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Abstract 

The conversion of palm acid oil and bulk cooking oil into biodiesel presents considerable opportunities while employing 

catalysts. The development of effective catalysts, which may improve both esterification and transesterification processes, is 

essential for optimizing biodiesel production from these feedstocks. This study investigates biodiesel production from a 

mixture of palm acid oil (PAO) and bulk cooking oil using an Fe/aluminosilicate catalyst synthesized via the wet 

impregnation method. Fe was derived from iron sand, while geothermal waste was employed as a source of aluminosilicate 

silica. The optimization of biodiesel conversion was conducted using the Central Composite Design (CCD) approach, with 

catalyst concentration, reaction temperature, and Fe/aluminosilicate molar ratio as the key variables. Catalyst characterization 

was performed using SEM-EDX and XRD to analyze its structural and elemental composition. The results indicate that the 

highest biodiesel conversion of 90.2976% was achieved under the optimal conditions of 2% catalyst concentration, a reaction 

temperature of 65°C, and an Fe/aluminosilicate molar ratio of 1:12. The findings demonstrate the potential of 

Fe/aluminosilicate catalysts derived from geothermal waste to improve biodiesel production efficiency while promoting 

sustainable industrial waste utilization. 
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1. Introduction 

Over the past century, the rapid increase in greenhouse gas concentrations has intensified global warming and climate 

disruptions, primarily driven by fossil fuel combustion in the energy and transportation sectors [1, 2]. The depletion of fossil 

fuel reserves, coupled with volatile global oil prices, has necessitated the exploration of sustainable energy alternatives [3, 

4]. Biodiesel, a renewable and environmentally friendly fuel, has emerged as a viable substitute due to its compatibility with 

conventional combustion engines without significant modifications [5]. Among various feedstocks, palm acid oil (PAO), a 

byproduct of palm oil refining, presents economic and environmental advantages due to its high free fatty acid (FFA) content 

(>50%), predominantly in the form of palmitic acid [6, 7]. Its widespread availability and low cost make PAO a promising 

raw material for biodiesel production [8]. Additionally, bulk cooking oil, a low-grade triglyceride, is gaining interest as a 

biofuel feedstock, demonstrating an optimal biodiesel yield of 87.6% [9]. 

 

 
Figure 1. 

Graphical abstract. 

 

Catalysts are essential in biodiesel synthesis, significantly enhancing reaction kinetics and conversion efficiency. 

Heterogeneous catalysts are favored over homogeneous ones due to their superior recyclability, ease of recovery, and lower 

soap formation, which minimizes contamination and production costs [10-12]. To address the limitations of acidic and basic 

heterogeneous catalysts, bi-functional catalysts have been developed, capable of simultaneously facilitating both 

esterification and transesterification reactions. These catalysts effectively mitigate the adverse effects of high free fatty acid 

(FFA) and water content by incorporating amphoteric support materials modified with active acidic or basic promoters [13]. 

Moreover, heterogeneous catalysts are highly sustainable due to their recyclability, reusability, low toxicity, and minimal 

energy demands, making them ideal for environmentally friendly biodiesel production [14].  

Among transition metals, iron (Fe) exhibits a strong affinity for aluminosilicate frameworks, allowing its incorporation 

during aluminosilicate crystallization with greater efficiency than other transition metals. The integration of Fe into the 

aluminosilicate matrix enhances catalytic performance by introducing key functional properties, including hydrophobicity, 

tunable acidity, and redox activity, which are critical for oxidation-reduction reactions and other catalytic applications [15]. 

Prior studies have demonstrated the effectiveness of Fe-modified zeolite in biodiesel production, achieving high FFA 

conversion efficiencies. Lani et al. [16] in Gupta and Singh [17] employed CaO–ZSM5 aluminosilicate/Fe3O4 catalysts 

derived from eggshell waste and rice straw on waste cooking oil, yielding a maximum biodiesel yield of 91%.  Catalyst 

supports play a crucial role in optimizing the performance of heterogeneous catalysts by significantly increasing their specific 

surface area and providing a well-defined porous structure to accommodate active sites [18]. The impregnation of metal 

species onto these supports enhances catalytic reactivity and selectivity, facilitating more efficient catalytic transformations. 

Various impregnation techniques enable the deposition of metal oxides onto catalyst supports, with the selection of metal 

precursors and charge states influencing the physicochemical properties of the final catalyst [19].  

Geothermal waste, particularly its high silica content, presents a valuable resource for aluminosilicate synthesis, offering 

both economic and environmental benefits. Aluminosilicates with porous structures exhibit exceptional catalytic properties 

due to their high internal surface area and thermal stability [16]. Amorphous silica, a predominant component of geothermal 

waste alongside sodium and potassium chloride, serves as a key precursor for aluminosilicate production [20]. Converting 

geothermal waste into aluminosilicates improves resource efficiency and mitigates waste disposal issues, following 
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sustainable waste management practices. Additionally, geothermal operations often encounter scaling issues caused by 

mineral deposits, primarily silica, calcium compounds, and sulfides, which impede equipment efficiency [21]. Since silica 

concentration in geothermal waste correlates with condensate temperature, its extraction and transformation into 

aluminosilicates provide a dual advantage—reducing scaling in geothermal systems while producing high-value materials 

for catalytic and adsorption applications [22]. This approach not only mitigates industrial scaling challenges but also promotes 

a circular economy by converting waste into functional materials. 

