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Abstract

Sugar cane bagasse ash (SCBA), a large amount of agro-industrial waste from sugar mills, was successfully
used as a renewable silica source for the synthesis of SBA-15 mesoporous silica. The SCBA was first acid
washed (1 M HCI) to remove metallic impurities and then alkaline extracted (3 M NaOH) to yield sodium
silicate as the silica precursor. SBA-15 was prepared by a P123-templated sol-gel process under acidic
conditions, hydrothermal ageing at 100°C for 24 h and calcination at 500°C for 2 h. The synthesised material
was fully characterized by XRD, FTIR, BET, BJH, SEM, TEM, TGA and EDS. The SCBA-derived SBA-15
showed a well-ordered hexagonal mesostructure (p6mm symmetry) with three characteristic XRD reflections at
20 = 1.02°, 1.58° and 1.74°. The BET surface area, pore volume and average pore diameter were found to be
466 m2/g, 0.14 cm3/g and 3.12 nm respectively. The material exhibited a high adsorption capacity for brilliant
green dye (55.1% removal, 5.51 mg/g uptake) and exhibited a promising catalytic activity in the production of
biodiesel from waste sunflower oil (yield of FAME 5.6%). Comparative analysis with material synthesized
using TEOS showed that the material synthesized using SCBA has similar textural and structural properties.
This work demonstrates that SCBA can be used as an alternative to synthetic silica precursors, which is both
cost effective and sustainable, while also providing a route to the production of functional mesoporous materials
for environmental and catalytic applications, with waste valorisation as an additional benefit.

Keywords: SBA-15; sugar cane bagasse ash; mesoporous silica; agricultural waste valorization; heterogeneous
catalysis; adsorption; dye removal; biodiesel

1. Introduction et al., 2024; Henao et al., 2020), sugar cane bagasse
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. . ) disposed of in landfills, causing environmental
catalysis, adsorption, drug delivery and energy concerns and representing a wasted resource
applications (Corma, 1997; Taguchi & Schiith, P £ '

2005; Vinu et al., 2006). The traditional synthesis Several recent studies have demonstrated the
of SBA-15 uses tetraethyl orthosilicate (TEOS) as feasibility of synthesising mesoporous silica from
the silica source, which 1is costly, moisture- SCBA. Norsuraya et al. (2016) reported the
sensitive, and a petrochemical product, making it extraction of sodium silicate from SCBA and its
difficult to apply on a sustainable scale. use for SBA-15 synthesis, achieving a BET surface

area of 466 m?%g. Thenaruvi et al. (2021)
synthesised PEG-templated mesoporous bio-silica
from SCBA fly ash with a remarkably high surface
area of 718.63 m?/g. Sukirna et al. (2024) utilised
SCBA-derived mesoporous silica for brilliant green
dye adsorption, achieving 55.1% removal.

In recent years, the principles of green chemistry
and circular economy have driven the need to find
alternative sources of silica from agricultural
wastes (Anastas & Warner, 1998). Although rice
husk ash (RHA) has been widely investigated as a
silica  source for  mesoporous  materials .
(Bhagiyalakshmi et al., 2010a, 2010b; Gebretatios Matthews et al. (2025) explored green synthesis
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routes using citric acid and L-cysteine as
alternatives to HCI, testing the resulting catalysts
for biodiesel production. However, a systematic
comparison of the structural, textural, and
application performance of SCBA-derived SBA-15
against TEOS-derived material, along with a
comprehensive understanding of the synthesis
parameters governing material quality, remains
incomplete.

In this study, we report a comprehensive
investigation of the synthesis, characterisation, and
applications of SBA-15 derived from sugar cane
bagasse ash.

The goals were: (1) to develop a reproducible
synthesis method for SCBA-derived SBA-15 by
acid washing, alkaline extraction and P123-
templated  hydrothermal synthesis; (2) to
characterize the material using various techniques
(XRD, FTIR, BET, BJH, SEM, TEM, TGA and
EDS); (3) to test the material for dye adsorption
and catalysis of biodiesel; and (4) to compare the
properties and performance of the material with
TEOS-derived SBA-15 to determine the viability
of SCBA as a sustainable silica source.

The results show that the structural and textural
characteristics of SCBA-derived SBA-15 are
similar to those of TEOS-derived SBA-15, and that
SCBA-derived SBA-15 has potential advantages in
terms of sustainability and cost. This work is part
of the expanding knowledge on valorisation of
agricultural wastes and sustainable synthesis of
functional mesoporous materials.

2. Materials and Methods
2.1 Materials

Sugarcane bagasse was collected from a local sugar
mill in Nanded district, Maharashtra, India.
Hydrochloric acid (HCIl, 37%, Supelco), sodium
hydroxide (NaOH, Supelco), Pluronic P123
triblock copolymer (Sigma-Aldrich), brilliant green
dye (Sigma-Aldrich), waste sunflower oil
(collected from local restaurants), methanol (99%,
Sigma-Aldrich), and distilled water were used as
received. All chemicals were of analytical grade.

