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AbstractThis study investigates the synthesis and performance of a K2CO3 catalyst derived from oil palm empty fruit bunch (EFB) ash forsustainable biodiesel production. X-ray Diffraction (XRD) revealed a dominant K2CO3 crystalline phase, while X-ray Fluorescence(XRF) confirmed a high potassium content (>40%). Despite its low surface area (0.11 m2/g), the catalyst demonstrated hightransesterification activity, achieving an optimal biodiesel yield of 85.89% with 3 grams of catalyst. Its high thermal stability,strong base sites, and macroporous structure all contributed to enhanced catalytic efficiency. Sustainability and techno-economicassessments indicate the catalyst’s potential to reduce production costs, utilize biomass waste, and lower greenhouse gas emissions.Thus, the EFB ash-based K2CO3 catalyst shows significant promise for supporting environmentally friendly biodiesel production andcontributing to the transition to a green economy and renewable energy.
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1. INTRODUCTION

Energy is a key driver of economic growth and production
activities worldwide, making the sustainability of the global
economy highly dependent on the stability of the energy sup-
ply (Wang et al., 2024). However, the use of fossil fuels leads
to the emission of harmful pollutants that contribute to envi-
ronmental degradation (Khan et al., 2023) and global warming
(Rahman et al., 2024) . Given the impacts of fossil fuel use, the
use of new renewable energy and the development of sustain-
able energy resources are a necessity.

In recent years, global attention to climate change issues and
the dependence on fossil fuels have encouraged researchers and
industry to explore alternative, sustainable energy sources. De-
pendence on fossil fuels has led to the depletion of petroleum
reserves from fossil sources; therefore, the facts indicate that
research on renewable fuels or biofuels needs to be developed
(Buchori et al., 2024) . One alternative energy source that is
environmentally friendly, renewable, and has excellent poten-
tial for development is biomass (Ahmad et al., 2023; Reddy,
2023) . This source can be processed into various types of fuels,
such as biodiesel (Garg et al., 2023) . The use of biodiesel has
several advantages over fossil fuels, including its biodegrad-

ability, non-toxicity, and low emissions (Awosusi et al., 2022;
Mohammed, 2023; Moreira, 2023) . The abundant availability
of raw materials makes biodiesel a promising alternative to
petroleum fuel.

Biodiesel, also known as fatty acid methyl ester (FAME),
can be obtained through the chemical reaction of feedstocks
derived from both vegetable oils and animal fats, as well as
alcohols, using various methods, including transesterification,
direct use, blending, microemulsion, and pyrolysis (Bhatia
et al., 2020; Ismaeel et al., 2024) . In general, the biodiesel
production process can be carried out through the transesterifi-
cation stage. Among the various methods, transesterification
is the most common and extensively investigated reaction in
biodiesel synthesis, employing alkaline earth metal oxides as
solid base catalysts (Sulaiman et al., 2020) . Compared to other
biodiesel production methods, transesterification is the most
commonly used method because it offers high productivity
and efficient production costs (Athar and Zaidi, 2020) , and
produces biodiesel that exhibits properties similar to those
of conventional diesel fuel (Karmakar et al., 2022) . Tradi-
tionally, biodiesel is produced through the transesterification
of vegetable oils or animal fats using homogeneous acid or
base catalysts, such as NaOH, KOH, or H2SO4, dissolved in
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methanol. However, homogeneous catalysts present several
drawbacks, including difficulty in separating them from the
reaction mixture, their single-use nature, and the generation of
liquid waste that poses environmental concerns (Widianingsih
et al., 2024) . The transesterification method is considered the
most technically efficient; however, the production process is
strongly influenced by the type and quality of the catalyst used
(Zahan and Kano, 2019; Hazrat et al., 2024) .

Potassium carbonate (K2CO3), a strong base, has shown
effective catalytic performance in biodiesel production. How-
ever, the high cost of pure chemical-grade K2CO3 limits its
widespread use, especially in biodiesel production. Empty
Palm Oil Bunches (EFB), which is the most significant amount
of solid waste in the palm oil industry, where one ton of Fresh
Fruit Bunches (FFB) processed can produce 23-30% of EFB
waste. Data on the estimated utilization of EFB waste show that
73.4% remains waste and has not been utilized. EFB contains
many potassium and carbon-based compounds, making it a po-
tential raw material for the synthesis of K2CO3-based catalysts.
The utilization of EFB as a catalyst not only offers a solution
for waste management but also supports efforts to substitute
expensive commercial catalysts with more economical and envi-
ronmentally friendly alternatives (Laskar et al., 2018; Ibrahim
et al., 2019) . Not only does it reduce the environmental bur-
den, but it also adds economic value to palm oil by-products
and offers a greener approach to biodiesel synthesis (Atadashi
et al., 2011; Ao et al., 2023) .

Several studies have demonstrated that EFB ash contains
alkaline compounds, such as K2O, which can serve as a potas-
sium source in heterogeneous catalysts (Balajii et al., 2019) .
Heterogeneous catalyst modification techniques, such as the im-
pregnation of active substances like KOH or H3PO4, have been
demonstrated to increase biodiesel conversion significantly (Ba-
sumatary et al., 2023) . Even the use of KOH-impregnated
EFB ash catalyst has achieved a conversion efficiency of up to
99.45% and meets European biodiesel standards (Yaakob et al.,
2012) .

Although previous studies have explored the use of EFB as
a source of alkali compounds for the synthesis of potassium-
based heterogeneous catalysts, most of these studies are still
limited to the direct utilization of ash without extracting or
identifying the active compounds contained therein in detail.
In addition, previous studies using K2CO3 as a biodiesel cata-
lyst generally relied on pure or analytical-grade K2CO3 (≥99%,
Merck) as raw material, rather than K2CO3 sourced from EFB
biomass waste. These studies generally focused on evaluating
catalytic performance in transesterification reactions. How-
ever, they did not provide an in-depth understanding of the
crystal structure, surface morphology, elemental composition,
and specific surface area of K2CO3 compounds derived from
natural sources of EFB ash.

Building on previous studies, this study focused on extract-
ing K2CO3 compounds from EFB ash and conducted a com-
prehensive analysis of its structural characteristics using XRD,
SEM, XRF, and SAA/BET tests. This approach provides a

new perspective in linking the microscopic structure, elemental
composition, and potential catalytic activity of EFB-extracted
K2CO3, which has not been widely reported in the literature.
Thus, this study confirms the potential of EFB waste as a high-
value-added natural source of K2CO3 and provides fundamen-
tal characterization data for the development of biomass-based
heterogeneous catalysts. The novelty of this research lies in its
in-depth analytical approach to the structure and composition
of K2CO3 extracted from EFB waste, not merely its use as
a catalyst, thereby contributing to the development of more
economical, environmentally friendly, and sustainable catalyst
materials.

