W) Check for updates

Wiley

International Journal of Chemical Engineering
Volume 2025, Article ID 4208309, 21 pages

https://doi.org/10.1155/ijce/4208309

Research Article

Biogenic Silica Derived From Sugarcane Bagasse as a Precursor
Material for Unmodified SBA-15: Physicochemical Properties and
Their Use in Biodiesel Production From Spent Oil

Tatum Matthews ©,! Ntalane Sello Seroka @, and Lindiwe Khotseng 1

'Department of Chemistry, University of the Western Cape, Cape Town, South Africa
2Energy Centre, Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa

Correspondence should beaddressed to Ntalane Sello Seroka; 3754640@myuwc.ac.zaand Lindiwe Khotseng; Ikhotseng@uwc.ac.za
Received 3 June 2025; Revised 17 September 2025; Accepted 20 September 2025
Academic Editor: Arnab Biswas

Copyright © 2025 Tatum Matthews et al. International Journal of Chemical Engineering published by John Wiley & Sons Ltd. This
is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Sustainable energy production requires innovative approaches to decrease the dependence on nonrenewable resources and reduce
environmental impacts. In this proof-of-concept study, we investigated green Santa Barbara Amorphous 15 (SBA-15) catalysts using
sugarcane bagasse ash (SCBA) as a silica source and incorporating organic acids and bases to create an eco-friendly synthesis pathway.
These catalysts were applied in the transesterification of waste sunflower oil (WSO) to produce biodiesel. Although the overall biodiesel
yields were relatively low, peaking at 5.603% FAME with the L-cysteine-modified SBA-15 catalyst (Lcys-500), the main objective of this
study was to establish the feasibility of employing green SBA-15 materials as effective catalysts, rather than to optimise reaction parameters
or maximise yield. Catalyst characterisation was carried out using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM)
and thermogravimetric analysis (TGA), confirming that the green SBA-15 retained key structural properties of conventional SBA-15,
including ordered mesoporosity (p6mm symmetry) and spherical morphology with some variation in pore structure and thermal
behaviour. Gas chromatography-mass spectrometry (GC-MS) was employed solely for biodiesel product analysis. FTIR spectra of the
biodiesel confirmed successful transesterification, as indicated by characteristic C=O and C-O stretching bands. However, issues such as
solidification of the CA-500-derived biodiesel and the low yield from the OP-after calcination sample (0.178%) underscore the need for
further refinement. Importantly, catalyst modification strategies, such as surface functionalisation or metal doping, were beyond the scope
of this initial study. Overall, the results support the feasibility of producing functional mesoporous SBA-15 catalysts from agricultural waste
through green chemistry approaches. This study lays the groundwork for the development of environmentally friendly silica-based
catalysts, with future research focussed on surface functionalisation to improve catalytic performance ecologically.
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Summary e Comparative Analysis: Green SBA-15 and HCI-SBA-
15 showed comparable mesostructural features, sup-
e Sustainable Catalyst Synthesis: Green SBA-15 was porting further optimisation.

synthesised from sugarcane bagasse ash using organic
acids and alkalis, offering a green alternative to con-
ventional HCI-SBA-15. 1. Introduction

e Catalytic Performance: The unmodified green SBA-15  The transition towards sustainable energy solutions is driven
was tested for biodiesel production from waste sunflower by the urgent need to reduce fossil fuel dependence and
oil, demonstrating measurable conversion efficiency. alleviate the environmental impacts associated with their
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extraction and use. Among numerous renewable energy
sources, biofuels such as biodiesel have emerged as alter-
natives due to their ability to lower greenhouse gas (GHG)
emissions and utilise renewable or waste-derived feedstocks.
Biodiesel is biodegradable, has exhibited compatibility with
existing diesel engines and can be synthesised from low-
value materials such as waste sunflower oil (WSO), offering
both environmental and economic advantages [1-4].

A critical aspect of effective biodiesel production lies in the
development of robust, affordable and environmentally friendly
heterogeneous catalysts. Mesoporous silica materials, such as
Santa Barbara Amorphous-15 (SBA-15), have garnered sig-
nificant attention in this regard due to their ordered pore
structure, high surface area and thermal stability, as illustrated in
Figure 1 [5, 6]. SBA-15, typically synthesised via polymer-
templated sol-gel methods, features uniform hexagonal mes-
opores and p6mm symmetry, making it highly suitable for
catalytic applications. However, conventional SBA-15 synthesis
relies on costly and hazardous chemicals such as tetraethyl
orthosilicate (TEOS) and hydrochloric acid (HCI), posing en-
vironmental, safety and economic concerns that limit their
sustainable application [7-10].

While SBA-15 has previously been synthesised from
biomass-derived silica, including sugarcane bagasse ash
(SCBA), most studies continue to rely on hazardous mineral
acids (e.g., HCI) and alkalis (e.g., NaOH) during synthesis
[11]. This work introduces several key innovations that
advance the green chemistry of SBA-15 materials. Firstly, we
employed organic acids (citric acid [CA]) and amino acids
(L-cysteine) in place of mineral acids for SCBA pre-
treatment. This rarely explored route may influence pore
formation via hydrogen bonding or thiol interactions.
Secondly, we implemented tetrapropylammonium hydrox-
ide (TPAH) as an alternative alkaline agent for one-pot (OP)
SBA-15 synthesis from SCBA-derived silica, representing
a novel approach not yet reported in literature. This dual
substitution of acid and base with greener, less hazardous
reagents reflects a significant step towards environmentally
benign mesoporous silica production. Importantly, we also
assessed the baseline catalytic behaviour of the unmodified
SBA-15 materials, rather than focussing on functionalised or
doped variants, to establish a proper green foundation for
future catalyst development.

Building on these innovations, our study focussed on
SCBA as a renewable silica source and explored how dif-
ferent green pretreatment agents—namely, L-cysteine, CA,
and TPAH—could influence the mesostructure of SBA-15.
SCBA, an abundant agro-industrial byproduct, contains
a high percentage of amorphous silica, making it a promising
feedstock for the green synthesis of mesoporous materials. In
addition to replacing synthetic silica precursors, the sub-
stitution of hazardous reagents with organic acids and bio-
based additives can further reduce the environmental impact
of SBA-15 synthesis. For instance, amino acids such as L-
cysteine hydrochloride monohydrate offer functional groups
(-SH and -NH,) that can influence silica condensation and
pore structure through hydrogen bonding or electrostatic
interactions [12-15].
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FIGURE 1: SBA-15 pore structure with silanol groups on its surface.

This study presents a proof-of-concept investigation into
the green synthesis of SBA-15 using SCBA as a sustainable
silica source and organic acids/bases as eco-friendly sub-
stitutes for conventional reagents. The goal is to evaluate the
feasibility of producing mesoporous silica from waste ma-
terials under mild conditions and to assess the baseline
catalytic potential of the unmodified materials in biodiesel
production. Unlike many studies that apply postsynthesis
functionalisation or doping to enhance catalytic perfor-
mance, the present work deliberately focuses on raw, un-
modified SBA-15 samples to understand their inherent
structural, textural and catalytic properties. The establish-
ment of the baseline characteristics is essential for future
studies in catalyst optimisation and surface engineering.

For comparison, HCI-SBA-15 was synthesised and
characterised to assess the structural and textural differences
between green and conventional SBA-15. The samples were
characterised using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS), transmission electron microscopy (TEM), ni-
trogen physisorption (Brunauer-Emmett-Teller [BET]) and
thermogravimetric analysis (TGA) to assess their structural
and physicochemical properties. The materials were then
tested as catalysts in the transesterification of WSO, with the
resulting  biodiesel ~products analysed wusing gas
chromatography-mass spectrometry (GC-MS) and FTIR.

Although the biodiesel yields were relatively low, this
outcome was expected and does not diminish the central
purpose of the study, which was to demonstrate the viability
of green SBA-15 synthesis using SCBA and to evaluate the
potential of unmodified mesoporous silica as a foundational
material for catalyst development. The results highlight the
promise of biosilica-based SBA-15 as a green catalyst
platform and lay the groundwork for subsequent research
focussed on improving performance through functionali-
sation, doping, or acidity tuning.