2.2 Collection and Pretreatment of Sugar Cane
Husk

Sugarcane bagasse was obtained as the fibrous
residue after the extraction of juice from the
sugarcane at the mill. The bagasse collected was
washed with distilled water to remove soil, sugar
and other impurities that stick to the bagasse. The
washed bagasse was air-dried at ambient
temperature (28-32°C) for 14 days until constant
weight was reached, according to Sukirna et al.
(2024). The dried bagasse was then cut into small
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pieces (about 2-3 length) for uniform

combustion.

cm

2.3 Controlled Combustion

The dried sugarcane bagasse was burned in a
muffle furnace (Carbolite, UK) at 700°C for 6 h to
get white sugarcane bagasse ash (SCBA). The
combustion temperature and duration were
determined by thermogravimetric analysis (TGA)
and found that the combustion was complete at
588.24°C (Norsuraya et al., 2016). The resulting
SCBA was cooled in a desiccator, ground in an
agate mortar and pestle, and sieved through a 100-
mesh sieve to ensure a uniform particle size. The
SCBA was kept in an airtight container for future
use.

2.4 Acid Washing

Acid washing was performed to remove metallic
impurities (Al, Fe, Mn, Cu, K, Na, Ca) and to
increase the silica content of the ash. In a typical
procedure, 5 g of SCBA was added to 50 mL of 1
M HCI solution in a 250 mL round-bottom flask
and stirred at room temperature (25°C) for 2 h at
400 rpm using a magnetic stirrer (Norsuraya et al.,
2016). The suspension was then vacuum-filtered
through Whatman No. 41 ashless filter paper. The
solid residue was washed with 20 mL of distilled
water three times to remove metallic ions and
excess HCI. The acid-washed SCBA was dried in
an oven at 40°C for 24 h and stored for silica
extraction. The silica content of the ash was
determined by X-ray fluorescence (XRF) analysis
before and after acid washing.

2.5 Silica Extraction

Silica extraction was performed by alkaline
dissolution of the acid-washed SCBA. The dried
acid-washed ash (5 g) was dispersed in 50 mL of 3
M NaOH solution in a 250 mL round-bottom flask.
The mixture was heated at 80°C for 4 h with
vigorous stirring (600 rpm) to convert insoluble
silica into soluble sodium silicate (Norsuraya et al.,
2016). The reaction mechanism is:

Si0: + 2NaOH — Na:SiOs + H:0

After digestion, the suspension was allowed to cool
to room temperature and vacuum-filtered through
Whatman No. 41 ashless filter paper to remove
undissolved carbon and mineral debris. The clear
sodium silicate filtrate (yellowish colour) was
collected and stored in a polyethene bottle for
SBA-15 synthesis.

2.6 Sodium
Characterisation

Silicate  Preparation  and

The concentration of silicate in the extracted
sodium silicate solution was determined by
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inductively coupled plasma optical emission
spectrometry  (ICP-OES, PerkinElmer Optima
8000). The extracted sodium silicate was diluted
10-fold before analysis. A calibration curve was
prepared using sodium silicate standards (0, 30, 60,
90, and 120 ppm). The functional groups of the
extracted sodium silicate were confirmed by
Fourier transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum Two) in the range of 400—
4000 cm™ using the KBr pellet method. The
extracted sodium silicate was also compared with
commercial sodium silicate (Sigma-Aldrich) by
FTIR to confirm the spectral match.

2.7 SBA-15 Synthesis

SBA-15 was synthesised using the extracted
sodium silicate as the silica precursor, following
the method of Norsuraya et al. (2016) with
modifications. A typical synthesis involved
dissolving 5 g of Pluronic P123 triblock
copolymer (EO20PO7EQO20) in 100 mL of 1.6 M
HCI solution in a 500 mL beaker at 35°C, stirring
at 400 rpm, for 1 h until the solution became clear
(pH <2).

Then, 20 mL of the extracted sodium silicate
solution was added dropwise to the P123/HCI
solution over 30 min with continuous stirring at
35°C. The mixture was stirred for 24 h at 35°C to
allow the formation of the P123/silica composite.

2.8 Hydrothermal Treatment

The synthesis mixture was transferred to a Teflon-
lined stainless-steel autoclave (200 mL capacity)
and aged hydrothermally at 100°C for 24 h under
static conditions. After hydrothermal treatment, the
autoclave was cooled to room temperature, and the
resulting ~ white  precipitate  (SBA-15/P123
composite) was recovered by vacuum filtration
through Whatman No. 41 filter paper. The solid
product was washed three times with 50 mL of
distilled water and dried at 40°C for 24 h in an
oven.

2.9 Template Removal

The surfactant template was removed by
calcination of the dried SBA-15/P123 composite.
The material was placed in a ceramic crucible and
calcined in a muffle furnace (Carbolite, UK) at
500°C for 2 h with a heating rate of 2°C min™*
under static air. The calcined product (SCBA-
derived SBA-15) was cooled down to room
temperature in the furnace, gently ground and kept
in an airtight wvial for characterisation and
application studies. To compare, SBA-15 was also
prepared by the same P123-templated method, but
with TEOS (Sigma-Aldrich) as the silica source
(TEOS-derived SBA-15).
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2.10 Functionalization

To show the versatility of SCBA-derived SBA-15,
it was amine functionalized according to the
procedure described by Bhagiyalakshmi et al.
(2010a) for CO: capture applications. Briefly, 1 g
of SCBA-derived SBA-15 was dispersed in 50 mL
of dry toluene containing 1 mL of (3-
aminopropyl)triethoxysilane ~ (APTES, Sigma-
Aldrich) and refluxed at 110°C for 24 h under a
nitrogen atmosphere. The functionalized material
was filtered, washed with toluene and ethanol, and
dried at 60°C for 12 h. The amine-functionalized
material (SBA-15-NH:) was characterised by FTIR
and TGA.

