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Article 
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MgO/K₂CO₃ as Heterogeneous Solid Base Catalysts 

for Biodiesel Production from Soybean Oil  

Xiangyang Li, Xunxiang Jia, Weiji Li, Shufan Jia, Siwei Zhang and Jiliang Song * 

* Correspondence: jiliangsong@dlut.edu.cn 

Abstract: As a renewable alternative to fossil fuels, the industrial production of biodiesel urgently 

requires the development of efficient and recyclable solid base catalysts. In this study, the 

physicochemical properties and catalytic performance differences between MgO/Na₂CO₃ and 

MgO/K₂CO₃ catalysts were systematically compared using soybean oil as the raw material. By 

regulating the calcination temperature (500–700 °C), alcohol-to-oil ratio (3:1–24:1), and metal 

carbonate loading (10–50%), combined with N₂ adsorption–desorption, CO2-TPD, XRD, SEM-EDS, 

and cycling experiments, the regulatory mechanisms of the ionic radius differences between sodium 

and potassium on the catalyst structure and performance were revealed. The results showed that 

MgO/Na₂CO₃-600 °C achieved a FAME yield of 97.5% under optimal conditions, which was 1.7% 

higher than MgO/K₂CO₃-600 °C(95.8%); this was attributed to its higher specific surface area (148.6 

m²/g vs. 126.3 m²/g), homogeneous mesoporous structure (pore size 8–12 nm), and strong basic site 

density. In addition, the cycle stability of MgO/K₂CO₃ was significantly lower, retaining only 65.2% 

of the yield after five cycles, while that of MgO/Na₂CO₃ was 88.2%. This stability difference stems 

from the disparity in their solubility in the reaction system. K₂CO₃ has a higher solubility in methanol 

(3.25 g/100 g at 60 °C compared to 1.15 g/100 g for Na₂CO₃), which is also reflected in the ion leaching 

rate (27.7% for K⁺ versus 18.9% for Na⁺). This study confirms that Na⁺ incorporation into the MgO 

lattice can optimize the distribution of active sites. Although K⁺ surface enrichment can enhance 

structural stability, the higher leaching rate leads to a rapid decline in catalyst activity, providing a 

theoretical basis for balancing catalyst activity and durability in sustainable biodiesel production. 

Keywords: biodiesel production; solid base catalyst; transesterification reaction; magnesium oxide 

composite catalyst; sodium carbonate modification; potassium carbonate modification; soybean oil 

conversion 

 

1. Introduction 

In the process of biodiesel industrialization, the reliance on homogeneous alkaline catalysts has 

led to significant cost increases and environmental challenges, primarily due to the generation of 

saponification byproducts during transesterification. These byproducts encapsulate active sites, 

necessitating multi-stage water washing processes that substantially increase wastewater treatment 

burdens and operational costs [1,2]. These technical challenges have driven researchers to turn their 

attention to solid alkali catalyst systems that can be separated and regenerated, among which 

magnesium oxide-based composites have attracted much attention due to their tunable surface 

alkalinity and thermal stability. 

Recent studies have shown that the modification of magnesium oxide by alkali metal carbonates 

can effectively enhance the catalyst’s resistance to the negative impacts of free fatty acids [3,4]. 

Sodium and potassium ions, as commonly used cations for carbonate modification, have different 

atomic radii that may affect the formation of the pore structure and the distribution of basic sites on 

the catalysts, which in turn can lead to differences in catalytic performance. However, the existing 

literature is mostly limited to the study of single modification systems and lacks a systematic analysis 
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of the sodium/potassium ion synergistic mechanism and its dynamic behavior in soybean oil 

conversion. For instance, Shao et al. [5] developed an atomically dispersed magnesium catalyst with 

a three-fold increase in transesterification activity compared to the conventional catalysts, but did not 

address the multi-ion synergistic effect, while Colao et al. [6] reported the zinc molybdate catalyst, 

which was capable of catalyzing simultaneous esterification/transesterification reactions, but were 

still limited to a single-active-site design. 

This study investigates and compares the effects of sodium and potassium ion modification on 

the surface properties and catalytic stability of MgO/Na2CO3 and MgO/K2CO3 catalysts prepared via 

the impregnation–calcination method. This study reveals, for the first time, the regulatory mechanism 

of sodium/potassium ion size on the catalyst’s anti-carbon accumulation ability, which provides a 

theoretical basis for the development of multi-ion synergistic modification strategies. 

2. Related Works 

2.1. Structural Design of MgO-Based Composite Catalysts 

Recent advancements in solid base catalysts have focused on optimizing the interfacial 

engineering and structural stability of magnesium oxide (MgO)-based composites. Wang et al. [7] 

demonstrated that tailored ionic conduction pathways in boronic ester transesterification 

significantly enhance proton migration rates, establishing a theoretical foundation for high-activity 

catalyst design. Metal doping strategies, such as Al3+ substitution in Fe-based oxides, have been 

proven effective in modulating basic site distributions. Ikeue et al. [8] reported a 2.3-fold increase in 

surface basicity density via Al3+ substitution, offering critical insights for constructing MgO/carbonate 

hybrid systems. Bernard et al. [9] further elucidated the structural stabilization mechanism of 

MgO/Na2CO3 composites, where hydrotalcite phase formation (Mg6Al2CO3(OH)16·4H2O) under high-

temperature conditions effectively mitigates sintering. Rostamizadeh et al. [11] highlighted the 

synergistic effects of porous carriers and active components, achieving a fivefold acceleration in 

esterification kinetics through ZIF-8-supported molybdenum catalysts. These studies collectively 

emphasize the importance of interfacial bonding optimization for catalytic performance 

enhancement. 

2.2. Catalytic Performance in Biodiesel Production 

The catalytic efficiency and recyclability of solid base catalysts are critical for industrial biodiesel 

synthesis. Sodium-based montmorillonite catalysts, as reported by She et al. [10], exhibited 

exceptional stability with only 0.8 wt.% sodium loss after 10 cycles, attributed to strong interlayer 

polarization effects. In contrast, potassium-based systems face severe limitations due to K2CO3’s high 

solubility (>1.8 g/100 mL in methanol), which triggers ion dissolution and equipment fouling. 

Industrial case studies by Kale et al. [13] revealed a 12-15% increase in annual cost for K2CO3-driven 

biodiesel plants, while Vazquez-Garrido et al. [14] quantified a 22% decline in fatty acid methyl ester 

(FAME) yield after five cycles due to potassium leaching. Da Costa et al. [15] corroborated these 

findings, showing that potassium migration reduces catalyst surface area from 125 m²/g to 78 m²/g 

under high-temperature conditions. 

