
 

 

 

Abstract - The effect of process parameters in the synthesis of 

alumina-supported calcium oxide (eggshell) catalyst was 

investigated and optimised. Using a 2
4
 factorial design, the 

impregnation ratio, time calcination temperature and time as 

parameters used in catalyst synthesis were investigated on the 

yield of biodiesel from waste cooking oil. The optimization 

study showed that; impregnation ratio of 1.17:1 at 1.32 hours 

of impregnation and calcination temperature of 740.31
o
C for 

2.62 hours gave the best results of 75.4% with 95% confidence 

level when used biodiesel production. The conditions for 

transesterification of the waste cooking oil were methanol to oil 

molar ratio of 12:1, 6wt% catalyst, 60
o
C reaction time, and 

mixing speed of 250rpm for 90 minutes. The optimized result 

agreed with the experimental yield of 76.02% biodiesel using 

the same conditions. The result of the characterization of the 

biodiesel produced compares favourably with ASTM 

standards.  
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I. INTRODUCTION 

Hitherto, the catalysts used in the synthesis of biodiesel 

via transesterification have been majorly homogeneous acid 

or alkaline based catalyst such as sulphuric acid and sodium 

hydroxide [1]. The advantage of this catalyst is that the ester 

yield is high and the reaction occurs at a comparatively fast 

rate. But in most cases, the resulting cost of production 

using homogeneous catalyst is high because of the need to 

wash off the soap formed during the production process, 

thereby increasing the total production cost and limiting 

biodiesel commercialisation [2]. In recent times, locally 

sourced heterogeneous catalysts have gotten so much 

attention in the biodiesel production process because of their 

reusability, environmental friendliness, low cost, high 

quality yield and efficiency in transesterification of 

triglycerides when compared to their homogeneous 

counterparts. Of greater interest is the fact that some of these 

heterogeneous catalysts could be sourced from both 

domestic and industrial wastes, as well as biological 

resources [3].  
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Previously, these materials were regarded as waste and 

discarded. But with several research and developments in 

catalysis and biodiesel production, they have been reported 

to be of great value. This is due to the advantages inherent in 

these materials as catalysts. The heterogeneous catalysts are 

biodegradable, reusable and have the activity to produce 

high quality biodiesel with high yield [4]. They are regarded 

as green catalysts because of their environmental 

acceptability. The use of locally sourced heterogeneous 

catalysts is economically sustainable because they occur in 

abundance in our environment [6]. Using these bio-materials 

as catalysts eliminates the problem of disposal. Research has 

presented these locally sourced heterogeneous catalysts as 

good alternatives to the synthetic heterogeneous catalysts, 

particularly, in biodiesel production [7]. 

Calcium oxide is an example of a heterogeneous catalyst 

that is abundantly and cheaply available in the environment. 

It occurs naturally in animal bones, and shells such as 

eggshells, oyster shells, and snail shells. According to 

[4,19], eggshells are a rich source of calcium oxide as 

heterogeneous catalyst. However, researchers have 

encountered the problem of catalyst leaching with the use of 

calcium oxide [5]. Several authors have reported that after a 

few cycles, the solid catalyst leach into the reacting medium 

thereby, reducing the quantity and quality of the ester 

produced [8]. In order to curb this challenge, several 

supports have been developed upon which these solid 

catalysts are anchored inorder to reduce leaching and 

increase the number of times they can be reused for a 

reaction. Anchoring the catalyst on a support enhances the 

value of the catalyst and reduces the risk associated with it. 

