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Abstract 

In producing palm oil-based biodiesel (fatty acid methyl esters) through the transesterification of triglycerides with 

methanol, a high-performance and straightforward catalyst is required. This research studies the synthesis and 

characterization of limestone-derived calcium oxide as a heterogeneous base catalyst for the transesterification of 

tripalmitin, a representation of palm oil triglycerides, with methanol to produce methyl palmitate. Limestone was 

calcined at 800 °C to produce CaO. The resulting catalyst was characterized using TGA, XRD, FTIR, SAA, and CO2-

TPD. The catalytic performance was compared with that of commercial calcium oxide under optimal reaction 

conditions, namely 50 °C temperature, 60 min reaction time, and 30 mg catalyst mass. The results showed that 

limestone-derived CaO produced a higher yield (44.6%) than commercial CaO (32.3%). The kinetics study showed that 

the reaction followed a two-order pseudo-kinetic model with a reaction rate constant value of 0.1450 L mmol-1 min-1. 

Overall, limestone-derived CaO proved to be an effective, inexpensive, and environmentally friendly alternative 

catalyst in the production of triglyceride-based biodiesel. Furthermore, the modification of CaO to enhance the catalytic 

activity needs to be explored further. 
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1. Introduction  

Global energy consumption continues to rise 

significantly due to population growth and 

increasing energy demand. Fossil fuels still 

account for approximately 80% of the world's total 

primary energy consumption, with the 

transportation sector utilizing around 24% [1]. 

The heavy reliance on fossil fuels leads to various 

negative impacts, such as greenhouse gas 

emissions [2], acid rain, global warming, 
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ecological imbalance [3], as well as a decline in the 

world's fossil energy reserves [2]. Therefore, 

biofuels, such as biodiesel, are receiving 

increasing attention as environmentally friendly 

and sustainable alternatives. 

Biodiesel is a sustainable alternative to 

conventional diesel because it is biodegradable, 

renewable, non-toxic, and environmentally 

friendly [4]. Additionally, biodiesel can serve as an 

effective solvent for combustion residues, thereby 

enhancing engine performance. Another 

advantage is its compatibility with petroleum-
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based diesel, which allows blending without 

modifying conventional diesel engines [5]. 

Among the various biodiesel production 

methods, transesterification of oils and fats is the 

most commonly used method compared to other 

methods, such as pyrolysis, supercritical fluid 

extraction, microemulsion, membrane, and 

reactive distillation [6]. This process involves 

reacting triglycerides in the oil/fat with alcohol 

using a catalyst, resulting in fatty acid alkyl 

esters (FAAE) or biodiesel [7]. Although various 

types of alcohol can be used, methanol is the most 

common and is used to produce biodiesel in the 

form of fatty acid methyl esters (FAME). One of 

the biodiesel precursors is palm oil, which consists 

of 44% palmitic acid (saturated), 5% stearic acid 

(saturated), 39% oleic acid (unsaturated), and 10% 

linoleic acid (unsaturated) [8].  

Palm oil has become the leading feedstock for 

biodiesel production due to its high productivity, 

consistent year-round availability, efficient 

extraction processes, and advantageous 

physicochemical properties [9]. Its relatively high 

content of long-chain hydrocarbons and a 

balanced ratio of saturated to unsaturated fatty 

acids contribute to the generation of favourable 

aromatic profiles in the resulting biofuel [10]. 

Furthermore, the moderate free fatty acid (FFA) 

content of palm oil (3–5%) facilitates efficient 

transesterification, which is essential for biodiesel 

synthesis. In contrast, while oils such as soybean, 

sunflower, and corn contain lower FFA levels 

(<1%) that may simplify transesterification, they 

typically offer lower oxidative stability and less 

efficient overall production. Notably, palm oil 

exhibits a high cetane number (60–65), exceeding 

that of cottonseed (50–55), sunflower (49–52), 

soybean (47–51), and corn oil (47–56), leading to 

enhanced ignition quality, more complete 

combustion, and reduced engine emissions [11]. 

These attributes render palm oil-derived biodiesel 

highly compatible with modern diesel engine 

requirements and supportive of increasingly strict 

environmental regulations. 

