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ABSTRACT

The catalytic valorization of biomass offers a sustainable route for bio-epoxide production. Conventional epoxides
produced with non-renewable catalysts pose environmental risks, exhibit poor biodegradability, and incur high
production costs. However, Luffa cylindrica fibres have not been explored as precursors for heterogeneous epoxidation
catalysts, and the epoxidation of luffa seed oil under catalytic kinetic regimes remains under-investigated. In this study,
luffa fibre was sulfonated and converted into a heterogeneous nano-catalyst for the epoxidation of oleic-rich luffa seed
oil (LSO). Catalyst activation increased the BET surface area from 294.28 to 353.29 m? g and expanded pore size
from 2.69 to 3.13 nm, enhancing reactant diffusion and active site accessibility. Scanning Electron Microscopy (SEM)
revealed nano-scale spherical agglomerates, while XRD confirmed crystallite formation (~45 nm) and improved
lattice ordering. Fourier Transform Infra-Red (FT-IR) analysis verified the presence of acidic functional groups, and
TGA demonstrated thermal stability up to ~420°C. Epoxidation achieved a maximum oxirane value of 5.21 mol at
65°C. Kinetic analysis showed pseudo-first-order behavior with rate constants of 0.0392-0.222 h™! between 328-338
K, while thermodynamic parameters (Ea = 14.44 kJ mol™'; AH = 14.44 kJ mol™'; AS =—-21.75 cal mol™ K™') indicate
an endothermic and ordered transition state.
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1.0 INTRODUCTION

Growing concerns over fossil resource depletion, environmental degradation, and carbon
emissions have intensified interest in renewable feedstocks for chemical and polymer industries
(Alvarez et al., 2025; Mukherjee et al., 2025). Biomass provides a compelling alternative owing
to its abundance, carbon-neutrality, and alignment with green chemistry principles (Fernandes et
al., 2025). Among biomass-derived feedstocks, plant seed oils are particularly attractive due to
their biodegradability, low cost, and structural versatility (Varghese et al., 2025; Belaid et al.,
2025). Their triglyceride matrices contain both saturated and unsaturated fatty acids, and the C=C
bonds provide functional handles for chemical modification (Ho et al., 2022; Prasannakumar et
al., 2024). Consequently, vegetable oils have been widely utilized as precursors for bio-based
resins, polyols, coatings, adhesives, and composites, thereby supporting sustainable polymer
production. Luffa cylindrica, a cucurbitaceae vine best known for its fibrous sponge, represents
an emerging biomass with multifaceted value (Belaid et al., 2025; Jin et al., 2025). The mature
fibres possess high porosity, mechanical strength, hydrophilicity, and a cellulose-rich framework,
enabling applications in composites, filtration, adsorption, and biocatalytic supports. Surface
functionalities further permit immobilization of enzymes and nanoparticles for heterogeneous
transformations. Despite these advantages, luffa remains underutilized in chemical catalysis
relative to other lignocellulosic residues (Fernandes et al., 2025). In parallel, luffa seeds yield an
unsaturated oil that presents a promising precursor for bioepoxide and polymer synthesis, although
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existing epoxidation studies are predominantly non-catalyzed (Lin et al., 2025; Khatoon et al.,
2025; Ferraz-Caetano et al., 2025).