Catalyst supports are of different materials; silica, alumina, 

potassium hydroxide and chromium have been used by 

different researchers. A studies by [9] and [10] present 

gamma-alumina as a good support for eggshell derived 

calcium oxide. The alumina used in this work was sourced 

from kaolinite clay, Kutigi, in Nigeria. Calcium oxide 

supported with alumina has been found to have improved 

catalytic properties that permit good reactions of the 

reactants [11]. In view of these, this research attempts to 

synthesised calcium oxide from eggshell supported on 

alumina as catalyst with high activity by optimizing the 

process parameters.  The alumina was dealuminated from 

locally sourced clay. The activity of the synthesised catalyst 

was tested in the production of biodiesel using waste 

cooking oil.  
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II. METHODOLOGY 

Kaolinite clay was gotten from Kutigi in Niger State, 

Nigeria. Alumina was extracted from the clay using 

hydrochloric acid by leaching [12]; [13]. The waste chicken 

eggshells were collected from a local restaurant; washed 

thoroughly, dried at 100oC for 12 hours, grinded to 125µm 

mesh size and calcined at 900oC for 4 hours. The calcium 

oxide was dissolved in 50ml of distilled water containing 

10g of alumina. The ratios of the calcium oxide to alumina 

was 1:1 and 2:1. The slurry was stirred for a period of 1 and 

2 hours respectively at room temperature using a magnetic 

stirrer. After which the slurry was oven dried at 100oC for 

12 hours and the dry sample was calcined at temperatures of 

650oC and 750oC for 2 and 3 hours. The impregnation ratio, 

time, calcination temperature and calcination time were 

varied using 24 factorial design. The catalyst was 

characterized using FT-IR, XRF, BET, and TGA [10]. 

100ml of the waste cooking oil was pre-treated before use. 

The treated oil was transferred into a conical flask and 

heated to a temperature of 600C. A mixture of concentrated 

H2SO4 (1 % w /w) with methanol (30 % v/v) was separately 

heated at 600C and added to the heated oil in the flask. The 

mixture was stirred for 1 hour and allowed to settle for 2 

hours in a separating funnel. The clean oil was then 

withdrawn. 30 ml of pre-treated waste cooking oil was 

poured into a conical flask and heated in a water bath until 

the oil attained a temperature of 60oC. 50 ml of methanol 

and 6 wt. % catalyst was added to the oil and the mixture 

was returned back to the water bath at 60oC and mixture 

stirred as 250 rpm for 90 minutes. The methanol to oil ratio 

was 12:1 [10]. The conical flask was equipped with a 

stopper to prevent the escape of methanol by evaporation. 

After 90 minutes the mixture was removed and the catalyst 

was separated by filtration. The liquid was then decanted 

into a separating funnel and left overnight for separation of 

the biodiesel from the glycerol by gravity. The glycerol 

which formed the lower layer was collected and the 

biodiesel yield was determined [14]. The catalyst reusability 

was tested for 5 runs under the same conditions of reaction. 

The biodiesel was characterized to determine the 

physicochemical properties and the fatty acid profile was 

determined by gas chromatography.  

 

 

III. RESULTS AND DISCUSSIONS 

The X-ray fluorescence carried out on the CaO/Al2O3 

catalyst showed that CaO and alumina were present as major 

components in the catalyst in nearly equal amounts. While 

other oxides like silicon oxide, zinc oxide, titanium oxide, 

and iron oxide were present in very minute quantities as 

impurities, the alumina and calcium oxide have the largest 

percentage compositions of 46.163% and 45.472% 

respectively. This result reflects the 1:1 ratio of 

impregnation used in preparing the catalyst. For the FTIR, in 

the O–H stretching region, the sample shows prominent 

bands at 3672 - 3996cm-1 corresponds to Al–OH stretching. 