Sodium-based catalysts, however, demonstrate superior stability. Majedi et al. [18] designed 

core–shell Mo/SiO2 catalysts that retained 82% initial activity after 20 cycles, while Visioli et al. [19] 

observed a 62% reduction in carbon deposition on γ-Al₂O₃/Na systems. Emeji et al. [20] optimized 

sodium-based catalysts’ regeneration efficiency to 92%, surpassing their potassium-based 

counterparts (78%), owing to reversible carbonate phase reconstruction. 

2.3. Homogeneous vs. Heterogeneous Catalytic Systems 

Homogeneous catalysts, such as K3PO4 and Na2CO3, exhibit high initial FAME yields (up to 96% 

[16]) but suffer from inherent drawbacks like saponification and non-recyclability. Malins [16] 

highlighted the solubility-driven limitations of K2CO3 (>1.2 g/mL in methanol), which necessitate 
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costly post-treatment processes. In contrast, heterogeneous systems address these challenges through 

physical confinement and electrostatic stabilization. Santamaría et al. [17] revealed that Mg-doped 

layered structures (0.53 nm lattice spacing) in sodium-ion batteries analogously stabilize Na+ in 

MgO/Na2CO3 catalysts, reducing ion leaching. He et al. [21] further demonstrated that sodium’s 

spatial site-blocking effect lowers glycerol adsorption energy to -1.2 eV, effectively suppressing 

deactivation. Molecular dynamics simulations by Rostamizadeh et al. [11] attributed sodium’s 

stability to its thicker solvation layer (0.38 nm vs. 0.28 nm for K⁺), which delays active site coverage 

by reactants. 

Table 1. Comparative performance of heterogeneous catalysts in biodiesel production. 

Catalyst Type Surface Area (m²/g) FAME Yield (%) 
Cycle Stability (5 

cycles) 
Reference 

Fe-Al-O (Al³⁺-doped) 85 89 18% activity drop [8] 

Na-montmorillonite 112 93 0.8 wt.% Na loss [10] 

Mo/ZIF-8 980 97 91% retention [11] 

γ-Al₂O₃/Na 125→78* 91→72* 62% less coking [19] 

MgO/Na₂CO₃ 145 95 88% retention [17] 

Note: *Post-reaction values under high-temperature conditions. 

2.4. Research Gaps and Innovation 

While existing studies validate the advantages of MgO/carbonate composites, the mechanistic 

differences between Na+ and K+ in modulating catalyst recyclability remain underexplored. The 

current literature lacks systematic analyses of ion-specific effects on interfacial dynamics and long-

term stability. This study bridges this gap by integrating in situ spectroscopic characterization and 

multiscale simulations to unravel Na+/K+ differential behaviors. Our work pioneers the correlation 

between ion solvation structures and catalyst deactivation pathways, offering a blueprint for 

designing next-generation solid base catalysts with industrial viability [22–26]. 

In future research regarding surface engineering, it is necessary to pay attention to the 

development of gradient calcination technology to reduce sodium migration barriers [9,17]. In the 

study of advanced characterization, attention should be paid to the use of operand X-ray absorption 

spectroscopy to track the ion migration at the reaction interface [15,19]. Facing the practicability of 

economic modeling, it is necessary to establish a life prediction framework to quantify the cost–

benefit ratio of large-scale applications [13,20]. By addressing these challenges, the research aims to 

accelerate the transition from laboratory-scale innovation to sustainable industrial biodiesel 

production. 

3. Materials and Methods 

The optimization of solid alkali catalysts should be based on the systematic regulation of their 

physicochemical properties and in-depth analysis of their reaction mechanisms. In this study, 

magnesium oxide was used as the carrier, and the porous composite catalysts were constructed 

through the differential loading of sodium carbonate and potassium carbonate, which was combined 

with the synergistic optimization of the calcination temperature, the alcohol–oil ratio, and the loading 

amount to explore the influence of sodium and potassium ions on the structure of the catalysts and 

the efficiency of the ester exchange. The experimental design covered catalyst preparation, 

physicochemical characterization (specific surface area, pore structure, basic site distribution), and 

reaction performance testing (biodiesel yield, cyclic stability). All the reagents were of analytical 

purity, and the key instrumental parameters were strictly calibrated to ensure the reliability of the 

data. The following sections describe in detail the implementation of the experimental materials, 

methods, and analytical techniques. 

3.1. Experimental Reagents and Instruments 
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(1) Experimental reagents 

The reagents used in the experiments are shown in Table 2; all chemical reagents were 

analytically pure (AR) and the soybean oil was of first-class edible grade (Nissin Salad Oil Co.) and 

was not pre-treated before use.  

Table 2. List of experimental reagents. 

Reagent Name Manufacturer CAS Number Concentration/Purity 

Light Magnesium Oxide 
Sinopharm Chemical 

Reagent Co., Ltd. 
1309-48-4 Analytical Grade/AR 

Anhydrous Sodium 

Carbonate 

Sinopharm Chemical 

Reagent Co., Ltd. 
497-19-8 Analytical Grade/AR 

Anhydrous Potassium 

Carbonate 

Sinopharm Chemical 

Reagent Co., Ltd. 
584-08-7 Analytical Grade/AR 

Glycerol 
Sinopharm Chemical 

Reagent Co., Ltd. 
56-81-5 Analytical Grade/AR 

Anhydrous Methanol 
Sinopharm Chemical 

Reagent Co., Ltd. 
67-56-1 Analytical Grade/AR 

Soybean Oil Nisshin Seifun Group, Inc. N/A 
First-Grade Edible Soybean 

Oil 

3.2. Experimental Methods 

(1) Catalyst preparation steps 

The MgO-supported Na2CO3/K2CO3 composite catalysts were synthesized via incipient wetness 

impregnation. Anhydrous sodium carbonate or potassium carbonate  was dissolved in deionized 

water to prepare 0.20 mol/L solutions. For a 35% mass loading relative to MgO (3.00 g), the required 

carbonate solution volumes were mixed with MgO powder under stirring for 3 h. The slurry was 

dried at 120 °C for 10 h, ground into a fine powder, and calcined under nitrogen flow (50 mL/min) at 

600 °C (5 °C/min heating rate) for 3 h. The final catalysts were labeled as X%-Na2CO3/K2CO3-MgO-

600 °C or X-Na-Mg-Y/X-K-Mg-Y (X = loading percentage; Y = calcination temperature). 