Epoxidation is the most widely adopted functionalization route for unsaturated vegetable oils and
proceeds via reaction of peracids or active oxygen species across C=C bonds to form oxirane rings
(Calabia et al., 2025; Rahman et al., 2025). Industrial processes commonly rely on in situ peracid
formation from hydrogen peroxide and organic acids (Addli et al., 2025). Resulting epoxides serve
as intermediates across chemical manufacture, yet conventional epoxidation suffers from corrosive
media, excessive oxidant demand, long residence times, limited selectivity, and ring-opening
byproducts (Nwosu-obieogu et al., 2022% Kopal et al., 2022). Improving sustainability and
efficiency requires kinetic understanding, as rates of peracid formation, mass transfer, and oxirane
conversion dictate yield, selectivity, and oxidant utilization (Nwosu-obieogu et al., 2022°). Kinetic
modelling further enables determination of rate constants, activation energies, and mechanistic
pathways relevant to reactor design and scale-up (Nwosu-obieogu et al., 2024%P).Catalyst choice
is central to performance. Homogeneous catalysts, though efficient, exhibit corrosivity, waste
generation, and poor recyclability (Baczewska et al., 2025). Biomass-derived heterogeneous
catalysts offer advantages including tunable acidity, stability, and regeneration (Foroutan et al.,
2022). Sulfonated carbonaceous catalysts in particular can promote both peracid formation and
epoxidation (Nwosu-obieogu et al., 2022%). However, luffa fibres have not been investigated as
precursors for heterogeneous epoxidation catalysts, nor has luffa oil epoxidation been evaluated
under catalytic Kinetic regimes. In theory, epoxidation generally occurs when the C=C double
bonds in vegetable oil react with a peracid (often formed in situ from hydrogen peroxide and an
organic acid such as acetic or formic acid) as shown in equation 1. This represents the conversion
of unsaturated bond into an oxirane ring. This represents the conversion of unsaturated bond into
an oxirane ring. This study addresses these gaps by developing a sulfonated heterogeneous catalyst
from luffa cylindrica fibre for the epoxidation of luffa seed oil and establishing the reaction
kinetics. The work integrates catalyst preparation, characterization, process evaluation, and kinetic
modelling to enable dual biomass valorization and promote sustainable epoxide chemistry.

C =C + RCOOH - Epoxide + RCOOH  .........cccooviiiiiiiiiiinnnn.. 1

20 MATERIALS AND METHODS

2.1  Experimental site

The experiment was carried out in the Analysis Laboratory of Chemical Engineering
Department, Michael Okpara University of Agriculture, Umudike, Abia State, Nigeria,
where the preparation of the luffa fibre—derived catalyst, epoxidation of Luffa cylindrica oil, and
subsequent physicochemical analyses were conducted.

2.2 Materials

Luffa seed oil, extracted from the optimal conditions reported in literature by Nwosu-obieogu et
al., (2021), luffa fiber, acetic acid (85%), H202 (30wt%) Na.COs, used for washing of the
epoxidised oils.
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2.3  Equipment
Magnetic heater, thermometer, feed funnel, measuring cylinder, separation funnel, three-necked
bottom flask, stirring bulb, weighing balance, rotary evaporator, condenser

2.4  Epoxidation Procedure

Epoxidation was performed following Nwosu-Obieogu et al. (2024) with modifications. Luffa oil,
acetic acid, and H20: (1:1.5:0.5 molar ratio) were charged into a three-neck reactor and refluxed
at 65 °C under vigorous stirring. Hydrogen peroxide addition marked zero time. Identical reactant
concentrations were used while varying reaction time, agitation, and catalyst loading. After each
run, the product was washed with Na-COs solution and subjected to liquid-liquid extraction to
recover the epoxide.

2.5  Analytical Techniques

2.5.1 Determination of lodine Value and Oxirane Content

These analyses were performed on the epoxy product to assess the extent to which the original oil
was converted into an epoxide.

2.5.2 lodine Value Determination
lodine value was determined by the Wijs method, dissolving the oil and titrating with sodium
thiosulfate against a reagent blank. lodine value of epoxidized samples was calculated after
analysis using Eqgn. 2:

_ (B—S)XMx12.69

IV = —————— 2
w

Where: IV - lodine value, S - Vol. of Na;S203, B - Vol. of NaxS;03 (blank)
W - Wt. of sample (g), M - Molarity of the NazS,03

2.5.3 Oxiraine value determination
Oxirane oxygen was determined by titrating with hydrobromic acid in acetic acid, and OO was
calculated from halogen reagent consumption. The Oxirane Oxygen Content of the analyzed
samples was calculated using Eqgn. 3:

_ (B=S)XMxA,Xx100

OV = —————— 3

1000w

Where: S - Vol. of NaOH used (ml), B - Vol. of NaOH used blank (ml), M - Molarity of NaOH,
W - Wt. of sample (g), Ao - Atomic weight of O

2.6.1 Kinetics study of LSO epoxidation
The rate of the peracid formation was chosen as the rate-determining step; according to Nwosu-
obieogu et al. (2024?), it can be expressed in equation 4 as:

L2 = k([H0,] — [EPOAD[RCOOH g ..o 4
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where EpOA is the epoxidized oil, the subscript 'o' is the initial concentration, [H20.] and
[RCOOH]q is the initial H202 and acetic acid concentrations, and k is the epoxidation rate constant.
Integrating eq. 4 gives equation 5. The reaction rate constant can be evaluated from the difference
in OOC during the epoxidation reaction.

ln{[Hzoz]O - [EpOA] = _kEP[RCOOH]O t+ ln{[Hzoz]O ................................. 5

According to eqg. 5, the plot of In{[H20,]0-[EP] vs. time will give a straight line; the reaction rate
constant (k) is determined from the slope.

2.7  Thermodynamic study of LSO
The enthalpy of activation AH is determined using equation 6:

where Ea is the activation energy, T is the absolute temperature, and R is the universal gas constant
(8.314 J mol*K™). The activation entropy AS is determined using equation 7:

RT

As/R o—E/RT
Nh

k= —e
Where K is the Boltzmann constant (1.38 X 1023JK™), h is Planck's constant (6.63 X 103 Js), AS
is the activation entropy, and N is the Avogadro's constant.

3.0 RESULTS AND DISCUSSION

3.1  Oil characterization

3.1.1 Physicochemical characterization of the luffa oil

Table 1 summarizes the physicochemical properties of raw luffa seed oil (LSO). The oil showed
an acid value of 4.83 mg KOH/g, FFA of 2.41%, and a high iodine value (93.51 mg L./g),
confirming suitability for epoxidation. Its viscosity and specific gravity indicate poor flow
behavior, while low moisture favors stability. The peroxide and saponification values suggest
oxidative stability and moderate molecular weight, consistent with previous luffa oil reports
(Oyelaran et al., 2022; Nwosu-obieogu et al., 2025).

Table 1: Physicochemical properties of luffa oil

Physicochemical properties Luffa oil
Moisture content (%) 0.25
Kinematic viscosity @ 40°C (mm?s-1) 52.05
Refractive index @ 31°C 1.4714
Acid value(mgKOH/kg) 4.83
Free fatty acid (mgKOH/kg) 2.415
Saponificationvalue (mgKOH/kg) 123
Peroxide value(meqg/kg) 3.641
Specific gravity 0.956
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lodine value(mg 12/g) 93.51
Molecular weight (g/mol) 1907.99
Ester value (%) 87.87

3.1.2 Fatty acid profile of the luffa oil

The fatty acid composition of luffa oil was analyzed using gas chromatography The analysis
revealed that the oil contains approximately 13.55% saturated fatty acids and 70.87% unsaturated
fatty acids. Oleic acid was identified as the dominant component, accounting for 61.5% of the total
fatty acid profile, followed by linoleic acid at 9.82%. Based on this distribution, luffa oil can be
classified as an oleic-rich feedstock, similar to other oils commonly utilized for biodiesel and
biolubricant production (Oyelaran et al., 2022; Zhou et al., 2024). (Zhang et al., 2021).

