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The research titled “Influence of alkaline catalysis on the quality of biodiesel obtained from crude palm oil (Elaeis guineensis) in Ucayali” evaluated the effect of methanol-to-oil molar ratio and catalyst concentration on biodiesel yield and quality. The most favorable condition was found at a molar ratio of 11:1 with 0.7% NaOH, achieving a yield of 94.7%. The resulting biodiesel exhibited suitable properties, including a density of 873.9 kg/m³, kinematic viscosity of 3.88 mm²/s, acid value of 0.29 mg KOH/g, and iodine value of 53.4 g I₂/100 g. Complementary analyses indicated a higher heating value of 38.9 MJ/kg, oxidative stability of 7.2 h, and flash point of 162 °C, confirming its energetic efficiency and safe handling. Thermal characterization revealed a cloud point of 13 °C and a pour point of 11 °C, which are adequate for tropical climates. Statistical analysis showed an inverse correlation between yield and viscosity (r = –0.68) with a coefficient of determination R² = 0.79, highlighting the significant influence of process parameters on biodiesel quality. These results demonstrate the potential of crude palm oil from Ucayali as a sustainable raw material for high-quality biodiesel production, contributing to the advancement of bioenergy in tropical regions.

1. Introduction
The transition toward more sustainable energy systems has gained increasing relevance due to the rise in global energy consumption and the environmental impacts associated with the intensive use of fossil fuels. In this context, biodiesel emerges as a technically viable option, not only because of its renewable and biodegradable nature, but also due to its ability to be used in conventional diesel engines without requiring significant structural modifications. Additionally, its use has been reported to contribute to the reduction of pollutant emissions, such as carbon monoxide and particulate matter, reinforcing its potential as a lower environmental impact energy alternative.
The quality and yield of biodiesel largely depend on the raw material used and the transesterification process conditions. Among lipid feedstocks, palm oil (Elaeis guineensis) has gained importance due to its high agricultural yield and stable supply in tropical regions. These characteristics, along with a suitable fatty acid composition, favor its use in industrial biofuel production. However, crude palm oil presents technical challenges due to its content of free fatty acids, moisture, and impurities, which may negatively affect process efficiency and final biodiesel properties.
From an operational perspective, alkaline-catalyzed transesterification remains the most widely used process due to its kinetic efficiency and high yields under controlled conditions. However, its performance strongly depends on variables such as the alcohol-to-oil molar ratio and catalyst dosage, which determine the conversion of triglycerides into methyl esters and thus the final fuel properties. Poor control of these variables may lead to secondary reactions such as saponification, reducing yield and complicating phase separation.
Several studies have demonstrated that optimizing the methanol-to-oil molar ratio and alkaline catalyst concentration (e.g., NaOH) significantly improves both yield and physicochemical properties of biodiesel, including viscosity, acid value, and oxidative stability. These parameters also influence thermal behavior, affecting cloud point and pour point, which are especially relevant in tropical climates.
In the Ucayali region, palm oil production is an important agro-industrial activity. However, there is still limited scientific information regarding the behavior of local crude palm oil in biodiesel production under alkaline catalysis. This knowledge gap limits its efficient use as a renewable energy source.
Therefore, this study evaluates the influence of the methanol–oil molar ratio and NaOH concentration on biodiesel yield and properties, considering the specific characteristics of the raw material used.

2. Methodology

The transesterification process was carried out under controlled laboratory conditions, evaluating the influence of the methanol–oil molar ratio and alkaline catalyst concentration on biodiesel yield.
Operational conditions such as temperature, reaction time, and agitation were kept constant to ensure reproducibility. Phase separation was performed by decantation, followed by washing and drying steps.
Reactions were conducted in a batch reactor equipped with heating and temperature control, at 60 ± 2 °C, 90 minutes, and 600 rpm.
Each experiment was performed in triplicate. Biodiesel yield was determined gravimetrically.
Phase separation was carried out for 24 h, followed by washing with distilled water at 60 °C until neutral pH, and drying to remove moisture.

3. Results and Discussion

The experimental results obtained from the factorial design revealed a significant influence of the methanol–oil molar ratio and NaOH concentration on both biodiesel yield and its physicochemical properties. In general, higAmong the evaluated conditions, an optimal balance between molar ratio and catalyst concentration was identified, allowing the achievement of the highest biodiesel yield. Additionally, variations in process parameters were reflected in changes in key properties such as viscosity and density, indicating their direct impact on biodiesel quality.

These results highlight the importance of optimizing reaction conditions to maximize biodiesel production while maintaining suitable fuel properties. The detailed results of the experimental treatments and their corresponding properties are presented in the following tables.her molar ratios favored the conversion of triglycerides into methyl esters, leading to increased biodiesel yields. However, excessive catalyst concentrations showed a tendency to promote secondary reactions such as saponification, which negatively affected the efficiency of the process.

Table 1. Raw materials and reagents

	Material / Reagent
	Specification
	Function

	Crude palm oil
	Local production – Ucayali
	Lipid feedstock

	Methanol
	Analytical grade
	Transesterification alcohol

	NaOH
	≥ 98 % purity
	Alkaline catalyst

	Distilled water
	—
	Biodiesel washing

	
	
	



Table 1 presents the raw materials and reagents used in the biodiesel production process. Crude palm oil constitutes the main lipid feedstock, while methanol and sodium hydroxide enable the conversion of triglycerides into methyl esters. Distilled water was used during the purification stage.
The crude palm oil was previously characterized, showing a free fatty acid (FFA) content of 3.2%, moisture content of 0.45%, and a saponification index of 196 mg KOH/g. These parameters are critical in alkaline transesterification processes, as high FFA levels can induce saponification reactions, reducing biodiesel yield and complicating phase separation.
In this context, the operating conditions were adjusted considering these characteristics in order to minimize soap formation and optimize the conversion of triglycerides into methyl esters.

