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Abstract

:

The study investigated the use of CeO2 extracted from monazite with calcium oxide (CaO) as a solid catalyst for biodiesel production. The wet impregnation method was used to produce CaO@CeO2 mixed-oxide catalysts with 0–50 wt.% CaO. X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area analysis, thermogravimetric analysis (TGA), and a Fourier transform infrared spectrometer (FTIR) was used to characterize the catalysts. In order to determine the optimal preparation conditions, the effect of different CaO compositions on the performance of CaO@CeO2 mixed-oxide catalysts was examined. The catalytic activity of the CaO@CeO2 catalyst for the transesterification reaction of palm oil to produce biodiesel was studied. The results show that the optimum yield of biodiesel can reach 97% fatty acid methyl ester over the 30CaO@CeO2 catalyst at the reaction conditions of 5 wt.% catalysts, methanol-to-oil molar ratio of 9:1, with a reaction temperature of 65 °C within 30 min. The results show that the high catalytic activity and stability of the CaO@CeO2 catalyst make it a promising candidate for industrial-scale biodiesel production. Further study is needed to improve the stability and efficiency of catalysts in transesterification reactions to achieve a high FAME yield using long-life-span catalysts. Moreover, it is necessary to investigate the economic feasibility of this process for application in large-scale biodiesel production.
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1. Introduction


People have widely begun to focus on low-carbon, ecologically friendly, clean, and safe renewable resources due to the scarcity of fossil fuels, environmental contamination, and ecological deterioration [1,2], due to their renewable, biodegradable, non-toxic nature, and safety for both people and the environment. Thailand is currently dependent on imported energy sources for over half of its energy requirements; this reliance on foreign sources is expected to intensify as oil and gas reserves diminish. Fuel consumption rose by 2.3% year-on-year in the first nine months of 2023 to 154 million liters per day on average, in line with the country’s economic growth, which tends to increase oil consumption every year. Furthermore, the growing human energy demand has led to a crisis in the diesel price, which has been rising continuously. The government has recognized the criticality of increasing domestic renewable energy production to decrease reliance on crude imports. Thus, biodiesel has gained more and more attention in recent years. Several techniques can be used for the production of biodiesel. The direct blending technique and the microemulsion method cannot produce diesel fuel standards [3], whereas biodiesel produced by the esterification and transesterification methods has properties very similar to petrochemical fuels and it can be used in diesel engines without the modification of biodiesel. Homogeneous catalytic transesterification, which uses H2SO4, NaOH, or KOH, is now the primary industry production technique for biodiesel generation [4]. However, there are significant drawbacks to homogeneous catalytic transesterification. Thus, heterogeneous catalysts in transesterification reactions provide advantages over homogeneous transesterification reactions by being easily separated, reusable, and free from saponification reactions [5]. Additionally, heterogeneous catalysts often exhibit higher catalytic activity and selectivity compared to homogeneous catalysts. This can lead to improved efficiency and yield in transesterification processes.



Many researchers have reported that alkaline earth metal oxides have the ability to produce a higher biodiesel yield due to their superior physicochemical properties and that the high pore diameter, pore volume, crystallite size, and surface area [6] at the edges of the metal oxide are among the most important factors influencing the catalytic performance in transesterification reactions. In the alkaline earth metal group, CaO is a potential alkaline earth metal catalyst that has shown high catalytic activity and is environmentally friendly [7]. However, during transesterification reactions, the leached Ca species will react with free fatty acids (FFAs) and easily form soap [8,9]. As a result, supporting CaO onto carriers such as transition metal oxides or Ca-containing perovskites can further increase the stability of bulk CaO. Cerium oxide (CeO2) is highly significant as a catalytic material because of its distinctive acid–base and redox characteristics [10]. Utilizing CeO2 mixed oxides is an advantageous approach to alter the physical and chemical characteristics of oxides. This process results in a reduction in crystal domain size, an increase in surface area, and the presence of many oxygen vacancies. Compared to other CaO-based catalysts that have been studied so far, the CaO-CeO2 catalyst has shown great promise in transesterification reactions. Wong et al. [11] have synthesized solid base CaO-CeO2 mixed-oxide catalysts via wet impregnation. An optimal biodiesel yield of 95% was obtained using the 50Ca-Ce catalyst, which may be reused up to six times without a loss of catalytic activity. Kawashima et al. [12] studied the transesterification of rapeseed oil using a CaO-CeO2 catalyst. A 90% biodiesel production was achieved at the optimal conditions of 60 °C with a 6:1 molar ratio of methanol to oil at a reaction time of 10 h. The utilization of CaO-CeO2 supporting metallic monolithic catalysts for biodiesel production achieved a sunflower oil conversion rate of around 99%. However, significant leaching of the active catalytic layer occurred in the second reaction cycle, as reported by Reyero et al. [13]. In the transesterification process, CeO2 is found to be inactive. The interaction between calcium oxide and cerium oxide, on the other hand, may reduce CaO leaching in biodiesel products when calcium oxide is mixed with cerium oxide [14,15].