2. EXPERIMENTAL SECTION

2.1 Materials
The materials used in this study included Refined Bleached
Deodorized Palm Oil (RBDPO; PT Sumi Asih, Bandung Re-
gency, West Java, Indonesia), which was used as received as the
biodiesel feedstock (100 g per batch). Technical methanol (70%
v/v; Smart Lab, Indonesia) was used as the alcohol reagent at
a mass ratio of 100 g oil to 30 g methanol. Empty fruit bunch
(EFB) biomass was obtained from PT Perkebunan Nusantara
VII (South Sumatra, Indonesia) and used as the raw material
for catalyst preparation. Pure potassium carbonate K2CO3;
Merck, Germany, ≥99%, pro analysis grade) was used for com-
parison. All other reagents and solvents used for analysis were
of pro-analytical grade (Merck, Germany) and were obtained
from a chemical distributor.

2.2 Methods
2.2.1 Preparation of EFB-Derived K2CO3 Catalyst
The catalyst was prepared from EFB using the following steps.
First, the EFB was chopped and dried in the sun for one week.
After drying, the EFB was burned in a furnace at 500-600◦C
for one hour (Komariah et al., 2024) . The air flow entering
the furnace was controlled to ensure the desired temperature
could be maintained. The ash from combustion is then sieved
and filtered using a 100-mesh sieve.

The extraction process of K2CO3 from EFB ash was car-
ried out using the water dissolution method to obtain a solu-
tion rich in Potassium. A total of 100 grams of EFB ash was
mixed with 700 mL of distilled water (solid to solvent ratio 1:7
(w/v)) and then stirred constantly at 60◦C for 90 minutes to
dissolve potassium-containing compounds. The mixture was
then filtered using Whatman No. 42 filter paper to separate the
insoluble solid residue. The filtrate obtained was evaporated
on a hot plate until almost dry, then dried in an oven at 200◦C
for 18 hours to obtain the extraction solid. The dry solid was
then finely ground and stored in a desiccator as the K2CO3
catalyst extracted from EFB ash. The extraction procedure
employed in this study was adapted from the research group
of the corresponding author, utilizing the optimum conditions
previously determined in their study: a solid-to-solvent ratio
of 1:7 (v/v), an extraction temperature of 60◦C, and a stirring
time of 90 minutes.
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2.2.2 Catalyst Characterization Techniques
Properties of the prepared catalyst were investigated using stan-
dard methods, as previously applied in identifying EFB ash as
a catalyst (Ibrahim et al., 2019; Komariah et al., 2024) , and
commonly employed in studies on biomass-derived catalysts
(Arumugam and Sankaranarayanan, 2020; Aleman-Ramirez
et al., 2021; Kanwal et al., 2025) . Catalyst characterization
was conducted to determine the catalytic properties of K2CO3
produced from EFB ash extract, utilizing XRD, SEM, and XRF
techniques. An X-ray Diffraction analyzer was used to identify
the crystalline phase formed and the crystal structure of the
catalyst. The x-ray diffraction patterns were obtained using
a Bruker AXS D8 Advanced diffractometer, equipped with
nickel filtration and Cu K𝛼 radiation (𝜆 = 1.5406 Å). Surface
morphology and elemental composition were examined by
using a Scanning Electron Microscope SEM-EDX instrument
(COXEM, Korea/(NeoScopeTM JCM-7000) and EDX detec-
tor (JEOL JED-2300). Elemental composition analysis and
constituent compounds were determined by using an X-MET
handheld X-Ray Fluorescence (XRF) analyzer.

2.2.3 Evaluation of Catalytic Activity
The activity of K2CO3 was investigated for the transesterifica-
tion of RBDPO with methanol in a 250 mL round-bottom flask
equipped with a reflux condenser and thermometer, placed on
a hot plate with a magnetic stirrer. RBDPO (100 g), K2CO3,
and methanol (30 g) were introduced into the reactor. The
esterification efficiency was investigated at different catalyst lev-
els (3, 6, 9, and 12 g). The reaction was carried out at 65◦C
for 4 hours with constant stirring of 450 rpm (Komariah et al.,
2024; Salam et al., 2024) . After the reaction was completed,
the mixture was allowed to stand to separate biodiesel and glyc-
erol. The biodiesel obtained was washed with warm water to
remove the remaining catalyst and glycerol in the methyl es-
ter. Washing is done using distilled water repeatedly until a
transparent layer of water is obtained. The biodiesel was then
dried for 1 hour at 100◦C and analyzed. Each transesterifica-
tion experiment was conducted three times under the same
operating conditions to ensure reproducibility of results. The
reported biodiesel yield values represent the average of three
repetitions.

2.2.4 Biodiesel Product Analysis
Biodiesel produced from the transesterification process with
K2CO3 catalyst from EFB ash was analyzed using Gas Chro-
matography -Mass Spectrometry (GC-MS) type Shimadzu
QP 2010 SE with FID and MS detector with test environment
conditions at 25◦C, 68% humidity to determine the methyl
ester composition. The physical properties of the biodiesel
produced were also tested, including viscosity, density, acid
number, total glycerol content, and biodiesel yield, to be com-
pared with the ASTM standards.

3. RESULTS AND DISCUSSION

3.1 Characterization of Catalysts K2CO3 From EFB Ash
3.1.1 XRD Analysis
The crystal structure and phase composition of the K2CO3
catalyst were analyzed using the X-ray diffraction (XRD) tech-
nique to identify the crystalline compounds contained in the
material. XRD is one of the most effective characterization
techniques for identifying and analyzing the composition of
substances and their crystal structure (Bo et al., 2025) . The
XRD technique is used to analyze the X-ray diffraction pattern
produced when X-rays interact with a sample. X-ray diffraction
patterns were obtained using a Rigaku MiniFlex 600 diffrac-
tometer equipped with nickel filtration and Cu K𝛼 radiation
(𝜆 = 1.5406 Å).

The XRD characterization results of the EFB ash-based
K2CO3 catalyst showed diffraction patterns with sharp and
clear peaks at various 2𝜃 angles (Figure 1). The most dominant
diffraction peak was detected at an angle of 2𝜃 = 28.557◦ with
a d-spacing of 3.123 Å. This peak has the highest intensity of
2353 cps and a narrow Full Width at Half Maximum (FWHM)
of 0.174◦, which indicates the presence of a crystalline phase
with a high degree of structural regularity.

Based on calculations using the Scherrer equation, the main
crystallite size of the catalyst was obtained to be approximately
47.2 nm, indicating that this material has nanocrystalline char-
acteristics. The calculated lattice strain (𝜖 ) value of 1.1 × 10-3

indicates that the lattice distortion in the material is relatively
small, indicating reasonable structural regularity and high phase
stability. This suggests that the process of forming K2CO3 from
EFB ash yields a catalyst with a regular crystal structure and
potential for good catalytic activity.