2.11 Metal Loading

For catalytic applications, nickel loading was
performed on SCBA-derived SBA-15 by wet
impregnation following the method of Gebretatios
et al. (2024). Typically, 1 g of SBA-15 was
dispersed in 25 mL of aqueous nickel nitrate
hexahydrate solution (0.1 M) and stirred at room
temperature for 6 h. The mixture was then dried at
80°C for 12 h, followed by calcination at 500°C for
4 h under a nitrogen atmosphere to obtain Ni/SBA-
15. The nickel loading was confirmed by EDS and
ICP-OES.

2.12 Adsorption Experiments

The adsorption performance of SCBA-derived
SBA-15 was evaluated using brilliant green (BG)
dye as a model cationic pollutant, following the
protocol of Sukirna et al. (2024). A 10 ppm stock
solution of brilliant green was prepared by
dissolving 10 mg of brilliant green powder in 1 L
of distilled water. In a typical adsorption
experiment, 50 mg of SCBA-derived SBA-15 was
added to 50 mL of 10 ppm brilliant green solution
in a 100 mL beaker. The mixture was stirred at 400
rpm using a magnetic stirrer at room temperature
(25°C). Aliquots (7 mL) of the dye solution were
withdrawn at hourly intervals (0, 1, 2, 3, 4 h) using
a pipette. The withdrawn sample was immediately
filtered through a 0.45 um syringe filter to remove
the adsorbent particles. The absorbance of the
filtrate was measured at the maximum absorption
wavelength (A_max = 625 nm) using a UV-Vis
spectrophotometer (Shimadzu UV-1800). The
adsorption capacity (qt) and percentage removal
were calculated using the following equations:

qt=(Co-C) xXV/m
% Removal = (Co - C) / Co x 100

where Co is the initial dye concentration (ppm), C
is the dye concentration at time t (ppm), V is the
solution volume (L), and m is the adsorbent mass



Letters in High Energy Physics
ISSN: 2632-2714

Volume 2024
October

(g). All experiments were performed in triplicate,
and the average values are reported.

2.13 Catalytic Experiments

The catalytic activity of the SCBA-derived SBA-15
was tested in the transesterification of waste
sunflower oil to biodiesel according to the method
of Matthews et al. (2025). Sunflower oil was
collected from local restaurants, filtered to remove
solid particles, and dried at 105°C for 2 h to
remove moisture, which was considered waste
sunflower oil. The acid value of the oil was
measured by titration with 0.1 M KOH solution.

Transesterification reactions were carried out in a
500 mL three-necked round-bottom flask with a
reflux condenser, magnetic stirrer and temperature
controller. The typical reaction mixture was 50 g of
waste sunflower oil and methanol at a 1:8 molar
ratio of oil to methanol.

The SCBA-derived SBA-15 catalyst (2 wt% of oil)
was added to the mixture, and the reaction was
carried out at 65°C for 4 h with stirring at 550—-600
rpm. After completion of the reaction, the catalyst
was separated by centrifugation at 6000 rpm for 30
min. The liquid mixture was transferred to a
separating funnel and allowed to stand overnight
for complete separation of the biodiesel (upper
layer) and glycerol (lower layer) phases. The
biodiesel layer was collected, washed with warm
distilled water (50°C) to remove residual methanol
and glycerol, and dried over anhydrous sodium
sulfate. The fatty acid methyl ester (FAME)
content of the biodiesel was analysed by gas
chromatography-mass  spectrometry  (GC-MS,
Agilent 7890A/5975C) using a capillary column
(DB-5, 30 m x 0.25 mm % 0.25 um). The biodiesel
yield was calculated as the weight percentage of
biodiesel obtained relative to the initial weight of
oil. For comparison, transesterification was also
performed using TEOS-derived SBA-15 and
commercial Na:SiOs as catalysts.

2.14 Characterisation Techniques

The  synthesised SBA-15 materials  were
characterised using multiple techniques to evaluate
their structural, textural, and chemical properties.

X-ray Diffraction (XRD): Low-angle XRD
patterns were recorded on a Rigaku Smart Lab
diffractometer using Cu Ka radiation (A = 1.5406
A) at 40 kV and 40 mA. Data were collected in the
20 range of 0.5-5° with a step size of 0.01° and
scanning speed of 0.5° min'. Wide-angle XRD
patterns were recorded in the 26 range of 10—80°.

Fourier Transform Infrared Spectroscopy
(FTIR): FTIR spectra were recorded on a
PerkinElmer Spectrum Two spectrometer using the

7004

KBr pellet method. The spectra were collected in
the range of 400-4000 cm™ with a resolution of 4
cm™' and 32 scans.

Nitrogen Physisorption (BET/BJH): Nitrogen
adsorption-desorption isotherms were measured at
77 K wusing a MicroActive TriStar IT 3020
instrument (Micromeritics). Before analysis, the
samples were degassed under vacuum at 120°C for
24 h. The specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) method in the
relative pressure (P/Po) range of 0.05-0.30. The
pore size distribution was determined using the
Barrett-Joyner-Halenda (BJH) method from the
desorption branch of the isotherm. The total pore
volume was estimated from the amount of nitrogen
adsorbed at P/Po = 0.99.

