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Abstract: This study investigates the environmentally friendly
synthesis of Fe₃O₄ nanoparticles using basil leaf extract as a
sustainable precursor. The resulting basil–Fe₃O₄ nanoparticles
were extensively characterized through Fourier-Transform
infrared, UV–Vis, scanning electronmicroscopy, energy-disper-
sive spectroscopy, X-ray diffraction, and VSM to verify their
structural, morphological, and magnetic properties. Optical
analysis showed a prominent absorption peak at 263 nm and
a band gap energy of 3.87 eV, suggesting its potential for photo-
catalytic applications. The catalytic performance of basil–Fe3O4

was tested in the synthesis of 2-benzylidenemalononitrile deri-
vatives under microwave irradiation, achieving up to 98%
purity in crystalline form across 12 examples involving aro-
matic and heteroaromatic aldehydes with malononitrile.
The catalyst exhibited excellent reusability with minimal
loss of activity over several cycles, highlighting its potential
for greener and more sustainable chemical processes.
Additionally, the photocatalytic performance of basil–Fe₃O₄
was evaluated for the degradation of Congo red dye, achieving

an impressive 97% degradation efficiency under UV irradiation.
Kinetic analysis indicated a high regression coefficient and a
significant reaction rate constant, confirming its superior
activity. The limit of detection and limit of quantification
were determined to be 32.8 and 99.16mg·L−1, respectively,
affirming the method’s sensitivity and reliability for detecting
Congo red dye. Remarkably, even a small amount (5%) of the
catalyst enabled efficient degradation under low UV exposure,
showcasing its potential for large-scale wastewater treatment.
The dual functionality of basil–Fe₃O₄ nanoparticles in both
organic synthesis and environmental remediation highlights
its promise for sustainable advancements in green chemistry
and wastewater treatment applications.

Keywords: green chemistry, recyclable magnetic nanopar-
ticles, Knoevenagel condensation, heterogeneous catalyst,
dye degradation

1 Introduction

Nanocatalysis is one of the thrust areas for synthetic
organic chemists to produce compounds in small time
and with high selectivity [1]. The yield of the reaction
increases to a greater extent because it decreases the
energy barrier between reactants and products [2]. To sup-
port green innovation, it may also reduce waste based on
reagents and enhance reaction selectivity at a strategic
distance from the unwanted by-product [3]. One of the
finest ideas for green science is to design the ideal nano-
catalyst for the selected synthetic challenge [4]. Typically
nanoparticles of Ag [5], Zn [6], Ni [7], Cu [8, 9], Co [10], and
Mn [6] supported on cellulose [11], silica [12], charcoal [13],
alumina [14], chitosan [15], and β-cyclodextrins [16] were
designed for one-time usage because during the separation
process, researchers lost the catalyst because they are focused
on their final product, whereas the magnetic catalytic nano-
composite can be employed repeatedly within a single reac-
tion as it can be separated easily [17]. Magnetic
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nanocomposites demonstrate distinct nanoscale characteris-
tics and have garnered significant interest in various mag-
netic systems [18,19]. Fe3O4, the most stable form of iron
oxide, is an eco-friendly semiconductor characterized by a
band gap energy of 2.1 eV [20]. Metal oxide nanoparticles
possess impressive optical characteristics, such as adjustable
band gaps and excellent photocatalytic efficiency, which
makes them ideal for environmental applications. Their capa-
city to alter electronic structures significantly improves
photocatalytic degradation, an essential process for waste-
water treatment [21].

From the literature, several reports indicate that
Knoevenagel condensation, between aldehydes or ketones
and active methylene compounds in the presence of the
base, is one of the key steps to producing many bioactive
α,β-unsaturated carbonyl or nitrile compounds, which are
important intermediates in the synthesis of heterocycles,
natural products, and various medicinally significant
compounds, including anticancer, antimicrobial, and anti-
inflammatory agents [22,23]. Since this step is time-con-
suming and is responsible for low yields of final organic
compounds, researchers applied variant methodologies to
overcome this problem. However, existing methodologies
have advantages over others, but they also have many
disadvantages in terms of expensive catalysts, expensive
purification techniques, and low purity of final products
[24]. Therefore, the growth of a clean and effective proce-
dure for the synthesis of benzylidene malononitrile deriva-
tives is still timely [25]. A variety of catalytic systems have
been investigated for Knoevenagel condensation, such as
homogeneous catalysts (amines, organobases) and heteroge-
neous catalysts (metal oxides, zeolites, and nanocatalysts).
While homogeneous catalysts are known for their high
selectivity, they face challenges with recovery [24]. On the
contrary, heterogeneous catalysts offer advantages in terms
of recyclability and stability. Recently, magnetic nanocata-
lysts have become increasingly popular because of their
easy separation, larger surface area, and potential to
facilitate greener and more efficient organic transforma-
tions [4].

