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One-pot microwave-assisted catalytic conversion of palm oil into low glycerol content biodiesel product using CaO-TiO2 nanocatalysts
The use of microwave technology in transesterification provides advantageous thermal effects, resulting in high methyl ester production and enhanced process separation efficiency. The impregnated method has been successfully prepared for the size of CaO-TiO2 in the range 20 to 30 nm. The optimum conditions of biodiesel production were determined by varying the ratio of oil: methanol, reaction time, and various microwave power that validated based on experimental tests compared to the results predicted by the response surface methodology model. The optimal conditions for producing 93.38% methyl ester were a 5% (wcat/woil) catalyst dose, 600 W microwave power, a 1:16 mole ratio of oil to methanol, and 30 minutes of reaction time. In addition, the one-pot microwave-assisted catalyst reaction gives insight to improve the biodiesel yield with efficient time.
Keywords: biodiesel; CaO-TiO2 nanocatalysts; microwave; transesterification
Introduction
The global demand for energy continues to rise, with total primary energy consumption reaching significant levels in recent years and projected to increase by more than 50% by 2050 [1,2]. Energy is a fundamental prerequisite for development, and a sustainable energy system is essential for achieving sustainable development goals [3]. In response to this growing demand and the need for sustainability, there has been a rapid increase in the adoption of renewable energy sources over the past few decades, with many countries committing to expanding their production capacities [4]. 
Biofuels have emerged as a promising alternative to fossil fuels, produced from renewable resources such as plants, urban waste, food crops, and byproducts from agriculture and forestry [5]. One such biofuel is biodiesel, an alkyl ester derived from vegetable or animal oils, which shares similar properties with solar fuels [6]. Increasing the use of biofuels is a vital endeavour to achieve the objective of integrating New and Renewable Energy by 2025. Biodiesel is synthesized through a transesterification reaction that converts triglycerides in oils into fatty acid methyl esters (FAME) using alcohol and catalysts, producing glycerol as a byproduct [7]. Furthermore, there are ongoing attempts to optimize the transesterification process in biodiesel production technology with the goal of enhancing its efficacy, efficiency, sustainability, and environmental compatibility.
Catalysts play a crucial role in accelerating the formation of alkyl esters in biodiesel production [8]. While acid and base homogeneous catalysts are commonly used, they require neutralization and washing steps that complicate catalyst recovery, generate large amounts of liquid waste, and increase production costs [9]. To address these challenges, researchers have shifted toward heterogeneous catalysts such as Fe₂O₃/CaO[10] and SO₄/Fe-Al-TiO₂ [11], which are non-corrosive, reusable, environmentally friendly, and offer longer catalyst life [1].
Bifunctional heterogenous catalyst is a well-known catalyst in biodiesel production that acts simultaneously as a Lewis base and Lewis acid [12]. Previous studies have utilized CaO-TiO₂ as a bifunctional heterogeneous catalyst for transesterification reactions, achieving high biodiesel yields. For example, a recent work done by Khan et al. [13] successfully transform soybean oil waste into biodiesel with the maximum percentage yield of around 93.73% under the optimum condition (molar ration of methanol to oil = 11.45:1, catalyst dosage = 6.16 wt%, and heating temperature = 61.82). However, the reaction required 148 minutes to complete. Therefore, alternative methods are needed to improve reaction parameters and efficiency.
Microwave heating has been recognized for its ability to accelerate chemical reactions and achieve results that are difficult to obtain using traditional methods in a shorter time frame [14]. The use of microwave irradiation provides rapid and uniform heating of the reaction mixture, leading to increased selectivity and reaction rates compared to conventional synthesis methods [15]. Khemthong et al. [16] for instance, applying microwave in palm olein oil transesterification process, accomplishing 97.6 yield percentage in just 4 minutes with CaO is being used as a single catalyst. The soap formation in the microwave-assisted biodiesel formation from sunflower oil has been anticipated by supporting CaO catalyst with alumina and manganese oxide [17]. Among transition metal oxides, researchers are now more focused in utilizing titanium dioxide (TiO2) in biodiesel production owing to their superior thermal stability, considered benign to environment, and low-cost [18]. Moreover, the high surface area of TiO2 will make a significant contribution to the post exposure of CaO in high temperature that will undergo surface loss and deteriorate catalytic performance. Furthermore, the extensive surface area of TiO2 will substantially improve the post-exposure of CaO at elevated temperatures, leading to the preservation of catalyst structure integrity and minimizing the loss of active components [13].  
