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transesterification of palm oil . Advisor: Prof. SUTTICHAI ASSABUMRUNGRAT, 
Ph.D. Co-advisor: Asst. Prof. Kanokwan Ngaosuwan, Ph.D. 

  
This thesis investigates biodiesel production from palm oil by transesterification 

using extruded CaO catalysts. The preparation parameters of extruded CaO catalysts were 
investigated including 1) binder type including activated alumina, diatomite and 
kaolin, 2)  calcination temperature at 700, 800 and 900°C, 3) mass ratio of CaO to the binder at 
1: 1, 3: 1 and 6: 1. The Effect of catalyst shape of the extruded CaO and the addition of pore 
forming (polyacrylamide) on the catalytic activity of extruded CaO were also studied using 
transesterification using methanol to palm oil. The ratio of methanol to palm oil was fixed at 12 
to 1, 10 wt% catalyst loading, the reaction temperature of 65 °C, for 6 h at a stirring speed 600 
rpm. The extruded CaO catalyst with a short cylindrical shape with a dimension of 6 mm in 
diameter and 1.5 in long offered the high biodiesel yield as compared to spherical and long 
cylindrical shape based on the similar surface area. In addition, using polyacrylamide as a pore 
forming agent can increase the surface area and pore volume during calcination which can 
provide the higher biodiesel yield. 
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Chapter 1 
Introduction 

1.1 Background 
 Diesel is a fuel which is extensively used in transportation, industry and agriculture. 

However, the diesel fuel is derived from petroleum which is non-renewable and its combustion 
can cause the global warming [1]. Biodiesel, as a bio-fuel, is produced to replace diesel due to its 
similar fuel properties. It is an environmentally-friendly which is produced from renewable 
resources. The renewable resource is defined that it can be used repeatedly and does not run out 
because it is naturally replaced. Moreover, it has an endless supply such as solar energy, wind 
energy, and geothermal pressure as well as biomass resources which is mainly composed of 
carbon based as derived such as vegetable oil [2]. There are many advantages in terms of 
cleanliness of the exhaust gas, non-toxicity, good lubrication property and biodegradability [3]. 
Biodiesel, in a form of fatty acid methyl esters (FAMEs), can be produced via transesterification 
of vegetable oil such as soybean, sun flower and palm oils with methanol. The theoretical ratio of 
methanol to oil is 3 to 1. In practice, it requires the excess ratio of methanol to oil more than 3 
(usually 6 to 24) to achieve the complete reaction [4]. Homogeneous base catalysts such as 
sodium hydroxide (NaOH) or potassium hydroxide (KOH) are conventional catalysts for the 
transesterification to produce biodiesel. Although the homogeneous catalyst provides a high 
reaction rate under mild conditions, the production process discharges a large amount of 
wastewater resulting in environmental impact. Heterogeneous catalyst has gained more attention 
to catalyze biodiesel forming reaction because this catalyst can provide the cleaner process in 
terms of its reusability, environmental friendliness, easy separation from the product and 
generation of less wastewater [5]. Nowadays, the most well-known catalyst for transesterification 
of vegetable oil or waste cooking oil is calcium oxide (CaO) because of its low cost and high 
catalytic activity compared to other metal oxide catalysts [6]. However, using this CaO as 
received in the powder form might not be suitable for the continuous process due to mass transfer 
limitation and pressure drop across flow reactor [7]. Generally, CaO catalyst can be obtained from 
natural source which is mainly composed of CaCO3. The calcination process is required for 
conversion of CaCO3 to CaO catalyst which is usually used at high temperature (such as 700 to 
900°C) for 5 h under static air. Based on the operating condition and maintenance for the 
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biodiesel in the continuous processes the extruded catalysts become more interesting such as the 
extruded CaO and K2CO3 [8]. CaO was mixed with binder and viscosity modifiers (silica sol) for 
extrusion in the cylindrical shape. This extruded CaO was used as a catalyst for the synthesis of 
glycerol carbonate from glycerol and dimethyl carbonate reaction. It was found that this extruded 
CaO catalyst provided high stability with the glycerol conversion of 65.47% for the 5th cycle [9]. 
In addition, Jindapon et al. [10] prepared the extruded Ca, Zn and Al mixed CaO catalysts using 
hydroxyethylcellulose (HEC) as plasticizer in a cylindrical shape for biodiesel production in a 
fixed-bed reactor. The FAME yield was 96.5% when using the large methanol to oil molar ratio 
of 30 to 1. Euripedes et al. [11] synthesized the extruded K2CO3 in hollow cylindrical shape using 
alumina (Al2O3) and water as binders. This extruded K2CO3 provided a high oil conversion of 
99.3% while high reaction temperature of 80°C was operated.  

This work, therefore, synthesized the extruded CaO catalysts by varying various 
parameters such as binder type, calcination temperature, binder ratio and pore forming agent on 
their catalytic activities via transesterification of palm oil at mild reaction condition in a batch 
reactor. 

1.2 Objectives  
 1.2.1 To pelletize CaO catalyst using various parameters and determine its characteristics. 
 1.2.2 To study the effect of various palletization parameters of the extruded CaO catalysts on 
their catalytic activities of transesterification of palm oil including.  

- Binder type including activated alumina, diatomite and kaolin 
- Calcination temperatures at 700, 800 and 900°C 
- Mass ratio of CaO: binder of 1: 1, 3: 1 and 6: 1 
- Shape of the extruded CaO catalyst such as short cylindrical, long cylindrical and 

spherical shapes. 
- Addition of pore forming (polyacrylamide) with concentration of 1, 3 and 5 wt%  
 

1.3 Scopes of the research 
 The synthesis of CaO/binder catalyst as cylindrical pellet forms was carried out by 
physical mixing of CaO catalyst and binder. Then, its paste was extruded by a syringe while the 
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spherical pellet forms were prepared based on the same method but the paste was extruded by a 
JP table-type herbal coating herbal pellet making machine with diameter of 6 mm. The extruded 
CaO catalysts were characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD), 
scanning electron microscope/energy dispersive X-ray spectrometer (SEM/EDX), N2 adsorption-
desorption, basicity and mechanical strength properties. 
 Transesterification of palm oil was performed in a batch reactor using methanol to palm 
oil molar ratio of 12 to 1, catalyst loading of 10 wt%, stirring speed of 600 rpm at atmospheric 
pressure and 65°C for 6 h to investigate their catalytic activities of these extruded CaO catalyst 
including the lists of synthesis parameter below; 

- Three parameters of binder types using activated alumina, diatomite and kaolin, 
calcination temperature of 700, 800 and 900°C and the mass ratios of CaO to binder as 1: 1, 3: 1 
and 6: 1 were investigated by using experimental design. 

- Shapes of the extruded CaO catalyst are short cylindrical, long cylindrical and 
spherical shape using the suitable binder, calcination temperature and shape obtained from the 
above mentioned. 

- Pore forming and its concentration using polyacrylamide with concentration of 1, 3, 
5 wt% using the suitable binder, calcination temperature and shape obtained from the above 
mentioned. 

1.4 The expected benefits  
 The palletized CaO catalyst could be further used in a continuous reactor to produce 

biodiesel 
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1.5 Research methodology 
 Part I. Effect of binder type, binder ratio and calcination temperature using experimental 

design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Paste extruded with 1 mm diameter  

and 10 mm length 

Dry mixing the binder into CaCO3 powder 

Diatomite  Kaolin Activated alumina  

CaO/binder 1: 1, 3: 1 and 6: 1  

The silica sol and guar gum powder were be added to the powder mixture. The mixture 

was loaded into a syringe and press compression for the extruded CaO catalyst.  

Paste extruded with 6 mm diameter  

and 1.5 mm length 

Dried at 100 °C for 2 h and then calcined at 700, 800 and 900°C for 5 h under 

static air, using a heating rate of 5°C /min 

 

Catalyst characterization: TGA, XRD, SEM/EDX, surface area, mechanical strength 

catalytic reaction performance test 
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 Part II. Investigation of catalyst shapes including cylindrical and spherical shape and pore 
forming agent with optimal preparation method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paste extruded with 1 mm 

diameter and 10 mm length 

Paste extruded with 6 mm 

diameter  

Dry mixing the binder into CaCO3 powder 

Spherical shape Cylindrical shape 

Paste extruded with 1.5 mm 

diameter and 6 mm length 

 

Catalyst characterization: TGA, XRD, SEM/EDX, surface area, mechanical strength 

and basicity  

Catalytic reaction performance test 

Pore forming agent 1, 3 and 5 wt% 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
Theory and literature review 

 
2.1 Calcium oxide (CaO)  
 Calcium oxide (CaO) is a solid base catalyst being a candidate catalyst for 
transesterification to produce biodiesel. A major source of calcium oxide is calcium carbonate or 
limestone (CaCO3) calcined in a furnace at a high temperature according to Equation (2.1). CaO 
has the advantages of good availability and cheap cost. Moreover, CaO can be prepared from the 
waste matters consisting of calcium carbonate, such as eggshells, mollusk shells and the other 
fishery wastes. The use of the waste matters is not only effective in enhancing the cost advantage 
of CaO catalysts but also related to recycling of the natural mineral resources [6]. 
 

CaCO3                       CaO     +     CO2     (2.1) 
 

 In addition, the preparation CaO catalyst can be derived from calcium carbonate, 
hydroxide, acetate, nitrate and oxalate. Calcium carbonate is the major source of CaO used in a 
variety of industrial field while calcium hydroxide is proper for the preparation of high purity of 
CaO. Calcium acetate and calcium nitrate are convenient for preparing the supported CaO catalyst, 
due to their large solubility in water. Among these calcium salts, the calcination temperature 
required for maximizing the catalytic activity of the prepared CaO is in the order of using nitrate 
(600ºC) < hydroxide (700ºC) < acetate and oxalate (800ºC) < carbonate (900ºC) calcium 
precursor. However, the most active CaO catalyst is prepared from the hydroxide source having a 
large surface area. Among calcium carbonate, calcium acetate and calcium oxalate, there is no 
appreciable difference in the catalytic potentiality [12].  
 
2.2 Biodiesel 
 An alternative fuel that can be used to replace diesel is biodiesel, which is produced from 
renewable natural resources such as vegetable oil, animal fat, and algae oil or used waste cooking 
oil (WCO). The advantages of biodiesel are its cleanliness of the exhaust gas, non-toxicity, good 
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lubrication property, biodegradability and fuel properties like petroleum diesel. Biodiesel is 
produced by allowing the oil to react with small molecules of alcohol (methanol or ethanol) using 
potassium hydroxide (KOH) or sodium hydroxide (NaOH) as a catalyst. This reaction is occurred 
to produce ester substance known as methyl esters or ethyl ester (depending on the type of alcohol 
used) and this reaction is called transesterification. When the chemical process is complete, 
biodiesel and glycerol are products [10].The physical and chemical properties of biodiesel 
following ASTM standard are included in Table 2.1. 

 

Table 2.1 ASTM standard for pure biodiesel (100%)a [13] 

aThis specification is the process of being evaluated by ASTM.  
bOr equivalent ASTM testing method. 
cAustrian (Christina Plank) update of USDA test method.  

Property ASTM method Limits Units 

Flash point 93 100.0 min ◦C 
Water  1796 0.050 max vol% 
Carbon residue, 
100% sample 

4530b 0.050 max wt% 

Sulfated ash 874 0.020 max wt% 
Kinematic viscosity, 
40°C 

445 1.9–6.0 mm2/s 

Sulfur 2622 0.050 max wt% 
Cetane 613 40 min  
Cloud point 2500 By customer ◦C 
Copper 
strip corrosion 

130 No. 3b max  

Acid number 644 0.80 max mg KOH/g 
Free glycerol  GCc 0.20 max wt% 
Total glycerol GCc 0.40 max wt% 
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2.3 Biodiesel types 
 Biodiesel can be divided into 3 types as follows: 

2.3.1 Direct use of vegetable oil or oil from animal fats  
  This type of biodiesel is directly used oil such as coconut oil, palm oil, peanut oil, 
soybean oil or oil from animal fats, such as lard, which can be used on diesel engines without 
having to mix or add other chemicals. This should be remarked that oil properties do not change 
or improve.  