Fe₃O₄ nanoparticles have been investigated as hetero-
geneous catalysts because of their magnetic properties,
which facilitate easy separation and reuse [23]. A recent
study showcased the use of Fe₃O₄ nanoparticles supported
on microcrystalline cellulose as a heterogeneous catalyst
for the sustainable multicomponent synthesis of 2,3′-biin-
doles, highlighting improved performance and reusability
[26]. In recent years, using plant extracts for the green
synthesis of nanoparticles has gained considerable atten-
tion because of their eco-friendly and sustainable charac-
teristics [27]. Basil (Ocimum basilicum), a commonly found

herb, has been successfully used as a reducing and capping
agent in the creation of iron oxide nanoparticles. The phy-
tochemicals in basil help reduce metal ions and stabilize
the resulting nanoparticles, providing a biocompatible
alternative to traditional chemical synthesis methods.
This method not only reduces environmental impact but
also improves the functional properties of the nanoparti-
cles, making them suitable for a range of catalytic and
environmental applications [28].

The Fe3O4@HZSM-5 nano-magnetite catalyst was
synthesized, showing strong magnetic properties and effec-
tive performance in removing metronidazole from con-
taminated samples. It achieved a high efficiency of 98%
under optimal conditions and maintained good reusability,
with 85% effectiveness after seven cycles, making it a pro-
mising candidate for environmental remediation [29].
Recent studies on CoFe₂O₄@methylcellulose (MC)/activated
carbon nanohybrid adsorbents have demonstrated high
efficiency in eliminating pharmaceutical pollutants, with
metronidazole removal rates reaching up to 93% [30].

Congo red dye is a widely used synthetic azo dye in the
textile, paper, and leather industries, but its presence in was-
tewater is a major environmental concern due to its toxicity,
recalcitrance, and potential carcinogenicity [31]. Traditional
methods of dye removal, such as chemical coagulation,
adsorption, and membrane filtration, often fall short due to
high operational costs, inefficiency, and the generation of
secondary waste [32]. Consequently, the development of
more sustainable and efficient approaches, such as photo-
catalytic degradation, has gained significant attention. Photo-
catalytic degradation offers a promising solution by utilizing
catalysts, typically semiconductors, which can generate reac-
tive oxygen species (ROS) under visible light or UV irradiation
to break down dye molecules into non-toxic by-products [33].

Various catalysts, including metal oxides (such as ZnO,
Fe₃O₄, and TiO₂), and composite materials have been explored
for their ability to degrade Congo red dye effectively. Magnetic
nanocomposites combine catalytic activity with the added
advantage of easy recovery via magnetic separation, making
them ideal for practical applications in wastewater treatment
[31]. Magnetic Fe₃O₄ nanomaterials are gaining attention as
effective options for removing emerging contaminants, such
as synthetic dyes, due to their large surface area and simple
separation process. For instance, a study introduced a Fe₃O₄-
biochar composite catalyst that successfully degraded Fast
Green dye, reaching approximately 89.3% degradation in just
60min under optimal conditions [34].

In the present paper, we have described a Fe₃O₄ nanoca-
talyst derived from basil extract, which has dual applications
in organic synthesis and wastewater treatment. It improves
the Knoevenagel condensation process when subjected to
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microwave irradiation, leading to higher yields and shorter
reaction times. Furthermore, its excellent photocatalytic prop-
erties facilitate the effective degradation of Congo red dye.
The catalyst is synthesized in an environmentally friendly
manner, is recyclable, and can be magnetically recovered,
making it a sustainable and economical option, aligning
with the principles of green chemistry and sustainable
development.