In this study, CaO@CeO2 mixed-oxide catalysts have been developed to improve the physicochemical properties and catalytic activity of CaO@CeO2 towards palm oil in the transesterification reaction. The effects of various CaO loadings on BET surface area with respect to biodiesel FAME yield were studied. In addition to investigating the stability and catalytic activity of the catalyst in transesterification reactions, its reusability in repeated bulk reactions was estimated.




2. Results


2.1. Catalysts Characterization


X-ray diffraction (XRD) patterns for the CaO@CeO2 catalysts with different Ce contents are given in Figure 1. The diffraction peaks for each sample were distinct and displayed patterns that were consistent. The peaks at 28.55°, 33.07°, 47.48°, 56.34°, and 59.09° from (111), (200), (220), (311), and (222) were indicative of pure CeO2 with a cubic structure (JCPDS No: 43-1002). The cubic structure of pure CaO showed clearly defined diffraction peaks at 2θ values of 32.20°, 37.36°, 53.86°, 64.15°, and 67.37° corresponding to a cubic crystal structure (JCPDS No: 43-1001) associated with reflections from the (111), (200), (220), (311), and (222) planes, respectively. A part of the XRD pattern of these xCeO2@CaO catalysts revealed that these samples had distinct crystalline phases of CaO, Ca(OH)2, and CeO2 [16]. In these samples, no new chemical was identified. In addition to the reflections from the CeO2@CaO phase, three minor and less intense peaks were observed at 2θ values of 28.6°, 34.1°, and 50.7°, which can be assigned to the Ca(OH)2 phase with a hexagonal structure (JCPDS No: 78-0315). The average crystalline size of the CaO@CeO2 was calculated using XRD analysis data, and the Debye–Scherrer equation for CeO2, CaO, 30CaO@CeO2, 40CaO@CeO2, and 50CaO@CeO2 yielded 15.24, 39.10, 24.64, 17.85, and 18.87 nm, respectively.



The presence of CaO was verified by the XRF, XRD, and FTIR analyses. The XRF analysis of the catalysts revealed the weight percentage of different compounds, including CeO2 (Table 1). Moreover, CaO was the most abundant as compared to the other compounds, followed by CeO2, P2O5, SO3, and SiO2, respectively. With the increase in CaO content, the CeO2 content decreased in concentration from 17.92 to 12.28%. The crystallite sizes of catalysts decreased with the increase in CaO. As previous research reported [17], CeO2 is most commonly used as a catalyst or as a non-inert support for catalysts due to its abundant oxygen vacancies, strong interaction with metals, and controllable synthesis with different exposed crystal facets. Thus, the increase in CeO2 content greatly improved the catalytic activity and stability of the 30CaO@CeO2 catalysts in transesterification reactions for biodiesel production. In Table 2, the CaO@CeO2 catalysts’ surface areas, pore volumes, pore diameters, and crystallite sizes are listed. The surface areas and pore volumes of the samples increased from 34.49 m2/g to 53.30 m2/g and from 0.11 cm3/g to 0.16 cm3/g, respectively, when the CaO content in the catalysts increased from 30 to 50 wt.%.



