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Abstract. This study investigated dolomite as a low-cost heterogeneous catalyst for microwave-
assisted biodiesel production from kapok seed oil (KSO). Dolomite was thermally activated at
900 °C for 4 h to convert carbonate phases into catalytically active CaO-MgO oxides. Catalyst
characterization using XRD, nitrogen adsorption—desorption, EDS, and Hammett indicators
confirmed the formation of crystalline oxide phases, mesoporous characteristics, and an increased
surface area from 0.7190 to 1.2676 m?/g. Calcination increased total basicity from 3.23 to 9.90
mmol/g. Transesterification was performed under microwave irradiation by varying reaction
temperature, methanol-to-oil molar ratio, and catalyst loading. The highest biodiesel yield (89%)
was obtained at 60 °C, a methanol-to-oil molar ratio of 12:1, and a catalyst concentration of 7.5
wt%. The GC-MS analysis confirmed the formation of fatty acid methyl esters dominated by methyl
linoleate, methyl palmitate, methyl oleate, and methyl stearate. The biodiesel produced from KSO
exhibited physicochemical properties that met the standards of SNI 7182 and ASTM D6751 for
measured parameters. However, catalyst reusability decreased from 89% to 65% after four cycles,
indicating progressive deactivation.

Keywords: Biodiesel, CaO catalyst, Dolomite, Heterogeneous Catalyst, Kapok Seed Oil,
Transesterification

INTRODUCTION

Global energy demand continues to rise,
while fossil fuel resources shrink and
discoveries diminish. Biodiesel, a renewable
monoalkyl  ester  produced

esterification  or  transesterification of

through

triglycerides, offers a promising alternative.
Many types of edible oil, including rapeseed
(Nowicki et al., 2016), corn (Sirajuddin et al,
2015), sunflower (Dahdah et al, 2020),
soybean (Wu et al, 2016), palm oil (Pradana
et al., 2017), coconut (Qiu et al,, 2016)(Qiu et

al, 2016), and rice bran oil (Hidayat et al,
2018), have been investigated as raw
materials for biodiesel synthesis.
Sustainability concerns about using edible
oils have prompted a shift toward non-edible
feed stock. Furthermore, feedstock cost is a
key factor in biodiesel feasibility; non-edible
oils reduce production costs and improve
competitiveness with petroleum diesel. Ceiba
pentandra is a non-edible oilseed and
contains 20-25% oil by weight. In 2015,
Indonesia was estimated to have 100,500

hectares of kapok plantations and could

DOI: 10.22146/ajche.22535



242 Low-Cost Dolomite Catalyst for Sustainable Biodiesel Production from Kapok Seed Qil

produce approximately 110 kg of seeds per
hectare. This has the potential to produce
over 10 million liters annually. Given these
facts, developing kapok seed oil (KSO) as an
economical raw material for biodiesel
production appears to be a promising
research direction.

Biodiesel production from edible oils
typically involves NaOH or KOH as
homogeneous base catalysts. When free fatty
acids are present, NaOH or KOH can form
soap through neutralization, thereby
consuming catalysts and reducing biodiesel
yield. Homogeneous catalysts also have
several limitations, including the need for
advanced  separation  processes, the
generation of large volumes of wastewater,
and the high cost of recovery and reuse
(Mandari and Devarai, 2021; Mulyatun et al.,
2022)(Mandari & Devarai, 2022; Mulyatun et
al, 2022). Heterogeneous catalysts can
address  limitations  associated  with
homogeneous catalysts. Several recent
studies have investigated the performance of
heterogeneous  catalysts in  biodiesel
synthesis. Various type of solid catalysts have
been examined using different types of raw
materials such as zeolites (Hidayat et al,, 2018;
Hidayat and Sutrisno, 2018), metals oxides
(Castro et al, 2014; Hajek et al, 2017), clays
(Negm et al,, 2017; Zatta et al., 2013), alumina
(Ramesh et al, 2019; Silveira Junior et al,
2019), hydrotalcite (Nowicki et al, 2016),
biomass-based catalyst (Chen et al, 2015;
Farabi et al., 2019; Hidayat and Sutrisno, 2017;
Pradana et al., 2018, 2017).

Among heterogeneous base catalysts,
alkaline earth metal oxides, particularly CaO
and MgQO, attract much attention because
they are inexpensive, strongly basic, and
relatively simple to prepare. CaO provides
strong basic sites for methanol activation into
methoxide species, whereas MgO may

improve structural stability and contribute
moderate  basicity. However, catalytic
performance depends not only on
composition but also on crystallinity, surface
area, pore accessibility, particle size, active-
site density, and resistance to deactivation
(Gardy et al, 2019; Widayat et al, 2023).
Dolomite, a natural carbonate mineral mainly
composed of CaMg(COs),, is a suitable
CaO-MgO-based
heterogeneous catalysts. During calcination,

precursor for

dolomite decomposes, releasing CO, and
forming mixed oxide phases that provide
basic sites during transesterification. The
coexistence of calcium and magnesium
species may contribute to strong basicity with
good structural stability (Makareviciené et al.,
2025; Slinksiene et al, 2024). Using local
dolomite is important for sustainable
biodiesel production because it links catalyst
development to local resource availability.
Locally sourced mineral catalysts can reduce
dependence on imported catalysts.

