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This study explores how varying CaO catalyst ratios affect the 
production of biodiesel and its physicochemical qualities. The study 
employs X-ray diffraction (XRD), scanning electron microscopy (SEM), 
and Fourier transform infrared spectroscopy (FTIR) to characterize the 
catalysts, and evaluates the density, kinematic viscosity, and yield of the 
resulting biodiesel. The findings indicate that the biodiesel's density 
(0.89 g/cm3 at 15°C and 0.90 g/cm3 at 40°C) and kinematic viscosity 
(3.7 mm2/s at 40°C) meet ASTM D6751 standards, but the yield is 
relatively low at 26%. The FTIR analysis shows significant interactions 
between CaO and TiO2, particularly at the 1:0.25 ratio, which shows a 
strong carbonate peak. SEM analysis reveals various degrees of particle 
agglomeration and porosity, which influences catalyst effectiveness. The 
study shows that optimising reaction conditions and improving catalyst 
formulations are essential for enhancing biodiesel yield and efficiency.  
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1. Introduction 

The exploitation of the world’s petroleum reserves and the environmental depletion due to the unsustainable 
use of fossil fuels have led to the search for alternative and eco-friendly energy resources [1]. The continuing 
increase of crude oil prices has a direct effect on many business sectors, especially transportation [2]. Fossil 
fuels, including petroleum, coal, and natural gas, are the primary energy sources. Fossil fuels provide 80% of the 
world's energy needs. Most industries rely on diesel-powered machinery for manufacturing. By 2030, the 
dependence on renewable energy is expected to increase from 24 to 77 %, where the transportation sector will 
face the highest demand, mainly for diesel [3]. This condition makes daily living highly dependent on fossil fuels.  
Fossil oils are fuels derived from ancient animals and microorganisms. Fossil fuel creation takes millions of 
years. Thus, fossil oils belong to non-renewable energy sources [4]. In this respect, biodiesel is an emerging 
alternative to diesel fuel derived from renewable and locally available resources which is biodegradable, 
nontoxic and environmentally friendly [5]. 
        Biodiesel is a promising substitute for fossil diesel fuel because its properties are quite similar to diesel [2], 
where it derived from bio-oils obtained mainly from plants and their derivatives, is a renewable and perishable 
resource that offers several advantages over fossil fuels [6]. Unlike fossil fuels, which release harmful 
greenhouse gases when burned, biodiesel is a clean-burning fuel that significantly reduces carbon dioxide, 
particulate matter, and sulphur emissions [7]. Biodiesel mainly consists of fatty acid methyl esters (FAME) 
formed during the transesterification reaction in the presence of an alkali catalyst such as NaOH or KOH, mild 
conditions such as 60 °C, and atmospheric pressure [8]. Hence, catalyst used plays a crucial role in the reaction's 
efficiency and sustainability. 
        Catalysts can be divided into two main types, homogeneous [9], and heterogeneous [10]. A significant 
disadvantage of homogeneous basic catalysts is their low reusability. Furthermore, these catalysts are difficult to 
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recover and reuse, resulting in higher catalyst consumption and waste production [11]. On the other hand, 
heterogeneous catalysts provide a variety of advantages over their homogeneous counterparts. They are easily 
extracted from the reaction mixture using basic separation techniques such as filtering or centrifugation, 
avoiding the need for further purification processes. In this research, heterogeneous catalyst method will be 
used because it may be recycled and used several times, resulting in reduced catalyst consumption and waste 
generation [12]. 
 

2. Methodology 

2.1 Materials 

Vegetable palm oil (Avena) was purchased from local market in Parit Raja, Batu Pahat, Johor. Calcium oxide 
(CaO) with a purity of 96%, titanium dioxide (TiO2) with a purity of 99% and methanol of analytical reagent 
(AR) grade were acquired from fuel analysis laboratory UTHM, Malaysia. Distilled water was used throughout 
the experiments.  