The data obtained from the nitrogen adsorption–desorption of the CaO, CeO2, and xCaO@CeO2 catalysts are presented in Table 2. In general, pore volume, high surface area, and porosity improvement all affect the absorption capacity. The surface area of CeO2 with 50 wt.% CaO was higher than that of pure CeO2. As the CaO content support in CeO2 catalysts increased from 0 wt.% to 50 wt.%, the surface areas and pore volumes of the samples increased significantly from 34.49 to 53.30 and 0.09 cm3/g to 0.16 cm3/g, respectively. An increase in BET surface area is known to enhance catalytic activity. In this case, the FAME yield decreased with increasing Ca, possibly due to alterations in the active sites on the catalyst surface caused by the addition of Ce as reported by Yu et al. [18]. While the pore diameters of all the samples were in the range of 8–10 nm, they were classified as mesoporous because the pore diameters ranged from 2 nm to 50 nm [19,20]. This is advantageous for large-reactant reactions because mesopore catalysts may decrease the transesterification reaction’s pore diffusion limits in biodiesel production [21,22,23]. This is because larger pores promote reactant diffusion into pore channels, which increases their access to a large number of active sites [24]. The average crystallite size of the CaO, CeO2, and xCaO@CeO2 catalysts was calculated as 15.24–39.10 nm using Debye–Scherrer’s equation. The study also demonstrated that the size of the crystallites and particle size in the CaO@CeO2 catalysts decreased as the concentration of CaO increased. This result corresponded with the XRD results, showing that higher levels of CaO loading resulted in smaller crystallite and particle sizes, leading to a high surface area [25,26]. This indicates that a larger crystallite size could potentially improve the catalytic activity in biodiesel production, as reported by Thunyaratchatanon et al. [27]. Moreover, the large pore size was related to the large number of active sites within the catalyst pores. This facilitated the enhanced access of the reactants to the catalyst’s active site [28,29], which exhibited high catalytic activity in the transesterification reaction of palm oil with 97.6% FAME.



The nitrogen adsorption–desorption isotherm profiles of the catalysts are shown in Figure 2. All the adsorption–desorption isotherms were of Type IV. The hysteresis loops of the CaO, 30CaO@CeO2, 40CaO@CeO2, and 50CaO@CeO2 samples were of Type H3, while the CeO2 exhibited Type H2 hysteresis loops in the IUPAC classification, indicating mesoporous materials. Figure 3 shows the pore size distribution of these catalysts calculated using the BJH method. The mesoporous ceria products, 30CaO@CeO2, 40CaO@CeO2, and 50CaO@CeO2 exhibited a narrow and uniform pore size distribution in the average range of 9–10 nm. The CeO2 material had small pores (8.46 nm) and a uniform pore size distribution.



The FTIR spectrum of the CaO, CeO2, and modified CaO@CeO2 catalysts is presented in Figure 4. From the results, the fundamental stretching vibration bands (Ce–O) of the CeO2 appeared at 745 cm−1 and 540 cm−1, indicating the corresponding bands attributed to the metal–oxygen bond [30]. The FTIR spectrum of the modified CaO@CeO2 catalysts showed that at low CaO loadings, strong absorption bands at 875 and a broad peak at 1420–1460 cm−1 appeared, which was attributed to the presence of C–O bonds in the carbonation of calcium oxide [31,32]. These carbonate bands increased with increasing weight percentage of CaO over the CeO2 support. The weak peak at 3640 cm−1 was attributed to the absorption of water on the modified catalyst surface and corresponded to the hydroxyl group stretching peak of hydroxide species [33,34,35]. These peaks corresponded to the stretching vibrations of the Ca−O bond, which indicated the presence of CaO in the prepared catalyst. The strong band at 530 cm−1 identified the vibration of the Ca–O bond, showing the presence of alkyl halides adsorbed on the surface of CaO [32].