Therefore, this research contributes to the growing field
of renewable energy by illustrating the potential benefits of
agricultural waste valorisation and catalyst development,
paving the way for greener and more sustainable energy
solutions.
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2. Methods

2.1. Catalyst Preparation: Synthesis of SBA-15. The synthesis
of SBA-15 catalysts was carried out using a templated sol-gel
method, with a focus on green synthesis approaches in-
corporating organic acids and alkalis. The use of biomass-
derived silica as a precursor offers a sustainable alternative to
conventional methods that rely on synthetic silica sources
[16]. This section details the synthesis procedures employed,
including hydrothermal treatment, calcination conditions
and modifications introduced to enhance the physico-
chemical properties of the resulting SBA-15 catalysts.

2.1.1. Chemicals and Materials Used. The chemicals utilised
in this study were L-cysteine hydrochloride monohydrate
(98%), CA (98%) and pure water, which was used to wash
the SCBA and remove soluble impurities. Sodium hydroxide
(98%) and TPAH were employed to digest silica (SiO,) from
the SCBA to form sodium silicate (sol). Pluronic P123 and
hydrochloric acid (32%) were used to produce the SBA-15
catalysts. Potassium hydroxide (99%), methanol (99%) and
sulphuric acid (98%) were utilised in the transesterification
of waste cooking oil (WCO) to biodiesel, along with the
synthesised ~ SBA-15. All  chemicals used were
analytical grade.

2.1.2. Feedstock Preparation. Sugarcane bagasse (SCB)
feedstock was purchased from Sugar Illovo South Africa
Company in KwaZulu-Natal. After collecting, the bagasse
was allowed to air dry in the laboratory for approximately
7-14 days. Once completely dried, the SCB waste was col-
lected, burnt in the open air, and reduced to ash; therefore,
the remnants became the primary feedstock—SCBA. SCBA
was then ground with a mortar and pestle until it was
homogeneous before being filtered with a metal sieve to
acquire a uniform particle size. The schematic overview of
feedstock preparation is shown in Figure 2 [17-19].

2.1.3. Bagasse Pretreatment. To serve as a control sample in
the comparison with green-synthesised SBA-15, HCI was
employed for the acidic pretreatment of SCBA. The protocol
outlined by Norsuraya [20] was followed. This involved
weighing 5 g of raw SCBA and mixing it with 50 mL ofa 1 M
HCI solution in a round-bottom flask at room temperature
for approximately 2 h, resulting in the production of HCI-
treated SCBA (HCI-SCBA). Subsequently, the mixture was
vacuum-filtered using a Buchner funnel, and the solid
residue (HCI-SCBA) was washed with 20 mL of pure dis-
tilled water to eliminate any metallic ions. The HCI-SCBA
was then dried in an oven set at 40°C for 24 h.

2.1.4. Sodium Silicate Extraction From the Bagasse. To
synthesise sodium metasilicate (sodium silicate, Na,SiO3),
alkali precipitation was employed to modify silica’s physical
and chemical properties and to eliminate any metal im-
purities. A 50 mL quantity of 3M sodium hydroxide (NaOH)

was required. To prepare this, 6 g of NaOH pellets were
measured and combined with distilled water in a 50 mL
volumetric flask. Following this, the HCL-SCBA sample
(prepared earlier in section A) was introduced into the 3M
NaOH solution at 80°C and subjected to vigorous stirring for
4 h. Consequently, this process led to the development of an
Na,SiO; precipitate in the solution. This silica supernatant
was subsequently used to manufacture SBA-15, referred to
as HCI-SBA-15 (the control SBA-15 sample) [20, 21].

2.1.5. HCI-SBA-15 Catalyst Synthesis (Control). The SBA-15
catalyst was synthesised using silicate extracted from HCI-
pretreated SCBA, as described in Section 2.1.4. A known
quantity of Pluronic P123 was dissolved in deionised water
under vigorous stirring at 40°C for 1 h. Next, 16 mL of the
HCl-derived Na,SiO; solution was added to the P123 so-
lution and stirred continuously for an additional hour.
Concentrated HCl was then introduced, and the mixture was
stirred for 2 h.

The resulting gel was transferred to a Teflon-lined au-
toclave and subjected to hydrothermal ageing at 100°C for
48-62h. The solid product was recovered by vacuum fil-
tration, dried at 40°C for 12h, and then calcined in a ni-
trogen atmosphere at 500°C for 1h. The final control
material is referred to as HCI-SBA-15.

2.1.6. Green SBA-15 Synthesis (CA-500 and Lcys-500).
Green SBA-15 catalysts were synthesised using SCBA as the
silica source, with CA and L-cysteine hydrochloride mon-
ohydrate (L-cys) used as environmentally friendly alterna-
tives to conventional mineral acids. A modified version of
the Norsuraya [20] method was adopted. SCBA was pre-
treated with CA or L-cys solutions under controlled con-
ditions to leach impurities and liberate silica in
a biodegradable medium. The sodium silicate (Na,SiO;)
solutions used in this green synthesis were prepared using
the same procedure outlined in Section 2.1.4, with the only
modification being the substitution of CA or L-cys for HCI
during SCBA pretreatment.

Initially, a specific quantity of Pluronic P123 copolymer
was dissolved in a particular volume of deionised water in
a glass container and stirred vigorously at 40°C for an hour to
create a uniform P123/H,0 solution. Next, 16 mL of CA and
Lcys-Na,SiO; was introduced to the P123/H,0 solution. The
mixture was stirred continuously at 40°C for an additional
hour. Subsequently, a specified amount of concentrated HCI
was added, and the mixture was stirred intensively for two
more hours. The resulting gel was transferred to a Teflon-
lined hydrothermal vessel and allowed to age at 100°C for
48-62h under constant conditions. The cream-white solid
that formed (SBA-15) was collected using vacuum filtration
with a Buchner funnel and then dried in an oven for 12h
[22-24]. The dried substance underwent calcination in
a tube furnace in a nitrogen atmosphere at 500°C for 1 hour.
After the pyrolysis, the SBA-15/CA-500 and SBA-15/
Lcys-500 catalysts were obtained and prepared for further
evaluation.
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FIGURE 2: Schematic overview of feedstock preparation.

2.1.7. One-Pot SBA-15 Synthesis. For the first time, TPAH
was employed as a novel alkaline agent in the synthesis of
SBA-15 from biomass-derived silica, representing a green
alternative to conventional methods. TPAH was used in
place of sodium hydroxide (NaOH) to facilitate the for-
mation of sodium metasilicate (Na,SiO3) from SCBA pre-
treated with L-cysteine (SCBA-Lcys) [25].

In a typical synthesis, a small quantity of SCBA-Lcys was
mixed with TPAH solution in a round-bottom flask, yielding
a viscous sludge. Simultaneously, Pluronic P123 was dis-
solved in deionised water under vigorous stirring for 1h.
Concentrated hydrochloric acid was then added to the
SCBA-Lcys/TPAH mixture, followed by the gradual addi-
tion of the P123 solution. The final mixture was stirred for
2h to ensure homogeneity.

The resulting gel underwent hydrothermal ageing at
100°C for 48-62h. The solid product was filtered, washed
and dried. To assess the impact of calcination, the dried
material was divided into two portions: one was calcined
under nitrogen at 500°C for 1 h (OP-A), and the other. At the
same time, the other was left uncalcined (OP-B).

Calcination at 500°C was selected to remove residual
organic matter and improve the purity and structural in-
tegrity of the silica framework. This step is critical for
eliminating remnants from the biomass precursor and ad-
ditives such as CA, L-cysteine and TPAH, while preserving
the mesoporous architecture essential for catalytic activity.
The treatment enhances surface area, thermal stability, and
pore uniformity, making the material suitable for applica-
tions such as biodiesel production via transesterification.

Although the use of TPAH, CA, and L-cysteine does not
eliminate environmental concerns, it reflects an advance-
ment towards greener synthesis by replacing harsher re-
agents like NaOH and HCI with more manageable, less toxic
alternatives. These reagents also offer potential for recovery
and reuse in future scale-up processes.

2.2. Biodiesel Production and Analysis. Biodiesel was pro-
duced through the transesterification of WCO with the
green-synthesised SBA-15 catalysts. The SBA-15 catalytic
activity was assessed under predetermined reaction condi-
tions, and the resulting biodiesel was analysed to determine
its composition and quantity. Various analytical techniques,

including FTIR spectroscopy and GC-MS, were used to
confirm the formation of biodiesel and evaluate its con-
version efficiency [26, 27].

