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Abstract. The development of enviromentally friendly and reusable heterogenous catalyst has attracted significant attention for sustainable biodiesel 
production from low-cost feedstocks such as crude palm oil (CPO). This study aims to synthesize and evaluate an L-arginine immobilized 
methacrylate-based porous polymer as an efficient and reusable heterogenous base catalyst for CPO transesterification. In this study, a porous 
polymer synthesized from glycidyl methacrylate (GM) and ethylene glycol dimethacrylate (EGD), denoted as poly(GM-co-EGD), was employed as a 
support matrix for L-arginine immobilization to develop an efficient heterogeneous base catalyst for the transesterification of CPO. The catalyst was 
prepared via free radical polymerization followed by covalent immobilization of L-arginine onto the porous polymer framework. FESEM analysis 
revealed a well-developed interconnected porous morphology, which was further supported by textural characterization showing a high BET surface 
area of 650 m² g⁻¹ and a total pore volume of 2.07 cm³ g⁻¹. FTIR spectra confirmed the successful chemical bonding between L-arginine and the 
polymer matrix. Thermogravimetric analysis indicated good thermal stability of the polymeric catalyst up to 120 °C, suitable for transesterification 
conditions. The basic strength evaluated using Hammett indicators showed moderate-to-strong basicity (9.9 < H_ < 12), while quantitative back 
titration with benzoic acid revealed that the catalyst with a poly(GM-co-EGD):L-arginine ratio of 1:2 exhibited the highest total basicity of 1.01 mmol 
g⁻¹. Process optimization using Response Surface Methodology with a Box–Behnken design produced a highly accurate quadratic model (R² = 0.9992). 
Under optimal conditions, a biodiesel yield of 82.34 ± 1.08% was achieved, consistent with model predictions. The catalyst maintained stable 
performance over five consecutive cycles, demonstrating its potential as a green and sustainable catalyst for biodiesel production from CPO. 
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1. Introduction 

Recent studies have focused on base catalysts that promote 
the reaction of triglycerides with methanol, aiming to increase 
biodiesel yield and support sustainable production  (Ali Ijaz 
Malik et al., 2024; Mahmudul et al., 2017). The growing trend in 
basic catalyst development demonstrates significant potential in 
improving catalytic performance, particularly in biodiesel 
synthesis (Yusuf et al., 2024). Homogeneous catalysts like KOH, 
NaOH, and CH₃ONa are widely used due to their ability to 
accelerate the transesterification process efficiently and 
economically, often resulting in high biodiesel yields (Lin & 
Tseng, 2024; Riaz et al., 2024). However, challenges arise in the 
recovery and separation of homogeneous catalysts, which can 
generate alkaline salt waste (Abed et al., 2025). Moreover, the 
purification steps required after reaction with homogeneous 
alkali catalysts are technically complex and economically 
burdensome (Wan Osman et al., 2024). As a result, the 
development of efficient, recoverable, and environmentally 
friendly catalysts has become a priority, in line with the 
increasing attention to green chemistry principles and economic 
sustainability. 
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Heterogeneous catalysts present a promising alternative 
because they can be reused and easily removed after the 
reaction, thereby avoiding the complex purification steps 
required in homogeneous systems (Ponnumsamy et al., 2024; 
Salaheldeen et al., 2021). Several highly reactive heterogeneous 
base catalysts have been reported, including CaO 

(Davoodbasha et al., 2021; Hadiyanto et al 2016), NiO (Ahmad et 
al., 2023; Satriadi et al 2022) and K₂FeO₄ (Mena-cervantes et al., 
2022), which are classified as metal oxides. However, these 
single-metal catalysts often suffer from leaching during the 
reaction, which transforms the system into a semi-
homogeneous one and thus diminishes the primary advantage 
of heterogeneity (Prats et al., 2020; Vasić, 2020; Zhao et al., 
2019) 

An alternative approach involves the use of lipase enzymes 
as biocatalysts, which offer several advantages, including higher 
energy efficiency, milder reaction conditions, and better 
tolerance to free fatty acids (FFAs) and water (Farobie et al., 
2021; Muanruksa et al., 2021). However, challenges such as 
variability in enzyme activity and susceptibility to deactivation 
remain significant limitations. To address these issues, enzyme 
immobilization on solid supports has been extensively explored 
to improve stability and reusability. Despite these 
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advancements, immobilized enzyme systems often face 
diffusion limitations and mass transfer constraints, which can 
hinder overall reaction rates (Alotaibi et al., 2018; Carvalho et 
al., 2018; Giraldo et al., 2023; Gusniah et al., 2020; Lv et al., 2014; 
Urban et al., 2012; Xie & Huang, 2020). 