To the best of our knowledge, the utilization of CaO-TiO2 in microwave-assisted biodiesel production from the palm oil waste remain unexplored. Therefore, the novelty of this work is to investigate the ideal transesterification reaction parameter of palm oil using TiO2-functionalized CaO nanocatalyst. The parametric effects of operational factors, including microwave power, reaction time, oil-to-methanol molar ratio, and catalyst dosage, on biodiesel yield were comprehensively examined using Response Surface Methodology (RSM) optimization. In contrast to previous reports that either used conventional heating methods or employed similar catalysts without microwave irradiation, the present study demonstrates that microwave dielectric heating can enhance the interaction between reactants and the catalyst surface, thereby accelerating reaction kinetics. The optimum conditions were then used to investigate the biodiesel yield produced by one-pot microwave transesterification.
Materials and methods
Chemicals
Calcium chloride dihydrate (CaCl₂·2H₂O), sodium hydroxide (NaOH), and titanium tetraisopropoxide (TTIP) were obtained from Sigma-Aldrich (Missouri, USA). Deionized water was prepared using a Milli-Q system. Methanol and methyl heptadecanoate were purchased from Merck (Missouri, USA). Palm oil, obtained from a commercial supplier, acted as the feedstock for biodiesel synthesis via transesterification.
Experimental techniques
Preparation of CaO nanoparticles
[bookmark: _Int_ysGE9rfJ]CaO nanoparticles were synthesized by following previous study [19], using 20 mL of CaCl2.H2O 1 M and 20 ml of NaOH 2 M as the initial precursor. At a constant temperature, NaOH solution was added drop by drop to the CaCl2 solution and mixed at a speed of 1300 rpm for 30 min. After 30 min, a Ca(OH)2 sediment was formed, then washed five times using 120 mL water. The washed sediment was dried in the open air at room temperature for one night. Dry deposits calcinated using a furnace at temperature of 650 °C for 1 hour.
Preparation of TiO2 nanoparticles
The synthesis of TiO2 nanoparticles was done using the precipitation method based on previous research [20]. Briefly, 5 mL of titanium isopropoxide (TTIP) was added dropwise into 8 mL of deionized water under continuous stirring. The mixture was maintained at 40°C and stirred for 30 min to facilitate hydrolysis and precipitation. A white precipitate was formed, which was subsequently separated by centrifugation and washed several times with deionized water and methanol to remove residual impurities and unreacted species. The obtained precipitate was then dried at 80 °C for 12 h, followed by calcination at 500°C for 2 h to obtain crystalline TiO2 nanoparticles. 
Preparation of CaO-TiO2 nanocatalysts
The composite nanoparticles of CaO-TiO2 were made using the wet impregnation method, following previous study [13]. First, the nanoparticles CaO and TiO2 were mixed with a weight ratio of 1:1, and then the mixture was filtered with water. The mixture was then dried in the oven at a temperature of 100 °C for 2 hours, then continued with calcination in the stove for 5 hours at 600 °C.
Characterization of CaO-TiO2 nanocatalysts
Characterizing vibration of type vibration due to infrared absorption of CaO-TiO2 nanoparticles was carried out with the Fourier Transform Infra-Red (FTIR). The usage of X-ray diffraction (XRD) is intended to identify the crystalline phase in the sampling using nickel-filtered Cu-K radiation with operating conditions at 40 kV and 300 mA with an angle range of 2θ ranging 10 between 80. 
The software Visualisation for Electronic and Structural Analysis (VESTA) version 3.5.7 [22] was utilised to visualise the crystal structure. The Debye–Scherrer Equation (1) was employed to ascertain the crystallite size [23]: 
	(1)
where Dhkl represents the crystallite size (nm), K denotes the Scherrer constant (0.89), λ signifies the X-ray wavelength (0.15406 nm), B indicates the full width at half maximum (FWHM) of the peak assessed using Origin software version 8.5.1 (in rad), and θ is the diffraction angle (in rad). The morphological and topographic information from a sample catalyst was conducted by a Scanning Electron Microscope (SEM).
Experimental design and biodiesel production from palm oil using CaO-TiO2 nanocatalysts
Firstly, the optimization of the molar ratio of methanol to oil, with variations of 16:1, 20:1, and 24:1, and reaction times, with variants of 20, 30, and 40 minutes, was optimized. The response that was analyzed pertained to the ratio of methyl esters produced. Optimizing the effects of the methanol-to-oil ratio and reaction time on the transesterification of palm oil biodiesel was conducted using a catalyst dose of 5% and a microwave power of 600W. Then, the optimization of experimental conditions showed the influence of two independent variables for biodiesel transesterification, namely CaO-TiO₂ catalyst dosage and microwave power. 
The influence of process variables such as catalyst dosage with variations of 1%, 3%, and 5% (wcat/woil) and microwave power with variations of 300 W, 450 W, and 600 W on palm oil transesterification reaction was analyzed using response surface methodology (RSM) based on a Face-Centered Central Composite Design (FCCD, α = 1). For the two-factor system, the axial points were positioned at the center of each face of the design space (α = 1), yielding coded levels of −1, 0, and +1. Optimizing the effects of catalyst dosage and microwave power was conducted using a methanol-to-oil molar ratio of 16.6:1 and a reaction time of 30 minutes. The table of variable and factor level as well as the experimental design are shown in Table 1 and Table 2, respectively.
Table 1. Variable and factor level
	Variable 
	Factor level