GC-MS was used to analyse the fatty acid methyl ester
(FAME) composition of the generated biodiesel. The FAMEs
separation was accomplished with a capillary column, and
components were identified by comparing retention times
with known standards. This analysis provided insights into
biodiesel composition, conversion efficiency and the cata-
lytic performance of SBA-15 in the transesterification
process [28, 29].

To the best of our knowledge, there is an evident lack of
published studies examining the use of SBA-15 as the sole
catalyst in simultaneous esterification and transesterification
processes for WSO. This catalytic strategy represents a new
and unexplored path in biodiesel production from WSO. We
utilised the reaction parameters, such as reaction time,
methanol-to-oil ratio, concentration and reaction temper-
ature, identified as optimal for biodiesel production by Naser
[30]. The optimal parameters are presented in Table 1.

The refined transesterification procedure, executed in
a 500-mL round-bottom flask with a reflux condenser and
a magnetic stirrer, implemented a meticulously arranged set
of parameters [31]. Four distinct SBA-15 catalysts were
employed: SBA-15/OP-B (one pot before), SBA-15/0OP-A
(one pot after), SBA-15/CA-500 and SBA-15/LCYS-500,
respectively. The experiment commenced with magnetic
stirring between 550 and 600rpm to effectively mix the
catalyst with methanol and p-WSO. Once the reaction was
finalised, the catalyst was promptly separated from the
product by means of a 30-min centrifugation at 6000 rpm.
The mixture was then gently moved to a separating funnel, as
depicted in Figure 3, and allowed to stand overnight to
achieve the complete separation of biodiesel and glycerol
[32, 33]. This thorough approach not only enhances the
transesterification process but also ensures the creation of
high-quality biodiesel suitable for detailed characterisation
and evaluation.

2.3. Characterisation of Synthesised SBA-15

2.3.1. XRD. The materials’ crystalline structures were ex-
amined using a Rigaku powder diffractometer, utilising
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TaBLE 1: The ideal parameters used in biodiesel production.

Parameter Value
Reaction time 4h
Methanol:oil ratio 1:8 mol/mol
Catalyst concentration 2% wt
Reaction temperature 65°C
RPM 550-600

FIGURE 3: Successful (a) biodiesel layer and (b) glycerol layer in
separating funnel produced from SBA-15-Lcys-500.

Cu-Ka radiation (A =1.54 A). Diffraction data were obtained
at 20 angles ranging from 5°C to 90°C at a scanning speed of
0.01°C/min [34].

2.3.2. FTIR. The identification and composition analysis of
the catalysts were examined with the Agilent 5500 compact
FTIR spectrometer with Spectrum Two attenuated total
reflectance (ATR), with a spectrum range of 400 and
4000 cm™! and a resolution range of 2 to 16 cm™! [35].

2.3.3. TGA. Material thermal stability was assessed through
TGA using PerkinElmer’s Simultaneous Thermal Analyzer,
STA 8000. The experiments were conducted at ambient
temperatures, ranging from 30°C to 800°C at a rate of 10°C/
min, with cooling performed at 40°C/min [36].

2.3.4. SEM-EDS. Scanning electron microscopy (SEM,
TESCAN and VEGA), featuring a TESCAN dispersive X-ray
spectrometer (EDS) operating at an accelerating voltage of
15kV. SEM samples were produced on aluminium sub-
strates and dried at 80°C for 1h [37].

2.3.5. TEM Analysis. Examination of the surface and
structural morphology of supplied materials was performed
via TEM (JEOL, 2100), and the TEM samples were prepared
by drop casting on copper grids and glass substrates, re-
spectively. University of Cape Town, Electron Microscopic
Unit (EMU) [38].

2.3.6. BET Analysis. Nitrogen-adsorption isotherm BET
measurements were conducted using a MicroActive TriStar
II 3020 instrument with the sample degassed under vacuum
at 120°C for 24 h before analysis [39].

3. Results and Discussion

This section provides an in-depth evaluation of the green
SBA-15 catalysts, CA-500, Lcys-500, OP-B and OP-A,
synthesised using different pretreatment methods, and
compares them with conventional SBA-15, specifically
HCI-SBA-15. The novelty of this research lies in the green
synthesis approaches, employing CA, L-cysteine hydro-
chloride monohydrate (Lcys), and TPAH as alternatives to
the traditional HCl and NaOH pretreatment used in the
production of SBA-15 from SCBA. These greener methods
aim to reduce the environmental impact while maintaining
or improving the catalytic efficiency of the material, espe-
cially for possible biodiesel production. The significance of
this comparison stems from the need to explore more
sustainable alternatives to conventional synthesis methods,
aligning with the growing emphasis on green chemistry. The
objective of this section is to examine the structural, textural
and catalytic potential of these materials through various
characterisation techniques like FTIR, XRD, SEM, TEM,
BET and TGA to illustrate the structural integrity and po-
rous nature of the SBA-15 samples. The catalytic perfor-
mance of these materials in converting WSO to biodiesel will
also be assessed. The resulting biodiesel was analysed using
FTIR and GC-MS to evaluate its quality and conformity to
biodiesel standards. Comparing the conventional HCI-SBA-
15 with the green SBA-15 materials will provide valuable
insights into the feasibility of adopting greener methods in
heterogeneous catalysis for biodiesel production.

3.1. Characterisation Results of the SBA-15 Catalysts. The
comparison of green SBA-15 with the established HCI-SBA-
15 facilitates a thorough evaluation of the advantages and
possible drawbacks of eco-friendly synthesis methods. The
different SBA-15 catalysts are labelled as follows; see Table 2.

3.1.1. FTIR Spectroscopy Analysis. Attenuated total re-
flection Fourier transform infrared (ATR-FTIR) spectral
analysis identified key functional groups existing in the
SBA-15 samples, which were employed at room temperature
with a wavelength range of 400-4000cm™' and further
validated the synthesis process of the different SBA-15
samples. Figure 4 shows the FTIR analysis of the prepared
catalysts.

Analysis of the FTIR spectra of the mesoporous SBA-15
silica materials synthesised in Figure 4 and Table 3 reveals
three distinct peaks, approximately at 480, 1084, and
700cm ™', corresponding to asymmetric and symmetric
vibrations within the Si-O-Si network. The most prominent
peaks occur in the 1100-1000 cm ! range, which corre-
sponds to the asymmetric stretching vibrations of Si-O-Si
bonds. This band is commonly associated with silica network
formation, indicating that all samples exhibit a typical
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TABLE 2: The sample name, treatment precursors and temperatures for the synthesised SBA-15 samples.

SBA-15 sample name

Pretreatment precursor

Alkali precursor Temperature used ("C)

NaOH 500
NaOH 500
NaOH 500
TPAH 500
TPAH 500

HCI-SBA-15 HCI
CA-500 CA
Lcys-500 L-cys
OP-B (one pot before calcination) L-cys
OP-A (one pot after calcination) L-cys
220
200 - ‘2891 160m )
< 180
£ (iv)
i
: 160 5
£ 110 3023 (iii)
g i (ii)
=1
s 120 A
F
100 W
/700|) (@)
] S
80 10847770 490

T T T
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm™)

FiGUre 4: FTIR spectra of (i) HCI-SBA-15 (control sample), (ii)
Leys-500, (iii) CA-500, (iv) OP-B and (v) OP-A.

TaBLE 3: Assignment of bands in the FTIR spectrum.

Wavenumber (cm™) Tentative band assignment

~480 Si-O-Si bending vibration
~700 Si-O-Si stretching vibration
~770 Si-OH vibration
~1084 Si-O-Si stretching vibration
1601 O-H band

2891 C-H stretch

3023 C-H stretch

SBA-15 structure. However, differences in the intensity and
sharpness of these peaks suggest variations in the structural
order of the silica, likely due to different synthesis or
treatment conditions [40, 41].