Several studies have investigated the 

transesterification of palm oil using various 

catalysts and conditions to optimize biodiesel 

yield. For instance, the transesterification of 

crude palm oil catalyzed by homogeneous H2SO4 

achieved a 90% yield at 64.5 °C over a relatively 

long reaction time of 150 minutes [12]. In contrast, 

Gu et al. employed KOH along with mixed 

dimethyl/diethyl carbonate as alcohol donors, 

achieving a 90.8% yield at a higher temperature 

of 100 °C and an extended reaction time of 20 

hours [13].  

A significant improvement in reaction 

efficiency was reported with heterogeneous 

catalysts. De & Boxi (2020) used a Cu/TiO2 

catalyst and achieved a 90.93% yield at a milder 

temperature of 45 °C within just 45 minutes, 

using a relatively high methanol-to-oil molar ratio 

of 20:1 [14]. Zhang et al. further demonstrated the 

efficacy of zeolite as a solid base catalyst, 

obtaining an impressive 99.68% yield at 65 °C 

within 47 minutes using a 12:1 molar ratio [15]. 

Moreover, Ajala et al. utilized catalyst derived 

from waste chicken eggshells for palm kernel oil 

transesterification, achieving a 97.1% yield at 

50 °C with only 1 hour of reaction time and a 10:1 

methanol-to-oil ratio [16]. Heterogeneous 

catalysts, particularly those derived from low-cost 

or waste materials, show strong potential for 

scalable and sustainable biodiesel production 

from palm oil feedstocks. 

Catalyst performance in the 

transesterification reaction is crucial for 

improving the economic efficiency and 

environmental sustainability of biodiesel 

production. Heterogeneous base catalysts are 

considered safer for the environment, non-

corrosive, recoverable, and reusable, and can be 

obtained from biological sources. They have high 

productivity, broad selectivity, and performance 

relatively unimpaired by water and free fatty 

acids [17]. Among various heterogeneous base 

catalysts, calcium oxide (CaO) is one of the most 

widely used because it shows high activity even 

under mild operating conditions. CaO is also 

environmentally friendly and can be synthesized 

from natural materials such as limestone [18], 

eggshells [18], snail shells [19], marble dust waste 

[20], and animal bones [21]. 

Based on this background, this study aims to 

synthesize CaO from limestone via calcination 

and compare its characteristics and performance 

with commercial CaO in tripalmitin 

transesterification. Tripalmitin, a triglyceride of 

palmitic acid, was chosen in this research as 

sample representation due to the high content of 

this triglyceride in palm oil (44%) [8]. Several 

previous studies of tripalmitin transesterification 

have been reported [22-24]. In this reported 

research, the reaction process was conducted 

using ultrasonication to evaluate the potential 

synergy between natural source-based 

heterogeneous catalysts and non-conventional 

energy activation techniques. The evaluation was 

conducted through physical and chemical 

characterization of the catalysts and catalytic 

performance testing based on the yield of the 

reaction products. 

Although CaO-catalyzed transesterification 

and ultrasound-assisted biodiesel production have 

been extensively studied, most works focus on 

vegetable oils, such as: palm [16], used cooking oil 

[18,20], and Hydnocarpus wightiana oil [19]. 

Limited studies have used pure triglycerides, such 

as tripalmitin, as model compounds to provide a 

clearer understanding of reaction kinetics and 

mechanisms. Furthermore, the direct comparison 

between limestone-derived CaO and commercial 
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CaO as catalysts in ultrasonic-assisted systems 

has not been comprehensively reported. In this 

work, we emphasize the effect of catalyst origin 

and physicochemical properties on 

transesterification activity. The combination of 

detailed catalyst characterization and kinetic 

analysis provides insights that are important for 

rational catalyst design and process optimization. 

 

2. Materials and Methods  

2.1 Materials 

The material used in this research was 

limestone taken from Ponjong, Gunung Kidul, 

Yogyakarta, Indonesia. Other materials were 

commercially available reagents, which include 

calcium oxide (CaO, FUJIFILM Wako), 

tripalmitin (Tokyo Chemical Industry Co., Ltd.), 

methanol CH3OH, 99.8%, FUJIFILM Wako), and 

methyl palmitate (>97%, Tokyo Chemical 

Industry Co., Ltd.). 

