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Abstract 

Biomass, renewable, abundantly available and a good source of energy. The conversion of biomass waste into valu-

able products has received wide attention. In this study, an empty fruit bunch (oil palm EFB) supported magnetic 

acid catalyst for esterification reaction was successfully prepared via the one-step impregnation process. The new 

magnetic catalyst achieved a higher surface area of 188.87 m2/g with a total acidity of 2.4 mmol/g and identified 

iron oxide as -Fe2O3. The magnetization value of 24.97 emu/g demonstrated that the superparamagnetic catalyst 

could be easily recovered and separated after the reaction using an external magnet. The catalytic performance of 

oil palm EFB supported magnetic acid catalyst was examined by esterification of oleic acid. Esterification process 

parameters were optimized via Response Surface Methodology (RSM) optimization tool with Box-Behnken design 

(BBD). The following optimum parameters were determined: an amount of 9 wt% catalyst, molar ratio of methanol 

to oleic acid of 12:1, reaction time of 2 h and reaction temperature of 60 °C with a maximum conversion of 94.91% 

was achieved. The catalyst can be recycled up to five cycles with minimal loss in its activity. The oil palm waste-

based magnetic acid catalyst indicates its potential replacement to the existing solid catalysts that are economical 

and environmentally friendly for the esterification process in biofuel applications.  
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1. Introduction 

Biomass is an organic material derived from 

plant-based resources [1]. Biomass is utilized as 

a clean energy source to reduce fossil-based fuel 

usage problems, which also helps reduce the 

global energy crises [2]. Besides, biomass has a 
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great renewable energy source and contributes 

around 14% of global renewable production [3]. 

The lignocellulosic components cellulose, hemi-

cellulose, and lignin are abundant in lignocellu-

losic biomass. Oil palm, paddy, Kenaf, rubber 

and cocoa are the among major crops found in 

Malaysia. A large amount of waste being gener-

ated from Oil palm mills, such as empty fruit 

bunch (EFB), palm kernel shells and oil palm 

trunks [4]. Oil palm EFB is one of the waste 

products of oil palm fresh fruit after oil extrac-
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tion. Traditionally, EFB is utilized as boiler 

fuel; however, unwanted smoke emission and 

ash formation draw a limitation to the usage of 

EFB [5]. Although EFB is abundantly availa-

ble, only a limited amount was used as waste 

recycling, and others were left in the plantation 

to decompose. 

Due to the extreme utilization of fossil fuels, 

researchers are driven to develop an alterna-

tive fuel to replace depleting conventional fuels. 

Biodiesel is renewable energy produced from 

edible oils serves as an environmentally friend-

ly, non-toxic and biodegradable fuel [6]. Either 

esterification, transesterification or both pro-

duce biodiesel with oil-based feedstock, alcohol 

and catalyst. Biodiesel is commonly known as 

fatty acid methyl ester (FAME). Feedstock with 

low free fatty acid (FFA) is essential for bio-

diesel production by transesterification reac-

tion with a base catalyst [7]. Due to the high 

consumption of edible oils in the food industry, 

the utilization of non-edible oil has drawn the 

attention of researchers. However, non-edible 

oils contain high FFA content, which requires 

two steps to produce biodiesel, where esterifica-

tion involves an acid-catalyzed reaction fol-

lowed by the transesterification reaction [8]. 

Esterification reaction involves reducing FFA 

in non-edible oils using an acid catalyst and al-

cohol to produce alkyl ester with lower FFA 

content. FFA of less than <1% is required as 

high FFA content leads to soap formation due 

to the interaction of base catalyst in transester-

ification reaction [9]. Hence, acid-catalyzed es-

terification is required for non-edible oil before 

transesterification. 