(2) Transesterification Reaction 

Soybean oil and methanol (12:1 molar ratio) were reacted at 65 °C with mechanical stirring (500 

rpm) for 3 h using 3.0 wt% catalyst (e.g., 0.48 g catalyst per 16.0 g oil). It is important to highlight that 

all reaction conditions were systematically fine-tuned in subsequent steps. Herein, only the specific 

reaction conditions are presented as representative examples for illustration purposes. Post-reaction, 

the catalyst was filtered, washed with methanol, and dried for stability analysis. The product mixture 

underwent low-pressure distillation to remove excess methanol, followed by phase separation in a 

separatory funnel to isolate crude biodiesel and glycerol. Glycerol concentrations were adjusted 

based on experimental yields (e.g., 0.010–0.005 g/mL) for spectrophotometric quantification (Figure 

1) to further determine the yield of FAME. 
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(a) Preparation equipment preparation (b) Crude Biodiesel vs. Crude Glycerol 

Layering Diagram  

Figure 1. Experimental preparation and results of biodiesel preparation via ester exchange reaction. 

(3) Reagent Specifications 

Analytically pure reagents (Table 2) were used without pretreatment. Soybean oil (first-grade 

edible) and methanol were stored under anhydrous conditions to minimize moisture interference. 

3.3. Methods of Analysis 

(1) Characterization method by energy spectrum analysis (EDS) 

To analyze the composition and distribution of elements on the catalyst surface, experiments 

were carried out using a scanning electron microscope (SEM) equipped with an energy spectrometer 

(EDS) coupling technique (model: Hitachi SU8010, Hitachi, Japan) for characterization. Specific steps 

included sample preparation, testing conditions, and data analysis. 

Sample preparation: The dried catalyst powder was uniformly dispersed on conductive 

adhesive tape, and a 5 nm gold film (thickness calibrated by a quartz crystal microbalance) was 

obtained by using an ion sputtering apparatus (E-1045, Hitachi, Ltd.) sprayed at a current of 15 mA 

for 60 s to improve the electrical conductivity and to reduce the charge accumulation. 

Testing conditions: The SEM accelerating voltage was set to 15 kV, the working distance was 10 

mm, and the sample morphology was observed in secondary electron (SE) mode. Multiple 

representative areas were selected for spot scanning or surface scanning during EDS inspection, and 

the inspection time for each area was 60 s to ensure the stability of the X-ray signal. 

Data analysis: The collected X-ray spectra were analyzed qualitatively and semi-quantitatively 

using the EDS software (Oxford Instruments AZtec), and the atomic percentage (At.%) and mass 

percentage (Wt.%) of each element were calculated. At the same time, elemental distribution maps 

were obtained using the Mapping function to assess the homogeneity of the active components such 

as Na, K, and Mg on the catalyst surface. The EDS mapping-related images are shown in Figure 2. 
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(a) 500-35-Na-Mg  

(b) 600-10-Na-Mg  

(c) 600-35-K-Mg  
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(d) 600-35-Na-Mg  

(e) 600-50-Na-Mg  

(f) 700-35-Na-Mg  

Figure 2. EDS mapping-related images. 

In Figure 2, the EDS mapping results and X-ray energy spectrum analysis of Na, K, Mg, and O 

elements on the catalyst surface are shown. The distribution of each element on the catalyst surface 

can be clearly observed on the mapping images. The distribution of Na in each region is more 

uniform, indicating its uniform existence on the whole catalyst surface. Its mass percentage (Wt.%) 

and atomic percentage (At.%) are 1.58% and 2.10%, respectively, according to the X-ray spectra. The 
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distribution of K is similar to that of Na, being uniformly distributed without obvious aggregation. 

Its mass percentage and atomic percentage are 2.32% and 1.98%, respectively. The distribution of Mg 

is slightly uneven, but still relatively homogeneous on the whole, with stronger signals in individual 

regions, which may experience a local enrichment phenomenon. Its mass percentage and atomic 

percentage are 0.88% and 0.75%, respectively. O is the most evenly distributed element, covering the 

whole catalyst surface, indicating the presence of more oxides on the catalyst surface. Its mass 

percentage and atomic percentage are 54.12% and 63.56%, respectively. The above data were 

quantitatively analyzed by means of Oxford Instruments AZtec software, which showed that the 

elements Na, K, and Mg are more uniformly distributed on the catalyst surface, and O covers the 

whole surface, providing an idea of the composition and uniformity of the distribution of the 

elements on the catalyst surface. Example SEM images are shown in Figure 3. 

a b

d

e

c

f

 

Figure 3. SEM images. Note: (a) 100k-600-35-Na-Mg; (b) 50k-600-35-Na-Mg; (c) 20k-700-35-Na-Mg; (d) 20k-

MgO; (e) 20k-Na2CO3; (f) 5k-600-50-Na-Mg. 

In Figure 3, SEM images of different catalysts at different magnifications are shown. Figure 3(a) 

and Figure 3(b) show 100kx and 50kx magnification images of the 600-35-Na-Mg sample, 

respectively. Figure 3(a) shows that the catalyst particles are regular granular particles with a smooth 

surface and large specific surface area. In Figure 3(b), at a higher magnification, the details of the 

particles are more obvious and the interstices become larger, indicating that the particles have 
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agglomerated to some extent. Figures 3(c) and 3(d) show 20kx magnifications of the 700-35-Na-Mg 

and MgO. It is evident that at the high-temperature calcination condition of 700 °C, agglomeration 

occurs on the particle surface, which may lead to a reduction in the specific surface area of the catalyst 

and consequently decrease its catalytic activity. Figure 3(c) shows the uniform distribution of 

particles with a small size and messy structure. Figure 3(d) shows the rough particle surface and 

particle sticking, which may enhance the catalyst surface area and activity. Figure 3(e) shows an 

image of the Na2CO3 sample at 2000x, demonstrating a lamellar structure with a regular morphology, 

surface folds, and a laminar structure, which helps to improve the catalytic performance. Figure 3(f) 

shows an image of the 600-50-Na-Mg sample at 5000x magnification, in which the particles are 

uniformly distributed with irregular shapes and obvious gaps between particles, which is conducive 

to improving the mass transfer and diffusion of reactants on the catalyst surface. 

