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Abstract

This study reports the synthesis, characterization, and catalytic evaluation of sulfonated carbon derived
from oil palm empty fruit bunches (OPEFB) for biodiesel production. Activated carbon produced through
controlled pyrolysis was sulfonated using sulfuric acid concentrations of 7%, 10%, and 13% to examine
the influence of acid strength on catalyst properties. The materials were characterized using TGA/DTA,
FTIR, BET, and SEM to assess thermal stability, functional group incorporation, surface morphology, and
porosity. Among the prepared samples, the catalyst treated with 10% H,SO, (SA-10) exhibited the most
favorable combination of surface area, pore accessibility, and -SO;H density. Esterification of waste
cooking oil (WCO) at 65 °C for 2 h demonstrated that SA-10 achieved the highest ester yield (43.28%) at
a catalyst loading of 3 g, outperforming samples with insufficient or excessive sulfonation. These findings
highlight the potential of OPEFB as a sustainable precursor for solid acid catalyst development and
emphasize the importance of optimizing sulfonation conditions to enhance catalytic performance.
Further studies on catalyst reusability, kinetic behavior, and techno-economic feasibility are
recommended to support industrial-scale application.
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Graphical Abstract

OPEFB-Derived Sulfonated Carbon as Solid Acid Catalyst for Biodiesel Production
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Introduction

Growing concerns over environmental
degradation and the depletion of fossil-
based resources have accelerated the
development of renewable energy
technologies [1-2]. Biodiesel, derived from
biomass-based materials, has received
considerable attention as a biodegradable
and environmentally sustainable substitute
for petroleum-derived diesel [3-5]. Waste
cooking oil (WCO), in particular, is an
abundant and low-cost feedstock [6-8] with
a high free fatty acid (FFA) content, offering
both economic benefits and opportunities
for sustainable waste valorization [9-10].

Traditional esterification processes
commonly employ homogeneous acid
catalysts such as sulfuric acid; however, their
use is associated with several drawbacks,
including complex catalyst separation,
equipment  corrosion, and  adverse
environmental impacts [11-13]. As a result,
heterogeneous solid acid catalysts have
emerged as more sustainable alternatives
[14-15]. Among them, sulfonated carbon-
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based catalysts have shown notable promise
due to their strong Brgnsted acidity, thermal
stability, and reusability, as highlighted by
Chong et al. (2021) [16].

Agricultural residues such as oil palm empty
fruit bunches (OPEFB) represent attractive
precursors for carbon-based catalysts owing
to their high carbon content [17], intrinsic
porosity [18], and wide availability in palm-
oil-producing regions [19]. Controlled
pyrolysis of OPEFB produces activated
carbon with favorable structural
characteristics [20-22], while subsequent
sulfonation using sulfuric acid introduces -
SOsH groups that impart strong acidity
suitable for esterification reactions [23-24].

The physicochemical characteristics of
sulfonated carbon—including surface area,
thermal stability, pore morphology, and acid
site density—are strongly influenced by the
sulfonation conditions and the chemical
nature of the precursor [25-26]. Although
earlier studies have examined the
sulfonation of various biomass sources such
as glucose, starch, and lignocellulosic
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materials [27-28], systematic investigations
specifically targeting OPEFB-derived
sulfonated carbon remain limited. In
particular, there is a lack of comprehensive
studies evaluating how variations in sulfuric
acid concentration influence both the
structural attributes of the catalyst and its
catalytic performance.

To address this gap, the present work
synthesizes sulfonated carbon catalysts
from OPEFB using controlled sulfuric acid
concentrations (7%, 10%, and 13%) and
evaluates their catalytic performance in the
esterification of waste cooking oil (WCO)
under mild reaction conditions. The novelty
of this study lies in the utilization of OPEFB
as a sustainable precursor, the application of
mild sulfonation strategies, and a systematic
assessment that links physicochemical
properties to catalytic behavior. This study
offers new insights into the relationship
between sulfonation degree, catalyst
structure, and biodiesel yield, thereby
addressing an important gap in the existing
literature.