Catalyst is an additive chemical that accel-

erates a chemical reaction to produce the de-

sired products. In the biodiesel industry, sulfu-

ric acid, phosphoric acid, sodium hydroxide, 

and potassium hydroxide catalysts were widely 

utilised [10]. Homogeneous catalyst referred to 

as liquid catalyst that exists in the same state 

as reactants and products. Despite its fast reac-

tion, the homogeneous catalyst limits its recov-

ery from the reaction mixture. It requires prod-

uct purification, which produces much 

wastewater and equipment corrosion, leading 

to increased production costs [11]. Hence, the 

use of heterogeneous was initiated in biodiesel 

production as it does not dissolve in reactants 

and products, reusable, high activity and selec-

tivity. Heterogeneous catalysts are produced by 

synthesising chemical particles on the support 

material. The commercially available support 

materials include heteropoly acids, ion ex-

change resins, sulfonated metal oxides, zirconia 

and zeolite solids [12]. However, the use of 

those support materials essentially affects the 

catalyst production cost. Therefore, the bio-

mass-based support material can replace con-

ventionally available materials, especially agri-

cultural waste [13]. The carbonaceous solid ac-

id catalysts possess carboxylic (−COOH) and 

hydroxyl groups (−OH). Meanwhile, the sul-

fonic group (−SO3H) can be functionalized by 

direct sulfonation, and it has been the most ex-

tensively studied method for the preparation of 

carbonaceous solid acid catalysts. However, 

sulfated carbon-based catalysts using sulfuric 

acid have weak acidity and poor recyclability 

due to sulfate ion leaching (SO4
2−) [14]. Be-

sides, separation of these solid acid catalysts 

from the reaction mixture often requires filtra-

tion and centrifugation. Although the separa-

tion processes are not complex, it needs extra 

effort to separate the catalysts from the mix-

ture and retain catalysts catalytic activities.  

Magnetic catalyst has excellent advantages 

in ease and quick separation, overcoming cata-

lyst separation problem from the reaction. 

Therefore, incorporating magnetic properties 

into the biomass-based catalysts would be es-

sential to assist rapid separation and avoid loss 

of catalyst post-reaction. Incorporating mag-

netic particles and iron oxide (Fe−O) into the 

catalyst can be a promising approach to accel-

erate the esterification reaction. It was men-

tioned that Fe−O acts as Lewis acid and pro-

mote good catalytic activity [15]. Recently, 

studies on the magnetic derived catalysts have 

increased due to their high surface area and 

simple separation method, which can be recov-

ered using a magnet. Based on the previous 

studies, a sulfated magnetic carbon-based solid 

acid (C-SO3H@Fe/JHC) catalyst was developed 

from Jatropha-hull hydrolysate to produce 

Jatropha biodiesel, and it has exhibited high 

catalytic activity of 92.44% with a magnetiza-

tion value of 11.2 Am2/kg [16]. A nano-sized 

magnetic catalyst KF/CaO-Fe3O4, was synthe-

sized by Hu et al. [17] for biodiesel production 

with more than 95% yield at optimized reaction 

conditions. The application of heterogenous 

magnetic catalysts from biomass is an atten-

tion for research. It was noted that the prepa-

ration of magnetic acid catalysts involves mul-

tiple preparation steps and uses expensive 

chemicals, which consequently create problems 

in the catalyst synthesis and prevent large-

scale production [18]. Thus, introducing envi-

ronmentally safe support materials in catalyst 

synthesis could widen the applicability of bio-

mass. Besides, investigating the catalyst syn-

thesis by determining the appropriate prepara-

tion steps and has minimal waste production.   
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This research aims to synthesize and char-

acterize oil palm EFB fiber supported magnetic 

solid acid catalyst and examine its catalytic ac-

tivity. The synthesised catalyst analysed by 

scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDX), Brunau-

er–Emmett–Teller (BET), X-ray powder diffrac-

tion (XRD), vibrating sample magnetometry 

(VSM), Fourier transform infrared spectroscopy 

(FT-IR) and acid density test. The Box-

Behnken optimization design was employed for 

esterification reaction to evaluate the impact of 

catalyst loading, methanol to oleic acid molar 

ratio and reaction time on esterification rate. 

Furthermore, the reusability of the synthesized 

catalyst was investigated to determine its po-

tential in the esterification reaction. 

 

2. Materials and Methods  

2.1 Materials  

Oil palm EFB fiber purchased from Sztech 

Engineering Sdn. Bhd. (Selangor, Malaysia). 

Analytical chemicals, Ferric sulphate, 99% 

(Fe3(SO4)2), ferrous sulphate heptahydrate, 

98% (FeSO4.7H2O) and sodium bicarbonate, 

99.5% (Na2CO3) powders utilized in the cata-

lyst synthesis were supplied from Suria 

Pembekal Umum Sdn. Bhd (Malaysia). For the 

esterification process, industrial oleic acid, 99% 

(acid value of 199 mg KOH/g) (R&M, Malaysia) 

was utilized as the raw material. 