To the best of our knowledge, this study aims to optimize biodiesel production from a PAO-bulk oil mixture using 

Fe/aluminosilicate catalyst. This study involves extracting Fe from iron sand and synthesizing aluminosilicate from 

geothermal waste. The development of this catalyst offers a solution rooted in circular economy principles, promoting the 

efficient use of natural resources and industrial waste. The optimization investigation focuses on evaluating critical process 

parameters, including catalyst concentration, operating temperature, and catalyst-to-oil ratio, to maximize biodiesel yield and 

efficiency. A Central Composite Design (CCD) approach is employed to systematically analyze parameter interactions and 

determine optimal reaction conditions. This study contributes to the development of sustainable catalytic systems, bridging 

the gap between industrial waste valorization and biodiesel production for enhanced energy security and environmental 

sustainability. 

 

2. Materials and Methods 
2.1. Materials 

The primary raw materials utilized in this study include palm acid oil (PAO) sourced from the Palm Oil Industry and 

bulk cooking oil obtained from the Manyaran Market, Semarang, Central Java. The free fatty acid (FFA) content analysis 

revealed that PAO contained 68.53% FFA, while bulk oil had a significantly lower FFA content of 0.16%. Aluminosilicate 

was derived from geothermal waste obtained from PT. Geodipa Energi, Dieng, whereas iron (Fe) was extracted from iron 

sand. The chemical reagents used in the catalyst synthesis process included methanol and polyethylene glycol (PEG 4000) 

(technical grade), along with 37% hydrochloric acid (HCl), 25% ammonium hydroxide (NH4OH), 98% sulfuric acid (H2SO4), 

aluminum sulfate (Al(SO4)3·18H2O), and sodium hydroxide (NaOH) (analytical grade, Merck). The synthesis of 

aluminosilicate was carried out using a hydrothermal reactor. The experimental setup consisted of a 250 mL three-neck flask, 

magnetic stirrer, heater, thermometer, water bath, condenser (reflux system), and supporting laboratory apparatus such as 

stands and clamps, as illustrated in Figure 2, which were used for biodiesel production. 

 

 
Figure 2. 

Main equipment. 

 

2.2. Methods 

2.2.1. Fe/Aluminosilicate Catalyst Synthesis   

Aluminosilicate, synthesized from sodium silicate, which is produced from geothermal waste. A total of 500 grams of 

geothermal waste was combined with 2 liters of a 0.6% hydrochloric acid (HCl) solution and agitated at a rate of 100 rpm 

for 30 minutes to facilitate the dissolution of metal impurities. The filtration process was subsequently employed to separate 

the solid geothermal waste from the liquid phase. The solid residue obtained underwent a washing process with deionized 

water until the pH level was adjusted to 7, thereby confirming the elimination of any residual acid and impurities. The 

geothermal waste underwent a washing process followed by drying in an oven at a temperature of 200 °C for 1 hour to remove 

any remaining moisture. The dried sample underwent calcination at a temperature of 850 °C for 3 hours to remove organic 

compounds and sulfur content. 

Aluminosilicate was produced through the reaction of sodium silicate as a silica source, aluminium sulfate as an alumina 

source, and H₂O. The synthesis process commenced with the formulation of sodium silicate derived from geothermal waste 

and a sodium hydroxide solution. In the synthesis of sodium silicate, 250 grammes of purified geothermal waste were 

solubilised in 1000 mL of 2 N sodium hydroxide (NaOH) solution. The solution was agitated with a magnetic stirrer at a 

velocity of 300 rpm and maintained at a temperature of 30 °C for 2 hours. While the aluminium sulfate solution was produced 
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through the dissolution of Al(SO₄)₂·18H₂O in H₂SO₄. The precursor mixture has a pH of 11, with a SiO2/Al2O3 molar ratio 

of 40, OH/SiO2 of 0.03, and H2O/SiO2 of 43. The materials are combined in a specified ratio until a uniform mixture is 

achieved. Subsequently, a hydrothermal treatment is conducted utilising an autoclave reactor, maintained at a temperature of 

125°C for 6 hours.  

Fe is extracted from iron sand with a slight modification of the method from Prameswari et al. [23]. The 

Fe/aluminosilicate catalyst is prepared via the wet impregnation method. A specific quantity of Fe precursor was dissolved 

in deionized water and subsequently mixed with aluminosilicate to obtain Fe to aluminosilicate mass ratio 1:6.6, 1:8, 1:10, 

1:12, and 1:13.3. The mixture was stirred at 60 °C for 6 hours at a stirring speed of 500 rpm to ensure homogenous dispersion 

of the Fe precursor on the aluminosilicate. The solvent was then evaporated by using an oven at 110 °C for 12 hours, followed 

by calcination at 550 °C for 6 hours. Characteristics of the catalyst were observed by XRD, SEM-EDX and physisorption 

analysis.  

 

2.2.2. Biodiesel Production  

Production of biodiesel from palm acid oil and bulk oil was carried out through the transesterification process. The 

transesterification process is carried out at a methanol-to-oil molar ratio of 12:1 for 5 hours. The catalyst was first combined 

with methanol and allowed to mix for 30 minutes, subsequently followed by the addition of a blend of palm acid oil and bulk 

oil in a 1:1 ratio. This study employs catalyst concentrations of 2%, 3%, and 4% to optimize biodiesel yield while preventing 

excessive viscosity and undesired saponification [24, 25]. The reaction temperatures of 55°C, 60°C, and 65°C are selected 

based on methanol's boiling point (64.7°C) to balance reaction kinetics, ensure efficient methanol utilization, and minimize 

energy consumption [26]. The catalyst loading, catalyst type, and reaction temperature were set according to the variables.  

Post-reaction, phase separation is performed using a separatory funnel, followed by centrifugation to enhance product purity. 

 

2.3. CCD Method 

The Central Composite Design (CCD) is a widely utilized fractional factorial design in response surface methodology 

(RSM), facilitating the optimization of process parameters by incorporating center points and a set of axial (star) points to 

assess curvature effects. CCD enables the construction of a second-order polynomial regression model, allowing for the 

estimation of regression coefficients and the interaction effects of independent variables on the response [27]. This approach 

enhances the accuracy of predicting optimal operating conditions while minimizing the number of experimental runs required.  