HCI-SBA-15 showed well-defined Si-O-Si bands and
no organic residues. Lcys-500 retained similar Si-O-Si
features but exhibited C-H bands (~2900 cm™"), indicating
organic remnants. CA-500 lacked the ~700cm™' band,
suggesting possible structural alteration. OP-B exhibited
pronounced C-H and O-H bands with intense Si-O-Si
peaks, confirming organic content and a well-developed
framework. After calcination, OP-A showed diminished
organic bands and less intense Si-O-Si peaks, indicating
partial framework restructuring [42, 43]. Therefore, the
appearance of these peaks confirms the successful synthesis
of mesoporous SBA-15 silicas [40, 44].

3.1.2. XRD Analysis. The XRD method was used to de-
termine the characteristics of the crystalline phases by
analysing the XRD angles from the crystalline phases of the
SBA-15 catalysts.

The low-angle XRD pattern, Figure 5, of the HCI-SBA-
15 sample shows well-defined peaks, including a strong (100)
reflection near 20=0.3", along with (110) and (200) re-
flections around 20 values of 1.7° and 2°, confirming a highly
ordered hexagonal mesoporous structure typical of SBA-15,
with p6mm symmetry. The sharpness and intensity of these
peaks indicate uniform pore size distribution and a stable,
regular arrangement of mesoporous [45, 46].

The low-angle XRD patterns of CA-500 and Lcys-500 are
presented in Figure 6. It shows key structural differences in
their mesoporous frameworks. Both catalysts show
a prominent reflection (100) near 1° 26, confirming the
retention of a hexagonal mesoporous structure typical of
SBA-15. However, CA-500 shows smaller (100) and (200)
peaks, indicating a well-preserved and uniform mesopore
arrangement despite the CA treatment and calcination at
500°C. On the contrary, Lcys-500 lacks the (110) peak,
suggesting a change in the order of the mesopores, likely due
to the use of L-cysteine during synthesis. Lcys-500 also
exhibits a broader and more prominent (200) peak com-
pared to CA-500, which may indicate greater structural
irregularities and enhanced scattering along the (200) plane.
These differences suggest that, while both samples maintain
a mesoporous structure, Lcys-500 has a less ordered ar-
rangement, particularly along the (110) plane. A study by
Dey and Samanta [47] illustrates the structural variations of
SBA-15, such as the prominence of specific peaks, which
synthesis conditions, calcination temperatures and treat-
ments can influence. This supports our findings [47, 48].

The low-angle XRD patterns of OP-B and OP-A, as
shown in Figure 7, reveal key differences in their structural
ordering. Both samples display the (100), (110) and (200)
peaks, indicating a well-ordered hexagonal mesoporous
structure. However, OP-A shows a more pronounced (200)
peak compared to OP-B, suggesting greater structural reg-
ularity along the (200) plane. While both samples retain
long-range hexagonal ordering, the higher intensity of the
(200) reflection in OP-A points to improved periodicity and
possible differences in pore wall arrangement, making OP-A
slightly more ordered than OP-B [49, 50].

Therefore, the low-angle XRD patterns of the green
SBA-15 samples show distinct structural characteristics
compared to those of HCI-SBA-15. The absence of signif-
icant peaks above 5° suggests that the samples are largely
amorphous, with no crystalline silica phases. In general,
XRD analysis confirms the successful synthesis of highly
ordered mesoporous SBA-15 materials, further proven by
the FTIR analysis above [51, 52]. The phase identification
from the XRD spectra shows a similar trend to that of the
study conducted by Medeiros [53].

85U0| T SUoWILIOD) BAIFe81D) 3|deot|dde auy Aq peusenoh a1e il YO 8sn JO S3|nu oy AriqIT 8UIUO AB]IA UO (SUORIPUOO-PUe-SWLIS) W00  AB| 1M AReiq 1 BU 1 IUO//SCY) SUORIPUOD pue swie | 81 88s *[S20z/TT/LT] uo Areiqiauliuo A8|im ‘eded uesam ay L JO AiseAIuN Aq 60£802/0I/SSTT OT/I0p/L0d As 1M Areiq il uo//Sdiy woiy papeojumod ‘T ‘SZ0T ‘€628



International Journal of Chemical Engineering

7000000 -
] 200000
6000000 | (190)
150000
5000000 - —_
5
=
>\ -
5 4000000 - g 100000 (200)
<
& g
& g
Z 3000000 A
§ 50000 (110)
o
2000000 -
4 0 -
1000000 / 1 2 3 4 5
1 20 (°)
0 T T T T T T T T 1
0 1 2 3 4 5
260 (°)

HCI-SBA-15

FIGURE 5: Low-angle XRD analysis of SBA-15 synthesised with HCL

3.1.3. SEM-EDS Analysis. The SEM analysis reveals the
morphological details of the catalysts’ surface, while the EDS
analysis provides information about the elemental compo-
sition of the catalysts. The surface morphology of the four
different SBA-15 catalysts is depicted in the SEM images,
Figure 8, at a magnification scale of 20 kx (10.4 pm).
SEM-EDS analysis was employed to investigate the mor-
phological features and elemental composition of SBA-15
materials synthesised via both conventional and green methods.
The traditional sample synthesised using hydrochloric acid
(HCI-SBA-15) exhibited aggregated globular structures with
rough surface textures, typical of well-developed mesoporous
silica [54-56]. Elementally, it contained 9.41wt% carbon,
58.91 wt% oxygen, 30.12wt% silicon, and a minor fraction of
aluminium at 1.57 wt%, indicating effective silica condensation
with moderate removal of organic species. In comparison, the
CA-derived sample calcined at 500°C (CA-500) presented more
interconnected and smoother particles with reduced aggrega-
tion. Its composition—6.73 wt% carbon, 58.08 wt% oxygen and
3519wt% silicon—suggested improved silicate framework
formation and efficient template removal. On the other hand,
the L-cysteine-derived sample (Lcys-500) showed a notably
different profile, with a highly porous and less compact mor-
phology. EDS analysis revealed a significantly high carbon
content of 48.83 wt%, alongside 42.56wt% oxygen, 8.05wt%
silicon, and 0.56 wt% titanium, suggesting poor decomposition
of the organic components during calcination and limited silica
development. The significantly elevated carbon content ob-
served in Lcys-500 is most likely due to the incomplete de-
composition of L-cysteine residues during calcination. As an
amino acid, L-cysteine contains functional groups such as -SH
and -NH, that can strongly interact with silica surfaces, po-
tentially stabilising organic matter and impeding complete
combustion under standard thermal conditions (500°C for 1h).
This suggests that the current calcination protocol may be
insufficient to entirely remove residual organic species when
amino acid-based pretreatment is employed. From a catalytic

perspective, the presence of excess carbon can block active
mesoporous sites, reduce surface accessibility and interfere with
acid site distribution—ultimately contributing to lower bio-
diesel yields. Interestingly, while L-cys-500 still achieved the
highest FAME yield (5.6%), the residual carbon may have also
introduced surface functionalities that enhanced oil-catalyst
interactions. Future studies should consider thermal treat-
ment optimisation or washing steps to remove residual organics
while preserving beneficial surface chemistry [57, 58]. The
presence of titanium, although minor, may stem from external
contamination during synthesis or handling [59-61].

The OP synthesised sample before calcination (OP-be-
fore) showed dense, amorphous aggregates consistent with
the retention of templating agents. Its elemental composi-
tion—33.47 wt% carbon, 54.06 wt% oxygen and 12.47 wt%
silicon—reflected an early-stage mesostructure with unre-
moved organics. Following thermal treatment, the OP-after
calcination sample exhibited improved particle definition
and surface clarity, although EDS results indicated the
persistence of residual carbon at 24.28 wt%. Oxygen and
silicon were measured at 59.18 wt% and 16.08 wt%, re-
spectively, with trace aluminium at 0.46 wt%. Despite cal-
cination, the relatively high carbon level implies that the OP
method may require further thermal optimisation to
eliminate organic content. Among the green synthesis
methods, the CA-500 sample demonstrated the most
favourable elemental purity and silica network development.
In contrast, the Lcys-500 and OP-after samples displayed
residual organics that could influence their catalytic be-
haviour under reaction conditions [62, 63].

