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Abstract: The development of heterogenous catalysts using renewable materials has received wide
attention. A heterogenous catalyst has been a preferred choice as it evades the disadvantages
of homogeneous catalysts, nevertheless, heterogenous catalysts has limited activity and a longer
separation process. The current study emphasises the preparation of a new magnetic catalyst using oil
palm empty fruit bunch (EFB) fibre as a carbon-based support material. The effect of different alkaline
pre-treatments over the methyl ester conversion rate were investigated. The catalyst preparation
parameters were studied by using the single factor optimisation approach, including the fibre loading,
impregnation time, calcination temperature, and calcination time. Their effects in the esterification of
oleic acid were investigated in this study. The optimisation study shows that the Na2CO3-treated(T)-
EFBC magnetic catalyst had the highest esterification rate of 93.5% with 7 g EFB fibre loading, a 2 h
impregnation time and a calcination temperature of 500 ◦C for 2 h. The catalyst possessed a good
acidity of 3.5 mmol/g with excellent magnetism properties. This study showed that the catalysts are
magnetically separable and exhibited good stability with 82.1% after five cycles. The oil palm EFB
supported magnetic acid catalyst indicates it as a potential option to the existing solid catalysts that
is economical and environmentally friendly for the esterification process.

Keywords: biomass; catalyst; magnetic; oil palm; oleic acid; energy

1. Introduction

The impact of global warming and the steady depletion of non-renewable energy
resources, such as fossil fuels, has led many researchers worldwide to intensively investigate
a potential substitution for fossil fuels [1]. With the increased attention in identifying new
resources, biodiesel, a mixture of fatty acid alkyl esters, is gaining much global interest due
to it being non-toxic, renewable, sustainable and environmentally benign. Traditionally,
homogeneous catalysts, such as sodium hydroxide (NaOH), potassium hydroxide (KOH)
and sulphuric acid (H2SO4), were used for biodiesel production. Despite their effective
catalytic activity to produce a high biodiesel yield, these catalysts, however, are noted to
be non-environmentally friendly as they are unrecyclable [2,3]. Besides having no catalyst
recyclability, contributing to equipment corrosion, there is the unavailability of the final
product to recover the catalyst due to its solubility nature resulting in further purification
processes, which leads to the production of large amounts of wastewater [4].

The development of a new heterogeneous catalyst for the catalytic process involves the
identification of a potential catalyst that can address the difficulties of using a homogeneous
catalyst in biodiesel production. Further, through a heterogeneous catalytic process, there
is a high possibility of obtaining a catalyst that can be recycled with the catalytic functions
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of the acidic sites on the surface and that does not cause any damage to the equipment [5].
Many metal oxides catalysts, such as mixed metal oxides, zeolites, graphene oxides, sul-
phated zirconia/titanium and ionic liquids, have been extensively used in the biodiesel
production process as they have high stability and a reduced effect on the ecosystem [6].
Despite their good stability and eco-friendliness, the difficulty in the separation of catalysts
from a large-scale reaction product is still unresolved.

Over the years, several researchers have focused on the use of biomass or carbon-based
materials for solid catalyst synthesis. A study conducted by Tang and Niu on the prepara-
tion of carbon-based solid catalysts from bamboo for the esterification reaction reported
that a high surface area of 1208 m2/g helped to achieve a high biodiesel yield of 97.3% [7].
The study showed that biomass-based catalysts are non-toxic, biodegradable and possess a
high surface area for a higher yield, thus proving that it can be a potential replacement for
the existing conventional catalyst. Additionally, another study on heterogeneous catalysts,
graphene oxide and sulfonated biochar for lactic acid esterification reported that the highest
yield of 35% was obtained after 420 min [8]. Although many solid catalysts have been
investigated in the past, the technical difficulty in separating the solid catalysts from the
product either by filtration or centrifugation remains as the main drawback, whereby more
time is required, and the catalyst is lost during the recovery process [9]. In regard to this,
several authors have claimed that the catalytic activity of sulphate metal oxide could be
enhanced by their rapid separation from the products [10,11].