	
	-1
	0
	+1

	Catalyst concentration (%)
	1
	3
	5

	Microwave power (watt)
	300
	450
	600



Table 2. Experimental design
	Run
	Variable

	
	Catalyst concentration (%)
	Microwave power (watt)

	1
	1
	450

	2
	5
	600

	3
	3
	450

	4
	3
	450

	5
	3
	450

	6
	1
	300

	7
	3
	450

	8
	5
	300

	9
	3
	600

	10
	3
	300

	11
	1
	600

	12
	3
	450

	13
	5
	450


Determination of physicochemical characteristics of biodiesel
The upper layer composition of each experimental condition was analyzed using the standard EN 14103 (Standard Method of Determination of Ester and Linolenic Acid Methyl Ester Contents) using Gas Chromatography (GC) and FID detectors. The method uses methyl heptadecanoate as an internal standard, so it is perfectly suitable for analyzing the levels of C14 to C24 fatty acids.
Result and discussion
Characterization of the CaO-TiO2 nanocatalysts
X-ray diffraction (XRD) was employed to determine the crystal phases of CaO-TiO₂ nanoparticles. The diffractogram results were then analyzed using Match! software and compared with database patterns to confirm the observed peaks. The XRD patterns revealed peaks corresponding to TiO₂ and CaO, confirming the presence of these constituents in the nanoparticle composite.
As shown in Figure 1e, the CaO-TiO₂ composite exhibits peaks at 2θ values of 25°, 29°, 37°, 48°, 55°, 62°, 68°, 70°, and 75°, which is consistent with the previous report on synthesized CaO-TiO₂ by Mohamad et al [24]. Sixteen data points of the XRD peak broadening were employed to assess the size (Dhkl) of the crystal domains, calculated from the widths at half maximum height (B) utilising the Debye−Scherrer equation. The average crystallite size of the synthesised CaO-TiO2 nanoparticles was determined to be around 31 nm (Table 3).
Table 3. Crystallite size of CaO-TiO2 nanoparticles calculated by Debye-Scherrer method.
	FWHM
	2
	Crystallite size (nm)

	0,35258
	17,99061
	22,80

	0,13523
	25,30784
	60,18

	0,17105
	29,38854
	47,99

	0,65999
	34,08351
	12,58

	0,17718
	37,8048
	47,37

	0,21041
	43,186
	40,59008

	0,23314
	48,05829
	37,29386

	0,46835
	50,81135
	18,77097

	0,26366
	53,91388
	33,7905

	0,24291
	55,08325
	36,87024

	0,30887
	62,71727
	30,10853

	0,30385
	68,79495
	31,67377

	0,30084
	70,31205
	32,28615

	0,32342
	75,08049
	30,9661

	0,8175
	82,82553
	12,95263

	1,26445
	94,98855
	9,295088



The surface morphology of the CaO-TiO₂ nanoparticles was examined using scanning electron microscopy (SEM). As depicted in Figure 1a-b, the nanoparticles are spherical in shape with a size distribution ranging approximately between 40 and 120 nm (Figure 1d). These findings align with the results obtained from dynamic light scattering (DLS) analysis, confirming the nanoscale distribution of the materials. Therefore, it can be confirmed that the synthesized CaO-TiO₂ is within the nanoscale size range.
Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) was utilized to determine the elemental composition of the CaO-TiO₂ nanoparticle composite, as shown in Figure 1c. The EDX analysis detected the presence of oxygen, calcium, and titanium atoms in the composite. Oxygen exhibited the highest atomic percentage at 76.20%, followed by calcium at 17.16%, and titanium at 6.64%. The Fourier Transform Infrared (FTIR) spectra of CaO, TiO₂, and CaO-TiO₂ are presented in Figure 1f. As illustrated, there is a peak around the wave number 3600 cm⁻¹, indicating the presence of OH groups due to CaO’s rapid absorption of water vapor. The peak at 1487 cm⁻¹ signifies the presence of C–O bonds derived from CaCO₃ impurities contained in CaO. Additionally, the CaO peak is observed around the 500 cm⁻¹ wave number.
[image: ]
Figure 1. Morphological image of (a) CaO-TiO2 identified by SEM at 10,000 magnifications, and (b) CaO-TiO2 identified by SEM at 30,000 magnifications. (c) SEM-EDX spectra of CaO-TiO2, (d) Size distribution of CaO-TiO2, (e) XRD diffractograms of CaO-TiO2 compared to CaO, and TiO2 nanoparticles, and (f) FTIR spectra of CaO-TiO2 nanoparticles, TiO2 nanoparticles, and CaO nanoparticles.