Inner hydroxyl groups, lying between the tetrahedral and 

octahedral sheets, give the absorption at 3672cm-1. A strong 

band at 3620cm−1 is related to the in phase symmetric 

stretching and a weak absorption at 3561cm−1 is assigned to 

out-of-plane stretching vibrations. The band observed at 

3063 - 3562cm−1, is assigned to the high amount of water 

physisorbed on the surface of the clay [15]. In the bending 

region mode, the catalyst shows series of IR bands with 

peak maxima at 1065, 1427 and 1512cm-1. The peak at 

1512cm−1 is quite intense and could be attributed to the 

bending vibration mode of physisorbed water on the surface 

of catalyst produced due to leaching [16]. The 1065 and 

1427cm-1 bands is due to the stretching vibrations of the 

CO3
2-  which is as a result of the complete decomposition of 

the CaCO3 in the chicken eggshell [17]. IR peaks at 2654 - 

2809cm−1 and 2021 - 2577cm−1 is assigned to the Al–Al–OH 

and Si–O–Al vibration of the catalyst sheet. Again well 

resolved strong bands at 525 and 578cm−1 regions are due to 

Si–O stretching in the catalyst. Strong IR spectral lines 

characteristic for CaO are placed in the far-infrared range 

(~400cm-1 and 290cm-1) and a weak band in the range of 

500cm-1 to 560cm-1 indicates the formation of amorphous 

catalyst. The BET analysis revealed a very high surface area 

of 340m2/g for the alumina supported calcium oxide catalyst 

with a pore volume and mean pore radius of 0.1351cm3g-1 

and 7.208   respectively. The surface area is actually high 

compared to the previous studies reported in various 

literatures. [18] reported a surface area of 83.77m2g-1 for 

alumina supported calcium oxide catalyst, though the 

alumina loading was just 30% unlike the 100% loading used 

in this research. This result also varies with the report by 

[10] where the surface area for the calcium oxide supported 

with alumina in a 1:1 ratio was 82.74m2g-1. [19] earlier 

reported that alumina has very large specific area which 

enhances high dispersion of active sites. According to [20] a 

combination of high surface area, large pore volume and 

smaller pore sizes allows triglycerides of different sizes to 

enter the pores of the catalyst, and as well gives a large 

surface for proper transesterification. This combination 

therefore, makes for a highly active catalyst. The thermal 

stability of the catalyst was determined via thermos-

gravimetric analysis (TGA). A plot of the results obtained 

showed three different stages of weight loss with increasing 

temperature. At the first stage, the weight of the catalyst was 

seen to have reduced steadily between temperature ranges of 

60oC -160oC. This was followed by a second stage between 

160oC and 360oC which showed a drastic weight loss as the 

temperature was increased. According to [17] this weight 

loss could be attributed to loss in organic matter. The last 

stage of weight loss was similar to the first stage, the weight 

loss occurred steadily between 360oC and 600oC. Above 

600oC, the catalyst maintained a constant weight. This 

means that the catalyst is thermally stable above 600oC.  

The analysis of variance, (ANOVA) revealed that each 

parameter had a significant effect on the yield of biodiesel 

as they were all represented in the final model equation for 

biodiesel yield. The analysis of the experimental data 

obtained showed that all the four factors had a considerable 

effect on the biodiesel yield with the impregnation ratio and 

the calcination temperature being of greater effect with F-

value of 624.53. But in terms of interaction of the factors, 

the calcination temperature and calcination time had the 

greatest effect on the yield of biodiesel. There could be a 

better response in the percentage yield of biodiesel if the 
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calcium oxide-alumina catalyst from chicken eggshell and 

kaolinite clay is calcined at a higher temperature and time 

with lower impregnation ratio and time. This result agrees 

with the study done by [9] and [10] where calcium oxide 

from chicken eggshell impregnated with gamma alumina in 

a 1:1 ratio and calcined at 718oC gave the optimum 

biodiesel yield. Figures 1 – 6 clearly represent the effect of 

the interactions of the process variables used in the 

production of the catalyst on the yield of the biodiesel. In 

Figure 1, it is observed that higher yields of biodiesel were 

gotten with a combination of lower impregnation ratio and 

higher impregnation time. the response of the biodiesel 

model equation, showed that impregnation ratio alone has a 

significant negative effect on the biodiesel response while 

the impregnation time has a significant positive effect. 

 

 
Fig. 1: A three- dimensional factorial plot on effect of 

impregnation ratio and time on biodiesel yield 

 

Since the impregnation ratio-time term of the biodiesel yield 

model equation is a linear term, the effect of the 

impregnation ratio will be more pronounced on the 

response. This means that loading a higher quantity of the 

calcium oxide on the alumina will require more time for 

impregnation in order to get a higher biodiesel yield. Lower 

biodiesel yields at lower impregnation time and high 

impregnation ratio could be due to improper mixing since 

the time of impregnation is shorter and catalyst loading 

higher. This result also agrees with the report by [10] that 

once the loading of calcium oxide on alumina increases 

beyond a ratio of 1:1, the yield of biodiesel begins to drop 

because of blockage of catalyst pore spaces by the 

precursor. Graphically, Figure 2 represents the effect of the 

interaction of calcination temperature and impregnation 

ratio on the yield of biodiesel.  