Recently, the use of a magnetic catalyst has gained much interest due to its easy
separation from the product by using an external magnet. Feyzi and Norouzi worked
on a novel magnetic Ca/Fe3O4@SiO2 nano-catalyst for biodiesel production and further
reported that the catalytic performance of this catalyst proved to exhibit a high biodiesel
yield of 97% [12]. Besides, Gardy et al. also acquired excellent catalytic activity for the
methyl oleate and biodiesel production over a magnetic core-shell catalyst, with the highest
yield of 88% and 98.5%, respectively [13].

Agricultural waste is often referred to as lignocellulosic material consisting of lignin,
cellulose and hemicellulose [14]. Due to its limited usability and only as a possible source
of electricity and heat energy, the agricultural waste had low market value. However,
agricultural biomass is naturally composed of carbons that can be utilised as recyclable
carbon materials. As oil palm is one of Malaysia’s mainly grown crops with vast production,
enormous amounts of palm waste, such as oil palm fronds, trunks, empty fruit bunches,
shells and kernels, have been generated [15,16]. The oil palm empty fruit bunch (EFB),
which is of particular interest in this study, is produced as waste after the harvesting process,
whereby the oil extraction is done and primarily used as a power source in palm oil mill
incinerators [17]. Further, EFB, which is abundant within the lignocellulosic component,
can be a potential source of sustainable biomass.

This study aims to synthesise a magnetic solid catalyst using raw EFB fibres and
chemically treated fibres via a one-step impregnation and calcination method. The catalyst
was then used in the catalytic esterification of oleic acid and the catalytic performance was
evaluated through the optimisation of several parameters during the catalyst preparation
process. The synthesised catalyst was characterised by morphological analysis, elemental
analysis and an acid density test. Meanwhile, the esterified product from the catalysed
reactions at the optimum condition was analysed using gas chromatography (GC) analysis.

2. Materials and Methods
2.1. Materials

Oil palm empty fruit bunch (EFB) fibres were collected from Sztech Engineering Sdn.
Bhd. (Shah Alam, Selangor, Malaysia). Analytical reagents, including ferric sulphate
(Fe3(SO4)2), ferrous sulphate heptahydrate (FeSO4.7H2O), sodium bicarbonate (Na2CO3),
potassium oxide (KOH), calcium hydroxide (Ca(OH)2) and sodium hydroxide (NaOH)
chemicals used for the catalyst preparation were purchased from Suria Pembekal Umum
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Sdn. Bhd. (Kuala Lumpur, Malaysia). Industrial oleic acid with an acid value of 199 mg
KOH/g (R&M, Petaling Jaya, Selangor, Malaysia) used in the esterification reaction.

2.2. EFB Fibre Chemical Pre-Treatment

The raw EFB fibres were ground and sieved to the size range of 125–150 µm. Next, the
fibres were pre-treated with 0.1 M NaOH solution, and a solid-to-liquid ratio of 50 g/L was
employed. The oven-dried EFB fibres were pre-treated by stirring in the NaOH solution for
1 h with agitation at a speed of 350 rpm at room temperature. The fibres were immersed
in the alkali solution for 30 min after the process. The fibres were then washed repeatedly
with distilled water to remove the excess chemical until a neutral pH (~pH 7) was achieved.
The washed fibres were then poured onto an aluminium tray and oven-dried for 24 h at
105 ◦C. The same method was used to study the effect of chemical modification using
various alkalines, including KOH, Ca(OH)2 and Na2CO3, with the same concentration
(0.1 M). All treated fibres were stored for further use.