3.1.4. TEM Analysis. TEM analysis of the SBA-15 catalysts
was performed to evaluate particle size and distribution, as
shown in Figure 9. Figures 9(a), 9(b), 9(c), 9(d), and 9(e)
were captured at a magnification of 50 nm, with specific
regions of interest highlighted by red circles for further
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FIGURE 6: Low-angle XRD analysis of SBA-15 synthesised at 500°C with (a) CA and (b) L-cys.

detailed examination. The TEM images exhibit a charac-
teristic hexagonal arrangement of uniform channels typical
of SBA-15 materials [64, 65]. Postcalcination has a signifi-
cant influence on particle size and distribution, as observed
in the elongated, nonhomogeneous structures. These images
underscore the critical role of calcination in shaping the final
morphology and structural properties of the SBA-15
materials.

The TEM image of the HCI-SBA-15 (Figure 9(a))
sample reveals a typical mesoporous structure consistent
with the characteristics of SBA-15 materials. In the region
highlighted by the red circle, we observe a network of
interconnected mesopores. The image shows some degree
of agglomeration, but the individual pore walls are

relatively well-resolved. These mesopores are likely formed
by the ordered hexagonal arrangement of silica, a charac-
teristic of SBA-15 synthesised using hydrochloric acid as
a catalyst. The scale bar indicates that the pore structures
are in the nanometer range, with uniform channels that are
typically observed in SBA-15. The contrast seen in the
image suggests that the calcination process has successfully
removed organic templates, resulting in clearer pores.
However, the agglomeration observed may suggest slight
structural deformation or incomplete removal of the
template, which could affect the material’s catalytic or
adsorptive properties. Overall, the image confirms the
presence of well-ordered, but possibly slightly disrupted,
mesoporosity [66, 67].
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FIGURE 7: Low-angle XRD analysis of SBA-15 one-pot synthesis (a) before and (b) after calcination.

Figure 9(b), Lcys-500, shows a well-ordered, hexagonal
arrangement of mesopores, typical of SBA-15 materials. The
dark regions represent the silica walls, while the lighter areas
represent the mesopores. The structure of this sample ap-
pears to retain its ordered porosity, indicating that L-
cysteine did not interfere with the formation of meso-
pores. In Figure 9(c), the mesoporous structure appears
loosely packed compared to Lcys-500. This could be at-
tributed to the effect of CA, which may have influenced the
formation of the mesoporous channels. The less-ordered
arrangement indicates that the synthesis conditions may
have been less favourable to achieve a highly ordered SBA-15
framework. However, the sample still retains the primary
characteristics of SBA-15 [68]. The red circles in each image
highlight fibre-like structures, characteristic of conventional

SBA-15 nanomaterials. As seen in Figure 9(b), there are
cylindrical and spherical structures as well as thin, flaky
composites with tiny dots (pores) in between, which may
represent the walls of the mesopores within the SBA-15
materials. In Figure 9(c), note the presence of flaky and rod-
shaped structures, as well as agglomerated particles (in-
dicated by the dark areas throughout the TEM image), which
form clusters and may be attributed to the alkaline pre-
treatment of the SCBA feedstock [65, 69].

Figure 9(d), OP-B, in this uncalcined sample, the
mesoporous structure is not underdeveloped. For further
analysis and discussion, in Figure 9(d), there appear to be
multiple rod-like structures as well as some thin circular
composites. There also appears to be an agglomeration of the
particles, as indicated by the dark areas in the TEM image.
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FIGURE 9: TEM images (a) HCI-SBA-15, (b) Lcys-500, (c) CA-500, (d) OP-B and (e) OP-A.

The pore structure appears disordered, and the framework is
more amorphous in nature. This can be explained by the fact
that the organic components (TPAH and L-cysteine) are still
present, preventing the clear visualisation of the mesopores.
The amorphous appearance suggests that the silica matrix
has not fully formed its characteristic porous structure.
Calcination is necessary to burn oft the organic templates
and reveal the ordered mesopores. In Figure 9(e), after

calcination, the OP synthesis sample exhibits a more defined
mesoporous structure, although still not as ordered as the
Lcys-500 sample. In Figure 9(e), after calcination, the OP
synthesis sample exhibits a more defined mesoporous
structure, though still not as ordered as the Lcys-500 sample.
The pores are now visible, but their arrangement is less
uniform  compared to  the  other  calcined
samples—Figure 9(e) features fibre-like structures, as
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highlighted and zoomed in. There are also thin, flaky
composites and agglomerated particles, especially along the
edge of the image. The use of TPAH and L-cysteine in the OP
synthesis may have influenced pore formation, leading to
a less organised mesoporous framework. However, calci-
nation has improved the structural integrity of the material,
and the pores are more prominent than in the uncalcined
sample (OP-B) [69-71].

Therefore, in summary, HCI-SBA-15 exhibits a some-
what disordered structure, characterised by elongated par-
ticles and a certain degree of particle agglomeration.
Compared to other samples, such as Lcys-500 and CA-500,
which display more defined and uniformly packed meso-
porous channels, HCI-SBA-15 appears less organised. The
Lcys-500 sample exhibits better structural order, likely due
to the presence of L-cysteine during synthesis. CA-500, while
more ordered than HCI-SBA-15, still shows some particle
elongation but has clearer mesoporous channels. On the
other hand, OP-B and OP-A samples stand out with sig-
nificantly more structured, plate-like arrangements and
higher degrees of mesoporous channel alignment. OP-A
demonstrates the most ordered structure, with rigid paral-
lel channels, indicating that OP calcination-based synthesis
helps maintain structural integrity more effectively than
HCl-treated SBA-15. Overall, HCI-SBA-15 appears less
ordered and uniform compared to the other samples, sug-
gesting that the synthesis method greatly influences the
structural properties of the final material. Furthermore, the
TEM images agree with the SEM above regarding the visible
agglomeration.

3.1.5. BET Analysis. BET surface area analysis is a widely
used technique for determining the specific surface area of
porous materials. The textural properties of the SBA-15
silicas were evaluated using the N, adsorption-desorption
method, and the results are summarised in Table 4.

The BET isotherm plot Figure 10) presents the nitrogen
adsorption-desorption behaviour of various materials, in-
dicating their pore structures and surface areas. The ma-
terials include HCI-SBA-15, CA-500, Lcys-500, OP-B and
OP-A. The isotherms observed are Type IV, typical of
mesoporous materials, which means they have pore sizes in
the range of 2-50 nm. The presence of hysteresis loops at
higher relative pressures suggests capillary condensation
within the mesopores [72].

CA-500 exhibits the highest nitrogen adsorption ca-
pacity, reaching about 220 cm®/g, which suggests that this
material has the largest surface area and pore volume among
the samples. This significant adsorption capacity indicates
a highly porous structure with a broad pore size distribution.
In contrast, HCI-SBA-15 shows moderate adsorption, sig-
nifying a mesoporous material with a smaller surface area
and pore volume than CA-500. Lcys-500, OP-B and OP-A
exhibit much lower adsorption volumes, indicating that
these materials have smaller surface areas and pore volumes.
Among these, Lcys-500 shows the lowest adsorption, sug-
gesting a significantly reduced porosity compared to the
other samples [73, 74].
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TaBLE 4: Textural properties of the synthesised SBA-15 catalysts.

Sample name  BETgg, (m%*/g)  V, (cm?/g)  Dp (nm)
HCI-SBA-15 148.2910 0.37 4.8
Ca-500 220.368 0.32 15.6
Lcys-500 95.9744 0.44 14.9
OP-B 18.3384 0.09 4.5
OP-A 32.2193 0.08 4.7
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Figure 10: BET of the SBA-15 samples.

Most of the adsorption for these materials occurs within
the relative pressure range of 0.6-1.0, which is consistent
with the characteristics of mesoporous materials. The lower
adsorption observed below P/P, of 0.6 for Lcys-500, OP-B
and OP-A indicates minimal microporosity in these ma-
terials. The pronounced hysteresis loop for CA-500 further
suggests the presence of ink-bottle-shaped pores. On the
contrary, the less pronounced loops for the other materials
may correspond to more uniform or cylindrical pore
structures [75].

In summary, CA-500 has the highest porosity and
surface area, followed by HCI-SBA-15, which has moderate
properties. The remaining materials, Lcys-500, OP-B and
OP-A, show significantly lower adsorption, indicating
smaller pore volumes and less surface area.