The determination of the axial (star) points in CCD involves computing the alpha (α) value, which defines the position 

of these points relative to the factorial region. The alpha value (α) is calculated using the following equation: 

 𝛼 = (2𝑘)0,25 (1) 

where k represents the number of independent variables in the experimental design. The calculated α value ensures 

appropriate spacing of experimental points, improving the robustness of the response surface model in capturing nonlinear 

effects. 

The response variable in this study is the total biodiesel conversion, which is quantitatively analyzed using gas 

chromatography-mass spectrometry (GC-MS) to determine the fatty acid methyl ester (FAME) content. The total conversion 

is calculated using the following equations: 

 

 Esterification conversion (%) = [
%FFA−%FFA total

%FFA total
] × 100% (2) 

 TG conversion (%) = (initial mole TG −
transesterification mole ME

3
) × 100% (3) 

 Total conversion (%) = %Esterification conversion + %TG conversion (4) 

 

To establish the relationship between the dependent (response) variable and independent (predictor) variables, response 

surface methodology (RSM) utilizes polynomial regression models. These models provide a mathematical framework for 

analyzing experimental data and optimizing process parameters. The general form of the polynomial regression equation in 

RSM is expressed as: 

 

 Y = β0 + β1X1 + ⋯ + βkXk + β12X1X2 + β13X1X3 + ⋯ + βk−1, kXk−1Xk + β11X1
2 + ⋯ + βkkXk

2+∈ (5) 

 

Where: 

Y = dependent variable/outcome variable/estimated response 

X1,…Xk = independent variables 

X1X2, X1X3,…, Xk-1, Xk = interaction of independent variables 

X1
2,…Xk

2 = the square of the independent variables 

β0 = overall mean response/intercept constant 

β1 = regression model coefficient 

k = number of independent variables 

ϵ = error 

In this study, the regression analysis results are implemented in the polynomial equation, with the total biodiesel 

conversion as the response variable. The predictor variables include catalyst concentration (X1), operating temperature (X2), 

and catalyst ratio (X3). This model enables the prediction and optimization of biodiesel production conditions by evaluating 
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the influence of individual parameters and their interactions. Table 1 presents the experimental design, while the regression 

analysis and ANOVA results were provided by Tables 2 dan Table 3.  

 
Table 1. 

Experimental Variable Design. 

Run 
Code variable Practical variable 

X1 X2 X3 % Catalyst Temperature (°C) Catalyst ratio 

1 -1 +1 -1 2 65 8 

2 -1 +1 +1 2 65 12 

3 -1 -1 +1 2 55 12 

4 -1 -1 -1 2 55 8 

5 0 0 0 3 60 10 

6 0 0 0 3 60 10 

7 +1 +1 -1 4 65 8 

8 +1 -1 -1 4 55 8 

9 +1 +1 +1 4 65 12 

10 +1 -1 +1 4 55 12 

11 +1,682 0 0 4,681.79 60 10 

12 -1,682 0 0 1,31821. 60 10 

13 0 -1,682 0 3 51,5911. 10 

14 0 0 -1,682 3 60 6,636.42 

15 0 +1,682 0 3 68,4089. 10 

16 0 0 +1,682 3 60 13,3636. 

 
Table 2. 

Regression Analysis Results. 

Parameter Regression 

coefficient 

Standard 

Error 

95% Confidence 

Interval Low 

95% Confidence Interval 

High 

Intercept 85.54 0.3444 84.69 86.38 

X1 0.3119 0.1322 -0.0116 0.6354 

X2 1.45 0.1322 1.12 1.77 

X3 0.8532 0.1322 0.5297 1.18 

X1 X2 -0.3321 0.1727 -0.7547 0.0906 

X1 X3 -1.09 0.1727 -1.51 -0.6641 

X2 X3 0.0736 0.1727 -0.349 0.4963 

X1
2 0.5485 0.1605 0.1557 0.9412 

X2
2 0.5026 0.1605 0.1098 0.8953 

X3
2 -0.1965 0.1605 -0.5893 0.1962 

 
Table 3. 

ANOVA. 

Parameter Sum of Squares Degrees of Freedom Mean Square F-statistic p-value 

Model 57.01 9 6.33 26.54 0.0004 

X1 1.33 1 1.33 5.57 0.0564 

X2 28.56 1 28.56 119.67 < 0.0001 

X3 9.94 1 9.94 41.65 0.0007 

X1 X2 0.8822 1 0.8822 3.70 0.1029 

X1 X3 9.45 1 9.45 39.58 0.0008 

X2 X3 0.0434 1 0.0434 0.1817 0.6848 

X1
2 2.79 1 2.79 11.68 0.0142 

X2
2 2.34 1 2.34 9.80 0.0203 

X3
2 0.3578 1 0.3578 1.50 0.2667 

Residual 1.43 6 0.2387   

Lack of Fit 1.36 5 0.2715 3.65 0.3771 

Pure Error 0.0745 1 0.0745   

Total 58.44 15    
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3. Results and Discussion 
3.1. Free Fatty Acid Content of The Feedstock  

Free Fatty Acid (FFA) refers to fatty acids that exist in a free state, unbound to glycerol molecules as triglycerides. The 

FFA content is a critical parameter in biodiesel production, as it directly influences the efficiency of the transesterification 

process. In this study, palm acid oil (PAO) exhibits an exceptionally high FFA content of 68.53%, whereas bulk cooking oil 

contains only 0.16% FFA. According to Chiedu et al. [28], an increase in FFA content correlates with a reduction in total 

biodiesel conversion due to the competitive formation of soap via saponification reactions, which hinder ester formation. The 

presence of excessive FFA leads to unwanted side reactions, reducing the efficiency of the transesterification process and 

negatively impacting biodiesel yield [29]. Therefore, it is necessary to reduce the FFA content before transesterification to 

enhance biodiesel yield and prevent catalyst deactivation. In this study, a 1:1 volume ratio mixture of PAO and bulk cooking 

oil results in a blended feedstock with an FFA content of 20.68%, which is more manageable for subsequent esterification 

and transesterification reactions. 