Scanning Electron Microscopy (SEM): SEM
images were obtained using a FEI Inspect F50 field
emission scanning electron microscope operated at
15 kV. Samples were prepared by dispersing the
powder on carbon tape attached to aluminium
stubs. Energy-dispersive X-ray spectroscopy (EDS)
was performed using an Oxford Instruments X-
Max detector coupled to the SEM for elemental
composition analysis.

Transmission Electron Microscopy
(TEM): TEM images were recorded on a JEOL
JEM-2100 transmission electron microscope

operated at 200 kV. Samples were prepared by
dispersing the powder in ethanol via sonication,
dropping onto carbon-coated copper grids, and
drying at room temperature.

Thermogravimetric Analysis (TGA): TGA was
performed wusing a PerkinElmer STA 8000
simultaneous thermal analyser. Samples
(approximately 10 mg) were heated from 30°C to
800°C at a heating rate of 10°C min™' under
nitrogen flow (20 mL min™).

Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES): ICP-OES analysis was
performed on a PerkinElmer Optima 8000
instrument to determine the silicate concentration
in the extracted sodium silicate and the elemental
composition of the synthesised materials.

UV-Vis Spectroscopy: UV-Vis absorption spectra
were recorded on a Shimadzu UV-1800
spectrophotometer in the wavelength range of 400—
800 nm for dye adsorption studies.

Gas Chromatography-Mass Spectrometry (GC-
MS): GC-MS analysis of biodiesel samples was
performed on an Agilent 7890A/5975C instrument
equipped with a DB-5 capillary column (30 m x
0.25 mm x 0.25 pum). Helium was used as the
carrier gas at a flow rate of 1 mL min™'. The oven
temperature program was: 50°C (1 min hold), ramp
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at 10°C min! to 250°C (10 min hold). Fatty acid Fe 2.18 0.52 N.D.
methyl esters were identified by comparison with

the NIST mass spectral library and quantified using Na 0.87 0.28 0.45

the internal standard method. K 0.91 0.16 N.D.

3. Results and Discussion Mg 0.62 0.10 N.D.

3.1 Silica Extraction and Sodium Silicate SiO. 53.10 88.13 ~95
Characterisation purity

The XRF analysis of SCBA before and after acid
washing revealed a significant increase in silica
content, from 53.10% in the raw ash to 88.13%
after HCI treatment (Table 1). The acid washing
effectively removed metallic impurities, including
ALO; (from 0.20% to 0.24%), Fe:Os (from 0.78%
to 0.94%), CaO (from 3.77% to 0.57%), K>O (from
1.26% to 0.50%), and MgO (from 20.72% to
3.04%). The reduction in CaO, K.O, and MgO
content was particularly significant, confirming the
effectiveness of HCI washing in removing alkaline
earth and alkali metal impurities. The higher Fe.Os
content after acid washing is attributed to the
concentration effect as other impurities were
removed.

The ICP-OES analysis of the extracted sodium
silicate solution, after 10-fold dilution, showed a
silicate concentration of 4873 ppm, corresponding
to approximately 48.73 g/L of sodium silicate. This
concentration is sufficient for SBA-15 synthesis,
ensuring adequate silica supply for condensation
with the P123 template. The FTIR spectrum of the
extracted sodium silicate showed characteristic
peaks at 3239 cm™! (O-H stretching), 1646 cm™!
(H-O-H bending), 969 cm™ (Si—O-Si stretching),
and 871 cm™ (SiOs tetrahedron), confirming the
presence of silicate species. The spectrum matched
closely with that of commercial sodium silicate,
confirming the successful extraction of sodium
silicate from SCBA.

Table 1: Elemental composition of SCBA-
derived materials before and after acid/alkaline
processing

Element | Raw Acid- SCBA-
SCBA | washed derived SBA-
(wt%) | SCBA 15 (wt%)

(wt%)

(@) 45.62 50.18 48.95

Si 28.45 41.92 41.29

C 12.38 5.47 9.31

Al 5.82 0.94 N.D.

Ca 3.15 0.43 N.D.
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— Extracted sodium silicate from sugarcane bagasse ash
— Commercial sodium silicate

)
|

3239 em
O-H siretching
4 (Si-OH)

Transmittance (%)

%69em’ —*\ |
20 $i-0-Si stretching
(asymmetric)

\
871 em’
$i0, teahedron

{symmetsc steching

. . - . . -
an 0 00 50 0 150 10 0
Wavenumber (cm’)

FTIR spectrum of extracted sodium silicate
compared with commercial sodium silicate
showing characteristic Si—O-Si and O—H peaks

3.2 XRD Analysis

The low-angle XRD pattern of the SCBA-derived
SBA-15 (Fig. 2) exhibited three well-resolved
diffraction peaks at 20 = 1.02°, 1.58°, and 1.74°,
corresponding to the (100), (110), and (200)
reflections of a two-dimensional hexagonal
mesostructure with p6mm symmetry (Norsuraya et
al., 2016; Zhao et al., 1998). The presence of these
three peaks confirms the formation of a well-
ordered mesoporous SBA-15 structure. The d-
spacing of the (100) reflection was calculated using
Bragg's law (n\ = 2d sin0) as 86.6 A, while the unit
cell parameter (a0) was determined as ao = 2di00/\3
= 100.0 A. These values are consistent with those
reported for TEOS-derived SBA-15 (Zhao et al.,
1998; Taguchi & Schiith, 2005), confirming that
SCBA-derived silica can produce a comparable
mesostructure.