Recent studies have highlighted the role of L-arginine as an 
effective active site for transesterification in biodiesel 
production (Cavalcante et al., 2021). In particular, its 
combination with ionic liquids as cationic counterparts has been 
shown to facilitate the transesterification of vegetable oils, 
including sunflower oil  (Li & Guo, 2017b, 2017a). In contrast, 
unmodified L-arginine shows little to no catalytic activity, 
primarily due to the lack of cationic functional groups. 
Interestingly, crude palm oil (CPO), which naturally contains 
phospholipids and sterols (Mba et al., 2015) may serve as an 
intrinsic source of cationic species, potentially enhancing the 
catalytic performance of L-arginine without the need for 
additional modification. 

To improve its stability and reusability, L-arginine must be 
functionalized into a heterogeneous catalyst through 
immobilization onto a polymer-based support. Methacrylate-
based polymers, which contain epoxy groups, provide reactive 
functional sites that enable covalent bonding with L-arginine. 
Previous studies have reported that these epoxy groups are also 
effective in binding enzymes with structural similarities to 
arginine, thereby reducing the risk of catalyst leaching during 
the reaction and improving operational stability. Furthermore, 
the addition of porogenic agents during the synthesis of porous 
polymers can enhance surface area and generate 
interconnected pore structures, which promote greater 
accessibility to the active catalytic sites (Amalia et al., 2021; 
Sabarudin et al., 2021; Xie & Huang, 2020; Widayat et al 2024).  

In this work, L-arginine was immobilized onto poly(GM-co-
EGD), with a focus on evaluating of covalent bonding efficiency 
between arginine and the polymer, the morphology and pore 
structure of the support, and the determination of catalytic 
strength and basicity. Furthermore, to optimize biodiesel 
production from CPO, catalytic performance was assessed 
using Response Surface Methodology with a Box–Behnken 
Design (RSM-BBD), allowing for a structured analysis of critical 
process parameters and determination of optimal conditions. In 
addition, the study examined the catalyst’s reusability over 
multiple cycles to assess its long-term operational stability. 

2. Materials and Methods 

2.1 Materials 

All reagents applied in this work were of analytical grade 
and utilized without additional purification. As porogenic 

solvents, 1,4-butanediol (C₄H₁₀O₂, ≥99%) and 1-propanol 
(C₃H₈O, ≥99.5%) were purchased from Merck (Germany). The 
polymerization initiator was 2,2′-azobisisobutyronitrile (AIBN, 
C₈H₁₂N₄, 12 wt.% in acetone, Merck, Germany). Crude palm oil 
(CPO), containing about 2% free fatty acids (FFA), was 
employed as the raw material for biodiesel synthesis. Ethanol 
(C₂H₅OH, ≥99.8%, Merck, Germany) was used during the 
washing and purification steps. 

Glycidyl methacrylate (GM, C₇H₁₀O₃, ≥97.0%) as the 
functional monomer and the copolymer was synthesized using 
ethylene glycol dimethacrylate (EGD) as the crosslinking agent, 
both supplied by Merck (Germany). Monomer and crosslinking 
agent was used to enhance the rigidity of the polymer network. 
L-Arginine (C₆H₁₄N₄O₂, ≥98%, Merck, Germany) was 
immobilized onto the polymer as the active catalytic species. 

Methanol (CH₃OH, ≥99.9%, Merck, Germany) was used as 
the alcohol reactant in the transesterification process. Pyridine 
(C₅H₅N, ACS reagent, ≥99.0%) served as a solvent and catalyst 
modifier. For neutralization and washing procedures, sodium 
bicarbonate (NaHCO₃, ≥99.0%), sodium carbonate (Na₂CO₃, 
≥99.5%) and sodium hydroxide (NaOH, ≥99.0%) were used. 
Finally, anhydrous sodium sulfate (Na₂SO₄, ≥99%) was used to 
absorb any remaining moisture during sample preparation. 