 

 
Figure 3. 

Morphology and structure of Fe catalyst and aluminosilicate before wet impregnation at x3000 magnification. 

 

3.2. Fe/Aluminosilicate Catalyst Characterization 

The morphological and structural characteristics of the catalysts were analyzed using Scanning Electron Microscopy-

Energy Dispersive X-ray Spectroscopy (SEM-EDX) to examine surface topography, elemental composition, and dispersion 

of Fe on the aluminosilicate support. Figure 3 illustrates SEM-EDX images of Fe and aluminosilicate before wet 

impregnation, revealing distinct morphological differences. The Fe structure appears as small, irregular aggregates, while 

aluminosilicate exhibits a crystalline framework with relatively low crystallinity. These findings indicate that wet 

impregnation is necessary to ensure uniform Fe dispersion on the aluminosilicate surface, enhancing catalyst effectiveness 

in biodiesel synthesis.  
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(a) SEM Ratio of 1:8 (b) SEM Ratio of 1:10 

  

(c) SEM Ratio of 1:12 (d) SEM Ratio of 1:6,6 

 

(e) SEM Ratio of 1:13,3 

  

(f) EDX Ratio of 1:8 (g) EDX Ratio of 1:10 
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(h) EDX Ratio of 1:12 (i) EDX Ratio of 1:6,6 

 

(j) EDX Ratio of 1:13,3 
Figure 4. 

Morphology and structure of Fe/aluminosilicate catalyst after wet impregnation at x3000 magnification. 

 

Based on Figure 4, the morphological differences of the Fe/aluminosilicate catalyst after wet impregnation at various 

Fe-to-aluminosilicate ratios can be analyzed. The post-impregnation Fe/aluminosilicate catalyst exhibits an irregular 

spherical morphology, with particles that tend to agglomerate and exhibit non-uniform sizes, consistent with observations by 

Putra et al. [30]. 

At an Fe-to-aluminosilicate ratio of 1:8, the catalyst presents smaller, irregular, and hollow crystals, with small Fe 

aggregates dispersed across the structure, similar to the Fe morphology observed in Figure 3. At a ratio of 1:10, the catalyst 

exhibits larger crystal structures, albeit with uneven size distribution, leading to the formation of cavities in certain areas. 

Compared to 1:8, a higher number of small Fe aggregates are visible. The morphology at a ratio of 1:12 closely resembles 

that of 1:10, but with a more compact inter-crystal arrangement and a more uniform Fe distribution on the aluminosilicate 

surface. 

A ratio of 1:6.6 results in larger crystals with some smaller forms and a relatively close inter-crystal spacing, but with 

fewer Fe aggregates compared to 1:8. The Fe/aluminosilicate catalyst at 1:13.3 exhibits the largest and most homogeneous 

crystals, with minimal inter-crystal cavities, signifying a high degree of structural integrity. However, this ratio also contains 

the lowest number of Fe aggregates on the aluminosilicate surface, suggesting a lower Fe loading efficiency compared to 

other ratios. 

The distribution of Fe within the aluminosilicate matrix significantly impacts the overall catalytic morphology and 

performance. A uniform Fe dispersion is crucial for achieving optimal catalytic activity, as it enhances active site availability 

and reaction efficiency [19]. Based on morphological analysis and Fe distribution, the Fe content ranking across different 

catalyst ratios, from highest to lowest, follows the order: 1:12 > 1:10 > 1:8 > 1:6.6 > 1:13.3. 

The X-ray diffraction (XRD) technique was employed to analyze the phase composition and crystal structure of 

Fe/aluminosilicate catalysts. This method exploits the interaction between the material and X-rays, which results in 

diffraction patterns that provide valuable insights into the crystalline nature of the samples. The resulting diffractogram from 

the XRD analysis of the Fe/aluminosilicate catalysts is shown in Figure 5. 
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Figure 5. 

Fe/aluminosilicate diffractograms (a) 1:8 ratio, (b) 1:10 ratio, (c) ratio 1:12, (d) ratio 1:6.6, (e) ratio 1:13.3 

 

An analysis using X-ray diffraction (XRD) was performed to investigate the phase composition of Fe/aluminosilicate 

catalysts, with the interpretation of data carried out through Match! software. The investigation of the diffraction patterns 

revealed the existence of two primary crystalline phases, tridymite (SiO₂) and haematite (Fe₂O₃).  These minerals are 

represented by red triangles and green squares, respectively, in the diffraction patterns. The relative proportions of tridymite 

and hematite phases are critical in determining the catalytic performance, with an optimal balance potentially contributing 

both to the structural stability (tridymite) and enhanced reactivity (hematite) of the catalyst [31, 32]. A well-balanced 

composition of these phases can potentially optimize catalytic performance by ensuring both mechanical robustness and 

active surface sites for reactions. 

 
Table 4.  

Physisorption Analysis of Aluminosilicate and Fe/Aluminosilicate. 