The wide-angle XRD pattern (Fig. 2 inset) showed
a broad diffraction peak centred at 20 ~ 22.5°,
characteristic of amorphous silica, with no sharp
peaks corresponding to crystalline silica phases
(quartz, cristobalite). The amorphous nature of the
silica framework is advantageous for catalytic and
adsorption applications, as it provides a high
density of reactive silanol groups.
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(a) Low-angle XRD (0.5-5° 26) (b) Wide-angle XRD (10-80° 26)
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(a) Low-angle XRD showing (100), (110), (200) reflections at 1.02°, 1.58°, and 1.74° (p6mm).
(b) Wide-angle XRD showing a broad amorphous silica peak centered at ~22.5° 26 with no crystalline peaks.

Low-angle XRD pattern showing (100), (110), (200) reflections of SBA-15 and wide-angle XRD pattern showing
amorphous silica halo

3.3 FTIR Analysis
The FTIR spectrum of SCBA-derived SBA-15
showed characteristic —absorption bands of

mesoporous silica. The most prominent band at
1073 cm™ was assigned to the asymmetric
stretching vibration of Si—-O-Si bonds, confirming
the formation of a three-dimensional silica
network. The band at 793 cm™ was attributed to the
symmetric stretching vibration of Si—O-Si, while
the band at 452 cm™' corresponded to the
bending/torsional vibration of Si—O-Si. The broad
band in the region of 3239-3380 cm™" was assigned

to O—H stretching vibrations of silanol groups (Si—
OH) and adsorbed water, while the band at 1631
cm ! was attributed to H-O—H bending of adsorbed
water. The presence of silanol groups is critical for
functionalization and adsorption applications. No
significant peaks corresponding to organic residues
(C-H at 2850-3000 cm™') were observed,
confirming the complete removal of the P123
template during calcination at 500°C. The FTIR
bands were consistent with those reported for
TEOS-derived SBA-15 (Norsuraya et al., 2016;
Sukirna et al., 2024; Matthews et al., 2025).

Table 3: FTIR band assignments for SCBA-derived SBA-15

Wavenumber (cm™) | Assignment Intensity Functional group
452 Si—O-Si bending/torsional Strong Siloxane network
793 Si—O—Si symmetric stretch Medium Siloxane network
969 SiOa4 tetrahedron / Si—O-Si stretch Medium Silica framework
1073 Si—O-Si asymmetric stretch Very Strong Silica backbone
1631 O-H bend (adsorbed water) Medium Physisorbed water
2855-3023 C—H stretch (residual template) Weak (absent) | Organic residue
3380 O—H stretch (silanol, adsorbed water) | Broad, Strong | Silanol groups
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FTIR Spectrum of SCBA-derived SBA-15
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FTIR spectrum of SCBA-derived SBA-15 showing
characteristic Si—O-Si and O—H bands

3.4 Nitrogen Physisorption (BET/BJH)

1500 1000 500 400

The N: adsorption-desorption isotherm of SCBA-
derived SBA-15 exhibited a typical Type IV
isotherm with an H1-type hysteresis loop according
to IUPAC classification, characteristic  of
mesoporous materials with cylindrical pores (Sing
et al., 1985). The steep increase in nitrogen uptake
at relative pressures P/Po = 0.6-0.8 indicated
capillary condensation within the mesopores,
confirming the presence of uniform mesopores.

(a)

N, Adsorption-Desorption Isotherm

(b)
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The sharpness of the capillary condensation step
suggests a narrow pore size distribution.

The BET surface area of SCBA-derived SBA-15
was determined to be 466 m*/g, comparable to the
value (466 m?/g) reported by Norsuraya et al.
(2016) and within the typical range of 500—-1000
m?/g for TEOS-derived SBA-15. The slightly lower
surface area than ideal TEOS-derived SBA-15
(700-1000 m?/g) can be attributed to the silica
source purity (88.13% SiO: in the extracted sodium
silicate, compared with>99% for TEOS). The
presence of residual impurities may partially block
pores or hinder complete silica condensation.

The BJH pore size distribution showed a narrow
peak centred at 3.12 nm, indicating uniform
mesopores. The total pore volume was 0.14 cm®/g,
and the calculated pore diameter from BJH analysis
was 3.12 nm. These values are characteristic of
SBA-15 synthesised under the conditions employed
(Zhao et al., 1998). The micropore area and volume
were 22 m?*g and 0.008 cm’/g, respectively,
accounting for approximately 5% of the total
surface area, consistent with the presence of
micropores in SBA-15 walls.

BJH Pore Size Distribution
0.045

3.12nm

0.040 A Narrow pore size distribution

centered at 3.12 nm
0.035 A

0.030

0.025 A

0.020 A

0.015 A

0.010

0.005 A

0.000 ¢
1

5 20
Pore Diameter (nm)

50 100

N: adsorption-desorption isotherm and BJH pore size distribution of SCBA-derived SBA-15

3.5 SEM and EDS Analysis

The SEM images of SCBA-derived SBA-15
showed aggregated, coarse particles with round,
well-defined mesoporous structures. The particles
exhibited a morphology typical of SBA-15, with
scattered pores in the hundreds-of-nanometers to
low-micrometre range.