2.3.2 Hybrid biodiesel  
  This type of biodiesel is a mixture of vegetable oil or oil from animal fats and 
kerosene, diesel oil. Therefore, this biodiesel has some properties similar to diesel fuel. 

2.3.3 Ester biodiesel  
  This type of biodiesel has a more complicated process. It is mostly produced 
through a chemical process via transesterification. Biodiesel has the same properties as diesel fuel 
and provides cleaner combustion. The quality of the exhaust gas is better than diesel because the 
oxygen in molecule helps in combustion and hence causes less carbon monoxide. In addition, 
biodiesel contains no sulfur as a component, resulting in reduced sulfur oxides emission problem. 
In addition, it has less carbon soot, which does not cause clogging of the exhaust system and can 
help extend engine life [14].  

 
2.4 Transesterification  
 Transesterification is a reaction between triglycerides as the main component of oil or fat 
and low molecular alcohol (methanol or ethanol) using base or acid catalysts. In general, alcohol 
used for transesterification is preferred to be methanol (CH3OH) because it is cheaper, has a 
shortest molecular structure which quickly reacts with oils or fats. When the transesterification 
completes, the desired products (biodiesel) must be separated based on the different density, 
allowing to obtain the glycerol as a bottom layer of the reaction mixture. The crude glycerol 
obtained from transesterification can be further purified to add value of the process using as raw 
materials for cosmetics and the pharmaceutical industry. The overall reaction is shown in Figure 
2.1. 
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Figure 2.1 Transesterification of triglyceride [15] 

 
 Transesterification is a reversible reaction consisting of a 3 consecutive steps including 
conversion of triglyceride (TG) to diglyceride (DG) and biodiesel (R’COOR1) and DG can be 
further converted to monoglyceride (MG) and biodiesel (R’COOR2). Finally, MG is reacted with 
methanol (ROH) and converted to glycerol (GL) and biodiesel (R’COOR3) as shown in Figure 
2.2. 

 
Figure 2.2 Three consecutive steps of transesterification [16] 

 

2.5 Catalyst for transesterification 
 Transesterification requires a catalyst to accelerate the reaction. Various catalysts have 
been proposed to improve rate of reaction and conversion. In general, the biodiesel production 
process via transesterification using base catalysts can produce biodiesel using mild reaction 
condition compared to acid catalyst. As already known that using heterogeneous catalyst gains 
more advantages compared to homogeneous on especially CaO. Therefore, the followings 
summarize the previous works related to using CaO catalyst to produce biodiesel in literatures.  
 Kouzu et al. [17] studied the preparation of base type solid catalysts for biodiesel 
production. Due to the fact that it is beneficial to the environment using transesterification of 
soybean oil and methanol. The catalysts used in the investigation included calcium oxide (CaO), 
calcium hydroxide (Ca(OH)2) and calcium carbonate (CaCO3). After 1 h reaction, the FAME 
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yield of 93% was achieved when using 12 wt% of CaO catalyst. On the other hand, there was no 
FAME using Ca(OH)2 catalyst as well as CaCO3 catalysts at the same conditions. Moreover, 
using CaO gave the similar yield of FAME to that of using sodium hydroxide (NaOH) as a 
homogeneous catalyst. It can be seen that the similar amounts of FAME was also produced when 
using CaO catalyzed transesterification of used cooking oil (Waste cooking oil, WCO) containing 
free fatty acid of 5.1 mg KOH/g. The FAME yield was higher than 99% at the reaction time of 2 
h. However, this condition also produced soap due to this CaO catalyst reacted with free fatty 
acids in WCO. It was found that the amount of calcium mixed in biodiesel increased from 187 
ppm to 3,065 ppm. 
 Kawashima et al. [18] developed the heterogeneous catalyst used in the production of 
biodiesel by studying the catalytic activity of CaO through the transesterification of vegetable oil 
and methanol. CaO can speed up the reaction by pre-activation with methanol before reacting in 
this research. It was found that the suitable conditions were using 0.1 g of CaO, 3.9 g of methanol, 
15 g of rapeseed oil and pretreat CaO in methanol for 1.5 h at room temperature. FAME yield was 
achieved 90% within 3 h at 60ºC. In addition, the catalyst activation mechanism of CaO was due 
to the transformation into calcium methoxide, Ca(OCH3)2 which is in the form of a substrate for 
transesterification. Moreover, it was found that the byproduct glycerol can be combined with CaO 
to form a calcium-glycerol compound (calcium-glycerol complex), which can be another catalyst 
to assist the rate of transesterification. 
 Thammachai [19] studied the transesterification of palm oil and ethanol using the soaked 
CaO catalyst via impregnation with an aqueous solution of sodium carbonate and calcined at 
800ºC for 5 h in stagnant air. The results showed that the soaking with sodium carbonate solution 
on CaO provides higher catalytic efficiency. The impregnated CaO catalyst is able to catalyze the 
transesterification of palm oil with ethanol with fatty acid ethyl ester as high as 91.1% under 
suitable conditions (1 wt% of sodium on CaO, catalyst content of 20 wt% of oil, ethanol to palm 
oil molar ratio of 9: 1, temperature 75ºC, time 20 h and stirring speed 300 rpm). On the other 
hand, no fatty acid ethyl ester was detected during the reaction using un-soaked calcium oxide as 
a catalyst. In addition, the catalysts prepared from calcium carbonate also provided the high 
catalytic activity for transesterification in absence of the soaked up with sodium carbonate 
solution. 
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 Barekati-Goudarzi et al. [20] studied the extraction and transesterification of fodder seeds 
to produce FAME using the microwave assisted system. High level of oil extraction and oil yield 
efficient was obtained consequently to biodiesel yield. The process was further optimized in terms 
of product yields and conversion rates by using the Doehlert method from the experimental 
results and statistical analysis. It was found that the most suitable conditions for this process were 
the concentration of the catalyst of 1.74 wt%, and the solvent ratio of about 3 %v/wt (ratio by 
volume to the catalyst weight). The reaction time was 20 min and the temperature was 58.1ºC. 
H+NMR was used to determine the conversion of oil. The obtained FAME yield meets the 
requirements of biodiesel according to ASTM standards. 
 Katnanipa and Petpilin synthesized heterogeneous catalysts including of KI, CaO, and 
Al2O3 used for transesterification of palm oil and methanol. The catalysts were prepared by 
immersing 35 wt% of potassium iodide (KI) with 50 wt% of calcium oxide (CaO) and Al2O3 and 
then calcined at temperature of 500°C for 5 h. X-ray diffraction (XRD) technique was used to 
analyze the crystal structure of the catalyst. Hammett indicator method was used to determine the 
strength of the base. It was found that transesterification process using 5% catalyst, methanol to 
oil molar ratio of 9: 1 at 65°C and 1 h reaction time provided the biodiesel yield up to 98.5% [21].  
 Activities of single step sol–gel to prepare calcium oxide on alumina catalysts were 
studied as a function of CaO loading by Umdu et al. [22]. Turnover frequency (TOF) of the 
catalysts was calculated to better understand the relationship between the basicity/basic strength 
and the catalytic activity. From volcano curve, it was found that less than 50°C and methanol/oil 
molar ratio of 9: 1, 60% CaO/Al2O3 had the highest turnover frequency, 0.028 s-1whereas 85% 
CaO/Al2O3 showed the highest FAME yield, 96.6%, but TOF obtained on it was 0.012 s-1. It 
seemed that 60% CaO catalyst had the proper basic strength to obtain the highest TOF. 
 Taufiq et al. [23] prepared calcium mixed oxides catalysts (CaMgO and CaZnO) for the 
transesterification of jatropha curcas oil (JCO) with methanol. Both CaMgO and CaZnO catalysts 
were prepared by co-precipitation method of the corresponding mixed metal nitrate solution in the 
presence of a soluble carbonate salt about pH 8-9. The catalysts were characterized by X-ray 
diffraction (XRD), temperature programmed desorption of CO2 (CO2-TPD), scanning electron 
microscopy (SEM), and N2 adsorption (BET). The conversion of JCO using CaMgO and CaZnO 
were studied and compared with calcium oxide (CaO), magnesium oxide (MgO) and zinc oxide 
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(ZnO) catalysts. Both CaMgO and CaZnO catalysts showed high activity 83 and 81%. Under the 
suitable transesterification conditions at 65°C (catalyst amount 4 wt%, methanol/oil molar ratio 5: 
1, reaction time 6 h), even though CaO gave the highest activity. 
 Biodiesel produced via transesterification of vegetable oils is a promising alternative fuel 
to diesel because of the limited resources of fossil fuel and environmental concerns. An 
environmentally benign process was developed for the production of biodiesel from jatropha 
curcas oil using a heterogeneous solid super base catalyst, calcium oxide as reported by Zhu et al. 
[24]. The results showed that the base strength of calcium oxide was higher than 26.5 after 
dipping in an ammonium carbonate solution followed by calcination. A study for optimizing the 
reaction conditions for the transesterification of jatropha curcas oil was performed. Under the 
optimum conditions of catalyst calcination temperature of 900°C, reaction temperature of 70°C, 
reaction time of 2.5 h, and methanol/oil molar ratio of 9: 1, the oil conversion was 93%.  
 Lee et al. [25] developed a simple method for biodiesel production from non-edible 
jatropha oil which contains high free fatty acid using a bifunctional acid-base catalyst. The acid-
base catalyst comprising of CaO and La2O3 mixed metal oxides with various Ca/La atomic ratios 
were synthesized via co-precipitation method. The effects of Ca/La compositions on the surface 
area, acidity, basicity and transesterification activity were investigated. Integrated metal oxide 
between Ca and La enhanced the catalytic activity due to well dispersion of CaO on composite 
surface. This can increase the surface acidic and basic sites as compared to that of bulk CaO and 
La2O3 metal oxide. Furthermore, the transesterification tests showed that the catalytic activities of 
CaO-La2O3 series were increased with Ca/La atomic ratio to 8. However, the stability of binary 
system was decreased because of the highly saturated of CaO on the catalyst surface at Ca/La 
atomic ratio of 10. The highest FAME yield (98.76%) was achieved under transesterification 
condition of 160°C, 3 h, methanol/oil molar ratio of 25: 1 and 3 wt% of catalyst loading. In 
addition, Ca-La binary system was stable even after four cycles with negligible leaching of 
Ca2+ion in the reaction medium. 
 Puna et al. [26] studied biodiesel production from semi-refined oils (SRO) and waste 
frying oils (WFO) from Puna using commercial CaO as heterogeneous catalyst. The methanolysis 
tests were carried out in mild reaction conditions (62°C and atmospheric pressure). With such 
conditions, soybean and rapeseed allowed to produce biodiesel containing 97–98% of fatty acid 
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methyl ester (FAME), whereas WFO only provided 86–87% of FAME. The lower FAME yield 
for WFO oil is due to the partial neutralization of the catalyst by free fatty acids. Also, soaps 
formation from the WFO oil could reduce the weight yield of the oil phase (containing FAME).  
 Ozkan et al. [27] used calcium from natural seafood wastes as a heterogeneous catalyst to 
produce biodiesel. Several experimental runs were conducted at varied reaction times ranging 
from 30 min to 8 h, at 60°C, with a mass content of 5 wt% (based on oil) and a methanol/oil 
molar ratio of 12: 1. After the purification process, the measured biodiesel or fatty acid methyl 
ester (FAME) weight content was higher than 99%, which indicated that it was high biodiesel 
purity. 