 

2.2. Preparation of Limestone-derived CaO 

Ten grams of limestone powder (200 mesh) 

were washed with distilled water to remove 

surface impurities. The cleaned sample was then 

dried in an oven at 150 °C for 3 hours. After 

drying, the sample was calcinated at 800 °C for 5 

hours to convert calcium carbonate (CaCO3) into 

calcium oxide (CaO). The resulting CaO material 

was subsequently characterized using 

thermogravimetric analysis (TGA, Rigaku 

Thermo Plus TG 8120), X-ray fluorescence (XRF, 

Rigaku ZSX Primus III+), Fourier-transform 

infrared spectroscopy (FTIR, Shimadzu Prestige 

21), X-ray diffraction (XRD, Rigaku SmartLab 

XRD), carbon dioxide temperature-programmed 

desorption (CO2-TPD, BelCAT), and surface area 

analysis (SAA, BELSORP-mini) with Brunauer-

Emmett Teller (BET) theory. 

 

2.3. Catalytic Performance of Limestone-derived 

CaO 

A total of 0.0589 g (0.1 mmol) of tripalmitin 

and 9.6120 g (300 mmol) of methanol were placed 

in a closed test tube. Then, CaO catalyst was 

added in varying masses of 5, 10, 20, 30, 50, and 

70 mg. The transesterification reaction was 

carried out using the ultrasonication method 

(frequency: 40 kHz), with temperature variations 

of 40 °C and 50 °C, and reaction times of 10, 20, 

30, 40, 50, 60, 120, and 180 minutes. After the 

reaction, the catalyst was separated from the 

reaction mixture. A schematic diagram of the 

ultrasonic-assisted transesterification setup is 

presented in Figure 1. 

The reaction solution was then analyzed 

using a GC equipped with a flame ionization 

detector (GC-FID, GC-2025 Shimadzu, AOC-20i 

Autoinjector). The column used was SH-Rtx-Wax 

(Shimadzu). The temperature of the oven with the 

column started at 70 °C for 5 min, then increased 

to 200 °C at a rate of 10 °C/min and was 

maintained at 200 °C for 5 min. Pure nitrogen 

(N2) was used as the carrier gas, and 1 µL of liquid 

sample was injected into the GC. The injector and 

detector temperatures were set at 150 °C and 270 

°C, respectively. 

Quantifying methyl palmitate products was 

done by comparing the sample chromatogram's 

peak area to the methyl palmitate standard curve, 

so that the number of moles of methyl palmitate 

produced was obtained (actual mol). Furthermore, 

the ester yield was calculated by dividing the 

actual mol with the theoretical mol (the maximum 

amount of methyl palmitate calculated 

stoichiometrically), as expressed in Eq. (1). 

 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑀𝑒𝑡ℎ𝑦𝑙 𝑃𝑎𝑙𝑚𝑖𝑡𝑎𝑡𝑒 (%) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑚𝑜𝑙

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑜𝑙
×

100%      (1) 

 

2.4. Kinetic Model for the Transesterification of 

Tripalmitin 

The transesterification of tripalmitin with 

MeOH is reversible, as shown in Eq. (2). 

 

C51H98O6 + 3CH3OH ⇌ 3C17H34O2 + C3H8O3 (2) 

Tripalmitin + 3 MeOH ⇌ 3 Methyl Palmitate + 

Glycerol 

    

Because of the large excess of methanol in the 

reaction, the concentration in the reaction is 

considered constant. Furthermore, the kinetics of 

the transesterification reaction were tested with 

pseudo-zeroth-order Eq. (3), pseudo-first-order 

Eq. (4), and pseudo-second-order Eq. (5) kinetic 

models. 

 

𝑌 =
𝑘𝑡

𝐶0
      (3) 

−𝑙𝑛 (1 − 𝑌) = 𝑘𝑡    (4) 
1

(1−𝑌)
= 1 + 𝑘𝐶0𝑡     (5) 

 

The reaction order was determined by fitting the 

experimental data using the reaction equations, 

where Y is the yield of methyl palmitate. 