Sample  Surface Area (m2/g) Total Pore Volume (cm3/g) Average Pore Radius (nm) 

Aluminosilicate  556.646 1.296 4.656 

Fe/Aluminosilicate  423.051 1.1664 3.9576 

 

Data from Table 4 shows the significant differences between aluminosilicate and Fe/aluminosilicate surface area, total 

pore volume, and average pore distribution. The Brunauer-Emmett-Teller (BET) method was applied to determine the total 

surface area, while the total pore volume was determined by measuring the amount of nitrogen adsorbed at P/Po 0,994.  This 

alteration represents the pore structure modification caused by the impregnation process. The decrease of surface area after 

the impregnation process may occur due to pore blockage by Fe particles. The distribution of Fe particles within the 

aluminosilicate pores covers the surface area of the pores. The aggregation of Fe particles blocks some of the pores and 

lowers the surface area [33]. Reduction in pore volume and diameter are associated with pore blockage by the Fe particles 

[34]. Overall, the Fe impregnation altered the pore structure, which likely modified the material properties, yet it enhanced 

the catalytic activity for biodiesel production [23]. 

 

3.3. Biodiesel Production  

Biodiesel production from vegetable oils containing free fatty acids (FFAs) can be achieved through a simultaneous 

esterification and transesterification process involving methanol. This process results in the formation of fatty acid methyl 

esters (FAME), which constitute the biodiesel product. The chemical reactions that take place are as follows: 

Esterification: 

FFA + CH3OH → FAME + H2O 

(Free Fatty Acid)  (Methanol)  (Fatty Acid Methyl Esters)  (Water) 

Transesterification: 

TG + 3CH3OH → 3FAME + GL 

(Triglycerides)  (Methanol)  (Fatty Acid Methyl Esters)  (Glycerols) 

[35]  
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These two reactions, esterification and transesterification, both lead to the formation of biodiesel in the form of fatty acid 

methyl esters (FAME). However, the extent of FAME production in each reaction is influenced by factors such as the 

concentration of FFAs and triglycerides, the molar ratio of methanol to oil, the type of catalyst, and the reaction conditions. 

To determine the total biodiesel yield, it is necessary to calculate the conversion rates of both reactions. The overall 

biodiesel conversion can be expressed as the sum of the individual conversions from esterification and transesterification, 

considering the contributions of each reaction to the total FAME production: 

 %𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = %𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + %𝑇𝐺 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (6) 

This approach allows for a more accurate determination of the total biodiesel output, accounting for the varying 

contributions from each reaction mechanism. 

 
Table 5. 

Total Conversion in Biodiesel Production Process. 

Run Total conversion (%) 

1 86.7001 

2 90.2976 

3 85.9799 

4 82.8082 

5 85.7140 

6 85.3281 

7 88.0384 

8 85.3435 

9 87.1576 

10 85.2995 

11 88.1294 

12 86.2231 

13 84.6716 

14 83.6397 

15 89.4211 

16 86.4984 

 

According to Table 5, the highest total biodiesel conversion was achieved in the second experimental run, with a catalyst 

concentration of 2%, an operating temperature of 65°C, and a Fe/aluminosilicate catalyst ratio of 1:12, yielding a total 

conversion of 90.2976%. This result outperforms the findings of Muna et al. [36], who reported a yield of 89.23% using 

Fe/aluminosilicate catalysts in waste cooking oil transesterification. Furthermore, other studies involving transition metal 

impregnation in aluminosilicates have reported comparable yields: Ni/aluminosilicate catalysts produced a yield of 89.4% 

[37] while 5%Cu–1%Ru/BEA aluminosilicate catalysts achieved a yield of 85.7% [38]. These comparisons underscore the 

superior catalytic performance of iron in transition metal-impregnated aluminosilicate catalysts for biodiesel production. This 

study reveals that the method applied is highly effective in enhancing the production efficiency of biodiesel, with a conversion 

rate of up to 90.2976% from the initial FFA concentration of 20.68%. Optimizing the conversion to 90.2976% minimizes by-

products, such as soap and glycerol residue, hence minimizing refining and processing waste costs. In industrial applications, 

this strategy has the potential to minimize production costs, especially with cheap material utilization [39]. 

The highest conversion was also achieved at a temperature of 65°C, which is considered optimal for the 

transesterification process. At lower temperatures, methanol remains in its subcritical state, leading to suboptimal conversion 

rates. Conversely, at temperatures exceeding 65°C, methanol tends to evaporate due to its boiling point of 64.96°C [40]. 

Methanol vaporization reduces its availability in the reaction medium, limiting its participation in the transesterification 

reaction. Additionally, the excess heat may lead to the formation of undesirable by-products, such as free fatty acids (FFAs), 

which can decrease the biodiesel yield by inhibiting transesterification and promoting side reactions such as saponification 

[41]. 

The optimization of reaction conditions for biodiesel production is vital for enhancing efficiency, reducing operational 

costs, and improving sustainability. Shorter reaction times not only reduce energy consumption but also minimize greenhouse 

gas emissions. Furthermore, process optimization techniques, such as Response Surface Methodology (RSM), offer greater 

control over the process, ensuring consistent product quality that meets industry standards. These advancements in process 

optimization contribute to making biodiesel production more economically viable and environmentally sustainable. 

Optimizing catalyst concentration (2–4%) and reaction temperature (55–65°C) is critical for maximizing biodiesel 

production efficiency, scalability, and cost-effectiveness. A catalyst concentration of 2% generally yields the highest 

conversion while preventing issues such as saponification and excessive viscosity, which can lead to higher energy 

requirements for mixing [24, 25]. Higher temperatures accelerate reaction kinetics; however, temperatures exceeding 65°C 

may result in the evaporation of methanol, reducing efficiency [26]. By maintaining these optimal conditions, biodiesel 

production can achieve consistent product quality, lower operational costs, and support industrial scalability, ultimately 

improving the economic viability and sustainability of biodiesel manufacturing. 
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3.4. Optimization of Biodiesel Production Variables  

Regression analysis, incorporating all independent variables and their interactions, was employed to determine the 

significance of various factors on the biodiesel yield. The response surface is mathematically represented by the following 

equation: 

 𝑌 = 85,54 + 0,3119𝑋1 + 1,45𝑋2 + 0,8532𝑋3 − 0,3321𝑋1𝑋2 − 1,09𝑋1𝑋3 + 0,0736𝑋2𝑋3 + 0,5485𝑋1
2 +

0,5026𝑋2
2 − 0,1965𝑋3

3  (7) 

The equation expresses the combined effects of individual variables, their interactions, and their quadratic effects on the 

biodiesel yield. 