Materials and Methods

Synthesis of Carbon Material from Oil Palm
Biomass (OPEFB)

OPEFB obtained from PT. Gergas Utama,
Langkat was first washed to remove dirt and
impurities and then sun-dried. The dried
biomass was further dehydrated in an oven
at 105 °C for 24 h to eliminate residual
bound moisture. The dried and shredded
OPEFB was subsequently subjected to
pyrolysis at 500-700 °C [27] for a fixed
residence time of 2 h [28], a duration
selected to ensure adequate carbonization
and promote stable pore development
without inducing structural collapse. The
resulting activated carbon was allowed to
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cool naturally to room temperature and was
stored in a desiccator prior to use.

Sulfonation of Activated Carbon.

Activated carbon produced from pyrolysis
was sulfonated using sulfuric acid solutions
of 7%, 10%, and 13% (w/w), prepared by
diluting concentrated H,SO, (98%) with
deionized water. A carbon-to-acid mass ratio
of 1:10 was applied. The mixture was placed
in a 250-mL three-neck round-bottom flask
equipped with a reflux condenser and
positioned in a temperature-controlled oil
bath inside a fume hood to ensure safe
handling of potential SO, vapors. The
reaction system remained closed but not
pressurized to minimize acid loss during
heating.

Sulfonation was performed at 150 °C for 6 h
under continuous magnetic stirring (400
rpm) to ensure uniform interaction between
the carbon matrix and the acid. After
completion, the mixture was cooled to room
temperature, washed repeatedly with
deionized water until neutral pH was
achieved, and dried at 105 °C for 24 h.

For clarity, samples are labeled according to
their treatment conditions. CA denotes the
activated carbon obtained from pyrolysis
without sulfonation. SA-7, SA-10, and SA-13
represent carbon sulfonated with 7%, 10%,

and 13% H,SO,, respectively. These
materials were subjected to thermal,
structural, and morphological

characterization (TGA/DTA, FTIR, BET, and
SEM) to assess the influence of sulfonation
conditions on their physicochemical
properties.

Esterification Procedure.

Esterification was conducted using waste
cooking oil (WCO) as the feedstock. The WCO
was weighed, placed in a three-neck flask
equipped with a condenser, and preheated
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to 65 °C to avoid methanol evaporation.
Methanol was added according to the
predetermined stoichiometric ratio,
followed by the addition of the sulfonated
carbon catalyst (0 g, 3 g or 5 g depending on
the experiment).

The reaction mixture was refluxed at 65 °C
for 2 h under continuous magnetic stirring.
This reaction time is widely reported as
sufficient for effective esterification and to
promote proper mass transfer among
methanol, the oil phase, and the solid
catalyst. Maintaining stirring throughout the
reaction also prevents catalyst settling and
enhances  catalytic contact, thereby
improving conversion efficiency [11].

After reaction, the mixture was allowed to
settle into two layers: an upper biodiesel
layer and a lower glycerin-rich phase
containing residual catalyst. The biodiesel
layer was separated using a separatory
funnel, washed with warm water to remove
remaining methanol and catalyst residues,
and dried using anhydrous sodium sulfate
(Na;S0O,). The final biodiesel product was
analyzed by FTIR to confirm ester functional
group formation.

Characterization Techniques.

Comprehensive characterization was
performed on both activated and sulfonated
carbon samples. FTIR spectra were recorded
using a Shimadzu  IR-Prestige 21
spectrophotometer to identify characteristic
functional groups, particularly to confirm the
presence of -SOzH functionalities and to
verify ester formation in biodiesel. Surface
morphology was examined using SEM
imaging with a Bruker instrument. Surface
area and porosity were evaluated through
BET analysis using a Quantachrome system.
Thermal stability and decomposition
behavior were assessed using TGA/DTA with
an STA TG/DTA 7300 analyzer.
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Result and Discussion

As the WCO was used in its as-received
condition, its composition likely reflects the
typical characteristics of recycled frying oils
reported in the literature. Such oils
commonly contain 3-15% free fatty acids
(FFA), which promote water formation
during esterification and subsequently shift
the reaction equilibrium toward the
reactants under mild conditions. Residual
moisture content generally 0.2-1.5% further
suppresses ester conversion by hydrolyzing
methyl esters and inhibiting proton-
catalyzed reactions. In addition, WCO is
typically dominated by long-chain fatty acids,
particularly oleic and palmitic acids, which
esterify more slowly at atmospheric
pressure due to steric hindrance and mass-
transfer limitations [6-10]. These inherent
characteristics of WCO help explain the
moderate ester yield obtained in this study
and align with previous findings indicating
that high-FFA feedstocks often require either
intensified reaction conditions or catalysts
with higher pore accessibility to achieve
conversion levels above 70%.

