3H were carried 

out before and after use to include SEM-EDX, 

FTIR, XRD, and BET, and the optimum FAME 

conversion of 87.5% was obtained with a 

C. Biodiesel characterization 

The biodiesel was analysed using GC-MS to 

identify its chemical composition, particularly 

fatty acid methyl esters (FAME) [32]. Figure 5(b) 

revealed various FAMEs, including octanoic acid 

methyl ester (RT 4.106 min), decanoic acid 

methyl ester (RT 5.279 min), and dodecanoic 

acid methyl ester (RT 6.309 min) similar to the 

findings of [33]. Both saturated and unsaturated 

FAMEs, like linoleic acid methyl ester (RT 8.334 

min), contribute to the biodiesel's stability, 

melting points, fluidity, and cold flow 

characteristics, influencing its performance [34, 

35]. 

 

 

 

 

 

 

 

 

 

2% wt catalyst loading, a methanol-to-oil ratio of 

6:1, a reaction temperature of 60 °C, and a 

reaction time of 60 min. GCMS study shows 

FAME components found in biodiesel to 

include saturated and unsaturated fatty acids. 
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