2.2 Synthesis of Poly(GM-co-EGD) 

The supported polymer was synthesized by adapting a 
modified previous research method (Amalia et al., 2021), 
glycidyl methacrylate (GM) was used as the monomer (%T 40) 
and ethylene glycol dimethacrylate (EGD) as the crosslinker 
(%C 25). In a glass vial, the components were combined with a 
porogen composed of 1,4-butanediol, 1-propanol, and distilled 
water in a 4:7:1 (v/v) ratio. Homogenization was carried out 
using sonication for 5 minutes. AIBN (1% w/v) was then 
introduced as the initiator, and the mixture was further 
sonicated for 5 minutes. The vial was tightly sealed and 
maintained in an oven at 60 °C for 12 hours to ensure full 
polymerization. Once polymerization was complete, the formed 
polymer was extracted from the vial and cleaned by stirring it in 
ethanol and distilled water for 30 minutes under magnetic 
agitation. The resulting polymer was designated as poly(GM-co-
EGD), and the synthesis steps are illustrated in Figure 1. 

2.3 Immobilization of L-arginine 

The immobilization of L-arginine was carried out through a 
reaction between the epoxy groups on the methacrylate-based 
poly(GM-co-EGD) and the amine groups of L-arginine. In this 
process, poly(GM-co-EGD) was reacted with L-arginine under 
basic conditions to form secondary amine linkages. To prepare 

 
Fig 1. Schematic synthesis and immobilization procedure 
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the L-arginine solution, 10 mg/mL of the compound was 
dissolved in a 0.2 M KCl–NaOH buffer with a pH of 11, and this 
solution was subsequently mixed with the polymer support to 
initiate the immobilization process. The reaction proceeded at 
25 °C (298 K) for 120 minutes, with mass ratios of poly(GM-co-
EGD) to L-arginine (1:1, 1:2, and 2:1) being tested in order to 
investigate how the ratio affects the immobilization efficiency, 
as illustrated in Figure 1. The resulting material was designated 
as L-arginine immobilized on poly(GM-co-EGD). 

2.4 Characterization of Polymer Catalyst 

Fourier Transform Infrared (FTIR) spectroscopy (IRSpirit-
T/ATR, Shimadzu) was used to analyze the functional groups of 
the synthesized polymer and the L-arginine-immobilized 
polymer. The morphology of the polymer was observed using a 
Field Emission Scanning Electron Microscope (FESEM) (FEI 
Quanta 650 FEG). Thermal stability was evaluated using a 
Shimadzu DTG-60 thermogravimetric analyzer over a 
temperature range of 25–1100 °C. The instrument has a 
measurable range of ±500 mg (TG) with a weight resolution of 
0.1 μg. All measurements were conducted under either air or an 
inert gas atmosphere. Surface area and pore characteristics 
were determined using a Quantachrome Novatouch LX4 
surface area analyzer. 

The basic strength of L-arginine, poly(GM-co-EGD), and 
the immobilized catalyst was determined using the Hammett 
indicator method with bromothymol blue (H⁻ = 7.2), 
phenolphthalein (H⁻ = 9.8), p-nitrotoluene (H⁻ = 12), and 2,4-

dinitroaniline (H⁻ = 15.0). Approximately 250 mg of sample was 
added to each indicator solution in methanol, and the color 
change was observed to estimate the basic strength range. The 
total basicity was further quantified by titration with 0.01 N 
benzoic acid after dispersing the catalyst in benzene, with the 
endpoint determined by the disappearance of the indicator 
color. The catalyst exhibiting the highest basic strength and 
total basicity was subsequently selected for further optimization 
of reaction parameters. (Chueluecha et al., 2017a; Malek et al., 
2021; Roschat et al., 2016; Zhang et al., 2023). 

2.5 Experimental Design 

The optimization of transesterification reaction parameters 
was carried out using the RSM-BBD framework, designed and 
analyzed with Design-Expert 13. Three factors were chosen as 
independent variables, each tested at three coded levels (low, 
medium, and high), as summarized in Table 1. These ranges and 
coded settings were supplied to the program to obtain the 
design matrix. 

The design produced a total of 17 experimental runs, 
comprising 12 factorial and axial combinations and 5 center 
points used for model replication and validation. The number of 
runs was determined using the standard RSM-BBD formula: k² 
+ k + cₚ, where k is the number of independent variables (k = 
3), and cₚ is the number of center point replications. Each 
experiment was performed in triplicate to ensure consistency 
and statistical reliability. The average biodiesel yield from the 
replicates was used as the response variable. The complete 

Table 1  
The range and coded value (independent variables) of Box–Behnken design. 