In general, the low FWHM value on the prominent peaks,
averaging <0.3◦, is a strong indicator that this material has a
high degree of crystallinity (Ali et al., 2022) . The low FWHM
value and large crystallite size are consistent with previous
research findings, which report that the crystallite size of pure
K2CO3 ranges from 40 to 50 nm (Houben et al., 2023; Masoud
et al., 2022) . These results indicate that the catalyst extracted
from EFB ash has a crystallinity level equivalent to that of pure
K2CO3. Therefore, the XRD results clearly confirm that the
synthesized catalyst has a good crystalline structure, with no
indication of a significant amorphous phase.

The diffraction peak detected at 2𝜃 = 28.557◦ with a d-
spacing of 3.123 Å has a perfect alignment with the typical
diffraction pattern of K2CO3. Based on matching XRD data
with JCPDS (Joint Committee on Powder Diffraction Stan-
dards) reference card number 9009644. The position of this
peak is very consistent with the central peak present in crys-
talline K2CO3, which indicates that K2CO3 is the main com-
pound in the EFB ash extract.

In addition, other significant peaks appeared at 2𝜃 = 29.97◦,
31.10◦, 32.44◦, 40.72◦, 43.60◦, 50.33◦, 58.81◦, 66.50◦, and
73.79◦ with d-spacing values varying from 13.32 Å to 1.283
Å. All were successfully identified as the K2CO3 phase based
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Figure 1. XRD Test Results of K2CO3 Catalyst

on matching with the JCPDS database card number 9009644.
The presence of K2CO3 in the catalyst material comes from
the natural content of the EFB ash. EFB ash is naturally known
to have a high elemental potassium content, which is primarily
present in the form of carbonate compounds, such as K2CO3.
The presence of K2CO3 plays a crucial role in enhancing the al-
kaline nature of the material surface, which ultimately supports
catalytic activity, particularly in transesterification reactions for
biodiesel production. Strong alkaline properties can help in
the activation process of methanol groups and accelerate the
formation of methyl esters in the transesterification reaction
(Kingkam et al., 2024) .

The peak at the low angle of 2𝜃 = 6.63◦, which is relatively
low in intensity, indicates the presence of layered structures or
large interlayer spacing often found in mesoporous materials.
This diffraction pattern exhibited by the EFB ash-based catalyst
is typical of those found in biomass ash-based materials or
solid catalysts. The crystalline phase provides more stable and
organized active sites, which play a crucial role in maintaining
catalyst efficiency during the reaction cycle (Dai and Zhang,
2021) . The presence of a crystalline phase offers an advantage
in catalytic applications, as it can enhance catalyst performance
in chemical reactions.

3.1.2 SEM Analysis
Analysis of surface morphology and elemental composition of
EFB ash-based K2CO3 catalyst was conducted using an SEM-
EDX instrument. SEM (Scanning Electron Microscope) uti-
lizes a focused electron beam to scan the surface of the sample,
producing high-resolution images of the particles. The EDX
(Energy-Dispersive X-ray Spectroscopy) detector, mounted on
the SEM, is used to identify the elements in the catalyst based
on the spectrum emitted by the atoms on the surface (Li et al.,
2019) . In this study, the SEM-EDX instrument (COXEM,

Korea/(NeoScopeTM JCM-7000) and EDX detector (JEOL
JED-2300) were used. The surface of the EFB ash-based
K2CO3 catalyst analyzed using SEM is presented in Figure 2.

The characterization results obtained using a scanning elec-
tron microscope with a resolution of 5 𝜇m for the EFB ash-
based K2CO3 catalyst reveal that the catalyst exhibits an uneven,
asymmetrical surface morphology and tends to form an ag-
gregate structure. The catalyst surface appears to consist of
lumps of irregularly shaped particles. Similar observations
were reported by Arumugam and Sankaranarayanan (2020) ,
who noted that the sugarcane leaf ash catalyst used in biodiesel
production formed clumps. Irregular aggregation was also ob-
served in the SEM results of moringa leaf ash catalyst used
in biodiesel production (Aleman-Ramirez et al., 2021) . This
irregular morphology is typically caused by the processes of
fragmentation, melting, and agglomeration, as well as other
changes that occur during combustion, resulting in particle
fragments of varying sizes and shapes (Riaza et al., 2020; Man-
zoor et al., 2023) . Additionally, the material’s surface exhibits
numerous voids and scattered pores. The presence of voids
and pores on the material’s surface can positively contribute to
an increase in specific surface area, thereby supporting catalyst
performance in heterogeneous reaction applications (Wang
et al., 2024) .

Figure 2. Surface EFB Ash-Based Catalyst

EDX analysis in this study aims to determine the chemi-
cal elements contained in the EFB ash-based catalyst. In the
chemical composition test of the EFB ash-based K2CO3 cat-
alyst used in this study, various components were detected,
namely carbon (C), Oxygen (O), sodium (Na), silica (Si), phos-
phorus (P), sulfur (S), chloride (Cl), and Potassium (K). The
desired target components are the elements potassium (K) and
Oxygen (O), which form the K2CO3 compound. The results
of the EDS analysis of the EFB ash-based K2CO3 catalyst are
shown in Table 1.

The results of elemental composition analysis using EDX
integrated with SEM observations (Table 1) show that the EFB
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Table 1. EDX Analysis Results of EFB Ash-Based K2CO3 Cat-
alyst

Elements Atom (%) Weight (%) Signal Count
C 11.4 5.8 31 496
O 49.2 33.5 121 492
Na 0.7 0.7 5 203
Si 5.6 6.8 61 475
P 0.7 0.9 6 672
S 1.0 1.4 10 215
Cl 8.5 12.9 69 727
K 22.9 38.0 142 340

ash-based K2CO3 catalyst has an elemental composition dom-
inated by Oxygen and Potassium. Oxygen was detected at
49.2% atoms, while Potassium reached 22.9% atoms or 38.0%
by weight. The very high potassium content indicates that
EFB ash is naturally rich in potassium-based compounds, par-
ticularly in the form of potassium carbonate, as confirmed
previously through XRD analysis results. The presence of
Potassium is significant because it functions as an active base
center that contributes directly to catalytic activity by promot-
ing the uptake of reactants (Peng et al., 2022) .

In addition to these main elements, the element carbon was
also detected at 11.4% atoms, most likely from the remaining
organic material of the EFB that was not fully decomposed
during the calcination process or was part of carbonate com-
pounds such as K2CO3. The element silicon was detected at
5.6% atoms, indicating the presence of silica (SiO2) as a natural
inorganic component of the EFB ash. Silica acts as a support-
ing matrix, providing thermal and mechanical stability to the
catalyst structure (Verma et al., 2020) .