Table 2. Experimental design variables
	Variable type

	Variable
	Unit

	Independent
	Methanol–oil molar ratio
	—

	Independent
	NaOH concentration
	%

	Dependient
		



	Biodiesel yield



	%

	Response
	Kinematic viscosity
	mm²/s

	Response
	Density
	kg/m³


Table 2 summarizes the variables considered in the experimental design. The independent variables were selected due to their direct influence on the transesterification reaction, while the response variables allowed the evaluation of the quality of the biodiesel obtained.
A full factorial 3² experimental design was employed, evaluating three levels of the methanol–oil molar ratio (9:1, 11:1, and 13:1) and three levels of NaOH concentration (0.5%, 0.7%, and 1.0%). In total, nine experimental treatments were carried out, each with three replicates.
Statistical analysis of the results was performed using ANOVA, considering a significance level of p < 0.05. The results showed statistically significant differences (p < 0.05) among the evaluated treatments, confirming the influence of the methanol–oil molar ratio and NaOH concentration on biodiesel yield and properties.
Table 3. Optimal operating condition
	Parameter
	Value

	Methanol–oil molar ratio
	11:1

	NaOH concentration
	0.7 %

	Biodiesel yield
	94.7 %



Table 3 shows the experimental condition that achieved the highest biodiesel yield, which was used as the reference for product characterization.
Table 4. Biodiesel properties
	Property
	Value
	Unit

	Density
	873.9
	kg/m³

	Kinematic viscosity
	3.88
	mm²/s

	Acid value
	0.29
	mg KOH/g

	Iodine value
	53.4
	g I₂/100 g

	Higher heating value
	38.9
	MJ/kg

	Oxidative stability
	7.2
	h

	Flash point
	162
	°C

	Cloud point
	13
	°C

	Pour point
	11
	°C



Table 4 presents the physicochemical, energetic, and thermal properties of the biodiesel obtained under optimal conditions, allowing the evaluation of its quality and performance as an alternative fuel.
The obtained values of density and kinematic viscosity fall within the ranges reported in the literature for biodiesel derived from palm oil, indicating suitable performance as a fuel. Likewise, the acid value and iodine value demonstrate adequate chemical stability of the biodiesel, which is consistent with reaction conditions that favor efficient conversion of triglycerides.
The obtained values comply with international biodiesel standards, such as ASTM D6751 and EN 14214. In particular, the kinematic viscosity (3.88 mm²/s) and density (873.9 kg/m³) fall within the permissible ranges, validating the quality of the produced biofuel. Furthermore, the acid value is below the maximum limit of 0.5 mg KOH/g established by these standards, indicating adequate chemical stability of the biodiesel.
The results are consistent with previous studies reporting yields above 90% in alkaline transesterification processes using palm oil (Atabani et al., 2012). However, the yield achieved in this study (94.7%) is slightly higher, which may be attributed to the optimization of the molar ratio and catalyst concentration.
In terms of viscosity, the obtained values are comparable to those reported by Knothe (2010), confirming that the produced biodiesel exhibits suitable properties for use in diesel engines without modification.
The observed behavior can be explained by the direct influence of catalyst concentration on reaction rate and the formation of secondary products. At optimal NaOH concentrations (0.7%), the conversion of triglycerides into methyl esters is favored; however, higher concentrations may promote saponification reactions, reducing the effective biodiesel yield.
Similarly, the methanol–oil molar ratio influences the equilibrium of the transesterification reaction, where higher ratios shift the reaction toward biodiesel formation, although excessive amounts may hinder phase separation.

4. Conclusions
The results obtained demonstrate that the control of alkaline catalysis conditions plays a decisive role in the yield and quality properties of biodiesel produced from crude palm oil (Elaeis guineensis) in the Ucayali region. The optimization of process parameters made it possible to identify an efficient operating condition, corresponding to a methanol–oil molar ratio of 11:1 and a catalyst concentration of 0.7% NaOH, under which a biodiesel yield of 94.7% was achieved.
The biodiesel produced under these conditions exhibited suitable physicochemical properties, evidenced by a density of 873.9 kg/m³ and a kinematic viscosity of 3.88 mm²/s, values that fall within ranges compatible with its use as an alternative diesel fuel. Likewise, the acid value of 0.29 mg KOH/g and the iodine value of 53.4 g I₂/100 g reflect adequate chemical stability and a favorable degree of unsaturation.
From an energy perspective, the biodiesel obtained showed a higher heating value of 38.9 MJ/kg and an oxidative stability of 7.2 h, confirming its energy efficiency and its ability to be stored without accelerated degradation. The flash point of 162 °C indicates safe conditions for handling and transportation.
Thermal characterization indicated a cloud point of 13 °C and a pour point of 11 °C, parameters that are suitable for application in tropical climates such as that of the Ucayali region, where extreme environmental temperatures do not limit its operational performance.
Statistical analysis revealed an inverse correlation between biodiesel yield and kinematic viscosity (r = –0.68), with a coefficient of determination R² = 0.79, confirming the significant influence of alkaline catalysis parameters on the final properties of biodiesel.
Overall, the results demonstrate that crude palm oil produced in Ucayali constitutes a viable and sustainable feedstock for the production of high-quality biodiesel through alkaline catalysis, contributing to the efficient use of local resources and the strengthening of bioenergy development in tropical regions.
As a limitation of the study, it is acknowledged that the evaluations were conducted under specific laboratory conditions and using a single feedstock source, which may affect the extrapolation of the results. Future studies are recommended to assess a wider range of operating conditions and different characteristics of crude palm oil.
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