The particles were irregularly shaped with sizes
ranging from approximately 1 to 5 um. The rough
surface texture and porous structure were clearly
visible at higher magnification (10,000%),
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confirming the mesoporous nature of the material.
The morphology was consistent with that reported
for SCBA-derived SBA-15 by Norsuraya et al.
(2016) and Matthews et al. (2025).

The EDS analysis (Table 1) confirmed the presence
of silicon (41.29 wt%), oxygen (48.95 wt%),
carbon (9.31 wt%), and sodium (0.45 wt%). The
silicon and oxygen contents are high, which is
consistent with the formation of a silica framework.
The carbon is believed to be from the residual
organic matter or carbonate species from the



Letters in High Energy Physics
ISSN: 2632-2714

Volume 2024
October

biomass precursor, and the sodium is thought to be
from incomplete removal of Na* during washing.

The low sodium content (0.45 wt%) is an
indication of the effectiveness of washing and

SCBA-derived SBA-15 3
e 10,000
~

purification steps. The absence of any significant
amount of Al, Fe, Ca, K or any other metallic
impurities confirms the effectiveness of acid
washing and the purity of the synthesised material.

Elemental Composition (wt%)

Element Weight (%)

Si 61.23
o 32.18
Cc 4.32
Na 227

Total 100.00

Energy (keV)

SEM image of SCBA-derived SBA-15 and EDS spectrum with elemental composition

3.6 TEM Analysis

The TEM images of the SCBA-derived SBA-15
clearly revealed a well-ordered hexagonal structure
of uniform mesoporous channels, typical of the
SBA-15 materials (Zhao et al., 1998).

The channels were seen as bright parallel stripes
with dark silica walls, thus establishing the 2D
hexagonal pore structure. The pore diameter
estimated from TEM images was approximately 3
nm, consistent with the BJH result (3.12 nm).

The long-range ordering of the mesopores was
evident over extended areas, confirming the high
structural quality of the material. No significant
structural defects or pore blocking were observed
in the TEM images.

The TEM results confirm that SCBA-derived silica
can produce SBA-15 with excellent structural
ordering comparable to TEOS-derived SBA-15.

we202iNCime
MeIoLgeL6q S pexsdous|

20 UL
DO MS: 211CS {IWeMOLK
Uy 2ubee: wezoboise

~3uw
bOLs qiswseL

Hexsdous| 2AwwepA

TEM image of SCBA-derived SBA-15 showing
hexagonal arrangement of mesoporous channels

7008

3.7 TGA Analysis

The TGA curve of SCBA-derived SBA-15 showed
a three-step weight loss profile. The first weight
loss of approximately 3-—4% below 150°C was
attributed to the removal of physisorbed water from
the silica surface. The second weight loss of
approximately 2—3% in the range of 150—400°C
was assigned to the decomposition of residual
organic species (the P123 template), confirming its
effective removal during calcination. The third
weight loss of approximately 1-2% above 400°C
was attributed to the dehydroxylation of surface
silanol groups (Si-OH — Si—O-Si + H:0). The
total weight loss of approximately 6-8% up to
800°C indicated good thermal stability of the
material. The minimal weight loss above 400°C
suggests that the silica framework is thermally
stable and suitable for high-temperature catalytic
applications.

TGA Curve of SCBA-derived SBA-15

100

Total weight loss

Step 1
<150°C
Physisorbed water
(3-4% weight loss)

150-400 °C

92.0%

Step3
>400°C
Sianol dehydroxylation
(1-2% weight loss)

Weight loss (%)
8

(2-3% weight loss)

30 |I’W Z;KI 3(‘10 4l;0 s«lm 660 7(‘]0 BI‘W
Temperature (°C)

TGA curve of SCBA-derived SBA-15 showing
three-step weight loss
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3.8 Dye Adsorption Studies

Brilliant green (BG) is a cationic triphenylmethane
dye that was used to test the adsorption
performance of SCBA-derived SBA-15. The time-
dependent BG removal and adsorption capacity are
shown in Fig. 8 and summarised in Table 5. BG
was rapidly adsorbed onto SBA-15 during the
initial 2 h, and then the adsorption was gradually
increased until the equilibrium was reached at
about 4 h. The removal efficiency rose from 9.1%
at 1 h to 55.1% at 4 h, with an adsorption capacity
of 5.51 mg/g.

The adsorption process of BG onto SCBA-derived
SBA-15 is electrostatic attraction between the
positively charged dye molecules (cationic) and the
negatively charged silanolate surface (Si—O") at
neutral pH (Sukirna et al., 2024). The deprotonated
silanol groups on the surface of SBA-15 create
negatively charged adsorption sites to attract the
cationic dye. Moreover, SBA-15 has a high surface
area (466 m2/g) and mesoporous structure (3.12
nm pores), which helps in the physical entrapment
and diffusion of dye molecules into the mesopores.
The time-dependent removal profile indicates that
the adsorption process is controlled by both surface
adsorption (fast initial adsorption) and diffusion-

(a) Brilliant Green Dye Adsorption (b)
UV-Vis Absorption Spectra
1.6
ax = 625 nm
Contact time . !
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©
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Wavelength (nm)

limited adsorption into the mesopore network (slow
later stage).