The sulfonated carbon samples synthesized
in this work exhibited distinct
physicochemical characteristics that
reflected the influence of sulfuric acid
concentration during treatment. All carbon
materials (CA, SA-7, SA-10, and SA-13) were
comprehensively  characterized using
TGA/DTA to evaluate thermal stability, FTIR
to identify functional groups, SEM to observe
surface morphology, and BET analysis to
determine surface area and porosity. These
analyses  collectively  confirmed  the
structural and chemical modifications
induced by sulfonation.

Thermal Stability (TGA/DTA Analysis)

The thermal behavior of the activated and
sulfonated carbons was evaluated using TGA
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and DTA, as illustrated in Figure 1. The TGA
curves exhibited multistage weight-loss
patterns corresponding to (i) moisture
evaporation, (ii) decomposition of oxygen-
containing surface functionalities, and (iii)
final degradation of the carbon matrix.
Among the samples, SA-10 retained the
highest residual mass, confirming its
superior thermal stability and more robust
carbon framework relative to SA-7 and SA-13
[29].

The DTA curves provided additional insight
into thermal transitions. SA-10 showed a

smoother and more gradual decomposition
profile, indicative of thermally stable sulfonic
and carbonaceous structures. In contrast,
SA-7 exhibited sharper exothermic events,
suggesting the presence of less stable -SOz;H
groups and weaker surface functionalities.
These trends align with the sulfonation
conditions applied during synthesis, as
variations in acid concentration strongly
influence the stability and bonding
environment of -SO;H moieties on carbon
surfaces [30].
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Figure 1. TGA and DTA curves of CA, SA-7, SA-10, and SA-13 showing mass loss and thermal
transitions associated with pyrolysis and sulfonation. Measurements were conducted under

nitrogen flow at a heating rate of 10 °C/min.

Functional Group Analysis (FTIR)

FTIR analysis (Fig. 2a) was conducted to
evaluate the chemical modifications induced
by sulfonation. All sulfonated samples (SA-7,
SA-10, and SA-13) displayed characteristic
absorption bands in the 1040-1150 cm™
region corresponding to S=0O and S-O
stretching vibrations, which were absent in
the untreated activated carbon (CA). These
bands confirm the successful incorporation
of -SOz;H groups onto the carbon surface,

consistent with previous studies on
sulfonated biomass-derived carbon
materials [29-30]. Among the tested
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samples, SA-10 exhibited the highest
intensity in this region, indicating an optimal
degree of sulfonation without excessive
blocking of pore structures [24].

In addition to the appearance of sulfonic
bands, minor peak shifts of approximately
5-10 cm™ were observed in the aromatic
C=C region near ~1600 cm™ and the C-O
stretching region (1000-1200 cm™). These
shifts reflect alterations in the electronic
environment of the carbon framework due
to the grafting of electron-withdrawing -
SOz;H groups [31]. Furthermore, the broad
O-H stretching band between 3000-3600
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cm™ intensified in all sulfonated samples,
indicating the presence of acidic hydroxyl
groups and enhanced surface hydrophilicity,

1164 CA
‘cH
1.14
1129 saq3 oo
X 1104 =
(0] £
2 108 o
8 c=0*
g 1.06 SA-10 S=0=
=
G 1.04-]
[ “CH
1.02 .
Cc=0
SA-7 §=0*
1002 i .
“aCH -0 =0 )
0.98 4 C=0a ‘(S o]
T € T . T b T b T i T v T o T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

a feature commonly reported in sulfonated
lignocellulosic carbons [32]

2.4':
231WCo
22
2.1 .
2.0 =
194 B e
18] N
T 17 ES-5 \ o
8 1.6 4 (!
c 154 1
£ 14— —
€ 13J]ES-3
2 121
2 11
104~ n—r—— —————————— ~ ~~\ AN
094 ES-0 " |
0.8 - fm 1]
L
0.7 ,‘ | /
0.6 { '
T T T T v T v T €
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR Spectra of sulfonated carbon and esterification products

The FTIR spectrum of the esterification
product also revealed a strong absorption at
~1740 cm™, attributed to the C=0 stretching
vibration of methyl esters, confirming the
successful conversion of fatty acids into
biodiesel [32].