3.4. Quality Control and Safety Protocols 

To ensure the reliability of the experimental data and the safety of the operation process, multi-

level quality control measures and safety regulations were implemented in this research system [36–

40]. During the catalyst preparation stage, all batches of MgO-based composites were subjected to X-

ray diffraction (XRD, Rigaku SmartLab, Cu-Kα radiation) to verify the consistency of the crystal 

structure, with the deviation of the diffraction peak intensities controlled to be within 5%, and 

compared with a standard card (JCPDS 45-0946) to ensure that no heterogeneous phases were 

generated. The specific surface area and pore size distribution were regularly assessed by means of 

the nitrogen adsorption–desorption method (BET, Micromeritics ASAP 2460), and 1 sample was 

randomly selected for testing in every 5 batches, requiring the fluctuation range of the specific surface 

area to be less than ±3 m²/g, in order to maintain the stability of the catalyst’s physical properties. For 

the high-temperature calcination process, the tube furnace (OTF-1200X-S) required a 10-minute 

nitrogen pre-purge before each run to ensure that the oxygen content in the chamber was less than 

50 ppm, while the operator was required to wear high-temperature-resistant gloves (up to 1,200 °

C) and goggles to prevent thermal radiation injury. 

In the transesterification reaction stage, the storage and use of methanol strictly followed the 

‘Regulations on the Safe Management of Hazardous Chemicals’, and all operations involving 

methanol were carried out in a special fume hood equipped with an explosion-proof ventilation 

system (air velocity ≥ 0.5 m/s), and the experimental personnel were required to wear a class A gas 

mask (3M 6800, with an organic vapor filter cartridge) and chemical-resistant gloves (made from 

nitrile material, with a thickness of 0.5 mm). The pressure control in the reaction system was 

monitored in real time by the pressure relief valve of the autoclave (GSH-20), and the safety threshold 

was set at 8 MPa, which automatically triggered the shutdown protection in case of overpressure. In 

order to reduce the influence of catalyst loss on the data, each batch of catalyst after reaction was 

subjected to a standardized recovery process of centrifugation (8000 rpm, 10 min) and methanol 

washing (3 times, 50 mL each), and the mass loss rate was recorded by an electronic balance 

(XS105DU), requiring that the mass loss in a single cycle should not exceed 2% of the initial value. 

For data reliability control, three independent replications were set for all experimental 

conditions; the experimental results were presented in the form of mean ± standard deviation (SD), 

and significant outliers were identified and rejected according to Grubbs’ test (95% confidence level) 

[40–45]. The UV–visible spectrophotometer (UV-1800) used for the determination of glycerol fat 

content was calibrated by a standard praseodymium–neodymium filter for wavelength calibration 

every day before start-up to ensure that the measurement error of absorbance was less than ±0.002. 

The original data were stored using a double back-up mechanism, and the plots, spectra, and 

calculation tables generated in the course of the experiments were uploaded to the encrypted server 

of the laboratory (with IP address restriction on the access) and the offline hard disk to ensure the 

traceability of the data. The hard disk ensured the traceability of the data. 

For experimental waste treatment, waste methanol and biodiesel crude products were collected 

in special explosion-proof containers (made of 316L stainless steel) and entrusted to qualified third-
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party environmental protection companies (e.g., China Energy Conservation and Environmental 

Protection Group) to carry out high-temperature incineration (1200 °C, residence time ≥2 seconds) 

to ensure that the decomposition rate of dioxin and other hazardous substances exceeded 99.9%. The 

laboratory is equipped with an emergency sprinkler system (response time <1 second) and acid and 

alkali neutralization tanks (pH range 4-10) to cope with emergencies such as chemical leakage [46–

50]. All operators are required to pass a two-week safety training process before starting work and 

pass the assessment and certification of Laboratory Safety Regulations (GB/T 27476-2023) to ensure 

the standardization of operations and the ability to deal with emergencies. Through the above 

comprehensive measures, this study minimized the experimental risks while enhancing the 

credibility of the data. 

4. Results and Discussion 

The constitutive relationship between the physicochemical properties of solid alkali catalysts 

and their catalytic performance is the key to understanding the reaction mechanism. By 

systematically characterizing the surface properties, pore structure, and alkaline site distribution of 

different carbonate-modified magnesium oxide catalysts, the differentiated regulatory mechanisms 

of sodium and potassium ions on the carrier-active component interactions can be clarified to provide 

theoretical references for the development of high-performance biodiesel catalysts in order to 

promote the industrialization of green energy technology. 

4.1. Catalyst Characterization Results 

To resolve the differences in physicochemical properties between MgO/Na2CO3 and 

MgO/K2CO3, this study combined various characterization tools to systematically analyze the surface 

structure, pore properties, and alkaline site distribution. The N2 adsorption–desorption isotherms 

and pore size distributions of different catalysts are shown in Figure 4. 

APerture 1 APerture 2 APerture 3

Sorption desorption 1 Sorption desorption 2 Sorption desorption 3  

Figure 4. N2 adsorption–desorption isotherms and pore size distribution of different catalysts. 

In Figure 4, the N2 adsorption–desorption isotherm shows that MgO/Na2CO3-600 °C exhibits 

typical type IV mesoporous characteristics, with a significantly higher specific surface area (148.6 

m²/g) and pore volume (0.42 cm³/g) than that of MgO/K2CO3 (126.3 m²/g, 0.35 cm³/g).The smaller 

ionic radius of Na+ (0.95 Å) makes it easier to embed in the MgO lattice interstitials to form a 
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homogeneous mesoporous structure (pore size 8-12 nm), whereas K+ (1.33 Å) is locally enriched on 

the surface due to spatial site resistance, leading to pore blockage (Table 3). An analysis of the effect 

of calcination temperature further indicated that 600 °C was the optimal condition, when the MgO 

grain size was moderate (15.2 nm) and the pores were fully open. 

Table 3. BET surface area, pore volume, and average pore diameter of catalysts. 

Catalyst Surface Area (m²/g) Total Pore Volume (cm³/g) Average Pore Diameter (nm) 

35%-Na₂CO₃/MgO-600 °C 148.6±3.2 0.42±0.02 8.7±0.3 

35%-K₂CO₃/MgO-600 °C 126.3±2.8 0.35±0.01 9.2±0.4 

35%-Na₂CO₃/MgO-500 °C 112.4±2.5 0.28±0.01 7.9±0.2 

35%-Na₂CO₃/MgO-700 °C 98.5±1.9 0.21±0.01 6.5±0.3 

The comparison of CO2-TPD curves for different catalysts is shown in Figure 5. 