2.3. Synthesis of the Magnetic Solid Catalyst

The magnetic solid catalyst was synthesised via the one-step impregnation method.
Firstly, the method was conducted by mixing the treated EFB fibres with a 0.01 M FeSO4.7H2O
and 0.02 M Fe3(SO4)2 solution with continuous stirring at 60 ◦C for 2 h. A solid-to-liquid
ratio of 1:10 was employed. The solid was then oven-dried overnight at 80 ◦C. Following
that, the oven-dried samples were calcined using a vacuum furnace. Figure 1 shows the
summary of the magnetic catalyst synthesis. The EFB magnetic catalyst was prepared
using fibres treated differently with NaOH, KOH, Ca(OH)2 and Na2CO3, denoted as
NaOH-T-EFBC, KOH-T-EFBC, Ca(OH)2-T-EFBC and Na2CO3-T-EFBC, respectively.
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Later, the catalyst synthesis parameter conditions were optimised in terms of fibre
loading, reaction time, calcination temperature and calcination time via the single factor



Sustainability 2023, 15, 8637 4 of 14

optimisation method. Table 1 shows the parameters and ranges for the optimisation of the
esterification reaction of oleic acid.

Table 1. The parameters and ranges for the optimisation study.

Factors Unit 1 2 3 4 5

EFB fibre loading g 1 3 5 7 9
Reaction time h 1 2 3 4 5

Calcination temperature ◦C 300 400 500 600 700
Calcination time h 1 2 3 4 5

2.4. Characterisation of the Fibre and Catalyst

The lignin content analysis was conducted using the acid detergent lignin (ADL)
method at MARDILab, Technical Services & Technology Commercialization Centre (Ser-
dang, Selangor, Malaysia). With regards to the characterisation, the morphology and ele-
mental composition of the samples were analysed by using a scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) (JSM-6010PLUS/LV,
Universiti Tenaga Nasional, Kajang, Malaysia). The acidity of the solid acid catalyst was
determined by using the acid–base titration method. The method involved titrating with
sodium hydroxide solution (0.1 M NaOH), with phenolphthalein as an indicator. The data
was recorded, and the acid density was calculated using Equation (1):

Acidic =
[OH]× VOH

m
(1)

[OH] = concentration of NaOH used, VOH = volume of NaOH required and m = mass
of catalyst.

2.5. Catalytic Performance

In total, 7 wt% of solid catalyst was mixed with 10:1 methanol and pre-heated oleic
acid in a three-neck flat-bottom flask at 60 ◦C for 2 h at 350 rpm. The solid magnetic
acid catalyst was separated by an external magnet, washed with ethanol and oven-dried
at 80 ◦C for further use. The collected liquid was then heated at 70 ◦C to evaporate the
excess methanol.

Next, the methyl ester conversion was examined via the base titration method using
KOH. The data was collected, and the acid value of the esterified sample and oleic acid
was calculated based on the ASTM D664 standard method (Equation (2)) [18], while the
esterification conversion rate was calculated using Equation (3) [19]:

Acid value =
([OH]× V × MM)

m
(2)

Conversion rate (%) =

(
(AVi − AVo)

AVi
× 100

)
(3)

V = volume of KOH titrated in mL, MM = molecular mass of KOH, [OH] = concen-
tration of KOH, m = mass of catalyst, AVi = initial acid value and AVo = acid value of
methyl oleate.