3.1.3 FT-IR profile of the luffa oil
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Fig. 1: FT-IR analysis of the luffa cylindrica oil

Figure 1 shows the FT-IR spectrum of luffa seed oil. Absorptions at 3008 cm™ (O—H), 2922-2855
cm ' (C—H), and 1744 cm™' (C=0) confirm polyphenolic and ester functionalities, while the 1237
cm™! band corresponds to C—O—C stretching. Peaks at 987 and 723 cm™' indicate alkene groups,
confirming triglyceride unsaturation. These observations align with reported luffa oil spectra and
support its suitability for coatings and polymer applications (Zhou et al., 2024; Nwosu-obieogu et
al., 2025).
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3.2 Synthesized luffa catalyst characterization
3.2.1 FT-IR analysis
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Fig 2a: luffa fiber (FT-IR) Fig 2b : FT-IR of the luffa fibre catalyst

3.2.2 SEM analysis

Figure 2a shows the FT-IR spectrum of untreated Luffa cylindrica fiber, exhibiting characteristic
lignocellulosic bands from cellulose, hemicellulose, and lignin. A broad absorption at 3287 cm™
corresponds to O—H groups involved in hydrogen bonding, while peaks at 2922 and 2106 cm™!
reflect aliphatic C—H stretching. The band at 1595 cm™ suggests C=C stretching, whereas
absorptions at 1715-1238 cm™! are assigned to carbonyl groups (esters, ketones, or acids). A sharp
peak at 1014 cm™! indicates C—O stretching of alcohols and esters, confirming polysaccharide and
lignin functionality, consistent with reported spectra of plant fibers. Figure 2b presents the FT-IR
profile of the luffa fiber-derived nanocatalyst. A strong O—H stretch at 3798 c¢cm™ indicates
hydroxylated surfaces, while bands at 1994 and 1558 cm™ correspond to carboxyl and C=C
functionalities. The absorption at 1771 cm ™ suggests AI-OH-Si linkages, and the 2326 cm™! band
is attributed to carbonate species from CO- adsorption. These features agree with previous studies
on green nanocatalysts used in luffa oil transesterification (De Souza et al., 2023; Paula et al.,

2022).

—

Fig. 3a SEM of the luffa fibre Fig. 3b. SEM of thecatalyst

The SEM image of untreated Luffa cylindrica fiber (Fig. 3a) shows a compact, smooth surface
consistent with an intact lignocellulosic framework. In contrast, Fig. 3b the synthesized
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nanocatalyst displays fine, nearly spherical particles with visible agglomeration due to high surface
energy and strong particle—particle interactions. Such clustering behavior and morphological
features align with previous reports on treated and untreated luffa fibers for composites and on
nanoscale catalysts synthesized from plant biomass (de Souza et al., 2023; Paula et al., 2022).

3.2.3 XRD analysis

XRD analysis (Figures 4a,b) shows structural changes from raw Luffa cylindrica fiber to the
nanocatalyst. The untreated fiber exhibits a peak at 20 ~ 27° corresponding to silicon oxide and
aluminum phosphate in kratochvite-type structures. Activation shifts the peak to 32.1°, indicating
enhanced crystallinity and tetragonal phase stabilization. The mean crystallite size, estimated via
the Debye—Scherrer equation, is ~45 nm, consistent with particle size data (40—100 nm), aligning
with previous reports on luffa fiber-based composites and nanostructured materials (de Souza et
al., 2023; Paula et al., 2022).

Muttiple Profile

Mutipe Profe

B

Fig. 4a XRD of the luffa fibre Fig. 4 b XRD of the nano catalyst

3.2.4 BET analysis

Table 3 shows that luffa-derived catalyst activation and nano-conversion significantly increased
surface area, pore diameter, and volume, enhancing reactant diffusion and access to active sites.
These structural improvements promote more efficient triglyceride—catalyst interactions,
supporting transesterification, consistent with previous studies on luffa fiber applications in
biosorption and biomass valorization (Santos et al., 2024; Countinho et al., 2024).

Table 3: Catalyst’s physical properties

Parameters Luffa fibre Luffa nanocatalyst
Pore size (nm) 2.690 3.130
Surface area (m?/g) 294.276 353.287
Total pore vol. (cm?/g) 25.12 25.13

3.2.5 TGA analysis
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TGA assessed the thermal behavior of Luffa cylindrica-derived nanocatalyst (Figures 5a, b). Initial
weight loss between 300—400 °C corresponds to cellulose decomposition. The endothermic peak
confirms favorable thermal stability, supporting transesterification use. A processing temperature
of ~420 °C suffices to produce a stable nanocatalyst, consistent with previous studies on biomass
thermal conversion (Abozied et al., 2024; Nallappan et al., 2021).