 

 
Figure 1. A schematic diagram of the ultrasonic-

assisted transesterification setup. 
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Component Percentage of mass (%) 

CaO 90.70 

Al
2
O

3
 4.81 

SiO
2
 3.71 

P
2
O

5
 0.45 

Fe
3
O

4
 0.23 

TiO2 0.06 

K2O 0.02 

Other 0.02 

conversion to CaO in this study was 800 °C. This 

result aligns with previous reports that CaCO3 

decomposition occurs in a 650-900 °C temperature 

range, depending on particle size, purity, and 

atmospheric conditions during heating [27]. In 

contrast, the TGA curve of calcined limestone CaO 

(red line) shows a mass decrease of ~3.2% 

throughout the heating to 1000 °C. This indicates 

that the resulting CaO material is thermally 

stable, does not undergo further decomposition, 

and contains no significant amounts of residual 

carbonate compounds [28]. 

The FTIR spectra of limestone and limestone-

derived CaO are shown in Figure 2b. In the 

spectra of limestone, typical carbonate absorption 

bands are clearly visible, as shown in the bands at 

1427 cm-1, 879 cm-1, and 712 cm-1 [29]. The 

presence of these bands indicates that the primary 

material in limestone is calcium carbonate 

(CaCO3). In addition, the absorption band in the 

439 cm-1 region can be attributed to the Ca-O bond 

in the CaCO3 structure [30]. After calcination, the 

spectra of limestone-derived CaO show significant 

changes. The intensity of the carbonate bands 

decreased sharply, indicating that the carbonate 

groups had been thermally decomposed. Although 

3. Results and Discussion  

3.1. Characterization of the Catalyst 

The results of X-ray fluorescence (XRF) 

analysis (Table 1) of the limestone samples show 

that the main component of this material, 

presented in oxides, is calcium oxide (CaO) with a 

mass percentage of 90.70% in oxide equivalent. At 

the same time, the XRD pattern confirms that the 

main crystalline phase is calcite (CaCO3). This 

indicates that the limestone used is a high-quality 

limestone with a very dominant calcite (CaCO3) 

content [25]. In addition to CaO component, the 

limestone also contains small amounts of 

inorganic impurities, including Al2O3 (4.81%), 

SiO2 (3.71%), and P2O5 (0.45%). The high CaO 

content is essential in various applications, 

especially as a precursor in the synthesis of base 

catalysts such as active CaO for 

transesterification [26]. 

Thermogravimetric analysis (TGA) was 

performed in a nitrogen (N2) atmosphere to 

observe the thermal decomposition behavior of 

natural limestone and determine the appropriate 

calcination temperature to obtain calcium oxide 

(CaO). Based on Figure 2a, the TGA curve of the 

limestone sample (black line) exhibits a single 

stage of significant mass loss, starting at ~650 °C 

and ending at around 800 °C, with a total mass 

loss of 47%. This mass loss is related to the 

decomposition of calcium carbonate (CaCO3) into 

calcium oxide (CaO) and carbon dioxide gas (CO2), 

according to Eq. (6). 

 

 CaCO3(s)→CaO(s) + CO2(g)  (6) 

 

Based on these profiles, it can be concluded that 

the decarbonization process is effective starting at 

650 °C and finishing at around 800 °C. Therefore, 

the optimal calcination temperature for full 

Table 1. Chemical composition of limestone. 

Figure 2. (a) TG profiles and (b) FTIR spectra of limestone and limestone-derived CaO. 
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Catalyst 
Surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

Commercial CaO 3.87 0.02 19.71 

Limestone-derived CaO 0.12 6.86 1.33 

the bands at 1427 cm-1 and 879 cm-1 are still 

detected, their intensity is much lower than that 

of limestone. In addition, new bands at 3450 cm-1 

and 3639 cm-1 appear, corresponding to the O-H 

stretching and bending vibrations of water or 

hydroxyl groups adsorbed on the CaO surface, 

respectively [31]. This suggests that CaO has an 

affinity for moisture and can partially form 

Ca(OH)2 when exposed to air [31]. The band at 

2360 cm-1 suggests the possibility of physically 

adsorbed CO2 vibrations on the surface, a common 

phenomenon in basic materials such as CaO [32]. 