Parameter Symbol Unit 
Coded Value 

Low (-1) Center (0) High (+1) 

Reaction time A (minutes) 60 150 240 

Catalyst Loading B (wt %) 1 3 5 

Me-OH:Oil molar ratio C (-) 4 12 20 

 

Table 2 
Transesterification experimental matrix generated by BBD, with corresponding actual and predicted biodiesel yields. 

Run 
Variable Biodiesel Yield (%) 

Residual 
A B C Predicted Actual 

1 150 3 12 66.96 67.95 0.995 

2  150 5 4 51.04 50.945 -0.0944 

3 60 1 12 36.07 35.64 -0.4275 

4 150 1 20 45.24 45.33 0.0944 

5 240 3 4 52.22 51.89 -0.3331 

6 240 5 12 80.7 81.13 0.4275 

7 150 3 12 66.96 66.11 -0.845 

8 150 5 20 69.79 69.63 -0.1644 

9 60 3 4 34.95 35.215 0.2631 

10 150 3 12 66.96 66.75 -0.205 

11 240 3 20 73.78 73.52 -0.2631 

12 60 5 12 48.66 48.49 -0.1688 

13 150 1 4 37.23 37.39 0.1644 

14 240 1 12 54.92 55.09 0.1687 

15 150 3 12 66.96 67.05 0.095 

16 150 3 12 66.96 66.915 -0.04 

17 60 3 20 40.16 40.49 0.3331 
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experimental matrix, including both actual and predicted 
biodiesel yields, is shown in Table 2. 

To capture the relationship between biodiesel yield and the 
independent variables, a second-order (quadratic) polynomial 
model was applied. The efficiency of biodiesel production was 
modeled as a function of the three independent variables using 
a second-order polynomial equation, as presented in Eq 1. 

𝑌 =  𝛽0  +  ∑ 𝛽𝑖𝑥𝑖  +  ∑ 𝛽𝑖𝑖𝑋𝑖
2  +  ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗   (1)3

𝑗=𝑖+1
2
𝑖=1  3

𝑖=1
3
𝑖=1      

where Y is the predicted response; ₀ is the intercept; ᵢ, ᵢᵢ, and 
ᵢⱼ represent the linear, quadratic, and interaction regression 
coefficients, respectively, corresponding to the effects of the 
independent variables, their curvature contributions, and their 
combined interactions.                                                   

2.6 Biodiesel Analysis 

Optimal reaction conditions for the transesterification of 
CPO with immobilized L-arginine catalyst on poly(GM-co-EGD) 
were first determined. The resulting biodiesel was subsequently 
characterized for its composition by GC–MS, and the reported 
yields represent the average of two independent runs. Biodiesel 
yield was calculated using Equation (2): 

Biodiesel yield (%) =
Mass of biodiesel obtained

Initial mass of CPO
× 100   (2)  

where the mass of biodiesel obtained refers to the purified fatty 
acid methyl esters (FAMEs) collected after reaction and 
separation. 

 
3. Results and Discussion 

3.1 Characterization and Catalyst Verification 

Evidence of successful immobilization of L-arginine on 
poly(GM-co-EGD) was obtained from FTIR-ATR and FESEM 
analyses. The FTIR spectrum (Figure 2) exhibited peaks at 910 
cm⁻¹ and 840 cm⁻¹, arising from the epoxy groups of glycidyl 
methacrylate (GM), thus confirming their presence within the 
polymer network. Following the immobilization of L-arginine, 
these epoxy bands showed a marked decrease in intensity, 

accompanied by the appearance of a broad absorption band in 
the 3300–3100 cm⁻¹ region, corresponding to N–H stretching 
vibrations. These changes suggest that a nucleophilic reaction 
occurred between the amine groups of L-arginine and the epoxy 
rings, leading to covalent bond formation (Amalia et al., 2021; 
Tasfiyati et al., 2016).  

Morphological observations using field-emission SEM 
(Figure 3) showed that poly(GM-co-EGD) possesses a three-
dimensional porous surface. The incorporation of EGD as a 
cross-linking agent promoted the formation of an 
interconnected microglobular network, as observed in both the 
neat poly(GM-co-EGD) (Figure 3a) and the L-arginine-
immobilized polymer (Figure 3b). The material exhibited a 
relatively homogeneous porous morphology without significant 
structural collapse after immobilization, indicating that the 
polymer framework remained intact. 