3. Results and Discussion
3.1. Effect of Various Chemical Pre-Treatments on the Esterification Reaction

NaOH, KOH, Ca(OH)2 and Na2CO3 are the essential alkalis used in the alkaline pre-
treatment to investigate their efficiency in the delignification process. The pre-treatment
process generally signifies the removal of lignin from lignocellulose material. The re-
moval of complex lignin attributes to the loosening of the crystalline structure of cellulose
and enhances the porosity of the biomass for catalyst preparation [20]. After alkaline
pre-treatment, the lignin content changed significantly and altered the surface texture of
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the fibres. Lignin content is considered an important component influenced by alkaline
pre-treatment because lignin forms a three-dimensional network between cellulose and
hemicellulose [21]. The lignin content resulted in a range of 13.7–15.1% by using for differ-
ent alkalis at a standardised concentration (Figure 2). The results showed the percentage of
lignin content reduced after alkaline treatment compared to the untreated EFB fibres, with
16.5%, and this is similar to that reported by Ariffin et al. [22]. The effect of various alka-
line pre-treatments resulted 14.5%, 13.7%, 14.1% and 15.1% using NaOH, KOH, Ca(OH)2
and Na2CO3, respectively. Alkaline pre-treatment contributes to the chemically modified
structure of lignocellulosic EFB, breaking up the crystalline structure and increasing the
accessible surface area of EFB for a better interaction with metal sulphates in catalyst
preparation [23].
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The trends in the catalysts’ acidity and conversion rate over different alkaline pre-
treatments and untreated-EFB are shown in Figure 3. After alkaline pre-treatment, the
treated EFB fibres were used in the synthesis of magnetic solid catalysts. Five grams of
treated EFB fibres were added into the chemical solution (1:10) and stirred for 2 h at 60 ◦C.
The dried sample was calcined at 500 ◦C for 3 h in a vacuum furnace. The results indicated
that the highest catalyst acidity was reported for catalysts treated by Ca(OH)2 and Na2CO3,
with 3.5 mmol/g, compared to the catalysts treated by NaOH and KOH, which were
3.3 mmol/g and 2.5 mmol/g, respectively. Moreover, both Ca(OH)2-T-EFBC and Na2CO3-
T-EFBC catalysts observed a higher conversion rate of 85.1% and 87.8%, respectively,
compared with the catalysts treated by NaOH, KOH and untreated-EFB, which had 80.6%,
74.5% and 79.03, respectively. The highest acidity and conversion rate wsd obtained in
EFB treated with Na2CO3 (Na2CO3-T-EFB), showing that Na2CO3 pre-treatment has a
significant effect on the conversion rate. The dissociation of Na2CO3 in water produces
carbonic acid, and sodium hydroxide that has the potential to disrupt the structure and
remove silica on the EFB fibre surface [24]. Although the lignin content for Na2CO3-T-EFB
is higher compared to other alkaline treatments, the esterification rate was exhibited to
be higher using the derived catalyst. This could be due to the existence of hydrophilic
and hydrophobic groups, such as hydroxyl groups and polycyclic aromatic carbons, in the
carbonaceous catalyst [25]. The reactants can easily be absorbed onto the solid catalyst
surface to contact with the active sites. The active sites of sulfonic acid (-SO3H) and iron
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oxide (Fe-O) are known as Bronsted acid and Lewis acid, respectively, which contribute to
a higher conversion rate [26].

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 15 
 

The trends in the catalysts’ acidity and conversion rate over different alkaline pre-
treatments and untreated-EFB are shown in Figure 3. After alkaline pre-treatment, the 
treated EFB fibres were used in the synthesis of magnetic solid catalysts. Five grams of 
treated EFB fibres were added into the chemical solution (1:10) and stirred for 2 h at 60 °C. 
The dried sample was calcined at 500 °C for 3 h in a vacuum furnace. The results indicated 
that the highest catalyst acidity was reported for catalysts treated by Ca(OH)2 and Na2CO3, 
with 3.5 mmol/g, compared to the catalysts treated by NaOH and KOH, which were 3.3 
mmol/g and 2.5 mmol/g, respectively. Moreover, both Ca(OH)2-T-EFBC and Na2CO3-T-
EFBC catalysts observed a higher conversion rate of 85.1% and 87.8%, respectively, com-
pared with the catalysts treated by NaOH, KOH and untreated-EFB, which had 80.6%, 
74.5% and 79.03, respectively. The highest acidity and conversion rate wsd obtained in 
EFB treated with Na2CO3 (Na2CO3-T-EFB), showing that Na2CO3 pre-treatment has a sig-
nificant effect on the conversion rate. The dissociation of Na2CO3 in water produces car-
bonic acid, and sodium hydroxide that has the potential to disrupt the structure and re-
move silica on the EFB fibre surface [24]. Although the lignin content for Na2CO3-T-EFB is 
higher compared to other alkaline treatments, the esterification rate was exhibited to be 
higher using the derived catalyst. This could be due to the existence of hydrophilic and 
hydrophobic groups, such as hydroxyl groups and polycyclic aromatic carbons, in the 
carbonaceous catalyst [25]. The reactants can easily be absorbed onto the solid catalyst 
surface to contact with the active sites. The active sites of sulfonic acid (-SO3H) and iron 
oxide (Fe-O) are known as Bronsted acid and Lewis acid, respectively, which contribute 
to a higher conversion rate [26]. 