TGA analysis was used to investigate the thermal stability of the CaO, CeO2, and xCaO@CeO2 catalysts, showing a gradual and complex degradation process (Figure 5). Except for the CeO2 catalyst, they showed good thermal stability up to a temperature of 800 °C without any significant weight loss. The minimum loss of weight of approximately 3% was probably caused by the water absorbed on the CeO2 surface [36]. The weight loss measurements before and after the CaO catalyst indicated that the catalyst was consumed in two stages: the combustion of complex organic compounds containing Ca and the decomposition of carbonaceous substances from glycerol on the CaO catalyst’s surface [37]. It is well known that CaO is a highly reactive substance that tends to undergo carbonation and hydration within a few hours in the normal state [38]. Thus, the first state weight loss of pure CaO that happened at 400 °C was about 8%, corresponding to an endothermic peak. It was attributed to the chemically bound water decomposition of (Ca(OH)2). In the second state, the 15% mass reduction might have been due to the loss of surface water and matrix water (Ca(OH)2). At the same time, CO2 reacted with the particles to form CaCO3. Finally, the last weight loss occurred when CaCO3 converted to the CaO form over the temperature range of 600 °C to 720 °C, where the final mass percentage was 58.71%. For the xCaO@CeO2 catalysts, the total mass loss from 25 °C to 800 °C was found to be 60.60%, 29.64%, and 28.43% for 30CaO@CeO2, 40CaO@CeO2, and 50CaO@CeO2, respectively. All curves indicated that decomposition mainly occurred in the second stage and was complete at about 800 °C. The weight loss found from the TGA measurements agreed fairly well with that expected for the decomposition of hydroxy carbonates (M2CO3(OH)2) to different oxides of Ca and Ce [39,40].



The SEM images of the xCaO@CeO2 mixed-oxide catalysts calcined at a temperature of 600 °C are depicted in Figure 6. All of the catalysts existed as irregularly formed crystalline particles. An increase in the concentration of CaO led to a steady drop in particle size, resulting in a narrow particle size distribution. These results corresponded with the surface area data analysis data obtained for the CaO, CeO2, and xCaO@CeO2 catalysts. The surface area and pore volume of the CaO@CeO2 catalysts increased once the crystallite size decreased, and reached its maximum value at 50CaO@CeO2 (see Table 2).



Figure 7 shows the EDX mapping of the 30CaO@CeO2 catalyst. It demonstrated that only Ce, Ca, and O elements existed in the samples, and it was found that the uniform distribution of CaO covered the surface of CeO2 completely. The EDX spectrum of the 30CaO@CeO2 catalyst confirmed the presence of Ce, Ca, and O elements with weights of 7.6%, 33.4%, and 40.7%, respectively. This means the experimental compositions were in good agreement with each other, with no significant deviation observed. The experimental compositions showed good agreement with the XRF results, showing no substantial variance.




2.2. Catalytic Activity


The catalytic activity of different compositions of xCaO@CeO2 catalysts, CeO2, and CaO were studied in the transesterification of palm oil using 5 wt.% catalyst, a 9:1 methanol to oil molar ratio, a reaction temperature of 65 °C, and a reaction time of 4 h. The relationship between BET surface area and biodiesel yield is illustrated in Figure 8a, while Figure 8b shows the relationship between crystallite size and biodiesel yield. As calcium oxide loading in CaO@CeO2 catalysts increased from 30 to 50 wt.%, the biodiesel yield decreased slightly (from 97.6% to 86.67%) with the crystallite size (from 24.64 to 18.87 nm), while the BET surface area increased (from 34.49 to 53.30 m2/g).



According to the results, a larger crystallite size and a high BET surface area led to a high FAME yield. Because the crystallite size in nanoparticles is related to the number of active catalyst sites and the surface area of the catalyst [41], it is one of the most significant factors for the catalyst. Moreover, the larger crystal size and the smaller surface area of the catalyst [42] demonstrated high performance in transesterification, according to the FAME yield results for CaO (99.37%) and 30CaO@CeO2 (97.6%). Furthermore, the concentration of the catalyst played an important role in optimizing the FAME yield in the transesterification reaction. From Figure 8, it can be seen that the biodiesel yield increased with the increase in CaO concentration, which increased from 30% w/w to 50% w/w on CeO2 as a solid base catalyst, and the biodiesel yield also slightly decreased with further increases in CaO catalyst concentration. The optimal catalyst was determined to be 30CaO@CeO2 with a biodiesel yield of 97.6%. The excess catalyst slightly reduced the biodiesel yield due to soap formation in the presence of a large amount of catalyst [43]. Moreover, an excess amount of catalyst results in an increase in the viscosity of the reactants, thus leading to a reduction in biodiesel production, as reported by Yang et al. [44].