Taken together, the emergence of S-
containing functional bands, the systematic
increase in peak intensities, the observed
band shifts, and the enhanced O-H
broadening collectively provide strong
evidence for the successful grafting of -SOz;H
groups onto OPEFB-derived activated
carbon and corroborate the structural
transformations predicted during
sulfonation.

Surface Morphology (SEM Analysis)

SEM imaging (Figure 3) provided clear
insights into the morphological evolution of
the carbon materials following sulfonation.
The raw activated carbon (CA) exhibited a
rough, irregular surface with abundant and
well-developed pores, typical of carbonized
lignocellulosic biomass. This structure
reflects the inherent porosity generated
during pyrolysis of OPEFB.
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Upon sulfonation, distinct changes in surface
morphology were observed. The SA-7
sample retained relatively large and open
pores, indicating that low acid concentration
induced only mild surface modification. This
behavior is consistent with observations by
Garcia-Bordejé et al. (2021), who reported
that insufficient sulfonating strength
generally leads to partial functionalization
while preserving most of the native pore
network [29].

In contrast, SA-10 displayed a moderately
smoother surface with well-defined and
uniformly distributed pores, suggesting an
optimal degree of sulfonation that enhances
surface functionalization while maintaining
structural integrity. Similar morphological
evolution has been reported by Yadav et al.
(2023), who found that moderate
sulfonation produces a balanced carbon
structure—adequately functionalized but
not overly compact—resulting in improved
catalytic performance [30]. This balance
between pore accessibility and functional
group density aligns with the favorable
physicochemical characteristics of SA-10.
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Meanwhile, SA-13 exhibited clear signs of sulfonation compromises surface area and
partial pore collapse and surface reduces reactant accessibility. Overall, the
compaction, likely caused by over- SEM observations directly reflect the
sulfonation. Excessive acid treatment sulfonation intensities applied during
introduces a high density of -SOsH groups synthesis. Among the samples, SA-10
that can obstruct or block pore entrances. Al- exhibits the most favorable structural
Hamamre et al. (2025) similarly reported features, supporting the superior catalytic
that strong acid loading tends to degrade activity observed during esterification. These
carbon microstructures and reduce porosity morphological trends reinforce the
due to excessive functional group deposition importance of achieving an optimal balance
[24]. The morphological deterioration between pore structure and functional
observed in SA-13 corroborates this group incorporation to maximize catalytic
mechanism, indicating that excessive efficiency.
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Figure 3. SEM micrographs of (a) CA, (b) SA-7, (c) SA-10, and (d) SA-13, captured at x1000
magnification and 15 kV accelerating voltage. Scale bars represent 10 pm. Images reveal
changes in pore morphology and surface texture resulting from different H,SO,
concentrations.
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Surface Area and Porosity (BET Analysis)

BET analysis (Fig. 4 and Table 1) showed that
sulfonation substantially altered the textural
properties of the carbon materials. The
untreated activated carbon (CA) exhibited
the highest BET surface area (50.202 m?/g)
and pore volume (0.071 cm3/g), values
consistent with previously reported ranges
for OPEFB-derived activated carbons
produced under similar pyrolysis conditions

[17,22,27]. Following sulfonation, the surface
area and pore volume decreased across all
samples—most notably in SA-7 (34.147 m2/g)
and SA-13 (37.401 m?/g)—due to partial pore
blockage caused by the deposition of -SO3;H
functional groups. This reduction aligns with
findings by Garcia-Bordejé et al. (2021) and
Yadav et al. (2023), who reported that
sulfonation often narrows pore channels
and limits nitrogen adsorption capacity in
biomass-derived carbons [29-30].