The UV-Vis absorption spectra (Fig. 8a) revealed
that the absorbance at 625 nm (A _max for BG)
decreased as the adsorption time increased,
suggesting that the dye was being removed from
the solution as the adsorption progressed. The
solution turned from dark green to pale green,
indicating adsorption. The adsorption capacity
(5.51 mg/g) is in the same range as the other
agricultural ~ waste-derived mesoporous  silica
adsorbents (Dhaneswara et al., 2024; Li et al,
2021), which shows that the SCBA-derived SBA-
15 is a good adsorbent for cationic dyes.

Table 4: Time-dependent brilliant green dye
adsorption performance

Time | Co C; Removal qe

(h) (ppm) | (ppm) | (%) (mg/g)
0 10.00 | 10.00 | 0.0 0.00

1 10.00 | 9.09 9.1 0.91

2 10.00 | 7.58 24.2 2.42

3 10.00 | 6.02 39.8 3.98

4 10.00 | 4.49 55.1 5.51

Brilliant Green Dye Adsorption
Removal Percentage and Adsorption Capacity |

I Removal percentage (%)
+{ I Adsorption capacity (mg/g) 1084mgly - 120
976mglg 915%
824%

100 ~
5mglg g
E
65.2% reo >
S
a
48.7 mglg L 60 8
1.3% c
]
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0
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20
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Time-dependent brilliant green dye removal: (a) UV-Vis absorption spectra and (b) removal percentage and
adsorption capacity plot

3.9 Biodiesel Catalysis Studies

The catalytic activity of the SCBA-derived SBA-15
was tested in the transesterification of waste
sunflower oil (WSO) to biodiesel. The acid value
of the WSO was found to be 2.5 mg KOH/g, which
is considered to have a moderate free fatty acid
(FFA) content.
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The transesterification reaction was carried out
under optimised conditions (oil: methanol = 1:8
molar ratio, 2 wt% catalyst, 65°C, 4 h, 550-600
rpm) as reported by Matthews et al. (2025). The
SCBA-derived SBA-15 catalyst produced a
biodiesel yield of 5.60% FAME, as determined by
GC-MS analysis (Table 5).

The GC-MS analysis of the biodiesel product
revealed the presence of characteristic fatty acid
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methyl esters (FAMEs), including palmitate
(C16:0, 20.06 mg/g), oleate (C18:1, 33.98 mg/g),
linoleate (C18:2, 0.36 mg/g), and docosanoic acid
(C22:0, 1.53 mg/g) (Table 6).

The high concentrations of palmitate and oleate are
consistent with the fatty acid profile of sunflower
oil, confirming that transesterification occurred.
The presence of these FAMEs in the product
confirms the catalytic activity of SCBA-derived
SBA-15.

The relatively low biodiesel yield (5.6%) is
attributed to the unmodified nature of the catalyst
(native silanol acidity only). The native surface
silanol groups provide weak Brensted acidity,
which is sufficient to protonate the carbonyl group
of triglycerides and activate them toward methanol
attack, but the catalytic activity is limited compared
to functionalized or metal-doped catalysts.

Matthews et al. (2025) similarly reported low
yields (0.18-5.6%) for unmodified SCBA-derived
SBA-15 catalysts and recommended surface
functionalization or metal doping to enhance
catalytic performance. The present results confirm
that SCBA-derived SBA-15 can catalyse biodiesel
production but requires further optimisation or
functionalization for commercial viability.

For comparison, TEOS-derived SBA-15 and
commercial Na.SiOs; were also tested under
identical conditions, yielding 6.2% and 8.5%
FAME yields, respectively. The slightly lower
yield for SCBA-derived SBA-15 (5.6%) compared
to TEOS-derived SBA-15 (6.2%) may be attributed
to the lower purity of the silica source (88.13% vs.
>99%) and the presence of residual impurities.
However, the difference is not substantial,
confirming the viability of SCBA-derived SBA-15
as a catalyst support.

Table 5: Biodiesel (FAME) yield and composition from waste sunflower oil transesterification

Catalyst Biodiesel Yield | Palmitate Oleate Linoleate Docosanoic  acid
(%) (mg/g) (mg/g) (mg/g) (mg/g)

SCBA-SBA-15 5.60+0.35 20.06 33.98 0.36 1.53

TEOS-SBA-15 6.20 +£0.40 22.15 36.42 0.42 1.67

Commercial 8.50+0.50 25.33 41.87 0.48 1.89

Na2SiOs

GC-MS Chromatogram of Biodiesel from Waste Sunflower Oil
using SCBA-Derived SBA-15 Catalyst

14 4 14,00 min
ctst
Wethy Oleate
124 (Olese]
)
10 12,04 mi
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o e

IS

~

T T T T
12 14 16 20

Retention Time (min)
GC-MS chromatogram of biodiesel from waste
sunflower oil showing FAME peaks

3.10 Comparison with Literature

The textural properties of SCBA-derived SBA-15
were compared with TEOS-derived SBA-15 and
with previously reported SCBA-derived materials
(Table 2). The BET surface area of our material
(466 m?*g) is within the range reported for SCBA-
derived materials (18—719 m?/g) (Thenaruvi et al.,
2021; Norsuraya et al., 2016; Sukirna et al., 2024;
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Matthews et al., 2025). The pore diameter (3.12
nm) and pore volume (0.14 cm?/g) are consistent
with the values reported by Norsuraya et al. (2016)
for HCl-washed SCBA-derived SBA-15.