Meanwhile, the band at 439 cm-1 still appears and 

can be attributed to metal-oxygen (Ca-O) 

vibrations in the crystalline structure of CaO [29]. 

Figure 3 shows the X-ray diffraction (XRD) 

patterns of three different materials, namely 

limestone, limestone-derived CaO, and 

commercial CaO. The XRD diffraction pattern of 

limestone exhibits intense peaks that match the 

calcite (CaCO3) phase, as indicated by JCPDS No. 

05-0586 [33]. The dominant peaks are located at 

2 ≈ 29.4°, 36.0°, 39.4°, 43.1°, and 48.5°, 

which are the (104), (110), (113), (202), and (018) 

planes of calcite crystals [34]. After calcination, 

the samples showed significant changes in the 

XRD patterns. In the calcined CaO, peaks 

associated with calcite were no longer detected. 

Instead, new peaks appeared at 2 ≈ 32.2°, 37.3

°, and 53.8°, which correspond to the (111), 

(200), and (220) planes of calcium oxide (CaO) 

crystals [35], based on JCPDS No. 37-1497 [36]. In 

commercial CaO, the diffraction pattern exhibits 

a high degree of similarity with that of CaO from 

calcined limestone. This confirms that CaO 

obtained from limestone through calcination has 

a crystalline quality equivalent to that of 

commercial products, making it a promising 

catalyst alternative for application in 

transesterification reactions. 

XRD analysis of crystallinity revealed that 

limestone exhibited a crystallinity of 81.87%, 

while limestone-derived CaO reached 85.98%, and 

commercial CaO showed 86.24%. The crystallinity 

of limestone-derived CaO was very close to that of 

commercial CaO, suggesting that natural 

limestone can produce catalysts with structural 

quality comparable to synthetic ones. This finding 

highlights the potential of limestone as an 

economical and environmentally friendly 

precursor for CaO-based catalysts in 

transesterification reactions. 

The nitrogen adsorption-desorption 

isotherms are shown in Figure 4, and physical 

parameters such as specific surface area, total 

pore volume, and pore diameter of commercial 

CaO and limestone-derived CaO were calculated 

and are summarized in Table 2. Commercial CaO 

(Figure 4a) exhibited isotherm type IV according 

to the IUPAC classification, which is 

characterized by increased adsorption at 

relatively high pressures (P/P₀ > 0.8) and the 

formation of a small hysteresis loop between the 

adsorption and desorption curves. The BET-

specific surface area of commercial CaO was 

measured at 3.87 m²/g, a typical value for CaO 

with an open morphology and light mesoporous 

pore structure. In contrast, CaO obtained from 

limestone calcination showed an isotherm closer 

to type III, with a slight increase in adsorption 

volume at P/P₀ close to 1, with no apparent 

hysteresis loop (Figure 4b). This suggests that the 

material has weak interactions between the solid 

surface and N₂ molecules and is likely to be 

nonporous or contain large macropores due to 

particle agglomeration during calcination. This is 

also reflected in the very low specific surface area 

of only 0.12 m2/g. The low BET surface area of 

limestone-derived CaO is likely due to thermal 

sintering and crystallite growth that occur during 

the calcination process at high temperatures, 

resulting in pore loss and decreased surface 

accessibility [37]. 

Table 2. The physical properties of CaO catalysts. 

Figure 3. XRD patterns of limestone, limestone-

derived CaO, and commercial CaO. 
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 Even showing the lower surface area, 

limestone-derived CaO shows higher total pore 

volume compared to commercial CaO. This 

contradiction can be explained using the 

difference in pore structure: the limestone-derived 

CaO is dominated by a high number of small 

pores, which collectively contribute to larger total 

pore volume but do not provide extensive 

accessible surface area for N2 adsorption. 