 Transesterification of palm oil with methanol was investigated over calcium oxide 
catalysts derived from calcination of eggshells from quail and chicken by Cho  and Seo [28]. The 
palisade layer of quail eggshell had more closely dispersed micron-sized pores compared to 
chicken eggshells. The treatment with 0.005 M HCl solution for 2 h was used to remove its dense 
cuticle layer and subsequent calcination above 800°C for 3 h. The quail eggshell provided a large 
amount of strong basic sites and high catalytic activity compared to that of potassium methoxide 
in the transesterification. The acid-treated quail eggshell catalyst steadily maintained high 
conversion of over 98% during 5th cycle reusability at 65°C with a reactant composed of methanol 
to oil molar ratio 12: 1 and oil to catalyst of 2 g to 0.03 g.  
 List of CaO and its derivative catalysts for transesterification is presented in Table 2.2. 
This can be suggested that the methanol/oil molar ratio of 12: 1 and reaction temperature 60-65°C 
for CaO catalyzed transesterification could give the high conversions and yield greater than 97%.  
  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cho%20YB%5BAuthor%5D&cauthor=true&cauthor_uid=20621469
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20621469
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Table 2.2 Summary of the previous works presented in literatures. 
 

Catalysts Condition reaction 
(MeOH: oil, time, 
stirring rate) 

Temperature 
(°C) 

Biodiesel 
yield (%) 

Reference 

CaO, 
Ca(OH)2 and 
CaCO3 

1 h - 93%, 12% and 
0% FAME 

[13] 

CaO 9: 1, 3 h 60°C 90% FAME [17] 
Na2CO3/CaO 9: 1, 20 h, 300 rpm 75°C 91.1% FAME [18] 
NaOH - 58.1°C 90% FAME [19] 
KI/CaO/Al2O3 9: 1, 1 h 65°C 98.5 % FAME [20] 
CaO 9: 1, 4 h 50°C 96.6% FAME [21] 
CaMgO and 
CaZnO 

15: 1, 6 h 65°C 83%,81% 
FAME 

[22] 

CaO 9: 1, 2.5 h 70°C 93% FAME [23] 
CaO/La2O3 24: 1, 6 h 65°C 86.5% FAME [24] 
CaO 12: 1, 3.5 h 62°C 97-98% 

FAME 
[25] 

CaO 12: 1, 8 h 60°C 99% FAME [26] 
CaO 12: 1, 3 h 65°C 98% FAME [27] 

 

2.6 Extrusion 
 Extrusion process is the lowest cost and basic shaping technique used for preparation of 
catalysts and their supports in the pellet form. This process requires a wet paste with additives to 
achieve a moldability. There are various additives used in the formulation of the paste. For 
example, organic compounds can improve the rheological behavior such as clays or starch while a 
binder such as alumina or clays can enhance the powder contact and the mechanical strength of 
the shaped particles obtained after calcination [10]. Pore forming agents as a combustible material 
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is used to increase the porosity such as polyacrylamide and polyethylene glycol [8]. The 
plasticizers (hydroxyethylcellulose (HEC), methylcellulose and MgO) are used to adjust the 
viscosity and lubricity of the catalyst paste to facilitate processing [10]. Various factors have an 
influence on the extrusion process including additive content, mixing time, and solution viscosity. 
The high viscosity mixture increases the extrusion force. In addition, mixing and homogenization 
are very important, in the extrusion process.  
 The extruded catalysts preparation is divided in two methods including 1) physical 
mixing technique - a catalyst, binder, or pore forming agent are adequately mixed. The plasticizer 
is added subsequently to the powder mixture giving the paste form. The paste is mixed using a 
spatula and loaded into the extruder. This method is easy, but the catalyst spreads unevenly on the 
support [8]. 2) incipient wetness impregnation technique - a binder, or pore-forming agent is 
adequately mixed with solvent. The forming of support is similar to the physical mixing. After 
that, the powder of active species or catalyst precursor is dissolved in water and impregnation 
onto the support. This method has the advantage that if done appropriately, almost all active 
species or catalyst precursor containing in the solution for the coating are able to get into the 
pores of the support. There is very small residue on the surface of the container used for coating 
after heat treatment such as calcination at high temperature. However, this method might be 
limited, if the pore volume of the supports is low resulting in the low solvent volume and the use 
of less solvent to active species or catalyst precursor ratio [11]. 

 

2.7 Catalyst shapes 
 Industrial catalysts are ordinarily shaped a variety of forms, for instance, monolith, rings, 
spheres, pellets, granulate, and cylinders as shown in Figure 2.3. The shaping process is one of 
key steps in the preparation of catalysts. Selection of appropriate shapes and sizes of catalyst 
should be based on their catalytic performance, mass transfer resistance and the strength of 
crushing. The literature review followings of the previous works will be presented as conclude 
below: 
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Figure 2.3 Various catalyst shapes using the industrial [29] 

 
 Wang et al. [9] prepared CaO mixed with binder and viscosity modifiers (silica sol) for 
extrusion in the cylindrical vessel in the size 4 mm diameter and 15 mm long/pieces. This 
extruded CaO was used as a catalyst for the synthesis of glycerol carbonate from glycerol and 
dimethyl carbonate reaction. It was found that this extruded CaO catalyst provided high stability 
with the glycerol conversion of 65.47% for the 5th cycle at reaction temperature of 80°C derived 
from the CaO/binder mass ratio of 3: 1, and calcination temperature of 800°C. In addition, add 
pore-forming agents can be increased catalytic activity from 65.47 to 95.39%. This should be due 
to the increase of the pore volume during calcination.  
 Jindapon et al. [10] prepared the extruded Ca, Zn and Al mixed catalysts in a cylinder in 
the size to 2 and 3.5 mm using hydroxyethylcellulose (HEC) as plasticizer for biodiesel 
production in a fixed-bed reactor. FAME yield was 96.5% using the large methanol to oil molar 
ratio of 30: 1. Calcium oxides are hard but brittle materials. This formulation requires the addition 
of binders and plasticizers. Inorganic binders (magnesium oxide, alumina, aluminum phosphates, 
clay and boehmite) enhance mechanical strength of the shaped particles obtained after calcination. 
Plasticizers (HEC, methylcellulose, and magnesium oxide) are used to adjust the viscosity and 
lubricity of the catalyst paste to facilitate processing. 
 Silveira et al. [11] synthesized the extruded K2CO3  in hollow cylindrical shape with 
outside diameter of 5 mm and inside diameter of 2 mm using alumina and water as binders. The 
commercial boehmite powder was used as received and calcined at 500°C for 4 h. The boehmite 
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was in hollow cylindrical shape and solid cylinder using the same calcination temperature at 
500°C for 4 h impregnated on γ-Al2O3. This extruded K2CO3 provided a high oil conversion of 
99.3% using high reaction temperature of 80°C. 
 Aminul et al. [30] reported that the using spherical gamma-alumina (γ-Al2O3) as a 
catalyst support for the production of biodiesel from palm oil. The catalyst support produced 
using oil drop granulation method and KI species was then loaded on the support using 
impregnation method. The highest biodiesel yield of 98% was obtained when the reaction carried 
out under the conditions of catalyst of 0.6 g, reaction time of 4 h, reaction temperature of 60°C 
and methanol to palm oil molar ratios of 14: 1. KI/γ-Al2O3 expressed a long life time and 
maintained sustained activity even after being used for 11th cycles. Biodiesel yields after the 11th 
cycle obtained in this work were 79%. 
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Table 2.3 Different catalysts pillarization from previous researches 
 
Catalyst 

 
Catalyst 
Shapes 

Size Binder 
Type 

Reaction Catalytic 
activity 

Refer
ence 

CaO Cylindrical 
 

D = 4 mm, 
L = 15 mm 

Alumina Glycerol 
carbonate 
production 

65.47% 
FAME 

[8] 

Ca, Zn, 
and Al  

Cylindrical D = 2 mm 
D = 3.5 mm 

Alumina Transesterification 96.5% 
FAME 

(methanol: 
oil molar 
ratio of 
30:1) 

[9] 

K2CO3 Hollow 
cylindrical 

Outside 
diameter 

5 mm 
and 

inside 
diameter 

2 mm 

Alumina 
and 

water 

Transesterification 99.3% 
FAME 

[10] 

KI 
 

Spherical 
 

 Alumina  96.4% 
FAME 

[30] 

2.8 Mass transfer for heterogeneous catalysis 
 The crucial step for the heterogeneous catalysis system is mass transfer. The hierarchical 
structure of solid catalysts is illustrated in Figure 2.4. Usually, mass transfer phenomena comprise 
of the diffusion in gas or liquid phase, the diffusion in interparticle space of catalyst pellets the 
diffusion in gas or liquid phase, the diffusion in interparticle space of catalyst pellets, and the 
diffusion in micro - to macrospores in primary or secondary particles (intraparticle space). If the 
diffusion of reactant molecules is slow in comparison with the rate of catalytic reaction, the 
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reactant molecules is consumed before they reach near the center of catalyst pellet or particle. In 
this case, the reaction can occur only near the surface of pellets or particles and active sites only 
near the surface can function. The ratio of effective active sites to that of entire active sites in the 
catalyst is called effectiveness factor of catalyst, which is expressed using the dimension less 
group, namely, Thiele modulus (ϕ) as showed in Equation (2.2). 

 
Figure 2.4 Hierarchical structure of catalyst in a fixed-bed reactor [31] 

 

ϕ = 
 

 
√

 

  
     (2.2) 

 
 Where k is rate constant and De effective diffusion constant, as in Equation (2.3). This 
equation is illustrated as a function of ϕ in Figure 2.5. As the diffusion rate becomes slower 
relatively to the reaction rate, the effective portion of catalyst decreases greatly in a certain range 
as shown below: 

η = 
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}     (2.3) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 24 

 
Figure 2.5 Effectiveness factor (η) as a function of Thiele modulus (ϕ) [31] 

 

2.9 Palm oil 
 Palm oil is a vegetable oil, which is obtained from the fruit of the palm whose 
compositions of fatty acids are shown in Table 2.4. However, several vegetable oils are used as 
feedstock for biodiesel production such as palm oil, rapeseed and soybean oil. When, compared 
with other vegetable oil, palm oil has a far better advantage and potential as a feedstock for 
biodiesel production especially in Thailand. Palm oil is a perennial crop, unlike soybean and 
rapeseed [32]. Thailand, in the southern part, has a suitable climate condition for palm cultivation. 
Oil palm plantations have been continuously expanding since the first commercial plantations 
were introduced in 1969. Plantation areas cover 22 provinces (mainly in the southern part of 
Thailand) with a total production capacity of about 9.03 million tons of fresh fruit bunch (FFB). 
Moreover, oil palm is now increasingly attracting attention as an energy crop since the Thai 
government has introduced policy to promote the production of palm oil-based biodiesel as a 
renewable source of energy for the transport sector. According to the 15 years renewable energy 
development plan (2008-2022), the targets of biodiesel production in Thailand by the years 2011, 
2016 and 2022 are set at 3, 3.64 and 4.5 million liters/day [33].   
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Table 2.4 Fatty acids content of palm oil (present as triglyceride esters) 
 Type of fatty acid Percent (%) 

Myristic acid (C14: 0) 1.0 
Palmitic acid (C16: 0) 43.5 
Stearic acid (C18: 0) 4.3 
Oleic acid (C18: 1) 36.6 
Linoleic acid (C18: 2) 9.1 
Other 5.5 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
Experimental 

 
This chapter provides the chemicals and experimental methods for the synthesis of 

extruded calcium oxide catalysts including the effect of binder type and their ratio, the calcination 
temperature, pore forming agent and shape of the extruded catalyst on their catalytic activities of 
transesterification of palm oil as presented below. 
 