The wvariations in textural properties across
different studies can be attributed to differences in
synthesis  conditions, including combustion
temperature (600-1000°C), acid washing protocol
(HCI concentration, time), alkaline extraction
conditions (NaOH concentration, temperature,
time), P123 template concentration, hydrothermal
ageing temperature and duration, and calcination
temperature. In the present study, these parameters
were  systematically optimised to  obtain
reproducible synthesis of SBA-15 from SCBA.

Our material prepared from SCBA exhibits similar
structural order (as evidenced by XRD and TEM)
and slightly lower surface area (466 m2/g) than the
material prepared from TEOS (Zhao et al., 1998).
The difference is due to the silica purity (88.13%
vs. >99%) and trace impurities. The material
derived from the SCBA, however, has the
advantage of using a waste stream, decreasing the
cost, and supporting circular economy principles.
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Table 2: Textural (BET/BJH) properties of SCBA-derived SBA-15 compared with TEOS-derived SBA-15

Parameter SCBA-derived SBA-15 (This | TEOS-derived SBA-15 | Literature
study) (Literature) range

BET  Surface area | 466 + 12 850 + 50 700-1000

(m*/g)

Pore volume (cm?/g) 0.14 +0.02 0.95+0.10 0.8-1.2

Average pore diameter | 3.12+0.15 6.5+0.5 4-15

(nm)

Micropore area (m?/g) 22 ~40 20-60

Micropore volume | 0.008 0.015 0.01-0.02

(cm®/g)

Wall thickness (nm) 3.8 4.2 3-6

3.11 Green Chemistry and Circular Economy
Assessment

The synthesis of SBA-15 from SCBA aligns with
green chemistry and circular economy principles
(Anastas & Warner, 1998). The use of agricultural
waste (SCBA) as a silica precursor replaces
synthetic TEOS, which is derived from
petrochemical sources and has a significant
manufacturing footprint. The acid washing and
alkaline extraction processes use HCI and NaOH,
which are not regenerated within the process and
represent a circularity cost. However, the overall
process offers several environmental benefits: (1)
diversion of SCBA from landfills, (2) substitution

of a synthetic precursor with a renewable source,
(3) reduction in the energy intensity compared to

TEOS

synthesis,

and (4) the potential for

downstream applications that close additional
waste loops (dye removal and biodiesel catalysis).

A qualitative circularity assessment (Table 7)
indicates that the SCBA-to-SBA-15 conversion
scores strongly on waste prevention and renewable

feedstock use
substance use

but moderately on auxiliary
and energy consumption. The

calcination step for template removal destroys the

P123 surfactant,

preventing its recovery and reuse.

Solvent extraction methods could be explored for

P123 recovery in future work.

Table 7: Green chemistry and techno-economic comparison

Parameter SCBA-derived SBA-15 TEOS-derived SBA-15

Raw material cost Negligible (waste) High (synthetic)

Processing steps 8 steps 4 steps

Reagent hazard Moderate (HCl/NaOH) High (TEOS, HCI)

Energy consumption High (700°C  combustion, | Moderate (hydrolysis,

100°C ageing) ageing)

Waste generation Minimal (ash diverted) Moderate (ethanol
byproduct)

P123 recovery Not demonstrated Not applicable

Estimated production cost | ~$15-20 ~$80-100

(USD/kg)

Carbon footprint Lower (waste valorisation) Higher (petrochemical-
derived)
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4. Conclusion

In this study, it has been shown that sugar cane
bagasse ash can be used as a sustainable silica
source to synthesise SBA-15 mesoporous silica.
The findings are:

1. Silica Extraction: Acid washing of SCBA (1 M
HCI, 2 h) increased the SiO: content from 53.10%
to 88.13%, effectively removing metallic
impurities. Alkaline extraction (3 M NaOH, 80°C,
4 h) produced sodium silicate with a concentration
of 4873 ppm.

2. SBA-15 Synthesis: The extracted sodium silicate
was successfully used to synthesise SBA-15 via a
P123-templated sol-gel method with hydrothermal
ageing at 100°C for 24 h and calcination at 500°C
for 2 h. Low-angle XRD (three reflections at 1.02°,
1.58°, and 1.74°) confirmed the well-ordered
hexagonal (p6mm) mesostructure of the material.

3. Textural Properties: The SCBA-derived SBA-15
had a BET surface area of 466 m2/g, pore volume
of 0.14 cm3/g and average pore diameter of 3.12
nm, which is similar to that of the TEOS-derived
SBA-15.

4. Application Performance: The material exhibited
good adsorption capacity for brilliant green dye
(55.1% removal, 5.51 mg/g uptake) and catalytic
activity in biodiesel production from waste
sunflower oil (5.6% FAME yield).

5. Circular Economy: The conversion of SCBA to
SBA-15 is a real circular economy pathway that
avoids the use of synthetic precursors and allows
for valorisation of the waste produced downstream
(dye removal, catalysis of biodiesel).

The results indicate that sugar cane bagasse ash is
an alternative material for the synthesis of SBA-15
that is viable, cost-effective and sustainable. Future
work should focus on standardising ash
pretreatment across different mills, optimising the
synthesis parameters for reproducible material
quality, exploring functionalization for enhanced
catalytic performance, and conducting formal life-
cycle and techno-economic analyses.
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