These morphological findings are further supported by 
textural characterization results. The material exhibits a high 
BET surface area of 650 m² g⁻¹ and a total pore volume of 2.07 
cm³ g⁻¹, confirming the formation of a well-developed and 
interconnected porous polymeric structure. The combination of 
SEM and BET analyses validates the successful synthesis of a 
stable porous network, which is essential for enhancing active 
site accessibility and facilitating mass transfer in heterogeneous 
catalytic applications. 

Based on the TGA results (Figure 4), the polymer exhibits 
four distinct stages of thermal degradation. An initial weight loss 
of 10.62% up to ~120 °C is attributed to the removal of adsorbed 
moisture and volatile species. This is followed by a 32.18% 
weight loss in the range of 120–200 °C, associated with the 
decomposition of thermally less stable functional groups. The 
main degradation occurs between 250 and 320 °C, with a 

 
Fig 2. FTIR spectrum of Poly (GM-co-EGD), Poly (GM-co-EGD) 

immobilized Arginine (1:1; 1:2; 2:1) 

 

 
Fig 3. Surface morphology observed by SEM for (a) Poly(GM-co-
EGD) and (b) L-Arginine immobilized poly(GM-co-EGD) at 6000x 

magnification each. 
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significant mass loss of 53.94% corresponding to polymer 
backbone scission. Above 350 °C, only 3.26% residue remains, 
indicating the predominantly organic nature of the material. 
Importantly, the polymer demonstrates good thermal stability 
up to approximately 120 °C, which is well above the typical 
temperature range employed in transesterification reactions. 
This confirms that the catalyst structure remains intact under 
reaction conditions, minimizing thermal deactivation during 
biodiesel synthesis. Compared with poly(GM-co-EGD) reported 
by (Chitanda et al., 2015), the present material shows a more 
complex degradation profile and improved thermal stability, 
which can be attributed to differences in the porogen system 
used during polymer synthesis. 

The basic strength of poly(GM-co-EGD), free L-arginine, 
and immobilized L-arginine catalysts was qualitatively 
evaluated using Hammett indicators (bromothymol blue, 
phenolphthalein, p-nitrotoluene, and 2,4-dinitroaniline). Color 
changes were observed for all indicators except 2,4-
dinitroaniline, indicating that the catalyst possesses basic sites 
within the range of 7.2 < H_ < 12. This confirms the presence 
of medium to strong basic sites attributed to the guanidine 
functionality of immobilized L-arginine. To quantitatively 
determine the total basicity, back titration using 0.01 N benzoic 
acid was performed (Table 3). The results show that the catalyst 
prepared with a poly(GM-co-EGD) to L-arginine ratio of 1:2 
exhibited the highest basicity, reaching 1.01 mmol g⁻¹. This 
indicates that increasing the L-arginine loading enhances the 
density of accessible basic sites, up to the optimal 
immobilization ratio.  

3.2 RSM-BB Design (Response Surface Methodology via Box–
Behnken Design) 

3.2.1 Quadratic Polynomial Model Formulation 

A total of 17 transesterification experiments were designed 
to explore the effects of 3 key variables: reaction time (A), 
catalyst loading (B), and Me-OH:Oil molar ratio (C), as outlined 

in Table 2. To assess how each factor—and their interactions—
influenced biodiesel yield, a second-order (quadratic) 
polynomial model was employed. Equation (3) presents the 
regression model obtained from the analysis, describing the 
relationship between the variables and biodiesel yield): 

Y % = 66.96 +  12.72 A +  9.59 B +  6.69 C +  3.30 AB +
 4.09 AC +  2.69 BC −  6.21 A² −  5.66 B² −  10.47 C²          (3). 

In this model, Y denotes the predicted biodiesel yield (%), 
while AB, AC, and BC represent the interaction effects between 
pairs of variables. A², B², and C² indicate the nonlinear 
(quadratic) influence of reaction time, catalyst loading, and Me-
OH:Oil molar ratio, respectively, on biodiesel yield. Positive 
coefficients suggest that increasing the respective variable 
enhances biodiesel yield, while negative coefficients reflect a 
diminishing effect. 