Conversely, the larger mesopores in commercial 

CaO facilitate a greater accessible surface area, 

although the overall pore volume remains 

relatively low due to the smaller number of pores. 

This relationship demonstrates that surface area, 

pore volume, and pore diameter are 

interdependent. A high pore volume does not 

necessarily correspond to a high surface area, as 

the accessibility and distribution of pores strongly 

influence BET results [38]. 

These results agree with the characterization 

of CO2-TPD (Figure 4c), which shows one major 

desorption peak at around 640 °C, with a total 

basicity value of 3.07 × 10-5 mol/g. The desorption 

peak at high temperatures indicates the 

dominance of strong base sites, which are usually 

associated with O2- ions from the crystalline CaO 

surface [39]. However, the relatively low value of 

total basicity indicates the limited number of total 

base sites available. This low basicity can be 

attributed to the low specific surface area and 

limited porosity, which reduces the number of 

active sites that interact with CO2 molecules. In 

addition, thermal sintering during the limestone 

calcination process likely causes particle 

agglomeration and crystallite growth, which 

results in reduced exposure to the active surface 

[27]. This is an essential concern in designing 

CaO-based catalytic materials, where surface 

area enhancement and morphology control are 

key strategies to improve base site density and 

catalytic performance.  

3.2. Catalytic Performance of Limestone-derived 

CaO 

3.2.1  Effect of catalyst mass, temperature, and 

reaction time 

The transesterification of tripalmitin was 

optimized using a limestone-derived CaO catalyst. 

As shown in Figure 5a, increasing the catalyst 

mass from 5 to 30 mg enhanced the yield from 

21.7% to 44.6% due to the availability of more 

active basic sites. However, further increases to 50 

and 70 mg led to a decline in yield, likely due to 

increased mixture viscosity and pore blockage, 

which hindered mass transfer [40]. Figure 5b 

shows that raising the temperature from 40 to 50 

°C significantly improved the yield, driven by 

faster reaction rates and better methanol 

solubility [41]. Temperatures above this could risk 

methanol evaporation, thus limiting further 

optimization. As seen in Figure 5c, the yield 

increased with time, peaking at 60 minutes 

(44.6%), indicating reaction equilibrium. 

Prolonged reaction reduced yield, possibly due to 

methyl ester hydrolysis [41]. Therefore, the 

optimal transesterification conditions using a 

CaO catalyst were 50 °C, 30 mg of catalyst, and a 

60-minute reaction time. 

 

3.2.2 Catalytic performance of CaO for the 

transesterification of tripalmitin 

Figure 6 shows the catalytic performance of 

commercial CaO and limestone-derived CaO in 

the transesterification reaction between 

tripalmitin and methanol to methyl palmitate. 

Limestone-derived CaO produced higher methyl 

ester yields (44.6%) than commercial CaO (32.3%), 

indicating superior catalytic activity. This 

difference can be explained by characterizing the 

physicochemical properties of both materials. The 

catalytic performance of limestone-derived CaO in 

the transesterification of tripalmitin is closely 

related to its physicochemical properties, as 

confirmed by several characterization techniques. 

Figure 4. N2 adsorption-desorption of (a) commercial CaO, and (b) limestone-derived CaO, and (c) CO2-

TPD profile of limestone-derived CaO. 
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The XRF analysis revealed that limestone is 

mainly composed of CaCO3 with minimal 

impurities, ensuring that the calcination process 

produced CaO with high purity. This is further 

supported by XRD patterns, which confirmed the 

decomposition of CaCO3 to CaO after calcination 

at 800 °C. The TGA analysis also verified this 

transformation by showing a distinct weight loss 

corresponding to CO2 release, further confirming 

the formation of active CaO phases. 

Based on BET analysis, commercial CaO has 

a higher specific surface area (3.87 m²/g) 

compared to limestone CaO (0.12 m²/g), which is 

generally associated with increased active site 

exposure and catalytic activity [42]. However, in 

this case, the better performance of limestone CaO 

suggests that surface area is not the main factor. 