3.1 Chemicals 

A powder activated alumina (Al2O3, MW 101.96 g/mol, melting point of 2,040°C, pore 
size 58 Ǻ), guar gum powder and silica sol were obtained from Sigma-Aldrich Chemical Co., Ltd. 
Calcium carbonate was obtained from Kemaus (Australia) Co., Ltd. Polyacrylamide was obtained 
from Organics Thermo Fisher Scientific (New Jersey, USA) Co., Ltd. All these chemicals were 
used without further purification. Morakot palm oil was obtained from Morakot industries public 
company limited, Thailand. Chemicals specification were presented in Table 3.1. 
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Table 3.1 Specification of chemicals used in this research 
 

3.2 Preparation of extruded CaO catalyst 

 3.2.1 Cylindrical catalyst pellet 

 The extrusion process in this work was done by preparation of CaO catalyst in a 
homogeneous paste comprised of (1) binder (activated alumina, diatomite and kaolin) was used to 
form the CaO powder to improve the mechanical strength of the shaped particles obtained after 
calcination; (2) calcium carbonate was used as precursor of CaO as active species; (3) guar gum 
powder and (4) silica sol as plasticizers lubricity [7] were used to adjust the viscosity and lubricity 
[8]. The extruded CaO catalyst was prepared step by step; the binder in powder form was dried at 
100°C for 12 h to remove water. After that, the desired amount of calcium carbonate, binder, guar 
gum powder, were mixed adequately. Then, the silica sol was added to the powder mixture. The 
mixture was loaded into a syringe and press compression for the extruded CaO catalyst. A piston 

Chemicals Formula Molecular weight Company 

Calcium carbonate CaCO3 100.5 g/mol Kemaus (Australia) 
Co., Ltd. 

Activated alumina Al2O3 101.96 g/mol Sigma-Aldrich 
Chemical Co. Ltd. 

Diatomite SiO2 60 g/mol Kemaus (Australia) 
Co., Ltd. 

Kaolin Al2Si2O5(OH)4 210 g/mol Kemaus (Australia) 
Co., Ltd. 

Guar gum powder C10H14N5Na2O12P3 535 g/mol Sigma-Aldrich 
Chemical Co., Ltd. 

Silica sol of 24% 
concentration 

SiO2.nH2O 60+ n(18) g/mol Sigma-Aldrich 
Chemical Co., Ltd. 

Polyacrylamide (C3H5NO)n n(71) g/mol Organics Thermo 
Fisher Scientific (New 
Jersey, USA) Co., Ltd. 
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of 6 mm diameter and 1.5 mm length as a size of short cylindrical (SCY) and 1 mm diameter and 
10 mm length as size of long cylindrical (LCY) was used to make a cylindrical shape. Then, the 
resulting sample was dried at 100°C for 2 h. The calcination at temperature of 700, 800 and 
900°C were used for 5 h under static air using a heating rate of 5°C/min. Finally, the obtained 
extruded CaO catalysts were used to catalyze transesterification of palm oil under similar 
condition. 

 

 3.2.2 Spherical catalyst pellet 
 The resulting paste was first shaped in the cylindrical catalyst as preparation of 
extruded CaO catalyst in section 3.2.1. After a piston of 6 mm diameter was used to make 
spherical pellet forms (SHL) by spherical pellet forms by physical mixture method and extruded 
by JP table-type herbal coating herbal pellet making machine with diameter of 6 mm. Then, the 
resulting sample was dried at 100°C for 2 h. The selected calcination at temperature was carried 
out for 5 h under static air using a heating rate of 5°C/min. Finally, the obtained extruded CaO 
catalysts were used to catalyze transesterification of palm oil under similar condition. 

 3.2.3 Addition of pore forming  
 Addition of the pore-forming process in this work was done by preparation of 
CaO catalyst in a homogeneous paste comprising of (1) binder; (2) calcium carbonate; and (5) 
polyacrylamide as a pore-forming reagent. The extruded CaO catalyst was prepared to step by 
step as similar to section 3.2.1. The extruded CaO using Al2O3 binder, calcination temperature of 
800°C and  polyacrylamide as a pore forming agent with various concentration of 1, 3 and 5 %(3) 
guar gum powder (4) silica sol were named as CaO-A(800)-P-1%, CaO-A(800)-P-3% and CaO-
A(800)-P-5%, respectively. 
 

3.3 Reaction procedure 

 Catalytic activity of the extruded CaO catalyst test was carried out in a 150 mL round 
bottom 3-neck glass flask fitted with a magnetic stirrer, a reflux condenser and a thermometer. 
The reaction temperature was controlled using a silicon oil bath and a hot plate stirrer. In each 
experimental run, the extruded CaO catalyst and methanol were firstly mixed in the flask at room 
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temperature. Then, preheated palm oil was added to the mixture at the reaction temperature to 
start the reaction. The ratio of methanol to palm oil was fixed at 12: 1, 10 wt% of extruded CaO 
catalyst loading, at the temperature of 65°C, for 6 h using a stirring speed of 600 rpm [34]. On the 
reaction period, the liquid reaction mixture was taken out from the glass flask and sampled to 
analyze biodiesel yield. The selected extruded CaO catalyst was also tested the catalytic activity 
in stainless steel basket reactor with the dimension length of 200 mm and an inner diameter of 45 
mm, connected with a reflux condenser and a thermocouple. 
 

3.4 Catalyst characterizations 

 3.4.1 Thermogravimetric analysis/differential scanning calorimeter (TGA/DSC)  

 Thermal stability of uncalcined extruded CaO catalyst was analyzed by 
thermogravimetric analysis with differential scanning calorimeter (TGA/DSC, SDT Q600 
Diamond Thermogravimetric and Differential Analyzer, TA Instruments). The analysis was 
operated from room temperature to 1000°C at a heating rate of 10°C/min using 100 mL/min of air 
zero. 
 
 3.4.2 X-ray diffraction (XRD) 

 Crystallinity and phase of the prepared catalysts were characterized by XRD 
(Bruker D8 Advance, Cu Kα at 0.154056 nm) between 10° and 80° with a step size of 0.04° and 
a scan rate of 0.5 s per step. 
 
 3.4.3 Fourier-transform infrared spectroscopy (FTIR) 

 FTIR-ATR spectra was recorded using the Perkin-Elmer® Spectrum TM 400 
FT-IR/NIR spectrometer (Perkin Elmer Inc., Tres Cantos, Madrid) in mid-IR mode, equipped 
with a universal attenuated total reflectance (ATR) sampling device containing diamond/Zn-Se 
crystal. The spectra was scanned at room temperature in absorbance mode over the wavenumber 
range of 4000–650 cm-1, with a scan speed of 0.20 cm/s, and 30 accumulations a resolution of 4 
cm-1. 
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 3.4.4 Scanning electron microscope and energy dispersive X-ray spectrometer 

(SEM/EDX) 

 Surface morphology of the extruded CaO and elemental composition were 
analyzed with scanning electron microscope equipped (SEM) by JEOL JSM-35 the SEM model 
S3400N and Link Isis Series 300 program Apollo model x is performed for EDX.  
 3.4.5 N2 adsorption–desorption isotherms 

 Surface area, pore volume and average pore size were analyzed by N2 
adsorption-desorption with micrometrics ASAP 2020. All samples were crushed and degassed 
before the test under vacuum at 200°C for 12 h. The surface area was calculated with Brunauer- 
Emmett-Teller (BET) model, while the pore volume and pore size were calculated by Barrett-
Joyner-Halenda (BJH) model.  
 3.4.6 Hammett indicator method 

 Hammett indicator method was used to determine the basicity and basic strength 
using four indicators including of bromothymol blue (H_=7.2), phenolphthalein (H_=9.8), 2, 4-
dinitroaniline (H_=15.0) and 4-nitroaniline (H_=18.4). Extruded CaO catalyst 0.3 g was added 
into methanol 10 mL and left for 2 h to reach equilibrium. The clear solution was obtained from 
filtration. The selected indicator was dropped in the clear solution to test the basic strength. After 
that, for the clear solution was titrated with HCI 0.1 M to determine the basicity concentration. 
 
 3.4.7 Mechanical strength 

 Mechanical strength of the extruded catalyst pellets was evaluated by a 
mechanical testing machine (UTM (1 Tons) - H10 KM). During a test, the individual extruded 
catalyst particle was set on the test bench by placing the extruded catalyst pellets vertically where 
the force load surface of a cylindrical catalyst is a circular cross-sectional surface. Two sizes of 
cylindrical catalyst pellets are 1) pellet with 1.5 mm diameter and 6 mm length, and 2) pellet of 1 
mm diameter and 10 mm length. For spherical catalyst pellet, the force load surface of a spherical 
is at the little surface area of the sphere in contact with the mechanical testing machine. The 
desired force was applied to the extruded catalyst particle until it was fractured. The force-time 
curve was drawn automatically by the tester. Thus, the maximum force of the particle sample can 
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support was obtained. At least three tests were performed for each extruded catalyst to obtain an 
average strength value. 
 
 3.4.8 FAME product analysis using gas chromatography according to  

EN 14103 standard 

 1) Standard solution of methyl heptadecanoate was weighed to 0.05 ± 0.0005 g 
in a 5 mL brown bottle. 
 2) Reaction mixture samples were weighed to 0.0250 ± 0.0015 g, 5 mL heptane 
using pipette. Close the lid immediately and shake to allow the solution to be mixed. Then, the 
sample solution was injected in the amount of 1 μL. Biodiesel (FAME) content obtained from 
transesterification of palm oil was then analyzed using gas chromatography column DB-WAX 30 
m x 0.320 mm 0.25 micron 20 to 250/260°C as presented in Table 3.3 according to EN14103. 
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Table 3.2 Conditions for determination of free fatty acid content by gas chromatography 
 

Parameter Condition 

Injection port 
 

Injection mode Split 
Carrier gas He 
Temperature 250°C 
Pressure 99kPa 
Injection volume 1 μL 
Column oven 

 
Initial temperature 150°C 
Total program time 22 min 
Ramp rate 10°C/min 
Zone 1 150°C hold 5 min 
Zone 2 190°C hold 5 min 
Zone 3 220°C hold 5 min 
Column final temperature 220°C 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 
Results and discussion 

 
 This chapter is a section of experimental results and discussion providing the 
characterization of extruded CaO catalysts, their catalytic activities of transesterification of palm 
oil and their reusability. For production of biodiesel through the transesterification of palm oil, the 
operating condition in a batch reactor was fixed at 10 wt% CaO catalysts, reaction temperature of 
65°C, a methanol to oil of 12: 1 and a stirring speed of 600 rpm. 
. 
4.1 Catalyst characterizations of the extruded CaO catalysts 