 

2.2 Catalyst preparation 

The one-step impregnation approach was 

used to synthesize the EFB-magnetic solid acid 

catalyst. EFB fibers were pre-treated with 0.1 

M Na2CO3 solution for 1 h at room temperature 

with a solid to liquid ratio of 1:10. The treated 

EFB fibers were then washed with distilled wa-

ter to eliminate the remaining Na2CO3. The 

treated EFB fibers were oven-dried at 105 °C 

overnight and were utilized for catalyst prepa-

ration. The treated EFB fibers were impregnat-

ed by mixing the fibers in a solution of 

FeSO4.7H2O and Fe3(SO4)2 with a chemical ra-

tio of 1:2 and thorough stirring at 60 °C. A sol-

id-to-liquid ratio of 1:10 was used, and the im-

pregnated sample was oven-dried for 24 hours 

at 80 °C. A vacuum furnace was used to calcine 

the dried sample at 500 °C for 2 h with a heat-

ing rate increase of 10 °C/min. The EFB-

magnetic acid catalyst is denoted as EFBMAC. 

 

2.3 Catalyst Characterization 

The physicochemical properties of EFBMAC 

were analyzed. The morphologies and ele-

mental content of the catalyst were determined 

using scanning electron microscopy (SEM) with 

electron dispersive X-ray spectroscopy (EDX) 

(JSM-6010PLUS/LV, Universiti Tenaga Na-

sional). The structural composition and pattern 

were identified using X'Pert Pro, PANalytical 

X-ray diffraction (XRD) (Quantum Skynet) 

with a scanning range from 10-90° and Cu K 

radiation of λ = 0.154 nm. The specific surface 

area and pore volume were measured using 

Brunauer-Emmett-Teller (BET) analysis with 

Micromeritics, Model: ASAP2020, USA 

(Quantum Skynet) by N2 adsorption-

desorption. Fourier transform infrared spec-

troscopy (FT-IR; Nicolet iS10, Thermo Fisher 

Scientific Co., Ltd., Waltham, MA) with a fre-

quency range of 4000 400 cm-1 was used to 

identify the catalyst's functional groups. A vi-

brating sample magnetometer (VSM) (Lake 

Shore 7400 Series) at Nanocat Lab, Universiti 

Malaya, was used to examine the catalyst's 

magnetic property. The catalyst acidity was 

measured by the acid-base titration method 

with sodium hydroxide solution (0.1 M) as ti-

trant. 

 

2.4 Catalytic Performance 

2.4.1 Esterification reaction 

The esterification reaction over the EFBMAC 

catalyst was investigated using a 100ml flat 

bottom three neck-flask with a conventional re-

flux system. The experiment was carried out 

using oleic acid and methanol as the primary 

reactants. EFBMAC catalyst was mixed with ole-

ic acid and methanol at fixed reaction tempera-

ture and reaction speed of 60 °C and 350 rpm, 

respectively. The used catalyst was recovered 

using a magnet post of the reaction. The recov-

ered catalyst was washed with ethanol and ov-

en-dried overnight for consecutive esterifica-

tion reactions to investigate its reusability. The 

esterification conversion was evaluated based 

on Equation (1) and (2) [19]. 

 

(1) 

 

 

(2) 

 

where, V is volume of titrant consumed (ml), 

56.1 is molar mass of KOH, [c] is concentration 

of titrant used, AVo and AVf are the initial acid 

value of oleic acid and esterified samples,      

respectively. 