2 Experimental methods

2.1 Materials

The chemicals used in this study were obtained from Sigma
Aldrich and utilized as received, without additional purifi-
cation. Solvents were sourced from Changshu Song Sheng
Fine Chemical. The basil leaves were gathered from the
nearby region of Gharuan, Punjab, India, situated at
30.771545°N latitude and 76.5589309°E longitude.

2.2 Instruments

The melting points of the synthesized products were deter-
mined using a digital melting point apparatus and the open
capillary method. The Fourier-transform infrared (FT-IR)
spectra of the synthesized compounds were recorded in
ATR mode using a Perkin Elmer Spectrum II instrument.
1H NMR and 13C NMR spectra were acquired with a Bruker
Avance NEO NMR spectrometer, using CDCl3 as the solvent.
The progress of reactions and purity of compounds were

monitored via thin-layer chromatography (TLC) visualized
under a UV chamber. Scanning electron microscopy (SEM)
images of the Fe3O4 sample were obtained using a JSM
IT500 microscope in high vacuum mode, with the imaging
conditions ranging from 30 nm (30 kV) to 15 nm (1.0 kV). The
elemental composition analysis of microscopic sections was
conducted using energy-dispersive spectroscopy (EDS). X-ray
diffraction (XRD) patterns of lyophilized samples were
recorded using a Bruker D8 Advance instrument. The mag-
netic property of the nanocatalyst was studied with a Lake
Shore 7410 Series vibrating sample magnetometer.

2.3 Preparation of basil leaf extract

The fresh basil leaves were harvested, thoroughly cleaned,
and air-dried in the shade at room temperature for 6–7
days during the summer season. The dried leaves were
ground into the fine powder. An ethanolic extract was
prepared via maceration by combining 10 g of the pow-
dered leaves with 100 mL of ethanol in a 250 mL beaker,
followed by continuous stirring at room temperature for
24 h. The resulting extract was filtered and dried using a
rotatory evaporator and then stored in an airtight vial at
4°C for future use.

2.4 Synthesis of magnetic basil–Fe3O4

nanoparticles

The basil–Fe3O4 nanoparticles, as shown in Scheme 1, were
synthesized by the conventional chemical coprecipitation

Scheme 1: Synthesis of magnetic Fe3O4 nanoparticles using basil extract.
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method, in which iron(II) sulfate solution and iron(III)
chloride solution were added in a 2:1 molar ratio to a
round-bottom flask and the solution was purged with
nitrogen gas. After complete dissolution, 10mL of ethanolic
basil extract was slowly added to it dropwise and refluxed at
80°C for 2 h. The subsequent black precipitate was recovered
through a magnet and washed successively with distilled
water and acetone. The resultant product was dried under
vacuum at 40°C until a constant weight was achieved.

2.5 Synthesis of 2-benzylidene malononitrile
derivatives (3a–l)

A reaction mixture comprising aldehyde 1a–l (1 mmol) and
malononitrile 2 (1 mmol) in the presence of basil–Fe3O4

nanoparticles (3 mmol%) as a heterogeneous catalyst was
subjected to monowave irradiation at 120 watts for 3 min in
5 mL ethanol, as shown in Scheme 2. The reaction progress
was monitored by TLC using a solvent system of ethyl
acetate:n-hexane (1:3). Upon completion, the basil–Fe3O4

nanoparticle catalyst was efficiently separated from the
reaction mixture using an external magnet. The target pro-
ducts 3a–l were isolated by crystallization, achieved
through the gradual addition of distilled water to the etha-
nolic solution. The structures of synthesized products 3a–l
were confirmed by analyzing their melting points and per-
forming FT-IR, 1H NMR, and 13C NMR spectroscopy.

