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ARTICLE INFO ABSTRACT

Keywords: The global shift towards renewable energy has intensified the need for sustainable technologies. The present
Verbesina encelioides study investigates the invasive weed Verbesina encelioides (Cav.) Benth. & Hook. Ex A. Gray as a potential
Biodiesel

feedstock for biodiesel production, while managing ecological issues. The seeds contain large amounts of oil (33
wt%) and a very low level of free fatty acids (0.16 wt%), which allows one-step transesterification using a
synthesized cobalt oxide (Co304) nanocatalyst prepared from seed husk (a waste product) as a precursor. The
nanocatalyst was characterized using Fourier-transform infrared spectroscopy (FTIR), scanning electron micro-
scopy (SEM), energy-dispersive X-ray spectroscopy (EDX), dynamic light scattering (DLS), and X-ray diffraction
(XRD). These techniques verified the porous morphology, cobalt-oxygen-rich composition, and highly crystalline
structure, thereby confirming the presence of active catalytic sites. Response Surface Methodology (RSM) with a
Box-Behnken Design (BBD) was used to optimize the reaction parameters. Such as oil methanol molar ratio of
1:3, catalyst loading of 0.4 % wt., reaction temperature of 60 °C, and reaction time of 120 min, confirming the
conversion of triglycerides into fatty acid methyl esters (FAMEs) and yielding a maximum biodiesel production of
97 %. The resulting biodiesel was characterized by FTIR, 1H and 13C nuclear magnetic resonance (NMR), and
gas chromatography-mass spectrometry (GC-MS), indicating complete transesterification, with oleic acid methyl
ester as the dominant FAME. Compared to conventional diesel, the synthesized biodiesel exhibits high oxidative
stability and standard combustion properties; the nanocatalyst also maintains recyclability and catalytic activity
across multiple catalytic cycles. These results highlight the dual advantages of controlling an invasive species and
generating high-quality biodiesel, which aids in designing bio-powered energy systems, efficient application
technologies, and a circular bioeconomy.

Co0304 Nanocatalyst

Circular bioeconomy

Invasive Weed Management
Response Surface Methodology

Introduction

A sustainable energy approach is not only a reliability and viability
concern, but it also sets the direction for low-carbon energy prospects
[1]. Concurrently, the depletion of non-renewable energy resources is an
important global issue. Given the rising demand for energy and an ever-
increasing population, fossil fuels are expected to run out in the next 70
to 150 years [2]. Energy is a critical factor in economic development and
a key to national development. Biofuel is a series of management
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strategies to reduce greenhouse gas emissions and limit global temper-
ature rise [3]. Biofuel is a series of management strategies to reduce
greenhouse gas emissions and limit global temperature rise [4]. Only 72
countries have adopted inclusive strategy frameworks to achieve net-
zero carbon emissions technologies. The aggregate renewable energy
capacity is projected to increase by 2.7 times in 2030. Moreover, the
global average progress in 2024 is only 25, far below the target of 65,
which requires an increase in action [5]. To address this situation, the
use of alternative and synthetic fuels is increasingly being explored to
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reduce dependence on fossil fuels and non-renewable energy sources
[6]. The overall energy implications show a shift toward balancing
renewable energy sources, especially biomass. Biodiesel from renewable
sources appears to be a good alternative to improve energy security [7].
Biofuels provide a net energy gain, are eco-friendly and cost- effective,
and do not compete with food resources [8]. Production of biodiesel
from various feedstocks is expected to reach around 36 billion liters
worldwide, with Europe, particularly Germany, at the forefront of both
production and consumption [9].

Biodiesel is produced by the transesterification of triglycerides
derived from oils such as vegetable oils, animal fats, microbial oils,
algae, and waste oils. The process uses monohydric alcohols, primarily
methanol or ethanol, to produce fatty acid alkyl esters, primarily fatty
acid methyl esters (FAMEs) [10]. This methodology is preferred due to
the high product yield and economic feasibility [11]. Catalysts are
crucial for improving reaction rate, final yield, and biodiesel quality
[12]. In the current study, a phosphorus nanocatalyst was produced by
mixing cobalt chloride with the waste product, seed husk, for efficient
biodiesel production. The nanocatalyst has an increased surface area,
which increases reaction rate, enhances product yield, and reduces by-
product formation, due to its enhanced catalytic activity [13]. The
effectiveness of the metal oxide-based catalyst among several feed-
stocks, including the third-generation non-edible feedstock, has been
demonstrated [14]. Additionally, the use of phytogenic materials pro-
motes the sustainability of the catalyst by reducing environmental
impact [15].

We explored the dual nature of cobalt oxide as a nanoparticle and a
heterogeneous catalyst and tested its activity over several reaction cy-
cles [16]. The catalyst's recyclability highlights its sustainability, as it
can be recycled without significant loss of activity over multiple cycles
[17]. As a result, a recyclable phyto-nanocatalyst is a potential alter-
native for sustainable biodiesel production, though the use of edible oils
has raised serious issues concerning food security, leading to food vs.
fuel conflict, particularly in developing countries where hunger and
economic security are major challenges. These emphasize the search for
alternative sources for biodiesel production. The use of non-edible oils
for biodiesel production is a sustainable approach that does not cause
food shortages [18]. In particular, invasive plant species that exhibit
excessive growth and contain high oil content have also been reported as
possible feedstocks for the synthesis of biodiesel [19].

A wide range of studies has been conducted on the production of
biodiesel from edible and non-edible oils, as shown in Table S1. How-
ever, our study introduces a novel approach by using the non-edible oil
from an invasive weed, thereby contributing to the control of the
invasive species and reducing ecological harm. To improve the energy
resource issue, Verbesina encelioides seed oil was investigated for the
first time as a potential feedstock for biodiesel by measuring its oil yield
and free fatty acid (FFA) content, along with the novel synthesis of co-
balt oxide phyto-derived nanocatalyst using the seed husk of
V. encelioides and cobalt chloride salt. Response Surface Methodology
(RSM), a numerical modeling technique, was used to determine optimal
conditions to improve reaction efficiency and product quality. Advanced
analytical techniques were applied to study the crystalline structures
and functional groups of the synthesized cobalt oxide, including Fourier
Transform Infrared Spectroscopy (FTIR), Dynamic Light Scattering
(DLS), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDX), and X-ray Diffraction (XRD). The synthesized bio-
diesel was quantitatively identified using FTIR, Gas Chromatography-
Mass Spectrometry (GC-MS), and Nuclear Magnetic Resonance Spec-
troscopy, both 1H and 13C NMR. FTIR analysis of seed oil identified its
chemical composition and functional groups, enabling evaluation of its
bioactive potential.