2.2 Catalyst Preparation 

The CaO and TiO2 were dry mixed at mixing ratios of 2:1, 3:1, 4:1, and 5:1 to form CaO-TiO2 catalysts where CaO 
are 112g, 168g, 224g and 280g, and TiO2 ratio is constant (80g). Since the materials for the catalyst are limited, 
the ratios scales are reduced to 1:0.5, 1:0.3333, 1:0.25, and 1:0.2, where TiO2 are 40g, 27g, 20g and 16g, and CaO 
is constant (56g). All catalyst ratios went to calcination process in a furnace at temperature of 600℃ for 5 hours. 
After calcination, the catalysts were ground to a fine powder using planetary ball mill machine. The duration of 
milling and speed rotation are set to 15 minutes and 100 rpm respectively. Then, the ground catalysts are sieved 
(63 µm) and stored in PP container with lid. 

2.3 Transesterification Process 

Transesterification process is used to produce biodiesel. This process was carried out by mixing 10 wt% 1:0.25 
CaO-TiO2 for 1 hour while stirring at ±300 rpm. The mixed catalyst-methanol to palm oil molar ratio of 9:1 were 
tested in 3-neck glass flux with a reaction time of 120 minutes at constant temperature, 65℃ and stirring speed, 
±500rpm on a hot plate. The separation process began once the transesterification reaction had finished and 
was left overnight. Filtration and washing were then required to separate the biodiesel and glycerin. 

3. Result and Discussion 

3.1 X-ray Diffraction (XRD) Analysis 

XRD analysis is to study the catalyst crystal structure. XRD patterns of all catalyst ratios were recorded and 
analyzed. From Fig. 1, it can be observed that TiO2 is the major component of the CaO-TiO2. Catalyst ratios of 
1:0.2 and 1:0.3333 shows significant changes in phase composition. In the 1:0.2 ratio, there is a significant 
presence of Portlandite (Ca(OH)2) with an intensity (Y value) of 116.52%, showing significant CaO hydration, 
and a high intensity of anatase TiO2 (Y: 183.24%), indicating successful integration. In comparison, the 1:0.3333 
ratio shows higher unreacted CaO (Y: 35.93%) and lower Portlandite (Y: 70.29%), indicating less hydration and 
more active CaO available for catalytic processes, with anatase TiO2 also well-distributed (Y: 139.21%). These 
results indicate that the 1:0.3333 ratio, with its higher active CaO and significant anatase TiO2 presence, might 
offer better catalytic performance and stability in biodiesel production compared to the 1:0.2 ratio, where 
excessive hydration may reduce efficiency. 
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                                                (c)                                                                                                           (d) 

Fig. 1 XRD analysis for CaO-TiO2 catalysts: (a) 1:02, (b) 1:0.25, (c) 1:0.3333, (d) 1:0.5 

3.2 Scanning Electron Microscopy (SEM) Analysis 

SEM analysis of the CaO catalyst ratios shows significant differences in particle distribution, agglomeration, and 
porosity. For the 1:0.2 ratio, the SEM in Fig. 2 shows a relatively uniform distribution of particles with moderate 
porosity, indicating a favorable morphology for catalytic activity. As the TiO2 concentration increases in the 
1:0.25 ratio, particle agglomeration increases while porosity decreases slightly. This pattern continues with the 
1:0.3333 ratio, where significant agglomerates and decreased porosity are observed, potentially impacting the 
catalyst's effectiveness. The 1:0.5 ratio shows major agglomeration and the least porosity, which could 
substantially reduce the active surface area available for catalysis. Overall, while increasing TiO2 concentration 
improves mechanical stability, it also causes increased particle clustering and decreased porosity, which reduces 
catalyst efficiency. Thus, the 1:0.2 ratio appears to offer the best balance of uniform distribution and porosity for 
effective catalytic performance in biodiesel production. 