As shown in the perturbation plot (Figure 5a), the individual 
effects of A, B, and C on biodiesel yield are depicted by 
measuring their deviation from the reference point in coded 
units. The slope of each curve indicates the sensitivity of 
biodiesel yield to changes in the respective variable, assuming 
other variables are held constant. Among the three, A exhibits 
the steepest curve, suggesting it has the most significant effect 
on biodiesel production, followed by C and B in the order A > C 
> B. This finding is consistent with the ANOVA results (Table 
4), which show that reaction time has the highest F-value 
(3472.02), followed by C (1973.47) and B (960.12), confirming it 
as the dominant factor influencing the transesterification 
process. 

Figure 5b provides additional validation of the model’s 
accuracy, with experimental results closely matching the 
regression predictions. The concentration of points near the 45° 
line indicates minimal deviation between observed and 
predicted biodiesel yields. Such consistency demonstrates that 
the developed model effectively reflects variations in process 
conditions and is dependable across the experimental scope. 

 
 

Fig 5. (a) Perturbation plot (b) Actual vs. predicted plot 

 

Fig 4. TGA Thermogram of Poly (GM-co-EGD) 

 
 
Table 3 
Basicity of L-Arginin and Poly(GM-co-EGD)@L-Arginin 

Catalyst 
Basic amount 

 mmol g-1 

L-Arginin 1.54 
poly (GM-co-EGD)@L-Arginin (1:1) 0.62 
poly (GM-co-EGD)@L-Arginin (2:1) 0.76 
poly (GM-co-EGD)@L-Arginin (1:2) 1.07 
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3.2.2 ANOVA and Model Validation 

The ANOVA results (Tables 4 and 5) confirm that the 
developed quadratic polynomial model is highly significant for 
predicting biodiesel yield (model p < 0.0001), with a non-
significant lack-of-fit (p = 0.6238), indicating good model 
adequacy. The high coefficient of determination (R² = 0.9992), 
together with the close agreement between adjusted R² (0.9982) 
and predicted R² (0.9951), demonstrates excellent predictive 
capability. The adequate precision value (97.66) and low 
coefficient of variation (CV = 1.08%) further indicate a strong 
signal-to-noise ratio and high experimental reproducibility. 

All interaction terms (AB, AC, and BC) were statistically 
significant (p < 0.0001), confirming that biodiesel yield is 
governed by coupled variable effects rather than independent 
contributions. Among them, the reaction time–methanol-to-oil 
ratio interaction (AC) showed the strongest influence, 
highlighting the interplay between kinetic progression and 
equilibrium shift. Increasing methanol promotes ester 
formation, but sufficient reaction time is required to realize this 
effect. 

The reaction time–catalyst loading interaction (AB) also 
contributed substantially, indicating that the benefit of higher 
catalyst concentration depends on reaction duration, with 
diminishing incremental impact as equilibrium is approached. 
Although the catalyst loading–methanol ratio interaction (BC) 
exhibited the smallest effect among the interaction terms, it 
remained significant, reflecting the balance between active site 
availability and phase behavior, particularly in relation to 
glycerol solubility and reactant–catalyst contact. 

3.2.3 Contour and Response Surface Analysis 

The two-dimensional contour and three-dimensional surface 
plots in Figures 6a–c illustrate the interactions between process 
variables affecting the transesterification reaction, highlighting 

how changes in these parameters influence the outcome. 
Several contour plots exhibit elliptical shapes, suggesting 
significant interactions between the investigated variables. 
Conversely, circular contours imply weak or insignificant 
interactions. Complex and non-linear contour shapes further 
indicate that the relationships among variables are not 
straightforward. Each graph illustrates how two independent 
variables interact while keeping the third variable fixed at its 
midpoint. The graphical results reveal that the interaction of 
these effects significantly governs the overall reaction 
performance. This confirms that the RSM-BBD approach is a 
powerful tool for pinpointing the optimal conditions to 
maximize biodiesel production. 

In Figure 6a, increasing both catalyst loading and reaction 
time positively influence biodiesel production efficiency. A rise 
in catalyst loading from 1% to 5% (w/w) led to a notable 
improvement in biodiesel yield, although further increases 
beyond this point showed no additional advantage. This 
phenomenon may be attributed to mixing limitations and 
increased solution viscosity due to excess catalyst, which could 
hinder optimal mass transfer. These results are in agreement 
with earlier research indicating that excessive catalyst loading 
can negatively impact the overall performance of the 
transesterification reaction (Mohadesi et al., 2021). 