The presence of minor elements, such as sodium, phospho-
rus, sulfur, and chlorine, with contents ranging from 0.7% to
8.5% by atom, reflects the presence of natural mineral residues
from the biomass. Sulfur and phosphorus, although in small
amounts, have the potential to affect the chemical properties of
the surface both as impurities and as modulators of active site
activity. The high chlorine content (8.5% atoms or 12.9% by
weight) indicates the presence of compounds such as potassium
chloride (KCl) or sodium chloride (NaCl), which are common
in palm biomass (Li et al., 2019; Babinszki et al., 2021) .

The elemental composition rich in Potassium and Oxygen
favors the formation of carbonate- and oxide-based structures
that are strongly alkaline. This is in line with the morphological
characteristics observed by SEM, where the catalyst surface
appears irregular, porous, and forms particle aggregates of
varying sizes. The presence of voids and pores on the material’s
surface provides a large specific surface area, increasing the
number of active sites for catalytic reactions. The synergy
between the active component K2CO3 and the inert component
SiO2 gives the catalyst an advantage in terms of both activity
and structural stability.

The SEM-EDX spectrum image of the EFB ash-based

K2CO3 catalyst (Figure 3) provides comprehensive informa-
tion on the elemental composition of the catalyst surface. The
spectrum exhibits high-intensity peaks in the energy ranges
of approximately 0.5 keV for Oxygen and 3.3-3.6 keV for
Potassium. The presence of these two elements in significant
amounts indicates the dominance of oxide and carbonate com-
pounds.

A carbon peak is identified at about 0.3 keV with moder-
ate intensity, indicating the presence of residual carbon from
biomass or part of carbonate compounds. Silicon exhibits a
clear peak at around 1.74 keV, indicating the presence of the
silica compound SiO2, which serves as a support matrix. In
addition, sodium, phosphorus, and sulfur are also present as
minor components in the structure of the EFB ash and are
detected at energies of about 1 keV, 2 keV, and 2.3 keV, respec-
tively. The presence of chlorine is indicated by two distinct
peaks at approximately 2.6 keV and 2.8 keV, with relatively high
intensity. This indicates that the chlorine content is quite signif-
icant, which most likely originates from salt compounds such
as potassium chloride or sodium chloride, naturally present in
the EFB biomass.

Figure 3. EDX Spectrum of EFB Ash-Based K2CO3

In general, the elemental distribution shown by the EDX
spectrum is in line with the results of XRD analysis, which
confirms the dominance of the K2CO3 phase in this EFB ash-
based catalyst material. The EFB ash-based K2CO3 catalyst
is rich in active base components, particularly K2CO3, which
is crucial in catalytic transesterification reactions. The high
potassium content is the leading indicator of the potential of
this catalyst as a heterogeneous base catalyst. Additionally, the
presence of inert components, such as silica and a small amount
of other minerals, can help improve the structural stability of
the catalyst.
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3.1.3 XRF Analysis
The results of X-ray fluorescence (XRF) analysis (Table 2)
show that the EFB ash-based K2CO3 catalyst contains domi-
nant elements that are strong bases, with the main composition
consisting of Potassium, calcium, phosphorus, and magnesium.
The element potassium was detected in very high concentra-
tions, reaching 41.604% in elemental form and 45.573% in the
form of K2O compounds. This potassium content confirms
that EFB ash has powerful alkaline properties. The presence
of K2O is a key indicator of the material’s ability to act as a
heterogeneous base catalyst.

In addition to Potassium, the element calcium is also found
in a significant amount, equivalent to 23.267% of the element,
which is equivalent to CaO at 20.614%. Calcium oxide is also
a potent base compound that is widely applied in heteroge-
neous catalysis. The presence of CaO not only strengthens the
basic properties but also increases the thermal stability of the
catalyst (Mazaheri, 2021) . The phosphorus content is also ex-
tensive, namely 20.133% of the element, or P2O5, at 18.113%.
Phosphorus is typically associated with phosphate compounds
that can modify the surface properties of catalysts, affecting
both base distribution and structural stability (Walkowiak et al.,
2024) . The high P2O5 content in the EFB ash is unique com-
pared to other biomass ashes and may contribute to different
or more complex catalytic activities. The high P2O5 content
may provide additional advantages in active site modification
or material stability (Garbarino et al., 2022) .

The magnesium element was also found at 10.133% and
MgO at 8.004%, which acts as a weak base and is often com-
bined with potent base compounds to produce a more even
distribution of base strength on the catalyst surface. The pres-
ence of MgO can also increase the catalyst’s resistance to de-
activation. Minor elements detected include sulfur at 1.811%
(S) or SO3 at 3.992%, iron at 1.49% (Fe) or Fe2O3 at 1.555%
and other elements present in low concentrations, such as Cl,
Ti, Mn, Cu, Zn, As, Rb, Sr, Zr, and Ba (<1%). Nonetheless,
these elements may play a role in strengthening the material
structure or indirectly affect the catalytic properties.

What is also quite striking is the non-detection of SiO2 silica
in these XRF results. Typically, biomass ash contains a substan-
tial amount of silica, serving as an inert matrix. The absence of
SiO2 indicates that the characteristics of the EFB ash are dif-
ferent from other biomass ashes, with an absolute dominance
of alkaline and alkaline earth-based compounds. Overall, the
XRF results indicate that the EFB ash-based K2CO3 catalyst is
a material rich in basic compounds, particularly K2O and CaO,
making it a strong candidate as a heterogeneous fundamental
catalyst.

3.1.4 SAA Analysis
Textural characterization analysis was performed using the
Brunauer–Emmett–Teller (BET) method through nitrogen
(N2) adsorption–desorption measurements at 77 K. The isothe
rm curve obtained (Figure 4) shows an almost linear and flat
pattern without apparent hysteresis, indicating a dense solid

structure with low nitrogen adsorption capacity. Based on
the IUPAC classification, this pattern corresponds to a type II
isotherm, which generally describes non-porous to macrop-
orous surfaces, where the adsorption process occurs on open
and multilayer surfaces without the formation of capillarity
in delicate pores (Thommes et al., 2015; Thommes and Cy-
chosz, 2018; Rahman, 2021) . The material lacks a developed
microporous or mesoporous network. However, it does have
macroporous voids or gaps between particles that are not signif-
icantly detected through (N2) gas adsorption due to their size
being much larger than that of nitrogen molecules (Thommes
and Cychosz, 2018) .