The vibrational band appearing around 860 cm⁻¹ is characteristic of the Ca–O bond. Similarly, the broad vibrational bands observed in the range of 750–500 cm⁻¹ are attributed to the stretching vibrations of Ti–O and Ti–O–Ti bridges. It has been observed that titanium oxides exhibit broad bands in the low wave number range from 400 to 900 cm⁻¹ when exposed to infrared light [25]
Effect of various parameters using RSM analysis to optimize biodiesel production by CaO-TiO2 nanocatalysts
The production of biodiesel from palm oil using CaO-TiO₂ nanoparticles as a heterogeneous catalyst was systematically optimized by employing Response Surface Methodology (RSM). RSM is a powerful statistical tool that evaluates the relationships between multiple variables and their responses, enabling the identification of optimal conditions for complex processes. In this study, RSM was utilized to assess the effects of key parameters—such as catalyst dosage, methanol-to-oil molar ratio, reaction time, and microwave power—on the transesterification reaction.
Oil to methanol ratio and reaction time
Based on the ANOVA results (Table 4), the model showed a high coefficient of determination (R² = 0.9954), indicating that 99.54% of the variation in methyl ester yield can be explained by the methanol-to-oil molar ratio and reaction time. The adjusted R² (0.9921) was in close agreement with R², confirming the reliability of the model.
Table 4. Analysis of variance (ANOVA) for methyl ester content under varying methanol-to-oil molar ratio and reaction time.
	Response
	F- Value
	P
	Lack of Fit
	R2
	Adj R2
	AP
	SD
	PRESS

	Methyl Ester Content
	301.33
	<0.0001
	0.14
	0.9954
	0.9921
	41.30
	1.47
	81.83



P: probability of error; AP: adequate precision; SD: standard deviation; PRESS: predicted residual error sum of squares

The model was highly significant, as indicated by the high F-value (301.33) and very low p-value (< 0.0001). In addition, the lack of fit was not significant (p > 0.05), suggesting that the model adequately fits the experimental data. The adequate precision value (41.30) was much higher than the desirable value of 4, indicating a strong signal and good model discrimination. The relatively low standard deviation (SD = 1.47) and PRESS value (81.83) further support the accuracy and predictive capability of the model.
 Therefore, the response can be adequately described by a quadratic model, as shown in Equation (1), where A represents the methanol-to-oil molar ratio and B represents the reaction time (min).
Y = -102,02 - 5,31A + 14,18B + 0,02AB + 0,12A2 - 0,21B2	(1)
Based on the developed quadratic model, the individual and interactive effects of the methanol-to-oil molar ratio and reaction time on methyl ester yield were further analyzed using contour and response surface plots.
The effect of varying the methanol-to-oil molar ratio (16:1 to 24:1) and reaction time (20 to 40 minutes) on biodiesel transesterification using a nano CaO-TiO₂ catalyst under microwave irradiation was illustrated in Figure 2 and presented in Table 5. The optimal conditions were achieved at a methanol-to-oil molar ratio of 16:1 and a reaction time of 30 minutes, resulting in a methyl ester content of 82% by mass. These results indicated that using the CaO-TiO₂ catalyst in combination with microwaves effectively enhanced biodiesel production under these specific conditions.
Transesterification is generally a reversible reaction where methanol and oil react at a specific molar ratio to achieve stoichiometric equilibrium [26]. Increasing the reaction time was necessary to enhance the reaction rate and boost biodiesel production [27]. However, our experimental results showed that the lowest methanol-to-oil molar ratio tested, 16:1, resulted in the highest methyl ester conversion within a reaction time of 30 minutes. This indicated that at this ratio, a synergistic effect occurred with the nano CaO-TiO₂ catalyst, leading to optimal biodiesel yield.
[image: ]
Figure 2. (a) Contour plot for experimental result of microwave-assisted transesterification with oil-to-methanol ratio and reaction time parameters, (b) 3D response surface graph result.

Increasing the methanol-to-oil molar ratio raised the number of methanol molecules in contact with the catalyst surface, which acted as a Lewis base active site. This enhanced the probability of methoxide anion formation. The methoxide ions repeatedly attacked the carbonyl groups of triglycerides, producing diglycerides and monoglycerides [28]. The reaction continued until all glycerides were converted into glycerol and three moles of methyl ester, reaching equilibrium [29]. Our experimental results also demonstrated that extending the reaction time from 20 to 30 minutes provided more significant opportunities for interaction between the reactants and the catalyst, thereby increasing the rate of methyl ester formation until equilibrium was achieved. 
Based on the desirability function analysis from the RSM, the optimal conditions for the transesterification process were identified as a methanol-to-oil molar ratio of 16.6:1 and a reaction time of 34 minutes, as presented in Table 4. These optimal conditions were then validated through experimental tests, which confirmed the results predicted by the RSM model. The close agreement between the experimental data and the model's predictions demonstrates the reliability of the optimization and the effectiveness of the nano CaO-TiO₂ catalyst under these specific conditions.
To evaluate the accuracy of the model predictions, validation experiments were conducted by comparing the actual test values with those predicted by the Response Surface Methodology (RSM) model. The results showed that the measured methyl ester content closely matched the model's predictions, achieving an accuracy level exceeding 97.5%. This high degree of accuracy indicated minimal errors and low standard deviations between the experimental and predicted values, confirming the reliability of the RSM model in optimizing the transesterification process.
Table 5. Optimization of the biodiesel microwave-assisted transesterification conditions with CaO-TiO2 nanocatalyst.
	No
	Factor
	Respond

