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CHAPTER I 
 

INTRODUCTION 

1.1 Statement of Problems 

Nowadays, the energy crisis is considered as one of the most important 
problems worldwide. One approach for solving this problem has been focused on the 
reduction of using petroleum from natural sources and replacing it by using other 
alternative energy sources such as H2 [1, 2], biomass [3], solar energy [4], wind energy 
[5] and hydropower or water energy [6, 7], etc. Furthermore, biodiesel [8-10], an 
alternative to petroleum-based fuel, is one of the most interesting alternative fuels 
that can be conveniently produced from renewable sources. Other than renewable 
sources, the advantages of biodiesel are preponderant lubricity, high flash point, high 
cetane number, less free aromatics and sulfur compounds in composition, high 
biodegradability, environmental friendly, and lower emissions carbon dioxide (CO2) as 
greenhouse gases and particulate matter. Generally, biodiesel is currently synthesized 
from vegetable oils [11] and animal fats [12], which contain triglyceride as essential 
components. Transesterification, so-called alcoholysis [13], is the process widely used 
for the production of biodiesel from triglyceride with alcohols of small molecules, such 
as methanol, ethanol and other alcohols with short carbon chains. 

The transesterification process requires acids or bases in forms of 
homogenous or heterogeneous catalyst to promote the reactions. In industries, sodium 
hydroxide (NaOH)  and potassium hydroxide (KOH)  in the form of homogenous base 
catalysts were commonly used for producing biodiesel because of quickly completed 
reaction at short time and lower temperature [14]. However, the problem of the 
process using these catalyst systems is that it generates a large of wastewater from 
washing process to remove homogenous catalysts in product mixture layers at 
separation and purification process of biodiesel product [15] and non-reusability of this 
catalyst after the reaction finished. To avoid these restrictions of this catalyst system, 
several heterogeneous catalysts have been employed in the transesterification such 
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as magnesium oxide (MgO) [16], calcium oxide (CaO) [17], zinc (II) oxide (ZnO) [18] and 
hydrotalcites [19]. The benefits of heterogeneous base catalysts are that they have 
higher catalytic efficiency, easily separation, and decrease in the amount of water used 
for purification of biodiesel. Moreover, these catalysts can be reused for several cycles. 

CaO is easily generated by using calcium carbonate (CaCO3) , calcium nitrate 
(Ca(NO3)2) , calcium hydroxide (Ca(OH)2) , calcium acetate ( (CH3COO)2Ca)  and calcium 
oxalate (Ca(COO)2) as raw materials [11]. CaCO3, an environmentally-friendly, is major 
source for the production of CaO. In Thailand CaCO3 are abundant in form of natural 
rocks such as lime stone and animal skeleton as egg shells, oyster shells, green-mussel 
shells, mollusk shells and bones.  

The abundant of green mussel shells and high purity source of calcium 
carbonate are two major advantages that lead us to be interested in study the catalytic 
properties of calcium oxide produced by green-mussel shells.  The green mussel shells 
were found in several areas of Thailand and, in fact, sea food industries in Thailand 
produce waste green-mussel shell of several tons [20, 21] a day. Besides, green mussel 
shell are CaCO3 source of high purity. Therefore, CaCO3 from the green mussel shells 
are used to produce CaO using directly calcination at high temperature as shown in 
Equation (1) [22] below,  

 
(1) 

The advantages of CaO are high basicity, high surface area, low solubility in methanol 
easy separation from the system, and low cost. Recently, many researchers studied 
CaO catalysts using waste mollusk skeleton as raw materials to produce biodiesel [23].  

In this research, we focus on synthesized and modified CaO from green-
mussel shell, wasted from food industry, using direct calcination at high temperature. 
Then, CaO was used as a catalyst to synthesis biodiesel from refined palm oil and 
methanol via transesterification reaction. The physical properties of natural and after 
calcination of green mussel shell were investigated by characterizations using various 
techniques including Fourier transform infrared spectroscopy ( FTIR) , X-ray Powder 
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Diffraction (XRD) , Field-Emission Scanning Electron Microscopy (FESEM) , Transmission 
Electron Microscopy (TEM)  and N2 adsorption-desorption measurement. In this study, 
we would like to demonstrate that the advantages of synthesized CaO catalyst from 
green-mussel shell are not only the reduction in the cost of imported commercial CaO 
catalyst and biodiesel production, but also the decrease in environmental problems 
of a large quantities of wastes from food industries too.  

 
1.2 Objectives  

The objectives of this research are follows;  

1.2.1 To prepare and characterize CaCO3 and CaO catalyst from green-mussel shells. 

1.2.2 To investigate the effects of CaO catalyst for produce biodiesel production by    

transesterification in various conditions in the synthesis biodiesel such as   

methanol to oil moleratio, amount of CaO catalyst, reaction temperature, 

reaction time, speed of agitation and number of reusability cycle of the 

catalysts. 

1.2.3 To study the chemical components of biodiesel produced.  

 

1.3 Scopes of this research  

The CaO catalyst from green mussel shell was synthesized using direct 

calcination and carried out in transesterification for produce biodiesel. The 

experimental procedures were carried out as follows; 

1.3.1 Survey literatures review and study the previous research works. 

1.3.2 Prepare the CaCO3-precursor for synthesis CaO catalyst from green-       

        mussel shell by direct calcination method at high temperature. 

1.3.3 Characterization of natural green-mussel shell, CaCO3-precursor and CaO       

        using various techniques as following below. 

 1.3.3.1 X-ray powder diffraction (XRD) 
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 1.3.3.2 Fourier transform infrared spectroscopy (FT-IR) 

 1.3.3.3 Thermogravimetric and differential thermal analysis (TG/DTA) 

 1.3.3.4 Field emission scanning electron microscopy (FESEM) 

 1.3.3.5 Transmission electron microscopy (TEM) 

 1.3.3.6 Surface area analysis and N2 adsorption-desorption measurement  

1.3.4 Evaluation of the efficient catalyst (catalytic activity) on conversion rate and  

        yield of the FAME obtained from transesterification of refined palm oil with  

        methanol under various parameters of synthesis conditions. 

1.3.5 Characterization of % conversion rate of biodiesel production using a Proton    

        nuclear magnetic resonance (1H NMR) spectroscopy  

1.3.6 Characterization of % fatty acid methyl esters (FAMEs) and % yield of biodiesel  

        production by using gas chromatography (GC)  

1.3.7 Analysis and summarization of the results and writing thesis 
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CHAPTER II 
 

THEORY AND LETERATURE REVIEWS 

2.1 Transesterification reaction 

Transesterification or alcoholysis is the reaction of triglycerides from vegetable 
oil or fat from animal reacted with short chain or low molecular weight of alcohol such 
as methanol and ethanol by employing acid or base catalysts. A mol of triglyceride 
transformed to 3 mol of fatty acid alkyl esters (FAAE) and 1 mol of glycerol as by-
product after the reaction finished. This transesterification reaction is shown in Scheme 
2.1.  

 

 
 

Scheme 2.1 Transesterification reaction between triglyceride and methanol 

 

2.2 Natural calcium carbonate (CaCO3) sources for the synthesis of CaO as 
catalysts  

Mollusk exoskeletons are an abundant CaCO3 source in the forms of aragonite 
and calcite with excellent fracture strength and fracture toughness, which are 
attributed to their unique microstructures. The main composition of mollusk 
exoskeletons shell, such as green mussel shell, is of 95 to 99 percentage of CaCO3 
such as aragonite and calcite crystalline forms and 0.1 to 5 percentage of protein film 
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or organic matter content such as chitin and conchiolin, as the protein binders and 
covering on its surface [24]. The protein fiber, chitin and conchiolin in mollusk shell 
structures were consisted of -(1-4)-linked N-acetyl-D-glucosamine subunits forming a 
linear homopolymer, and according to some researchers, it is one of those biopolymers 
identified in the organic parts of the mollusk shells which play an important role in 
the crystal orientation of mollusk shells [25]. The Figure 2.1 showed the components 
in microstructures of shells.  

 

 
 

Figure 2.1 Hierarchical structures (5 levels) of the abalone nacre from nano, micro,   
                meso to the structural length scales. [25] 
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2.3. Important benefits of natural calcium oxide derived from waste shells. 

The advantages of heterogeneous catalyst are that they can be easily removed 
after the reaction was finished by separation, which reducing amount of wastewater in 
the pretreatment step for the purification of biodiesel production, and the catalyst can 
be reused for several cycles. Calcium oxide as heterogeneous base catalyst has been 
widely used for producing biodiesel via transesterification. The benefits of CaO catalyst 
that have been observed are such as high surface area and basicity, lower solubility in 
such alcohol as methanol, ethanol and propanol, high porosity and low cost. 
Moreover, CaO catalysts showed the high catalytic activity in transesterification and 
easily separated from the biodiesel production process. CaO can be produced from 
CaCO3 sources by direct calcination or thermal decomposition at high temperature as 
showed in (Eq.(2.1)) [26].  

 

 
(2.1) 

Generally, The CaO required high temperature for direct calcination to release 
the carbon dioxide (CO2) gas and little adsorbed moisture. The relation between 
temperature and phase transformation was depicted in Figure 2.2.  

 

 
           Figure 2.2 Dissociation pressure and temperature of CaCO3. [27] 
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Normally, the CaO was produced using calcium salt sources such as calcium 
hydroxide (Ca(OH)2), calcium nitrate (Ca(NO3)2) and CaCO3 by thermal decomposition 
at high temperature. Moreover, CaO can be generated from waste of organisms such 
as animal bones, seaweed, sea shells (oyster, mud crab shell, green-mussel shell and 
cuttlebone) and eggshells using a direct calcination. Recently, several researchers have 
investigated and studied CaCO3 sources from natural and waste shell to produce CaO 
used as catalysts for transesterification. Pervious works of this area of research are 
shown in Table 2.1 and 2.2.  

 
Table 2.1 Heterogeneous catalysts derived from different natural resources in the  
               transesterification of different oils to biodiesel [23] 
 

Biodiesel 
feedstock 

Source of 
catalyst 

Temperature (๐C) 
and time (h) for 

calcination 

Catalyst 
amount 
(wt.%) 

Y/C 
(%) 

Mustard 
oil 

Waste shell of 
T. striatula  

600-900, 4 3 93.3(Y) 

Soybean  
oil 

Waste eggshell 200-1000, 2 3 >95(Y) 

Palm olein 
oil 

Waste cockle  
shell 

900, 2 2.2-7.8 >97(Y) 

Palm olein 
oil 

Waste shells of 
mollusk and 

egg 
800, 4 10 >90(Y) 

R.T. = Reaction temperature, Y = Yield, C = Conversion 
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 Table 2.2 Heterogeneous catalysts derived from different natural resources in the  
                transesterification of different oils to biodiesel (continued) [23] 
 

Biodiesel 
feedstock 

Source of 
catalyst 

Temperature (๐

C) and time (h) 
for calcination 

Catalyst 
amount 
(wt.%) 

Y/C 
(%) 

Waste frying 
oil 

Clamshell  
(M. meretrix) 

900, 2.5 or 3.5 3 
>89 (Y) 
>97 (C) 

Soybean oil Oyster shell 100-1000, 3 5.86-34.14 >70(Y) 

Palm olein 
oil 

Industrial 
waste shells of 

egg, golden 
apple snail 

and meretrix 
venus 

700-1000, 0.5-8 10 >90(Y) 

 
Rapeseed  

oil 
Biont shell 200-700 3 97.5(Y) 

Chinese 
tallow oil 

Waste 
freshwater 

mussel shell 
200-1000, 4 5 >90(Y) 

Soybean 
oil 

Waste fish 
scale 

600-1000, 2 1-5 97.73(Y) 

Palm olein 
oil 

Waste mud 
crab shell 

900, 2 5 NM 

Pongamia 
pinnata 

Chicken 
eggshells 

900, 2 2.5 
95(Y) 

97.43(C) 
R.T. = Reaction temperature, Y = Yield, C = Conversion 
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2.4 Mechanism of transesterification reaction using CaO as catalyst  

2.4.1 In the systems without water  

The mechanism of transesterification reaction with CaO catalyst has been 
investigated by several researchers [27]. The Figure 2.3 showed one of well-supported 
mechanism for this reaction. 

 

 
 

Figure 2.3 A mechanism for CaO-catalyzed transesterification. 
 

In the first step, the methoxide ion attached on the surface of CaO catalyst 
attacks the carbonyl carbon atom of triglyceride molecules from oil and transform 
triglyceride to a new intermediate molecule with the tetrahedral carbons as the 
second step. Next, the intermediate molecules continuously rearrange their structures 
before converting to a methyl ester and a diglyceride anion. Then, the diglyceride 
anion is protonated by a proton on the surface of CaO catalyst and converts to 
diglyceride molecule. Finally, three moles of methyl ester and a mole of glycerol were 
obtained after one mole of triglyceride was continuously attacked with methoxide ion 
for three cycles in role. Kouzu et al. [28] examined CaO catalyst in the 
transesterification reaction using triglyceride and methanol in detail. First, the 
methoxide anion was generated using CaO as a solid base catalyst reacting with 
methanol. Then, the methoxide anion attached to the carbonyl carbon group of 
triglyceride and converted to alkoxycarbonyl intermediate. Then, alkoxycarbonyl 
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intermediate underwent the rearrangement of its formation, the FAME and diglyceride 
anion were obtained. Finally, the diglyceride anion was protonated by a proton on 
CaO surface and converted to monoglyceride. The mechanism showed in Figure 2.4. 

 

 
 

Figure 2.4 Mechanism between triglyceride and methanol in transesterification using  
               CaO as catalyst 
 
2.4.2 In the system with the addition of a small quantity of water 

Liu et al. [29] studied by experimental and proposed the mechanism of 
transesterification in excess CaO catalyst with small amount of water. The surface of 
CaO heterogeneous base catalyst acted as a basic site. Therefore, on the CaO surface, 
the O2- extracted a proton (H+) from water (H2O) molecules and transformed into 
hydroxide (OH-) intermediate deposited on CaO surface. Moreover, the chemical 
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reaction between O2- and H2O easily generated OH- group in the system as shown in 
(Eq. (2.2)).  