The textural parameter values obtained from BET and BJH
analysis are summarized in Table 3. The results of multipoint
BET analysis show a specific surface area of 0.11 m2/g, a total
pore volume of 1.8 × 10-4 cm3/g, and an average pore radius
of approximately 2 nm. The BET constant value (C = 19)
and relatively low correlation coefficient (r = 0.65) indicate
that the BET linear range is less than ideal, and the surface
area obtained is close to the instrument detection limit. Never-
theless, these results provide important information that the
active phase of K2CO3 or oxide is distributed on a compact
solid surface. At the same time, the presence of macropores, as
observed through SEM, continues to play a role in increasing
the diffusion pathway for reactants and products during the
catalytic reaction (Lukić et al., 2009) .

Figure 4. N2 Adsorption–Desorption Isotherm at 77 K

Low textural characteristics do not always reduce catalytic
performance. In many heterogeneous systems, reaction activ-
ity is determined more by surface chemical properties, metal-
support bonds, and base site strength than by geometric surface
area alone (Changmai et al., 2020) . The presence of macrop-
orous voids resulting from particle aggregation can facilitate
the diffusion of reactants to active sites. At the same time, the
compact structure offers good thermal stability and reduces
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Table 2. XRF Test Result of EFB Ash-Based K2CO3 Catalyst

Element Geology Oxide
Component Level (%) Component Level (%) Component Level (%)

Na 0 Na2O 0 Na2O 0
Mg 10.133 MgO 8.09 MgO 8.004
Si 0 SiO2 0 SiO2 0
P 20.133 P2O5 18.098 P2O5 18.113
S 1.811 SO3 3.996 SO3 3.992
Cl 0.15 Cl 0.128 K2O 45.573
K 41.604 K2O 46.704 CaO 20.614
Ca 23.267 CaO 20.447 TiO2 0.133
Ti 0.109 Ti 0.08 MnO 0.126
Mn 0.133 Mn 0.098 Fe2O3 1.555
Fe 1.49 Fe2O3 1.559 CuO 0.886
Cu 0.124 Cu 0.09 ZnO 0.243
Zn 0.147 Zn 0.107 As2O3 0.004
As 0.133 As 0.003 Rb2O 0.24
Rb 0.302 Rb 0.26 SrO 0.188
Sr 0.219 Sr 0.16 Y2O3 0
Y 0 Y 0 ZrO2 0.003
Zr 0.003 Zr 0.002 BaO 0.198
Ba 0.242 Ba 0.178 Eu2O3 0
Eu 0 Eu 0 Cl 0.128

the likelihood of sintering of the active particles. Thus, even
though the specific surface area is relatively low, this EFB ash
catalyst still has the potential to exhibit stable catalytic activity if
the active sites are evenly distributed and have strong bonding
strength to the support.

Overall, the characterization results indicate that the TKKS
ash-based K2CO3 catalyst exhibits a regular crystalline struc-
ture, with a predominance of the intense base phase K2CO3/K2
O, as confirmed through XRD and XRF analysis. The irregular
surface morphology and tendency to form solid aggregates, as
observed in the SEM results, are in line with the findings of the
BET analysis, which shows a type II isotherm with a low surface
area but the presence of interparticle macroporous structures.
This condition indicates that the active potassium phase has
been effectively dispersed on a stable solid surface, rather than
in a large porous structure. Although the surface area is small,
the presence of strong base sites in the crystalline phase pro-
vides high catalytic activity potential and good thermal stability.
These structural and surface chemical characteristics play a cru-
cial role in facilitating mass transport during transesterification
reactions.

3.2 Comparison of Characteristics of K2CO3 Catalyst based
on EFB ash and Commercial K2CO3

To get a more comprehensive understanding, XRD, SEM-
EDX, and XRF tests were also analyzed on commercial K2CO3
catalysts for comparison. The XRD test results of the commer-
cial K2CO3 catalyst (Figure 5) show a sharper and more intense
diffraction pattern. When compared to the EFB ash-based

Table 3. Textural Parameters from BET, BJH, and t-Plot Anal-
ysis

Parameter Value Unit
Specific surface area (SBET) 0.11 m2/g

BET constant (C) 19.3 –
Total pore volume 1.8 × 10−4 cm3/g

Average pore diameter 2.0 nm
BJH surface area (adsorption) 0.115 m2/g
BJH pore volume (desorption) 2.96 × 10−4 cm3/g

Micropore volume 0.00 cm3/g

K2CO3 catalyst which has main 2𝜃 XRD patterns at 28.55◦,
29.96◦, 31.10◦, 32.44◦, 40.71◦, 43.60◦, 50.32◦, 58.81◦, 66.49◦,
and 73.79◦, the commercial K2CO3 catalyst has strong peaks
at 29.76◦, 32.68◦, 32.39◦, 38.60◦, 39.15◦, and 40.55◦. The
commercial K2CO3 catalyst also has a minimal FWHM value
on the main peak, which is on average 0.13-0.25, indicating
that commercial K2CO3 has a high level of crystallinity. The
FWHM value is not significantly different when compared to
the EFB ash-based K2CO3 catalyst, which has a FWHM of
0.17-0.3 K2CO3 exhibits high crystallinity but also displays
the presence of minor amorphous phases or impurity minerals.

SEM results of the surface of the commercial K2CO3 cata-
lyst reveal more homogeneous particles, a smooth surface with
a more regular shape, which reflects the level of purity and
control achieved in the production process (Figure 6). Like the
EFB ash-based K2CO3 catalyst, the composition of commer-
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Figure 5. XRD Result of Commercial K2CO3 Catalyst

Figure 6. Surface of Commercial K2CO3 Catalyst

cial K2CO3 catalyst is also dominated by Potassium, Oxygen,
and carbon elements with higher concentrations.

The EDX results (Table 4) indicate that the commercial
K2CO3 is predominantly composed of oxygen (50.3% At.%)
and potassium (34.0% At.%), with carbon content (15.7% At.)
suggesting the possible presence of carbon residues from the
catalyst manufacturing or processing stages.

Table 4. EDX Analysis Result of Commercial K2CO3 Catalyst

Element Atom (%) Weight (%) Signal Number
C 15.7 8.1 94 148
O 50.3 34.7 102 724
K 34.0 57.2 198 889

The SEM-EDX spectrum (Figure 7) exhibits high inten-

sity peaks at approximately 0.5 keV for oxygen and 3.3–3.6
keV for potassium, confirming the dominance of oxide and
carbonate compounds. No other elements, such as silicon (Si),
chlorine (Cl), sodium (Na), phosphorus (P), or sulfur (S), were
detected. This indicates that the commercial K2CO3 has a high
level of purity and is free from contaminants. In comparison,
the K2CO3 catalyst derived from TKKS ash contains minor
elements, including silicon, sodium, phosphorus, sulfur, and
chlorine, detected at energy levels ranging from 1 to 2.8 keV.
Thus, the commercial K2CO3 exhibits a purer composition.