Materials and methods

Various non-agronomic plants produce unusual triacylglycerols in
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their seed oils, which exhibit distinct properties, making them advan-
tageous for various industries [20]. Verbesina encelioides (Cav.) Benth. &
Hook. Ex A. Gray shown in plate.S1 is a sustainable feedstock for bio-
diesel production bearing numerous seeds as each flower produces
300-350, and an individual plant generates 600-2,100 seeds with high
oil content up to 31 % [21,22]. The Seeds were collected from the
northern area of Pakistan, along the roadsides of the Malakand Pass
Hills, which lie at 35.2130°N and 71.8700°E, and were manually
separated from the flower tops. Dried in the shade and stored in clean
airtight glass jars to prevent contamination.

Oil content determination

Soxhlet extraction is a common method for determining oil content
[23]. A 5-gram powdered sample was placed in a thimble and extracted
with an ethanol-n-hexane solvent mixture (1:2, respectively). This
extraction procedure, which involved heating the solvent mixture in a
water bath, was repeated several times by recycling the solvent through
condensation. The methanol was then evaporated using a rotary evap-
orator, and the extracted oil was measured to determine the final yield
[24]. The Thimble computation was performed using the following
equation 0.1 [25].

A-B(C-B)

Oil content yield (wt. %) = x 100 1)

Computations using round bottom flask were obtained by applying the
following equation.2. [26]

A-B

Oil content yield (wt. %) = x 100 2)
As,

A = thimble weight + powdered sample weight.

B = empty thimble/flask weight.

C = empty thimble/flask weight + powdered sample weight after
extraction.

D = sample weight.

Oil extraction

Mechanical oil extraction is preferred, eliminating the need for
chemical solvents and enhancing safety and stability. To facilitate the
filtration process, the crude oil was heated and then filtered through
porcelain filter paper to remove impurities, thereby improving the yield
of biodiesel. The filtered oil was then collected in a flask and measured
in a graduated cylinder [27]. To preserve the chemical quality and
prevent light-induced oxidation, the oil was stored in dark color glass
bottles. To maintain the chemical integrity and minimize photooxida-
tion, the oil was kept in amber glass bottles. The percentage yield of the
seed oil was calculated using Equation 3 [28].

0Oil content yield (wt%) :w x 100 (3).
Free fatty acid content determination

The quality and stability of oils and fats are checked by measuring
their FFA content. A titration-based technique, the AOCS method CD 3d-
63, provided precise results by determining FFA as the volume of alkali
required to neutralize free acids in the oil [29]. For measuring FFA
content, 1 mL of oil was mixed with 9 mL of isopropanol and a few drops
of phenolphthalein indicator.

While stirring, the oil solution was titrated with 0.14 N potassium
hydroxide (KOH) until a stable pink color persisted for 30 s, marking the
endpoint. To ensure accuracy, the titration was repeated three times.
The free fatty acid content of crude oil is calculated using an equation.4

Acidvalue = % X Wt 4)
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As,
v2 = Volume of KOH solution utilized for sample volumetric
analysis.
v1 = Volume of KOH solution utilized for blank volumetric analysis.
wt = Weight of KOH in mg per liter.
VT = total amount of crude oil.

Synthesis of phyto-derived cobalt chloride nano-catalyst from V.
encelioides seed husk

Utilizing agricultural waste for nanocatalyst synthesis is an innova-
tive and sustainable approach. Plant-derived resources offer potential
biocompatibility and an eco-friendly nature, which are beneficial for
catalyst synthesis. The phyto-nanocatalyst synthesized from cobalt
chloride in association with an aqueous plant extract adheres to the
principles of green chemistry by employing a sustainable methodology
[30]. In-situ impregnation was used for the fabrication of the phyto-
nanocatalyst using the seed husk of V. encelioides, as shown in
Fig. S2. To improve the catalytic potential and the surface characteris-
tics, a series of pretreatments of seed husks was performed [31]. Before
grinding, the husks were washed with distilled water to remove impu-
rities and then dried in an oven at 25°C for 30 days. Fifty grams of milled
husk material was then boiled in 500 mL of distilled water at 350 de-
grees centigrade on the hot plate for 4 h, with constant stirring, to give a
thick, gelatinous extract. The extract was filtered to obtain a clear so-
lution of 50 mL. A 0.2 M solution of cobalt chloride (CoCly-6H,0) was
prepared by dissolving 0.2 g of CoCly-6H20 in 30 mL of distilled water,
then heating at 60 °C for 30 min with continuous stirring. The aqueous
extract is then added to the salt solution. Phytochemicals in the aqueous
plant extract act as reducing agents, transforming cobalt ions into
nanoparticles. To facilitate the crystallization and structural trans-
formation of cobalt compounds, the mixture is heated to 70 °C for two
hours and kept in the oven at 65-100 °C for 2-3 days. For critical cat-
alytic activity, calcination was performed at 500 °C for 2 h to promote
the formation of cobalt oxides and oxychlorides [32]. The catalytic ac-
tivity is further assessed by their efficiency in converting oil to biodiesel
via transesterification [33].

Characterization of the synthesized catalysts, biodiesel, and seed oil from
V. encelioides

Various techniques were employed to characterize the synthesized
phyto-nanocatalyst, seed oil, and biodiesel derived from V. encelioides.
To identify the functional groups and chemical bonds, FTIR spectros-
copy using the Bruker Alpha II model with a scanning range of 500 to
4000 cm™ . For detailed crystallographic analysis, the catalyst was
examined by powder X-ray diffraction (XRD) using a Bruker D8
diffractometer with Cu-Ka radiation (A = 1.54 A) and a 20 range of 10° to
60° at 2°/min.