In addition to selecting locally sourced
catalysts, the heating method significantly
impacts biodiesel production. Conventional
heating transfers energy from the reactor wall
to the reaction mixture, which can generate a
temperature gradient and slow heat transfer
in a multiphase system containing oil,
methanol, and a solid catalyst. Microwave-
assisted transesterification offers more
efficient heat transfer because microwave
irradiation can promote rapid volumetric
heating through dipole rotation and ionic
conduction. Microwave irradiation can
increase contact between methanol, oil, and
the solid catalyst, accelerate mass transfer,
and reduce the time required to achieve the
effective  reaction temperature. In a
heterogeneous catalysis system, the reaction
occurs at the interface between the
immiscible liquid phase and the solid active
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sites  during microwave irradiation.
Microwave irradiation can reduce external
heat transfer barriers and enhance the
formation of reactive methoxide species on
the surface of the base catalyst (Devasan et
al., 2023; Silviana et al., 2022).

Dolomite has been extensively studied
as a heterogeneous basic catalyst for
biodiesel production because it can produce
active sites after calcination. Various studies
have shown that dolomite performs well with
many types of edible oil. Jindapon and
Ngamcharussrivichai obtained 999 wt%
FAME from refined palm oil at 60 °C, with a 10
wt% catalyst, a methanol-to-oil ratio of 30:1,
and a reaction time of 60 minutes, after
calcining the dolomite at 800 °C for 3 hours
(Jindapon &
2018).(Jindapon & Ngamcharussrivichai,
2018) Slinksiene et al demonstrated the
reusability of dolomite in rapeseed oil. The
initial yield of 98.66 wt% remained at 97.23
wt% after six thermal regeneration cycles at
850 °C (Slinksiené et al, 2024). Gaide et al.

reported that the butanolysis of rapeseed oil

Ngamcharussrivichai,

using dolomite calcined at 850 °C for 4 hours
required more severe conditions, namely
110 °C, a catalyst loading of 5.24 wt%, a
butanol-to-oil ratio of 13.72:1, and a reaction
time of 8 hours, yielding 94.89-95.9% (Gaide
et al, 2021). Modifying dolomite also
improves catalytic performance. Niu et al.
developed Ce/dolomite by calcining at 800 °C
for 3 hours, impregnating with cerium, and
activating at 550 °C for 4 hours. In palm oil
transesterification, a catalyst concentration of
approximately 5 wt%, a methanol-to-oil ratio
of 15:1, a temperature of 65 °C, and a reaction
time of 2 hours resulted in a yield of 97.21%
(Niu et al,, 2020). Zhao et al.used La-dolomite
for palm oil. They achieved a yield of 98.7% at
65 °C, with a catalyst loading of 7 wt%, a
methanol-to-oil ratio of 18:1, and a reaction

time of 180 minutes, although the activation
duration at 800 °C was not reported in detail
(Zhao et al, 2019). Dolomite catalysts have
also been investigated for biodiesel
production using feedstocks from non-edible
oils. Cakirca et al used Chlorella
protothecoides microalgal oil with a 30%
CaO/dolomite catalyst calcined at 850 °C for
2 hours. At 65 °C, with a 3 wt% catalyst, a
methanol-to-oil ratio of 6:1, and a reaction
time of 3 hours, the FAME content reached
90% (Cakirca et al, 2019). Widiarti et al
reported converting waste cooking oil using
dolomite-derived CaO aided by Sapindus
rarak extract. The catalyst was calcined at
800 °C for 3 hours and yielded 92.40% at
65 °C, with a 5 wt% catalyst, an oil-to-
methanol ratio of 1:9, and a reaction time of
3 hours (Widiarti et al, 2024)(Widiarti et al,
2024). Process intensification approaches
have also yielded interesting results. Temur
Ergan et al. used dolomite calcined at 840 °C
for 3 hours in an enhanced microwave system
for canola oil. At 65 °C, with a 5 wt% catalyst,
a methanol-to-oil ratio of 9:1, and a reaction
time of 2 hours, the yield reached 99.1%,
significantly higher than that achieved by
conventional heating (Temur Ergan et al,
2022). Sudalai et al.Click or tap here to enter
text. extended the application of dolomite to
Pongamia pinnata oil and achieved a yield of
92.3% at 75 °C, a emethanol:oil ratio of 20:1,
a catalyst concentration of approximately 5
wt%, and a reaction time of 9 hours, although
the calcination conditions were not specified
(Sudalai et al., 2024).