 

  56.1V c
Acid value

g

 
=

0

0

100
fAV AV

Esterification rate
AV

− 
=  
 
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2.4.2 Optimization (Box-Behnken) 

The Box-Behnken technique was used to op-

timize three independent variables: catalyst 

loading (A), the methanol-to-oleic acid molar 

ratio (B), and duration (C). Based on the litera-

ture study [20–22] and preliminary experi-

mental results, the range of variables was de-

termined. The range of experimental values 

used is 5–9 wt% catalyst loading, 8:1–12:1 

methanol to oleic acid molar ratio and 90–150 

min. The experimental data for optimization of 

esterification reaction were extracted from De-

sign Expert Software (version 10.0.3), and the 

esterification rate as a response was deter-

mined to analyze the data. The responses of the 

randomized experiments were correlated with 

the variables using a full quadratic model 

(Equation (3)): 

 

(3) 

 

where, Y is the response, β0 is the regression 

coefficient for the intercept, βi is the regression 

coefficient for the linear term, βii is the regres-

sion coefficient for the quadratic term, and βij is 

the regression coefficient for the interactive 

term, xi and xj are independent variables 

and, ε is the error. Table 1 presents the inde-

pendent variables and the ranges used in the 

optimization study. EFBMAC catalyst was used 

to evaluate its catalytic performance on the es-

terification of oleic acid. 

 

3. Results and Discussion  

3.1 Acid Density Test  

The NaOH titration technique was used to 

measure the acidity of EFBMAC. The catalyst 

had the highest acidity of 2.4 mmol/g, which in-

dicates the presence of the sulfonic acid 

(−SO3H) groups in the catalyst [23]. A study on 

synthesis of heterogeneous acid catalyst from 

corncob for esterification of oleic acid was con-

ducted by Dechakhumwat et al. [24]. The cata-

lyst exhibited an acidity of 0.58 mmol/g using 

TsOH as sulfonating agent. Meanwhile, a mag-

netic mesoporous carbon sphere catalyst was 

fabricated by Chang et al. [25]. The solid cata-

lyst had an acidity of 1.73 mmol/g, showed a 

good catalytic performance for the production 

of methyl oleate. Thus, the high acidity of EF-

BMAC derived from local biomass could enhance 

the catalytic activity during the esterification 

reaction. 

Variables Symbol −1 0 +1 

Catalyst loading (%) A 5 7 9 

Methanol to oleic acid molar ratio B 8:1 10:1 12:1 

Duration (min) C 90 120 150 

Table 1. The variables and ranges for optimization study using Box-Behnken method. 

Figure 1. SEM images of (a) untreated EFB fibers, (b) alkaline treated EFB fibers and (c) EFBMAC 

calcined after 500 °C. 

(a) 

(b) (c) 

3 3 2 3
2

0
1 1 1 1

i i ii i ij ij
i i i j i

Y x x x    
= = = = +

= + + + +   
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3.2 Morphology Analysis 

Figure 1 demonstrates the SEM images of 

untreated EFB fibers, delignified EFB fibers, 

and EFBMAC catalyst. The fiber’s outer layer is 

made up of lignin, which prevents it from rup-

turing (Figure 1(a)). As observed, silica bodies 

were discovered embedded on the fiber surfaces 

and substances such as oil and impurities that 

covered the surface. This result was compara-

ble to the findings of Ibrahim et al. that report-

ed the presence of silica bodies on the surface of 

untreated fibers [26,27]. The alkaline treat-

ment substantially changed the morphology of 

the fibers (Figure 1(b)). The lignin-based outer 

layer was removed through chemical treatment 

by debonding the linkages of the outer surface. 

It was observed that the silica bodies were re-

moved after being treated with 0.1 M Na2CO3 

and allow the appearance of pores on the fiber 

surface. Previous studies showed that surface 

roughness results in better adhesion ability of 

fiber with particles [28]. Figure 1(c) shows the 

pores of treated EFB fibers were embedded 

with particles and made the surface much 

coarser. After calcining at 500 °C, the magnetic 

(Fe−O) and sulfated (SO42−) particles were fixed 

on the carbon skeleton. Thus, the pretreatment 

has exposed the pores on the fibers’ surface and 

allows particles to adhere to it. 

 

3.3 Elemental Analysis 

EDX analyzed the surface chemical contents 

of treated EFB fiber and EFBMAC. Table 2 

shows that treated EFB fiber mainly consisted 

of carbon (57.76%) and oxygen (42.24%). The 

analysis indicated that silica (SiO2) was not ob-

served on the EFB surface post pretreatment 

process. The pretreatment process successfully 

removed the silica bodies and impurities. This 

result was similar to the results reported by 

[29], where the pretreatment process removed 

the silicified waxy layer from the fiber surface. 