 
Figure 3. The relationship between chemically treated EFB fibre-derived magnetic catalysts with the 
acidity and esterification rate. 

3.2. Single Factor Optimisation 
As the Na2CO3-T-EFBC magnetic catalyst recorded the highest conversion rate, the 

Na2CO3 treated EFB fibres were utilised to investigate the effect of catalyst synthesis pa-
rameters, such as EFB treated fibre loading, impregnation time, calcination temperature 
and calcination time, on conversion rate and catalyst acidity (Figure 4a–d). The effect of 
EFB fibre loading on the conversion rate is demonstrated in Figure 4a. As aforementioned, 
the catalyst was synthesised with different ranges of EFB fibre loading by weight (1, 3, 5, 
7 and 9 g). As shown in Figure 4a, the findings indicated an increase in the conversion rate 

Figure 3. The relationship between chemically treated EFB fibre-derived magnetic catalysts with the
acidity and esterification rate.

3.2. Single Factor Optimisation

As the Na2CO3-T-EFBC magnetic catalyst recorded the highest conversion rate, the
Na2CO3 treated EFB fibres were utilised to investigate the effect of catalyst synthesis
parameters, such as EFB treated fibre loading, impregnation time, calcination temperature
and calcination time, on conversion rate and catalyst acidity (Figure 4a–d). The effect of
EFB fibre loading on the conversion rate is demonstrated in Figure 4a. As aforementioned,
the catalyst was synthesised with different ranges of EFB fibre loading by weight (1, 3, 5, 7
and 9 g). As shown in Figure 4a, the findings indicated an increase in the conversion rate
from 78.32% to 91.18% as the EFB fibre loading increased from 1 g to 7 g. The increment
of the esterification rate was observed to increase with the incline in the catalyst acidity
from 1.7 mmol/g to 2.2 mmol/g. The findings are supported by a previous study by Jing
et al., which stated that the concentration of support material or precursor is one of the
key factors that affects the preparation of the catalyst by the impregnation method [27].
Further, as biomass consists of a more complex polymer structure, which is made up of
functional oxygenated molecules, namely, carboxyl (-COOH) and hydroxyl (-OH) [28],
the addition of carbon material enhanced the existence of weak Bronsted acid sites in
the catalyst surface besides the presence of sulfonic acid (-SO3H) sites [29]. Thus, the 7 g
EFB fibre loading significantly increased the esterification rate with the highest acidity of
2.2 mmol/g, and the esterification reaction was favoured by the high acidity of the catalyst.
However, a further increment in the amount of EFB fibre loading (9 g) was insignificant
in the esterification reaction of oleic acid. This could be attributed to the limited active
sites and the lack of strong acid sites for the catalytic reaction, which resulted in a slight
reduction in the conversion rate to 90.81% with an acidity of 2.1 mmol/g.