Figure 7. EDX Spectrum of Commercial K2CO3 Catalyst

The results of the XRF analysis show quite striking differ-
ences in chemical composition between K2CO3 obtained from
EFB ash and commercial K2CO3 (Table 5). The potassium
content in commercial K2CO3 reaches 80.721% or K2O of
80.281%, reflecting a very high level of purity. In comparison,
EFB ash-based K2CO3 has a potassium content of 41.604% or
K2O of 45.573%, but still shows significant potential as a source
of potassium-based compounds. In addition, EFB ash-based
K2CO3 contains higher calcium, namely 23.267% elemental
or 20.614% CaO, while commercial K2CO3 is only 15.423%
elemental or 15.686% CaO. This indicates the contribution of
natural mineral residues that have the potential to enhance the
basic properties, but at the same time indicate a lower level of
purity. The high phosphorus content in the EFB ash-based
K2CO3 catalyst is 20.133% elemental or 18.113% P2O5, but
was not significantly detected in commercial K2CO3. In con-
trast, the silica content of SiO2 was detected in commercial
K2CO3 at 1.313% but not in EFB ash-based K2CO3. Minor
elements such as Fe, Ti, Mn, Cu, Zn, and Sr were found in both
commercial K2CO3 and EFB ash-based K2CO3 at relatively
low concentrations (<2%), which are generally derived from
biomass-derived minerals or remnants from the production
process. Chloride was also at a higher concentration in com-
mercial K2CO3 (0.252% elemental) compared to the EFB ash-
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based K2CO3 (0.15% elemental). These results demonstrate
that, although the EFB ash-based K2CO3 has a lower purity
level than the commercial product, its chemical composition
still makes it a promising candidate for catalytic applications,
particularly in processes that require high alkaline properties.

3.3 Catalytic Performance in Biodiesel Production
The data in Table 6 shows the effect of catalyst weight variation
on the yield of biodiesel production from RBDPO feedstock
using methanol. The catalyst variation starts from 3 grams to
12 grams. The weight of the catalyst has a significant impact
on the yield of glycerol and biodiesel. At a catalyst usage of 3
grams, the biodiesel obtained after evaporation amounted to
85.89 grams, with 17.64 grams of glycerol remaining. The
biodiesel yield reached its highest number at a catalyst dose
of 3 grams, indicating that at low catalyst doses, the transes-
terification reaction runs efficiently without the formation of
excessive by-products. When the catalyst dose was increased
to 6 grams, the biodiesel produced after evaporation dropped
to 77.96 grams, and the amount of glycerol dropped to 15.75
grams. This phenomenon indicates that the excessive addition
of catalyst promotes the saponification reaction, where the oil
reacts with the basic catalyst to form soap, thus reducing the
biodiesel yield.

The decrease in biodiesel yield was even more pronounced
at catalyst weights of 9 grams and 12 grams, producing 75.96
grams and 72.14 grams of biodiesel, respectively. Directly
proportional to the biodiesel yield, the amount of glycerol pro-
duced also decreased along with the increase in the amount of
catalyst used. The use of 9 grams and 12 grams of catalyst pro-
duced 13.07 grams and 10.75 grams of glycerol, respectively.
The production of biodiesel, which is inversely proportional to
the amount of catalyst used, confirms that there is an optimum
limit to the use of catalyst in the transesterification process. Ex-
cessive catalyst doses do not always yield better results; instead,
they can harm biodiesel yield due to side reactions. Overall, the
biodiesel production data using the powder catalyst indicated
that the optimal condition for producing the highest biodiesel
yield of 85.89% was achieved with 3 grams of catalyst.

The catalytic performance of this K2CO3/EFB catalyst is
closely related to its structural characteristics, elemental com-
position, and surface texture. The XRD pattern shows sharp
crystalline peaks associated with the K2CO3 and K2O phases,
indicating the presence of strong base sites (K+–O-2) that serve
as the main active centers. The regular crystalline phase (crys-
tallite size, 47.2 nm) and low lattice strain (1.1 × 10-3) indicate
good structural stability, supporting the formation of methox-
ide ions (CH3O-) during the reaction, which is a crucial initial
step in the transesterification mechanism.

The SEM image reveals an irregular and aggregated surface
morphology, characterized by several scattered cavities and
small pores. This structure increases the oil–methanol–catalyst
contact area and facilitates the diffusion of reactant molecules
towards the active sites. SAA (BET) analysis indicates that the
obtained N2 adsorption-desorption isotherm belongs to type

II according to the IUPAC classification, characterizing a non-
porous to macroporous surface. This indicates that although
there is no developed microporous or mesoporous network,
the material still has macroporous voids or interparticle gaps
that can play a role in mass transport.

The very low specific surface area (0.11 m2/g) with a pore
volume of 1.8 × 10-4 cm3/g and a pore radius of approximately
2 nm indicates that most of the solid surface is dense. In
contrast, large pores cannot be detected by nitrogen molecules
due to the limitations of the BET method. This low surface
area explains that catalytic activity does not primarily depend
on geometric area, but rather on the strength and density of
surface base sites originating from metal oxide compounds
(K2O, CaO). The presence of macropores, visible in the SEM
results, also facilitates the diffusion of reactants and products,
thereby supporting the effectiveness of interphase contact in
the solid-liquid catalyst system.

In addition, the EDX results confirm the dominance of
Potassium and Oxygen, indicating that K+ ions act as the main
base sites in the conversion of triglycerides to methyl esters.
XRF data support this finding by showing a high potassium con-
tent (= 41.6%), followed by Ca, P, and Mg. The high K content
indicates the dominance of a strong base phase (K2O/K2CO3),
while the presence of Ca and P contributes to the formation of
medium to weak base sites (CaO, Ca3(PO4) 2). This combina-
tion forms a complementary hierarchy of active sites, where
K+ activates methanol into methoxide ions, while Ca2+ and P
help stabilize the catalyst surface and accelerate the formation
of methyl esters.

The catalytic activity of this catalyst is primarily attributed
to the presence of metal oxide compounds containing K+ and
Ca2+ ions, which play a crucial role in the formation of methox-
ide ions during the transesterification reaction (Tsai and Tsai,
2024) . The high potassium content in the extracted catalyst
supports strong surface basicity and higher reaction efficiency,
while the presence of Ca and P elements detected has the po-
tential to contribute additionally as secondary active sites (Maj
et al., 2025) .

Based on XRF results, the detected potassium content was
significantly higher than that of calcium, indicating the domi-
nance of an intense basic phase (K2O/K2CO3) over a moderate
basic phase, such as CaO. This dominance is consistent with
the high biodiesel yield (85.89%), as the presence of strong base
sites plays an important role in the formation of methoxide
ions that initiate the transesterification reaction. This finding
is consistent with previous research reports, which show that
catalytic activity in solid base systems is more controlled by
base site strength and surface chemical composition than by
total surface area (Mat, 2012; Changmai et al., 2020) .