 
2.2 

As soon as methanol was added into the system, the OH- group got protonated 
from CH3OH and converted to a methoxide anion (CH3O-) and H2O as by-product. 
Besides, the CH3O- group is a representative of expeditiously basic and has high catalytic 
activity as showed in Eq. (2.3). 

 

 
2.3 

 
Also, the other possible pathway was proposed as the O2- group on the surface 

of CaO catalyst can be protonated by the hydroxyl (OH) group of methanol and 
converts to CH3O- group in the system. The new OH- group was deposited on CaO 
surface as shown in Eq. (2.4). 

 

 
2.4 

Then, the glycerol as by-product from the transesterification was generated by 
CH3O- reacting with a triglyceride molecule in oil. In the first step, CH3O- attacked the 
carbonyl carbon (-C=O) atom in triglyceride and converted to an intermediate 
molecule with tetrahedral carbon. The mechanism was proposed in Eq. (2.5). 
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(2.5) 

For the next step, tetrahedral intermediate molecule was protonated by the 
OH- group on the surface of CaO catalyst as shown in Eq. (2.6). 

 

 
(2.6) 

In addition, the CH3O- generated by the tetrahedral intermediate also reacted 
with methanol in the system as well (shown in (Eq. (2.7)).  

 
(2.7) 

In the final step, the tetrahedral intermediate underwent the rearrangement of 
its structure and transformed into the fatty acid methyl esters (FAME) or biodiesel and 
glycerol as by-product after the reaction finished as shown in (Eq. (2.8)). 

 

 
(2.8) 

The overall mechanism of transesterification reaction can be concluded by                 
(Eq. (2.9). The long chain alkyl group were represented by the symbols of R1, R2 and 
R3. 
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(2.9) 

 
In this case, the hydroxide anions were easily generated using a little amount 

of water reacting with CaO catalyst, and more methoxide anions as real catalyst in 
transesterification reaction were promoted. The observation when amount water of no 
more than 2.8 % wt. (depending on soybean oil weight) was loaded to methanol in 
the system, the rate of reaction can be increasingly accelerated and the yield of FAME 
was improved in short time. However, if excess amount of water of more than 2.8 % 
wt. is loaded in methanol, the water tended to hydrolyze FAMEs and converted them 
to free fatty acids in this system as shown in (Eq. (2.10)). Then, the free fatty acids can 
react with base catalyst and generated soaps as products from saponification reaction, 
a side reaction in this system as shown in Eq. (2.11) [30]. 

 
 

 
(2.10) 

 

 
(2.11) 
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2.5 Literature review 

In 2009, Nakatani et al.[31] investigated the catalysts from powdery calcium 
carbonate (CaCO3) of oyster shells. In this case, the CaCO3 converted to CaO                          
after calcination at temperature above 700 oC and acted as catalysts in the 
transesterification of soybean oil. The optimized condition for biodiesel production 
was determined under the amount of catalyst of 25 wt. % and 5 h for reaction time. 
Under this condition, the biodiesel yield of 73.8 % was collected with 98.4 wt. % of 
high purity.  

 In 2011, Boro et al. investigated effects of calcination temperature for the 
synthesis of CaO between 600 and 900 oC. The results from BET surface area analysis 
examined that the shells calcined at temperature ranging from 700 to 900 oC showed 
higher surface area and pore volume than the shells calcined under 600 oC. The 
biodiesel was synthesized by employing optimal condition of 3.0% wt of catalyst with 
methanol to oil ratio of 1:9 for 6h, and 93.3 % yield biodiesel was obtained.  

In 2011, Boey et al. [32] synthesized heterogeneous catalysts using cockle shell 
as raw materials and calcination at 900 oC for 2h. The 4.9 wt. % of catalyst carried out 
in the transesterification between refined palm olein and methanol under the 
optimum condition of 0.54:1 methanol/oil mass ratio. The maximum of 99.1 
percentage purity of the starting content in synthesized biodiesel was obtained and 
the catalyst was reusable under the optimal condition of this reaction. 

 In 2011, Hu et al. [33] studied the CaO derived from waste freshwater mussel 
shells (FMS) using a calcination-impregnation-activation method. The FMS was calcined 
at 900 oC and cleaned up with water before calcination at 600 oC, and the newly 
formed CaO crystals were obtained. The results showed that the yield of above 90 % 
was obtained under optimal condition of 5 wt. % of catalyst, methanol to oil molar 
ratio of 12:1 at 70 oC for 1.5 h.  

 In 2012, Nair et al. [34] studied the production of biodiesel from 
transesterification of wasted frying oil (WFO) with methanol using diverted 
heterogeneous catalyst of clamshells (Mereterix mereterix). The differrent catalytic 
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activities of catalyst from clamshells showed in the transesterification for reduce 
reaction time after the clamshells were calcined at 1173 K for 3.5 h. The results 
indicated that the higher activity of catalyst was observed when 3.0 g catalysts with 
methanol to oil molar ratio of 6.03:1 at 333 K for 3 h were used, resulting in high yield 
and high conversion of biodiesel of 97 % and 89 %, respectively. 

 In 2014, Boro et al. [35]  studied and prepared heterogeneous catalyst using 
barium chloride (BaCl2) doped with transformed CaO from waste shells of Turbonilla 
striatula in transesterification for biodiesel production. The CaO was doped with                       
Ba from BaCl2 by varying the amount of Ba from 0.5 to 1.5 wt. % and the catalyst were 
used in transesterification of waste cooking oil (WCO) with methanol. Under the 
condition of 1 wt. % of catalyst, methanol to oil molar ratio of 6:1 at 65 oC for 3 h, the 
maximum conversion more than 98 % was obtained.  

 In 2015, Lee et al. [36] produced biodiesel via transesterification reaction of 
palm oil with methanol using derived CaO catalysts from waste obtuse horn shells (C. 
Obtusa). The 86.75 % of conversion was obtained under optimum condition at 
methanol to oil ratio of 12:1, 5 wt. % of catalyst for reaction time of 6 h. Besides, for 
the reusability of this catalyst, it can be reused up to three times with conversion of 
higher than 70 % after the third cycles. 

In 2015, Li et al. [37] investigated solid base catalyst using waste carbide slag 
as raw materials. The waste carbide slag calcined at 650 oC was used as a catalyst in 
the transesterification between soybean oil and methanol. The base catalyst exhibited 
high yield of fatty acid methyl ester (FAME) of 91.3 % under the condition of catalyst 
to oil mass ratio of 1.0 wt. %, methanol/oil molar ratio of 9:1 at 65 oC for 30 minutes. 

 In 2015, Sirisomboonchai et al. [38] studied transesterification of waste cooking 
oil (WCO) with methanol using calcined waste scallop shells as a catalyst. The XRD 
results showed that after scallop shells were calcined at 1000 oC for 2 h, the CaO was 
obtained. For the CaO catalyst from calcined waste scallop shell has higher activity 
than commercial grade CaO, therefore, 86 % yield of biodiesel fuel was found when 
optimal reaction condition were methanol to oil molar ratio of 6:1, 5 wt. % of catalyst, 
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reaction temperature at 64 oC, and reaction time of 2 h. In addition, the catalyst was 
reused for 4 cycles; while % yield of biodiesel reduced by 20 % due to the conversion 
of CaO catalyst to Ca-glyceroxide formation on its surface.  

All the research mentioned above expressed that the derived CaO catalyst 
prepared from waste shells exhibited high catalytic activity in transesterification for the 
production of biodiesel under the optimum reaction. Moreover, the benefits of these 
catalysts are low cost and environmental friendly. For there are many seafood 
industries in Thailand resulting in a lot of waste shells from food industries, especially 
green mussel shells, an environmental pollution problem from these wastes currently 
exist. The study of CaO catalyst from green mussel shells can be in part reducing these 
problems and will be discussed in the next chapters.  
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CHAPTER III 
 

EXPERIMENTAL 

In this research, the waste green-mussel shells were used as raw materials for 
preparation of CaCO3-precursors and CaO catalyst. CaO was synthesized from pure 
CaCO3-precursor using direct calcination at high temperature and used as 
heterogeneous basic catalyst in the transesterification of refined palm oil with 
methanol. The experimental section was divided into two parts. 

Part I : Synthesis and characterization of CaCO3-precursor and CaO catalysts from 
green-mussel shells. 

Part II : Synthesis and characterization of biodiesel production by using CaO as base 
catalyst via transesterification reaction in various conditions of controlled parameters. 

3.1 Instruments 

3.1.1 The instruments for characterization and analysis CaCO3-precursor and 
CaO catalyst from waste green-mussel shell 

The instruments used for analysis and characterization CaCO3 and CaO catalyst 
from green mussel shell source were shown in Table 3.1 below.  

Table 3.1 List of characterization and analytical instruments  

Instruments Manufacture : Model 
Fourier transform infrared spectroscopy (FT-IR) Impact 410 (Nicolet) 

X-ray powder diffraction spectrometer (XRD) DMAX2200/Ultima+ (Rigaku) 
Field emission scanning electron microscope 
(FESEM) 

JSM-7001F 

Transmission electron microscope (TEM) JEM-2100 (JOEL) 
Surface area analyzer BELSORP-mini (BEL japan) 
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3.1.2 The instruments for analysis of the synthesized biodiesel  

The instruments used for analysis and characterization biodiesel were shown 
in Table 3.2 below.  

Table 3.2 List of instruments  

Instruments Manufacture : Model 

Fourier transform infrared spectroscopy (FT-IR) Impact 410 (Nicolet) 
Proton nuclear magnetic resonance (1H NMR) and 
Carbon-13 nuclear magnetic resonance (13C NMR) 
spectroscopy 

Bruker 

Gas chromatography (GC) CP-3800, Varian  

 
3.2 Materials and chemicals 

1. Green mussel shell of Perna viridis Linneaus was collected from Numpu market, 
Chathaburi Thailand 
2. All chemicals in this research are listed in the Table 3.3-3.4 as shown below; 
 
Table 3.3 List of chemicals  

Chemicals Suppliers 

Sodium hydroxide (NaOH) Merck (pellet for analysis) 
Hydrochloric acid (HCl) Lab scan (AR grade) 

Hydrogen peroxide (H2O2) Merck (pellet for analysis) 

Methanol (CH3OH) Sigma-Aldrich (99.9999%) 
n-Hexane Carlo erba 

Chlorofrom-d Merck  

Methyl heptadecanoate Aldrich 
N-Methyl-N-(trimethylsilyl) trifluoroacetamide 
(MSTFA) 

Aldrich  

(S)-(-)-1,2,4-Butanetriol Supelco 

Tricaprin internal Standard  Supelco 
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Table 3.4 List of chemicals (continued) 

Chemicals Suppliers 
1,3-diolein Supelco 

Monoolein Supelco 

Glyceryl Trioleate Supelco 
1-oleoyl-rac-glycerol Supelco 

Heptane anhydrous Sigma-Aldrich 
37 Component FAME Mix (10 mg/mL) in methylene 
chloride 

Supelco 

Bromophenol blue Supelco 
Methyl red Merck 

Phenol red Merck 
Phenolphthalein Merck 

Indigo carmine Fluka 

Bromothymol blue Merck 
Neutral red Fluka 

2,4-Dinitroaniline  Aldrich  

4-nitroaniline  Aldrich 
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Part I : Synthesis and characterization of CaCO3-precursor and CaO catalyst from 
green-mussel shells. 
3.3 Experimental process  

The CaCO3-precursors were prepared from green mussel shells as raw material 
using different processes before CaO catalysts were synthesized following the methods 
below. 

3.3.1 Preparation calcium carbonate from green-mussel shell (GMShell)  

100 g of green-mussel shells were cleaned to remove residues such as lipids, 
sand, and other interference substances on their surfaces by scraping and washing 
thoroughly with 25 milliliter (mL) of hot deionized (DI) water at 80-90 oC for 3 times 
and the samples were dried to remove excess water at 105 oC in electric oven until 
reaching a constant weight. Then, dried samples were crushed with mortar and 
selectively obtained samples of particle sizes about 100 mesh using a metal sieve. 
Finally, the powdery samples were kept in a desiccator for protecting of sample from 
absorbing moisture in air. For reference, we named these samples as GMShell for 
cleaned-natural green-mussel shell.  

3.3.2 Preparation calcium carbonate from green-mussel shell after purification 
(CaCO3-EGMShell) 

The green-mussel shells of 100 g were cleaned up for removing of impurities 
on its surface with 25 mL of hot water for 3 times. Next, 100 mL of 1 % w/v sodium 
hydroxide (NaOH) solution was added into cleanly treated shell samples in a 500 mL 
beaker for 1 h and the reaction mixture was refluxed at 80-85 oC for 30-60 min to 
eradicate the organic matter and remaining proteins binder on green-mussel shell 
surfaces. After reaction finished, the shell samples were completely changed from 
green to brown color on their top surface, and protein film and other residues in 
solution were entirely removed. The shell-sample were washed repeatedly with DI 
water until pH near neutral. Next, samples were immaculately treated with 50 mL of 
0.5 M hydrochloric acid (HCl) solution for 30 second, brown pigment of impurity protein 
on top surface was removed, and this process was repeated once again. Then, the 
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samples were thoroughly washed with DI water until pH near neutral and the white 
shell-sample with high brightness were obtained. Finally, the bright shell-samples were 
dried in oven at temperature of 105 oC to remove excess water for overnight or until 
the samples reached constant weight. Then, dried samples were crushed with mortar 
and selectively obtained samples of particle sizes about 100 mesh using a metal sieve. 
The powdery samples were kept in a desiccator with the name labeled as CaCO3-
EGMShell.  

3.3.3 Preparation calcium carbonate by co-precipitate method (CaCO3-
CoGMShell)  

About 10 g of the pure CaCO3-EGMShell in 3.3.1.2 were digested with 100 mL 
of 1 M HCl solution, and the reaction mixture were slowly stirred in fume hood to 
remove carbon dioxide (CO2) gas from this process. The reaction was continued until 
CaCO3-EGMShell sample were completely dissolved in solution, followed by equation 
(3.1) [39] below. 