A literature review shows that the use of
dolomite catalysts for biodiesel production
from non-food feedstocks remains limited.
Therefore, using abundant, low-cost
dolomite for the transesterification of kapok
seed oil is relevant to expanding biodiesel
production from more sustainable non-food
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feedstocks. This research focused on
integrating the use of locally sourced kapok
seed oil as a non-edible feedstock with
dolomite as a low-cost, naturally abundant
mineral for recoverable basic catalysis. This
study lies not only in combining kapok seed
oil with a dolomite catalyst but also in the
microwave-assisted transesterification
process. Microwave irradiation  offers
advantages in biodiesel production, including
rapid heating, faster biodiesel vyields,
significantly lower energy consumption, and
improved contact between methanol, oil, and
the solid catalyst. These factors enable more
efficient  biodiesel  production  than
conventional heating. The study also
evaluates catalyst reusability and identifies
deactivation as a primary challenge for
operational  sustainability. The  study
examined the influence of catalyst
concentration, reaction temperature, and
methanol-to-oil molar ratio on biodiesel
yield. The study also evaluated reusability to
determine whether the catalyst can retain
activity over repeated cycles, which is

essential for assessing practical feasibility.

MATERIALS AND METHODS

Materials

Dolomite was collected from natural
sources. Deionized water was used for
washing. Methanol was used as the reactant.
Kapok seed oil served as the biodiesel
feedstock. Kapok seed oil was extracted using
solvent extraction with n-hexane, which is
highly selective for non-polar lipids. Initially,
dried kapok seeds were finely ground to
increase the surface area for solvent contact.
Approximately 50 g of the ground seeds were
placed in a Soxhlet extractor and refluxed
with 300 mL of n-hexane for 6 hours. The
resulting oil-solvent mixture was then rotary-

evaporated at 40°C to remove the solvent and
obtain kapok seed oil.

Dolomite Catalyst Preparation

Dolomite was washed with deionized
water to eliminate organic pollutants and
impurity particles. The washed dolomite was
dried at 105°C for 12 hours in an oven to
eliminate moisture. After drying, the dolomite
was pulverized through a ball mill and sieved
using a 100-200 mesh sieve to produce a
uniform particle-size distribution. Calcination
of the powder was conducted at 900°C for 4
hours in a muffle furnace to convert
carbonate compounds into active oxide
forms: calcium oxide (CaO) and magnesium
oxide (MgO), with the release of CO, gas. The
calcined dolomite was stored in a desiccator
to prevent rehydration by water vapor,
because CaO is hygroscopic.

Catalyst Characterization

The Crystal Structure of Porous Materials
was examined using X-Ray Diffraction (XRD).
The instrument used was a Rigaku SmartLab
X-ray Diffractometer for crystalline structure
characterization of porous  materials.
Equipped with a Cu Ka radiation source (A =
1.5406 A), it operates at 40 kV and 30 maA,
using a 6-20 configuration and a D/teX Ultra
250 detector. Scans typically run from 5° to
90° 20 with a step of 0.02°. The pore size, pore
volume, and surface area distribution of the
porous materials were measured using a
Quantachrome NOVA 2200e. Operating with
nitrogen gas at —196°C, the specific surface
area was determined by the BET method,
while pore volume and average pore
diameter were determined using the BJH
methods. It supports multi-point analysis,
with relative pressure ranging from 0.05-0.3
(P/Po), with degassing performed at 100-
300°C under vacuum. Energy-dispersive X-ray
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Spectroscopy (EDS) is an important technique
for determining the elemental composition of
porous materials. EDS analysis was
performed using an Oxford Instruments X-
Max 20 EDS system integrated with a JEOL
JSM-6510LA Scanning Electron Microscope.
The system uses a wide-area silicon drift
detector (SDD) with a resolution of
approximately 125 eV at Mn Ka. Operating in
high vacuum with an accelerating voltage
range of 10-20 kV, EDS captures characteristic
X-ray emissions resulting from electron-
matter interactions. Quantitative and semi-
quantitative analyses were processed using
AZtec software, which allows real-time
elemental mapping and spot analysis. Basic
strength of solid materials was determined
through the Hammett indicator method as a
qualitative measurement tool. It employs
organic indicators with known H™ values in
non-aqueous solvents. A color change upon
contact with the material indicates that the
surface basicity exceeds the indicator's Ho
value. Common indicators include
phenolphthalein (Ho = +9.8) and 4-
nitroaniline (Ho = +18.4). This classifies basic
sites as strong, moderate, or weak, offering
valuable insight into catalyst performance.

Catalytic Performance Test

Kapok seed oil was used as the raw
material in the transesterification reaction.
Microwaves were used to assist the
experiments. A two-neck flask reactor,
equipped with a reflux condenser and a
temperature indicator, was placed on a
magnetic hot plate stirrer. Methanol and a
certain amount of catalyst were added to the
flask, heated while stirring at 500 rpm, and
kapok seed oil was slowly introduced. The
reaction was run for 1 hour. After the reaction
was complete, the catalyst was separated by
vacuum filtration and centrifugation. The

reaction mixture was placed in a separating
funnel and allowed to stand for 24 hours. The
glycerol layer was isolated, and the methyl
ester layer was heated at 80°C to remove
residual methanol.