As indicated in Table 2, the interactions between variables play a significant role in determining the biodiesel yield. The 

positive coefficients in the equation suggest that increasing the value of the corresponding independent variables leads to an 

increase in the response variable (total biodiesel conversion). Conversely, a negative coefficient indicates that increasing the 

independent variable will result in a decrease in the total biodiesel conversion. In particular, the coefficient of X2 (operating 

temperature) is the largest at 1.45, suggesting that operating temperature has the most substantial impact on biodiesel 

conversion. Additionally, the coefficient for X3 (Fe: aluminosilicate molar ratio) is also significant, but smaller than that of 

X2, indicating that both higher operating temperature and higher Fe: aluminosilicate molar ratio positively influence the 

biodiesel yield. 

Table 3 presents the statistical analysis of the regression model, with F-calculated values compared to their respective p-

values. All single variables, squared variables, and interaction terms exhibit F-calculated values greater than their 

corresponding p-values, except for the interaction term X2X3 (operating temperature multiplied by Fe: aluminosilicate molar 

ratio). This suggests that, except for the interaction term X2X3, all other terms have a statistically significant impact on the 

total biodiesel conversion. Specifically, the linear terms for operating temperature (X2) and Fe: aluminosilicate molar ratio 

(X3) demonstrate significant effects due to their high F-values. The F-value for operating temperature (F=28.56) is notably 

higher than that for Fe: aluminosilicate molar ratio (F=9.94), which indicates that operating temperature has a more 

pronounced linear effect on biodiesel conversion. 

Furthermore, the squared terms X2
2 (operating temperature squared) and X3

2 (Fe: aluminosilicate molar ratio squared) 

also exhibit significant effects on the response variable. The F-value for operating temperature squared (F=2.34) is higher 

than that for Fe: aluminosilicate molar ratio squared (F=0.3578), which again emphasizes the dominant influence of operating 

temperature on biodiesel conversion, even after considering the quadratic effects of both variables. 

In summary, the regression analysis reveals that operating temperature (X2) has the most significant effect on biodiesel 

conversion, followed by the Fe: aluminosilicate molar ratio (X3). The interaction between these two variables, although not 

statistically significant, still has an observable influence, while the squared terms indicate the presence of nonlinear effects, 

further highlighting the importance of optimizing these factors for maximum biodiesel yield. 

 

 
Figure 6. 

Predicted vs actual total biodiesel conversion. 
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The quality of the mathematical model's fit is critically assessed through Analysis of Variance (ANOVA). A model is 

deemed satisfactory when the ANOVA results demonstrate a high level of statistical significance, indicating that the model 

can reliably predict the response variable. To determine the contribution of individual factors to the biodiesel yield, the p-

value from the ANOVA analysis is used. Factors with low p-values (typically less than 0.05) are considered statistically 

significant, suggesting that they have a meaningful effect on the outcome. 

In addition to ANOVA, further model validation is conducted by calculating the coefficient of determination (R2), which 

measures the proportion of the total variation in the response variable (total biodiesel conversion) that can be explained by 

the independent variables included in the model [42]. A higher R2 value indicates a better fit of the model, with values 

approaching 1.0 indicating that the model can explain nearly all of the observed variability. 

In this experiment, the coefficient of determination (R2) was found to be 0.9755. This implies that 97.55% of the variation 

in the total fatty acid methyl ester (FAME) conversion is accounted for by the independent variables in the model. Such a 

high R2 value suggests that the model effectively captures the relationships between the independent variables and the 

response variable, providing a strong predictive capability. Conversely, the remaining 2.45% of the total variation in biodiesel 

conversion remains unexplained by the model, which could be attributed to factors not included in the analysis or inherent 

variability in the system. 

Figure 6 illustrates the comparison between predicted and actual total biodiesel conversion, providing a visual validation 

of the model’s predictive accuracy. The closeness of the predicted values to the actual data further supports the reliability of 

the model. Given the high R2 value, the model is considered to be an effective tool for predicting the biodiesel conversion 

under the experimental conditions tested. 

 

 
Figure 7. 

3D Surface Model - Effect of %Catalyst and Reaction Temperature on Total Conversion. 

 

Figure 7 presents a 3D response surface depicting the effect of varying catalyst concentrations and operating 

temperatures on the total biodiesel conversion. The data reveal that, at different operating temperatures, increasing the catalyst 

percentage enhances the total biodiesel conversion. However, when the catalyst concentration is held constant, an increase 

in operating temperature can lead to a decrease in biodiesel conversion. 

According to Buchori et al. [43], increasing the catalyst concentration results in a higher number of active sites available 

for the reaction. A higher catalyst concentration improves the adsorption of methanol molecules, which facilitates the 

breaking of the hydroxyl (OH) bond, leading to the formation of methoxide ions. These methoxide ions then react with 

triglyceride molecules, producing biodiesel. This mechanism supports the positive correlation between catalyst concentration 

and biodiesel conversion observed at lower operating temperatures. 

On the other hand, studies by Alismaeel et al. [44] suggest that increasing the operating temperature enhances catalyst 

molecular activity. At higher temperatures, catalyst molecules acquire sufficient energy to overcome the reaction’s energy 
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barrier, thereby facilitating more efficient interactions with the reactants. As a result, this energy boost allows for greater 

conversion efficiency and an increase in biodiesel yield. 