                     CaCO3 (s) + 2 HCl (aq)     CaCl2 (aq) + CO2 (g) + H2O (l)                      (3.1) 
Then, The solution were filtrated through No.1 filter papers to eliminate 

impurities from protein film in porous structures of CaCO3. The clear solution was 
neutralization with 100 mL of 2 M of NaOH solution. The solution was collected into 
a 250 mL volumetric flask, and DI water was added in the solution until the total 
volume of 250 mL was reached. The flask was swirled periodically to mix the solution, 
and this solution was labeled as a solution. Next, 250 mL of 0.1 M sodium carbonate 
(Na2CO3) solution was added into a 500 mL clean beaker of solution A by single drop 
co-precipitation method and continuously stirred using a magnetic stirrer. Then, a small 
amount of white solid was slowly precipitated from mixture. Finally, the white 
precipitate was separated using a suction filter, and the white solid were kept in electric 
oven at 105 oC until reaching a constant weight. The sample was labeled as CaCO3-
CoEGMShell.   
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3.4 Synthesis of CaO catalyst from CaCO3-precursor 

Five grams of milled CaCO3-precursor were added into an alumina ceramic 
crucible and direct calcined in an electric furnace at various temperatures ranging from 
600, 700, 800, 900 and 1000 oC for 5 h. Then, aggregated white solid were obtained 
and crushed by using mortar. Finally, the powdery white solid were kept in an electric 
desiccator in order to be protected from a little moisture and carbon dioxide (CO2) in 
air. 

3.5 Pretreatment of CaO catalyst for high active catalytic activity 

Five grams of the CaO catalysts after calcination at 800-1000 oC (from 3.4) were 
dispersed in 5 mL of DI water in a 25 mL beaker and constantly stirred for 5 minutes. 
Then, the mixture was filtered using Whatman No.4 filter paper. Next, soaked sample 
was dried at 105 oC in an electric oven for 2.5 h until obtaining constant weight. Finally, 
the white solid was crushed and kept in electric desiccator. 

3.6 Characterization of CaCO3-percursor and CaO catalyst 

From the main objectives of this research, CaO catalyst was synthesized from 
natural green-mussel shells using direct calcination at high temperature. Therefore, the 
physical and chemical properties of CaCO3 and CaO catalyst, before and after calcined, 
were investigated using Fourier transform infrared spectroscopy (FTIR), X-ray powder 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron 
microscopy (TEM), and scanning electron microscopy (SEM). Moreover, the specific 
surface area, total pore volume and average pore diameter of catalysts were determine 
using Brunauer-Emmett-Teller (BET) method from N2 adsorption-desorption isotherms. 
Basic strengths (H_) of catalysts were examined using Hammett indicator method.  
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Part II : Synthesis and characterization of biodiesel production by using CaO as base 
catalysts via transesterification reaction using various parameter for synthesis 
conditions 
 
3.7 Synthesis and characterization of the biodiesel products  

Parameters studied for synthesized biodiesel from refined palm oil and 
methanol using CaO catalyst in transesterification reaction 

3.7.1 Optimization for the synthesized CaO catalyst from different CaCO3-
precursor in transesterification reaction 

The CaO catalysts from CaCO3-EGMShell, after calcined at temperature 600, 
700, 800, 900 and 1000 oC for 5 h, were used for synthesizing of biodiesel under 
conditions of 10.0 % wt CaO catalyst (based on palm oil weight) and about 3.42 g 
methanol (methanol to oil mole ratio as 1:12.) The reaction mixture was loaded into 
a 25 mL three-necked round bottom flask and refluxed at 60 oC for 2 h. Next, 10.0 g 
refined palm oil was added into the system. Then, the mixture was constantly stirred 
at 500 rpm while refluxed at 64 ± 1 oC for 2 h. The instrument set up was shown in 
Figure.3.1. 

 

 
 

Figure 3.1 Apparatus set-up for the synthesis of biodiesel. 
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After reaction finished, the three-necked round bottom flask was put in an ice-
bath for 10 minute in order to decrease the temperature for stopping the reaction. 
Then, the mixture was separated by centrifugation at 4000 rpm for 10 minutes. 
According to the reaction equation in Chapter 2, the top layer contained  little 
methanol residue, the middle layer mainly contained fatty acid methyl ester (FAME) 
or biodiesel products, and the bottom layer contained mixture between glycerol and 
CaO catalyst. Finally, the middle layer was separated and other residue was removed 
for purification. The purified middle layer was subjected to determine the % conversion 
rate from triglycerides of palm oil converted to FAMEs using proton nuclear magnetic 
resonance (1H-NMR) analysis.  

3.7.2. Effect of calcination time  

The calcined CaO catalysts with highest % conversion rate were studied the 
effects of calcination time by varying the time for calcination as 0, 1, 2, 3, 4 and 5 h. 
For this study, about 10 g of CaO catalysts obtained from various time for calcination 
were loaded and refluxed with methanol following the same condition as in 3.7.1. 
Finally, the biodiesel production was subjected into 1H-NMR for the calculation of                     
% conversion rate. 

3.7.3 Effect of amount of CaO catalyst  

The condition for synthesis of biodiesel in this step was 10.0 g refined palm oil 
with amounts of CaO catalysts of 1, 2, 3, 4 and 5 wt. % (based on palm oil weight). For 
the synthesis, the CaO catalysts of different weights were refluxed with 3.42 g methanol 
(methanol to oil mole ratio of 1:12) at 60 oC for 2h. Next, 10.0 g of refined palm oil 
were added into the systems. Then, the mixture was refluxed at 64 ± 1 oC and 
constantly stirred at 500 rpm for 2 h. After reaction finished, the impurities and by-
products were separated from biodiesel following the method in 3.7.1. The                                   
% conversion rates were determined by 1H-NMR. 
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3.7.4 Effect of mole ratio of oil to methanol  

Biodiesel production was synthesized by various methanol to oil mole ratio for 
using ratio equal form 3:1, 6:1, 9:1, 12:1 and 15:1. The CaO catalysts of different weights 
were refluxed with methanol at 60 oC for 2h. Next, 10.0 g of refined palm oil was added 
into the systems. Then, the mixture was refluxed at 64 ± 1 oC and constantly stirred 
at 500 rpm for 2 h. After reaction finished, the impurities and by-products were 
separated from biodiesel following the method in 3.7.1. The % conversion rates were 
determined by 1H-NMR. 

3.7.5 Effect of reaction temperature 

The effects of reaction time for synthesis biodiesel were studied by varying the 
reaction temperatures as 35, 40, 45, 50, 55, 60, 65 and 70 oC. In the synthesis, CaO 
catalysts were refluxed with methanol in a 25 mL three-necked round bottom flask at 
60 oC and constant stirring at 500 rpm for 2 h. Next, refined palm oil of about 10.0 g 
was added into the system and continuously refluxed at different temperature 
parameters. Then, the reaction was stopped after 2 h and a three-necked round 
bottom flask was transferred into an ice bath for 5 minutes. Finally, the middle layer 
of biodiesel products was separated and purified using identical condition as in 3.7.1 
before calculation of % conversion rate with 1H-NMR. 

3.7.6 Effect of agitation speed 

The conditions with the best 1H-NMR results from 3.7.1, 3.7.2, 3.7.3, 3.7.4 and 
3.7.5 were used to synthesize biodiesel with various agitation speeds as 0, 100, 300, 
500, 700, 900 and 1100 rpm. The transesterification reaction was done following the 
method mentioned in 3.3.5.1. After the reaction was finished, purified biodiesel 
products was determined the % conversion rate by 1H-NMR. 

3.7.7 Effect of reaction time 

The experiment for the synthesis of biodiesel in this step was to study the  
variation resulting from the different reaction times as  30, 60, 90, 120, 150, 180 and 
210 minutes; while other parameters was chosen according to the best results from 
3.7.1, 3.7.2 and 3.7.3, 3.7.4, 3.7.5, and 3.7.6. First, CaO catalysts were refluxed with 
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methanol in a 250 mL three-necked round bottom flask at 60 oC for 2 h with constant 
stirring. After 2 h, about 100.0 g refined palm oil was slowly loaded into the systems. 
Next, about 10 mL of the homogenous mixture was sampled out every 30 min using 
a volumetric pipette until the reaction time reaching 210 min. All, samples were 
centrifuged and removed impurity following the methods in 3.7.1. Finally, purified 
biodiesel products were analyzed using 1H-NMR for the calculation of % conversion 
rate of all samples from the reaction. 

3.7.8 Effect of water loading amount 

For the synthesis process, the effects of water loading were studied by adding 
various amounts of water as 0, 1, 2, 3 and 4 wt. % (based on catalyst weight.) Biodiesel 
was synthesized by transesterification reaction using the best conditions for 1H-NMR 
results from 3.7.1 to 3.7.7. The mixture of CaO catalyst, methanol and various amount 
of water was refluxed at 60 oC for 2 h. Then, about 10.0 g refined palm oil were added 
into the mixture and refluxed at 64 oC at constant speed agitation for 2 h. Finally, the 
purified biodiesel was analyzed using 1H-NMR for calculation of % conversion rate. 

3.7.9 Reusability of CaO catalyst 

For the reusability of CaO catalysts, the transesterification was repeated many 
times with the used CaO catalyst. After the Cycle 1 of biodiesel synthesis was finished, 
the CaO catalyst was isolated from the reaction mixture by centrifugation at 4,000 rpm 
for 10 minute. Next, 2 mL of n-hexane was loaded into a centrifuge tube to dissolve 
and eliminate such residues as triglycerides from refined palm oil, soaps and a little 
amount of catalyst by washing and shaking the mixture for 5 minutes. Then, hexane 
was removed, and 1 mL pure methanol was added into a centrifuge tube to dissolve 
and remove glycerol byproduct. The mixture was shaken and centrifuged at 4000 rpm 
for 10 minutes. Next, methanol was removed and cleaned CaO catalyst was obtained. 
Finally, the cleaned CaO catalyst was dried in an oven at 105 oC until reaching constant 
weight.  
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3.7.10 Comparison of catalytic activity of CaO catalysts from different CaCO3-
precursors 

All CaO catalysts from different CaCO3-precursors after calcined at 900 oC, were 
selected for synthesis of biodiesel using the best condition from 1H-NMR results from 
3.7.1 to 3.7.7. All synthesized and purified biodiesels were compared based on % 
conversion rate calculated using 1H-NMR data.  

3.8 Characterization of synthesized biodiesels 

3.8.1 Proton nuclear magnetic resonance (1H-NMR) analysis 

The biodiesels containing fatty acid methyl esters (FAMEs) or the middle layer 
products were subjected to determine % conversion rate from triglyceride of palm oil 
converting to FAMEs by using 1H-NMR analysis. The calculation was done following 
Equation (3.2) [40] shown below. 

 
                       % Conversion rate = [(2AMe)/ (3ACH2)] × 100 %,                      (3.2) 

 
Where AMe is the integration of the area under the curve at 3.6-3.7 ppm, which 

is corresponding to the methoxy protons of the FAMEs or biodiesel, and ACH2 is the 
integration of the area under the curve at 2.2-2.3 ppm, which is corresponding to                   

α-methylene protons from triglycerides in the starting oil.  

For analysis using 1H-NMR, about 5 mg of synthesized biodiesel was dissolved in 
chloroform-d ( CDCl3)  as an internal standard. Next, the homogenous mixture was 
subjected to NMR tube and loaded into a spectrometer (Bruker model ACF200) 
operating at 400 MHz. The 1H-NMR data were analyzed by processing with MestReNova 
software. 
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3.8.2 Gas chromatography (GC) technique  

3.8.2.1 Determination of ester content in biodiesel by using EN14103 

For the best condition for synthesis of biodiesel or the condition of which % 
conversion rate was higher than other conditions as calculated using 1H-NMR results, 
the biodiesel product was characterized using a gas chromatography (GC) to determine 
the ester content in the products. The chromatography was carried out using a                      
CP-3800 Varian connected with OmegaWax column. For GC analysis, the sample was 
preparation by following European standard method EN14103. The purified 
synthesized biodiesel samples of approximately 250 mg (± 0.5 mg) and 200 µL MSTFA 
were added into a 20 mL vial using a micropipette. The mixtures were shaken 
vigorously for 20 minutes at room temperature. Next, 5 mL of methyl heptadecanoate 
as an internal standard solution (prepared by dissolving 500 mg methyl 
heptadecanoate in n-heptane 50 mL) was added into the mixture. The mixture was 
shaken continuously for 10 minutes. Approximately 1 µL of homogenous solution in 
volume was injected under conditions in Table 3.5. 

Table 3.5 The GC condition for determination ester content in synthesized biodiesel  
               according EN 14103 method 
 

Parameter Condition 
Column OmegaWax-column 30m, ID 0.25 mm, 0.25 µm film thickness 

Injector temperature  250 oC 
Detector  Flame ionization (FID) 

Detector temperature 250 oC 

Column oven  50 oC (hold 1 min) , rate of 4 oC/min to 220 oC and rate of 10 

oC/min to 230 oC  

Carrier gas N2 gas 
Split ratios 1:100  

Flow rate  1.2 mL/min  

Volume injected  1 µL 



 

 

31 

3.8.2.2 Determination of glycerin (EN14105) 

The European standard method EN 1405 was used in determination of total 
glycerol, free glycerol, monoglyceride, diglyceride and triglyceride as residue contents 
in the synthesis of biodiesel. Standard mixtures and internal standard solutions were 
prepared according to the following methods. First, 100 mg (± 0.1 mg) of each clean 
synthesized biodiesel sample and 200 µL of MSTFA were loaded in a 20 mL vial by 
using a micropipette, and the mixture was shaken vigorously for 20 minutes. Next, 80 
µL of the Internal Standard No.1 (1,2,4-Butanetriol) and 100 µL of the Internal Standard 
No.2 (Tricaprin) were added into a vial using a micropipette. The mixture was 
homogenized by continuous shaking at room temperature for 15-20 minutes. Then, 
approximately 8 mL of heptane were added in to the homogenous solution, and 1 µL 
of the mixture was injected into a GC using the instrumental conditions as described 
in Table 3.6 for analysis according to the EN 14105 method.  