Figure 6b shows that the interaction between Me-OH:Oil 
molar ratio and reaction time plays a critical role in enhancing 
biodiesel yield. Increasing the Me-OH:Oil molar ratio from 1:4 
to 1:12, along with extending the reaction time from 60 to 240 
minutes, led to a steady improvement in production efficiency. 
A higher methanol ratio facilitates better solubilization of 
triglycerides (TG), leading to more effective contact between 
reactant molecules (Parandi et al., 2023). Moreover, prolonged 
reaction time provides sufficient opportunity for the reaction to 
reach completion. However, once the methanol ratio exceeds 
the optimum point, the improvement in efficiency levels off or 
even declines, likely due to the dilution effect on both reactants 

Table 4 
ANOVA Summary for the Quadratic Model of Biodiesel Yield (%) 

Source 
Sum of 
Squares 

df  
Mean 

Square 
F-value p-value   

Model 3367.07 9 374.12 1002.83 < 0.0001 significant 
A-Reaction Time 1295.28 1 1295.28 3472.02 < 0.0001   
B-Catalyst Loading 736.22 1 736.22 1973.47 < 0.0001   
C-Methanol to Oil 358.18 1 358.18 960.12 < 0.0001   
AB 43.49 1 43.49 116.59 < 0.0001   
AC 66.87 1 66.87 179.25 < 0.0001   
BC 28.86 1 28.86 77.37 < 0.0001   
A² 162.18 1 162.18 434.72 < 0.0001   
B² 134.95 1 134.95 361.73 < 0.0001   
C² 461.56 1 461.56 1237.23 < 0.0001   
Residual 2.61 7 0.3731       
Pure Error 1.76 3 0.2849 0.6487 0.6238 not significant 
       
Lack of Fit 0.8547 4 0.4392       
Cor Total 3369.68 16         

 
 
Table 5 
Model effectiveness parameters 

Statistics Value 

R² 0.9992 
Adeq Precision 97.6633 

Adjusted R² 0.9982 
Std. Dev. 0.6108 

Predicted R² 0.9951 
C.V. % 1.08 
Mean 56.44 
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and catalyst, which ultimately reduces reaction effectiveness. 
This result aligns with previous studies (Chueluecha et al., 
2017b). 

Figure 6c also suggests that increasing both catalyst loading 
and Me-OH:Oil molar ratio contributes to improved biodiesel 
production, particularly when these variables remain within 
their optimal ranges. However, exceeding these optimal levels 
leads to a decline in efficiency. This may be because excessive 
methanol raises glycerol’s solubility in the biodiesel, making it 
harder to separate and possibly causing catalyst deactivation. 
On the other hand, too much catalyst loading, exemplified by 
immobilized L-arginine on poly(GM-co-EGD), can thicken the 

reaction mixture. This condition restricts the movement of 
reactants, slowing down the reaction and lowering biodiesel 
output, a pattern also reported in prior research (Mohadesi et al., 
2021). The quadratic regression model was employed to 
identify the most favorable values of the variables within the 
tested range, with the objective of enhancing biodiesel 
production efficiency using L-arginine immobilized on 
poly(GM-co-EGD). As shown in Figure 7, the predicted 
maximum efficiency (83.08%) was achieved under the optimal 
conditions of reaction time (233.76 minutes), Me-OH:Oil molar 
ratio (14.595), and catalyst loading (4.67 wt%). To validate the 
proposed quadratic model, the transesterification process was 

 
Fig 6. 3D response surface and 2D contour plots showing the effects of: (a) reaction time(min) and catalyst loading (wt%), (b) Molar ratio of Me-

OH:Oil and reaction time (min), and (c) Molar ratio of Me-OH:Oil and catalyst loading (wt%), on FAME efficiency. 

 

 
Fig 7. Optimization of effective variables in the transesterification process 
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conducted in triplicate under the identified optimal conditions. 
An average FAMEs yield of 82.34 ± 1.08% was obtained, 
demonstrating a close agreement between the experimental 
results and the model’s predictions with no statistically 
significant difference. This confirms the strong consistency 
between predicted and actual biodiesel efficiencies. 

For comparison, the use of free L-arginine under the same 
optimal parameters resulted in a higher biodiesel yield of 
86.25%. This can be attributed to the direct availability of all 
basic functional groups without internal diffusion limitations or 
pore accessibility constraints that may occur in the immobilized 
system. Moreover, at an equivalent catalyst loading, free L-
arginine exhibits higher intrinsic activity because all basic sites 
are directly exposed in the homogeneous reaction phase. 