In order to investigate the effect of the impregnation time in the conversion rate,
different reaction times of 1, 2, 3, 4 and 5 h were executed. Figure 4b illustrates that the
conversion rate increases with the increase in the impregnation time. It was observed that
as the impregnation time increased from 1 to 2 h, the conversion rate was observed as
88.02% and 91.18%, respectively. During the impregnation process, the interaction through
absorption between the pores of the support material with the bulk solution used requires



Sustainability 2023, 15, 8637 7 of 14

a certain time to occur [30]. However, no significant effect was detected in the oleic acid
conversion after 2 h of impregnation time, which was similar to the decline in the acidity
of the catalyst after 3 to 5 h of the impregnation time. The low acidity contributed to the
decrease in the conversion rate from 89.32% to 79.87% after 5 h. A previous study reported
that the impregnation time highly depended on the support size, loading amount and the
temperature [31]. Based on the observation, at 2 h of impregnation time, the ferric sulphate
particles may be mostly adsorbed on the surface of the treated EFB fibres. Hence, at further
impregnation times, the particles have limited sites available for absorption, which reasons
the lower conversion rate of oleic acid after 2 h of impregnation time. Therefore, to achieve a
high conversion rate and the efficient formation of active sites, an appropriate impregnation
time is required; thus, the 2 h reaction time was found to be favourable for high catalytic
performance [32].
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Calcination temperature is an essential factor for a catalyst because of its effect on the
structural and catalytic properties [33]. The effect of calcination temperature on oleic acid
conversion was studied, and the results are shown in Figure 4c. The magnetic catalyst was
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calcined using a vacuum furnace at various calcination temperatures of 300, 400, 500, 600
and 700 ◦C. The findings indicated that the conversion rate gradually increases from 300 ◦C
to 500 ◦C with values of 89.95% and 91.18%, respectively. This shows that calcination
temperature has a significant effect on the catalytic activity as the temperature improves
the formation of particles on the catalyst surface [34]. However, a gradual decrease in
the conversion rate was noted at a higher temperature, which indicates that calcination
at a higher temperature would contribute to sintering of particles on the surface of the
support material, thus, resulting in a decrease in surface area, which eventually affects
the catalytic activity [35]. Previous studies have also stated that a suitable calcination
temperature was required for an effective esterification reaction because both low and high
calcination temperatures were not beneficial for the conversion of oleic acid [36,37]. Hence,
the suggested 500 ◦C was determined as an optimum temperature for the calcination
process of the catalyst.

The effect of the calcination time on the esterification rate was also investigated to
determine the optimum catalyst preparation parameters. The catalyst was calcined for a
range of calcination times (1, 2, 3, 4 and 5 h) at a fixed temperature of 500 ◦C. Figure 4d
presents the summary of the findings. It was found that calcination for 2 h produced an
active catalyst with the maximum conversion rate of 93.46% and an acidity of 2.4 mmol/g.
The high rate was attributed to the sufficient time for the formation of active components,
which helps to increase the conversion rate [38]. Furthermore, the results show that the
increment in calcination time was not favourable for esterification as the conversion rate
gradually decreased to 77.62% after 5 h of calcination. A reason for this could be the particle
sintering or agglomeration on the catalyst surface, which resulted in weak catalytic activity
after a longer calcination duration [39]. Besides, a longer calcination time could deactivate
the catalyst’s acidic sites [40]. Thus, an optimum calcination time of 2 h was essential to
synthesise an EFB supported magnetic acid catalyst. The optimum conditions for catalyst
preparation are: 7 g EFB fibre loading, 2 h impregnation time and a calcination temperature
of 500 ◦C for 2 h.

3.3. Morphology and Elemental Analysis

Additionally, scanning electron microscopy (SEM) was used to evaluate the morphol-
ogy of the raw EFB fibres, treated EFB fibres and the magnetic acid catalyst. Figure 5 depicts
the SEM observations of the effect of alkaline treatment on the EFB fibre surface. Figure 5a
indicates the presence of white granules, known as silica bodies, and impurities on the
surface of raw EFB fibres. However, these impurities and silica bodies were removed from
the EFB surface after the alkaline treatment using sodium carbonate, Na2CO3, as illustrated
in Figure 5b. Rosli et al. reported that the silica bodies are known as phytoliths, which
are found on the fibre surface and could lead to poor adsorption of particles on the fibre
surface [41]. After the silica bodies were removed using an alkaline treatment, a rough
surface and the appearance of tiny pores were noticed. Meanwhile, the SEM image of a
treated fibre impregnated with sulphated and iron oxide particles is presented in Figure 5c.
It showed that the catalyst had a rough surface, with the particles embedded on the EFB
surface after calcination at 500 ◦C for 2 h.