Table 3.6 The GC conditions for the determination of glycerol residue content in  
               synthesized biodiesel according to the EN 14105 method 

 
Parameter Condition 

Column  Metal column 10 m, 0.32 µm, ID 0.25 mm 

volume Injected   1  microliter (µL) 

Detector Flame ionization (FID), 380 oC 
Temperature 100 oC (1 min) – 15 oC / min to 370 oC 

Carrier gas N2 gas, Constant Flow 3.5 mL / min 

Column Oven 50 oC (hold 1 min), to 180 oC at 15 oC / min to 230 oC at 
7 oC / min and to 370 oC (5 min) at 10 oC / min 
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CHAPTER IV 
 

RESULTS AND DISCUSSION 

In this research, we focused on the preparation of CaCO3-precursor (CaCO3-
EGMShell) and CaO (CaO-EGMShell) catalysts from wasted green mussel shells using 
direct calcination method at high temperature. The CaO catalyst was used in 
transesterification reaction for synthesis biodiesel under optimal condition by varying 
factors such as amount of CaO catalyst, methanol to oil molar ratio, reaction 
temperature, reaction time and agitation speed. Finally, the reusability of catalyst was 
investigated by using the catalysts repeatedly under the optimal condition.  

4.1 Processing for preparation of CaCO3 precursors  

4.1.1 Elimination of organic matter on green mussel shell surface 

The impurities such as sand, lipid, barnacle, and organic matter on green mussel 
shell surface were remove using a hydrothermal method in 1 % w/v NaOH solution at 
80 oC for 45 min. The results clearly indicated that about 9-10 wt. % (depending on 
the weights of shells) of impurities were easily removed under this condition. The 
physical property of green mussel shells were compared between the ones before 
and after removal of impurities as shown in Figure 4.1  

 

 
 
 
 

 
 
 

Figure 4.1 Green mussel shells (A) before and (B) after removal of impurities with               
1 % w/v NaOH solution using a hydrothermal method. 
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4.1.2 Purification of green mussel shell surface after eliminating impurities 

In this experiment, pure CaCO3 was prepared as raw materials. The brown 
pigment residues on green mussel shells were removed by washing with 10 mL of a 
0.5 M HCl solution. Finally, the white shells of about 98.75 % yield of final products 
were obtained. This method showed that the shell weight was decreased about 1-2 
wt. % only after using the 0.5 M HCl solution. The reason for the weight loss was likely 
due to the loss of CaCO3, which is the main component of green mussel shells. When 
CaCO3 from shells reacted with the HCl solution, it was converted to carbon dioxide 
(CO2) following Equation 4.1.    

                           (4.1) 

Figures 4.2 and 4.3 showed the physical appearances of the shells comparing the ones 
before and after purification by acid treatment.  

 
 
Figure 4.2 Green mussel shells ( A)  before and ( B)  after treated with 0.5 M HCl  
               solution. 

 
Figure 4.3 Powders of green mussel shells (A) before and (B) after treated with 0.5 M  
               HCl solution. 
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4.2 Characterization of CaCO3 precursor and CaO catalyst using green mussel 
shells as raw material  

4.2.1 Fourier transforms infrared (FTIR) spectroscopy  

Functional groups on CaCO3-GMShell and CaCO3-EGMShell, derived CaCO3-
precursor from green mussel shells, were characterized using a FTIR technique. The 
similar FTIR patterns of CaCO3-GMShell and CaCO3-EGMShell were presented in Figure 
4.4. The asymmetric stretching for carbonate (CO3

2-) group was observed at 1473.85 
cm-1. This major absorption band belongs to CO3

2- group of CaCO3, [41] the main 
content of green-mussel shells. Besides, the other absorption bands of the CO3

2- group 
were observed at 864.62 and 713.85 cm-1. The sharp absorption band at 864.62 and 
713.85 cm-1 are attributed to the out-of-plane and in-plane vibration modes, 
respectively [42]. In addition, the characteristic peak of C=O Stretching was observed 
at 1784.62 cm-1 which belongs to CO3

2- group from CaCO3  Finally, the absorption bands 
around 2498-3436 cm-1 (2498.46, 2526.15, 2550.77, 2849.23, 2926.15 and 3436.92                     
cm-1) are due to characteristic peaks of the C-H, N-H, and O-H bonds [43] from organic 
matrix as impurities from green mussel shells. . 

 

 
Figure 4.4 FTIR spectra of green mussel shells (A)  CaCO3-GMShell and (B)  CaCO3-  
                EGMShell.  
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The CaCO3-precursors (CaCO3-GMShell and CaCO3-EGMShell) were then 
calcined at 900 oC in an electric furnace for 5 h. During the calcination, the CaCO3 
slowly decomposed and converted to CaO and CO2. After calcination finished, the new 
absorption band appeared at 3636.92 cm-1, which is a characteristic peak assigned to 
the formation of basic Hydroxyl group (-OH) from the adsorption of a little amount of 
water molecules in air on CaO surface[44]. Moreover, the intensity of absorption band 
at 3436.92 and 1473.85 cm-1 from CaCO3-precursor in Figure 4.5 (A) decreased, 
indicating the evidence of CO3

2- group decomposition as the CaCO3 mass reduced                    
[45, 46]. 

 

 
 
Figure 4.5 FTIR spectra of treated green mussel shells (A)  CaCO3-EGMShell and (B)  
                CaO-EGMShell.  
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The crystalline products from CaCO3-GMShell and CaCO3-EGMShell after 
calcination at 900 oC for 5 h were characterized by comparing with an FTIR spectrum 
of commercial CaO as standard. The results in Figure 4.6 indicated the absorption 
bands of the both products from CaCO3-GMShell and CaCO3-EGMShell after calcination 
were corresponded with similar spectrum to CaO standard. Therefore, both crystalline 
products from calcined CaCO3-GMShell and CaCO3-EGMShell were assigned as CaO 
phase.  

 

 
 
Figure 4.6 FTIR spectra of products from CaCO3-precursor after calcination 900oC for  
                5 h (A) CaO-GMShell from CaCO3-GMShell, (B) CaO-EGMShell from CaCO3- 
                EGMShell and (C) commercial CaO as standard. 
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The CaO-EGShell was treated with DI water for removing of residues deposited 
on its surface using a wet impregnation method. The results from FTIR in Figure 4.7 
indicated that both absorption spectra from modified CaO-EGShell and commercial 
calcium hydroxide (Ca(OH)2) had similar FTIR patterns. The sharp absorption band at 
3640 cm-1 is a characteristic band of hydroxyl group (-OH) from Ca(OH)2. Therefore, this 
result can be preliminary confirmed that the CaO-EGMShell (CaO form) was converted 
to Ca(OH)2 form after the CaO-EGMShell was impregnated with a little amount of DI 
water. 

 

 
 
Figure 4.7 FTIR spectra of (A)  treated CaO-EGShell and (B)  commercial Ca(OH) 2 as  
                standard. 
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Moreover, the organic matrix as residues from green-mussel shell were 
investigated using FTIR. FTIR spectra of the natural organic matrix [47, 48] from green-
mussel shell (before calcination) and residue of organic matrix content in CaO-
EGMShell (after completely digested mineral from CaO) were compared in order to 
confirm residue content in CaO-EGMShell after calcination at 900 oC for 5 h. The results 
indicated that both of the absorption bands are in similar patterns, then it can be 
concluded that a little amount of organic matrix as impurities were stilled in CaO-
EGShell structure even after calcination at 900 oC. The absorption bands of natural 
organic matrix (before calcination) at 1636.92, 1483.08 and 1243.08 cm-1 were identified 

as the characteristic peaks of amides due to acetyl group content in -chitin 
molecules [49, 50]. Besides, the characteristic peaks of amides due to acetyl group 
were observed after calcination at the absorption at around 1630.77, 1446.15 and 
1169.23 cm-1. The FTIR result were showed in Figure 4.8 

 

 
 
Figure 4.8 FTIR spectra of (A)  Natural residue of organic matrix and (B)  residue of     
                CaO-EGMShell after calcination at 900 oC for 5 h. 
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4.2.2 X-ray powder diffraction (XRD) 

The crystalline structures of CaCO3-GMShell and CaO-EGMShell were 
characterized using X-ray powder diffraction. Both samples presented the similar XRD 
patterns as shown in Figure 4.9 Both of the XRD patterns showed the peaks at 2 Theta 
(2) of 26.282, 27.301, 31.179, 33.198, 36.158, 37.955, 38.611, 45.951, 48.514, 50.335, 
52.485, 53.078 and 66.095. The patterns were corresponded with XRD pattern of the 
Joint Committee on Powder Diffraction Standards (JCPDS) of No. 41-1475 of the 
aragonite (CaCO3) structure with characteristic peaks at 26.282, 31.179, 33.198, 37.955 
and 52.485.  

  

 

 

 

 

 

 

 

 

 

 

Figure 4.9 XRD patterns for (A)  CaCO3-GMShell and (B)  CaCO3-EGMShell from green- 
               mussel shell. 
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The CaCO3-EGMShell (pure CaCO3 after eliminated protein binders) was used 
to investigate the optimum condition for the temperature of calcination. The XRD 
results were shown in Figure 4.10 

 

 
 

Figure 4.10 XRD patterns of CaCO3-EGMShell from green-mussel shells that were  
                  calcined at different temperatures from 600 to 1000 oC. 

 

The calcite (CaCO3) crystalline structure was obtained as the peaks 
corresponding with the JCPDS of No. 86-0174 were observed when CaCO3-EGMShell 
was calcined at 600 and 700 oC. The peaks at 2 of 29.480, 36.056, 39.497, 43.253, 
47.579 and 48.579 were identified as the characteristic peaks of calcite. At above 800oC, 
the highest peak at 37.382 was observed and identified to the CaO crystalline phase. 
Therefore, we can conclude that the CaCO3-EGMShell as aragonite and calcite (at 600 
and 700 oC) phases completely converted to CaO phase at or above 800 oC. Besides, 
the smooth base lines of the XRD pattern at 900 oC implied that the impurities were 
removed comparing with the XRD pattern at 800 oC. These results from XRD indicated 
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that the CaCO3-EGMShell can be completely converted to CaO under the temperature 
of calcination at above 800 oC. Moreover, the CaO-EGMShell at 900 oC were modified 
by wet impregnation with DI water, the XRD results were shown in Figure 4.11.  

 

 
 

Figure 4.11 XRD patterns of (A) CaO-EGMShell (B) Commercial Ca(OH)2 used as standard  
                and (C) Ca(OH)2 from CaO-GMShell. 
 

The XRD pattern of Ca(OH)2 from CaO-EGMShell in Figure 4.11 (B) is similar to 
the XRD pattern of the commercial Ca(OH)2. The peaks were observed at 2 of 28.741, 
34.180, 47.219, 50.860, 54.401, 62.698 and 64.379, with the highest peak at 34.180 is 
the characteristic peak of Ca(OH)2 as comparing with JCPDS of No.81-2040 (calcium 
hydroxide). The results can lead to the conclusion that the CaO-EGMShell transformed 
to Ca(OH)2 phase when the CaO-EGMShell was modified using wet impregnation 
method.  
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4.3. Percent yield (% yield) of CaCO3-precursors and CaO catalysts  

Table 4.1 show the determination of percent yield of CaCO3-precursors such as 
CaCO3-GMShell and CaCO3-EGMShell using different synthesis conditions such as 
including removal of protein residues with NaOH solution and cleaning up for 
eliminating of impurities with low concentration of HCl solution. The % yield of CaCO3-
GMShell and CaCO3-EGMShell of 99.23 and 91.05 % were obtained, respectively.  

Table 4.1 Comparison of % yield CaCO3-precursor  
  

 
Samples 

 

Weight of CaCO3-precursors  
% Yield 

 (%) 
 

Original  
(g) 

Not-
Purification 

(g) 

Purification 
(g) 

CaCO3-GMShell 100.60 ± 0.27 99.83 ± 0.12 - 99.23 ± 0.27 

CaCO3-EGMShell 100.44 ± 0.21 99.64 ± 0.35 90.72 ± 0.55 91.05 ± 0.66 
 

The results in Table 4.2 indicated that the high % yield of CaO was depended 
on the high purity CaCO3-precursor then. The maximum of 99.34 % yield of CaO-
EGShell was obtained when the CaCO3-EGMShell was used as precursor because the 
CaCO3-EGMShell had lower impurities than CaCO3-GMShell.  

Table 4.2 Comparison of % yield of CaO from different CaCO3-precursor after  
               calcination under 900 oC for 5 h.  
 

 
Sample 

 

 
Weight. 

(g) 

 
Weightb 

(g) 

 
% Yielda (%) 

 

CaCO3-GMShell 5.0025 ± 0.0014 2.7459 ± 0.0064 98.07 ± 0.23 

CaCO3-EGMShell 5.0030 ± 0.0108 2.7816 ± 0.0800 99.34 ± 0.30 
aIn Comparison with theoretical CaO weight (2.80 g) 
bAfter calcination and CaCO3 converted to CaO phase 
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4.4 The basic strength of CaO catalysts as investigated using various Hemmett 
indicators  

The basic strength of CaO-GMShell and CaO-EGMShell were determined using 
the Hammett indicator method [51-53]. The basic strength of CaO catalyst can be 
investigated with the color changing in indicators of different basic strength. The Table 
4.3 showed the pKa and changes of color of the indicators used as references in this 
work. 