3.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

This analysis shows a clear pattern of increasing TiO2 presence and decreasing hydration as the TiO2 content 
rises. For the 1:0.2 ratio, the spectrum displays balanced characteristics with notable O-H and Ti-O-Ti vibrations, 
indicating a mix of CaO and TiO2 with some hydration. As the ratio increases to 1:0.25 and 1:0.3333, the intensity 
of Ti-O-Ti peaks grows, indicating increased TiO2 concentration and interaction with CaO, whereas O-H peaks 
from Ca(OH)2 remain present but less intense. The 1:0.5 ratio contains the greatest TiO2 concentration, with 
significant Ti-O-Ti peaks and minimal hydration, indicating TiO2 as the main phase. This development highlights 
the increased TiO2 presence and decreased Ca(OH)2, highlighting the chemical interactions and structural 
evolution critical for optimizing catalyst performance in biodiesel production. 
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                                                (c)                                                                                                           (d) 

Fig. 2 SEM analysis for CaO-TiO2 catalysts: (a) 1:02, (b) 1:0.25, (c) 1:0.3333, (d) 1:0.5 
 

 
Fig. 3 FTIR analysis for CaO-TiO2 catalysts 
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3.4 Biodiesel Properties  

Table 1 Compassion between ASTM D6751 and 1:0.25 CaO-TiO2 catalyst 

Standard/Sample 1:0.25            
CaO-TiO2 

ASTM D6751 

Density (15℃, g/cm3) 0.89 0.86 – 0.90 

Density (40℃, g/cm3) 0.90 0.86 – 0.90 

Kinematic Viscosity 
(40℃, mm2/s) 

3.7 1.9 – 6.0 

Yield (%) 26 95 – 100  

 
The biodiesel produced has a density of 0.89 g/cm3 at 15°C and 0.90 g/cm3 at 40°C. This fits within the normal 
range of 0.86 to 0.90 g/cm3, which indicates acceptable quality. The kinematic viscosity at 40°C is 3.7 mm2/s, 
which is within the ASTM D6751 range of 1.9 to 6.0 mm2/s. This ensures suitable flow characteristics for engine 
performance. The absence of viscosity measurement at 15°C is consistent with standard practices, as ASTM 
D6751 focuses on 40°C measurements, and lower temperature viscosities are less critical for operational 
performance. However, the biodiesel yield is relatively low at 26%, suggesting a need for optimization in 
reaction conditions, such as mixing, reaction time, catalyst concentration, or feedstock purity, to enhance 
production efficiency and economic viability. 

4. Conclusion  

This research explored the production of biodiesel using varying CaO catalyst ratios, focusing on the influence of 
these ratios on the physicochemical properties of the resulting biodiesel. The study included a comprehensive 
analysis of the catalyst characteristics through XRD, SEM, and FTIR techniques, and evaluated the biodiesel's 
density, kinematic viscosity, and yield. The FTIR and XRD tests showed considerable changes in the catalysts' 
chemical interactions and phase compositions, while SEM study revealed varied degrees of particle 
agglomeration and porosity at different ratios. The results indicated that while the density and kinematic 
viscosity of the biodiesel met the ASTM D6751 standards, the yield was relatively low at 26%, pointing to 
potential inefficiencies in the production process. Nevertheless, there are recommendations to be made to 
improve the overall of this study. The recommendations for future study are:  
 

• Optimizing reaction parameters such as catalyst concentration, reaction duration, and temperature to 
increase biodiesel yield. Fine-tuning these factors may result in more efficient transesterification and better 
conversion rates. 
 
• Using different catalyst compositions or adding more co-catalysts may enhance catalytic activity and 
stability, potentially leading to larger yields and improved biodiesel quality. 
 
• Employing more advanced characterization techniques, such as TEM (Transmission Electron Microscopy) 
and BET (Brunauer-Emmett-Teller) surface area analysis, can provide deeper insights into the catalyst's 
structural and surface properties. 
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