Instead, the strength and number of base sites, 

shown through CO2-TPD analysis, seem to have a 

more dominant role. Limestone CaO exhibits a 

high-intensity desorption peak at around 640 °C, 

associated with strong base sites, and has a 

basicity value of 3.07×10-5 mol/g. These strong 

base sites play a crucial role in the deprotonation 

and activation of carbonyl groups of triglyceride 

molecules, which are key steps in the 

transesterification reaction [43]. The reaction 

mechanism for transesterifying tripalmitin with 

methanol is shown in Figure 7. 

Table 3 presents a comparison of the 

performance of various heterogeneous catalysts in 

the transesterification of tripalmitin with 

methanol. From the multiple types of catalysts 

reviewed, the effectiveness of the catalyst is 

strongly influenced by the kind of material, 

activation method, and reaction conditions. 

Regarding time and temperature efficiency, the 

CaO from this study (both commercial and 

limestone-derived) showed advantages in terms of 

milder operating conditions. The reaction takes 

only 1 hour at 50 °C with ultrasonication, 

compared to other catalysts, such as organotin 

(IV), which takes 24 hours at 65 °C [22], or Mg-Al 

hydrotalcites, which require 120 °C for 6 hours 

[23]. 

CaO from limestone yielded 44.6%, which is 

higher than the commercial CaO (32.3%) despite 

using identical reaction conditions. This is closely 

related to the strong base site character of l-CaO, 

as indicated by CO2-TPD data, despite its lower 

surface area. Meanwhile, catalysts derived from 

calcined shell waste [24] and hydrotalcite [23] 

achieve yields of nearly 90%, but require more 

demanding reaction conditions (high time and/or 

temperature) and are not economical or 

environmentally friendly on an industrial scale. 

 

3.3  Kinetic Model for the Transesterification of 

Tripalmitin 

The kinetics of tripalmitin transesterification 

with methanol with limestone-derived CaO 

catalyst at 50 °C was evaluated. By applying the 

zero-, one-, and two-pseudo-order kinetic models 

to the reaction data (Eqs. 3-5), it was found that 

the two-pseudo-order model was most suitable, as 

indicated by the highest coefficient of 

determination (R²) value (Figure 8). The value of 

Figure 5. Optimization parameters of (a) mass of catalyst, (b) temperature, and (c) time for the 

transesterification of tripalmitin. 

Figure 6. Catalytic performance of various 

catalysts for the transesterification of tripalmitin 

and methanol. 
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the reaction rate constant (k) obtained was 0.1450 

L.mmol-1.min-1. This result indicates that the 

reaction rate depends on the concentration of 

reactants and reaction time, following the 

characteristics of the second-order model [45]. 

The use of limestone as a precursor for CaO 

catalyst offers qualitatively significant economic 

and environmental benefits. Limestone is 

inexpensive, abundant, and widely available, 

making it a cost-effective alternative to 

commercial CaO. The limestone-derived CaO 

showed a higher yield in methyl palmitate 

compared to commercial CaO, demonstrating its 

competitive catalytic capability. Furthermore, 

modifications such as metal doping or catalyst 

support can further enhance their performance 

and long-term stability [46]. 

4. Conclusions  

CaO synthesized from local limestone showed 

higher catalytic performance than commercial 

CaO in the ultrasonic-assisted transesterification 

reaction of tripalmitin with methanol, resulting in 

a methyl palmitate yield of 44.6% at optimal 

reaction conditions (the tripalmitin to methanol to 

catalyst weight ratio of 2:320:1, at 50 °C for 60 

min). The high performance is supported by its 

basicity, which facilitates methanol activation 

and enhances the transesterification process. 

Thus, limestone-based CaO can be an effective, 

economical, and environmentally friendly 

alternative heterogeneous catalyst for 

triglyceride-based biodiesel production. This 

finding is expected to contribute to the 

development of economical and sustainable 

natural resource-based catalyst technology for 

biodiesel production. However, further 

modification of CaO is required to improve its 

activity. 

Figure 7. Reaction mechanism for the transesterification of tripalmitin with methanol. 

 

Figure 8. Transesterification kinetics plots for (a) zero, (b) first, and (c) second-order models. 
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