2.6 Linearity test and determination of LOD
and LOQ

A series of standard solutions with different concentra-
tions (5, 10, 15, 20, and 25 mg·L−1) were prepared to assess
the linearity of the UV–Vis spectrophotometric method for
quantitatively analyzing Congo red dye. The absorbance of
each solution was measured at the maximum absorption
wavelength (λmax) of Congo red dye using a UV–Vis spectro-
photometer. A calibration curve was created by plotting

absorbance against concentration, and linear regression
analysis was conducted to find the correlation coefficient
(R²). The method was deemed linear if the R² value was
≥0.99, indicating a strong relationship between absorbance
and concentration within the tested range. This validation
confirms the reliability and accuracy of the spectrophoto-
metric method for determining Congo red dye concentra-
tion in degradation studies.

The limit of detection (LOD) and limit of quantification
(LOQ) for analyzing Congo red dye using UV–Vis spectro-
photometry were established based on the standard devia-
tion of the blank and the slope of the calibration curve. The
LOD indicates the smallest concentration that can be
detected, though it may not be quantifiable, while the
LOQ signifies the minimum concentration that can be accu-
rately and precisely quantified.

To determine these values, a series of blank measure-
ments were conducted, and the standard deviation (σ) of
these readings was calculated. The calibration curve was
created by plotting the absorbance against concentration,
with the slope (S) derived from the linear regression equa-
tion. The formulas used for calculating LOD and LOQ are as
follows:

=
× σ

LOD
3.3

S

=
× σ

LOQ
10

S

where σ refers to the standard deviation of blank absor-
bance measurements, and S refers to the slope of the cali-
bration curve.

The resulting LOD and LOQ values indicate the sensi-
tivity of the method, confirming its effectiveness for
detecting and quantifying Congo red dye in studies of
photocatalytic degradation.

2.7 Photochemical degradation of Congo
red dye

For the photocatalytic degradation experiment, a 100mg·L−1

solution of Congo red dye was prepared in deionized water.
The 5% of basil–Fe₃O₄ nanoadsorbent was then added to the
solution. In the control study, no basil–Fe₃O₄ nanocatalyst
was introduced into the dye solution. Instead, a 10W UV
lamp emitting light at a wavelength of 498 nm was sub-
merged in the dye solution. To prevent interference from
external light, the entire beaker was placed inside a light-
blocking box. Before initiating the photocatalytic process,
the mixture was stirred for 30min to achieve equilibrium.
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Scheme 2: Synthesis of 2-benzylidene malononitrile derivatives 3a–l
utilizing basil–Fe3O4 nanocatalyst under microwave radiations at 120 W.
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The degradation process was monitored by sampling the dye
solution at regular intervals (1, 2, 3, 4, 5, and 6 h), and the
concentration of Congo red dyewas determined using UV–Vis
spectroscopy.

During the degradation process, samples were taken at
regular intervals over the course of an hour, then centrifuged,
and their absorbance was measured using UV–Vis spectro-
scopy at 498 nm for the Congo red dye. The photocatalytic
activity was evaluated by observing changes in absorbance in
comparison to a control sample. The catalyst was magneti-
cally recovered, cleaned, and reused through several cycles to
assess its recyclability and stability. The degradation effi-
ciency was calculated as a percentage uptake, reflecting the
ratio of adsorbed dye to the initial amount of dye.

3 Result and discussion

3.1 Characterization of basil–Fe3O4

nanoparticles

3.1.1 FT-IR characterization

The FT-IR spectrum of basil–Fe3O4 nanoparticles, presented
in Figure 1, revealed key characteristic peaks. It can be
observed that two prominent peaks between 551.02 and
773.01 cm−1 resemble the Fe–O stretching mode within the
crystalline structure of Fe3O4, confirming the successful for-
mation of the magnetic nanoparticles. Furthermore, bands
identified at 1,621 and 3,235 cm−1 were associated with the

bending and stretching modes of hydroxyl (–OH) groups,
respectively. These peaks suggested the presence of surface
hydroxyl groups, likely originating from both the Fe3O4 core
and the phytochemical components of the basil extract.

Additionally, a significant peak observed at 1,116 cm−1

corresponded to the C–O bond vibrations, indicating the
presence of phytochemicals from basil leaf extract. The
phytochemicals played a dual role, acting as reducing
agents during nanoparticle synthesis and as capping
agents, stabilizing the nanoparticles.