Figure 9 shows the effect of reaction time on the biodiesel production for CaO and 30CaO@CeO2. For the CaO catalysts, the results revealed that increasing the reaction time increased the FAME yield for the first 2 h and slowly decreased toward reaching equilibrium. Meanwhile, the highest FAME yield from 30CaO@CeO2 was recorded in 30 min of reaction time, which was the maximum conversion of palm oil to biodiesel production. It was confirmed that the high FAME yields of the CaO catalysts were achieved by prolonging the reaction time when compared with the 30CaO@CeO2 catalysts.



CaO on a CeO2 substrate was found to produce more biodiesel than CaO without a substrate [45] due to calcium oxide diffusion into the pores and surrounding substrate surface, resulting in an increased number of active sites [46], and led to high catalytic performance via a shorter reaction time in transesterification during biodiesel production. In addition, cerium oxide was used as a support for various oxides, improving the catalytic performance through a CaO-CeO2 interaction and a better diffusion of active metal components. As a result, 30CaO@CeO2 was selected as the most efficient catalyst, with a catalytic activity of 97.6%. The high catalytic activity of CaO@CeO2 catalyst was related to its amount of CaO (by wt.%) and crystallite size.




2.3. Reusability


One of the most important factors for a heterogeneous catalyst’s commercialization is reusability. Reusability refers to the ability of a catalyst to be used multiple times without significant loss of activity or selectivity [47]. This is crucial for reducing costs and increasing the overall efficiency of industrial processes. As bulk CaO exhibits potential as a solid base catalyst in the production of biodiesel, its limited reusability continues to be a significant drawback in this context. An evaluation of the 30CaO@CeO2, 40CaO@CeO2, and 50CaO@CeO2 mixed-oxide catalysts’ reusability was carried out to determine their potential utilization within the biodiesel industry. The effect of the mixed-oxide catalysts’ reusability on biodiesel yield in the transesterification reaction is shown in Figure 10. After filtering, the catalysts were reused without undergoing any further post-treatment. For the CaO catalysts, there was a decreasing trend in biodiesel yield with each new reaction, with the yield decreasing from 99.37% for the first reaction to 82.62% over three cycles. The experimental data provide support that the catalyst, in its initial state, can be effectively reactivated and reused for commercial biodiesel production.



The yield decreases steadily from the beginning of the reuse. According to previous research, Wong et al. [11] have reported that the catalytic activity of CaO generally decreases rapidly for seven cycles. This loss of catalyst activity may be attributed to the dissolution of bulk CaO in the reaction media during the transesterification reaction [38], which is consistent with this research. On the other hand, the 30CaO@CeO2 mixed-oxide catalyst output declined more gradually in biodiesel production, and it still maintained a level of over 90% after three cycles. It can be seen that the 30CaO@CeO2 mixed-oxide catalyst had a better performance than both the 40CaO@CeO2 catalyst and the 50CaO@CeO2 catalyst. In general, the deactivation of CaO-based catalysts may be attributed to two main factors that affect the process: (a) CaO leaching into the reaction media and (b) the adsorption of fatty acid, glycerol, or glycerides onto the active sites of catalysts [48,49].





3. Materials and Methods


3.1. Materials


Ce in ethylenediaminetetraacetic acid solution (Ce in EDTA solution) was obtained from the Thai monazite using the ion exchange chromatography technique. CeO2 was obtained by the precipitation method using 3% w/v oxalic solution in Ce EDTA solution and calcined at 600 °C for 3 h. Calcium oxide (CaO) was obtained from Kemaus (Cherrybrook, NSW, Australia) Co., Ltd. The palm oil was purchased from a commercial company (Palm Oil Morakot Brand, Bangkok, Thailand).




3.2. Catalyst Preparation and Characterization


The catalysts containing 0, 30, 40, and 50 wt.% CaO were prepared using the wet impregnation method and designated xCaO@CeO2, where x = 30, 40, and 50 wt.% CaO. An appropriate amount of calcium oxide was dissolved in 100 mL of distilled water. Then, 5 g of CeO2 was gradually supplemented into the solution and continuously stirred to form a homogeneous solution. To remove excess water, the mixture was gently heated before being dried in an oven at 100 °C for 12 h. After drying, the sample was calcined at 600 °C for 3 h to obtain xCaO@CeO2 catalysts. The catalyst preparation process is shown in Figure 11. Major oxides and chemical compositions were identified using wavelength dispersive X-ray fluorescence (WD-XRF, Bruker S8 Tiger, Karlsruhe, Germany). The crystal structures and crystallite sizes of catalysts were identified using an X-ray diffraction spectrometer (XRD, Bruker-AXS D8 ADVANCE model, Karlsruhe, Germany) equipped with a Cu Kα radiation source at 40 kV and 40 mA. The average crystallite sizes of the catalysts were calculated by the Debye–Scherrer equation [50] as shown in Equation (1).