Table 4.3 List of Hammett indicators used as references in this work [51, 54-56] 
 

No. Chemicals pKa (H_) Color changed 

1 Bromophenol blue H_ = 4.0 Yellow to Blue 

2 Methyl red H_ = 4.2 Red to Yellow 
3 Neutral red H_ = 6.8 Red to Yellow 

4 Bromothymol blue H_ = 7.2 Yellow to Blue 

5 Phenol red H_ = 7.4 Yellow to Red 
6 Phenolphthalein H_ = 9.8 Colorless to Pink 

7 Indigo carmine H_= 12.2 Blue to Yellow 
8 2,4-Dinitroaniline H_ = 15.0 Yellow to Mauve 

9 4-nitroaniline H_ = 18.4 Yellow to Orange 
 

As illustrated in Tables 4.4 and 4.5, the Hammett indicator test indicated that 
the samples had higher basic strength after calcination at or above 800 oC comparing 
to the sample using low temperature for calcination. This result can be confirmed 
using XRD as the samples showed CaO phase. CaO-EGMShell can change the color of 
indigo carmine (H_= 12.2) from blue to yellow and 2,4-dinitroaniline (H_= 15.0) from 
yellow to orange but failed to change the color of 4-nitroaniline (H_ = 18.4). Therefore, 
the basic strength of CaO-EGMShell was in the range of 12.2 < H_ < 15.0 in accordance 
with the commercial CaO. This result showed that when the temperature of calcination 
increased, basic strength increased. Besides, the CaO-GMShell (9.8 < H_ < 12.2) had 
lower basic strength than CaO-EGMShell at 900 oC as shown in Table 4.4.  
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Table 4.4 The results of basic strength of CaO-GSMShell catalyst determined by  
               Hammett indicator method 

 
Sample 

 
Changes of Hammett indicators 

 

Basic strength 

(H_) 1 2 3 4 5 6 7 8 9 

CaCO3- GMShell  x x x x x x x x x 4.0 < H_ 
(no color change) 

CaO-GMShell 600 oC √ √ √ x x x x x x 6.8 < H_ < 7.2 
CaO-GMShell 700 oC √ √ √ √ √ x x x x 7.4 < H_ < 9.8 

CaO-GMShell 800 oC √ √ √ √ √ √ x x x 9.8 < H_ < 12.2 

CaO-GMShell 900 oC √ √ √ √ √ √ x x x 9.8 < H_ < 12.2 
CaO-GMShell 1000 oC √ √ √ √ √ √ √ x x 12.2 < H_ < 15.0 

Commercial CaO √ √ √ √ √ √ √ x x 12.2 < H_ < 15.0 
√ = Color change observed, x= no color change observed 
 
Table 4.5 The results of basic strength of the CaO-EGSMShell catalyst determined by  
               Hammett indicator method 

 
Samples 

 
Changes Hammett indicators 

 

Basic strength 

(H_) 1 2 3 4 5 6 7 8 9 

CaCO3- EGMShell  x x x x x x x x x 4.0 < H_ 
(no color change) 

CaO-EGMShell 600 oC √ √ √ x x x x x x 6.8 < H_ < 7.2 

CaO-EGMShell 700 oC √ √ √ √ √ x x x x 7.4 < H_ < 9.8 
CaO-EGMShell 800 oC √ √ √ √ √ √ x x x 9.8 < H_ < 12.2 

CaO-EGMShell 900 oC √ √ √ √ √ √ √ x x 12.2 < H_ < 15.0 
CaO-EGMShell 1000 oC √ √ √ √ √ √ √ x x 12.2 < H_ < 15.0 

Commercial CaO √ √ √ √ √ √ √ x x 12.2 < H_ < 15.0 

√ = Color change observed, x= no color change observed 
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4.4 Surface properties of CaO-EGMShell catalyst from green-mussel shell  

The physical properties of CaO-EGMShell catalysts from green mussel shell 
after calcination at different temperatures ranging from 800-1000 oC for 5 h were 
examined using Brunauer-Emmett-Teller (BET) method for determination of specific 
surface area, total pore volume and average pore size diameter. The results were 
shown in Table 4.6. 

Table 4.6 Surface properties of adsorbents using BET method. 
 
 

Catalysts 
 

 

 
Surface properties 

BET surface area 
 (m2/g) 

Total pore 
volume  
(cm-1/g) 

Average Pore 
Diameter (Å) 

bCaCO3-EGMShell 29.12 5.15 x 10-2 70.1 
CaO-EGMShell 800 oC 2.49 1.05 x 10-2 169.3 

CaO-EGMShell 900 oC 7.67 2.16 x 10-2 112.4 

CaO-EGMShell 1000 oC 0.47 6.10 x 10-3 527.0 
 

The surface area, pore volume and pore diameter of various adsorbents were 
determined using the nitrogen adsorption isotherms at 77 K. From the results in Table 
4.6, the CaO-EGMShell converted by the calcination of CaCO3-EGMShell at 900 oC for    
5 h had the highest of BET surface area, total pore volume and average pore diameter. 
The pore diameter analysis showed that the catalysts were classified as the 
mesoporous material type as their pore diameters were in the range of 20-500 Å [57]. 
Therefore, calcination temperature at 900 oC were used to synthesis other CaO using 
different CaCO3-precursor. Moreover, the surface properties of the delivered CaO from 
previous researches is presented in Table 4.6 for comparison with the BET results of 
CaO-EGMShell using green-mussel shell after calcination at 900 oC for 5 h in this work. 
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Table 4.7 The BET surface area of CaO catalyst from previous reports  
 

 
Researchers 

 
CaO Source 

Calcination 
time 
(h) 

Temperature 
of calcination 

(oC) 
 

BET surface 
area (m2/g) 

Boro J. et al. [22] Turbonilla 
striatula shell 

4 900 8.36 

Hu S.  et al.  
[33] 

Freshwater 
mussel 

5 900 1.50 

Vujicic DJ. et al.  
[58] 

commercial 
CaO 

- 900 4.30 

Obadiah, A. et al. 
[59] 

waste animal 
bone 

- 200 -1000 3.03 

Nair  P. et al.  
[34] 

Mereterix 
mereterix 

2.5 900 2.60 

Choudhury H.A. 
et al. [60] 

Commercial 
CaO 

3 900 7.11 

This research Green-mussel 
shell 

5 900 7.67 

 
From Table 4.7, CaO from different sources exhibited the BET surface area in 

the range from 1.5 to 8.36 m2/g. In this work, the BET surface area of CaO (CaO-
EGMShell) was comparable with the results from research of Choudhury H.A [60] and 
Boro J. [22] as the BET surface area of CaO-EGMShell was investigated as in range of 
around 7 to 8 m2/g. 
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4.5 Adsorption-desorption isotherms of catalysts from green-mussel shell 

The nitrogen adsorption-desorption isotherms for CaCO3-EGMShell, CaO-
EGMShell and Ca(OH)2-EGMshell from purified CaCO3 of green-mussel shells were 
presented in the Figure 4.13, 4.14 and 4.15, respectively. All samples exhibited type IV 
isotherms, which are a character of mesoporous materials according to IUPAC 
classification. Moreover, the hysteresis loops were observed at high relative pressures, 
confirming the mesoporous characters according with previous works from Yoosuk 
(2010) [61] and Lertpanyapornchai (2015) [62].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Adsorption isotherm of CaCO3-EGMShell when P: Pressure, P0: Pressure  
                 saturated. 
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Figure 4.13 Adsorption isotherm of CaO-EGMShell when P: Pressure, P0: Pressure  
                  saturated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 Adsorption isotherm of Ca(OH) 2-EGMShell when P: Pressure, P0: Pressure  
                 saturated.  
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4.6 Morphological studies using FESEM technique  

4.6.1 FESEM images of CaCO3-precursor from natural and eliminated residue on 
surface of green-mussel shell 

The morphology of CaCO3-GMShell as CaCO3-precursor after removal of 
impurities on the surfaces of green-mussel shells were investigated using FESEM. From 
the results in Figure 4.15, it was observed that there were different surface patterns of 
the both samples. Figure 4.15 of (A) and (B) showed the multilayer, which is a typical 
layered architecture [63] of the layered nacres from effect of organic matrix deposited 
on surface of green-mussel shells. Then, the surface of natural green-mussel shells 
were obtained in the form of multilayer of nacre layers [64, 65]. The several single and 
aggregated sheets of CaCO3-GMShell as CaCO3-precursor after impurity elimination with 
NaOH solution were observed in Figure 4.15 (C) and (D). After the organic matrix were 
removed using the NaOH solution, different morphological patterns in comparison to 
(A) and (B) in Figure 4.15 were obtained. 

 
Figure 4.15 SEM images of (A).and (B) CaCO3-GMShell; and (C) and (D) CaCO3-EGShell. 
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4.6.2 FESEM images of CaO from natural after elimination of residues on surface 
of green-mussel shell after calcination at 900 oC for 5 h  

The morphological fractures of CaCO3-GMShell and CaCO3-EGMShell were 
observed in different patterns before and after calcination at 900 oC for 5 h. The 
microstructures and sheets of CaCO3-precursor were transformed significantly in that 
there were a reduction in sizes and changes of morphologies. Then, the porous and 
slit structures appeared on their surfaces because high temperature from direct 
calcination and long calcination time can induce the decrease in sizes and 
morphologies into the form of microstructures and unique sheet structures [66]. The 
results were shown in the Figure 4.16.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 SEM images of ( A) .and ( B) . CaCO3-GMShell and ( C)  and ( D)  CaCO3- 
                  EGMShell after calcination at 900 oC for 5 h. 
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4.7 Physical properties of refined palm oil  

The refined palm oil from the Olein co, th., Thailand (figure 4.17) was used as 
a raw material for producing biodiesel. The physical properties of refined palm oil were 
investigated to find saponification value (SN), % free fatty acid (FFA) and molecular 
weight. The results were shown in Table 4.8. 

 
 
 
 
 
 
 
 
 
 
Figure 4.17 A photograph of refined palm oil from the Olein co, th. Thailand used as  
                 a raw material.  
 
Table 4.8 Properties of refined palm oil used in the present study 

Properties Value Unit 

Saponification value 196.59 ± 0.5 mg KOH/g of oil 
Free fatty acid  0.69 ± 0.1 % 

Molecular weight 856.10 ± 1.2 g/mol 

 
The transesterification was used to synthesize biodiesel. In this experimental 

method, the parameters such as amount of catalyst loaded, methanol to oil molar 
ratio, reaction temperature, reaction time and speed of agitation were adjusted to 
investigate to optimized conditions for the synthesis of biodiesel using synthesized CaO 
catalyst from green-mussel shell.  
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4.8 Influences of parameters on catalytic activity of CaO catalysts in 
transesterification 

4.8.1 Effect of optimized conditions for synthesis of biodiesel using different 
types of CaO catalysts  

 
 
Figure 4.18 Effect of different types of CaO catalysts on the conversion of palm oil  
under the reaction condition of methanol to oil molar ratio; 12:1, reaction temperature, 
64 ± 1 oC, reaction time of 0-4 h and constant agitation speed at 500 rpm. 
 

The catalyst activities of different CaO were compared under the identical 
condition for synthesis biodiesel via tranesterification reaction. The condition used is 
that amount of catalyst loaded of 10 wt. % (base on oil weight), methanol to oil molar 
ratio of 12:1, reaction temperature of 64 ± 1 oC for 2 h at constant speed agitation of 
500 rpm. The different types of CaO catalyst including CaO-GMShell from CaCO3-
GMShell, CaO-EGMShell from CaCO3-EGMShell and CaO-CoGMShell from CaCO3-
CoGMShell were used as catalysts for comparing their effects on catalytic activity. The 
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highest conversion of biodiesel from 0.5 h after reaction finished at 3.5 h were obtained 
when CaO-EGMShell was used as catalyst. Then, the catalytic activities of different CaO 
catalysts were concluded as shown in the trend line in Figure 4.18.   

CaO-EGMShell was cleaned up to remove organic matrix on green-mussel shells 
surface with NaOH and HCl solutions. Then, the surface of CaO-EGMShell had active 
basic sites (clear surface). When the triglyceride from oil and methanol reacted on 
surface of CaO-EGMShell during reaction, the CaO-EGMShell was more active than CaO-
GMShell (the sample without pretreated of its surface). In addition, the CaO-EGMShell 
was compared with CaO-CoGMShell in transesterification under the same condition 
and it was found that the CaO-EGMShell tended to be more stable in methanol than 
CaO-CoGMShell. This result was likely because of the effects of a small amount of 
organic matrix binding in its porous structure and surface. To confirm this prediction, 
the organic matrix in CaO-EGMShell after digestion with HCl solution was investigated 
by FTIR and found in accordance with the previous work [67].  Therefore, CaO-EGMShell 
has higher stability than CaO-CoGMShell (the sample without organic matrix and 
regenerated by co-precipitation) as the percent conversion rate in biodiesel synthesis 
of the two catalysts were compared in this experimental section. Moreover, higher 
surface area is one of the important factors observed in this reaction. The highest 
surface area of CaO-EGMShell (7.67 m2/g) was obtained in comparison with CaO-
GMShell (3.33 m2/g) and CaO-CoGMShell (5.59 m2/g.) These results indicated that high 
surface area of catalyst can promote the rate of the reaction more than catalyst with 
low surface area leading to the high percent conversion of biodiesel production [68] 
under the same condition.  

In conclusion for this experiment, the CaO-EGMShell were chosen for synthesis 
of biodiesel for the next experiment because not only the highest % conversion were 
obtained in 0.5 to 2.5 h when compared with CaO-GMShell and CaO-CoGMShell, but 
also the high stability from a small amount of protein binders remained in inside 
catalyst pores and on surfaces as investigated by FTIR technique.  
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4.8.2 Effect of calcination temperature of CaO-EGMShell catalyst  

In this experiment, the CaO-GMShell catalyst generated from various calcination 
temperatures were studied for their catalytic activities. The studies were done by 
loading the catalyst in the transesterification under the condition of 10 wt. % catalyst; 
methanol to oil molar ratio of 12:1, reaction temperature of 64 ± 1 oC for 2 h at 500 
rpm. The results were indicated in Figure 4.19.  

 
 
Figure 4.19 Effect of calcination temperature on the conversion of palm oil using CaO-
GMShell catalyst with the reaction condition of methanol to oil molar ratio of 12:1, 
reaction temperature of 64 ± 1 oC, reaction time of 2 h and agitation speed at 500 
rpm. 
 

The maximum conversion of palm oil of 99.25 % was obtained when CaCO3-
GMShell were calcined under temperature of 900 oC for 5 h. The XRD results indicated 
that the CaCO3 from green-mussel shells completely converted to CaO above 
temperature for calcination of 800 oC [69-71]. Moreover, the % conversion of palm oil 
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was depended on with the basicity of catalyst, high basicity should help converting 
triglyceride to fatty acid methyl esters (FAME) better than the catalyst with low basicity. 
The CaO-EGMShell catalyst calcined above 800 oC showed the higher % conversion 
because the catalyst in form CaO have more basic strength than the calcite form (at 
600 and 700 oC). 