Dynamic light scattering (DLS) measurements were performed using
a Malvern Panalytical Zetasizer (UK) to assess the surface charge and
colloidal stability of the nanocatalyst. The surface morphology and
structural features of the catalyst were examined with the scanning
electron microscope (SEM) with an operating voltage of 30 kV on the
JEOL JSM-5910 SEM. Elementary composition was determined using
Energy — Dispersive X - Ray Spectroscopy on an INCA-200 system from
Oxford Instruments (UK). Recent studies have shown that, together,
these analytical techniques provide an overall understanding of the
physical, chemical, and structural features needed for the sustainable
use of the catalyst [34]. Fourier Transform Infrared (FTIR) spectroscopy
was used to detect functional groups in the synthesized biodiesel and
seed oil, particularly the ester carbonyl, to confirm the success of the
transesterification process. The Bruker Alpha II spectrometer was used
for these measurements. The molecular composition and the structural
properties of the synthesized biodiesel were further elucidated using
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Nuclear Magnetic Resonance (NMR) spectroscopy. Both"lH NMR
and"13C NMR spectra were recorded at 300 MHz and 20 °C using
deuterated chloroform (CDCI3) as solvent on a Bruker NMR system
using a 5 mm PROBHD BBO BB-1H probe. The elemental profile of
biodiesel was also studied by Gas Chromatography-Mass Spectrometry
(GC-MS) on an Agilent Technologies 7890B GC system and 5977 Mass
Spectrometer (MS), USA [35].

Synthesis of biodiesel using phyto-nano catalyst

Non-edible seeds with High oil content and low FFA values are po-
tential feedstock for biodiesel production. For oils with low FFA content,
a single transesterification step is done. For the transesterification re-
action, Methanol was used as the alcohol, considering the noted quan-
tities of each variable, i.e., the catalyst loading, reaction temperature,
reaction time, and oil-to- methanol ratio from the experimental design
Table S5. After completing the methoxide reaction at 60 °C for 40 min,
10 mL of preheated oil was added to the mixture. The methanol was
removed from the biodiesel using a rotary evaporator. The Glycerol and
catalyst residue were separated after transesterification was complete.
Equation 5 was used to calculate the biodiesel yield. To optimize the
yield of biodiesel, the transesterification reaction was tested 5 times,
with reaction parameters adjusted accordingly, as shown in Table S5.
[36,371].

weightofbiodieselingrams
weightofoil

Yield of biodiesel = x 100 (5)

Experimental design

To improve biodiesel yield, 30 experiments were conducted with
four variables (A-D). i.e., oil to methanol ratios (1:6-1:18), catalyst
concentration (0.4-0.12 wt%), temperature (60—100 °C), and reaction
durations (60-120 min) [38]. The optimization was performed using
Response Surface Methodology (RSM) with a Box-Behnken Design
(BBD) in Design-Expert 13 (Stat-Ease Inc., Minneapolis, USA). Factor
interdependence was analyzed using a quadratic response surface
model, while ANOVA was employed to validate the model and optimize
reaction conditions. Table 1.

Reusability of catalyst

The high reusability of the cobalt oxide nanocatalyst was evaluated
to verify its activity retention over multiple cycles of biodiesel synthesis
via transesterification. In accordance with the methodology of [39] with
some subsequent modifications, the catalyst was recovered after each
reaction cycle by filtration. It was then washed thoroughly with distilled
water to remove the remaining reactants and by-products and then dried
in an oven at 65°C for 3 h to achieve complete moisture removal. The
robustness of the catalyst under different conditions was investigated by
measuring catalytic effectiveness over 5 successive transesterification
cycles under varying reaction conditions, including temperature, cata-
lyst amount, and methanol- to-oil molar ratio.

Results and discussion
Oil and FFA composition of Verbesina encelioides

Species with higher FFA levels, such as Xanthium strumarium (28-31
wt% oil, 2-4 wt% FFA) and Artemisia annua (18-26 wt% oil, 3-5 wt%
FFA), require a two-step transesterification process. V. encelioides is an
exceptional biodiesel feedstock within the Asteraceae species based on
high oil yield (33 wt%) and low FFA (0.16 wt%) values, making single-
step transesterification a cost-effective process. However, Helianthus
annuus (20-28 wt% oil, 0.5-2 wt% FFA) and Carthamus tinctorius
(20-36 wt% oil, 1-2 wt% FFA) require further processing. Tagetes
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Table 1
ANOVA for the Response Surface Quadratic Model for V. encelioides.

Source Squared total df Quadratic mean f-statistic p- statistic

Model 2396.04 14 171.15 4.04 0.0055 significant
A-0il to Menthol Ratio 5.51 1 5.51 0.1301 0.7233

B-Catalyst Conc. 208.27 1 208.27 4.92 0.0424

C-Temp 124.67 1 124.67 2.94 0.1068

D-Time 40.82 1 40.82 0.9640 0.3417

AB 346.89 1 346.89 8.19 0.0119

AC 117.18 1 117.18 2.77 0.1169

AD 356.27 1 356.27 8.41 0.0110

BC 300.16 1 300.16 7.09 0.0177

BD 310.64 1 310.64 7.34 0.0162

CD 3.33 1 3.33 0.0787 0.7830

A? 440.46 1 440.46 10.40 0.0057

B? 5.13 1 5.13 0.1211 0.7327

c? 5.08 1 5.08 0.1199 0.7340

D? 162.27 1 162.27 3.83 0.0691

Residual 635.15 15 42.34

Lack of Fit 324.08 10 32.41 0.5209 0.8222 not significant
Pure Error 311.07 5 62.21

Cor Total 3031.18 29

minuta, which requires pre-treatment and has 16-22 wt% oil and 1.5-3 The FTIR spectrum of the nano catalyst exhibited a broad peak at

wt% FFA, needs further pre-treatment that agrees with biodiesel opti-
mum values [40].