  D =   k λ   β cos θ    



(1)




where D is the average crystallite size, λ is the wavelength of the X-ray source (1.5418 Å), β is the reflection width (2θ), θ is the Bragg angle, and K is the shape constant (0.89).



The Fourier transform infrared spectroscopy (FTIR) was performed using the KBr pellet technique on a Perkin Elmer Spectrum Spotlight 300 in the region from 4000 to 400 cm−1 with a resolution of 4 cm−1. Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo TGA/DSC2 (Mettler Toledo, Nänikon, Switzerland) in the temperature range of 25–800 °C at a continuous heating rate of 10 °C/min. The isotherms of nitrogen adsorption–desorption was evaluated using a Micromeritics 3Flex physisorption analyzer at −196 °C. Prior to the adsorption studies, samples were degassed at 300 °C for 2 h under vacuum to eliminate adsorbed species from the catalyst surface. The Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods were used to determine the surface areas and pore size distributions of the catalysts, respectively.




3.3. Transesterification Reaction


The transesterification reaction between palm oil and methanol was performed using a three-necked glass reactor including a reflux condenser and a magnetic bar stirrer. The process of biodiesel production was carried out using 100 g of palm oil and 5 wt.% modified xCaO@CeO2, CaO, and CeO2 catalyst was added using the oil-to-methanol molar ratio of 1:9 and a reaction temperature of 65 °C for 30–240 min. After the transesterification reaction was completed, the catalysts were then separated by centrifuging at 6000 rpm for 30 min. For phase separation, the biodiesel products were placed in a separatory funnel. Biodiesel floated on the surface layer, while glycerol settled at the bottom. Then, the biodiesel was refined using distillation to eliminate excess methanol. Gas chromatography–mass spectrometry (Shimadzu GC-MS QP 2020, Tokyo, Japan) with a capillary column (Rxi-5Sil MS 30 m, 0.25 mm ID, 0.25 µm) was used to measure the fatty acid methyl esters (FAMEs) produced after the transesterification reaction in accordance with EN 14103 standard procedure [51,52]. The schematic diagram of biodiesel production process is demonstrated in Figure 12.



Methyl heptadecanoate was used as an internal reference for this measurement according to the EN 14103 standard procedure [51,52]. The biodiesel yield was calculated using Equation (2):


  C =     ∑ A   −  A  E i      A  E i     ×    C  E i   ×  V  E i    m  × 100 %  



(2)




where C is fatty acid methyl ester (FAME) content,   Σ A   is the total peak area from FAME C14 to C24, AEi is the peak area of methyl heptadecanoate, CEi is the concentration in mg/mL of the methyl heptadecanoate solution, VEi is the volume in mL of the methyl heptadecanoate solution, and m is the mass of the sample (mg). To determine the catalyst’s reusability and regeneration, the catalysts were centrifuged from the post-reaction mixture, washed several times with methanol, and dried at 100 °C for 24 h. The FAME yield was measured using the procedures described above.