After impregnation, the carbon and oxygen 

content decreased to 37.88% and 34.78%, re-

spectively, due to the increased composition of 

iron and sulfur to 21.82% and 5.52%, respec-

tively (Table 2) This shows that the surface of 

the treated EFB fiber was impregnated with 

ferric sulphate. The acidity in the EFBMAC cat-

alyst is corresponded to the increase in sulfur 

content and remarks the existence of sulfonic 

groups (−SO3H). The high acidity catalyst 

could be a favorable catalyst for the esterifica-

tion reaction.  

 

3.4 Structural Analysis 

Figure 2 illustrates the XRD pattern of the 

EFBMAC catalyst. The pattern exhibits broad 

diffraction peaks of 2θ at 20–70° attributed to 

the amorphous carbon composed of aromatic 

carbon sheets. The diffraction peaks at 2θ = 

24.5°, 30.7°, 33.6°, 36.1°, 43.8°, 49.9°, 54.4°, 

57.7°, and 63.3° for EFBMAC is assigned to 

(210), (220), (310), (311), (400), (421), (430), 

(511), and (440) indicate the formation of ma-

ghemite, the -Fe2O3 compound according to In-

organic Crystal Structure Database (ICSD: 98-

005-0297). It suggests that the iron oxide com-

ponents were successfully onto the EFB fiber 

in the impregnation process. It was consistent 

with the EDX results where iron particles were 

observed in the EFBMAC catalyst. The for-

mation of iron oxide also corresponded to the 

solid catalyst's magnetic property and separat-

ed using an external magnet [30]. According to 

the Debye-Scherrer formula, the average crys-

talline size of the EFBMAC catalyst was calcu-

lated to be 30.31 nm. 

 

3.5 Nitrogen Adsorption-Desorption Analysis 

The nitrogen (N2) adsorption-desorption iso-

therm of EFBMAC catalyst is shown in Figure 3. 

According to the finding, the EFBMAC had a 

high surface area of 188.87 m2/g and a pore vol-

Samples 
Elemental composition, wt% 

Carbon Oxygen Iron Sulphur 

Treated EFB fibers 57.76 42.24 - - 

EFBMAC 37.88 34.78 21.82 5.52 

Table 2. Elemental content of treated EFB fiber and EFBMAC. 

Figure 2. X-ray diffraction pattern of EFBMAC 

catalyst. 
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ume of 0.1358 cm3/g with a single hysteresis 

loop. The presence of iron during the impregna-

tion process results in porous structures, allow-

ing active sites to be easily accessible to reac-

tants. In a study reported by Li et al., the solid 

catalyst had a BET surface area of 92 m2/g. The 

bulky ionic liquid molecules covered the precur-

sor surface, resulting in a low surface area [31]. 

In another work, by Gardy et al. the BET sur-

face area was observed between 49–78 m2/g af-

ter the coating of alumina and titanium oxide 

(Al-TiO2) particles [32]. Hence, it is suggested 

that the EFB fiber supported magnetic catalyst 

showed a high surface area and pore volume, 

which can be suitable as a catalyst and easily 

accessible to the reactants to produce high 

product yield [33,34].  

 

3.6 VSM Analysis 

The saturation magnetization of the mag-

netic catalyst was measured using VSM and 

the magnetic hysteresis loop presented in Fig-

ure 4. It was observed that the EFBMAC catalyst 

shows superparamagnetic behavior with satu-

ration magnetization of 24.97 emu/g after the 

impregnation process and calcined at 500 °C. It 

was reported by Wang et al. that a maximum 

of 20.5 Am2/kg magnetism was observed in 

CMC-derived magnetic catalyst after calcined 

at 600 °C [35], and Chellapan et al. revealed a 

magnetism of 11.16 emu/g was obtained for 

cassava peel derived magnetic acid catalyst 

[36]. It indicates that EFB fiber can exhibit a 

high magnetization value and that the strong 

magnetism of the EFBMAC catalyst could assist 

in rapid recovery after the esterification reac-

tion.  