However, an excessively high catalyst concentration can negatively impact biodiesel conversion, as observed in the study 

by Yusuf et al. [45]. A high catalyst concentration can result in the formation of a thick slurry, which hinders effective mixing 

of the oil, methanol, and catalyst. This reduced mixing efficiency leads to suboptimal contact between the reactants, resulting 

in a decrease in biodiesel conversion. Consequently, while higher catalyst concentrations can improve biodiesel production 

to a certain extent, they can also lead to diminishing returns if the slurry becomes too thick to allow for efficient reaction 

kinetics. 

In the present study, the optimal conditions for maximum biodiesel conversion were achieved at an operating temperature 

of 65°C and a catalyst concentration of 2%, yielding a total biodiesel conversion of 90.2976%. This highlights the importance 

of balancing both catalyst concentration and operating temperature to optimize biodiesel yield while avoiding complications 

associated with excessive catalyst concentration or suboptimal temperature conditions. 

 

 
Figure 8. 

3D Surface Model - Effect of % Catalyst and Fe:aluminosilicate Ratio on Total Conversion. 

 

Figure 8 presents a 3D response surface illustrating the effect of varying catalyst percentages and Fe:aluminosilicate 

ratios on the total biodiesel conversion. The data indicate that, across various operating temperatures, an increase in the 

Fe:aluminosilicate ratio leads to a significant enhancement in total biodiesel conversion. 

The catalytic activity and performance of Fe-based aluminosilicate catalysts in biodiesel production are significantly 

influenced by the distribution and impregnation of Fe within the aluminosilicate support. A uniform distribution of Fe ensures 

optimal exposure of active sites, enhancing the catalyst’s activity, selectivity, and stability. Higher Fe content has been shown 

to improve catalytic performance, leading to increased biodiesel conversion, as Fe facilitates hydrogenation and 

transesterification reactions [19]. The optimal performance observed at a Fe/aluminosilicate ratio of 1:12 is due to the more 

homogeneous distribution of Fe, which maximizes interaction between methanol and triglycerides, thereby improving the 

yield of fatty acid methyl esters (FAME) and enhancing the overall efficiency of biodiesel production [46]. 

Fe is especially advantageous in aluminosilicate-based catalysts due to its role in hydrogenation reactions. Hydrogenation 

involves the reaction of esters (such as biodiesel) with hydrogen, which reduces the number of unsaturated bonds in the 

biodiesel molecule, thereby enhancing its stability [47]. This process is particularly valuable in improving biodiesel's 

oxidative stability and longevity. Furthermore, Fe plays a role in fatty acid chain cracking, a process wherein long-chain fatty 

acids are broken down into shorter chains. This cracking reaction, facilitated by the presence of Fe in the catalyst, results in 

biodiesel with improved fuel properties, such as lower viscosity and better combustion characteristics [48]. 

Iron (Fe), particularly in its oxide form (Fe2O3), exhibits hydrophobic properties that enhance its role as a heterogeneous 

catalyst in biodiesel production, particularly during esterification and transesterification reactions. The hydrophobic nature 

of Fe aids in the separation of fatty acid methyl esters (FAME) from the reaction mixture, improving FAME yield and overall 

biodiesel conversion efficiency. Fe accelerates the transesterification process by facilitating the nucleophilic attack of 
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methanol on triglycerides, resulting in higher conversion rates. Furthermore, the inherent basicity of Fe-based catalysts 

mitigates side reactions, such as saponification, by neutralizing free fatty acids (FFAs) and preventing their participation in 

soap formation, thus enhancing the overall efficiency of biodiesel production [49]. 

The optimal conditions observed in this experiment occurred at a Fe:aluminosilicate molar ratio of 1:12 and a catalyst 

concentration of 2%, which resulted in a total biodiesel conversion of 90.2976%. These results underscore the importance of 

optimizing both the Fe:aluminosilicate ratio and catalyst concentration to achieve maximal biodiesel yield. The presence of 

Fe in the aluminosilicate catalyst enhances reaction rates, promotes desirable side reactions, and increases the overall 

efficiency of biodiesel production. 

 

 
Figure 9. 

3D Surface Model -  Effect of Reaction Temperature and Fe : aluminosilicate Ratio on Total Conversion. 

 

Figure 9 presents a 3D response surface illustrating the effect of varying operating temperatures and Fe: aluminosilicate 

ratios on total biodiesel conversion. The data reveal that, across different Fe:aluminosilicate ratios, increasing the operating 

temperature leads to a marked increase in total biodiesel conversion. 

Operating temperature is a critical factor in biodiesel production as it significantly influences the reaction kinetics. At 

higher temperatures, the molecules gain more kinetic energy, increasing their movement and the frequency of molecular 

collisions. This enhanced molecular activity accelerates the rate of transesterification, thereby reducing the overall reaction 

time required to produce biodiesel [50]. Specifically, elevated temperatures facilitate the conversion of triglycerides to methyl 

esters by decreasing the viscosity of the oil. Lower viscosity allows for better molecular mobility, increasing the number of 

effective collisions between reactant molecules, which in turn speeds up the reaction rate [51]. 

Moreover, higher temperatures improve the solubility of methanol in the reaction mixture, further promoting the 

transesterification process. By enhancing the molecular interactions between methanol and triglycerides, elevated 

temperatures lead to a more efficient and faster production of biodiesel. 

The optimal results in this study were achieved at an operating temperature of 65°C and a Fe:aluminosilicate molar ratio 

of 1:12, yielding a total biodiesel conversion of 90.2976%. These findings emphasize the importance of carefully optimizing 

both the operating temperature and catalyst ratio to maximize biodiesel production efficiency while maintaining reaction 

efficacy. 