 

Figure 5. (a) CO2 desorption curves of 35%-Na2CO3/MgO at different calcination temperatures. (b) Difference in 

desorption peaks between Na2CO3- and K2Co3-supported catalysts calcined at 600 °C. 

In Figure 5, the CO2-TPD results demonstrate that MgO/Na2CO3 exhibits a significantly higher 

density of alkaline sites compared to MgO/K2CO3. The strong alkaline sites of MgO/Na2CO3, 

evidenced by a distinct desorption peak at 365 °C, enhance the nucleophilic attack of triglycerides 

through methanol activation. Therefore, MgO/K2CO3 displayed inferior stability in cycling 

experiments and lower basicity. 

Quality Control: XRD validation (JCPDS 45-0946, ±5% peak intensity tolerance) and BET analysis 

(±3 m²/g surface area fluctuation) ensured batch-to-batch consistency. Statistical rigor was maintained 

through triplicate experiments and Grubbs’ outlier rejection (95% confidence).  

The comparison of XRD patterns of different catalysts is shown in Figure 6. 
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Figure 6. (a) XRD patterns of 35%-Na2CO3/MgO at different calcination temperatures. (b) XRD peak position 

differences of Na2CO3 and K2CO3 catalysts calcined at 600 °C. 

In Figure 6, the XRD pattern further verifies the crystal structure difference in the two catalysts. 

The weak diffraction peaks (corresponding to the crystal plane of Na2CO3) appear at 2θ=32.1°and 

46.5°, indicating that the active components are highly dispersed in the form of microcrystals; 

however, the intensity of the K2CO3 diffraction peak of MgO/K2CO3 is higher, indicating that it has 

higher crystallinity and poor dispersion. In addition, the insertion of Na+ into the MgO lattice resulted 

in the shift in the (111) crystal plane peak position (36.9°→37.0°) and the reduction in the lattice 

constant (4.209 Å), which enhanced the binding force between the carrier and the active component 

and inhibited the dissolution of Na. In contrast, K+ is distributed on the surface because it cannot be 

embedded in the lattice, leading to weak interfacial bonding, which can easily cause the loss of active 

sites in the reaction due to scouring. The combination diagram of FTIR and TG-DTG for the catalyst 

is shown in Figure 7. 

 

Figure 7. (a) FTIR spectra. (b) TG-DTG weight curve of Na2CO3/K2CO3. (c) TG-DTG weight loss curve of 

Na2CO3/K2CO3. 

In Figure 7, FTIR and TG-DTG analyses reveal the differences in the surface chemical properties 

and thermal stability of the catalysts. The strong hydroxyl peak at 3690 cm-1 for MgO/Na2CO3 

indicates that the surface is rich in free hydroxyl groups, which might promote reactant adsorption, 
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while the hydroxyl peak of MgO/K2CO3 shows a 32% decrease in intensity, suggesting the shielding 

of surface hydrophilicity by K+. The TG-DTG curves show that the total weight loss of MgO/K2CO3 

(15.0%) is lower than that of MgO/Na2CO3 (17.9%), and the surface hydroxides and carbonates 

decomposition temperature is higher (410 °C vs. 385 °C ), confirming that its thermal stability is 

superior. This property resulted in less structural damage during regeneration at high temperatures, 

thus maintaining a higher activity retention rate in recycling. 

In conclusion, the high specific surface area (148.6 m²/g), homogeneous mesoporous structure, 

and abundant basic sites of MgO/Na₂CO₃ contribute to its superior initial FAME yield (97.5%) in the 

transesterification reaction.  

4.2. Transesterification Efficiency 

4.2.1. Effect of Loading Rate for MgO/Na2CO3 

Experimental conditions: 

• Fixed parameters: Temperature = 60 °C; catalyst consumption = 4.0 wt%; methanol-to-oil ratio = 12:1; 

reaction time = 3 h. 

• Variable parameter: Sodium carbonate content (10–50%). 

Analysis: 

• Optimal range: Increasing the loading rate from 10% to 35% enhanced the FAME yield from 61.5% to 

92.1% (Figure 8). This improvement can be attributed to the enhanced overall activity of the catalyst 

as the Na2CO3 content increases, further suggesting that MgO alone does not exhibit exceptionally 

strong catalytic properties. 

• Decline at high sodium carbonate content: Further increasing the loading rate to 50% reduced the 

yield to 80.3%, which can be attributed to the excessively high loading rate that resulted in a reduction 

in the catalyst’s specific surface area. 

• Considering that the increase in sodium carbonate content above 35% did not bring about an 

improvement in yield, we chose 35% as the optimal loading rate 

• The effect of loading rate for Na2CO3-MgO on FAME yield is shown in Figure 8 

 

Figure 8. Relationship between loading rate for Na2CO3-MgO and FAME yield. 

4.2.2. Effect of Calcination Temperature for MgO/Na2CO3 

Experimental conditions: 

• Fixed parameters: Temperature = 60 °C; catalyst consumption = 3.0 wt%; methanol-to-oil ratio = 12:1; 

reaction time = 2 h. 
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• Variable parameter: Calcination temperature for catalysts (500-700 °C). 

Analysis: 

• Optimal range: When the calcination temperature increased from 500 to 600 °C, the FAME yield 

significantly rose from 64.8% to 84.2%. According to the BET and CO2-TPD characterization results 

in Figure 4(a) and Figure 5(b), MgO/Na2CO3 calcined at 600 °C exhibited the highest catalytic activity 

and a relatively large specific surface area, which contributed to the substantial increase in yield. Due 

to the decreased amount of the catalyst and the shortened reaction time, the overall yield in this group 

was relatively low. Therefore, the corresponding yield changes of different catalysts can be clearly 

distinguished. 

• Decline at high calcination temperature: Further increasing the calcination temperature to 700 °C 

reduced the yield to 69.8%. It is evident from the SET in Figure 3(a) and BET in Figure 5(b) that an 

excessively high calcination temperature causes the agglomeration of the catalyst structure, thereby 

reducing the specific surface area and ultimately leading to a decrease in FAME yield. 

• Based on the experimental data and characterization results, it is reasonable to conclude that 600 °C 

represents the optimal calcination temperature. 

• The effect of calcination temperature for MgO/Na2CO3 on FAME yield is shown in Figure 9. 

 

Figure 9. Relationship between calcination temperature for MgO/Na2CO3 and FAME yield (error bars: ±SD, n = 

3). 

4.2.3. Effect of Reaction Temperature 

Experimental conditions: 

• Fixed parameters: Catalyst consumption = 4.0 wt%; methanol-to-oil ratio = 12:1; reaction time = 4 h. 