4.1.1 Thermogravimetric analysis/differential scanning calorimeter (TGA/DSC)  

 Figure 4.1 (a) shows the results of thermogravimetric analysis (TGA-DSC) of the 
mixture of calcium carbonate (CaCO3) as a Ca source and different binders (Al2O3, diatomite and 
kaolin) before calcination process in a temperature range of 30-1000°C. There were the major 
three stages of weight loss profiles obtained from the mixture of CaCO3 with binders. Weight loss 
at temperature below 200°C was derived from the dehydration of moisture in the solid mixture. 
While weight loss in the temperature range of 200-450°C could be due to decomposition of 
organic matter such as guar gum powder as an ingredient of the extruded CaO catalyst [35]. The 
last stage of weight loss exhibited the formation of CaO via calcination of CaCO3. This can be 
seen the order to complete calcination temperature to generate CaO species were 750, 790 and 
950°C as derived from Al2O3, kaolin and diatomite binders, respectively. DTA results also 
indicated the endothermic reaction of the CaCO3 decomposition to generate CaO. It was also 
noted that, the weight loss of the extruded CaO-D was significantly dropped more than 25% from 
its original as well as CaO-A. CaO-K, on the other hand, the total weight loss was only 8%. This 
means that the potential calcination temperature to obtain CaO phase for the extruded CaO using 
Al2O3 and diatomite should be greater than 800°C while that of the extruded CaO using kaolin 
should be greater than 950°C. Moreover, this can be described that the extruded CaO using 
diatomite was less thermal resistant than the others. DTA curve of CaO-A and CaO-K indicated 
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the endothermic heat of reaction at the temperature about 400°C due to the decomposition of 
organic matter during thermal treatment process. In addition, DTA curve of CaO-A, CaO-D and 
CaO-K also indicated the endothermic heat of reaction at the temperature greater than 700°C due 
to the transformation of CaCO3 to CaO following the weight loss observed from the TGA results 
[36]. Moreover, the broad exothermic peak of DTA was also observed at the temperature greater 
than 850°C which could be attributed to generation of the composite material of calcium 
aluminates as CaAl2O4 formula [37]. 
 Figure 4.1 (b) shows the results of thermogravimetric analysis (TGA-DSC) of the 
mixture of CaCO3, binders and the addition of pore forming agent (CaO-A-P-1, 3 and 5%) before 
calcination process in the temperatures range of 30-1000°C. The similar temperature profiles 
were observed in all simples using polyacrylamide as a pore forming. However, more significant 
weight loss were obtained for all samples because of the decomposition of pore forming agent as 
a template polymer to generate pore during the thermal treatment process [38]. 
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Figure 4.1 Thermogravimetric analysis (TGA-DSC) of the mixture of CaCO3 and different 
binders (a) CaO-A, CaO-D, CaO-K and (b) addition of pore forming agent (CaO-A-P-1, 3, 5%). 
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  4.1.2 X-ray diffraction (XRD) 

  Crystalline structures of catalyst pellets prepared by different binders (Al2O3, diatomite 
and kaolin) at different calcination temperatures were examined by X-ray diffractometer as shown 
in Figures 4.2 - 4.3.  

 
Figure 4.2 X-ray diffraction patterns of the extruded CaO catalysts (a) CaO-A(700), (b) CaO-
A(800) and (c) CaO-A(900)  

 
Figure 4.3 X-ray diffraction patterns of the extruded CaO catalysts (a) CaO-A(800), (b) CaO-
A(900), (c) CaO-D(800) (d) CaO-D(900), (e) CaO-K(800) and (f) CaO-K(900) 
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 Figure 4.2 shows extruded CaO catalyst using Al2O3 binder at different calcination 
temperatures. This illustrated that the increased calcination temperature can increase the 
crystallinity of CaO which was observed at 2θ equal to 32.04° as a characteristic peak of CaO [8]. 
While the intensity of CaCO3 phase at 2θ equal to 22.77°, 29.03°, 35.54°, 39.20°, 43.23°, 46.8°, 
47.8° and 56.10° obtained for all CaO-A(700), CaO-A(800) and CaO-A(900) samples were 
stronger than the other phases [39]. Moreover, the characteristic peaks of Ca(OH)2 phase at 2θ 

equal to 17.97° and 33.88° were also found which could be due to the hydration and carbonation 
of CaO species with adsorbed air [8]. The XRD results were not corresponding to TGA results 
that the calcination temperature of 800°C could provide the complete calcination process of the 
extruded CaO-A and CaO-K. This could be attributed that the preparation of the extruded CaO 
catalysts and carbonation of CaO during the storage [40].  
 
Table 4.1 Crystallite sizes of the extruded CaO using different binders and different temperatures. 
 

Extruded CaO catalyst Crystallite size (nm) 
CaO CaCO3 

CaO-A(700) 31.04 45.82 
CaO-A(800) 41.73 99.99 
CaO-D(800) 27.61 62.32 
CaO-K(800) - 61.25 
CaO-A(900) 47.01 132.17 
CaO-D(900) 22.84 83.91 
CaO-K(900) - 81.24 

 
 Crystallite sizes of CaO and CaCO3 were determined by Debye Scherer formula as can 
be seen in Table 4.1. It was found that the crystallite size of CaO was calculated as 31.04, 41.73 
and 47.01 nm for CaO-A(700), CaO-A(800) and CaO-A(900), respectively. The crystallite sizes 
of CaO and CaCO3 phase weres increased when increasing the calcination temperature. The 
similar trend of the crystallite size of CaCO3 and CaO for all extruded CaO catalysts were 

https://www.sciencedirect.com/topics/engineering/carbonation


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 38 

increased with increasing the calcination temperature because the sintering of material was found 
at high temperature [41].  
 Figure 4.3 exhibits the diffractogram of the extruded CaO catalyst using different 
binders. The similar XRD patterns of CaCO3 phase were observed for all binders using 
calcination temperatures of 800 and 900°C which were not in agreement to TGA results. It is 
worth to mention that no diffraction peak of CaO was observed when using kaolin as a binder 
CaO-K(900). While the small broad characteristic peak of CaO was found in CaO-K(800). This 
might be due to the CaO species was in an amorphous phase which could not be detected by XRD 
technique [42]. Using diatomite as a binder tended to increase the crystallinity phase of CaSiO3 

because diatomite contains high amount of SiO2 than the other binders. Tangboriboon et al. [43] 
reported that the incorporation of Si in the composite material resulted in reducing the crystallite 
size at high calcination temperature. In addition, the crystallite size of CaO was calculated as 
27.61 and 22.84 nm for CaO-D (800) and CaO-D (900), respectively. While the crystallite sizes 
of CaCO3 phase were in the range of 62.32 to 83.91 nm which increased with the calcination 
temperature and larger than that of CaO for all extruded CaO catalysts. 
 The presence of CaCO3 phase for all XRD patterns of extruded CaO catalyst was not in 
agreement to the other works which used the similar composite material and calcination 
temperature. The hypothesis of this obtained result was more likely due to the calcination process 
might not be complete to obtain the uniform carbonation of CaCO3 to CaO of the cylindrical 
shape of the extruded CaO catalyst. While the mixture paste used as a sample for TGA 
characterization can provide the uniform calcination temperature.  
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 4.1.3 Fourier-transform infrared spectroscopy (FTIR) 
 FTIR spectra of the extruded CaO catalysts using different binders and calcination 
temperatures were illustrated in Figure 4.4. 
 

 
Figure 4.4 FTIR spectra of the extruded CaO catalysts at different calcination temperature (a) 
CaO-A(700), (b) CaO-A(800), (c) CaO-A(900), (d) CaO-D(800) and (e) CaO-K(800) 
 
 The spectra of all extruded CaO catalysts showed the similar adsorption peaks. The 
peaks appearing at 1400-1500 cm-1 and 800-900 cm-1 suggested that the presence of carbonate 
species. The wide band at 3640 cm-1 was attributed to the -OH stretching vibration for Ca(OH)2. 
The intense band at wave number below 600 cm-1 was ascribed to the vibration modes of metal 
oxide (CaO) [4]. The peaks at 1050 and 2350 cm-1 were corresponding to the Si-O stretching and 
Si-O-Si vibrations, respectively [8]. The FTIR spectra were also similar to with the previous 
reports [4, 8]. The FTIR spectra of γ-Al2O3 was not found in this research, which is in contrast to 
the report of Dalibor et al. [44]. This previous research found the broad intense peaks of 
amorphous γ-Al2O3 in the range of 1000-500 cm-1. 
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 4.1.4 Surface morphology of the extruded CaO using scanning electron microscope and 

energy dispersive X-ray spectrometer (SEM/EDX) 

 All extruded CaO samples presented the aggregation of CaO as observed by their 

morphology and size shown in Figure 4.5. 

 

 
Figure 4.5 SEM/EDX images of the extruded CaO catalysts at different calcination temperatures 
and binders (a) CaO-A(700), (b) CaO-A(800), (c) CaO-A(900), (d) CaO-D(800) and (e) CaO-
K(800) 
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 The morphologies of CaO-A using calcination of 700, 800 and 900°C showed 
differences in size and morphology. The particles size for the extruded CaO-A (900) was 25.35 
μm which was obviously larger than that of CaO-A (800) of 23.59 μm and CaO-A (700) 20.73 
μm, respectively [45]. When the calcination temperature was increased, the agglomeration of the 
particles of catalyst was also increased due to the sintering process at high temperature. However, 
using diatomite and kaolin as a binder tended to obtain the smaller particle sizes of CaO-D and 
CaO-K (16.61 and 19.80 μm, respectively) as compared to that of CaO-A. Since silica was 
contained in the both substances which could resist the sintering process at the high calcination 
temperature [46]. This finding result was also corresponding the crystallite size of CaO and 
CaCO3 derived from XRD pattern of CaO-D(800) and CaO-D(900) because it contains more 
amount of SiO2 which could resist the sintering process at high temperature [47]. The morphology 
of the extruded CaO catalyst using calcination temperature was also similar to the previous work 
[4]. Figure 4.5 also shows the Ca distribution of the extruded CaO catalysts pellet using different 
binders. It indicated that all extruded catalysts exhibit the high Ca distribution, especially of CaO-
A(800). This could be due to the strong interaction between Ca species and Al2O3 binders. It 
should be noted that the calcination temperature of 800°C could be an appropriate condition to 
prepare the extruded CaO using Al2O3 binder. 
 

 4.1.5 Mechanical strength of the extruded CaO catalysts with the different shapes 

 The extruded catalyst requires an appropriate shape to obtain high mechanical property 
as well as high catalytic activity. Therefore, this section will investigate the effect of different 
shapes of the extruded CaO using Al2O3 as a binder on their mechanical properties based on their 
similar surface area. Mechanical strength of prepared catalyst pellets by different shapes is 
presented in Table 4.2 and the extruded catalyst shapes as presented in Figure 4.6.  
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Table 4.2 Mechanical strength of the extruded CaO catalyst using Al2O3 as a binder. 
 

Sample Size and shapes Mechanical strength 
(N/mm2) 

Solid density 
g/cm3 

CaO-A(800)-LCY  D= 1.006 mm 
L= 10 mm 

31.11 0.42 

CaO-A(800)-SCY
 

D= 5.476 mm 
L= 1.5 mm 

30.45 0.30 

CaO-A(800)-SHL D = 5.200 mm 105.9 0.34 

Figure 4.6 Extruded CaO catalyst pellets with different shapes (a) short cylindrical (SCY), (b) 
long cylindrical shapes (LCY) and (c) spherical shape (SHL) 
 
 It was found that the mechanical strength of the extruded CaO with LCY shape was 
31.11 N/mm2 as well as the extruded CaO with SCY shape (30.45 N/mm2) while the extruded 
CaO with SHL shape was significantly as high as 105.9 N/mm2. The extruded CaO catalyst with 
spherical shape (SHL) gave a higher mechanical strength than that of long cylindrical (LCY) and 
short cylindrical (SCY) because the interfacial surface area of the SHL shape was smallest as 
compared to the other SCY and LCY shapes as presented in Figure 4.6. When the similar 
compressible force was applied on the interfacial surface area of SHL resulting in a higher 
mechanical strength. This is because the SHL has a lower catalyst volume than the LHY and SCY 
[48]. Density of the extruded CaO with different shape was also shown in Table 4.2. They have 
different bulk density based on the similar surface area because the differences in mass and 
volume of each shape. Kim et al. [49] produced the extrusion panel using the similar binder of the 
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Ca, Si and Al mixture. The similar mechanical strengths were 30-45 N/mm2 as well as their 
extruded CaO catalysts in this research. The bulk density of dry extrusion panel was also similar 
to that of the extruded CaO due to the similar composition and preparation process. 
 