Product Analysis

Biodiesel yield was determined as the
ratio of the weight of biodiesel produced to
the weight of initial oil used, using the
following equation Eqg. 1; (Ajala et al,
2020)(Ajala et al,, 2021)

Biodiesel Yield (%)

Weight of biodiesel produced
= ( . ) X 100%
Weight of KSO used

Biodiesel composition was identified
using a Shimadzu GCMS-QP2010 SE
equipped with a GC-2010 Plus gas

chromatograph.
Condensor
/Thermometer
Two-neck

flask reactor [

Microwave

!

Fig. 1: Catalytic performance test apparatus

Catalyst Reusability

The calcined dolomite catalyst was
reused in several reaction cycles to evaluate
its stability and activity over time. The
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calcined dolomite catalyst's reusability was
assessed under constant reaction conditions,
including 7.5% catalyst loading, a methanol-
to-oil molar ratio of 1:12, a reaction time of
60 minutes, and 60°C temperature. After the
reaction, the remaining catalyst was
immediately  reused in  subsequent
esterification  cycles under identical

conditions.
RESULTS AND DISCUSSION

Physicochemical Properties of Dolomite
Catalysts

The crystalline phase of raw dolomite
and dolomite catalysts were examined using
X-ray diffraction (XRD) analysis. Figure 2 (a)
presents the XRD pattern of the raw dolomite
before thermal activation. Several sharp and
intense diffraction peaks at approximately =
18.6°, 29.4°, 32.0°, 36.0°, 47.2°, 50.8°, and
59.0° indicate the presence of well-
crystallized phases. The sharp diffraction at a
20 angle of 29.4° is attributed to the plane of
calcite (CaCOs3). Meanwhile, the peaks at 47.2°
and 50.8° can be attributed to CaO (lime
phase). The presence of calcium and
magnesium compounds as dominant crystal
phases indicates dolomite’s potential to
produce catalytically active basic oxides
through activation. These oxides are well
known for their strong basic nature, which
enhances the catalytic performance in base-
catalyzed reactions such as transesterification
for biodiesel production. The XRD patterns in
Figure 2 (b) illustrate the crystallographic
characteristics of the dolomite-based catalyst
after thermal activation. The diffractograms
show several sharp and intense peaks,
indicating a well-crystallized material. The
characteristic peaks appearing at 36.0°, 42.6°,
and 62.4° are consistent with the reflections
of magnesium oxide (MgO), while the peaks

at 32.0°, 47.2°, and 53.0° can be attributed to
calcium oxide (CaO).
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Fig. 2: X-Ray diffraction pattern of (a) raw
Dolomite; and (b) Dolomite catalyst

The disappearance of some diffraction
patterns in dolomite after thermal activation
indicates that the thermal treatment
successfully converted the original carbonate
matrix into catalytically active oxide phases.
These oxides are known for their strong
basicity, which helps facilitate base-catalyzed
transesterification and other reactions
requiring basic active sites. The sharp
diffraction peaks indicate high crystallinity,
which improves thermal and structural
stability during catalytic operation. In
addition, MgO contributes to a higher surface
area and dispersion of active sites, while CaO




S. A. Pratidina, A. Hidayat 247

acts as a strong base, increasing the reactivity
of the catalytic material.

Figure 3 (a) illustrates the nitrogen
adsorption-desorption  isotherm  curves,
which exhibit Type IV behavior, characteristic
of mesoporous materials according to the
IUPAC classification. The Type IV isotherm is
characterized by initial adsorption showing
the formation of monolayers to multilayers at
relatively low pressures (P/P, < 0.3), followed
by a significant increase in the adsorption
volume at intermediate pressures due to
capillary condensation within the mesopores.
The relatively small initial adsorption at low
P/Po indicates that micropores do not
dominate this material. The sharp increase in
adsorption volume as P/P, approaches 0.9-
1.0 confirms the presence of mesopores. The
hysteresis curve along the desorption path
further confirms the presence of mesoporous
structures. The observed hysteresis curve
resembles type H3, which is associated with
plate-shaped materials and slit-shaped pores.

As shown in Figure 3(b), the nitrogen
adsorption-desorption isotherm mirrors the
trend in Figure 3(a). According to IUPAC
classification, this is identified as a Type IV
isotherm, typical of mesoporous materials.
The curve demonstrates a sigmoidal trend,
with a steady rise in adsorbed volume at P/P,
< 0.3 (low relative pressure), followed by a
steeper increase as the relative pressure
approaches unity. The curve trend illustrates
layered adsorption followed by capillary
condensation in the mesopores. Hysteresis is
observed between the adsorption and
desorption branches at medium to high
relative pressures, indicating the presence of
mesopores. The hysteresis profile s
categorized as type H3, which is often
associated with slit-shaped or plate-like
pores. The H3 type hysteresis indicates a
wider and less uniform pore structure. Both