In addition, Table 2 presents the energy-dispersive spectrometry (EDS) results of
treated EFB fibres and the Na2CO3-T-EFB magnetic catalyst. The treated fibres, which
consist of pure carbon and oxygen, indicates that alkaline pre-treatment improves the EFB
fibre surface. Meanwhile, the EDS result of the impregnated catalyst shows the existence
of carbon (C), iron (Fe), oxygen (O) and sulphur (S) groups embedded on the surface of
treated EFB fibres with 37.88 wt%, 21.82 wt%, 34.78 wt% and 5.52 wt%, respectively. Hence,
the oxygen and sulphur content could indicate the existence of the sulfonic group (-SO3H)
in the catalyst [19]. Besides, the composition of iron and oxygen indicate that the catalyst is
comprised of Fe-O particles, which further induces its magnetic properties.
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Table 2. Elemental composition of treated EFB fibres and the EFB supported magnetic acid.

Samples
Elemental Composition (wt%)

Carbon (C) Oxygen (O) Iron (Fe) Sulphur (S)

Treated EFB fibres 57.76 42.24 n.d a n.d a

Na2CO3-T-EFB magnetic catalyst 37.88 34.78 21.82 5.52
a n.d = not determined.

3.4. Catalyst Reusability

The performance of the Na2CO3-T-EFBC magnetic catalyst was tested using the esteri-
fication reaction of oleic acid at 60 ◦C for 2 h, which obtained a conversion rate of 93.5%
(Figure 6). After the reaction, the used catalyst was collected by using an external magnet
and was washed and dried to be used in the next cycle of esterification. It was observed that
the conversion rate decreased in the second cycle to 89.5%, which was possibly due to the
leaching of active sites from the catalyst during the reaction. However, the conversion rate
slightly dropped to 86.3% and the catalytic activity was further retained between 82.9 and
82.1% after the fourth and fifth cycles. It was noticed that the catalyst performance remains
stationary after the fifth cycle. The stability of conversion rate over Na2CO3-T-EFBC could
be associated to the higher acidity after the fifth cycle of 2.8 mmol/g.
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3.5. Comparison of Surface Acidity on the Catalytic Activity of Biomass Derived Solid Catalysts

The surface acidity over esterification performance of the biomass-based solid acid
catalysts prepared in this study was compared with other studies in Table 3. It was observed
that the Na2CO3-T-EFBC magnetic catalyst has a comparable or higher conversion rate at a
shorter time of 2 h under a lower reaction temperature of 60 ◦C, which was attributed to
the strong acidity on the catalyst surface. Most importantly, the magnetic catalyst prepared
in this study had showed good stability compared to those in the studies reported. This
proves that the Na2CO3-T-EFBC magnetic catalyst was exhibited as a practical catalyst for
acid catalysed reactions.

Table 3. Comparison of the surface acidity over esterification performance of carbon-based solid acid
catalysts prepared in this work with other studies.