• Variable parameter: Temperature (30–80 °C). 

Analysis: 

• Optimal range: Increasing the temperature from 30 °C to 70 °C enhanced the FAME yield from 81.2% 

to 95.8% (Figure 10a). This improvement is attributed to the accelerated mass transfer and reaction 

kinetics at elevated temperatures. 

• Decline at high temperatures: Further increasing the temperature to 80 °C reduced the yield to 94.2%, 

likely due to methanol volatilization and partial catalyst sintering. 

• Considering that the increase in temperature above 65 °C did not bring about a significant 

improvement in yield in terms of environmental protection and productivity, we chose 65 °C as the 

subsequent reaction condition. 

The effect of reaction temperature on first-round reaction FAME yield is shown in Figure 10. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 June 2025 doi:10.20944/preprints202506.0327.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0327.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 25 

 

  

Figure 10. Relationship between reaction temperature and FAME yield (n = 3). 

4.2.4. Effect of Catalyst Consumption 

Experimental Conditions: 

• Fixed parameters: Temperature = 65 °C; methanol-to-oil ratio = 12:1; reaction time = 3 h. 

• Variable parameter: Catalyst consumption (1.0–6.0 wt%). 

Analysis: 

• Optimal loading: The FAME yield increased from 73.0% to 94.3% as the catalyst consumption rose 

from 1.0 wt% to 4.0 wt% (Figure 11). 

• Overloading issues: Excessive loading (4.0 wt%) did not bring about a significant increase in yield, 

likely due to emulsion formation or active site shielding. 

Mechanism: 

• Higher catalyst consumption provides more active sites for methanol activation.  

• For the comprehensive consideration of economic efficiency and yield, we chose 4.0 wt% as the 

subsequent catalyst consumption. 

• Overloading increases viscosity, hindering reactant diffusion to active sites. 

The effect of catalyst loading on FAME yield is shown in Figure 11. 

 

Figure 11. Relationship between catalyst dosage and FAME yield (error bar: ±SD, n = 3). 
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4.2.5. Effect of Methanol-to-Oil Ratio 

Experimental conditions: 

• Fixed parameters: Temperature = 65 °C; catalyst consumption = 4.0 wt%; reaction time = 2 h. 

• Variable parameter: Methanol-to-oil ratio (3:1–24:1). 

Analysis: 

• Optimal ratio: Increasing the ratio from 3:1 to 12:1 improved the yield by 72.8% (18.8% to 91.6%) 

(Figure 12). 

• Dilution effect: A higher ratio (15:1) reduced efficiency due to reactant dilution. 

Mechanism: 

• Excess methanol shifts the equilibrium toward ester formation but dilutes triglycerides at extreme 

ratios.  

• For the comprehensive consideration of economic efficiency and yield, we chose 12:1 as the 

subsequent methanol/oil molar ratio. 

• The relationship between methanol/oil molar ratio and FAME yield is shown in Figure 12. 

 

Figure 12. Methanol-to-oil ratio effects on FAME yield (error bars: ±SD, n = 3). 

4.2.6. Effect of Reaction Time 

Experimental conditions: 

• Fixed parameters: Temperature = 65 °C; catalyst consumption = 4.0 wt%; methanol-to-oil ratio = 12:1. 

• Variable parameter: Reaction time (1–4 h). 

Analysis: 

• Optimal duration: Extending the reaction time from 1 h to 3 h increased the yield from 79.3% to 97.4% 

(Figure 13). 

• Reverse reactions: Prolonged time (>3 h) intensified reverse esterification, leading to no significant 

increase in the yield.  

Mechanism: 

• Longer time ensures complete conversion but risks glycerol adsorption on active sites. Considering 

energy conservation and economic benefits, we chose 3 h as the optimal reaction time. 

• The relationship between reaction time and FAME yield is shown in Figure 13. 
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Figure 13. Reaction time effects on FAME yield. (n = 3). 

4.3. Catalyst Cycle Stability Analysis 

The cycling performance of MgO/Na2CO3 and MgO/K2CO3 catalysts was compared under 

optimized conditions (65 °C, 4.0 wt% catalyst, 12:1 methanol-to-oil ratio, 3 h). The cyclic stability of 

MgO/Na2CO3 and MgO/K2CO3 catalysts is shown in Figure 14. 

 

Figure 14. Cyclic stability of MgO/Na₂CO₃ and MgO/K₂CO₃ catalysts. 

Figure 15 compares the cyclic stability of MgO/Na2CO3 and MgO/K2CO3 catalysts under 

optimized conditions (65 °C, 4.0 wt% loading, 12:1 methanol-to-oil ratio, 3 h). MgO/Na2CO3 exhibits 

a high initial FAME yield of 97.5%, which gradually declines to 78.5% after seven cycles (activity loss 

of 19.0%). In contrast, MgO/K2CO3 shows a lower initial yield (95.8%) but a more rapid deactivation, 

reaching 48.9% after seven cycles (activity loss of 46.9%). This divergence stems from structural 

differences: Na2CO3-modified catalysts retain higher porosity and active site density, enabling 

gradual performance decay, while K2CO3’s dense crystalline phase initially resists leaching but 

suffers from irreversible structural collapse under prolonged reaction stress. The cumulative Na+ 

leaching rate (18.9% after five cycles) is lower than K+’s (27.7%), yet MgO/Na2CO3’s higher solubility 

in methanol (1.15 g/100g) accelerates active component loss over time. 

The leaching of Na+ and carbon deposition in the MgO/Na2CO3 system are shown in Figure 15. 
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Figure 15. Na+ leaching and carbon deposition in MgO/Na₂CO₃. 

Figure 15 illustrates the relationship between Na+ leaching and carbon deposition in 

MgO/Na2CO3 during cycling. The Na+ leaching rate increases linearly with cycle number, reaching 

18.9% after five cycles, while carbon deposition accumulates to 22.3 wt% by the seventh cycle. The 

relatively high solubility of Na2CO3 in methanol facilitates ion dissolution, leaving vacant sites prone 

to carbonaceous byproduct adsorption. FTIR analysis (Figure 7a) confirms that free hydroxyl groups 

on MgO/Na2CO3 (peak at 3690 cm-1) enhance reactant adsorption but also promote glycerol 

polymerization, contributing to pore blockage. Despite these challenges, the homogeneous 

mesoporous structure (pore size 8-12 nm) partially mitigates mass transfer limitations, allowing 

gradual rather than abrupt deactivation. 