N2 isotherm curves of raw and calcined
dolomite show that the materials have a
mesoporous structure with slit-shaped pores,
so they have high potential for use in
applications such as catalysis, adsorption, and

separation.
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Fig. 3: Nitrogen adsorption-desorption
isotherm profile of: (a) raw dolomite; and (b)
dolomite catalyst

The physicochemical characteristic of
raw and calcined dolomite is summarized in
Table 1. The key parameters such as average
pore size diameter, specific surface area, and
total pore volume are crucial for evaluating
the properties of porous materials,
applications
heterogeneous catalysis, adsorption, and
energy storage. The nitrogen adsorption—

particularly  in involving
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desorption results for raw and calcined
dolomite are summarized in Table 1. Upon
calcination, all three measured parameters
increased  significantly, indicating the
development of a more favorable porous
structure for catalytic applications.

The specific surface area of raw dolomite
was recorded at 07190 m?g~', which
increased substantially to 1.2676 m>g™" after
calcination. This enhancement can be
attributed to the thermal decomposition of
carbonate phases (CaCO; and MgCOs;) into
their respective oxides (CaO and MgO), which
induces the formation of voids and
disordered  structures, increasing the
accessible surface area. Higher specific
surface area is favorable in catalytic systems
as it provides more active sites for reactant
adsorption and surface reactions, ultimately

improving catalytic efficiency.

Table 1. Physicochemical characteristics of
raw and calcined dolomite

BET Average Cumulative
S ADIES surface .pore pore
area diameter volume
(m’g™")  (nm) (emi.g™")
RaW 17190 22834 4078107
Dolomite
Calcined 5076 248995  7.891.10°
Dolomite

In parallel, the average pore diameter
also increased from 22.83 nm to 24.89 nm
after calcination. According to the IUPAC
classification, this pore size range falls within
the mesoporous region (2-50 nm), which is
highly desirable in catalysis because it
balances molecular diffusion and surface
accessibility. The slight enlargement of pore
diameter after calcination may result from
sintering effects during the thermal
treatment, which leads to the coalescence of
smaller pores into larger mesopores, thereby

facilitating the transport of larger molecules
within the pore network.

The total pore volume also showed a
remarkable increase from 4.078 x 107
cm?®g™ in raw dolomite to 7.891 x 1073
cm®g™" in calcined dolomite. This expansion
in pore volume supports the formation of
additional porosity, likely from the removal of
volatile  components and  carbonate
decomposition. Increased pore volume is
advantageous in adsorptive processes and
storage applications, such as gas adsorption,
where it directly influences the material's
uptake capacity.

Collectively, these changes demonstrate
that calcination significantly modifies the
textural properties of dolomite, transforming
it into a more porous and catalytically active
material. The shift toward a mesoporous
structure with improved surface area and
pore volume suggests enhanced potential for
use in transesterification reactions for
biodiesel production, CO, capture, or as a
base catalyst in various organic syntheses.
Moreover, the presence of medium-sized
mesopores is advantageous for reactions
involving bulky molecules, reducing diffusion
limitations and  improving  turnover
frequency. The BET parameter underscores
the transformation of Dolomite’s
physicochemical characteristics due to
thermal activation. These modifications not
only reflect the evolution of mesoporosity but
also highlight the suitability of calcined
dolomite for deployment in advanced
catalytic and environmental applications.

The basicity of raw and calcined
dolomite catalysts was evaluated using
Hammett's indicator method, as presented in
Table 2. Basicity and total basicity are
important parameters affecting catalyst
performance in the transesterification

reaction for biodiesel production. Raw
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dolomite showed basicity in the range of 7.2
< H™ < 9.8, indicating f weak to moderate
basic sites. The basic strength in this range is
attributed to the surface hydroxyl groups or
bicarbonate species, which have limited
nucleophilic character and are less effective in
abstracting protons from alcohol molecules
during transesterification. Calcined dolomite
showed much higher basicity in the range of
12.2 < H™ < 15.0, corresponding to strong
basic sites. This is mainly due to the formation
of highly reactive O* species on the surface
due to the thermal decomposition of
dolomite into CaO and MgO phases. These
strong basic sites are essential for enhancing
methanol deprotonation, thereby increasing
the rate of methoxide ion formation, a key
intermediate in biodiesel synthesis.

The total basicity of raw dolomite was
3.23 mmol/g, increasing substantially to 9.90
mmol/g after calcination. The more than
threefold increase in basic sites was driven by
thermal activation, which generated surface-
active oxygen species and removed adsorbed
CO, or water that could block active sites. The
increase in both basic strength and basic site
concentration after calcination indicated a
significant improvement in  dolomite’s
catalytic potential for the transesterification
reaction. Stronger basic sites would facilitate
the initial activation of methanol while also
promoting sustained reaction kinetics,
leading to  higher biodiesel yields.
Furthermore, higher basicity (in mmol/g)
provided more reactive sites per unit mass,
increasing  overall  catalytic  efficiency.
However, very strong basicity (H™ > 15.0) can
also cause side reactions such as
saponification, which can reduce e biodiesel
yield and complicate product purification.
The basic strength values observed in
calcined dolomite (H™ up to 15.0) remain
within the optimal threshold to achieve high

activity without significant side reactions,
making it a promising candidate for
heterogeneous  catalysis in  biodiesel

production.