Catalysts

Surface Acidity Esterification Performance

Refs.By S Content
(mmol SO3H/g) a

By Base
Titration
(mmol/g)

By
NH3-TPD
(mmol/g)

Conditions b Conversion (%) Reusability

Spent coffee
grounds-derived solid acid

catalyst
3.36 4.22 - CL of 10 wt%, MeOH:OA of

10:1, 80 ◦C/7 h >90.0 ~70% after
4 cycles [42]

Cacao shell-derived solid
acid catalyst 1.48 4.56 - CL of 0.05 wt%, MeOH:OA

of 7:1, 42 ◦C/4 h 78.0 48.0% after
3 cycles [43]

EFB derived MBC02-SO3H - - 0.28 CL of 5 wt%, MeOH:OA of
8:1, 150 ◦C/1.5 h 81.0 Not reported [44]

Bamboo derived solid acid
catalyst (S150-4) 0.82 - - CL of 10 wt%, MeOH:OA of

8:1, 65 ◦C/8 h 98.0 79.2% after
4 cycles [45]

Dealkaline lignin derived
E−260-20-SO3H

(Supercritical ethanol)
1.41 5.05 - CL of 5 wt%, MeOH:OA of

12:1, 80 ◦C/7 h 95.4 ≥81.9% after
5 cycles [46]

Dealkaline lignin derived
E-P400−2-SO3H

(Subcritical ethanol)
1.06 5.35 - CL of 5 wt%, MeOH:OA of

15:1, 80 ◦C/5 h 95.5 ≥84.6% after
3 cycles

Na2CO3-T-EFBC magnetic
catalyst 1.72 3.50 - CL of 7 wt%, MeOH:OA of

10:1, 60 ◦C/2 h 93.5 82.1% after
5 cycles

This
study

a Surface acidity by S content (mmol SO3H/g) was calculated using the following formula: Surface acidity (mmol
SO3H/g) = (S content in catalyst/100) × 1000/32.07. b CL = catalyst loading, MeOH = methanol, OA = oleic acid.

3.6. Reaction Mechanism Using Na2CO3-T-EFBC

The possible reaction mechanism of the catalytic esterification of oleic acid with
methanol using Na2CO3-T-EFBC is able to be described in several steps and is presented
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in Figure 7. Meanwhile, -SO3H groups derived from the magnetic acid catalyst catalyse
the esterification reaction. Three-oxygen molecules accept electrons from sulphur to form
electron-withdrawing (-SO3H, sulfonic acid) groups, which act as the Bronsted acid active
sites [47]. The catalytic mechanism involves several steps: (1) The strong H+ proton of
the catalyst attacks the oxygen in the carboxyl group of oleic acid during the reaction,
(2) the alcohol molecule reacts with the activated carboxyl carbon through nucleophilic
substitution, (3) the intramolecular dehydration and hydrogen ion desorption lead to the
formation of water molecules, and lastly, (4) the formation of methyl esters. In addition,
the Lewis acid nature of iron oxide (Fe-O) particles also serve as active sites and contribute
to the catalytic activity.
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4. Conclusions

EFB fibres were utilised to produce efficient biomass-supported magnetic acid catalysts.
The EFB fibre-supported magnetic acid catalyst was successfully synthesised and the
performance of the catalyst was evaluated via the esterification of oleic acid. The effect of
chemical pre-treatments on the catalytic performance and acidity were investigated, and
the Na2CO3-T-EFBC magnetic catalyst showed a noticeable effect with a high conversion
rate of 87.8%. Further, under the optimal catalyst preparation conditions of 7 g EFB fibres
loading at 2 h impregnation time and 2 h of calcination at 500 ◦C, a high conversion rate of
93.46% was reported. The EFB fibre-supported magnetic catalyst revealed good properties
with a high acidic value, indicating the existence of the sulfonic group, which interacts
with methanol and oleic acid for the esterification reaction. Besides, the catalyst had strong
magnetism, and it was recovered using an external magnet. The catalyst reusability showed
good stability with 82.1% after five cycles. In conclusion, the EFB magnetic solid catalyst
had good properties, such as strong magnetism and high acidity, with good catalytic
performance. The findings in this study provide a potential substitution to be used as a
green heterogeneous catalyst in the biodiesel industry. Thus, this assures the prominent
usage of oil palm waste in wide applications and minimises waste.
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