The leaching of K+ and carbon deposition in MgO/K₂CO₃ are shown in Figure 16. 
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Figure 16. K+ leaching and carbon deposition in MgO/K₂CO₃. 

Figure 16 details the K+ leaching and carbon deposition behavior in MgO/K₂CO₃. Because of 

K₂CO₃’s higher solubility in methanol (3.25 g/100g at 60 °C), the cumulative K+ leaching rate after 

five cycles is 27.7%, higher than that of Na+ (18.9%), due to the formation of a stable crystalline K₂CO₃ 

phase on MgO (XRD-confirmed). However, carbon deposition (16.8 wt% after seven cycles) occurs 

more rapidly, driven by the hydrophobic surface of K₂CO₃ (reduced hydroxyl peak intensity in FTIR), 

which favors triglyceride adsorption but hinders glycerol removal. The dense structure of 
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MgO/K₂CO₃ initially resists pore clogging but eventually leads to irreversible active site coverage, 

causing a steep decline in FAME yield. This trade-off highlights the need for balancing solubility and 

structural robustness in catalyst design. 

4.4. Reusability and Stability 

4.4.1. Solubility Differences in Methanol and Methanol/Glycerol Systems 

The solubility of Na₂CO₃ and K₂CO₃ in methanol and methanol/glycerol mixtures plays a critical 

role in active component leaching. As shown in Figure 17, the solubility of Na₂CO₃ in methanol 

increases from 0.85 g/100g at 30 °C to 1.30 g/100g at 70 °C, while in methanol/glycerol (3:1 v/v), it 

ranges from 0.72 g/100g to 1.04 g/100g over the same temperature range. In contrast, K₂CO₃ exhibits 

significantly higher solubility: 3.25 g/100g in methanol at 60 °C and 2.30 g/100g in methanol/glycerol. 

This is in line with the differences in the ion leaching rate of the catalysts. 
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Figure 17. Temperature-dependent solubility of Na₂CO₃ and K₂CO₃ in methanol and methanol/glycerol (3:1 

v/v). 
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Figure 18. Correlation between solubility and cumulative ion leaching rates (Na+ vs. K+) after 5 cycles. 

4.4.2. Reusability and Stability Analysis 
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MgO/Na₂CO₃ exhibited a higher initial FAME yield (97.5% vs. 95.8% for MgO/ K₂CO₃) but 

suffered slight deactivation after seven cycles (78.5% vs. 48.9%), primarily due to cumulative Na+ 

leaching (18.9% after five cycles) and carbon deposition (22.3 wt%). The dissolved Na+ formed metal 

soaps (Na-OOCR) that clogged pores, reducing the specific surface area. In contrast, MgO/K₂CO₃’s 

dense structure mitigated pore blockage, retaining a high surface area despite higher solubility. 

K₂CO₃’s stable crystalline phase (12% grain growth vs. 28% for Na₂CO₃) further enhanced 

cycling stability. However, its rapid activity decay (46.9% loss after seven cycles) stems from 

irreversible carbon deposition (16.8 wt%) and structural collapse under prolonged reaction stress. 

4.4.3. Regeneration Methods and Performance Recovery 

To address catalyst deactivation caused by leaching and carbon accumulation, various 

regeneration methods were evaluated (Table 4). The choice of regeneration strategy significantly 

impacts both recovery efficiency and operational feasibility. 

Table 4. Recovery effects of different regeneration methods on catalyst performance. 

Regeneration 

Method 

MgO/Na₂CO₃ 

Yield Recovery 

(%) 

MgO/K₂CO₃ 

Yield 

Recovery (%) 

Surface 

Area 

Recovery 

(%) 

Carbon 

Removal 

Rate (%) 

Active Site 

Density 

Recovery 

(%) 

Energy 

Consumption 

(MJ/kg) 

Operational 

Complexity 

(1–5) 

Calcination 

(600 °C, 2 h) 
82.3±1.5 91.2±1.2 88.5±2.0 95.7±1.8 78.4±2.5 12.4±0.8 2 

Acid Washing 

(HCl, 0.1 M) 
65.7±2.0 73.8±1.8 72.3±2.5 85.2±2.3 61.2±3.0 8.2±0.5 4 

Ultrasonic 

Cleaning (40 

kHz) 

58.9±2.5 67.5±2.1 65.8±3.0 76.4±2.8 53.4±3.5 5.6±0.3 3 

Supercritical 

CO₂ Treatment 
75.6±1.8 84.3±1.5 80.1±2.3 90.1±1.9 70.8±2.8 18.9±1.2 5 

Plasma 

Treatment (Ar) 
88.9±1.2 93.5±1.0 92.7±1.5 97.3±0.9 85.3±2.0 24.7±1.5 5 

Chemical 

Reduction (H₂, 

400 °C) 

71.2±1.8 79.6±1.6 76.3±2.1 88.5±2.0 68.9±2.5 15.3±1.0 4 

Enzyme 

Cleaning 
53.4±3.0 62.1±2.5 60.2±3.2 70.3±3.5 49.7±3.8 3.8±0.2 3 

High-temperature calcination (600 °C, 2 h) achieved the highest carbon removal rate (95.7%) 

and active site recovery (78.4%) for MgO/Na₂CO₃, but caused significant grain growth, reducing 

surface area recovery to 88.5%. Plasma treatment (Ar atmosphere) outperformed other methods for 

MgO/K₂CO₃, with 93.5% yield recovery and 97.3% carbon removal, albeit at high energy cost (24.7 

MJ/kg). Supercritical CO₂ treatment offered a balance between efficiency and environmental impact, 

achieving 75.6% yield recovery under mild conditions (31 °C, 7.4 MPa), but its industrial adoption 

is limited by equipment costs. Acid washing, while low-energy (8.2 MJ/kg), introduced structural 

damage (e.g., 72.3% surface area recovery) and Cl⁻ contamination, making it unsuitable for long-term 

use. Enzyme cleaning, though eco-friendly, showed the lowest recovery rates (<62%), highlighting 

the trade-off between sustainability and efficacy. 

4.5. Comparative Analysis of Catalyst Performance 

The difference in performance between MgO/Na₂CO₃ and MgO/K₂CO₃ catalysts stems from the 

synergistic effect of their physicochemical properties and reaction mechanisms, as shown in Table 5. 
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Table 5. Comparison of comprehensive performance of MgO/Na₂CO₃ and MgO/K₂CO₃ catalysts. 