 

3.7 FT-IR Analysis 

The functional groups in treated EFB fiber 

and EFBMAC catalyst were identified by FT-IR 

analysis, and FT-IR spectra were presented in 

Figure 5. The broad band at around 3328 cm−1 

in the spectrum of treated EFB fiber corre-

sponded to the hydroxyl groups (O−H) stretch-

ing vibration. The peak at 2898 cm−1 was at-

tributed to the C−H stretching vibration. While 

the bands at 1232 cm−1 and 890 cm−1 observed 

in treated fiber corresponded to the C−O 

stretching vibration of cellulose. It was report-

ed that the strong peak at 1024 cm−1 was as-

signed to the C−O−C pyranose ring skeletal vi-

bration [37]. Comparing with treated EFB fi-

ber, the characteristic peak of hydroxyl groups 

has not appeared in spectra of EFBMAC after 

the impregnation process. In the spectrum of 

EFBMAC, the appearance of absorption at 1612 

cm−1 stretching vibration of −COOH groups 

was generated after the calcination process. 

Meanwhile, the two vibration bands at around 

1110 cm−1 and 1026 cm−1 appeared due to the 

O=S=O symmetric stretching in −SO3H groups, 

indicate the treated EFB fiber was successfully 

impregnated with −SO3H groups. This result 

corresponded to the EDX result (Table 2), 

where the composition of sulfur and oxygen Figure 3. N2 adsorption-desorption isotherm 

of EFBMAC catalyst. 

Figure 4. Hysteresis curve of EFBMAC cata-

lyst. 

Figure 5. FT-IR spectra of (a) treated EFB 

fiber and (b) EFBMAC catalyst. 
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were identified in the catalyst. Thus, it indi-

cates that EFBMAC catalyst consisted of polycy-

clic aromatic carbon sheets bearing −SO3H and 

−COOH groups. It was reported that the active 

sites composed of −OH, −COOH and −SO3H 

groups could enhance the reaction yield [38]. 

Furthermore, the existence of -Fe2O3 in the 

EFBMAC catalyst was attributed to the Fe−O 

stretching band at 542 cm−1 was verified by 

XRD analysis (Figure 2). 

 

3.8 Optimization of Methyl Oleate using Re-

sponse Surface Methodology 

3.8.1 Model fitting and variance analysis 

Table 3 shows the experimental design, ac-

tual and predicted conversions resulted from 

the esterification reaction. The synthesized EF-

BMAC catalyst was used for the RSM optimiza-

tion study to determine the optimized reaction 

conditions. The Box Behnken was de-

signed with three factors (catalyst loading, 

methanol to oleic acid molar ratio and dura-

tion) at three levels for each factor. A total of 17 

sets of experiments with different combinations 

were generated. According to the experimental 

results, the minimum esterification rate was 

84.87%, whereas a maximum esterification rate 

of 94.91% was recorded, as shown in Table 3. 

The quadratic equation model between the con-

version rate and reaction factors was presented 

in Equation (4):   

 

(4) 

 

 

A, B, and C are the values of the catalyst load-

ing, methanol to oleic acid molar ratio and du-

ration, respectively, and Y is the response of 

the esterification rate. The model's accuracy 

was determined based on the regression coeffi-

cient (Table 5) by determining the R2 value to 

be 0.9993 with more than 99.93% of output re-

sponse significant to the quadratic model 

(Equation (4)), and the remaining 0.075 is pro-

duced from residues. The predicted R2 of 

0.9983 is reasonably close to the expected R2 of 

0.9951. The model is expected to be a good fit 

with the regression coefficient value of more 

than 80% [39]. The correlation variation 

(C.V%) obtained was 0.14% less than 10%, and 

the lower C.V% value indicates a good model fit 

[40]. As the esterification rate was examined 

using the Analysis of Variance (ANOVA), the 

statistical analysis revealed that the quadratic 

model is statistically significant. The p-value 

from the ANOVA table was used to evaluate 

the significance of each factor. The ANOVA re-

sults revealed that the model is significant, 

with an F-value of 1061.37 and a p-value of 

less than 0.0001, indicating that the model was 

statistically acceptable and significant with a 

p-value of less than 0.05. The ANOVA table in-

dicates that all the factors (A, B and C) were 

Run 
Experimental Design   Esterification rate, % 

A B C   Actual Predicted 

1 7 10:1 120   93.30 93.24 

2 5 10:1 150   87.88 87.91 

3 7 10:1 120   93.30 93.24 

4 5 8:1 120   84.90 84.87 

5 7 10:1 120   93.30 93.24 

6 7 12:1 90   92.42 92.42 

7 5 12:1 120   88.91 88.98 

8 7 10:1 120   93.30 93.24 

9 7 8:1 90   89.11 89.21 

10 9 10:1 150   94.10 94.17 

11 7 12:1 150   93.90 93.81 

12 5 10:1 90   85.49 85.42 

13 7 8:1 150   91.11 91.11 

14 7 10:1 120   93.30 93.24 

15 9 10:1 90   93.40 93.37 

16 9 8:1 120   93.19 93.12 

17 9 12:1 120   94.91 94.94 

Table 3. Experimental design and results of the response surface analysis for esterification reaction 