 

 

Fig. 2: A three- dimensional factorial plot on effect of 

impregnation ratio and calcination temperature on biodiesel 

yield 

 

The biodiesel yield can be seen to have increased with an 

increase in temperature and a decrease in impregnation ratio.  

This means that in order to get a higher yield, a 

combination of lower ratio of impregnation ratio and a 

higher temperature of calcination is suitable. Figure 3 shows 

the effect of the interaction between the ratio of 

impregnation and the time of calcination. From the Figure a 

better biodiesel response was observed with a combination 

of longer hours of calcination and a lower impregnation 

ratio.  

 
Fig. 3: A three- dimensional factorial plot for effect of 

impregnation ratio and calcination time on biodiesel yield  

 

It was also seen that between two to three hours of 

calcination, the response is high with low impregnation 

ratio. But as the impregnation ratio increased, the response 

begins to drop even with long hours of calcination. This 

could be seen in the model equation as earlier explained. 

This means that the ratio used in impregnation is of utmost 

importance as it has a strong effect on the biodiesel response 

[9]. In Figure 4, it can be seen that the yield of biodiesel 

increased with increase in calcination temperature and 

impregnation time. Worthy of mention is the fact that there 

seems to be a very slight difference in the yield at lower 

impregnation time than that at higher time.  

 

Fig. 4: A three- dimensional factorial plot for effect of 

impregnation time and calcination temperature on biodiesel 

yield 

 
From the plot, there seems to be a greater effect on the yield 

from the calcination temperature than that from the hours 

used in impregnation. From the model equation, it can be 

seen that the calcination temperature-impregnation time 
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term of the equation is linear and has a positive term. It 

implies that the interaction of these factors have a significant 

positive effect on the biodiesel response. That is, when the 

catalyst is impregnated for longer hours and calcined at 

higher temperatures, the yield will be higher. The response 

from the interaction of calcination time and impregnation 

time is shown in Figure 5 as positive. This can be seen as 

the biodiesel yield increased linearly with increase in 

calcination time and impregnation time. 

 

 
Fig. 5: A three- dimensional factorial plot for effect of 

impregnation time and calcination temperature on biodiesel 

yield 

 

A similar occurrence is observed as the biodiesel yield 

increased from low to high with increase in calcination time 

and calcination temperature with calcination temperature 

giving a greater effect on the response, Figure 6. 

 

Fig. 6: A three- dimensional factorial plot for effect of 

calcination temperature and time on biodiesel yield 

 
Figure 7 showed representation of the contour plots for the 

biodiesel yield predicted within the ranges of the variables 

studied. From the plots in each Figure, each contour 

represents two factors, at the centre points of which the 

biodiesel yield can be seen. 

 

  

       a    b 

   

       c                  d 

  

          e                                             f 

Fig. 7: Contour plots (a, b, c, d, e, & f) for the biodiesel 

yield predicted within the ranges of the variables studied 
 

IV. Conclusion 

From the design of experiment using 24 factorial design, 

the interaction between the calcination temperature and 

calcination time had the greatest effect on the yield of 

biodiesel. From the results, the optimum conditions of the 

reaction were obtained from calculations using numerical 

optimization methods. These conditions are; impregnation 

ratio of 1.17:1, 1.32 hours of impregnation, calcination at 

740.31oC for 2.62 hours. The biodiesel yield from these 

optimum conditions was predicted to be 75.4% with 95% 

confidence level. The conditions for transesterification were 

12:1 methanol to oil molar ratio, 6wt% catalyst, 60oC 

reaction time, and mixing speed of 250rpm for ninety 

minutes.  
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