In addition to its oil yield, V. encelioides biodiesel properties,
including a high proportion of unsaturated FAMEs, oleic and linoleic
acids, improve cold flow properties and oxidative stability, similar to
those of Helianthus annuus and Carthamus tinctorius [41]. However,
V. encelioides has a favorable saturated-to-unsaturated FAME ratio,
which is conducive to enhanced combustion efficiency, a higher cetane
number, and increased energy density. Non-edible species of Asteraceae
which can be used as potential feedstock include Tithonia diversifolia
(18-30 wt% oil, 1.5-4 wt% FFA), X. strumarium (25-28 wt% oil), and
other members of the genus Xanthium with the oil content of 1-40 wt%

and FFA content ranging from 6.7-58 wt%.

Characterization of phyto-derived cobalt oxide nano catalyst

a) FTIR of cobalt oxide nano catalyst

VE FTIR

VEFTIR
86

84
82
80
78

76

%Transmittance

74

n

70

68

2981.711

3185.393

3419 38376 AL

3100-3500 cm?, indicating O-H stretching from absorbed water or
hydroxyl groups, while a sharp peak at ~ 1600 em ™! corresponded to
bending vibrations of water molecules Co-Cl stretching absorptions in
the 500-1000 cm ™! range confirm cobalt-chloride coordination; peaks
in the 1400-1500 cm ! range signify the existence of carbonyl groups as
shown in Figure.1 [42], Identified the 3100-3500 cm ! peaks in Co-
based nano- catalysts as indicative of surface-bound hydroxyl groups
crucial for catalytic activity in water—gas shift and electrochemical re-
actions. Similarly, [43] assigned the ~ 1600 cm ~! peak to water mol-
ecules adsorbed to the surface, important for CO, reduction and
hydrogen evolution. The 500-1000 cm™! absorptions in cobalt-based
electrocatalysts were linked by [44] to Co- Cl stretching, which stabi-
lizes active sites and enhances electron transfer. According to [45], the
1400-1500 cm™! peaks are attributed to residual carbonyl groups,
which enhance conductivity and charge transport in nano-catalysts. The
spectral sequence proved the existence of active sites in the nano-
catalyst, including hydroxyl and carbonyl groups, and Co-Cl

440103

1596.929

4000

3500 3000 2500

2000 1500 1000 500

Wavenumbers (cm-1)

Fig. 1. FTIR spectrum of Cobalt oxide Nano catalyst.
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coordination, which is an indicator of increased efficiency and stability
in the principle of CO2 reduction and hydrogen production.

b) DLS analysis of cobalt oxide nano catalyst

Fig. S3. The present Dynamic Light Scattering (DLS) of the nano-
catalyst revealed that cobalt oxide nanocatalysts are aggregated, with a
Z-average size of 14,336 nm, a PDI of 0.449, and a primary peak of
97.76 nm. The D10, D50, and D90 values are 72.57 nm, 88.49 nm, and
113.03 nm. In Table S2. The size distribution of Cobalt oxide nano
catalyst size between 72.57 nm (D10) and 12,823 nm (100). The sum-
mary parameters of the Cobalt oxide nanocatalyst indicate a narrow size
distribution, stability, and catalytic activity, as reported in Table S3.
These values are consistent with earlier findings, which indicated that
the size distribution of cobalt oxide nanoparticles ranged from 50 to 150
nm [46].

c) SEM of cobalt oxide nano catalyst

The evaluation of cobalt chloride nano-catalysts by scanning electron
microscopy (SEM) is shown in the Plate. S3 presents nano-scale topo-
graphic profiles, including porosity and agglomeration. The strong
surface area and porosity at 2500x indicate many active sites, and the
crystalline arrangements visible at 5000x suggest a high reactivity.
These findings are supported by prior studies demonstrating that
nanoscale characteristics and high porosity enhance the reaction rates of
hydrogen evolution reactions (HER) and oxygen reduction reactions
(ORR). According to results [47], cobalt oxide catalysts in agglomerated
form exhibit greater stability and higher electrical conductivity [48]
highlights the importance of hollow morphologies in facilitating the
diffusion of reactants and the desorption of products, both crucial to
water splitting and CO2 reduction. Nano-catalysts of cobalt chloride
based on natural precursors, therefore, provide an attractive opportu-
nity for sustainable energy storage and conversion technologies.

d) The EDX spectrum of nano catalyst

Table S4. Reports the EDX spectrum Fig. 2. By giving elemental
composition and equivalent energy levels (keV). The data show that
cobalt (46.86) is the major constituent of the cobalt-oxide nanocatalyst,
and oxygen (42.48 3) indicates the presence of oxide species. Chlorine
(7.72 %) is identified at 6.7 keV, and small traces of potassium and
calcium are also identified. These findings are in agreement with those
in reference [49], which highlighted cobalt-oxygen interactions in cat-
alytic activity, and reference [50], which reported that chlorine can
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stabilize cobalt chlorides. In line with this, the results support the po-
tential application of the cobalt chloride nanocatalyst in energy and
environmental contexts.

e) XRD of cobalt oxide nano catalyst

X-ray diffraction (XRD) is a widely used analytical method for
characterizing the crystalline structure, phase composition, and average
crystallite size of nanomaterials. The XRD pattern of the synthesized
cobalt oxide nanocatalyst, shown in Fig. 3, exhibits well-defined
diffraction peaks confirming its crystalline nature. The diffractogram
spans 10°-80° and has relative intensities between approximately 60 and
280 arbitrary units (a.u.). The strongest diffraction peaks are observed at
approximately 19° and 37° 26, corresponding to the lattice planes 200
and 202, respectively. These observations are characteristic of the spinel
phase of Co304, thereby validating the formation of a phase-pure,
crystalline cobalt oxide structure. The high-intensity profile at 19° 26
for the (200) plane indicates a dominant orientation, supporting the
successful synthesis of the nanoparticles and their lower amorphous
content. The fact that the (202) plane appears simultaneously at 37
degrees, whether it was at 37 degrees, is yet another trait that supports
the comprehensive crystalline structure, which is likely to increase the
surface area and consequently boost the catalyst's activity. Small vari-
ations in the background intensity may be attributed to the presence of
organic species or incomplete decomposition of plant-based precursors
used in the synthesis process [51]. The XRD pattern generally supports
the high purity and structural integrity of the cobalt oxide nanocatalyst.
The crystallite size (D) was calculated through the Scherrer equation.
[48]

KA
D =
BCOSO

where:

D = average crystallite volume (nm).