High catalytic activity is controlled by the density and streng
th of surface base sites, not by the total geometric surface area.
This finding is consistent with previous reports on biomass ash-
based base catalysts, which show a direct relationship between
alkali metal content and the transesterification rate (Ao et al.,
2024) . Thus, the combination of a stable crystalline structure,
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Table 5. Comparison of XRF Test Results of EFB Ash-Based and Commercial K2CO3 Catalysts

Element Geology Oxide

Component K2CO3 EFB
Commercial
K2CO3

Component
K2CO3

EFB
Commercial
K2CO3

Component
K2CO3
EFB

Commercial
K2CO3

Na – – Na2O – – Na2O – –
Mg 10.133 – MgO 8.09 – MgO 8.004 –
Si – 1.195 SiO2 – 1.313 SiO2 – 1.311
P 20.133 – P2O5 18.098 – P2O5 18.113 –
S 1.811 – SO3 3.996 – SO3 3.992 –
Cl 0.15 0.252 Cl 0.128 0.217 K2O 45.573 80.281
K 41.604 80.721 K2O 46.704 80.393 CaO 20.614 15.686
Ca 23.267 15.423 CaO 20.447 15.743 TiO2 0.133 0.213
Ti 0.109 0.173 Ti 0.08 0.128 MnO 0.126 0.151
Mn 0.133 0.158 Mn 0.098 0.117 Fe2O3 1.555 1.853
Fe 1.49 1.761 Fe2O3 1.559 1.857 CuO 0.886 0.138
Cu 0.124 0.15 Cu 0.09 0.11 ZnO 0.243 0.151
Zn 0.147 0.166 Zn 0.107 0.122 As2O3 0.004 0.216
As 0.133 – As 0.003 – Rb2O 0.24 –
Rb 0.302 – Rb 0.26 – SrO 0.188 –
Sr 0.219 – Sr 0.16 – Y2O3 – –
Y – – Y – – ZrO2 0.003 –
Zr 0.003 – Zr 0.002 – BaO 0.198 –
Ba 0.242 – Ba 0.178 – Eu2O3 – –
Eu – – Eu – – Cl 0.128 –

Table 6. Measurement Data and Biodiesel Yield (Powder Catalyst)

Catalyst weight Methanol RBDPO Gliserol Biodiesel Yield
(g) (g) (g) (g) (g) (%)
3 17.92 85.89 85.89
6 17.64 77.96 77.96
9 30 100 15.75 75.96 75.96
12 11.04 72.14 72.14

All data are averages from three repetitions of the experiment (n = 3)

the presence of interparticle macroporous cavities, and the
dominance of strong K+-O2- base sites forms a synergy that
supports high catalytic activity despite the low surface area.

The transesterification reaction mechanism on the K2CO3/
EFB catalyst can be explained as a process catalyzed by a het-
erogeneous base, in which surface base sites-including the K2O
phase and K+-O2- site pairs-abstract protons from methanol
to form methoxide ions (CH3O-). It is this methoxide ion
that then attacks the carbonyl group in triglycerides, produc-
ing methyl esters and glycerol as by-products (Trejo-Zárraga
et al., 2018) . On the other hand, Ca2+ ions act as Lewis acid
sites, polarizing the carbonyl group and thereby accelerating
the nucleophilic attack by methoxide ions. Phosphorus (P)
plays a role in stabilizing the K+ active site and preventing its
deactivation during the reaction.

The decrease in biodiesel yield at higher catalyst doses is
most likely caused by soap formation (saponification) due to
excess base sites, which reduces the availability of methoxide for

the main transesterification pathway and interferes with phase
separation (Pecha et al., 2016) . This condition is reinforced
by SAA results, which show the dominance of non-porous to
macroporous solid structures. In these structures, solid surfaces
tend to saturate quickly at high catalyst concentrations, thereby
reducing interphase contact efficiency.

It should be noted that reuse and regeneration tests were
not performed in this study because the amount of catalyst
remaining after the transesterification reaction was relatively
small. Most of the fine powder catalyst adhered to the reactor
walls during the reaction process, making it difficult to recover
completely, which is a common disadvantage of using pow-
dered heterogeneous catalysts. In addition, some of the catalyst
was also dissolved in the filtrate and lost during the separation
stage due to its easily dispersible nature. This condition re-
sults in an insufficient amount of catalyst remaining to perform
a reliable regeneration test. Therefore, further research will
focus on developing K2CO3/EFB catalyst pellets, which are ex-
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pected to minimize catalyst loss during the process and enable
systematic evaluation of stability and regeneration.

These results also confirm that catalysts extracted from EFB
ash have good catalytic activity in transesterification reactions.
As a comparison, several previous studies have reported the
catalytic activity of untreated biomass ash and pure K2CO3.
The use of 2% pure K2CO3 was able to produce a biodiesel
yield of around 94–98% under similar conditions (Salam et al.,
2024) , while raw EFB ash also showed high catalytic activity
with a yield of 96–98% (Komariah et al., 2024) .

Although this study did not conduct direct control exper-
iments using untreated EFB ash or pure K2CO3, the results
obtained can still be interpreted with reference to those stud-
ies. The slightly lower biodiesel yield (85.89%) indicates that
the EFB extraction catalyst still exhibits good catalytic activity,
despite being influenced by factors such as potassium ion con-
tent, binding, surface alkalinity, and structural changes. The
extraction process is thought to cause redistribution of some
of the active base phases, thereby affecting the availability of K
active sites compared to pure or untreated catalysts. However,
this modification may also provide better thermal and struc-
tural stability during the reaction. Nevertheless, the use of EFB
extraction catalyst provides significant added value because it
utilizes agricultural waste to create an environmentally friendly
and sustainable heterogeneous catalyst, thereby reducing de-
pendence on pure chemicals.

3.4 Characteristics of Biodiesel Produced
The chemical composition and FAME fraction of the biodiesel
were characterized using the GC-MS technique. GC-MS spec-
tra provide a thorough understanding of biodiesel quality and
standards. The GC-MS spectrum showed significant peaks of
the biodiesel under the use of palm empty fruit bunch-based
K2CO3 catalyst (Figure 8). The peaks were validated using
software that utilized library reference data. Methyl esters
of hexadecanoic acid, 9-octadecanoic acid, dodecanoic acid,
methyl tetradecanoate, and methyl stearate were among the
FAME peaks found. These peaks are in agreement with previ-
ous studies conducted on the synthesis of FAME from seed oil,
which showed similar peaks of Octadedecadienoic (Z, Z)-acid,
methyl ester, Decanoic acid, methyl ester, Dodecanoic acid,
methyl ester and Hexcadecanoic acid, methyl ester (Kanwal
et al., 2025; Munir, 2025; Rozina et al., 2025) .