 4.1.6 N2 adsorption–desorption isotherms 
 Table 4.3 exhibits surface areas, pore-volume and average pore size of the extruded 
CaO catalyst prepared from different binders and concentrations of pore forming. It was found 
that the incorporation of CaO with all binders tended to increase surface areas, pore-volume and 
average pore size as compared to CaO powder. However, there was remarkably difference in the 
surface area of binders such as Al2O3, diatomite and kaolin before calcined as 129.86, 21.01 and 
13.11 m2/g which could result in the surface area of the extruded CaO due to pore blockage and 
sintering at high temperature [50]. There was difference in the surface area of the extruded CaO 
catalyst as following: CaO-A(800), CaO-D(800) and CaO-K(800) using CaO: binder (3: 1) were 
15.21, 10.15 and 4.06 m2/g, respectively while the surface area of the extruded CaO-A(800) 
catalyst of different CaO: binder ratios of 1: 1, 3: 1, 3.5: 1 and 6: 1 were 12.82, 15.21, 36.78 and 
18.57 m2/g, respectively. This was due to the effect of binder on the surface area that was in 
accordance to their original surface area of binders. In addition, it was found of CaO: binder to 
3.5: 1, the surface area of CaO-A(800) was the highest value (Table 4.3). To further examine the 
effect of pore forming on the surface area, pore volume and average pore size, polyacrylamide 
was used a pore forming agent as shown in Table 4.3. The surface area of CaO-A(800)-P-1%, 
CaO-A(800)-P-3% and CaO-A(800)-P-5% was larger than that of CaO-A(800). The addition of 
pore forming agent should increase the porosity and surface area [51]. This is because of the 
addition of polyacrylamide as a polymer template was decomposed at high calcination 
temperature resulting to increase a surface area, pore volume and average pore size of the 
extruded CaO catalyst [52]. The order of surface area for CaO-A(800)-P-1%, CaO-A(800)-P-1% 
and CaO-A(800)-P-5%were 25.74, 22.49 and 18.87 m2/g, respectively. Increasing the pore 
forming concentration resulted in decreased surface area of the extruded CaO catalyst. This was 
probably due to the non-homogeneity of calcination process of extruded CaO leading to the pore 
forming agent residue. Wang et al. [8] reported that the BET surface area of different binder was 
in the similar trend. CaO-A(800) was the higher surface area than that of CaO-D(800) and CaO-
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K(800). However, the BET surface areas of all extruded CaO catalysts with and without pore 
forming in this research were lower than that from the previous reported. The hypothesis could be 
due to the non-uniform heat treatment of the extruded CaO catalysts during the calcination 
process resulting to incomplete decomposition of pore forming reagent. N2 adsorption-desorption 
isotherm and pore size distribution curves are shown in Figures 4.7 and 4.8, respectively. 
 
Table 4.3 BET surface area, pore volume and pore diameter for the extruded CaO catalysts  
 

Catalyst and binder Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Average pore 
diameter (nm) 

CaO(800) 4.88 0.013  11.11 
Al2O3 129.86 0.23 7.15 

Diatomite 21.01 0.06 9.41 
Kaolin 13.11 0.02 6.67 

CaO-A(800) 3: 1 
CaO-D(800) 3: 1 
CaO-K(800) 3: 1 

15.21 
10.15 
4.06 

0.02 
0.02 
0.01 

7.01 
9.81 
11.30 

CaO-A(800) 1: 1 12.82 0.03 10.23 
CaO-A(800) 3.5: 1 36.78 0.08 9.38 
CaO-A(800) 6: 1 18.75 0.04 9.18 

CaO-A(800)-P-1% 25.74 0.08 10.06 
CaO-A(800)-P-3% 22.49 0.06 10.60 
CaO-A(800)-P-5% 18.87 0.03 7.70 
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Figure 4.7 Adsorption/desorption isotherms of (a) CaO-A(800) 3: 1, (b) CaO-D(800) 3: 1, (c) 
CaO-K(800) 3: 1, (d) CaO-A(800) 3.5: 1 and (e) CaO-A(800)-P-3%  
 

 

Figure 4.8 Pore size distribution curves of mesoporous CaO-A(800) 3: 1, CaO-D(800) 3: 1, CaO-
K(800) 3: 1, CaO-A(800) 3.5: 1, CaO-A(800)-P-1%, CaO-A(800)-P-3% and CaO-A(800)-P-5%  
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N2 adsorption-desorption isotherm and pore size distribution curves are shown in Figures 

4.7 and 4.8. All extruded CaO catalysts showed the similar adsorption-desorption isotherm as 

type IV according to IUPAC classification indicating mesoporous structure [53]. It can be 

observed that when the relative pressure was greater than 0.4, the amount of N2 adsorption was 

significantly increased, which is characterized by the presence of a large number of mesoporous. 

A steep slope at high relative pressure is associated with capillary condensation in the pores and a 

narrow pore size distribution [54]. This also indicated the advantage of using binder to prepare the 

extruded CaO which provided the higher surface with controlling of the mesoporous structure. 

Figure 4.8 shows the pore size distribution profiles of the extruded CaO using different binders 

and different amounts of pore forming agent. A very narrow peak of pore size distribution was 

only found for CaO-A(800)-P-3%. The mesoporous CaO-A(800)-P-3% was well-defined uniform 

pore dimensions as compared to the other extruded CaO catalysts.  
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 4.1.7 Hammett indicator method 

 Basic strength and basicity of extruded CaO catalyst prepared under different 
calcination temperatures of 700, 800 and 900°C (using Al2O3binder), and different binders of 
Al2O3, diatomite and kaolin (at calcination temperatures of 800 and 900°C), and addition of 
polyacrylamide (CaO-A(800)-P-1, 3 and 5%) obtained from the Hammett indicator method were 
shown in Table 4.4. 
 
Table 4.4 Basic strength and basicity of extruded CaO catalyst  
 

Catalyst  Basic 
Strength 

(H_) 

Basicity 
(mmol/gcat) 

  (H_=7.2) (H_=9.8) Total S.D. 

CaO(800) 7.2<H_<9.8 0.053 6.67x10-3 0.0553 0.0014 

CaO-A(700) 3: 1 7.2<H_<9.8 0.003 0.00455 0.0036 0.0020 
CaO-A(800) 3: 1 7.2<H_<9.8 0.0453 0.0461 0.0457 0.0085 
CaO-A(900) 3: 1 7.2<H_<9.8 0.0128 0.0167 0.0147 0.0028 
CaO-A(800) 1: 1 7.2<H_<9.8 0.0345 0.0375 0.0360 0.0017 
CaO-A(800) 3.5: 1 7.2<H_<9.8 0.1475 0.155 0.1512 0.0348 
CaO-A(800) 6:1 7.2<H_<9.8 0.0325 0.035 0.0337 0.0028 
CaO-D(800) 3: 1 7.2<H_<9.8 0.015 0.01 0.0125 0.0050 
CaO-D(900) 3: 1 7.2<H_<9.8 0.0270 0.0159 0.0215 0.0069 
CaO-K(800) 3: 1 7.2<H_<9.8 0.025 0.01 0.0175 0.0095 
CaO-A(800)-P-1% 7.2<H_<9.8 0.0285 0.01 0.0290 0.0014 
CaO-A(800)-P-3% 7.2<H_<9.8 0.059 0.0505 0.0545 0.0069 
CaO-A(800)-P-5% 7.2<H_<9.8 0.0775 0.0775 0.0775 0.0021 
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 It was found that all of the extruded CaO catalysts exhibited the basic strength in the 
range of 7.2 to 9.8. There was no change of the color indicator in the higher indicator range 
(H_>9.8) for all extruded CaO samples. The total basicity of the extruded CaO-A catalysts using 
different calcination temperatures of 700, 800 and 900°C were 0.0036, 0.0457 and 0.0147 
mmol/g.cat while total basicity of the extruded CaO-A catalysts using different CaO: binder ratios 
of 1: 1, 3: 1, 3.5: 1 and 6: 1 were 0.036, 0.0457, 0.1512 and 0.0337 mmol/g.cat, respectively. The 
total basicity using different binder for CaO-A(800), CaO-D(800) and CaO-K(800) were 0.0457, 
0.0125 and 0.0175 mmol/g.cat, respectively. The total basicity of CaO-A(800) was higher 
compared to the CaO-A(700) and CaO-A(900) with similar CaO: binder ratio of 3: 1. This could 
be due to the high concentration of CaO phase as active species as corresponding to TGA results. 
In addition, it was found that at a CaO: binder of 3.5: 1, the total basicity of CaO-A(800) was the 
highest value (Table 4.4).  In contrast to, the total basicity of CaO-D(900) catalysts was 0.0215 
mmol/g.cat which was greater than that of CaO-D(800) with similar CaO: binder ratio of 3: 1. 
This can be described by the TGA result of uncalcined CaO-D sample. The constant weight loss 
was observed at the temperature greater than 900°C resulting from more CaO species for CaO-
D(900) sample. In addition, using polyacrylamide as a pore forming agent was found the order of 
total basicity for CaO-A(800)-P-1%, CaO-A(800)-P-3% and CaO-A(800)-P-5% were 0.029, 
0.0545 and 0.0515 mmol/g.cat, respectively. The total basicity of CaO-A(800)-P-3% and CaO-
A(800)-P-5% were greater than the bare CaO-A(800) which was probably due to their higher 
surface area, pore volume and average pore size. The basicity, surface area, pore volume and 
average pore size values obtained from the previous result showed similar trend [55]. The 
calcination temperature can affect the total basicity of the extruded CaO catalyst due to the 
formation of the distribution CaO from CaCO3 as shown in Table 4.4.  
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4.2 Catalytic activity of the extruded CaO catalysts via transesterification of palm oil 

 4.2.1 Effect of different binders of the extruded CaO catalysts on the catalytic activity 

of transesterification 

 Figure 4.9 exhibits the catalytic performance of the extruded CaO catalysts using 
different binders via transesterification of palm oil using similar operating condition. 

 
Figure 4.9 Catalytic activity of the CaO-A, CaO-D and CaO-K catalysts for transesterification 
using reaction temperature of 65°C, methanol to oil molar ratio of 12: 1, and catalyst loading 10 
wt%.  
 

 The catalytic activity of CaO powder was also investigated for the comparison. It was 
not surprising that using the extruded CaO with all binders can reduce the induction period as 
found in the initial stage of transesterification as can be seen in the transesterification profile 
obtained from CaO powder. The reason should be due to the CaO-A catalyst have the larger 
surface area with mesoporous structure to overcome the internal diffusion limitation as observed 
when using CaO powder catalyst [56]. Moreover, CaO-A also provided the similar biodiesel yield 
(63.12%) as well as using CaO powder at reaction time of 360 min. While using CaO-D and 
CaO-K catalyzed transesterification gave the lower biodiesel yield at the reaction time of 360 min 
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as compared to using CaO powder as a catalyst. This could be described by the total basicity of 
CaO-D and CaO-K catalysts which were 4 times lower than that of CaO powder. 
 
 4.2.2 Effect of calcination temperatures of the extruded CaO using Al2O3 as a binder on 
the catalytic activity of transesterification 
 Figure 4.10 exhibits the catalytic performance of the extruded CaO catalysts with 
different calcination temperature via transesterification of palm oil using similar operating 
condition. 

 
Figure 4.10 Catalytic activity of the CaO-A catalysts using different calcination temperatures 
(700, 800 and 900°C) for transesterification using reaction temperature of 65°C, methanol to oil 
molar ratio of 12: 1 and catalyst loading 10 wt%. 
 