	
	A
Methanol to oil ratio
(mole)
	B
Reaction time
(minutes)
	Y
Methyl ester content
(%-mass)
	
Desirability

	1*
	16 : 1
	34.0
	88.77
	0.909

	2
	16 : 1
	33.9
	88.77
	0.909

	3
	16 : 1
	34.1
	88.77
	0.909

	4
	16 : 1
	33.8
	88.77
	0.909

	5
	16 : 1
	34.8
	88.64
	0.908

	6
	16 : 1
	33.2
	88.64
	0.908

	7
	16 : 1
	31.5
	87.45
	0.895

	8
	16 : 1
	38.5
	87.45
	0.864


*Optimum condition
Catalyst dosage and microwave power
Using RSM, we optimized the catalyst dosage and microwave power to determine the best conditions based on the desired response criteria for biodiesel production. The significance value obtained from the analysis was less than 0.0001 (P < 0.0001), which is smaller than the threshold of 0.05, indicating that both catalyst dosage and microwave power have a significant effect on the transesterification process. 
Figure 3 illustrates the effect of CaO-TiO₂ catalyst dosage and microwave power on biodiesel transesterification using an oil-to-methanol molar ratio of 1:16. The methyl ester content increased as the catalyst dosage rose from 1% to 5% by mass and as microwave power increased from 300 W to 600 W. Optimal conditions were achieved with a 5% by mass nano CaO-TiO₂ catalyst dosage and 600 W microwave power, resulting in a methyl ester content of 88.34%-mass. From a chemical or engineering standpoint, the 600 W microwave power delivers adequate dielectric heating to expedite transesterification while preventing excessive energy input that may result in methanol evaporation or potential catalyst deactivation. The 16:1 methanol-to-oil molar ratio was chosen to favor the equilibrium of the reversible transesterification reaction towards ester production while ensuring operational efficiency. Regarding the duration of reaction, 30–34 min reaction time was established as the optimal condition through RSM optimization, balancing reaction completeness and energy usage. 

Table 6. Analysis of variance (ANOVA) for methyl ester content under varying Catalyst dosage and microwave power.
	Response
	F- Value
	P
	Lack of Fit
	R2
	Adj R2
	AP
	SD
	PRESS

	Methyl Ester Content
	7390.1
	<0.0001
	9.56
	0.9998
	0.9997
	257.12
	0.50
	14.92


P: probability of error; AP: adequate precision; SD: standard deviation; PRESS: predicted residual error sum of squares
Based on the ANOVA results (Table 6), an R² value of 0.9998 was obtained, indicating that 99.98% of the variability in the transesterification results is explained by the model, which includes catalyst dosage and microwave power as variables. The adjusted R² value obtained was 0.9997, which is very close to the R² value with a difference of less than 0.01. This indicates that the developed model is highly adequate for predicting the effects of catalyst dosage and microwave power on the methyl ester content resulting from the biodiesel transesterification process. The analysis of the signal-to-noise ratio (SNR) yielded an adequate precision (AP) value of 257.120, which is greater than 4. This result suggests that the proposed model can be reliably used to navigate the design space and to describe the response surface topography within the Response Surface Methodology (RSM) framework.
Based on the analysis, the Response Surface Methodology (RSM) model is adequately described by a quadratic equation (Equation 2), where Y corresponds to the methyl ester content obtained from the transesterification process conducted at an oil-to-methanol ratio of 1:16 and a reaction time of 30 min. Variable A represents the nano-CaO–TiO₂ catalyst dosage (%-Mass), while variable B denotes the microwave power (W).
Y = 47,59 + 25,83A + 17,64B + 17,29 AB + 6,79A2 – 27,23B2 (2)
 The catalyst accelerates the reaction rate, allowing the transesterification to proceed faster and produce optimal methyl ester yields. Microwave power at 600 W provides more effective heating during the reaction, increasing the rate of methyl ester formation until equilibrium is reached. This indicated that at this catalyst dosage, a synergistic effect occurs between the CaO-TiO₂ catalyst and the methanol and oil, leading to the highest methyl ester conversion. Increasing the catalyst dosage resulted in an expansion of the active sites on the catalyst surface that interact with methanol, acting as Lewis's base catalytic sites. This increased the likelihood of methoxide anion formation. The methoxide ions then reacted with the carbonyl groups on the triglycerides, producing diglycerides and monoglycerides. The reaction continued until all bound glycerides were entirely converted into glycerol, yielding three moles of methyl ester and reaching equilibrium. The optimization of the CaO-TiO₂ catalyst dosage (5% by mass) and microwave power (600 W) resulted in optimal conditions for the transesterification of palm oil biodiesel.
[image: ]
Figure 3. (a) Contour plot for experimental result of microwave-assisted transesterification with catalyst dosage and microwave power parameters, (b) 3D response surface graph result.