K = shape factor (typically 0.9).

4 = X-ray wavelength for Cu Ka (0.154 nm).

$ = Full Width at Half Maximum (FWHM) in radians.

® = Bragg angle (in radians).

Using the peak at 19° (200plane) and an estimated FWHM of 0.85°,
the crystallite size of the cobalt oxide nanoparticles was found to be
approximately 11.2 nm. This nano-scale dimension is ideal for catalytic
applications, as smaller particle sizes provide a higher surface-to-volume
ratio and greater density of active sites [52]. These structural features
make the cobalt oxide nanocatalyst highly suitable for applications in
energy storage, environmental remediation, and biodiesel production.

Co

Ful Scale 2780 cts Cursor: 15036 keV (8 cts)

Fig. 2. Elemental compositions of Cobalt oxide catalyst through EDX.
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Fig. 3. XRD image of Cobalt Oxide Nano catalyst.

Cobalt oxide

Phyto-nano catalyst successfully converted V. encelioides seed oil into
biodiesel with a high yield of 97 % through single-step trans-
esterification. The optimal operating conditions were determined to be
an oil-to-methanol molar ratio of 1:3, a catalyst loading of 0.4 wt%, a
reaction temperature of 60 °C, and a reaction time of 120 min, as indi-
cated in Table S5. These results align with the literature findings dis-
cussed by [53], which demonstrate that metal-oxide catalysts enhance
the efficiency of biodiesel production.

Properties of the fuel of Verbesina encelioides biodiesel

The fuel properties of V. encelioides biodiesel are presented in
Table S6. showing excellent compliance with international standards
(ASTM D6751 and EN 14214). The measured density (875 kg/m3) falls
within the acceptable range specified by the standards, ensuring effi-
cient atomization and smooth engine performance. The kinematic vis-
cosity at 40°C (4.1 mm?/s) is also well within the limitations and
provides excellent flow characteristics and lubrication, supporting good
combustion. The flash point (165 °C) is considerably higher than the
required minimum value, indicating high thermal stability and safety
during handling and storage, as well as the absence of residual alcohols.
Moreover, the acid value (0.40 mg KOH g-1) is below the allowed limit,
confirming good chemical stability, proper conversion efficiency, and
minimal degradation. Overall, these results confirm that V. encelioides
biodiesel has excellent fuel quality, safety, and stability, making it
suitable for use in diesel engines.

Statistical significance and validation of RSM model

The quadratic response surface model applied to V. encelioides
(Table 1) demonstrated good statistical validity, as indicated by a sig-
nificant F-value of 4.04 and a corresponding p-value of 0.0055, thereby
confirming the adequacy of the model. Catalyst concentration (B) was
found to be a statistically significant parameter influencing the biodiesel
production (p = 0.0424). On the other hand, oil-to-methanol ratio (A),
temperature (C) and reaction time (D) were not individually significant

(p > 0.05) but the presence of several interaction terms (AB, AD, BC, BD)
and the quadratic term (A2) showed significant effects (p < 0.05)
implying strong synergistic and nonlinear interdependencies among the
variables. The non-significance (p = 0.8222) of the lack-of-fit test
confirmed the good agreement of experimental observations with model
predictions. The coefficient of determination (R2 = 0.7905) and the
adjusted R2 (0.6207) of the model further indicate the model's high
predictive precision, which explains around 79 % of the variation in
biodiesel yield. Consequently, the RSM model exhibits good statistical
robustness and predictive reliability in optimization of biodiesel pro-
duction from V. encelioides oil. Even though the oil-to- methanol ratio
(A), temperature (C), and reaction time (D) were not significantly
different as independent variables (p-value > 0.05), there were signifi-
cant interaction values, such as the oil-to-methanol ratio and reaction
time (AD), with an F-value of 8.41 There were also nonlinear effects
related to the square of reaction time (D2), which further supported the
findings of [54]. The non-significant p-value of the adjusted lack-of-fit
test (p = 0.8222) confirmed the model's reliability, as proposed by [55].

Interaction effects

1. Effect of methanol-to-oil ratio (A: MR) and catalyst concentration (B:
CC%)

The 3D surface in plate S2. Shows a distinct curve, signifying a strong
interaction between the methanol-to-oil ratio and catalyst concentra-
tion. There is a large increase in yield, reaching a maximum before
declining thereafter, which is typical of an optimal region.

Effect of Catalyst Concentration (B): At a low methanol-to-oil ratio,
the effect of increasing catalyst concentration is comparatively low,
which was previously discussed by [56] In contrast, at intermediate and
high methanol ratios, increases in catalyst concentration lead to a large
increase in product yield, culminating in a maximum of around 90 %
yield, as confirmed by [57] Beyond this optimum concentration, addi-
tional increases in catalyst dosage led to decreasing yields. This atten-
uation is typical for the system and can be attributed to high viscosity
and the growth of side reactions, such as saponification, which con-
sumes catalyst and consequently decreases the yield of biodiesel.
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Effect of Methanol to Oil Ratio (A): Accordingly, for a fixed catalyst
concentration, increasing the methanol to oil ratio increases the yield up
to a certain limit, after which, excess methanol can dilute the reaction
medium or complicate the separation of glycerol to give a decreased
overall yield.

2. Effect of methanol to oil ratio (A: MR) & reaction temperature (C:
Temp)

The three-dimensional surface shown in plate S2 exhibits a strong
saddle-like or ridge morphology, which is a complex function of the
methanol-to-oil ratio and temperature. This morphology contradicts a
simple domelike topology, suggesting that the optimal methanol ratio is
strongly temperature dependent.

Effect of Reaction Temperature (°C): Temperature has a significant
effect on product yield. For lower values of the methanol- to-oil ratio, an
increase in temperature has a very beneficial effect on the yield, as re-
ported by [58]. The highest yields, near 97 %, are obtained at the highest
temperature setting, due to faster reaction kinetics, resulting in a shorter
time to reach equilibrium.