Besides, the highest specific surface area of CaO-GMShell were the one calcined 
at 900 oC. This is likely due to the organic matrix and impurities of CaCO3-precursors 
were completely eliminated when calcined above 800 oC. The results in Figure 4.20 
showed the black and light gray of powdery solid, likely due to the fact that the 
residues from a little amount of organic matrix cannot be removed at lower 
temperature, which was obtained after calcination at 600 and 700 oC, respectively. 
Moreover, the residues were easily eliminated and cleanly white powdery solid were 
obtained at above 800 oC.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20 The powdery solid products after calcination at (A) 600 oC, (B) 700 oC, (C)  
                 800 oC, (D) 900 oC and (E) 1000 oC. 
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4.8.3 Effect of calcination time of CaO-EGMShell catalyst 

The influence of calcination time was investigated by varying time for 
calcination of green-mussel shell from 1 to 6 h. In this experiment, CaO-EGMShell 
samples from difference calcination times were used as catalyst in transesterification 
with methanol to oil molar ratio of 12:1 at 64 ± 1 oC for 2 h for synthesis of biodiesel. 
As the results shown in Figure 4.21, the percent conversion of palm oil increased from 
8.04 to 97.21 % when using the range of calcination time from 1 to 5 h. Besides, the 
percent conversion was dropped after calcination for 6 h was used in this experiment. 
This observation might due to the effect of aggregation of particles from the powdery 
solid of CaO-EGMShell after calcination for 6 h leading to the decrease in surface area.  

 
 

Figure 4.21 Effect of calcination time on conversion of palm oil using CaO-GMShell 
catalyst. Reaction condition were 10 wt. % catalyst, methanol to oil molar ratio of 12:1, 
reaction temperature at 64 ± 1 oC, reaction time for 2 h and agitation speed at 500 
rpm. 
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4.8.4 Effect of amount of CaO catalyst loaded on % conversion  

The varying amount of CaO-EGMShell catalyst was loaded from 0.5 to 4.5               
wt. % (based on refined palm oil weight) for synthesis of biodiesel under the condition 
of methanol to oil molar ratio of 6:1, reaction temperature of 64 ± 1 oC at constant 
agitation speed at 500 rpm for 2 h. The results were presented in Figure 4.22. 

 
 
Figure 4.22 Effect of amount of catalyst loaded on conversion of palm oil using CaO-
EGMShell catalyst. Reaction condition of methanol to oil molar ratio of 6:1, reaction 
temperature of 64 ± 1 oC, reaction time of 2 h and agitation speed at 500 rpm. 
 

From the results presented in Figure 4.22, the maximum conversion of 93.31 % 
was obtained when 4 wt. % CaO-EGMShell catalyst was used. The results can be 
explained that when the amount of catalyst increased, the contact surface area of 
catalyst increase, and the triglyceride molecules can react with methoxide ion on its 
surface more [36, 55]. Therefore, the % conversion of biodiesel was depended on the 
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amount of contact surface. The probability of generation of methoxide ion as 
nucleophile on catalyst surface were increased when the contact surface increased. 

The important role of the methoxide ion was that it can attack the carbonyl 
group of triglyceride during in the reaction before converting to FAME and by-products 
[72] such as diglyceride, monoglyceride and glycerol when the reaction completely 
finished. Besides, the effect of mass transfer from excess amount of catalyst to the 
reactants, refined palm oil and methanol, were observed as the decrease in % 
conversion after the amount of catalyst loaded over 4 % wt. In this experiment, 96.65 
% yield of biodiesel was obtained. Then, the optimal condition for synthesis of 
biodiesel was used 4 % wt of CaO-EGMShell catalyst loading in the reaction as the 
result shown in Table 4.9. 

 
Table 4.9 Effect of amount of catalyst loaded on the yield of production  

Catalyst Amount of catalyst loaded 

(wt. %) 

Yield 

 (%) 

 1.0 98.77  

 2.0 96.50  

CaOa 3.0 97.79  

 4.0 96.65  

 4.5 90.34  

Reaction conditiona: Methanol to oil molar ratio,6:1, temperature, 64 ± 1 oC, time, 2 h.  
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4.8.5 Effect of methanol to oil molar ratio on % conversion  

The molar ratio of methanol to oil is a significant factor for synthesis biodiesel. 
Theoretically, 3 mol of alcohol was required in the transesterification to react with 1 
mol triglyceride and given 3 mol fatty acid methyl ester and 1 mol glycerol after the 
reaction finished. In this experiment, methanol to oil molar ratio was varied from 3:1 
to 15:1 under the condition with fixed parameters of amount of catalyst at 4 wt. %, 
reaction temperature of 64 ± 1 oC at 500 rpm for 2 h. The results displayed in the 
Figure 4.23.  

 
 
Figure 4.23 Effect of methanol to oil molar ratio on conversion of palm oil using CaO-
EGMShell catalyst. Reaction condition were 4 wt. % catalyst, reaction temperature at 
64 ± 1 oC, reaction time for 2 h and agitation speed at 500 rpm. 
 

The maximum percent conversion of 95.62 % was observed when 6:1 methanol 
molar ratio was used. This results can be described that the excess methanol under 
ratio of 6:1 cannot drive the transesterification reaction forward and shifted the 
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equilibrium for triglyceride to FAME and glycerol completely. In contrast, the 
conversion rate was decreased when the methanol to oil molar ratio was used above 
6:1. This is due to higher amount of methanol can dissolve the diglyceride, 
monoglyceride and glycerol during in the reaction, resulting in the mix of the methanol 
phase and glyceride phase to form homogenous phase. Therefore, the optimum 
methanol to oil molar ratio was used as 6:1. 

 

4.8.6 Effect of reaction temperature on % conversion  

Transesterification of vegetable oil with alkaline catalyst were normally 
performed under temperature ranging between 45 oC to 65 oC [73]. In this experimental 
section, effects of reaction temperature were studied by varying temperature in the 
range of 35 to 75 oC in the synthesis of biodiesel. The condition used was 4 wt. % CaO-
EGMShell catalyst with methanol to oil ratio of 6:1 for 2 h under constant agitation 
speed at 500 rpm. The results of this study showed that the % conversion of palm oil 
was increased when the temperature increased as shown in Figure 4.24. Therefore, the 
conversion of palm oil of 98.04 % was obtained at 65 oC (64 ± 1oC). However, the                       
% conversion was decreased when temperature was above 65 oC because methanol 
was easily evaporated under temperature above 65 oC as the boiling point of methanol 
is approximate 65 oC (64.7 oC).  
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Figure 4.24 Effect of reaction temperature on conversion of palm oil by using CaO-
EGMShell catalyst. Reaction condition were 4 wt. % catalyst, methanol to oil molar 
ratio of 6:1, reaction time for 2 h and agitation speed at 500 rpm. 
 
4.8.7 Effect of water loaded on % conversion  

The effect of a small quantity of water is an important factor for biodiesel 
production. Water can quickly promoted the generation of methoxide anion as the 
real catalyst when the CaO catalyst react with methanol in transesterification leading 
to the higher yield of biodiesel within a short time [29, 74]. The results were illustrated 
in Figure 4.25.  
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Figure 4.25 Effect of amount of water loaded on conversion rate of palm oil using 
CaO-GMShell catalyst. Reaction condition were 4 wt. % catalyst, methanol to oil molar 
ratio of 6:1, reaction temperature at 64 ± 1 oC, reaction time for 2 h and agitation speed 
at 500 rpm. 
 

In this experiment, percent conversion and yield of biodiesel decreased when 
larger amount of water were loaded in the reaction. The results were due to the fact 
that high amount of water can be hydrolysed methyl ester during in the 
transesterification and generated free fatty acids (FAA). Then, the soap was generated 
when the FAA reacted with CaO-EGMshell base catalyst from saponification reaction 
[75] as side reaction in this case. Moreover, the FAA can reduce catalytic activity of the 
catalyst in transesterification. These effects caused the decrease in the percent 
conversion and yield significantly. 
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4.8.8 Effect of agitation speed on % conversion  

The effect of agitation speed or stirring speed is an important factor affecting 
percent conversion and yield in producing biodiesel. Several previous works have been 
studied to examine this effect.  Vicente (2005) [76] and Jang (2010) [77] reported the 
agitation speed at 600 rpm as the optimum condition for synthesis biodiesel. In this 
experiment, the effect of agitation speed for mixing reactants such as triglyceride and 
methanol during the reaction with CaO-EGMShell catalyst in the transesterification 
reaction was investigated. The results showed in Figure 4.26. 

 
 
Figure 4.26 Effect of agitation speed on conversion rate of palm oil using CaO-GMShell 
catalyst. Reaction condition were 4 wt. % catalyst, methanol to oil molar ratio of 6:1, 
reaction temperature at 64 ± 1 oC, reaction time for 2 h. 
 

The agitation speeds were varied from 0, 100, 300, 500, 700, 900 and 1100 rpm. 
The results clearly depicted in Figure 4.26 that the percent conversion increased when 
the stirring speed increased from 0 to 1100 rpm. At low agitation speeds (0 to 500 
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rpm), the two layers of mixture, upper layer of refined palm oil and methanol and 
lower layer of CaO-EGMShell catalyst, were found during transesterification reaction. 
In these conditions, it was observed that the reaction with low speed and without 
stirring speed could reduce the percent conversion rate of biodiesel because the two 
layer of mixture cannot mix completely. Therefore, reactions between reactants and 
catalyst were too slow. Also, soap was easily generated under the low agitation speed. 
These observations of soap formation were shown in Figure 4.27.  

Moreover, the high percent conversion was obtained when the reaction stirred 
at above 500 rpm because it can reduce viscosity and promote homogenous phase of 
mixture. Therefore, the reaction shifted forward rapidly to obtain FAME as main 
product in biodiesel with maximum conversion rate of 97.04 % was obtained at 700 
rpm.  

 

 
 
 
 
 
 
 
 
 
Figure 4.27 Photograph of the mixtures of product and CaO-EGMShell catalyst after  
                 the reaction finished ( A)  before and ( B)  after the separation of CaO-  
                 EGMShell catalyst.  
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4.8.9 Effect of reaction time on % conversion  

Duration of transesterification reaction has been designated as one of crucial 
parameters for synthesis biodiesel. To investigate the effect of reaction time for 
producing biodiesel in this experiment, the reaction time were varied from 30 to 240 
minutes using optimal condition of 4 wt. % catalyst loaded, methanol to oil molar 
ratio of 6:1 at 64 ± 1 oC and constant agitation speed of 700 rpm. The percent 
conversion of biodiesel increased from 68.26 to 98.69 % when the reaction times from 
30 to 150 minute were used. Besides, the higher percent conversion were observed at 
150 minute and remained constant after reaction finished after 150 minute. The results 
were shown in Figure 4.28.  

 
 

Figure 4.28 Effect of reaction time on conversion rate of palm oil by using CaO-
EGMShell catalyst. Reaction condition were 4 wt. % catalyst, methanol to oil molar 
ratio of 6:1, reaction temperature of 64 ± 1 oC and constant agitation speed at 700 
rpm. 
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The percent conversion increased as the reaction time increased. During in 
transesterification, triglyceride from oil reacted with methanol and converted 
completely to FAME, thus the higher time were required for promoting the reaction to 
move forward significantly leading to higher conversion.  

 

4.8.10 Reusability of CaO-EGMShell catalyst 

In general, the reusability of heterogeneous catalysts are important factors for 
industry application [78] The stability of CaO-EGMShell catalyst were investigated 
under the optimal condition of amount of catalyst loaded, 4 wt. %, methanol to oil 
molar ratio, 1:6, reaction time 180 minute (2.5 h). The mixture was refluxed 
continuously at 64 ± 1 oC for 2.5 h under 700 rpm. After the reaction finished, the CaO-
EGMShell catalyst were separated by using centrifugation at 400 rpm for 10 minute 
and washing with a little amount of n-hexane and methanol for removed impurity. 
Finally, the CaO-EGMShell catalyst were removed excess solvent and moisture in 
electric oven until constant weight before use in the continuous cycle for produce 
biodiesel under the same condition. The number reused catalyst cycle were examined 
in the Figure 4.29. 
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Figure 4.29 Effect of reusing of catalyst on conversion of palm oil using CaO-GMShell 
catalyst. Reaction condition were 4 wt. % catalyst, methanol to oil molar ratio of 6:1, 
reaction temperature at 64 ± 1 oC, reaction time for 2 h and agitation speed at 700 
rpm. 
 

The high percent conversion of over 90 % was observed in the cycle No.1 to 
the cycle No.5 from 98.71 %, 98.65 %, 97.35 %, 95.27 % and 94.38 %, respectively. 
After the cycle 5, the percent conversion was significantly decreased most likely 
because of impurities that blocked pores and covered on CaO surface. Moreover, the 
CaO-EGMShell structure (CaO form) was converted to calcium diglyceroxide [79], the 
compound formed from the reaction between CaO and glycerol, as a byproduct during 
in the reaction. In this work, shape transformation of the catalyst and the decrease in 
surface area (due to effect of particle aggregation on its surface) can be confirmed for 
by Field emission scanning electron microscopy (FESEM) images as in Figure 4.30 for 
comparison between fresh CaO-EGMShell catalyst and reused CaO-EGMShell catalyst 
for 4 cycles. 
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Figure 4.30 FESEM images of (A)  and (B)  fresh CaO-EGMShell catalyst, (C)  and (D)  
                 reused CaO-EGMShell catalyst for 4 cycles. 
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4.9 The chemical properties of the synthesized biodiesel using CaO-EGMShell 
catalyst 

In this research, the biodiesel was successfully synthesized using CaO-EGMShell 
catalyst under the optimum condition of 4 wt. % catalyst, methanol to oil molar ratio 
of 6:1, reaction temperature of 64 ± 1 oC, reaction time of 2.5 h and constant agitation 
speed of 700 rpm. The results in the Table 4.10 showed the maximum percent 
conversion and yield obtained using 1H-NMR and GC, respectively.  