Figure 5a: Luffa fibre (TGA) Figure 5b: Nano catalyst (TGA)

3.3 Process parameters impact

Figures 6a-c summarize the effects of catalyst concentration, reaction time, and temperature on the
oxirane value of epoxidized luffa oil. The maximum oxirane values were observed at 1.8 mol/L
catalyst (Figure 6a), 7 h reaction time (Figure 6b), and 65 °C (Figure 6¢), with further increases
causing declines due to oxirane ring cleavage and side reactions. The inverse relationship between
iodine and oxirane values confirmed C=C conversion. Catalyst loading, time, and temperature
significantly influenced oxirane formation, with time and temperature being economically critical.
These trends align with prior studies on huracrepitan, and Azadirachta indica seed oils (Aguele et

al., 2021; Nwosu-Obieogu et al., 2022).
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Figure 6¢: Temperature’s impact on the oxirane

3.4 Kinetics of epoxidation

The plot of conversion to oxirane over time at various temperature is shown in Fig. 7a. The rate of
the reaction increases with a corresponding rise in temperature. At 338K, the time increased rapidly
until it reached 3 hours with an oxirane value of 2.5 mol, however at a temperature of 328K and
333K, the optimal oxirane values are 2 mol and 1.75 mol respectively. At a time above 4 hours,
the reaction rate is slow due to the degradation of oxirane at a higher time. The plot of {[H202]o -
[EP]} against time in Fig. 7b. showed a deviation from linearity with ring opening for the reactions;
hence, the rate constants(0.0392, 0.1584, and 0.222) were obtained with the initial slopes at a
temperature of 328, 333 and 338K respectively. The increase in rate constants as the temperature
rose suggested an endothermic process, indicating that the reaction proceeds more quickly as the
temperature increases due to more frequent and energetic collisions between reactant molecules;
this observation favours the epoxide formation. The rate constants obtained for the reaction agreed
with the report from melon seed oil (Nwosu-obieogu et al., 2024) . From Fig. 7c, the enthalpy,
AH, was determined to be 14.442KJ/mol, indicating an endothermic reaction; rising temperature
could increase OOC conversion, and the entropy for the activation, AS = -21.75 cal.mol.K™*
indicating that the disorderliness in the process is less .
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Fig. 7c. Activation energy, Ea for luffa oil epoxidation

3.5 Epoxide chacraterization

The FTIR spectrum of the epoxidized product, shown in Figure 8, exhibits a broad O—H stretching
peak at 3381.9 cm™, confirming alcohol formation during the epoxidation reaction and indicating
the disappearance of the original C=C bonds following sulfuric acid—assisted epoxidation.
Additionally, an absorption band at 1714.6 cm™ appears in the EAISO spectrum, signifying the
presence of a cyclic ether group characteristic of epoxy functionality. These observations are

consistent with reports by Mekonnen (2021) for Podocarpus falcatus oil, Oke et al. (2021) for
Hevea brasiliensis oil.
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4.0 CONCLUSION

The sulfonated luffa fibre nanocatalyst exhibited enhanced surface chemistry, porosity, and nanoscale
morphology, enabling efficient epoxidation of luffa seed oil. TGA and XRD confirmed thermal and
structural stability under moderate conditions. Kinetics followed pseudo-first-order behavior with rate
constants of 0.0392-0.222 h™", Ea = 14.44 k) mol™, and AS =-21.75 cal mol™ K™, indicating an ordered,
endothermic pathway. lodine value reduction and epoxy bands confirmed functionalization. Findings
demonstrate luffa as a dual-use, circular feedstock for catalysts and bio-epoxides. Future studies should
evaluate recyclability, turnover frequency, and scale-up in continuous-flow systems, alongside polymer.
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