3.1.6. TGA. TGA, as shown in the images, provides the
weight loss of different SBA-15 samples as a function of
temperature, offering insight into their thermal stability and
the decomposition of organic or inorganic components [76].
The TGA graph in Figure 11 compares the thermal be-
haviour of five SBA-15 samples: HCI-SBA-15, CA-500,
Lcys-500, OP-B and OP-A. The graph displays weight loss
(%) as a function of temperature (°C) from 0°C to 600°C,
revealing the thermal stability and decomposition profiles of
these materials. TGA was used to assess the thermal stability
of the catalysts over a specific temperature range.
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The TG analysis of the synthesised SBA-15 samples
shows distinct mass decomposition steps. For HCI-SBA-15
(represented by the black curve), a smooth and gradual
weight loss of approximately 3%-4% is observed, corre-
sponding to the physically adsorbed water (30°C-100°C), the
decay of the P123 template, and silanol decomposition
(100°C-600°C), indicating the successful synthesis of SBA-
15. This steady decrease in weight occurs without sharp
transitions, illustrating the minimal presence of organic or
moisture content within the material, confirming the overall
high thermal stability of HCI-SBA-15 [77].

CA-500 analysis (represented by the red curve) reflects
the minimal weight loss among all samples, indicating its
exceptional thermal stability. Weight loss is gradual, oc-
curring smoothly over the entire temperature range, with
a total decline of approximately 2%-3%. This process ex-
hibits similar decomposition steps to those of the HCI-SBA-
15 sample. On the contrary, Lcys-500 (the green curve)
exhibits two notable regions of weight loss. The initial loss,
around 100°C, indicates the release of physically adsorbed
water or volatile organic components. A more significant
decline begins around 300°C and continues to 600°C,
resulting in a total weight loss of approximately 7%-8%. This
significant weight loss is likely attributed to the de-
composition of cysteine residues from the functionalisation
process, highlighting the organic content within the material
[78, 79].

The thermal behaviour OP-B (represented by the blue
curve) is characterised by multiple stages of weight loss,
making it more complex than CA-500 and HCI-SBA-15. An
initial minor weight loss at around 100°C is probably due to
the release of water or light volatile organic components.
This is followed by a sharp decline between 250°C and 450°C,
associated with the decomposition of organic species,
resulting in a total weight loss of approximately 6%. This
pattern suggests that OP-B contains intermediate organic
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content, possibly related to the synthesis or treatment
employed. Lastly, OP-A (illustrated by the cyan curve) shows
minimal weight loss, slightly higher than CA-500 but lower
than L-cys-500 and OP-B. The weight loss is linear and
gradual, amounting to around 3%, indicating that this
material is also thermally stable with only small amounts of
organic material. The TGA profile for OP-A is similar to CA-
500; however, it exhibits a slightly higher overall weight loss,
which may be due to minor residues or structural changes
during the OP synthesis [79, 80].

The TGA data highlight the differences in thermal sta-
bility and organic content between the SBA-15 samples,
relevant to their potential applications in catalysis or ma-
terial science.

3.1.7. Comparative Summary of Catalyst Properties. To fa-
cilitate a more precise comparison of the structural and
physicochemical features of the synthesised SBA-15 cata-
lysts, a summary of key parameters is presented in Table 5.
This includes surface area, pore diameter, pore volume (as
determined by the BET method), carbon content (as mea-
sured by SEM-EDS), and thermal stability (as indicated by
total weight loss from TGA).

This comparison illustrates the trade-offs between sur-
face area, organic residue and thermal stability across dif-
ferent synthesis methods. Notably, CA-500 displayed the
highest surface area and lowest thermal degradation,
whereas Lcys-500 retained high porosity but showed sub-
stantial organic content. The OP samples (OP-B, OP-A) had
significantly lower surface areas and higher carbon re-
tention, correlating with their limited biodiesel yields.

3.2. Characterisation of the Biodiesel. The characterisation of
the biodiesel produced in this study involves a compre-
hensive analysis of its physical and chemical properties to
evaluate its quality and suitability as a biofuel. Analytical
techniques, such as GC-MS, assess the content of FAME,
viscosity, density and impurities, such as free fatty acids and
water. Additionally, this analysis will help determine the
catalytic effectiveness of SBA-15, especially evaluating
whether SBA-15 alone can facilitate biodiesel production
through transesterification or if further modifications/
functionalisation are required to optimise the process. The
reaction parameters of the transesterification process were 1:
8 oil-to-methanol ratio, 2% SBA-15 catalyst loading, at 60°C
for 4h.

3.2.1. FTIR Spectroscopy Analysis of the Biodiesel Samples.
FTIR analysis of biodiesel samples produced using the green
SBA-15 catalysts provides insight into the chemical com-
position and functional groups in biodiesel. When the vi-
brational frequencies are analysed, key functional groups,
such as esters, can be identified, indicating successful
transesterification. Characteristic absorption bands, such as
the strong C=O stretching around 1740cm™' and C-O
stretching around 1020cm™" range, are expected in bio-
diesel, confirming the formation of FAMEs [81, 82].
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TaBLE 5: Summary of physicochemical properties of the SBA-15 catalysts.
Samole Surface area Pore diameter Pore volume Carbon content TGA weight
p (mz/g) (nm) (cm3/g) (Wt%) loss (%)

HCI-SBA-15 148.29 4.8 0.37 9.41 ~4
CA-500 220.37 15.6 0.32 6.73 ~2-3
Lcys-500 95.97 14.9 0.44 48.83 ~7-8
OP-B 18.34 4.5 0.09 33.47 ~6
OP-A 32.22 4.7 0.08 24.28 ~3

However, it must be noted that raw sunflower oil
contains a C=0 stretching band around 1740 cm ™, thus it is
not possible to rely solely on this band for determining
successful biodiesel production. Therefore, the appearance
of both 1740 cm ™! (C=0) and 1020 cm™* (C-0) will indicate
successful biodiesel production. This analysis is crucial in
verifying the efficiency of the green SBA-15 catalysts in
producing biodiesel and evaluating the purity and quality of
the final product. This FTIR graph, Figure 12, shows the
comparison of functional groups present in raw WSO and its
biodiesel products (CA-500, Lcys-500, OP-B, OP-A), based
on the wavenumber range from 4000 to 1000 cm™'. Each
curve represents the transmittance intensity at different
wavenumbers, corresponding to specific chemical bond
vibrations.

In Figure 12 and Table 6 [83], the WSO does not show
significant peaks in 3000-4000 cm ™', unlike the biodiesel
samples (CA-500, Lcys-500, OP-B and OP-A), and this
could be possible because the sunflower oil is expired. The
FTIR spectrum for the WSO sample corresponds to a study
conducted by Wembabazi et al. [84], in which expired
sunflower oil was used to produce biodiesel [83]. Strong
absorption peaks in the 3000-2800 cm™" region are char-
acteristic of C-H stretching vibrations from alkyl groups
(CH,, CH3), indicating the presence of triglycerides. In the
range of 1700-1800cm™’, the peak corresponds to C=0
stretching vibrations, typical of ester or carboxylic acid
groups found in triglycerides. The 1200-1100 cm™" region
reflects the C-H stretching vibrations in triglycerides
[84, 85].

For the biodiesel samples, the 3500 cm! region shows
peaks (O-H stretch) that could be attributed to residual
moisture from alcohols, as seen in Table 6. The 3000-
2800 cm ™" region also exhibits C-H stretching vibrations of
the methyl and methylene groups, although the peak in-
tensities differ slightly from those of WSO. These variations
suggest structural changes during the transesterification
process. In the 1740 cm™" region, the C=O stretching vi-
brations shift (from 1743 cm™ in the SSO spectrum to
1741 cm™" in the biodiesel spectra) or change in intensity, as
expected during the conversion of triglycerides into methyl
esters (biodiesel). For example, CA-500 exhibits a slightly
stronger intensity in this region, indicating a more efficient
conversion. At the same time, OP-A has the lowest intensity,
possibly signalling incomplete conversion or the presence of
intermediates. The 1022 cm ™" peak, corresponding to C-O
stretching vibrations, remains prominent in all biodiesel
samples and is absent from the WSO, therefore further
clarifying the successful production of biodiesel via
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FiGure 12: FTIR spectra of the WSO and the produced biodiesel
samples.

TaBLE 6: Wavenumbers and their corresponding bands.