Table 2. The dolomite and dolomite catalyst
characteristics

) Total
S Basic basicity
strength(H_) (mmoles/gr)
Raw. 7.2<H_<9.8 3.23
Dolomite
Dolomite 122<H_<150 9.9
catalyst

The elemental composition of raw
dolomite and its calcined derivative was
characterized using Energy-Dispersive X-ray
Spectroscopy (EDS), with the resulting
spectra and quantified data presented in
Figure 4. The analysis reveals significant
changes in elemental distribution before and
after thermal activation, providing insight
into the material’s structural and chemical
transformation.

The EDS spectrum of raw dolomite
shows that the material is primarily
composed of calcium (Ca), carbon (C), and
oxygen (O), with weight concentrations of
64.63 wt%, 19.19 wt%, and 16.18 wt%,
respectively. This composition is consistent
with the theoretical formula of dolomite,
CaMg(COs),. However, magnesium was not
detected in this analysis—possibly due to EDS
limitations in detecting lighter elements or
due to partial substitution of Mg®* by Ca** in
the mineral lattice.

The high carbon and oxygen contents
indicate the presence of carbonate species,
confirming that the material exists in its
carbonate form, which is typical of naturally
occurring dolomite. The stoichiometric
balance of C and O further supports the
presence of carbonate groups (COs*7), which
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are thermally unstable and tend to
decompose under high-temperature
conditions. This carbonate-rich structure
implies relatively low basicity, making raw
dolomite catalytically inactive or less effective
for base-catalyzed reactions such as

transesterification.

Element Symbol Element Name  Weight Conc.
Ca Calcium 64.63
[ Carbon 19.19
o] Oxygen 16.18
o
[ 2 3 4 3 g O g o T 7 w
15282 counts n 30 s
(@)
@
Element Symbol _Element Name _ Weight Conc.
Ca Calcium 84.61
(o] Oxygen 768
C Carbon 7.38
Al Aluminium 0.33
3 2 3 4 : g o
5200 30 seconcs

Fig. 4: Energy-dispersive X-ray spectroscopy
(EDS) of (a) raw dolomite; and (b) dolomite
catalyst

After thermal treatment, the material
exhibits significant compositional changes.
The calcium content increases sharply to
84.61 wt.%, while the carbon and oxygen
contents drop to 7.38 wt.% and 7.68 wt.%,
respectively. These reductions reflect the
decomposition of carbonate groups into
calcium oxide (CaO) and the evolution of CO,
during calcination, a well-documented
transformation in dolomitic materials (Zabeti
et al., 2009). The conversion of CaCO; to CaO
is a crucial step that enhances the material's
basic properties and catalytic performance.

These  elemental changes  have

significant  implications  for  catalytic
applications. The increase in CaO content
leads to a higher density of surface basic sites,
which are essential for facilitating
nucleophilic attacks in biodiesel production.
The decrease in carbon content further
confirms the successful removal of thermally
unstable carbonate groups, increasing the
material's thermal stability and reactivity
(Boey et al, 2011). Moreover, the reduced
oxygen content aligns with CO, loss,
corroborating the thermal transformation
pathway of dolomite under calcination.
Overall, the EDS results demonstrate a
clear transformation of dolomite from a
carbonate-dominated structure to an oxide-
rich catalyst through calcination. The marked
increase in calcium content and concurrent
loss of carbonate species confirms the
formation of CaO as the dominant phase,
which is desirable for heterogeneous base
catalysis. These findings validate the potential
of thermally activated dolomite as an
efficient, low-cost solid base catalyst,
particularly for applications such as biodiesel

synthesis.

Performance Test
Temperature Effect

Figure 5 illustrates the effect of reaction
temperature on biodiesel yield. As observed,
the biodiesel yield increases progressively
with rising reaction temperature, ranging
from 30°C to 60°C. At 30°C, the yield is
approximately 64%, which increases to 75%
at 40°C. At 50°C, the yield increases to around
81%, and the highest yield of approximately
89% is obtained at 60°C. This trend indicates
that elevated temperatures enhance the
transesterification reaction, likely due to
increased molecular motion and collision
frequency between triglyceride and alcohol
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molecules. Higher temperatures reduce oil
viscosity, improve mass transfer, and
accelerate the reaction rate. Moreover, at
higher temperatures, the activation energy
barrier is more easily overcome, leading to
improved conversion rates.
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Fig. 5: Temperature effect on biodiesel yield

However, while the graph shows a
positive correlation between temperature
and biodiesel yield up to 60°C, excessively
high temperatures (typically above the
boiling point of methanol, ~64.7°C) may
cause methanol evaporation, reducing
reaction efficiency and causing economic
loss. Therefore, optimization should balance
between maximizing yield and minimizing
energy and methanol loss. Overall, the results
suggest that increasing the reaction
temperature up to 60°C significantly
enhances biodiesel production efficiency,
highlighting the importance of temperature
control in transesterification processes.