However, it should be noted that the reaction system did not 
specifically monitor or quantify the occurrence of saponification 
during the transesterification process. Therefore, although no 
visible soap formation or significant emulsion issues were 
observed during product separation, the possibility of minor 
saponification side reactions cannot be completely excluded. 
Further analysis, such as measuring soap content or performing 
saponification value determination, would be necessary to 

comprehensively evaluate the extent of side reactions under 
these conditions. 

3.3 Biodiesel Specifications 

GC-MS results demonstrated that triglycerides were effectively 
converted into FAMEs using the L-arginine immobilized 
poly(GM-co-EGD) catalyst, as shown in Table 6. When 
compared to previously reported biodiesel derived from CPO 
(dos Santos et al., 2019), the FAME profile observed in this study 
shows a high degree of similarity, with methyl palmitate and 
methyl oleate emerging as the dominant components. Notably, 
the methyl palmitate content in the current biodiesel sample 
was higher than that reported in earlier studies, suggesting a 
more efficient conversion of saturated triglycerides. These 
findings indicate that the use of L-arginine as an immobilized 
catalyst enhances both the selectivity and efficiency of the 
transesterification process. 

3.4 Stability and Reusability 

The stability and reusability of L-arginine immobilized on 
poly(GM-co-EGD) were evaluated through five consecutive 
transesterification cycles. The catalytic activity for each cycle is 
presented in Figure 8a. After each reaction, the catalyst was 
separated by filtration and washed with methanol before being 
reused. The catalyst maintained relatively stable activity up to 
the fifth cycle, with only a slight decrease in performance. 

The FTIR spectra before and after reuse are shown in Figure 
8b. The spectrum of the catalyst after five cycles (red line) is 
consistent with that of the fresh catalyst (black line), with no 
noticeable shift or disappearance of the main characteristic 
bands. The broad band at approximately 3300–3400 cm⁻¹ 
corresponds to –OH/–NH stretching vibrations, while the peaks 
at 2920–2850 cm⁻¹ are attributed to aliphatic C–H stretching. 
The ester carbonyl (C=O) band appears at around 1720 cm⁻¹, 
and the C–N and C–O stretching vibrations are observed in the 
range of 1200–1050 cm⁻¹. The preservation of these bands 
confirms that the chemical structure of the catalyst remained 
stable during the reaction and regeneration processes, 
indicating that the slight decrease in activity was not caused by 
structural degradation. 

4. Conclusion 

This study demonstrates that L-arginine immobilized on 
porous poly(GM-co-EGD) exhibits suitable structural, chemical, 
and catalytic properties for transesterification applications. 
FESEM and textural analyses confirmed a well-developed 
three-dimensional porous structure with a high BET surface 
area of 650 m² g⁻¹ and a total pore volume of 2.07 cm³ g⁻¹, 
enabling effective accessibility of active sites. FTIR analysis 

Table 6.  
The profile of FAMEs presence after transesterification reaction 

Compound name 
Content (wt%) 

This Work Dos Santos et al., (2019) 

Lauric acid 0.596 0.21 
Myristic acid 2.434 0.72 
Palmitic acid 52.729 40.59 
Stearic acid 5.547 4.45 

Arachidic acid 0.318 0.32 
Palmitoleic acid  0.187 0.11 

Oleic acid 28.131 43.26 
Linoleic acid  9.562 9.72 

Linolenic acid  0.314 0.23 

 

 
Fig 8.  Reusability cycles (a) and FTIR spectra before and after use (b) 



E. Erwanto et al  Int. J. Renew. Energy Dev 2026, 15(3), 522-531 

| 530 

 

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE 

verified the successful covalent bonding of L-arginine onto the 
polymer matrix. Quantitative basicity evaluation by back 
titration revealed that the catalyst prepared at a poly(GM-co-
EGD):L-arginine ratio of 1:2 achieved the highest basicity of 1.01 
mmol g⁻¹, which is favorable for biodiesel synthesis. Process 
optimization using the RSM–BBD approach resulted in a high 
biodiesel yield of 81.13% with excellent model accuracy (R² = 
0.9992). The catalyst also demonstrated good stability over five 
consecutive cycles, highlighting the advantages of immobilized 
L-arginine over homogeneous systems. Overall, poly(GM-co-
EGD)–supported L-arginine represents a promising green, 
stable, and reusable heterogeneous catalyst for sustainable 
biodiesel production from crude palm oil. 
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