The data for each factor variable and the corresponding response measurements were processed using statistical software to determine several optimum conditions. The optimization of the effects of CaO–TiO₂ catalyst dosage (% Mass) and microwave power (W) on the transesterification of palm oil biodiesel, at an oil-to-methanol molar ratio of 1:16 and a reaction time of 30 min, was determined by analyzing the overall optimal conditions that satisfy all response functions (Table 7). The optimum transesterification conditions were identified as a catalyst dosage of 5% and a microwave power of 600 W.
Table 7. Optimization of the biodiesel microwave-assisted transesterification conditions with CaO-TiO2 nano catalyst 
	No
	Factor
	Respond

	
	A
Catalyst dosage
(%-Mass)
	B
Microwave Power
(W)
	Y
Methyl ester content
(%-mass)
	
Desirability

	1*
	5.000
	600.000
	87.915
	0.998

	2
	5.000
	598.261
	88.137
	0.996

	3
	4.849
	600.000
	83.658
	0.980

	4
	5.000
	586.388
	89.462
	0.971

	5
	4.702
	600.000
	79.630
	0.962


*Optimum condition 
Evaluation of biodiesel properties
Methyl ester content
To find out how well the transesterification process takes place, a test of methyl ester content using Gas Chromatography (GC) was carried out. Methyl ester compounds present in biodiesel produced in the transesterification process using heterogeneous catalysts and microwaves before purification amounted to 87.24%, and the remaining glycerol was 0.24%. In this study, the washing process was exclusively carried out using phosphoric acid and hot water with the primary objective of eliminating reaction residues such as excess alcohol, glycerol, and soap remaining in the biodiesel [30]. The efficacy of the post-reaction purification is evidenced by the rise in measured methyl ester content, which increased from 84.83% prior to washing to 93.38% subsequent to the washing and drying procedures (Table 8). This improvement does not signify an increase in catalytic or reaction efficiency. It is merely a consequence of the elimination of impurities and residual components. The evaporation phase subsequent to washing is crucial for diminishing moisture content in the final product, thus elevating the relative concentration of methyl ester in the examined sample.
Table 8. Summary of studies using CaO, TiO2, CaO-TiO2 nanocatalysts in biodiesel transesterification reaction
	No
	Oil
	Catalyst
	Methanol to oil ratio
	Reactor
	Reaction time
(minutes)
	Methyl ester
(%)
	Ref

	1
	Cotton oil
	CaO-TiO2 (10 wt%)
	20:1 (mol)
	Reflux system (conventional)
	300
	92.2
	[31]

	2
	Palm Oil
	CaO (5 wt%)
	15:1 (mol)
	Reflux system (conventional)
	360
	97
	[32]

	3
	Olive oil waste
	TiO2 (5 wt%)
	4:1 (v/v)
	Reflux system (conventional)
	120
	91.2
	[33]

	4
	Soybean oil
	CaO/CAC-60 (2 wt%)
	9:1 (mol)
	Reflux system (conventional)
	180
	96.4
	[34]

	5
	Rice bran oil
	CaO (1 wt%)
	6:1 (mol)
	Reflux system (conventional)
	90
	99.3
	[35]

	6
	Palm oil
	CaO (1 wt%)
	6:1 (mol)
	Reflux system (conventional)
	120
	99.2
	[35]

	7
	Soybean oil
	CaO (1 wt%)
	6:1 (mol)
	Reflux system (conventional)
	180
	99
	[35]

	8
	Catharanthus roseus seed oil
	CaO (4 wt%)
	15:1 (mol)
	Reflux system (conventional)
	76
	91.83
	[36]

	9
	Canola oil
	CaO-TiO2 (1.5 wt%)
	16:1 (mol)
	Reflux system (conventional)
	90
	96.9
	[37]

	10
	Soybean oil
	Nano-CaO-TiO2 (6.16 wt%)
	11.45:1
	Reflux system (conventional)
	148
	93.73
	[13]
	11
	Palm olein oil
	CaO (15 wt%)
	18:1
	Microwave (900 W)
	4 
	97.6
	[16]
	12
	Pongamia oil
	CaO-ZnO (3 wt%)
	10:1 (mol)
	Microwave (700 W)
	6
	97.8
	[38]
	13
	Sunflower oil
	CaO-Al2O3 (10 wt%)
	16:1 (mol)
	Microwave (800 W)
	120
	46.2
	[17]
	14
	Sunflower oil
	CaO-MnO2 (10 wt%)
	16:1 (mol)
	Microwave (800 W)
	120
	49.2
	[17]
	15
	Palm oil
	Nano-CaO-TiO2 (5 wt%)
	16.6:1 (mol)
	Microwave (600 W)
	34
	93.38
	*This work