Wavenumber (cm™) Groups attributed

3262 O-H broad stretch

3008 C-H stretch

2924 C-H stretch

2855 C-H stretch

1743 C=0 stretch

1741 C=0 stretch (ester)

1649 C=0 stretch

1460 -CH, in-plane bend (alkanes)

1415 C-H bend (alkanes)

1235 C-C bend

1193 C-C bend

1159 C-C vend

1095 C-0 bend (alcohol, ester)

1022 C-0 stretch (ester)

720 C-H bend (alkenes, long chain
hydrocarbons)

transesterification with the SBA-15 catalysts. Although it
varies in intensity and sharpness, reflecting differences in
ester bonds formed during the reaction [86].

CA-500 and Lcys-500 both show clear and strong C=0
(1741 cm™") and C-O peaks (1022 cm™"), indicating efficient
transesterification and the formation of ester bonds, typical
of biodiesel. On the other hand, OP-B and OP-A display
weaker C=0 absorption, particularly OP-A, which suggests
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incomplete conversion of triglycerides or the presence of
unreacted oil. Additionally, the peaks near 3500 cm™! in
some biodiesel samples imply the presence of residual
moisture or organic components, which could impact fuel
quality. Furthermore, Lcys-500 has a medium peak near
3500 cm™’, indicating that it contains less moisture/organic
components, while the other samples have quite strong O-H
peaks around 3500 cm ™', meaning that they contain more
moisture or residual organic components. Hence, this could
affect the biodiesel production from the CA-500, OP-B and
OP-A samples [81, 87].

In summary, the FTIR spectra indicate that the biodiesel
samples have undergone successful transesterification, albeit
with varying conversion efficiencies, as evidenced by dif-
ferences in the ester C=0 (1741 cm™) and C-O (1022 cm™)
peaks. CA-500 and Lcys-500 appear to have the best con-
version, while OP-A might need optimisation to improve its
transesterification yield.

3.2.2. GC-MS Analysis. To evaluate the efficacy of the green-
synthesised SBA-15 catalysts in producing biodiesel, GC-MS
was used to analyse the FAME content of the biodiesel samples.
The primary objective was to determine whether SBA-15
catalysts synthesised using green methods facilitated biodiesel
production by converting the triglycerides in WSO into
FAMEs. GC-MS enables the separation and identification of
individual components within the biodiesel, providing quan-
titative data on the relative abundance of different fatty acids
[88]. This analysis is essential to understand the properties of
the fuel, optimise the catalytic process, and confirm the po-
tential of green SBA-15 as an effective catalyst in biodiesel
production. The success of biodiesel production from WSO
will be evaluated by examining four primary methyl esters
illustrated in Table 7 [89].

3.2.2.1. FAME Analysis of Biodiesel Samples Using GC-MS.
The biodiesel sample derived from the CA-500 catalyst,
which was synthesised using CA, exhibited physical char-
acteristics that hindered its analysis. Upon completion of the
transesterification reaction, the CA-500 biodiesel solidified
or hardened, making it impossible to undergo GC-MS
analysis. The hardening of the biodiesel could be attributed
to incomplete conversion, leading to residual unreacted
triglycerides or glycerol, which can polymerise under certain
conditions.

Another possible cause of solidification is the interaction
between CA residues and methanol during the reaction. CA,
being a tricarboxylic acid, can form complex esters or soaps
under alkaline or acidic transesterification conditions. These
products may lead to higher molecular weight species or
increased viscosity, especially if the catalyst was insufficiently
washed before use. Additionally, any residual moisture or
improper separation of glycerol could have contributed to
crystallisation. Furthermore, CA is soluble in methanol, so
the solubility of CA could have affected biodiesel generation
and resulted in its crystallisation [90, 91]. This observation
highlights the potential challenges in using specific catalysts
for biodiesel production, where the chemical conversion
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TaBLE 7: Methyl esters carbon chain and their
corresponding names.

Methyl

ester carbon chain Methyl ester name
C16:0 Palmitate (palmitic acid)
C18:1 Oleate (oleic acid)
C18:2 Linoleate (linoleic acid)
C22:0 Docosanoic acid

must be carefully controlled and the physical properties of
the final product must be closely monitored. In future work,
thorough drying of the catalyst, improved postreaction
washing and possibly adjusting the methanol-to-oil ratio
may help prevent this phenomenon and improve the con-
sistency of the biodiesel product.

As a result, only Lcys-500, OP-B and OP-A were sub-
jected to GC-MS analysis. Table 8 displays the relative
methyl esters detected in these three biodiesel samples. These
esters are crucial indicators of biodiesel formation as they are
FAME:s derived from WSO.

For the Lcys-500 sample, high concentrations of pal-
mitate (20.06 mg/g) and oleate (33.98 mg/g) were observed,
the major components expected in SSO-based biodiesel.
Linoleate (0.36 mg/g) and docosanoic acid (1.53 mg/g) were
also detected, although in smaller amounts. The high levels
of palmitate and oleate indicate that the Lcys-500 catalyst
effectively produced biodiesel from SSO, successfully con-
verting most of the fatty acids of sunflower oil into their
methyl ester forms [91].

In the OP-B sample, palmitate (8.44mg/g) and oleate
(16.33 mg/g) were present, albeit at lower concentrations
compared to Lcys-500, indicating that some biodiesel for-
mation had occurred, although the conversion efficiency was
lower. The concentration of linoleate (6.16 mg/g) was sig-
nificantly higher than in Lcys-500, suggesting possible dif-
ferences in reaction conditions or catalyst performance. A
small amount of docosanoic acid (0.22 mg/g) was also de-
tected. These data indicate that the OP-B sample achieved
partial success in biodiesel production; however, the lower
concentrations of key esters suggest an incomplete con-
version of WSO [92, 93].

On the contrary, the OP-A sample contained small
amounts of palmitate (1.78 mg/g), with oleate, linoleate and
docosanoic acid not detected. The absence of significant
concentrations of methyl ester indicates that OP-A was
largely ineffective in producing biodiesel. The small number
of palmitates suggests that the OP-A catalyst did not ef-
tectively convert WSO into biodiesel. In summary, the Lcys-
500 sample demonstrated apparent success in the pro-
duction of biodiesel from WSO, with high concentrations of
palmitate and oleate indicating effective conversion. OP-B
also produced biodiesel but with lower efficiency, as shown
by reduced ester concentrations. OP-A, however, showed
minimal biodiesel production, with insignificant levels of
methyl esters, indicating that it was largely ineffective in
converting SSO into biodiesel. Therefore, Lcys-500 was the
most successful SBA-15 sample for biodiesel production,
followed by OP-B, while OP-A showed limited success.
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TaBLE 8: Methyl ester concentrations in the biodiesel samples.

Concentration in mg/g
Methyl ester

Lcys-500 OP-B OP-A
Palmitate 20.06 8.44 1.78
Oleate 33.98 16.33 0
Linoleate 0.36 6.16 0
Docosanoic acid 1.53 0.22 0

3.2.2.2. Discussion of SBA-15 Catalyst Performance. The
GC-MS results indicate that the SBA-15 catalysts synthesised
using green methods, particularly the L-cysteine-modified
SBA-15 (Lcys-500), produced biodiesel, as evidenced by the
presence of key FAMEs. However, the overall FAME yield
remained low across all samples, as seen in Figure 13 and
Table 9. This suggests that while the green-synthesised SBA-15
catalysts can catalyse the transesterification of triglycerides into
biodiesel, the process may require further optimisation to
enhance reaction efficiency and recovery.