Mole Ratio of Oil to Methanol Effect

One crucial factor influencing biodiesel
yield is the mole ratio of oil to methanol. Mole
ratio is the ratio between the number of
moles of oil and the number of moles of
methanol. The mole ratio was used to shift

the reaction toward biodiesel formation.
Figure 6 presents the influence of the mole
ratio of oil to methanol on biodiesel yield. The
data indicates that increasing the methanol
content relative to oil enhances biodiesel
production efficiency. At a molar ratio of 1:3,
the vyield is approximately 71%. This value
increases slightly to around 74% at a 1:6 ratio.
A more significant improvement is observed
at the 1:9 ratio, reaching approximately 85%,
and the highest yield of approximately 89% is
achieved at the 1:12 ratio.
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Fig. 6: Mole ratio of methanol to oil effect

on biodiesel yield

This trend can be attributed to the nature
of the transesterification reaction, which is
reversible. According to Le Chatelier's
principle, using an excess amount of
methanol shifts the reaction equilibrium
toward the formation of more methyl esters
(biodiesel), thus improving the vyield. In
addition, a higher methanol concentration
enhances the solubility of glycerol, the
reaction by-product, reducing its inhibitory
effect on the catalyst and overall reaction
rate. Nevertheless, excessively high methanol
quantities, while beneficial to yield, may
create additional separation and purification
burdens. Recovering and recycling excess
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methanol is necessary to maintain economic
and sustainable processes. Therefore, while
the 1:12 ratio provides the maximum vyield in
this study, optimization must consider both
conversion efficiency and downstream
processing requirements.

Catalyst Concentration Effect

Catalyst concentration is an important
operating parameter affecting biodiesel yield
during the transesterification reaction. The f
CaO and MgO phases in calcined dolomite
provide strong basic sites that contribute to
its catalytic activity by facilitating methanol
activation and subsequent triglyceride
conversion. The catalyst concentration is
varied in the range of 1-7.5% weight of
Dolomite catalyst.

Figure 7 illustrates the effect of varying
catalyst concentration (expressed as weight
percent of oil) on biodiesel yield. The data
indicates a consistent upward trend in
biodiesel yield as the catalyst concentration
increases from 1 wt% to 7.5 wt%. At 1 wt%
catalyst concentration, the biodiesel yield is
approximately 70%. This increases to about
75% at 2.5 wt%, then rises more significantly
to approximately 84% at 5 wt%. The highest
yield, nearly 89%, is achieved at a catalyst
concentration of 7.5 wt%. The observed yield
increase with higher catalyst concentration is
attributed to more active catalytic sites
available for the transesterification reaction,
which  facilitates the conversion of
triglycerides into methyl esters. Higher
catalyst concentration enhances reaction
kinetics by promoting methanol activation
and accelerating biodiesel formation.
However, while the yield continues to
improve up to 7.5 wt%, it is important to
recognize that beyond a certain threshold,
further increases in catalyst concentration
may not vyield proportionally higher

conversion. In industrial-scale applications,
excessive catalyst use can lead to practical
drawbacks, including increased  soap
formation, higher viscosity, separation
difficulties, and additional costs for catalyst

recovery and purification.
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Fig. 7: Catalyst concentration effect on
biodiesel yield

Reusability Test

Figure 8 illustrates the performance test
of dolomite catalyst in four consecutive
transesterification cycles using the same
operating conditions (reaction temperature
of 60°C, mole ratio of methanol to oil of 12: 1,
and catalyst concentration of 7.5 wt%). Fresh
catalyst yielded 89% biodiesel. In the second
cycle, the biodiesel yield decreased to 76
wt%, indicating deactivation or loss of
catalytic active sites, which is generally due to
partial fouling, leaching, or accumulation of
organic residues on the catalyst surface.
Further use in the third and fourth cycles
showed a significant decrease in biodiesel
yield to 68 and 65 %, respectively. This
significant decrease indicates a significant
reduction in catalytic efficiency with repeated
reuse, which may be due to structural
degradation or adsorption of irreversible
reaction byproducts. Despite this decrease,
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the catalyst maintained a biodiesel content
above 65 wt% during the reuse cycles,
indicating relatively good stability and
reusability under the operating conditions
tested. The test results demonstrate the
dolomite catalyst’s capability for multiple
reaction cycles under the same operating
conditions. However, a regeneration or
reactivation step is necessary to maintain the
catalyst performance.
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Fig. 8: Reusability of dolomite catalyst for
four consecutive cycles

The decline in activity after four
consecutive cycles is related to changes in the
number and strength of CaO-MgO base sites.
Catalyst deactivation can occur due to
leaching of active Ca species into the
methanol phase. In addition, CaO and MgO
may undergo hydration and carbonation,
forming Ca(OH),, Mg(OH),, and CaCOs3, which
lower surface basicity and suppress
methoxide ion formation. Catalyst activity can
also decline because glycerol, partial
glycerides, soaps, and other organic species
adsorb on the surface, blocking active sites
accessibility.
Consequently, washing followed by re-

and obstructing pore

calcination can be considered an effective
regeneration approach to remove deposited
organic species and restore the catalytically

active oxide phases (Hu et al., 2023; Niu et al.,
2020; Slinksiené et al., 2024).