Compared to research conducted by Setiawan et al. (2017), the levels of methyl palmitate produced by this study tend to be greater, whereas got the results of methyl palmitate of 31.31% [39]. In addition, the FAME content was also tested using GC on the leached biodiesel. The FAME content produced in the refined biodiesel was 93.38%. The 93.38% methyl ester compound produced is dominated by methyl oleate, which is 43.47% and the smallest content of 3.47% is a methyl stearate compound. 
In addition to testing methyl ester levels, biodiesel samples were analyzed for monoglycerides, diglycerides, triglycerides, free glycerol, and total glycerol, as shown in Table 9. Determining the glycerol content is crucial because high levels of glycerol in fuel can damage diesel engines; glycerol's hydroxyl (OH) groups can cause metal corrosion. Testing these compounds helps assess how much glycerol is produced as a byproduct during biodiesel production.

Table 9. Analysis of methyl ester content from palm oil biodiesel
	Compound
	Result (% w/w)
	Method

	
	Pre-washing
	Post-washing
	

	Methyl Ester
	84.83
	93.38
	EN 14103

	Methyl Palmitate
	31.44
	34.46
	

	Methyl Stearate
	3.22
	3.47
	

	Methyl Oleate
	39.33
	43.47
	

	Methyl Linoleate
	10.20
	11.13
	

	Methyl Miristate
	0.64
	0.74
	

	Methyl Palmioleate
	-
	0.11
	

	Monoglycerides
	0.727
	0.196
	ASTM D 6584

	Monopalmitin
	0.456
	0.067
	

	Monoolein
	0.117
	0.083
	

	Monostearin
	0.154
	0.046
	

	Diglycerides
	0.051
	0.11
	

	Triglycerides
	0.006
	0.018
	

	Free glycerol
	0.007
	0.007
	

	Total glycerol
	0.204
	0.047
	



Both pre-washed and post-washed biodiesel samples were tested. In the washed samples, the levels of monoolein, monostearin, and monopalmitin were found to be 0.083%, 0.051%, and 0.066%, respectively. Diglyceride and triglyceride contents were 0.235% and 0.142%. These results indicate a decrease in the levels of monoglycerides, diglycerides, and triglycerides after washing. The total glycerol content also decreased from 0.256% to 0.109%, while free glycerol remained constant at 0.007%. This reduction demonstrates that washing effectively removes glycerol impurities from biodiesel.
The chromatogram showed a peak at a retention time of 4.5 minutes, indicating the presence of methanol in the sample. The residual methanol is due to the absence of washing after the transesterification process, leaving methanol from the reaction. This highlights the importance of washing biodiesel to remove residual methanol and reduce glycerol impurities, thereby improving fuel quality and preventing potential engine damage.
Biodiesel quality analysis
Key characteristics that determined biodiesel quality included flash point, cloud point, moisture content, viscosity, density, saponification number, acid number, and iodine number as shown in Table 10. The biodiesel used in this test was optimized under reaction conditions of a methanol-to-oil molar ratio of 16.6:1, a catalyst dosage of 5%, microwave power of 600 W, and a reaction time of 30 minutes.
Table 10. Biodiesel quality test results
	No
	Parameters
	Unit
	Test Result
	Quality Limits [40]
	Methods