3.1.2 Optical and bandgap analysis

The analysis of the optical properties and band gap of
basil–Fe3O4 nanoparticles offers valuable insights into
their potential uses, as shown in Figure 2. The UV–visible
absorption spectrum showed a strong peak at 263 nm, indi-
cating effective photon absorption in the UV range. The band
gap energy, calculated from the Tauc plot, was determined to
be 3.87 eV, which is significantly higher than that of conven-
tional Fe3O₄ (approximately 2.8 eV) [35]. This notable increase
in the band gap suggests a strong impact from the green
synthesis method, likely due to surface modifications and
interactions with bioactive compounds from the basil extract.
The wider band gap improves the material’s photostability
and charge carrier separation, making it an excellent candi-
date for UV-driven photocatalytic applications, optoelectronic
devices, and environmental cleanup.

Furthermore, the presence of plant-derived functional
groups on the nanoparticle surface is crucial for adsorp-
tion and catalytic activity. Phytochemicals such as flavo-
noids, polyphenols, and terpenoids from basil extract can
serve as natural stabilizers and surface modifiers, introdu-
cing functional groups like hydroxyl (–OH) and carboxyl
(–COOH). These groups enhance surface interactions with
pollutants, boosting adsorption capacity by facilitating
hydrogen bonding, electrostatic interactions, and π–π
stacking. The increased surface functionality also supports
the effective degradation of organic contaminants by enhan-
cing the active sites for photocatalysis. Therefore, the pre-
sence of phytochemicals not only affects nanoparticle synth-
esis but also significantly enhances their adsorptive and
photocatalytic efficiency, making basil–Fe₃O₄ nanoparticles
highly suitable for environmental remediation applications.

3.1.3 Scanning electron microscope characterization

The SEM images revealed nanoparticles with a cubic mor-
phology and irregular shapes, as shown in Figure 3(a)–(c).
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Figure 1: The FT-IR spectrum of basil–Fe3O4 nanoparticles.
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This morphology suggested variability in the growth pat-
terns during the synthesis process, which is influenced by
the interaction of the phytochemicals of the basil extract
with the Fe3O4 crystal structure.

The images also demonstrated a significant degree of
particle agglomeration, forming form-like clusters. This ten-
dency to agglomerate was attributed to the magnetic prop-
erty of the Fe3O4 nanoparticles, which promote magnetic
dipole–dipole interaction, leading to particle clustering.
Such behavior is consistent with the observation from pre-
vious studies on the magnetically active nanoparticle, where
the magnetic force overcomes repulsive interactions,
causing aggregation [36]. Moreover, the rough surface and
non-uniform distribution of nanoparticles in the SEM
images indicated the possible presence of phytochemicals
capping agents from the basil extract. These agents not
only influenced the particle morphology but also provided
stabilization during particle formation.

The EDS analysis of basil–Fe₃O₄ nanoparticles (Figure 4)
confirmed their elemental composition, revealing clear peaks
for Fe and O that align with the formation of Fe₃O₄. The

elemental composition (Fe: 37.53 ± 2.82 atom%, O: 64.47 ±

3.66 atom%) was in close agreement with theoretical values,
indicating structural consistency. Sharp peaks observed
between 0–1 and 6–8 keV validated the crystalline nature of
the nanocatalyst. Furthermore, trace elements from basil-
derived phytochemicals could enhance their catalytic and
adsorption properties, highlighting their potential for sustain-
able applications.

3.1.4 XRD characterization

The XRD analysis of the magnetic nanoparticles derived
from basil leaf extract is referred to as powder X-ray dif-
fraction (PXRD), given that the sample is in powdered
form. PXRD is utilized to assess the crystalline structure,
phase composition, crystallite size, and purity of the
synthesized nanoparticles. The peaks corresponding exclu-
sively to Fe3O4 were observed, which are common by-pro-
ducts in the chemical co-precipitation process. This purity
highlighted the efficiency of the synthesis method and the

Figure 2: (a) UV–Vis adsorption spectrum and (b) Tauc plot of basil–Fe3O4 nanoparticles.

Figure 3: (a–c) SEM images of basil–Fe3O4 nanoparticles.
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stabilizing effect of the basil extract during the hydro-
thermal process.