Effect of Methanol to Oil Ratio (A): The effect of the methanol to oil
ratio is highly modulated by the temperature. At higher temperatures, a
broader range of methanol ratios can achieve high yields, whereas at
lower temperatures the optimal range is much narrower. As a result, a
dominant determinant is the reaction temperature. Attainment of yields
>=97 % requires a high reaction temperature; at this temperature, the
methanol ratio can be fine-tuned within a moderate range to achieve the
yield optimum.

3. Effect of methanol-to-oil ratio (A: MR) and reaction time (D: Time)

The 3D plot surface is shown in plate S2. shows a gradually rising
ridge, indicating that the yield increases concomitantly with both the
methanol-to-oil ratio and reaction time, until a maximum is reached,
corresponding to the maximum yield.

Effect of Reaction Time (D): From a theoretical perspective, longer
reaction times initially result in a marked improvement in product yield
because the transesterification reaction has more time to proceed to-
wards completion. The plot shows how, beyond a certain time, the in-
cremental gains flatten off and the yield levels off at its maximum,
around 97 percent.

Effect of Methanol-to-Oil Ratio (A): As with the time dependency
trend, an optimum point is observed in the methanol-to-oil ratio. The
highest yield plateau is reached at an intermediate ratio, provided the
reaction time is long enough. While it is important to have sufficient
reaction time for high conversion, excessively long times do not neces-
sarily yield significant improvements and may reduce economic
viability. Therefore, judicious selection of the methanol ratio and reac-
tion time is very important for optimal performance. These observations
agree with the results presented in references [59,60].

4. Effect of catalyst concentration (B: CC %) and reaction temperature
(C: Temp)

The 3D plot surface in plate S2. Forms a gently curved surface with a
clear peak region, showing that catalyst concentration and temperature
have a meaningful interaction. The highest biodiesel yields (approach-
ing 97 %) occur when the temperature is moderately high, and the
catalyst concentration is in the mid-range. Both very low and very high
catalyst concentrations reduce the yield.

Effect of Catalyst Concentration (B): At lower temperatures, in-
creases in catalyst concentration improve the yield only moderately. At
higher temperatures, the yield rises more sharply with catalyst con-
centration until it reaches an optimum, after which the yield declines.
The decline at high catalyst concentration again suggests undesirable
effects such as increased mixture viscosity or side reactions (e.g., soap
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formation), which interfere with the transesterification process as pre-
viously discussed in studies by [61]. Effect of Reaction Temperature
(°C): shows a strong positive effect on yield. Increasing temperatures
significantly improve product yield, especially when combined with the
optimal catalyst concentration. However, temperature alone cannot
compensate for an excessive catalyst concentration, as the downward
slope beyond the optimum remains noticeable. The maximum biodiesel
yield is achieved by a balanced combination of moderate catalyst con-
centration and elevated reaction temperature. Both insufficient and
excessive catalyst levels reduce yield, especially at lower temperatures.

5. Effect of catalyst concentration (B: CC %) and reaction time (D:
Time)

The BD plot shows a rising, then slightly declining, dome-shaped
surface. Reaction time and catalyst concentration interact positively
up to their optimal region. As both factors increase, the yield increases
significantly until the plateau or peak region is reached.

Effect of Reaction Time (D): The yield increases steadily with reac-
tion time, especially when the catalyst concentration is within the
optimal range. Beyond a certain reaction time, further increase produces
minimal improvement, indicating that equilibrium has been reached.
Extremely long reaction times are therefore not economically beneficial.

Effect of Catalyst Concentration (B): initially, increasing the catalyst
concentration boosts the yield by accelerating the transesterification re
action.as shown in the 3D surface plate S2. A similar inference is re-
ported by [62,63]. However, at higher catalyst loadings, the yield drops
due to issues such as soap formation and hindered phase separation. The
effect is more pronounced when the reaction times are reduced. A
properly selected catalyst concentration combined with adequate reac-
tion time produces high biodiesel yields. Excess catalyst cannot replace
insufficient reaction time, nor can a long reaction time compensate for
excess catalyst.

6. Effect of reaction temperature (°C: Temp) and reaction time (D:
Time)

This 3D plot displays a strong upward-sloping surface with a broad
plateau at the top, indicating that both temperature and time strongly
and positively influence yield until equilibrium conditions are reached.

Effect of Reaction Temperature (°C): has a dominant and highly
positive effect on biodiesel yield. As the temperature increases, the re-
action rate increases, allowing the system to reach high conversion
quickly. At high temperatures, even moderate reaction times produce
yields close to the maximum (~97 %).

Effect of Reaction Time (D): Longer reaction times steadily increase
yield until reaching a plateau. At high temperatures, shorter times are
required to reach the plateau, demonstrating the strong kinetic advan-
tage of elevated temperature. As suggested by [64], the 3D surface plate.
S2 shows that at lower temperatures, much longer times are required to
achieve the same level of conversion. Temperature and reaction time
show a synergistic relationship: higher temperatures accelerate the
attainment of equilibrium by reducing the required reaction time.
Attaining near-maximum yields requires having high temperatures
while maintaining sufficient reaction time.

Model validation and diagnostic analysis

The diagnostic Predicted versus Actual plot in Fig. S9. validates the
high accuracy of the developed response surface methodology (RSM)
model, as seen, since the data points are close to the line of perfect
agreement. This robust correlation, with a high coefficient of determi-
nation (R2) and low error measures, demonstrates good agreement be-
tween predicted and experimental biodiesel yields, ranging from about
50 % to 97 %. The uniformity of the color gradient — from around 52
(blue) to 97 (red) across the diagonal — is further proof of the reliability
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of the model for the whole spectrum of yields. Consequently, the model
shows an excellent fit and is considered highly reliable for optimizing
the transesterification process.