 According to Figure 4.10, this indicated that the extruded CaO at calcination 
temperature of CaO-A(800) provided the highest biodiesel (63.12%) than CaO-A(900) and CaO-
A(700). At calcination temperature of 800°C, the highest biodiesel yield was achieved because 
this CaO-A(800) showed the highest total basicity, surface area, pore volume and average pore 
size to facilitate the triglyceride to react with methanol. The calcination temperature has 
remarkable effect on the catalytic activity of the extruded CaO catalyst. For CaO-A, the biodiesel 
yield was increased when increasing the calcination temperature from 700 to 800°C. However, 
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biodiesel yield was decreased when the calcination temperature further increased to 900°C. It 
could be due to the sintering of particles was more dominated resulting in lowered biodiesel yield 
even through this extrudes CaO catalyst composed of CaO as an active species. Umdu and Seker 
[10] also reported that the CaO catalyst with the highest total basicity with a comparable basic 
strength gave the highest biodiesel yield. The effect of calcination temperature on the catalytic 
activity of CaO-D was also investigated as presented in Figure 4.11. 

 
Figure 4.11 Catalytic activity of the CaO-D catalysts using different calcination temperatures 
(700, 800 and 900°C) for transesterification using reaction temperature of 65°C, methanol to oil 
molar ratio of 12: 1 and catalyst loading 10 wt%. 
 
 Based on the TGA results that the optimum calcination temperature of CaO-D should 
be greater than 900°C. Therefore, the effect of calcination temperature on the catalytic activity of 
CaO-D was also investigated as presented in Figure 4.11. Biodiesel yield using CaO-D catalyst 
was increased with an increase in the calcination temperature. The evidence was corresponding to 
TGA results that the higher calcination temperature of the extruded CaO using diatomite binder 
can obtain the complete calcination process to generate CaO as an active species resulting in 
higher total basicity and biodiesel yield. Furthermore, the biodiesel yield of CaO-K(800) catalyst 
was lowest compared to the other binder which was strongly related to the total basicity. The 
extruded CaO-D required the higher calcination temperature from 900°C to generate the CaO 
phase (Figure 4.1) providing the higher basicity. Therefore, CaO-D(800) was lowest total basicity 
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(Table 4.4). This can be concluded that for the calcination temperature in the range of 700-900°C, 
the activated alumina was a suitable binder to prepare the extruded CaO catalyst. 
 
 4.2.3 Effect of mass ratio of CaO: Al2O3 binder on the catalytic activity of the extruded 

CaO via transesterification  

 The previous results confirmed that the presence of high concentration CaO species can 

increase the basicity resulting in increasing biodiesel yield. Therefore, the effect of mass ratio of 

CaO: Al2O3 was further investigated as illustrated in Figure 4.12. 

 
Figure 4.12 Catalytic activity of CaO-A using different mass ratio of CaO to Al2O3 at 1: 1, 3: 1, 
3.5: 1 and 6: 1 via transesterification using reaction temperature of 65°C, methanol to oil molar 
ratio of 12: 1 and catalyst loading 10 wt%. 

 
 It was found that biodiesel yield was increased from 40.73 to 93.15% with the increase 
of CaO: Al2O3 binder mass ratio increases from 1: 1 to 3.5: 1. On the other hand, when the CaO to 
Al2O3 mass ratio was further increased to 6: 1, biodiesel yield was decreased to 49.00%. This 
finding could be attributed to the increase in CaO mass ratio to 6: 1 resulting to generate more 
agglomeration of CaO species. The available CaO active species was more likely to decrease 
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leading to decrease in biodiesel yield [57]. This can be noted that the optimum mass ratio of CaO 
to Al2O3 to prepare the extruded CaO catalyst was 3.5: 1. 

 4.2.4 Effect of different shapes on the catalytic activity of the extruded CaO catalysts via 

transesterification  

 Figure 4.13 exhibits the catalytic performance with different shapes of the extruded 
CaO-A(800) via transesterification of palm oil using similar operating condition. 

 
Figure 4.13 Catalytic activity of different shapes of the extruded CaO-A(800) for 
transesterification using reaction temperature of 65°C, methanol to oil molar ratio of 12: 1 and 
catalyst loading 10 wt%. 
 
 Transesterification was carried out at 65°C under atmospheric pressure, oil: methanol 
equal to 1: 3 molar ratio using different shape of CaO-A(800) including of short cylindrical shape 
(SCY), long cylindrical shape (LCY) and spherical shape (SHL). It can be observed that there 
was no induction period on the biodiesel profile for all catalyst shapes. From this result, it can be 
explained that the extruded CaO catalyst can overcome the mass transfer limitation in term of the 
internal diffusion of CaO powder. Biodiesel yield of CaO-A(SCY) was highest compared to that 
of CaO-A(LCY) and CaO-A(SHL). The order of biodiesel yield at the reaction time of 360 min 
was 63.12, 53 and 58% for CaO-A(SCY), CaO-A(LCY) and CaO-A(SHL), respectively. This 
indicated that catalyst shapes might not significantly have effect on the catalyst activity but it 
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could affect the stability for long run or reusability. Cao et al. [58] investigated the effect of size 
and shape on the catalytic performances of oxidation and reduction reactions using nano-catalysts 
for various reactions. The oxidation of benzylic alcohol using Au nanoparticles catalyst was 
found that the size of the catalyst was strongly effect on the catalytic activity than that of the 
catalyst's shape. In addition, Lee et al. [59] reported that the catalytic activity of a catalyst is 
depended on the particle size. The smaller catalyst particles are supposed to demonstrate a higher 
reaction rate owing to an increase in the external surface area available. On the other hand, the 
bigger the particle size of a solid, the smaller the surface area available for the reaction to take 
place, and the reduction in the number of collisions between the molecules (solid-liquid phase) 
during the transesterification. Therefore, the size of catalyst is more dominate preparation 
parameter than that of catalyst shape in term of catalytic activity. 
 
 4.2.5 Effect of pore forming agent concentration on the catalytic activity of the 
extruded CaO catalysts via transesterification 
 Using pore forming agent can increase the pore volume during calcination, the pore 
forming agent was decomposed or burned to generate some gases and vaporize to the atmosphere. 
Then, the catalyst matrix expanded resulting to increase the pore of the extruded catalyst. The 
catalytic performance of the CaO-A(800) catalyst with different pore forming concentration are 
shown in Figure 4.14. 
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Figure 4.14 Catalytic activity of the extruded CaO-A(800) catalysts using various pore forming 
concentration (1, 3 and 5%) for transesterification using reaction temperature of 65°C, methanol 
to oil molar ratio of 12: 1 and catalyst loading 10 wt%. 
 

 Biodiesel yield at the reaction time of 360 min for all the CaO-A(800)-P-1%, CaO-
A(800)-P-3% and CaO-A(800)-P-5% were higher than that of CaO-A(800) catalyst. It indicates 
that the using polyacrylamide as a pore-forming agent can increase the catalytic activity of the 
extruded CaO-A catalyst via transesterification. Owning to the mechanism of pore forming agent 
with the expansion of pore size resulted to increase the distribution of CaO as an active species 
leading to increase biodiesel yield as compared to CaO-A(800) [60]. This explanation was also 
corresponding to the total basicity of CaO-A (800)-P-3% which was the highest total basicity. 
Increase the concentration of polyacrylamide from 1 to 3%, biodiesel yield was significantly 
increased especially during the reaction time less than 240 min. However, the obtained biodiesel 
yield at 360 min was no significant different for CaO-A(800)-P-1%, CaO-A(800)-P-3% and CaO-
A(800)-P-5% catalysts with 73.00, 73.63, and 68.65%, respectively. The textural properties of the 
extruded CaO catalysts with addition of polyacrylamide from the BET model analysis were 
summarized in Table 4.3. The results indicated that the average pore size of CaO-A(800)-P-1, 3 
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and 5% were higher than that of the CaO-A(800). Especially, CaO-A(800)-P-3% was the highest 
uniform average pore size compared to the other extruded CaO catalysts (Figure 4.8). This can be 
concluded that using polyacrylamide as pore-forming agent can help increase the porosity to 
facilitate the adsorption of reactant to reach an active site and desorption of product based on the 
heterogeneous catalyzed transesterification [4, 61] The values of powder, CaO-A(800) and CaO-
A(800)-P-1, 3, 5% catalysts determined by Hammett indicator method were also supported this 
evidence as increase in the total basicity.  

 

 4.2.6 Reusability, regeneration and leaching test for CaO-A(800) catalyzed 

transesterification 
 Reusability test of CaO-A(800) catalyst was performed by washing the CaO-A catalyst 
with methanol 3 times. The used CaO-A(800) was separated from the reaction mixture and place 
in the close vessel. Then methanol was added and stirred for 20 min. This stage was repeated for 
three times to obtain the clear solution. After that, the catalyst was dried at 100°C for 2 h to 
remove the methanol and water. The pretreatment CaO-A(800) was further used for the next run. 
Reusability experiments were also carried out to investigate the stabilities of the CaO-A(800) as 
shown in Figure 4.15. 

 
Figure 4.15 Reusability test of the extruded CaO-A(800) catalyzed transesterification using 
reaction temperature of 65°C, methanol to oil molar ratio of 12: 1 and catalyst loading 10 wt%.  
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 Biodiesel yield of CaO-A(800) catalyst was decreased from 63.12 to 41.50% after the 
second run. At the 3rd run, the biodiesel yield was remarkably decreased to 20.11%. This could be 
due to the deactivation of the extruded CaO catalyst by reaction mixture blocking of the active 
sites and/or leaching of active species as usually found during CaO catalyzed transesterification 
[62]. To determine the deactivation cause of this CaO-A(800) catalyst, the regeneration and 
leaching test for the catalytic activity of the extruded CaO catalyst was performed as presented in 
Figure 4.16 The catalyst regeneration was obtained by washing the used CaO-A(800) with 
methanol for three times and the resulting catalyst was calcined at 800°C for 5 h. While the 
leaching test was performed by stirring the fresh CaO-A(800) with the desired amount of 
methanol used for transesterification. Then, the catalyst was separated from the methanol solution. 
The resulting solution was mixed with palm oil to carry out transesterification at the reaction 
temperature of 65°C. This was found that biodiesel yield using the regenerated CaO-A(800) was 
higher than that for the 2nd run but it was still lower as compared to the 1st run. These results 
indicated that the regeneration process can remove some adsorption species from the CaO-A(800). 
However, there was any adsorption species accumulated in the pore of CaO-A(800) catalyst 
resulting to lower biodiesel yield than that of fresh CaO-A(800). In addition, the weight of the 
regenerated catalyst was greater than that of fresh catalyst indicated that the accumulation of the 
reaction mixture on the CaO-A(800) catalyst. Leaching test of CaO-A(800) catalyzed 
transesterification was confirmed that the deactivation cause of this extruded CaO-A(800) was not 
due to the leaching of Ca as an active species. Biodiesel yield less than 5% was obtained from the 
transesterification of resulting methanol with palm oil in absence of CaO-A(800) catalyst. 
Udaykumar et al. [63] also confirmed that the leaching of Ca species was negligible. Only 3.13 
mg of the CaO catalyst was loss during the reusability process. This can be concluded that the 
deactivation of the extruded CaO catalyst using Al2O3 binder was more likely due to the 
adsorption of the reaction mixture on the active site as well as pore blocking. This finding was 
corresponding to Argyle et al. work to prepare zeolite extrudes catalyzed transesterification of 
vegetable oil [64, 65]. 
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Figure 4.16 Regeneration and leaching of the extruded CaO-A catalysts calcination temperatures 
800°C for transesterification using reaction temperature of 65°C, methanol to oil molar ratio of 
12: 1 catalyst loading 10 wt%. 
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 4.2.7 Catalytic activity of the extruded CaO catalysts in a basket reactor using different 
stirrer speeds 

Catalytic activity of the extruded CaO catalyst in a basket reactor was investigated to 
decrease the catalyst broken from mechanical force as obtained using magnetic stirrer. 

 
Figure 4.17 Catalytic activity of the extruded CaO catalysts for transesterification using reaction 
temperature of 65°C, methanol to oil molar ratio of 12: 1 and catalyst loading 10 wt% in a basket 
reactor using different stirrer speed (500, 600 and 700 rpm). 
 