The XRD spectra of basil–Fe3O4 nanoparticles, with the
diffraction peaks indexed to Fe3O4 nanoparticles according
to JCPDS No. 39-1346, is shown in Figure 5. The synthesized
nanoparticles exhibited distinct diffraction peaks at 2θ =

31.213, 34.532, 36.942, 43.743, 53.712, 57.442, and 64.531, which
were indexed to the (220), (311), (222), (400), (422), (511), and
(440) planes, respectively. The absence of additional peaks
confirmed the high crystallinity and purity of the synthe-
sized nanoparticles with no impurities or secondary
phases. Using the Scherrer equation, the average crystallite
size was calculated at 11 nm. The successful synthesis of
pure nanoparticles with well-defined crystallinity and uni-
form size distribution demonstrated the effectiveness of
the green synthesis approach utilizing basil extract.

In this study, we calculated the crystallite size of the
synthesized nanoparticles using the Scherrer equation, a
common method for estimating the size of coherently dif-
fracting domains from XRD patterns. This approach offers

important insights into the structural properties of nano-
materials by linking the broadening of diffraction peaks to
the crystallite size. The Scherrer equation is expressed as

=D

Kλ

βcos θ

where D represents the crystallite size, K is the shape factor
(usually taken as 0.9), λ denotes the wavelength of the
X-ray used (for instance, 0.15406 nm for Cu Kα radiation),
β is the full width at half maximum (FWHM) of the diffrac-
tion peak (measured in radians), and θ is the Bragg angle.

3.1.5 Zero-point charge analysis

Congo red has a pKa value of about 4.1, which is important
for its adsorption and degradation behavior. The zero-
point charge (pHzpc) of basil–Fe₂O₃ nanoparticles was
found to be 7.12, as illustrated in Figure 6, based on zeta
potential measurements taken at different pH levels. The
pHzpc is a key factor in adsorption and photocatalysis

Figure 4: EDS-SEM analysis of basil–Fe3O4 nanoparticles.

Figure 5: XRD spectra of basil–Fe3O4 nanoparticles indexed to Fe3O4

nanoparticles (JCPDS No. 39-1346).
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Figure 6: Zero-point charge of basil–Fe3O4 nanoparticles.
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because it determines how the surface charge of the nano-
catalyst behaves in various pH environments. At a pH of
7.12, the surface charge is neutral, meaning that there is no
electrostatic attraction between the adsorbent and charged
species in the solution. When the pH exceeds 7.12, the sur-
face of the basil–Fe₂O₃ nanoparticles becomes negatively
charged, which enhances the adsorption of cationic pollu-
tants through electrostatic interactions. On the contrary, at
pH levels below 7.12, the surface is positively charged,
aiding the adsorption of anionic species like Congo red
dye through electrostatic attraction.

Since Congo red has a pKa of 4.1, it stays in its anionic
form at pH values above this level, which improves its
adsorption onto positively charged surfaces at lower pH
values. The basil leaf extract affects Fe2O3 nanoparticles
by introducing phytochemicals such as polyphenols, flavo-
noids, and terpenoids, which serve as capping agents,
altering surface charge, dispersion, and catalytic activity.
Functional groups (–OH, –COOH) enhance the interaction
with pollutants, boosting adsorption and degradation effi-
ciency across different pH conditions, making the nanoca-
talyst effective for wastewater treatment.

3.1.6 Vibrating-sample magnetometer characterization

The magnetic properties of basil–Fe3O4 nanoparticles were
evaluated, as shown in Figure 7, and demonstrated their
superparamagnetic nature. This was revealed by the mag-
netization curve intersecting the origin, indicating that the
nanoparticles showed zero magnetization when an
external magnetic field was absent. The saturation

magnetization measured at 300 K is 58.25 emu g−1, a value
comparable to those reported in previous studies on the
saturation magnetization of Fe3O4 nanoparticles. While
slightly lower than the bulk saturation magnetization of
magnetite, this reduction was due to the nanoscale dimen-
sions (9–12 nm) of the particles and the presence of organic
capping agents from the basil extract.

3.2 Optimizing conditions for the synthesis
of compound 3a

Following the characterization of the basil–Fe3O4 nanoca-
talyst, its efficacy was evaluated for the synthesis of 2-ben-
zylidene malononitrile derivative 3a. To optimize the
reaction conditions for maximum yield and high purity,
a comprehensive investigation was conducted, including
the assessment of catalyst loading, choice of solvents,
power of monowave reactor, and screening with various
aldehyde substrates.