(A: catalyst loading; B: methanol to oleic acid molar ratio; C: duration). 

2 2 2

93.24 3.55 1.48 0.82
0.57 0.42 0.13

2.09 0.67 0.93

Y A B C
AB AC BC

A B C

= + + +
− − −

− − −
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significant (p-value < 0.05) with the model. The 

importance of the factors' interactive effects 

was also investigated. The findings revealed 

that all interactions (AB, AC, A2, B2 and C2) 

were significant to the model, except the meth-

anol to oleic acid molar ratio with duration in-

teraction (BC). Hence, catalyst loading and 

methanol to oleic acid molar ratio considered 

the most significant factors that affect the es-

terification rate. The optimized reaction param-

eter conditions were as follows: 9 wt% catalyst 

loading, methanol to oleic acid molar ratio of 

12:1 and reaction duration of 120min.  

Figure 6 represents the Pareto chart for the 

Box-Behnken model. This chart indicates that 

the catalyst loading (A), the methanol-to-oleic 

acid molar ratio (B), duration (C) and all inter-

actions (AB, AC, A2, B2 and C2) were significant 

to the model and correlated to the ANOVA re-

sults.  

 

3.8.2 Effect of reaction parameters on methyl 

oleate yield - response surface model 

Catalyst loading, methanol to oleic acid mo-

lar ratio, and reaction duration are critical fac-

tors examined for methyl ester production to 

investigate the influence of independent factors 

on the esterification reaction. The interaction 

between the three reaction factors was investi-

gated, and Design Expert Software (version 

10.0.3) was used to generate three-dimensional 

(3D) surface model plots (Figure 7 a-c). Based 

on the 3D surface plots, the catalyst loading 

and the methanol to oleic acid molar ratio were 

discovered to be two crucial factors that influ-

ence the esterification process. Figure 7(a) 

shows a strong interaction between the catalyst 

loading and methanol to oleic acid molar ratio. 

From the plot, it can be seen that increasing 

the methanol to oleic acid molar ratio increases 

the esterification rate and lowers the acid value 

of oleic acid. It was reported that excess metha-

nol helps produce an equilibrium state in the 

reaction and disallow a reversible reaction in 

the esterification process [41,42]. The catalyst 

loading is considered as one of the influential 

reaction factors in the esterification process. 

Different percentage of catalyst loading was 

studied to distinguish its effect on methyl ole-

ate production. The plot shows that at fixed re-

Figure 7. Surface regression 3D model on 

esterification rate (a) interaction between 

catalyst loading (wt%) and methanol to oleic 

acid molar ratio, (b) interaction between cat-

alyst loading (wt%) and duration (min), and 

(c) interaction between methanol to oleic acid 

molar ratio and duration (min). 

Figure 6. Pareto chart for the Box-Behnken 

model based on coefficient value. 
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action duration, the esterification rate in-

creased with increasing catalyst loading from 5 

wt% to 9 wt%. Catalyst contributes to lowering 

the acid value of oleic acid, while the conver-

sion of oleic acid to methyl oleate was enhanced 

with the help of methanol. A maximum esterifi-

cation rate of 94.9% was achieved with 9 wt% 

catalyst loading and 12:1 of methanol to oleic 

acid molar ratio. In contrast, the minimum es-

terification rate was recorded with 84.9% at 5 

wt% catalyst loading and methanol to oleic acid 

molar ratio of 8:1.  

Figure 7(b) demonstrates the interaction be-

tween catalyst loading and reaction duration. 

The surface plot indicates an increment in es-

terification rate was observed at the highest 

catalyst loading and highest reaction duration. 