 Catalytic activities of CaO-A(800) catalyzed transesterification in a basket reactor 
using different stirrer speed are illustrated in Figure 4.17. Biodiesel yield was 61.56% using 
stirrer speed of 600 rpm. When the stirrer speed was reduced, biodiesel yield was slightly 
increased from 61.56 to 63.95% for the stirrer speed of 600 and 500 rpm, respectively. This 
observation was different from biodiesel production in a batch reactor experiment. However, the 
increase of stirrer speed to 700 rpm, biodiesel yield was reduced to 51.32%. This should be due to 
the higher stirrer speed resulted to increase the shear force leading to increase the local 
temperature and the cyclone shape of fluid [66]. The higher local temperature gave the higher 
vaporization of methanol which was lower methanol to oil molar ratio in the liquid phase. While 
cyclone shapes of fluid rotation could reduce the residence time of reactant which gave the 
negative effect in the biodiesel yield. Roy et al. [67] also mentioned that the increase of excessive 
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speed, the production of biodiesel was declining and fluctuation. This is due to the fact that 
increasing stirrer speed enhances the volatility of alcohol which acts as a reactant as well as 
medium for the transesterification. Vaporization of methanol from the reaction system not only 
decreases the amount of one of the reactants but also hampers the proper ratio of alcohol to 
triglyceride in the reaction mixture. It has also been observed from this finding that at the stirrer 
speed of 600 rpm, the yield of biodiesel was optimum stirrer speed for biodiesel production in a 
basket reactor. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 
Conclusion and recommendations 

 

5.1 Conclusion 
 This work investigated the preparation parameters for synthesizing the extruded CaO catalyst. 
The binder, guar gum and silica sol were used as an ingredient to produce the extruded CaO 
catalysts. The effect of calcination at temperature of 700, 800, and 900°C, the effects of different 
binders (activated alumina, diatomite and kaolin), the effects of shape of the extruded CaO 
catalyst of SCY, LCY and SHL and addition of pore forming (polyacrylamide) with concentration 
of 1, 3 and 5 wt% were studied for the catalytic activities of extruded CaO catalyst via 
transesterification. The reaction was performed in a batch reactor using stirring speed 600 rpm 
which was fixed at a ratio of methanol to palm oil of 12 to 1 using 10 wt% catalyst loading, the 
reaction temperature of 65°C, for 6 h. Moreover, the characterization results of TGA, XRD, FT-
IR, SEM/EDX basic strength, and total basicity of the extruded CaO catalyst were also studied. In 
addition, reusability, regeneration, leaching test and the catalytic activity in a basket reactor using 
different stirrer speed for the extruded CaO catalyst were also investigated.  
 The extruded CaO-A(800) using CaO: binder (3.5: 1) and calcination temperature at 800°C 
provided the highest biodiesel of 93.15%. While the extruded CaO using diatomite and kaolin as 
binder to catalyze transesterification gave the lower biodiesel yield as compared to using extruded 
CaO-A catalyst. Because the total basicity, the surface area and pore volume of CaO-D and CaO-
K catalysts were lower than that of CaO-A catalyst. In addition, the calcination temperature has a 
remarkable effect on the catalytic activity of the extruded CaO catalyst for all binder types. For 
CaO-A catalyst, the biodiesel yield was decreased when the calcination temperature further 
increased to 900°C. It could be because the sintering of particles had more dominated effect 
resulting in lowered biodiesel yield. While CaO-D(900) catalyst, provided the higher biodiesel 
(57%) than that of CaO-D(700) and CaO-D(800) catalysts because of the total basicity for CaO-
D(800) catalyst resulting in lowered biodiesel yield. Al2O3 was a most suitable binder to prepare 
the extruded CaO catalyst. For the effect of the mass ratio of CaO to binder on the catalytic 
activity, the biodiesel yield was increased with the increase CaO: binder mass ratio increases from 
1: 1 to 3.5: 1. On the other hand, when the CaO: mass ratio was further increased to 6: 1, biodiesel 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 64  

yield was decreased for all binders. This finding could be attributed to the increase in CaO mass 
ratio to 6: 1 resulting in generation of more agglomeration of CaO species. The available CaO 
active species was more likely to be lower leading to a decrease in biodiesel yield. This can be 
noted that the optimum mass ratio of CaO to binder to prepare the extruded CaO catalyst was 3.5: 
1. The above results were consistent with the predicted response, showing good agreement with 
the experimental results.  
 Using polyacrylamide as a pore forming agent can increase the surface area and pore volume 
during calcination which can provide the higher biodiesel yield due to the uniform CaO 
distribution. The short cylindrical shape of the extruded CaO catalyst gave the highest biodiesel 
(63.12%).  
 In addition, the biodiesel yield of CaO-A(800) catalyst was decreased from 63.12 to 41.50% 
after the second run. In the third run, the biodiesel yield was remarkably decreased to 20.11%. 
Owning to the deactivation of the extruded CaO catalyst was more likely due to the adsorption of 
the reaction mixture on the active site as well as pore blocking.  
 
5.2 Recommendations 
 From the experimental results, the following recommendations are suggested: 
 5.2.1 The cylindrical catalyst shaping process should be performed by controlling the force 
for extruding catalyst paste into the extruder to obtain the uniform shape and size. 
 5.2.2 The extruded CaO should be further investigated the catalytic activity in the pack bed 
reactor for commercial process.  
 5.2.3 Biodiesel yield obtained from the extruded CaO catalyzed transesterification did not 
conform to EN 14103 standard. Therefore, the enhancement of the catalytic activity of the 
extruded CaO with addition of co-metal (Cu, Co, Fe, Ni) should be further studied. 
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Appendix A 
Calculation for catalyst preparation 

 
 The extrusion process in this work was done by preparation of CaO catalyst in a 
homogeneous paste comprised: 
 Step 1 physical mixing technique - a catalyst, binder, or pore forming agent are 
adequately mixed. The plasticizer is added subsequently to the powder mixture giving the paste 
form. 
 1) The binder 2.5 g was dried at 100°C for 12 h 
 2) Calcium carbonate was used as precursor of CaO as active species 
 1 mole CaO = 1 mole CaCO3 
when  Mw CaO = 56 g/mol, Mw CaCO3 = 100 g/mol 
 CaO 7.5 g/56 g/mol = 0.1339 mol 
 0.1339 mole CaO = 0.1339 mole CaCO3 

 CaCO30.1339 mol × 100g/mol = 13.39 g 
 3) Guar gum powder 1 g 
 4) Silica sol as plasticizers lubricity 16 g 
 5) The addition of the pore-forming 1, 3 and 5% 
  

Step 2 the mixture was loaded into a syringe and press compression for the extruded CaO 
catalyst. A piston of 6 mm diameter and 1.5 mm length as a size of short cylindrical (SCY) and 1 
mm diameter and 10 mm length as size of long cylindrical (LCY). Spherical shape use a piston of 
6 mm diameter was used to make spherical pellet forms (SHL) by spherical pellet forms by 
physical mixture method and extruded by JP table-type herbal coating herbal pellet making 
machine with diameter of 6 mm. 
  

Step 3 The resulting sample was dried at 100°C for 2 h. The calcination at temperature of 
700, 800 and 900°C were used for 5 h under static air using a heating rate of 5°C/min.  
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Appendix B 
Experimental setup of conventional mechanical stirred and basket reactor 

 
 The method being described here is for transesterification of palm oil. The first step is to 
mix the methanol for reaction with the catalyst, typically a strong base such as CaO or ZnO. The 
methanol/catalyst is then reacted so that calcium methoxide compound (Ca (OCH3)2) is an active 
species accelerating transesterification. After oil was added in the reaction mixture at the 
temperature of 65°C, then a reaction was start at 0 min. 

 
Figure B.1 Setup of conventional mechanical stirred reactor 
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Figure B.2 Setup of basket reactor 
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Appendix C 
Calculation the mass of oil, methanol and the extruded CaO catalyst  

 

From ρ = 
 

 
 , M = ρ ×v and n =  

 

  
  

V of round bottom 3-neck glass flask = 150 mL (Vtotal= ¾ in 3-neck glass flask) so that Voil =
 50 mL  
Where M of oil (ρ of oil = 0.89 g/mL, Voil = 50 mL) 
 Moil = ρ × Voil 
 Moil = (0.89 g/mL)(50 mL)  
  Moil =  44.5 g 
Where n of oil (Mw of oil = 847 g/mol) 
 noil =  

  
 

 noil = 
    

   
  = 0.0525 mol 

When the ratio of methanol to palm oil is 12 to 1, nMeOH = noil × 12 
 nMeOH  = noil × 12 
 nMeOH  =  (0.0525 mol)(12) = 0.63 mol 
Where M of methanol (Mw of methanol = 32.04 g/mol) 
 MMeOH  = nMeOH × Mw 
 MMeOH  = (0.63 mol)(32.04 g/mol) = 20.19 g 
Where VMeOH (ρ of methanol 0.792 g/mL) 
From ρ =  

 
, VMeOH = ρ ×M 

 VMeOH = ρ ×M 
 VMeOH    =  (0.792 g/mL)(20.19 g) = 15.99 mL 
 Example of calculating the weight of catalyst of the reaction oil using 10% wt of catalyst 
content. 
When M of oil 44.5 g; catalyst weight = (44.5 g)(   

   
) = 4.45 g 

Where VTatol  = Voil + VMeOH; VTatol = 50 mL + 16 mL = 66 mL 
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Appendix D 
Determination of crystallite size of CaO CaCO3 and CaSiO3 

 
 The crystallite size of CaO CaCO3 and CaSiO3 were determined by Debye Scherer 
formula is show in this below: 

 D =   

     
 

  
 D is the mean size of the ordered (crystalline) domains.  
 K is a dimensionless shape factor, with a value close to unity. The shape factor 
has a  
 typical value of about 0.9, but varies with the actual shape of the crystallite. 
   is the X-ray wavelength. (in the case of CuKa is 0.15405 nm) 
   is the line broadening at half maximum intensity (FWHM),after subtracting 
the  instrumental line ,in radians.  
   is the Bragg angle. 
For example; The crystallite size of CaO-A(800) 
When K = 0.9 
   = 0.15405 nm 
  (FWHM) = 0.01983             = 3.46 × 10-4 

 
   = 32.6220      = 16.31101 

              = 0.2846 

From D =   

     
 

 D = 
                 

                         
 = 417.3576 Å 

 D = 41.73576 nm
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Appendix E 
Hammet indicator method 

 
Basic strength and basicity of extruded CaO catalyst using Hammet indicator method was 
performed as shown below.  
 Step 1 extruded CaO catalyst 0.3 g was added into methanol 10 mL and left for 2 h to 
reach equilibrium. 
 

 
Figure E.1 Basic strength of extruded CaO-A(800) catalyst 

  
 Step 2 the clear solution was obtained from filtration. The selected indicator was dropped 
in the clear solution to test the basic strength (Figure F.1). The basic strength in the range of 7.2 to 
9.8. After that, for the clear solution was titrated with HCI 0.1 M. 
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 Step 3 determines the basicity concentration. 
For example; The basicity of CaO-A(800) 
Form HCI 0.1 M and solution of CaO-A(800) 10 mL 
 (CHCl)(VHCl) = (CCaO)(VCaO) 
 
 Bromothymol blue (1M)(3.5 mL) = (CCaO)(10 mL) 
 CCaO =               

       
 = 0.0367 M 

 (      
   

     
 

    

    )        = 0.0367 mmol/g 
 
 Phenolphthalein (1M)(4.5 mL) = (CCaO)(10 mL) 

 CCaO =               

       
 = 0.013 M 

 (      
   

     
 

    

    )        = 0.043 mmol/g 
 (0.0367 + 0.043)/2 = 0.03983 mmol/g
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