Table 1. BET Surface Area and C Constants of CA and Sulfonated Carbon Samples

Sample BET Surface Area (m?/g) Pore Volume (cm?3/g) C Constant
CA 50.202 0.071 122.47
SA-7 34.147 0.061 124.05
SA-10 41.895 0.066 92.171
SA-13 37.401 0.052 745.32

Among the sulfonated samples, SA-10
retained the most favorable structural
profile, with a relatively high surface area
(41.895 m?/g) and pore volume (0.066 cm3/g),
while maintaining a moderate C constant
(92.171). This indicates an optimal balance
between functional group incorporation and
pore preservation, a behavior also noted by
Al-Hamamre et al. (2025), who
demonstrated that moderate sulfonation
maximizes catalytic accessibility while
avoiding pore collapse [24]. Thus, the
textural integrity of SA-10 supports
enhanced diffusion and active-site exposure,
explaining its superior catalytic performance
during esterification compared to the under-
sulfonated (SA-7) and over-sulfonated (SA-
13) materials.

Catalyst Dosage Effect

The following figure shows the impact of
catalyst dosage on methyl ester conversion
The catalytic activity of the sulfonated
carbon materials was evaluated through the
esterification of WCO at 65 °C for 2 h. As
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shown in Fig. 4, SA-10 delivered the highest
ester yield (43.28%) at a catalyst loading of 3
g, confirming its superior performance
among the synthesized catalysts. Although
this yield is lower than the 70-95% often
reported in the literature for sulfonated
carbon catalysts, it is important to
emphasize that such high yields are typically
achieved under considerably harsher
conditions—higher methanol-to-oil ratios,
elevated temperatures (70-120  °Q),
extended reaction times, or catalysts with
greater acidity and pore volume [24, 29-30].
In contrast, the present study deliberately
employed mild, energy-efficient conditions,
under which lower yields are not only
expected but also widely documented in
studies using high-FFA feedstocks [6-10].

Moreover, the intrinsic properties of WCO
significantly influence the reaction outcome.
High FFA and moisture contents are known
to generate water during esterification,
shifting the reaction equilibrium backward
and suppressing conversion, particularly
under atmospheric pressure [6-9]. Thus, the
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moderate  yield obtained here is
mechanistically ~ consistent  with  the
composition of the feedstock and the
reaction environment.

The reduction in yield at 5 g catalyst loading
(30.32%) further strengthens the internal
consistency of the results. Excess catalyst
mass promotes agglomeration, increases

slurry viscosity, and restricts diffusion
between the methanol and oil phases—
limitations  extensively  reported for
heterogeneous solid acid systems [29-30].
Therefore, the yield decrease is not an
anomaly but a predictable mass-transfer
phenomenon consistent with established
heterogeneous catalysis theory.

401
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Effect of SA 10% Catalyst Mass on Esterification Yield
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Figure 4. FTIR spectra of CA, SA-7, SA-10, and SA-13 showing characteristic bands of -SOzH
groups (1040-1150 cm™), C-0O stretching, and carbonaceous backbone vibrations

Crucially, the catalytic performance trends
are fully supported by the structural
characteristics obtained from FTIR analysis
(Fig. 4). SA-10 exhibits the strongest S=0 and
S-0 stretching bands, confirming effective -
SO;H functionalization without
compromising the underlying carbon
framework. This optimal balance of acidity
and pore accessibility is precisely the
condition associated with the highest
catalytic efficiency in biomass-derived
sulfonated carbons [24, 29-30]. Conversely,
SA-7 shows weaker sulfonic signatures
(under-functionalization), while SA-13
exhibits spectral indicators of over-
functionalization and pore constriction—
both mechanisms known to suppress
performance.
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Collectively, these results demonstrate that
SA-10 performs exactly as expected for a
catalyst  optimized under moderate
sulfonation and mild reaction conditions,
providing a scientifically justified and
internally coherent explanation for the
observed activity.

Conclusion

This study presents a novel utilization of
OPEFB as a sustainable precursor for
synthesizing sulfonated carbon catalysts and
establishes a clear structure-property
relationship governed by sulfuric acid
concentration. The catalyst prepared with
10% H,SO, (SA-10) exhibited the most
favorable integration of porosity and acid-
site density, enabling superior esterification
performance  under mild  operating
conditions. These findings underscore the
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potential of OPEFB-derived catalysts as a
viable and resource-efficient platform for
the valorization of high-FFA waste oils. To
advance the practical applicability of this
system, future research should focus on
catalyst regeneration, long-term stability,
kinetic modeling, and rigorous techno-
economic evaluation.
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