	1
	Water content
	ppm
	230 ± 8.51
	Max 340
	ASTM D6304

	2
	Flash point
	°C
	170 ± 3.40
	Min 130
	ASTM D93

	3
	Cloud point
	°C
	13.5 ± 0.68
	Max 18
	ASTM D5773

	4
	Density (40 °C)
	Kg m-3
	856.40 ± 0.09
	850-890
	ASTM D4052

	5
	Kinematic viscosity (40°C)
	cSt
	4.50 ± 0.07
	2.3-6.0
	ASTM D445

	6
	Acidity
	mg-KOH g-1
	0.22 ± 0.02
	Max 0.4
	ASTM D664

	7
	Saponification number
	mg-KOH g-1
	198.10 ± 14.26
	-
	SNI 7182:2015

	8
	Iodine number
	g-I2 per 100g
	52.83 ± 2.27
	Max 115
	AOCS Cd 1-25



Kinematic viscosity was measured at 4.502 cSt (ASTM D445), falling within acceptable limits to ensure efficient fuel injection and combustion without residue buildup [41]. The acid number was determined to be 0.22 mg KOH g-1 (ASTM D664), indicating low free fatty acid content, which reduces the risk of corrosion and engine wear. A high saponification number of 198.10 mg KOH g-1 (SNI 7182:2015) reflects a high concentration of methyl esters, signifying good fuel quality. The iodine number measured at 52.83 g I₂ per 100 g (AOCS Cd 1-25) is well below the maximum allowable value, indicating good oxidative stability and a lower likelihood of forming deposits during storage.
Overall, all measured parameters meet the required quality standards, confirming that the biodiesel produced is of high quality and suitable for use in diesel engines without causing operational issues. These results demonstrated that the optimized production process yields biodiesel with desirable properties, ensuring efficient engine performance and compliance with industry specifications.
Proposed mechanism of CaO-TiO2 nanocatalysts in transesterification process
The use of catalysts in transesterification reactions aims to increase the reaction rate and thus reduce the reaction time. In this study, CaO-TiO₂ nanoparticles were employed as heterogeneous catalysts to produce biodiesel from palm oil. These catalysts proved effective, achieving a methyl ester content of 93.38% under the synthesis conditions of a 16.6:1 methanol-to-oil mole ratio, a reaction time of 30 minutes, a catalyst dose of 5%, and a microwave power of 600 W.
As shown in Figure 4, a scheme illustrates the simultaneous esterification and transesterification reactions in biodiesel production using the CaO-TiO₂ catalyst. This reaction is termed simultaneous because it can carry out esterification and transesterification concurrently, due to the presence of two different active sites on the catalyst (acidic and basic). The transesterification reaction involves triglycerides (RCOOR'), methanol (CH₃OH), and a catalyst with a Lewis base active site, namely CaO. Initially, CaO reacts with methanol to form methoxide ions, which then perform a nucleophilic attack on the triglycerides. The desorption process produces ester products (biodiesel) with glycerol as a byproduct.
The esterification reaction involves the reaction between free fatty acids (RCOOH), alcohol (CH₃OH), and a catalyst with a Lewis acid active site, namely TiO₂. The interaction of the carbonyl oxygen of the free fatty acid with the acidic site of the catalyst activates the carbonyl group. Nucleophilic attack by the alcohol on the activated carbonyl produces a tetrahedral intermediate. During the esterification reaction, this tetrahedral intermediate eliminates water, forming one mole of ester (RCOOCH₃) [12,42,43].
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Figure 4. Schematic of simultaneous esterification-transesterification reaction using CaO-TiO2 nanocatalyst. Reproduced with permission [12]. Copyright 2022, Elsevier.

Table 8 summarizes several studies that have used CaO, TiO₂, and CaO-TiO₂ catalysts in biodiesel production, demonstrating that these catalysts can achieve high methyl ester content. In our study, the optimal dosage of the nano CaO-TiO₂ heterogeneous catalyst was found to be 5%, resulting in a biodiesel yield of 93.38%. This increased yield is attributed to the nature characteristic of CaO–TiO₂ catalyst that demonstrates Lewis acid–base bifunctionality, with basic sites from CaO promoting methoxide production and Lewis acidic Ti sites aiding in the activation of triglyceride molecules. This collaborative contact improves the transesterification process. Moreover, the nanoscale distribution of catalyst components enhances the surface area and accessibility of active sites, hence augmenting catalytic activity under microwave irradiation.
Conclusion
Advancing biofuel production is pivotal for achieving energy sustainability by 2025. This study pioneers a microwave-assisted transesterification process using CaO-TiO2 nanocatalysts, designed to maximize biodiesel yield while minimizing environmental impact. By harnessing enhanced thermal effects, the method produces 93.38% methyl ester under optimized conditions, ensuring high-quality biodiesel that meets stringent standards. The use of CaO-TiO2 nanoparticle catalysts has been proven effective in synthesizing palm oil-based biodiesel. These catalysts, with particle sizes ranging from 20 to 30 nm, significantly influenced the transesterification process. By analyzing four key variables—the molar ratio of methanol to oil, reaction time, catalyst dosage, and microwave power—we determined the optimal conditions for maximum methyl ester yield. The highest methyl ester content, reaching 93.38% after purification, was achieved at a methanol-to-oil molar ratio of 16.6:1, a reaction time of 34 minutes, microwave power at 600 watts, and a catalyst dosage of 5% by mass of oil. The quality of the produced biodiesel complies with the relevant standards, confirming the effectiveness of the nano CaO-TiO₂ catalyst in biodiesel synthesis. 
Nonetheless, certain limitations of the current investigation must be recognized. This study did not thoroughly examine the reusability and long-term stability of the CaO-TiO2 catalyst, and catalyst deactivation throughout successive reaction cycles may impact process sustainability. Moreover, while microwave-assisted transesterification significantly decreases reaction time, challenges persist concerning the scalability of microwave systems for large-scale biodiesel production, owing to possible constraints in heat distribution and energy efficiency at industrial scales.
Subsequent research should concentrate on assessing the catalyst's regeneration capacity and longevity throughout numerous reaction cycles to determine its practical utility. Moreover, studies on catalyst structural integrity, leaching characteristics, and efficacy in continuous-flow or pilot-scale microwave reactors would yield critical insights into the scalability of this method. These investigations would enhance catalyst durability and optimize microwave-assisted biodiesel production for more sustainable and commercially feasible uses.
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