Discussion of key findings

The present results align with [65,66] which highlighted the
importance of optimizing catalyst concentration and temperature to
maximize biodiesel yield. Predicted results from the quadratic response
surface model have been empirically verified and are therefore useful as
an optimization tool for producing biodiesel from the seed oil of
V. encelioides. The results show that high fatty acid methyl ester (FAME)
yield can be achieved without compromising biocompatibility by inte-
grating non-edible feedstock and optimizing process control. Such an
approach can potentially reduce resource consumption and relieve
operational expenses. As noted in references [67,68], these results
contribute to the development of sustainable biofuel technologies by
providing a framework for optimizing biofuel processing, supported by
experimentally validated data.

a) FT-IR spectroscopy of biodiesel

V encelioides seed oil FTIR analysis with peaks of absorption
consistent with biodiesel standards shown in Fig. 4. It is notable that the
peaks at 1742 em™! (C=0 stretching) and 1171 cm ! (C—O stretching)
confirm the presence of ester formation. Extra peaks at 2922 cm ™! (C-H
stretching) and 1457 cm! (C-H bending) are also associated with the
formation of long-chain hydrocarbons, and the absence of an O-H peak
around 3300 cm ™! suggests little impurity. The high quality of the
biodiesel is demonstrated in these findings, as the conversion of tri-
glycerides to fatty acid methyl esters was accomplished efficiently. The
FTIR profile of this biodiesel correlates with that of other biodiesels,
such as Helianthus annuus and Carthamus tinctorius, which also exhibit
ester peaks in 1740-1750 cm ™' and 1170-1180 cm ™~ *. However, as they
have higher free fatty acid (FFA) levels, these feedstocks require further
processing steps [69]. Likewise, as reported by [70], the two-step
transesterification process is necessary for Xanthium strumarium with
FFA levels above 3 %, and for Tithonia diversifolia, as discussed by [71]
with moderate FFA levels. Conversely, its low FFA content (0.16 wt%)
enables V. encelioides to achieve better transesterification efficiency and
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largely reduce the complexity of processing and biodiesel production. In
other feedstocks, such as Argemone mexicana and Parthenium hyster-
ophorus, ester peaks are also observed, although with higher FFA con-
tent, which therefore requires acid catalysis or a two-step process.
Results from the overall FTIR profile also support that V. encelioides is a
highly suitable feedstock for biodiesel production among other members
of the Asteraceae family.

b) GC-MS of synthesized biodiesel

Analysis of biodiesel produced from V. encelioides using GC-MS is
presented in Table S7. Confirm the ability of triglycerides to convert to
FAMEs and give high-quality biodiesel. The chromatogram is shown in
Fig. S4. reveals both saturated FAMEs (e.g., Octanoic Acid [C8: Decanoic
Acid [C10:0]) and unsaturated FAMEs (Oleic Acid [C18:1], Linoleic Acid
[C18:2] with their beneficial properties on cetane number, oxidation
stability, cold flow performance, energy density, and combustion effi-
ciency, and enhancing biodiesel properties. These findings correlate
with previous studies on other Asteraceae families and other biodiesel
feedstocks, as well as in the studies of [72], where oleic and linoleic
acids, as unsaturated FAMEs, offer their fluidity and oxidative stability.
Biodiesels from Jatropha curcas and Pongamia pinnata reported [73] also
indicate the need for the above FAMEs for a balanced cetane number and
cold-flow properties. The comparative analysis of biodiesel from various
sources further supports similar FAME compositions and confirms their
effects on biodiesel quality [74]. V. encelioides showed potential as a
sustainable and efficient feedstock for high-quality biodiesel.

¢) Nuclear magnetic resonance (NMR) spectroscopy of biodiesel
1. The 1THNMR spectroscopy

The biodiesel from V. encelioides, as determined by 1H NMR analysis
(Fig. S4), confirms efficient conversion via transesterification. The key
signals at 0.88-0.89 ppm (terminal methyl groups) and 1.2-1.6 ppm
(beta methylene protons) correlate with those of biodiesel derived from
other Asteraceae members, namely Helianthus annuus and Carthamus
tinctorius. Further evidence that the esterification process occurred is
given by the appearance of peaks at 2.0-2.29 ppm (allylic hydrogens)
and 4.11-4.33 ppm (ester methylene protons). Formation of the methyl
esters was confirmed by the evaporation of the glycerol backbone
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Fig. 4. FT-IR Spectroscopy of VEBD.
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indication at ~ 4.2 ppm, and the existence of a singlet at 3.6 ppm
(methoxy protons) verifies complete ester conversion. The olefinic
hydrogen (5.2-5.38 ppm) identifies an unaltered unsaturated fatty acid
chain in biodiesel of Tithonia diversifolia and Xanthium strumarium
[75,76] resulting in improved cold-flow properties. The sole peak at
7.282 ppm is likely due to aromatic protons, possibly from residual
solvents or a trace of aromatic compounds. The 1H NMR results are
consistent with successful triglyceride esterification to high-purity bio-
diesel, with preserved unsaturated FAMEs, indicating that V. encelioides
is a sustainable and efficient feedstock for biodiesel production.

2. The 13CNMR spectroscopy

The 13C NMR analysis of V. encelioides is shown in Fig. S6. Biodiesel
confirms the transformation of triglycerides to FAMEs. Ester and hy-
drocarbon structures are reflected in key chemical shifts: terminal
methyl groups (22.69 ppm), methylene groups (24.85-27.18 ppm), and
bulk methylene signals (29.11-29.76 ppm) showing long saturated hy-
drocarbon chains characteristic of high-quality biodiesel. Methoxy car-
bons (-OCH3) were detected as a distinct signal at 51.39 ppm,
confirming that the methyl esters had been formed. Retention of unsa-
turation is indicated by the presence of aromatic or unsaturated carbons
(127.00- 130.86 ppm), and the carbonyl carbons (172.78-173.19 ppm)
indicate esterification of triglycerides. This is consistent with biodiesel
from other Asteraceae members, such as Tithonia diversifolia and
Xanthium strumarium [77], 1, which also contain unsaturated fatty acid
chains that help improve cold flow properties. V. encelioides falls in the
lower ppm range (22-34 ppm), suggesting greater energy density and
enhanced viscosity, rendering it a competitive feedstock for biodiesel
production with better chemical stability, oxidative performance, and
combustion efficiency as compared to other members of the family
Asteraceae.