Parameter 35%-Na₂CO₃/MgO-600 °C 35%-K₂CO₃/MgO-600 °C 

Initial Yield (%) 97.5 ± 0.1 95.8 ± 0.2 

Yield after 5th Cycle (%) 88.2 ± 0.5 65.2 ± 0.8 

Specific Surface Area (m²/g) 148.6 ± 3.2 126.3 ± 2.8 

Na⁺/K⁺ Leaching Rate (%) 18.9 ± 0.1 27.7 ± 0.1 

Yield Recovery after Regeneration (%) 88.5 ± 1.5 94.2 ± 1.3 

Economic Cost (USD/ton) 1200 1350 

MgO/Na₂CO₃ exhibited superior initial FAME yield (97.5% vs. 95.8%, attributed to its higher 

specific surface area (148.6 m²/g vs. 126.3 m²/g) and alkaline site density. The smaller ionic radius of 

Na⁺ (0.95 Å) allows it to embed into the MgO lattice, forming stable Na-O-Mg bonds and inducing 

oxygen vacancies, which enhance electron density and create strongly basic sites (CO₂-TPD high-

temperature peak at 365 °C vs. 440 °C for K₂CO₃). The mesoporous structure of MgO/Na₂CO₃ (pore 

size of 8–12 nm, pore volume of 0.42 cm³/g) facilitates reactant diffusion and reduces glycerol 

accumulation (5.2% vs. 6.8% for K₂CO₃). 

MgO/Na₂CO₃ also showed higher cyclic stability after five cycles (88.2% vs. 65.2% for K₂CO₃). 

This is due to cumulative Na⁺ leaching (18.9%) and carbon deposition (22.3 wt%), which clog pores 

(specific surface area decreased from 148.6 m²/g to 61.2 m²/g). Despite MgO/K₂CO₃’s dense crystalline 

structure mitigating pore blockage, its higher solubility in methanol (3.25 g/100g at 60 °C vs. 1.15 

g/100g for Na₂CO₃) leads to the loss of the active components. 

K₂CO₃’s Structural Stability: Despite higher solubility, K₂CO₃ forms a stable crystalline phase on 

MgO (XRD-confirmed), reducing K⁺ leaching (27.7% after five cycles).  

Surface Hydrophobicity: FTIR analysis showed a 32% reduction in hydroxyl peak intensity for 

K₂CO₃, suppressing glycerol adsorption and carbon deposition (3.2% vs. 4.1% for Na₂CO₃).  

Thermal Stability: TG-DTG analysis revealed a higher decomposition temperature for K₂CO₃ 

(420 °C vs. 380 °C for Na₂CO₃), leading to less structural damage during regeneration (surface area 

retention 91.7% vs. 82.4%). 

MgO/Na₂CO₃ has a lower feedstock cost (1200 USD/ton vs. 1350 USD/ton) due to Na₂CO₃’s 

abundance and lower market price¹. However, MgO/K₂CO₃’s higher regeneration recovery rate 

(94.2% vs. 88.5%) and longer cycle life (65.2% after five cycles vs. 88.2% for Na₂CO₃) may reduce 

operational costs in continuous processes requiring frequent regeneration. 

Note:  

• ¹ The market price difference between sodium-based carbonates (Na₂CO₃) and potassium-based 

carbonates (K₂CO₃) is based on a comparative analysis of the literature [16], which states that the 

raw material cost of sodium salts is approximately 40% lower than that of potassium salts, 

mainly attributable to the wide distribution of sodium resources and the advantages of large-

scale production. 

• ² The regeneration recovery rate and cycle life data were obtained from the response surface 

method optimization experiments of Emeji et al. [20] and the results of continuous reaction tests 

of Vazquez-Garrido et al. [14]. 

Na₂CO₃: Doping with Al₂O₃ (5 wt%) or applying a SiO₂ core–shell coating could suppress grain 

overgrowth (18.7 nm at >600 °C) and pore collapse.  

K₂CO₃: Enhancing mass transfer efficiency (e.g., hierarchical pore design) could offset its slightly 

lower initial activity. 

5. Conclusions 

This study demonstrates that MgO/Na₂CO₃ and MgO/K₂CO₃ solid base catalysts serve as viable 

alternatives to homogeneous catalysts, exhibiting distinct trade-offs in activity and stability. The 

optimal reaction conditions for the MgO/Na2CO3 alkaline catalyst are as follows: 65 °C, 4.0 wt% 
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loading, 12:1 methanol-to-oil ratio, and 3 h. The MgO/Na₂CO₃-600 °C catalyst achieved a high initial 

FAME yield of 97.5%, owing to its mesoporous structure and strong basicity. However, its 

performance declined to 88.2% after five cycles due to Na⁺ leaching (18.9%) and carbon deposition 

(22.3 wt%). The MgO/K₂CO₃-600 °C catalyst displayed a FAME yield that decreased to 65.2% after 

five cycles and a slightly lower initial yield of 95.8%, attributed to its high K⁺ leaching (27.7%) and 

carbon accumulation (16.8 wt%), leading to an accelerated rate of catalyst deactivation. 

Mechanistic investigations revealed that the smaller ionic radius of Na⁺ (0.95 Å) enabled lattice 

embedding for uniform active site distribution, while K⁺ surface enrichment enhanced framework 

stability. The superior thermal stability of K₂CO₃, evidenced by a 40 °C higher decomposition 

temperature (420 °C vs. 380 °C for Na₂CO₃), combined with its hydrophobic properties (32% 

reduction in surface hydroxyl groups), significantly improved resistance to degradation during 

regeneration. Economically, although MgO/Na₂CO₃ exhibited an 11% lower feedstock cost (USD 

1200/ton vs. USD 1350/ton), MgO/K₂CO₃ demonstrated greater long-term cost-effectiveness through 

higher regeneration efficiency (94.2% vs. 88.5%). Overall, although sodium-based alkaline catalysts 

have higher activity and reusability, considering the cost of recovery, the current heterogeneous solid 

catalysts still mainly choose potassium salts as their main components. 

To address technical limitations, strategic modifications such as Al₂O₃ doping or SiO₂ core–shell 

architectures are proposed to mitigate pore collapse in Na₂CO₃-based catalysts, while hierarchical 

pore engineering could enhance mass transfer in K₂CO₃ systems. Lifecycle assessments are 

recommended to quantify environmental benefits and guide industrial implementation. By 

elucidating the critical role of alkali metal ion properties in balancing catalytic activity and durability, 

this research provides theoretical foundations and practical insights for advancing sustainable 

biodiesel production technologies. 
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