Table 4.10 The optimal condition for biodiesel production  

 
Catalyst 

Results of synthesized biodiesel production 
1H-NMR technique GC technique 

% Conversion  % Purity  % Yield 

CaO-EGMShell 98.62 ± 0.52 97.65 ± 0.29 94.41 ± 0.33 
 

Moreover, the ester content in the synthesized biodiesel was determined using 
GC technique and compared with European standard, EN 14103. From Table 4.10, the 
resulted 97.65 % m/m of ester content in synthesized biodiesel was higher than the 
standard, which required higher than 96.50 % m/m as minimum ester content. 
Therefore, the ester content in this work followed EN 14103. Moreover, the EN14105 
was used to determine glyceride residue contents as showed in Table 4.11.   

Table 4.11 Properties of the synthesis biodiesel production  
Property Unit Specification Results Test method 

Ester content % (m/m) 96.50 min 97.65 EN 14103 

Glycerol content % (m/m) 0.02 max 0.04  EN 14105 
Monoglyceride content % (m/m) 0.80 max 0.26 EN 14105 

Diglyceride content % (m/m) 0.20 max 0.03 EN 14105 
Triglyceride content % (m/m) 0.20 max Not-detected EN 14105 

Total glycerol content % (m/m) 0.25 max 0.11 EN 14105 
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4.10 Physical properties of modified Ca(OH)2 from CaO precursor  

From the XRD results (shown in Figure 4.31), it was found that the Ca(OH)2 
phase was obtained after CaO-EGMShell catalyst underwent a hydration method. We 
investigated this catalyst and found that the Ca(OH)2 showed high basicity (H_) value 
from Hammett indicators method and high specific surface area by comparing to 
commercial Ca(OH)2. The result shown in Table 4.12 

Table 4.12 Physical property of Ca(OH)2 catalyst  
 

Catalyst 

 

Basic strength (H_) 

 

Specific surface area 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Mean pore 

diameter 

(Å) 

aCa(OH)2 15.0 < H_ < 18.4 110.20 0.2578 93.597 

bCa(OH)2 15.0 < H_ < 18.4 104.48 0.2443 93.535 

aCa(OH)2, synthesized from CaO catalyst precursor by hydration method with DI water 
bCa(OH)2, commercial used as standard  

 

 
 

Figure 4.31 XRD patterns of ( A)  CaO-EGMShell ( B)  Commercial Ca( OH) 2 used as  
                  standard and (C) Ca(OH)2 from CaO-GMShell. 
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4.11 FESEM images of modified CaO-EGMShell catalyst  

The fresh CaO-EGMShell catalyst was modified by hydration method with a 
small quantity of DI water and was removed of excess water at 105oC until reaching a 
constant weight. The results in Figure 4.32 showed the different morphologies of fresh 
CaO-EGMShell catalyst (Figure 4.32 (A)), and the catalyst after modification by wet 
impregnation (Figure 4.32 (B)). The high crystalline phases were formed after 
modification and some aggregated particles were when comparing with the 
morphologies of a fresh CaO-EGMShell catalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.32 FESEM images of (A)  and (B)  Fresh CaO-EGMShell catalyst, (C)  and (D)  
                 Ca(OH)2-EGMShell catalyst.  
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4.12 Transmission electron microscopy (TEM)  

The fresh CaO-EGMShell and Ca(OH)2-EGMShell were compared the 
morphologies before and after the CaO-EGMShell was modified with DI water using 
wet impregnation method. The morphology of fresh CaO-EGShell as large particles 
were similar to square prisms, as showed in Figure 4.33 (A) and (B). Besides, the particles 
of Ca(OH)2-EGMShell were aggregated and its morphology was similar to honeycombs 
as showed in Figure 4.33 (C) and (D). 

 
Figure 4.33 TEM images of ( A)  and ( B)  fresh CaO-EGMShell catalyst; ( C)  and ( D)  
                  Ca(OH)2-EGMShell catalyst.  
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4.13 Catalyst activity of Ca(OH)2-EGMShell catalyst in transesterification 

In this experiment, Ca(OH)2-EGMShell were used as catalyst in transesterification 
of refined palm oil with methanol under the same condition for CaO-EGMShell catalyst 
including the amount of catalyst loading, methanol to oil molar ratio, reaction 
temperature, agitation speed and reaction time. 

4.13.1 Effect of amount of Ca(OH)2-EGMShell catalyst loaded on % conversion  

The quantity of Ca(OH)2-CaO-EGMShell catalyst was varied from 1.0 to 5.0                   
wt. % for synthesis biodiesel using the previous condition. The results indicated that 
% conversion of palm oil increased when amount of catalyst increased from 1.0 to 3.0 
wt. %.  Furthermore, when catalyst was loaded for over 3.0 wt. % then % conversion 
rate decreased. The results were shown in Figure 4.34.  

 
 
Figure 4.34 Effect of amount of catalyst loaded on % conversion of palm oil using 
Ca(OH)2-EGMShell catalyst. Reaction condition were methanol to oil molar ratio of 6:1, 
reaction temperature of 64 ± 1 oC, reaction time of 2.5 h and agitation speed at 700 
rpm. 
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The effect of catalyst addition on the conversion was studied by varying the 
quantity of catalyst in transesterification. In the first step of transesterification process, 
the catalyst was continuously refluxed with methanol before oil was loaded in the 
system. The basic sites on surfaces of Ca(OH)2-EGMShell catalyst will generate reactive 
methoxide ions as nucleophiles in the system. Therefore, highly available methoxide 
ions will react with the carbonyl carbon group of triglyceride molecules and convert 
to diglyceride and monoglyceride, respectively. Finally, the fatty acid methyl ester and 
glycerol as byproduct were generated in the transesterification. The result indicated 
that high percent conversion increased when the amount of catalyst loaded increase 
Therefore, the methoxide ions as available nucleophile active increase depend on 
amount of catalyst loaded. A maximum of 98.98 % conversion and 96.79 % of yield 
(as shown in Table 4.13.) for biodiesel production were achieved using 3 wt. % of 
Ca(OH)2-EGMShell catalyst.  

 

Table 4.13 Effect of quantity of Ca(OH)2-EGMShell catalyst on the yield of production  

Catalyst Quantity of catalyst (wt. %) Yield (%) 

 1.0 98.28 

 2.0 97.65 

Ca(OH)2-EGMShell 3.0 96.79 

 4.0 90.31 

 5.0 88.26 

 

However, above 3 wt. % of Ca(OH)2-EGMShell catalyst, the conversion and yield 
significantly began to drop due to the high viscosity [80] and effect of mass transfer 
from slurry mixture of reactants during in transesterification reaction. Therefore,                   
3 wt. % Ca(OH)2-EGMShell catalyst is the optimal condition for used in this 
experimental section.  
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4.13.2 Effect of methanol to palm oil molar ratio on the synthesis of biodiesel 

The effect of methanol to oil molar ratio was investigated by varying the ratio 
from 3:1, 6:1, 9:1, 12:1 to 15:1, respectively. The experimental results indicated that 
maximum conversion of 98.23 % was obtained when using methanol to oil mole ratio 
of 6:1 as illustrated in Figure 4.35.  

 
 
Figure 4.35 Effect of methanol to oil molar ratio on conversion rate of palm oil                       
using Ca(OH) 2-EGMShell catalyst. Reaction condition were 3 wt. % catalyst, reaction 
temperature of 64 ± 1 oC, reaction time of 2.5 h and agitation speed at 700 rpm. 
 

Theoretically, the stoichiometric ratio for transesterification required 3 moles 
of alcohol to react with 1 mole of triglyceride to yield 3 moles of FAME and 1 mole of 
glycerol. However, transesterification, as a reversible reaction, was motivated with 
excess amount of methanol for quickly shifting the equilibrium in forward pathway to 
drive all reactants as triglyceride, methanol and catalyst in the system toward 
maximum FAME production and attaining the high conversion and yield of FAME.  
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The conversion increased as methanol to oil molar ratio increased from 3:1 to 
12:1. However, the conversion significantly decreased when excess methanol was used 
for more than 12:1 of methanol to oil molar ratio because by-product such as 
diglycreride, monoglyceride and glycerol can dissolved in a large amount of methanol 
[81]. The concentration of triglyceride was then decreased significantly, resulting in 
slower reaction with methanol and decrease in percent conversion. Moreover, the 
maximum yield of 96.45 % of product was obtained by using optimal condition with 
amount of catalyst loaded of 3 wt. %., methanol to oil molar ratio of 6:1 at 64 ± 1 oC 
for 2.5 h as shown in Table 4.14 below. Therefore, the condition of methanol to oil 
molar ratio of 6:1 was used in the next experimental section for producing biodiesel 
because high conversion and yield of FAME were obtained. 

 
Table 4.14 Effect of methanol to oil molar ratio on the yield of production  

Catalyst Methanol to oil molar ratio  

(mole) 

Yield 

 (%) 

 3:1 31.86 

 6:1 96.45 

Ca(OH)2-EGMShell 9:1 94.83 

 12:1 92.76 

 15:1 54.85 

 

4.13.3 Effect of reaction temperature on % conversion 

In this experimental section, effect of reaction temperature was investigated by 
varying temperature from 35 oC to 70 oC for carrying out in transesterification with 
amount of Ca(OH)2 catalyst of 3 wt. %, methanol to oil molar ratio of 6:1 for 2.5 h at 
constant agitation speed at 700 rpm. The results indicated that higher conversion was 
obtained when the temperature was increased from 35 oC to 65 oC (64 ± 1 oC) as 
illustrated in Figure 4.36. However, the conversion started to decrease when the 
temperature exceeded the boiling point of methanol (65 oC) due to the effect of 
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bubbles and high pressure of methanol vaporization in the system during the 
transesterification reaction. The maximum conversion of 98.84 % was reached at                       
65 oC. Therefore, it was concluded that the reaction temperature at 64 ± 1 oC was the 
suitable operating temperature in this experiment. 

 
 

Figure 4.36 Effect of reaction temperature on conversion of palm oil using Ca(OH) 2-
EGMShell catalyst. Reaction condition were 3 wt. % catalyst, methanol to oil molar 
ratio of 6:1, reaction temperature of 64 ± 1 oC, reaction time of 2.5 h and agitation 
speed at 700 rpm. 
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4.13.4 Effect of agitation speed on % conversion  

Due to mass transfer effect, the mixing rate may affect the conversion rate and 
yield of biodiesel during oil reacting with methanol using Ca(OH)2-EGMShell as a 
catalyst in transesterification. Therefore, effects of agitation speed were investigated 
by varying the agitation speed from 0, 100, 300, 500, 700, 900 and 1100 rpm in this 
reaction under the condition of 3 wt. % Ca(OH)2-EGMShell catalyst, methanol to oil 
molar ratio of 6:1 at 64 ± 1 oC for 2.5 h. The conversion was observed to be increased 
when the agitation speed increased from 0 to 700 rpm and decreased above 700 rpm. 
Additionally, maximum conversion of 98.72 % was obtained using mixing speed at 700 
rpm. Therefore, the agitation speed at 700 rpm was selected for further studied to 
reduce immiscibility and mass transfer limitations in this process under the optimum 
condition. The result was shown in Figure 4.37.  

 
 
Figure 4.37 Effect of agitation speed on conversion of palm oil using Ca(OH)2-EGMShell 
catalyst. Reaction condition were 3 wt. % catalyst, methanol to oil molar ratio of 6:1, 
reaction temperature of 64 ± 1 oC, reaction time of 2.5 h. 
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4.13.5 Effect of reaction time on % conversion  

The effect of reaction time was studied by varying time in the range from 30 to 
210 minute for producing biodiesel under the condition of 3 wt. % Ca(OH)2-EGMShell 
catalyst, methanol to oil molar ratio of 6:1 at 64 ± 1 oC. The results clearly indicated 
that when the reaction time increased, the percent conversion also increased. 
Therefore, the maximum conversion of 98.73 % was achieved at 150 minute or 2.5 h 
and unchanged after 150 minute as shown in Figure 4.38. Therefore, it required 2.5 h 
for higher conversion for this biodiesel production. 

 
 
Figure 4.38 Effect of reaction time on conversion of palm oil using Ca(OH) 2-EGMShell 
catalyst. Reaction condition were 3 wt. % catalyst, methanol to oil molar ratio of 6:1, 
reaction temperature of 64 ± 1 oC and agitation speed at 700 rpm. 
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4.13.6 Reusability of Ca(OH)2-EGMShell catalyst  

The important features of catalyst such as stability and reusability were 
investigated in transesterification for industrial applications. The reusability of the 
Ca(OH)2-EGMShell catalyst was studied by carrying out repeating reaction cycles. After 
reaction finished, the Ca(OH)2-EGMshell catalyst was carefully collected by separating 
from mixture of final product in the system and washed with a little amount of               
n-hexane and pure methanol. Residues and impurities of reactant and products such 
as soap from saponification as a competitive side reaction [82], glycerol, 
monoglyceride, diglyceride and biodiesel production were removed. The result was 
shown in Figure 4.39 that the conversion rate of more than 90 % was obtained after 
Ca(OH)2-EGMShell catalyst was used for three cycle before the conversion rate 
decreased significantly after higher number of cycles for reusing of catalyst.  

 
 
Figure 4.39 Effect of reusing of catalyst on conversion rate of palm oil using Ca(OH) 2-
EGMShell catalyst. Reaction condition were 3 wt. % catalyst, methanol to oil molar 
ratio of 6:1, reaction temperature of 64 ± 1 oC and agitation speed at 700 rpm. 
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From the results above, it was concluded that high yield of FAME of 90.37 % 
was achieved after the catalyst was reused for three times as illustrated in Table 4.15. 

 
Table 4.15 The yield of production of the reused Ca(OH)2-EGMShell catalyst  

Catalyst Number of reaction cycles 

for the reused catalyst 

Yield 

(%) 

 1 95.50 

 2 94.23 

Ca(OH)2-EGMShell 3 90.37 

 4 86.28 

 5 66.04 

 6 59.88 

 7 46.26 

 
The decrease in conversion and yield for biodiesel in this experimental section 

were observed from physical properties of the catalyst after reused for more than 
three cycles. The table 4.16 showed the decrease in specific surface area of the reused 
catalyst before being used in transesterification of the next cycles.  