Analysis of the fatty acid methyl ester (FAME) compound
profile shows that the form and concentration of the EFB ash-
based K2CO3 catalyst have a significant effect on the compo-
sition of the fatty acids formed. Table 6 presents the relative
abundance of each fatty acid formed. The main compounds
identified include palmitic acid, oleic acid, stearic acid, linoleic
acid, lauric acid, and myristic acid. Palmitic acid, as one of the
dominant components in palm oil-based biodiesel, exhibited a
high abundance and was relatively stable across various catalyst
concentrations. The abundance of palmitic acid ranged from
29 to 32%. The stability of this saturated acid formation in-
dicates that the transesterification process of the palmitic acid

precursor is not significantly influenced by the catalyst dosage
used.

In contrast, oleic acid was the dominant component in the
reaction using powder catalysts and experienced significant
fluctuations, especially in the pellet catalyst. The abundance of
oleic acid in the powder catalyst was relatively stable, ranging
from 41% to 50%. Meanwhile, stearic acid and lauric acid
exhibited relatively small and insignificant fluctuations in all
treatments. The relative abundance of stearic acid and lauric
acid ranged from 6 to 8%, indicating that the formation of
stearic acid is quite resistant to variations in reaction conditions,
as determined by catalyst concentration.

Table 7. Fatty Acid Profile of Biodiesel

Common Name 3% 6% 9% 12%
Palmitic Acid 30 30 29 31

Oleic Acid 41 50 42 43
Stearic Acid 8 - 8 7
Lauric Acid 6 6 6 -

Myristic Acid 15 14 15 17

3.5 Evaluation of Sustainability and Techno-economics of
K2CO3 Catalyst Based on Palm Oil Empty Bunch Ash

In line with the principles of green chemistry and the concept
of waste valorization, the use of K2CO3 catalysts synthesized
from oil palm empty fruit bunches (EFB) ash shows significant
potential in supporting the sustainability of biodiesel produc-
tion and environmental protection. EFB is a lignocellulosic
biomass waste that is abundant (approximately 23% of every
ton of fresh fruit bunches processed) and is often underuti-
lized (Santi et al., 2019) . Converting this waste into functional
catalysts not only reduces the environmental impact caused
by open burning or disposal in landfills, but also adds value
to the waste (Trejo-Zárraga et al., 2018; Tsai and Tsai, 2024) .
By converting this waste into an active catalyst, this approach
aligns with the principles of green chemistry and the circular
economy, while also mitigating the environmental impacts as-
sociated with conventional solid waste disposal (Sai Bharadwaj
et al., 2025) .

From an environmental perspective, the use of EFB ash
as a catalyst offers major advantages because it avoids the use
of synthetic chemicals and leverages renewable local resources.
The catalyst production process is carried out at relatively low
temperatures with simple steps, thereby minimizing energy
consumption and greenhouse gas emissions (Babinszki et al.,
2021) . Unlike conventional homogeneous catalysts such as
NaOH and KOH, which require complex post-reaction purifi-
cation processes and generate large amounts of liquid waste
(Changmai et al., 2020) , heterogeneous catalysts derived from
EFB ash allow for easier separation from the reaction mixture
(Kibar et al., 2023) . This significantly reduces liquid waste and
lowers post-reaction processing costs. Moreover, this catalyst
has the potential for reuse across multiple transesterification
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Figure 8. GC-MS Results of Biodiesel Powder Catalyst 3 g (a), 6 g (b), 9 g (c), 12 g (d)
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cycles (Komariah et al., 2024) . From a life cycle perspective,
this approach supports the circular economy by reintegrating
palm oil waste into the biodiesel production value chain (Lee
et al., 2020) .

From an economic standpoint, EFB ash, as a raw material,
is highly available and very inexpensive, particularly in palm
oil industry centers. The low cost of catalyst raw materials
is crucial in enhancing the efficiency and competitiveness of
biodiesel production. Environmentally friendly catalysts de-
rived from biomass waste demonstrate economic viability with
faster payback periods compared to acid and alkali catalysts
(Gowthama Krishnan et al., 2024; Subramani et al., 2025) . The
efficient activation process, which does not require complex
infrastructure, makes this technology economically feasible
for medium to large-scale operations (Esmaeili, 2022) . The
high catalytic activity, with conversion rates reaching 85%, po-
sitions this catalyst as a competitive alternative to expensive
conventional catalysts. Integrating this process within palm oil
mills could reduce logistics costs and support integrated waste
management.

Furthermore, this approach is not only relevant from a
technical and economic standpoint but also provides positive
social impacts. The utilization of local waste for renewable
energy production opens opportunities for community empow-
erment, particularly in rural areas (Santhappan et al., 2025) .
Activities such as local catalyst production, technical training,
and the development of micro-enterprises based on energy
can drive inclusive and sustainable economic growth. In ad-
dition to supporting the diversification of downstream palm
oil industry products, this strategy also contributes to achiev-
ing the Sustainable Development Goals (SDGs), particularly
SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action).
This approach also has the potential to improve the image of
the palm oil industry, which has long been criticized for its
environmental impacts (Hariyanti et al., 2024) . Thus, the de-
velopment and implementation of K2CO3 catalysts derived
from EFB ash not only offer an efficient technological solution
for biodiesel production but also demonstrate tangible poten-
tial in strengthening the environmental, economic, and social
dimensions of sustainability in a holistic manner (Munasinghe,
2019; Sakai et al., 2022) .

4. CONCLUSIONS

This study proved that EFB ash can be effectively used as a
source of K2CO3 catalyst in biodiesel production through the
transesterification reaction. Catalyst characterization revealed
that the material possesses a good crystalline structure, high
potassium content, and an irregular morphology with solid ag-
gregates and macroporous interparticle voids, which support its
catalytic activity. The results of BET-BJH-based Surface Area
Analysis indicate a type II isotherm with a low specific surface
area (0.11 m2/g) and minimal pore volume, suggesting that
catalytic activity is more influenced by the strength and distri-
bution of base sites than by geometric surface area. Reactivity

tests demonstrated that the K2CO3 catalyst derived from EFB
ash can produce biodiesel with a high yield, reaching 85.89%
at an optimum dose of 3 grams. In terms of sustainability, the
use of EFB ash as a catalyst feedstock supports the reduction
of biomass waste, lowers production costs, and mitigates emis-
sions and environmental impacts associated with conventional
biodiesel processes. The techno-economic evaluation indicates
that the catalyst is cost-effective and suitable for industrial-scale
applications, particularly in oil palm-producing regions. There-
fore, the EFB waste-based K2CO3 catalyst has great potential
as an eco-friendly and economical alternative heterogeneous
catalysts to replace commercial catalysts in sustainable biodiesel
production.
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