Figure 9 shows the GC-MS results for
biodiesel produced using kapok seed oil. The
GC-MS evaluation of biodiesel synthesized
from kapok seed oil demonstrated a
characteristic elution pattern with several
methyl ester compounds predominantly
detected between 38 and 46 minutes of
retention time. The highest intensity peak,
appearing around 40.2 minutes, is attributed
to methyl linoleate, a primary unsaturated
fatty acid methyl ester (FAME). Notable peaks
also include methyl palmitate (~38.9 min),
methyl oleate (~40.5 min), and methyl
stearate (~42.1 min). These findings confirm
effective transesterification of the original
triglycerides. The dominance of unsaturated
FAMEs reflects promising fuel qualities,
particularly in cold-flow behavior and
oxidative resistance. Compound
identification was supported by spectral
matching with reference libraries.
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Fig. 9: GC-MS results for biodiesel produced
using kapok seed oil

The physicochemical properties of KSO
biodiesel produced using the low-cost
dolomite catalyst are presented in Table 3 and
compared with KSO biodiesel, ASTM D6751,
and EN 14214 standards. The density and
kinematic viscosity of KSO were 861 kg/m?
and 4.9 mm?/s, respectively, both of which are
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within the acceptable limits of the standards.
The values indicate that the produced
biodiesel has suitable flow behavior,
adequate volumetric energy characteristics,
and favorable atomization performance for
application in compression-ignition diesel
engines (Aslan, 2023). The acid value of KSO
was 0.39 mg KOH/g, below the maximum
permitted value, indicating a low residual free
fatty acid level and reduced potential for
corrosion in fuel injection systems and engine
parts. In addition, the calorific value of 40.82
MJ/kg further confirms that KSO biodiesel
can provide sufficient energy output when
used as an alternative diesel fuel. Meanwhile,
the cetane number of 56 suggests improved
ignition quality (Zhang et al, 2025). The
compliance of biodiesel derived from kapok
seed oil with international fuel quality
standards indicates that dolomite catalyst,
when used in conjunction with microwave
irradiation, is effective in producing biodiesel
that can be used in conventional diesel

Table 3. Comparison of KSO biodiesel
physicochemical properties with standards
(SNI 7182, ASTM D6751)

KSO
Properties biodiesel SNI ASTM
P (this 7182  D6751
research)
Density 850-
(kg/m?) 861 890 860-900
Kinematic
viscosity 4.9 2.3-6.0 1.9-6.0
mm?/s
Acid value 0.39 <04 <05
Cetane 51 .
number >6 (min) 4> (min)
Calorific
value 40.82 - 35 (min)
(MJ/kg)
Water 0.002 <0.003 <0.005
content 5

engines. The low water content of 0.002 wt%
indicates moderate unsaturation, storage
stability, and reduced risks of corrosion or
hydrolysis. The compliance of biodiesel
derived from kapok seed oil with
international fuel quality standards indicates
that the dolomite catalyst, when used with
microwave irradiation, effectively produces
biodiesel suitable for conventional diesel
engines.

CONCLUSIONS

The study successfully demonstrated the
viability of synthesizing biodiesel from non-
edible kapok seed oil over a dolomite
heterogeneous catalyst under microwave-
assisted transesterification conditions. The
optimal reaction  parameters-  60°C
temperature, 1:12 methanol-to-oil molar
ratio, and 7.5wt% catalyst loading—yielded a
maximum biodiesel conversion of 89%,
meeting the specifications set by SNI 7182
and ASTM D6751. GC-MS analysis of the
biodiesel composition confirmed successful
conversion of the KSO feedstock into fatty
acid methyl esters (FAMEs). However, catalyst
reusability declined significantly after four
cycles, with yields dropping from 89 to 65%,
primarily due to catalyst deactivation and
fouling. This highlights a key limitation in
long-term  operational  stability = and
necessitates further research on catalyst
regeneration  strategies and  surface
modification to enhance durability.

The study underscores the potential of
natural dolomite as a cost-effective and eco-
friendly catalyst for biodiesel production,
particularly suitable for regions with
abundant kapok seed resources. This work
contributes to sustainable energy transition
efforts by leveraging locally available

materials and green processing methods.
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Future studies should focus on improving the
catalyst’s lifecycle performance, evaluating
scalability in continuous reactor systems, and
conducting techno-economic and life cycle
assessments (LCA) to validate its industrial
feasibility and positive environmental impact.
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