A sufficient amount of catalyst at appropriate 

duration is needed to achieve a higher esterifi-

cation rate [43]. The highest esterification rate 

of 94.1% was achieved at 9 wt% catalyst load-

ing and 150 min reaction duration. However, 

the lowest esterification rate was reported at 5 

wt% catalyst loading and 90 min reaction dura-

tion with 85.5%. Both the highest and lowest 

conversion was achieved at fixed methanol to 

oleic acid molar ratio of 10:1. A weak interac-

tion was determined between the methanol to 

oil molar ratio and duration, as illustrated in 

Figure 7(c). It shows a slight increase in the es-

terification rate from 8:1 to 12:1 (methanol: ole-

ic acid) and 90 min to 150 min (duration) with 

89.1% to 93.9% at a fixed catalyst loading of 7 

wt%. It suggests that the interaction between 

methanol and oleic acid molar ratio and reac-

tion duration has minimal effect on the esterifi-

cation rate. Overall, the trend of influential re-

action factors on esterification reaction was ob-

served to be the catalyst loading > methanol to 

oleic acid molar ratio > reaction duration based 

on the F-value (Table 4) with 6348.39, 1099.98 

and 339.27, respectively. 

 

3.9 Catalyst Recyclability 

The significant advantage of a heterogene-

ous catalyst is its reusability. To evaluate the 

reusability of the EFBMAC, the recovered cata-

lyst was able to be reused five times at the op-

timum reaction conditions. Figure 8 shows the 

obtained esterification rate for each cycle. Ac-

cording to the findings, the esterification rate 

has dropped from 94.9% to 85.9% in the 2nd cy-

cle following the first esterification reaction. 

However, there was a slight reduction at the 

4th cycle to 83.9%, and eventually, the esterifi-

cation rate was stationary at the 5th cycle with 

 
Sum of 

squares 
DF 

Mean 

square 
F-value p-value  

Model 151.92 9 16.88 1061.37 < 0.0001 significant 

A-Catalyst loading 100.96 1 100.96 6348.39 < 0.0001  

B-Methanol: oil 17.49 1 17.49 1099.98 < 0.0001  

C-Duration 5.40 1 5.40 339.27 < 0.0001  

AB 1.31 1 1.31 82.44 < 0.0001  

AC 0.71 1 0.71 44.90 0.0003  

BC 0.07 1 0.07 4.25 0.0782  

A2 18.39 1 18.39 1156.47 < 0.0001  

B2 1.90 1 1.90 119.74 < 0.0001  

C2 3.66 1 3.66 230.22 < 0.0001  

Residual 0.11 7 0.02    

Lack of Fit 0.04 3 0.01 0.73 0.586 not significant 

Pure Error 0.07 4 0.02    

Cor Total 152.03 16     

Note: DF = degree of freedom 

Table 4. Analysis of Variance (ANOVA) for the quadratic model. 

Figure 8. Recyclability of EFBMAC under opti-

mized reaction conditions. 
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a similar value. The decrease in the esterifica-

tion rate has resulted from the leaching of ac-

tive sites from the used catalyst during the es-

terification reaction. However, a lower degree 

of leaching was observed during the active site 

leaching test with esterification rate of 44%. 

The leaching phase of EFBMAC was considered 

low and this correlated to the used catalyst 

acidity reduction to 2.1 mmol/g after 4 reaction 

cycles. This confirmed that the catalyst has 

minimal degree of leaching as the catalyst ex-

hibited an esterification rate of more than 80% 

after 4th cycle.  

 

4. Conclusion 

EFB fiber was utilized to produce an effi-

cient biomass supported magnetic acid catalyst, 

which was effectively used in the esterification 

reaction of oleic acid with methanol. The cata-

lyst has a high acid density with excellent mag-

netism, 24.97 m2/g, and the catalyst can be re-

covered using a magnet. The Box-Behnken de-

signing model was used to optimize the esterifi-

cation process using the EFBMAC catalyst. The 

highest esterification rate of 94.9% was 

achieved with R2 = 0.9993 at optimum reaction 

conditions of 9 wt% catalyst loading, 12:1 meth-

anol to oleic acid molar ratio for 120 min at 60 

°C. EFBMAC catalyst was discovered to be a 

promising catalyst with high catalytic proper-

ties and reusability. 
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