Characterization of V. encelioides seed oil
a) FT-IR of V. encelioides seed oil

The FTIR spectrum analysis is shown in Fig. 5.. The V. encelioides seed
oil supports its suitability as a source material for biodiesel production.
There is a peak at 3007 cm ! corresponding to unsaturated fatty acids
found usually in oils from the Asteraceae family, like Helianthus annuus
and Calendula officinalis oil. At 2923 cm™! and 2853 cm™! peaks
correspond to C H stretching of aliphatic chains, which indicate the
presence of long hydrocarbon chains important in biodiesel. A

VE 04
100 |vE 04
95
90

85

80

3007.868

75

%Transmittance

70

65

60

2853.121

55 w
©0
w

Sustainable Energy Technologies and Assessments 85 (2026) 104785

substantial peak was observed at 1745 cm™!, further supporting the
notion that triglycerides are important precursors for biodiesel pro-
duction, as reported in Carthamus tinctorius. The ester functionalities
observed at 1237 cm-1 and 1160 cm-1 indicate that transesterification
is possible. The presence of long-chain hydrocarbons confirms,
following a peak at 722 cm ™! related to CH, rocking, a feature common
to oil from other Asteraceae members and Xanthium sibricum [78]. The
FTIR analysis reveals that V. encelioides seed oil has a composition
consistent with other Asteraceae oils, making it a feedstock of choice for
biodiesel and other biodiesel applications.

Catalyst reusability

The investigation is performed on the various reusability of cobalt
chloride as a catalyst for the production of biodiesel under certain re-
action conditions: oil to methanol molar ratio of 1:3, the concentration
of a catalyst of 0.4 wt% of the total amount of a raw material, the re-
action temperature of 60°C, and a reaction time of 120 min. Results
indicate that biodiesel yield was high during the first three reuse cycles,
with yields of 97 %, 97 %, and 96.5 %, indicating that cobalt chloride is
an efficient catalyst under the given reaction conditions. However, 90 %
of the yields were observed after the third cycle, and they declined to 90
% for the fourth and fifth cycles. This deactivation is possibly caused by
leaching of active cobalt ions during the separation process, by struc-
tural changes in the catalyst that decrease its active surface area, or by
fouling or deposition of byproducts onto the catalyst surface. Such fac-
tors are consistent with previous research in this regard, where metal-
based catalysts showed high initial activity but deactivated in subse-
quent use cycles. These results show that cobalt chloride is an effective
catalyst (Fig. S7).

The temperature and time were constant reaction parameters, indi-
cating that changes in biodiesel yield were directly related to catalyst
activity. Cobalt chloride exhibited a yield trend as high as achievable
under the stated conditions in the first three cycles, making it a suitable
candidate for biodiesel production. In addition, this activity declines
after three cycles, which makes a reason for future optimization. Studies
have shown that supported cobalt catalysts exhibit greater durability
and reusability, owing to their greater resistance to structural changes
and leaching. In addition, visualizing how higher long-term efficiency
could be achieved by further research into alternative metal-based cat-
alysts and bi-metallic catalyst systems [79]. Therefore, cobalt chloride
demonstrated excellent catalytic efficiency for biodiesel production
through the third cycle, with yields exceeding 96 %. It highlights the
need to understand catalyst deactivation mechanisms to introduce a
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Fig. 5. FT-IR of V. encelioides seed oil.
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fourth cycle and achieve higher yields. These findings provide important
additions for sustainable biodiesel production and the use of metal-
based catalysts.

Techno-economic analysis of Verbesina encelioides biodiesel
production

Although V. encelioides seeds are low-cost, the oil extraction, purifi-
cation, and characterization techniques (e.g., GC, FTIR, NMR) entail
high operational costs, which significantly contribute to overall pro-
duction expenses. Feedstock collection is inexpensive (~10 % of total
cost), whilst processing and analytical characterization account for ~
60-65 %, with catalyst, methanol, energy, and labor making up the
remaining 25-30 % as shown in Table S8.

Uncertainty analysis of Verbesina encelioides biodiesel

The line graph (Fig. S8) shows the effect of reaction temperature on
the biodiesel yield from V. encelioides. Error bars represent experimental
error (the experimental uncertainty, or the standard deviation). Each
bar represents the average yield from three replicates conducted at
different temperatures. The data show a general trend of increasing
biodiesel yield with increasing temperature, reaching an optimum, and
then a slight decrease (suggesting that this could be due to methanol
volatilization or catalyst deactivation at higher temperatures). The error
bars are relatively small, indicating robust reproducibility and little
experimental variability. Overall, the graph shows that temperature has
a considerable effect on the efficiency of the transesterification process,
and the uncertainties presented improve the reliability and clarity of the
results in Table S9.

Conclusion

This investigation examines the potential of Verbesina encelioides
seed oil as a suitable feedstock for biodiesel production via a novel
method using cobalt oxide as a nanocatalyst. The efficiency and sus-
tainability aspects of this methodology are highlighted in the study, as
are its contributions to the broader discussion of renewable energy
sources. The isolated seed oil showed a high extraction yield of 33 wt%
and a low free fatty acid content of 0.16 wt%. These characteristics
enabled a simplified one-step transesterification process, with a corre-
sponding decrease in operational complexity and an increase in overall
process efficiency. The cobalt oxide nanocatalyst developed from the
seed husk of V. encelioides exhibited greater surface area, porosity, and
structural stability than conventional catalysts. Consequently, the bio-
catalyst achieved a 97 % yield in biodiesel production and demonstrated
greater catalytic activity than conventional industrial catalysts,
demonstrating its efficiency in the biodiesel synthesis process. The
resulting biodiesel had physicochemical properties like those of regular
diesel fuel, characterized by a high concentration of oleic acid methyl
ester, which improved the oxidative stability, cold flow properties, and
combustion efficiency of the fuel. In addition, reusability studies showed
that the catalyst maintained a high level of activity over several reaction
cycles, suggesting its use as an economically and environmentally
feasible method for producing biodiesel.

Future work scope

Future investigations should focus on reaction optimization and
catalyst recycling to improve process efficiency and durability. Engine
performance and emissions must be validated to demonstrate real-world
applicability. These results lay a solid foundation for evaluating the
sustainability of V. encelioides-derived biodiesel, given its potential to
meet renewable energy goals and to control invasive weeds.
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