 

3.5. Characteristics of Biodiesel 

The performance of catalysts in esterification-transesterification reactions can be assessed through various biodiesel 

characteristics, including density, viscosity, and free fatty acid (FFA) content. These parameters serve as key indicators of 

biodiesel quality and are evaluated according to established standards, such as those specified in SNI 718:2015. The standards 
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include values for density and viscosity, which are essential for determining the fuel properties of biodiesel. A summary of 

the biodiesel characteristics produced in the experiment is provided in Table 5. 

 
Table 6. 

Characteristics of experimental biodiesel. 

Run 

SNI 

Density (gr/ml) Viscosity (cSt) %FFA 

0.85-0.9 2.3-6  

1 0.86298 0.90135 4.41798 

2 0.85467 0.73037 3.51520 

3 0.88169 1.52785 5.15263 

4 0.88828 1.93990 5.20759 

5 0.86995 1.21840 4.85275 

6 0.89282 2.73398 5.90646 

7 0.86536 1.04763 4.59715 

8 0.88827 1.85554 5.20765 

9 0.86642 1.09005 4.68144 

10 0.88516 1.70196 5.13243 

11 0.86046 0.75574 3.58209 

12 0.86222 0.83916 4.42188 

13 0.89046 2.70562 5.37529 

14 0.89296 3.24314 6.36358 

15 0.89694 3.25759 6.51450 

16 0.89025 2.38799 5.37656 

 

From the data presented in Table 6, it is evident that both PAO-bulk oil and Fe/aluminosilicate catalysts are effective in 

the production of biodiesel. Notably, the FFA content in the PAO-bulk oil feedstock was significantly reduced after 

conversion to biodiesel, from an initial value of 20.68% to a final range of 3-6%. This substantial reduction in FFA content 

underscores the high catalytic efficiency of the Fe/aluminosilicate catalyst in converting free fatty acids into fatty acid methyl 

esters (FAME), which are the main constituents of biodiesel. 

The reduction in FFA is particularly significant as it demonstrates the catalyst's ability to efficiently catalyze both 

esterification and transesterification reactions, ensuring that a higher proportion of triglycerides and free fatty acids are 

converted to biodiesel. This is a key indicator of the catalyst's effectiveness in the biodiesel production process, as it 

minimizes the formation of undesirable byproducts such as soap and ensures a high biodiesel yield. The results suggest that 

Fe/aluminosilicate catalysts are highly effective in producing biodiesel with desirable physicochemical properties that comply 

with biodiesel standards. 

 

 
Figure 10. 

Reusability of Fe/aluminosilicate Catalyst. 

 

3.6. Reusability Catalyst 

Catalyst reusability performance was evaluated by conducting biodiesel production under the second experiment 

condition (2% catalyst, temperature 65 °C). Before being utilized in the subsequent cycle, the catalyst was separated from 

the product, rinsed with n-hexane, and dried in an oven for six hours. Figure 10 illustrates the reusability of the 

Fe/aluminosilicate catalyst. As can be seen from the graphic above, the catalyst was active for three cycles without a 
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significant drop in %conversion. However, a significant drop was found in the fourth cycle. This phenomenon is attributed 

to catalyst structure degradation.  The leaching of Fe particles during the trans-esterification process leads to the degradation 

of the catalyst structure. Repeated use of the catalyst modifies the catalyst crystal structure and porosity, which reduces the 

catalytic activity [52]. Furthermore, a reduction in % conversion may take place as a result of the accumulation of fatty acids, 

glycerol, or glycerides (including triglycerides, diglycerides, and monoglycerides) on the active sites [53].  

Based on the data provided, the test catalyst showed an initial biodiesel conversion of 90.298%, which decreased slightly 

after several reuse cycles, reaching 80.365% in the fourth cycle. In comparison to commercial heterogeneous catalysts like 

CaO, MgO, or ZnO, which are capable of being reused for 5–10 cycles with a conversion decrease of approximately 3–10% 

per cycle, the reusability test demonstrated competitive performance, even though it faced a significant reduction during the 

fourth cycle [54-56]. This investigation demonstrated that the catalyst demonstrated that Fe/aluminosilicate exhibited a slow 

reduction in %conversion after multiple cycles, maintaining biodiesel conversion above 80% until the fourth cycle. This 

suggests that Fe/aluminosilicate retains good activity, allowing for reuse without frequent synthesis, thus contributing to cost 

and energy efficiency in biodiesel production. Further study in catalyst modification, regeneration techniques, and 

optimization of reaction operations is essential for the Fe/aluminosilicate catalyst to effectively compete with commercial 

heterogeneous catalysts in industrial applications. 

 

4. Conclusion 
This study successfully synthesized a heterogeneous Fe/aluminosilicate catalyst via the impregnation method, utilizing 

iron sand and geothermal waste-derived aluminosilicate. Characterization through SEM-EDX confirmed uniform Fe 

distribution, while XRD identified SiO2 (tridymite phase) and Fe2O3 (hematite phase). The optimal conditions for biodiesel 

production were determined to be 2% Fe/aluminosilicate catalyst concentration, 65°C reaction temperature, and a 1:12 

Fe:aluminosilicate ratio, achieving a high biodiesel conversion of 90.2976%. The produced biodiesel met SNI 7182:2015 

standards in terms of density, viscosity, and free fatty acid (FFA) content. Future studies should explore other quality 

parameters, including cetane number and oxidative stability, to ensure fuel reliability. Furthermore,  conducting a life-cycle 

assessment (LCA) of Fe/aluminosilicate-based biodiesel production would be beneficial in quantifying its environmental 

impact compared to traditional biodiesel synthesis methods. 
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