4. Conclusions


The CaO@CeO2 solid base catalysts prepared via the wet impregnation method were effectively applied in the biodiesel transesterification process. Cerium oxide as a support material can improve heterogeneous catalytic stability and activity due to the defects induced by the replacement of Ca ions with Ce ions on the surface of catalysts. The optimum catalyst was 30CaO@CeO2 considering the catalytic activity and surface properties, resulting in the highest FAME yield of 97.6%. In addition, the catalyst could be reused up to three times with good activity, achieving a FAME yield of over 90%. Additionally, compared to CaO without doping CeO2, the advantage of utilizing 30CaO@CeO2 in this result can demonstrate a short reaction time to receive the greatest yield. The excellent performance of this catalyst in transesterification reactions was possibly due to the strong synergic interaction between CeO2 and CaO. This interaction was attributed to the structure of these samples, with Ce embedded in calcium oxide. However, the high surface area of the catalysts was not a direct factor in the catalytic activity that resulted in the transesterification reaction of CaO@CeO2 to biodiesel. CeO2 can decrease the amount of calcium that leaches into the product phase, stabilize the active phases, and increase the catalyst’s stability through the reactions. The test results reveal that the CaO@CeO2 solid base catalysts may have good potential for large-scale biofuel production in industries, as well as reusability. They also suggest that a CaO@CeO2 material has potential as a catalyst for the environmentally friendly biodiesel production process.
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Figure 1. XRD patterns of the xCaO@CeO2 catalysts. 
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Figure 2. N2 adsorption–desorption isotherms of (a) xCaO@CeO2 catalysts and (b) CeO2. 
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Figure 3. Barrett–Joyner–Halenda (BJH) desorption pore size distribution. 
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Figure 4. FTIR spectrum of CaO, CeO2, and xCaO@CeO2 catalysts. 
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Figure 5. TGA results of the CaO, CeO2, and xCaO@CeO2 catalysts. 
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Figure 6. SEM images of (a) CaO, (b) 30CaO@CeO2, (c) 40CaO@CeO2, (d) 50CaO@CeO2, and (e) CeO2. 
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Figure 7. SEM images, EDX, and elemental mapping of the 30CaO@CeO2 catalyst. 
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Figure 8. Correlation between (a) surface area and biodiesel yield and (b) crystallite size and biodiesel yield of CaO@CeO2 catalysts. 
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Figure 9. Effect of reaction time on biodiesel production for CaO and 30CaO@CeO2. 
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Figure 10. Effect of catalyst reusability on biodiesel yield. 
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Figure 11. Schematic of catalyst preparation process. 
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Figure 12. Schematic diagram of biodiesel production from palm oil with modified xCaO@CeO2 catalysts. 
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Table 1. XRF Analysis of CaO, CeO2, and xCaO@CeO2 catalysts.
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Formular

	
Concentration (%)




	
CaO

	
CeO2

	
30CaO@CeO2

	
40CaO@CeO2

	
50CaO@CeO2






	
CaO

	
97.48

	
0.30

	
79.92

	
84.14

	
85.28




	
CeO2

	
-

	
99.02

	
17.92

	
13.33

	
12.28




	
MgO

	
0.93

	
-

	
0.66

	
0.71

	
0.76




	
P2O5

	
0.38

	
-

	
0.53

	
0.51

	
0.43




	
SO3

	
0.37

	
-

	
0.39

	
0.39

	
0.41




	
SiO2

	
0.35

	
0.19

	
0.37

	
0.38

	
0.40




	
Al2O3

	
0.20

	
0.06

	
-

	
0.29

	
0.20




	
Fe2O3

	
0.19

	
0.03

	
0.17

	
0.18

	
0.18




	
K2O

	
0.05

	
-

	
0.02

	
0.04

	
0.03




	
SrO

	
0.04

	
-

	
0.02

	
0.03

	
0.03




	
ZnO

	
-

	
0.06%

	
-

	
-

	
-




	
PbO

	
-

	
0.03%

	
-

	
-

	
-











 





Table 2. Surface area, pore volume, average pore diameter, and crystallite size of the CaO, CeO2, and xCaO@CeO2 catalysts.






Table 2. Surface area, pore volume, average pore diameter, and crystallite size of the CaO, CeO2, and xCaO@CeO2 catalysts.





	Samples
	Surface Area

(m2·g−1)
	Pore Volume

(cm3·g−1)
	Pore Width

(nm)
	Crystallite Size

(nm)
	Average Particle Size (nm)





	CaO
	37.40
	0.09
	8.90
	39.10
	160.40



	30CaO@CeO2
	34.49
	0.11
	10.06
	24.64
	173.93



	40CaO@CeO2
	46.91
	0.15
	9.77
	19.85
	127.87



	50CaO@CeO2
	53.30
	0.16
	9.17
	18.87
	112.56



	CeO2
	39.68
	0.09
	8.46
	15.24
	151.20
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