 
Table 4.16 Surface properties of Ca(OH)2-EGMShell catalyst  

Number of cycles  

the Ca(OH)2 

catalyst reused 

Specific surface 

area 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Mean pore 

diameter 

(Å) 

1 110.20 0.26 93.60 

2 101.08 0.25 100.86 
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Table 4.16 Surface properties of Ca(OH)2-EGMShell catalyst (continued) 

Number of cycles  

the Ca(OH)2 

catalyst reused 

Specific surface 

area 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Mean pore 

diameter 

(Å) 

3 82.80 0.24 116.84 

4 75.72 0.24 128.36 

5 45.48 0.18 156.46 

 
Moreover, the bulk Ca(OH)2-EGMShell catalyst was obtained after reaction 

finished because the residues and impurities were covered on catalyst surface with 
difficulty in separation. Reduced catalytic activity of Ca(OH)2-EGMShell catalyst and the 
resulted deactivation of surface area and pore blockage were due to the loss of active 
sites on its surface. The catalyst transformation of its structure was observed as shown 
in Figure 4.40. 

 
 

Figure 4.40 SEM image of A) , B)  fresh Ca(OH) 2-EGMShell catalyst and C) , D)  reused  
                 Ca(OH) 2-EGMShell catalyst at cycle 5 after separated from the reaction  
                 mixtures. 
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4.13.7 Comparison of catalytic activities in transesterification of different 
catalysts.    

In this experimental section, the catalytic activities of different catalysts were 
studied under the identical condition of 3 wt. % catalyst, methanol to oil molar ratio 
of 6:1, reaction temperature of 64 ± 1 oC and constant agitation speed at 700 rpm for 
2.5 h. The results indicated that catalytic activity of catalyst can be ranked as follows: 
CaO-EGMShell << commercial Ca(OH)2 as standard < Ca(OH)2-EGMShell which was 
modified from CaO-EGMShell under the same condition of transesterification.                         
The Ca(OH)2-EGMShell catalyst can generate methoxide ions more efficiently than CaO-
EGMShell catalyst when both catalysts were refluxed in methanol under the same 
condition. The possible of mechanism pathways for Ca(OH)2-EGMShell and CaO-
EGMShell were proposed in appendix C. 

 
 
Figure 4.41 Comparison of catalyst activities with the reaction condition of 3 wt. % 
catalyst, methanol/ oil molar ratio of 6:1, reaction temperature of 64 ± 1 oC and 
agitation speed of 700 rpm for 2.5 h. 
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4.14 The chemical properties of the synthesized biodiesel using Ca(OH)2-
EGMShell catalyst 

In this research, the biodiesel was successfully synthesized using Ca(OH)2-
EGMShell catalyst under the optimum condition of 3 wt. % catalyst, methanol to oil 
molar ratio of 6:1, reaction temperature of 64 ± 1 oC, reaction time of 2.5 h and 
constant agitation speed of 700 rpm. Table 4.17 summarized the ester content in 
synthesized biodiesel in the form of %yield and % conversion determined by 1H-NMR 
and GC technique.  

Table 4.17 Analyses of the biodiesel obtained at the optimal condition 
 

Catalyst 
Analyses of synthesized biodiesel 

1H-NMR technique GC technique 

% Conversion  % Purity  % Yield 
Ca(OH)2-EGMShell 98.55 ± 0.48 97.32 ± 0.51 94.56 ± 0.45 

 
Moreover, the EN 14105 was used to determine the amount of impurities such 

as monoglyceride, diglyceride, triglyceride and total glycerol content in the synthesized 
biodiesel. As shown in Table 4.18, the results indicated that the synthesized biodiesel 
is in accordance with EN1403 and EN 1405.  

 
Table 4.18 Properties of the synthesis biodiesel production  

Properties Unit Specification Results Test method 

Ester content % (m/m) 96.50 min 97.32 EN 14103 

Glycerol content % (m/m) 0.02 max 0.04 EN 14105 
Monoglyceride content % (m/m) 0.80 max 0.25 EN 14105 

Diglyceride content % (m/m) 0.20 max 0.03 EN 14105 
Triglyceride content % (m/m) 0.20 max Not-detected EN 14105 

Total glycerol content % (m/m) 0.25 max 0.11 EN 14105 
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CHAPTER V 
 

CONCLUSION 

5.1 Conclusion  

In this research, the CaO-EGMShell as heterogeneous base catalyst was 
successfully synthesized from waste green-mussel shells. The results form FESEM can 
preliminary observe the different morphologies of the CaCO3-EGMShell and CaO-
EGMShell. In addition, The XRD results clearly confirmed that the CaCO3-EGMShell was 
completely transformed to CaO-EGMShell after calcination at 900 oC for 5 h. The CaO-
EGMShell showed high catalytic activities under the optimal condition for the synthesis 
of biodiesel via transesterification using 4 wt. % catalyst loaded with 6:1 ratio of 
methanol to oil at 64 ± 1 oC for 2.5 h with agitation speed of 700 rpm. The highest 
percent conversion and yield of synthesized biodiesel obtained were 98.62 % and 
94.41 %, respectively, under the optimal condition. Moreover, the purity of synthesized 
biodiesel determined from methyl ester content was achieved 97.65 % in accordance 
with EN 14103 method of European standard.  

Furthermore, the fresh CaO-EGMShell catalyst was further modified using wet 
impregnation method by addition of a small quantity of DI water for cleanup and 
removal of impurities after calcination. The XRD patterns showed that CaO-EGMShell 
was converted to calcium hydroxide (Ca(OH)2) phase after modification as observed 
the 2 at 34.180 degree as the characteristic peak of Ca(OH)2. The results from BET 
surface area analysis indicated high surface area (110.20 m2/g) of the Ca(OH)2, and the 
absorption-desorption isotherm indicated mesoporous character of this catalyst. 
Therefore, the transesterification with Ca(OH)2-EGMShell as catalyst was carried out 
under optimal condition determined from CaO-EGMShell catalyst. The high conversion 
rate and yield of biodiesel of 98.55 % and 94.56 %, respectively, were obtained when 
3 wt. % Ca(OH)2-EGMShell was used with methanol to oil ratio of 6:1 at 64 ± 1 oC for 
2.5 h under agitation speed of 700 rpm. Moreover, the Ca(OH)2-EGMShell exhibited 
higher catalytic activities than the commercial Ca(OH)2 in transesterification under the 
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same condition for synthesis of biodiesel. High stability of Ca(OH)2-EGMShell catalyst 
was likely due to a small quantity of organic matrix in its structure as can be confirmed 
by the results from FTIR. Moreover, the result from Hammett indicator method 
supported the high catalytic activities of Ca(OH)2-EGMShell catalyst when compared 
with commercial Ca(OH)2. Besides, the purity of biodiesel reached 97.32 % when 
Ca(OH)2-EGMShell was used as catalyst in transesterification.  

CaO-EGMShell and Ca(OH)2-EGMShell can be reused for 5 cycles and 3 cycles, 
respectively, without significant decrease in catalytic activities and structures. The 
advantages of this research are not only the reduction of high quantity of waste from 
green-mussel shells, but also the addition to the value of waste to highly active 
catalysts and decrease the expenditure for synthesis of biodiesel.   

 
5.2 Suggestion  

1. The activation of catalysts in the biodiesel synthesis should be of concern and 
further study. The transesterification reaction required methoxide species (CH3O-), as 
the real catalyst, that generated on the surface of CaO-EGMShell and                                 
Ca(OH2)-EGMShell catalysts. Therefore, the catalyst must be promoted with methanol 
by refluxing for several times before addition of triglyceride to react with methanol in 
the system. 

2. The Ca2+ ion content (residues from CaO-EGMShell and Ca(OH2)-EGMShell catalysts) 
in biodiesel is one of important factors that acts as a hindrance in motor of engines. 
Therefore, the synthesized biodiesel after separated from catalysts should be 
determined for Ca2+ ion content in biodiesel before use to check whether it meets the 
standard of lower than 5 mg/kg as set in EN 14214 [83]  
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APPENDIX A 

 
1H-NMR, 13C-NMR SPECTRUM AND GC CHOMATOGRAMS OF 

REFINED PALM OIL AND BIODIESEL (METHYL ESTER) 
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Figure A1 1H-NMR spectrum of triglyceride from refined palm oil. 
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Figure A2 1H-NMR spectrum of fatty acid methyl ester (FAME) from refined palm oil. 
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Figure A3 GC chromatogram of 37 FAME stand. 
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Figure A4 GC chromatogram of palm oil methyl ester. 
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Figure A5 GC chromatogram of standard for EN 14105 methid. 
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APPENDIX B 

 

VALUES OF FREE FATTY ACID, SAPONIFICATION NUMBER  

AND METHYL ESTER CONTAINT  
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B1. Calculation of the % free fatty acid (ASTM D5555) [84] 
 
Reagents 
1.   Ethanol (CH3CH2OH) 
2.   Phenolphthalein indicator 
3.   0.25 N Sodium hydroxide solution (NaOH) 
 

The 1 g of refined palm oil sample and 75 mL of ethanol were loaded into a 
250 mL of Erlenmeyer flask. The mixture was stirred by magnetic bar at room 
temperature until homogeneous mixture was obtained. The approximately 2 mL of                 
1 wt. % phenolphthalein as indicator was added before the homogeneous mixture 
was carried to titrate with 0.25 N sodium hydroxide (NaOH) solution until the pink 
colour appeared in the system. The volume (mL) of sodium hydroxide solution used 
was recorded. 

 
The percentage of free fatty acids was calculated as follows: 
 
% free fatty acids (% FFA) = (Volume (mL) of NaOH solution x N x 28.2) / weight of  
                                        sample 
              N                     = normality of NaOH solution 
 
Table B1 Value of free fatty acids contain in refined palm oil. 
 

Sample 
Weight of 
sample 

(g) 

Volume of 
titrant (mL) 

Concentration  
of NaOH (N) 

Average free 
fatty acid 
(%FFA) 

Refined palm oil 

1.0018 0.10 0.248 

0.69 1.0010 0.10 0.248 

1.0012 0.10 0.248 
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B2. Determination of the Saponification value (ASTM D5558) [85] 
 
Reagents 
1.   Phenolphthalein 
2.   Alcoholic KOH solution 
3.   0.5 N hydrochloric acid (HCl) 
 

The 1 g of refined palm oil sample, 25 mL of alcoholic potassium hydroxide 
solution and 1 mL of 1 wt. % phenolphthalein indicator was loaded into a 250 mL of 
Erlenmeyer flask and stirred at room temperature until the homogenous mixture was 
obtained. The homogenous mixture was subject to titrate with 0.5 N of hydrochloric 
acid (HCl) solution until the pink colour has vanished from the system. Next, the blank 
was prepared for determination and carried out under condition with the identical 
sample. Finally, the volume (mL) of 0.5 N HCl solution used was recorded. 

 
The saponification value was calculated as follows: 
Saponification value    =   56.1 x N x (A - B) / weight of sample 
     A                         =   titration of blank (mL) 
    B                          =   titration of sample (mL) 
    N                          =   normality of hydrochloric acid solution 
Alcoholic KOH            =   40 g of potassium hydroxide dissolved in 1 L of ethanol 
 
Table B2 Saponification value of refined palm oil. 

Sample 
Weight of 
sample 

(g) 

Volume of 
titrant (mL) 

Volume of 
blank (mL) SNa 

Refined palm oil 

1.0026 21.75 28.95 

196.59 1.0021 21.75 28.95 

1.0023 21.75 28.95 
a = 0.4892 N 
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B3. Calculation of % methyl ester contain in synthesized biodiesel by using  
     chromatogram GC data [86]. 

The % methyl ester content in synthesized biodiesel, by using heterogeneous 
CaO-EGMShell and Ca(OH)2-EGMShell catalyst via transesterification, were calculated 
as follow below: 

 
 

%C =
( 𝐴 − 𝐴𝑖)

𝐴𝑖
𝑥

(𝐶𝑖𝑥𝑉𝑖)

𝑚
𝑥 100% 

 

 

When the parameter is; 

B4. Example for calculation of % methyl ester contain in synthesized biodiesel. 
 

 
 
 

C = Methyl ester content in biodiesel 

A = Total area of fatty acid methyl esters 

Ai = Area of methyl heptadecanoate as internal standard (IS) 
Ci = Concentration of methyl ester heptadecanoate solution (mg/mL) 
Vi = Volume of methyl heptadecanoate solution (mL) 
m = Mass of biodiesel sample 
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B4. Calculation of % methyl ester contain in synthesized biodiesel by using  
     1H-NMR spectrum [40]. 

The % conversion of palm oil convert to biodiesel using heterogeneous CaO-
EGMShell and Ca(OH)2-EGMShell catalyst via transesterification, was calculated as 
follow: 

 

                       % Conversion    = [(2AMe)/ (3ACH2)] × 100 %                                    
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Where AMe is the integration of the area under the curve at 3.6-3.7 ppm, which 
is corresponding to the methoxy protons of the FAMEs or biodiesel, and ACH2 is the 
integration of the area under the curve at 2.2-2.3 ppm, which is corresponding to                   

α-methylene protons from triglycerides in the starting oil.  
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APPENDIX C 

 

MECHANISM OF TRANSESTERIFICATION BY USING CaO-EGMShell AND  

Ca(OH)2-EGMShell FOR SYNTHESIZED BIODIESEL 
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Figure C1 Mechanism between triglyceride and methanol in transesterification using  
               CaO-EGMshell as catalyst. 
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Step 1: The Ca(OH)2-EGMShell catalyst were refluxed with methanol then the 
methoxide ions (CH3O-) were generated on surface of Ca(OH)2-EGMShell catalyst 
catalyst. 

 
 

Step 2: The triglyceride reacts with methoxide ions in the system. After the 
reaction finished, the fatty acid methyl ester (FAME) and the glycerol as by-product 
were generated. 

 

 
 

Figure C2 Mechanism between triglyceride and methanol in transesterification using  
               Ca(OH)2-EGMshell as catalyst. 
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