4. Summary

4.1. Discussion on Synthesis of Green SBA-15. In summary,
FTIR analysis revealed distinct differences between the
SBA-15 samples based on their synthesis and treatment
methods. Sharp and well-defined Si-O-Si bands in
HCI-SBA-15, CA-500 and OP-A demonstrated a successful
formation of the mesoporous silica network, with minimal
organic contamination after calcination. In contrast, OP-B
showed significant organic residue, while the Lcys-500
sample exhibited intermediate characteristics. Regarding
the XRD analysis, all green samples retained the charac-
teristic peak (100) found in HCI-SBA-15, indicating that the
mesoporous structure of SBA-15 was preserved. However,
Lcys-500 lacked the (110) peak, although it had a prominent
and broad (200) peak, suggesting some degree of structural
order. On the other hand, CA-500, OP-B and OP-A
exhibited both the (110) and (200) peaks, such as
HCI-SBA-15, indicating a higher level of structural order.
Quantitative elemental analysis as determined by SEM-EDS
showed that all green SBA-15 samples contained Si, O and
C. Lcys-500 had the highest carbon content (48%) and was
hence considered the best green SBA-15 sample produced
with OP-B being the second best and CA-500 the least
favourable with 6% carbon content. Furthermore, the TEM
provided the morphological information on the different
SBA-15 silicas, and it was determined that OP-B and OP-A
exhibited the best mesoporous structure, with Lcys-500
following. However, despite its structural ordering, OP-A
exhibited inferior catalytic activity.

The poor catalytic activity of the OP-A sample can be
attributed to multiple structural and chemical limitations.
Despite showing improved mesopores ordering after cal-
cination (as seen in the XRD and TEM analyses), the OP-A
sample retained a relatively high carbon content (24.28 wt%)
according to SEM-EDS results. This suggests that calcina-
tion may not have entirely removed organic residues from
the OP synthesis, particularly TPAH and L-cysteine. These
residuals could block active sites, reduce surface
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FIGURE 13: A bar graph illustrating the effect of the SBA-15 catalyst
on the biodiesel yield.

TaBLE 9: Biodiesel yield using green SBA-15 as a catalyst.

Sample name Sample weight (g) Biodiesel yield (%)

Lcys-500 0.0210 5.603
OP-B 0.0177 2.991
OP-A 0.0204 0.178

accessibility, or interfere with the adsorption of triglycerides.
Moreover, the BET analysis indicated a very low surface area
(32.22m?%/g) and limited pore volume, which severely re-
stricts the available catalytic surface. This physical limitation,
combined with incomplete template removal, likely sup-
pressed transesterification activity. It is also possible that the
interaction between TPAH and L-cysteine during OP syn-
thesis created a denser silica framework with fewer acid sites
or modified polarity, making it less compatible with oil-
phase reactions. Future work should investigate optimising
calcination time or temperature and explore the impact of
post-treatment washing or mild functionalisation to restore
active surface characteristics [94-97].

The BET results indicated that CA-500 and Lcys-500
showed significant increases in pore diameter and volume
compared to the conventional HCI-SBA-15, suggesting that
green synthesis methods can produce materials with en-
hanced porosity. The OP synthesised samples (OP-B and
OP-A) displayed smaller pore sizes and volumes, indicating
a more controlled mesoporous structure, though with po-
tentially fewer surface areas for applications requiring
a higher pore volume. Lastly, CA-500 and OP-A were the
most thermally stable, with minimal degradation through-
out the temperature range. Lcys-500 had the highest organic
content, evidenced by its significant weight loss, while OP-B
shows a moderate number of organic residues. HCI-SBA-15
exhibited good stability, albeit with a slightly higher overall
weight loss compared to CA-500 and OP-A.

Therefore, as discussed above, the physical characteris-
tics, thermal properties and quantitative elemental com-
position of the mesoporous SBA-15 silicas produced from
SCBA have demonstrated that this study has successfully
synthesised green SBA-15 with properties relatively similar
to those of conventional HCI-SBA-15.
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Although the acidity of the catalysts was not directly
measured in this study, future work will involve quantitative
characterisation using NH3-TPD or pyridine-FTIR to better
understand surface acid site density and its role in catalytic
performance.

4.2. Discussion on Biodiesel Production With Green SBA-15
Catalysts. The FTIR spectra for the biodiesel samples
revealed a shift in the C=0 peak and the appearance of the
C-0O peak, indicating biodiesel production from WSO.
From the characterisation of the green SBA-15 samples, the
OP-after sample was expected to contain the highest FAME
concentrations. Instead, it showed almost no detectable
biodiesel (0.178%), raising questions about the reaction
conditions or potential issues with the biodiesel extraction
process. Furthermore, the solidification of the CA-500
biodiesel sample prevented its analysis, indicating possible
complications with the catalyst or reaction conditions that
resulted in the formation of a nonliquid product. These
discrepancies underscore the importance of refining the
catalytic process to ensure optimal conditions for biodiesel
synthesis are met. Further studies could focus on modifying
the catalyst structure, reaction temperature, and time to
improve the biodiesel yield while also addressing any issues
related to the physical properties of the final product.

In conclusion, while the SBA-15 catalysts demonstrated
some capability to produce biodiesel, the GC-MS results
suggest that the reaction was not entirely efficient under the
tested conditions. More work is needed to fully assess the
potential of these green-synthesised SBA-15 materials as
catalysts for sustainable biodiesel production.

5. Conclusion and Future Recommendations

5.1. Conclusions. The primary aim of this study was to
develop an eco-friendly method for synthesising SBA-15
using agricultural waste as a silica source, addressing en-
vironmental concerns associated with waste accumulation
and the sustainability challenges of conventional, chemical-
intensive SBA-15 synthesis. By focussing on the valorisation
of biomass, this research successfully demonstrated the
potential of agricultural waste to contribute to sustainable
industrial practices and catalysis.

This research successfully demonstrated that SCBA, an
abundant agricultural waste, can be effectively utilised as
a renewable silica source for synthesising mesoporous SBA-
15, resulting in the production of a novel material. By using
SCBA, the research reduced reliance on hazardous chemicals
commonly used in conventional SBA-15 synthesis, dem-
onstrating a plausible approach to waste valorisation. An
eco-friendly and straightforward synthesis method was
developed, aligning with green chemistry principles, which
highlights the environmental benefits of utilising biomass-
derived silica. This sustainable approach addresses critical
ecological challenges related to agricultural waste. It con-
tributes to global sustainability efforts, particularly the
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sustainable development goals (SDGs), by promoting clean
energy, responsible resource management and climate
action.

Characterisation techniques, including SEM and XRD,
confirmed that the green-synthesised SBA-15 retained
structural properties comparable to its conventional coun-
terpart, including spherical particles and uniform hexagonal
mesoporosity with p6mm symmetry. The green SBA-15
catalysts demonstrated the ability to produce biodiesel from
WSO, with yields varying among the samples: Lcys-500
(5.6%), OP-B (2.99%) and OP-A (0.18%). Despite the low
yields, the results validate that biodiesel production from
WSO using green SBA-15 is feasible, though optimisation or
functionalisation of the catalyst may enhance the efficiency
and biodiesel yield.

The application of green SBA-15 in biodiesel production
represents a dual waste utilisation strategy, addressing en-
vironmental pollution from agricultural residues and WSO
while contributing to a circular economy. This approach
aligns with SDGs 7 (affordable and clean energy), 11 (sus-
tainable cities and communities) and 13 (climate action),
reducing the environmental footprint of SBA-15 synthesis
and advancing SDGs.

5.2. Future Recommendations. While this study provides
insights into the synthesis of green SBA-15 and its appli-
cation in biodiesel production, there remains considerable
potential for further research and development in this field.
Future work should focus on several key areas to enhance
and expand the current findings.

Advanced characterisation techniques, such as single-
crystal X-ray diffraction (SC-XRD), should be employed to
provide more detailed insights into the crystalline structure
and surface properties of the green SBA-15 material. Catalyst
optimisation is another essential area for research, with
a focus on improving the performance of green SBA-15.
Investigating the influence of different synthesis conditions
and material modifications, as well as evaluating the cata-
lyst’s stability and reusability, will be crucial for optimising
its long-term performance in biodiesel production.

In addition to catalytic performance, further studies
should assess the quality of the biodiesel produced using
green SBA-15. Comprehensive testing of biodiesel quality,
including parameters such as viscosity, density, flash point
and cetane number, is needed to ensure the fuel meets
established standards and regulatory requirements. Fur-
thermore, optimising reaction parameters—beyond just the
oil-to-methanol molar ratio—such as temperature, catalyst
loading and reaction time, should be explored to maximise
both biodiesel yield and quality.

In summary, this research highlights the feasibility and
advantages of green SBA-15 synthesis and its application in
biodiesel production. It underscores the importance of in-
novative strategies for waste management and sustainable
energy, offering a scalable model with broader environ-
mental and economic benefits.
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