A model reaction was chosen using benzaldehyde 1a
(1 mmol) and malononitrile 2 (1 mmol) in the presence of
5 mmol% basil–Fe3O4 nanoparticles as a catalyst. The reac-
tion was performed in ethanol (5 mL) under monowave
irradiation at 100 W for 10 min. This approach provided
an efficient and rapid method for synthesizing the target
compound, leveraging the catalytic properties of the
basil–Fe3O4 nanoparticles and the advantages of mono-
wave-assisted synthesis.

3.2.1 Influence of catalyst loading on the synthesis of
compound 3a

The model reaction was initially performed both in the
absence and presence of the basil–Fe3O4 nanocatalyst,
using varying catalyst loadings. In the absence of the cat-
alyst, the synthesis of the target product, 3a, yielded sig-
nificantly low amounts. However, the introduction of the
basil–Fe3O4 nanocatalyst notably enhanced the yield of 3a,
demonstrating its excellent catalytic efficiency in facili-
tating the reaction.

It was noted that increasing the catalyst loading led to
an improvement in yield and a reduction in the reaction
time. Nevertheless, beyond the optimal catalyst loading of
3 mmol% (entry 3, Table 1), no significant improvement in
product yield was recorded. Moreover, the reaction time
increased slightly. This behavior was attributed to the
saturation of the active sites on the catalyst at higher load-
ings, which led to mass transfer limitations and a conse-
quent reduction in catalytic efficiency.

Figure 7: VSM curve of basil–Fe3O4 nanoparticles at 300 K obtained by a
vibrating sample magnetometer.
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3.2.2 Influence of solvent for the synthesis of
compound 3a

Subsequent experiments investigated the influence of var-
ious solvents on the model reaction, including water,
ethanol, a water/ethanol (1:1) mixture, toluene, glycerol,
DMF, and acetonitrile, as well as solvent-free conditions.
Among these, ethanol was found to provide excellent yields
of 3a within a shorter reaction time (entry 3, Table 2).
Based on these observations, the optimized conditions for
further experiments were determined to be a catalyst
loading of 3 mmol% basil–Fe3O4 nanocatalyst in ethanol
under monowave irradiation at 100 W for 10 min.

3.2.3 Optimization of microwave reactor power for the
synthesis of compound 3a

In the subsequent step, the optimized conditions were uti-
lized to determine the optimal power setting for synthesizing
various 2-benzylidene malononitrile derivatives using the
basil–Fe3O4 nanocatalyst. As shown in Table 3, higher power
levels resulted in increased yields over time. However,
increasing the power beyond 120 W resulted in a decrease
in yield, as the elevated temperatures caused by higher power
led to product decomposition. As a result, 120 W (entry 4,

Table 3) was determined to be the optimal condition for
achieving excellent conversion into 2-benzylidene malono-
nitrile under previously established standard conditions.

The synthesis of 2-benzylidene malononitrile derivatives
was optimized using 3mmol% basil–Fe₃O₄ nanoparticles as a
catalyst in 5mL of ethanol, applying microwave irradiation at
120 watts for 3min. This method allowed for a quick and effi-
cient response, resulting in high-purity crystalline products. The
application of microwave irradiation notably shortened the
reaction time while improving product selectivity and yield,
showcasing the effectiveness of the basil–Fe₃O₄ nanocatalyst in
facilitating greener and more sustainable synthetic processes.

3.2.4 Screening of aldehyde substrates for the synthesis
of 2-benzylidene malononitrile derivatives (3a–l)

Under optimal conditions, a variety of 2-benzylidene mal-
ononitrile derivatives 3a–lwere synthesized using different
aromatic aldehydes to examine the versatility of the reaction
with basil–Fe3O4 nanocatalyst. The reaction exhibited excellent
performance with a variety of aromatic and heterocyclic alde-
hydes 1a–l, as summarized in Table 4. Notably, the desired
products 3a–l were obtained in high to excellent yields within
a short reaction time. Aromatic aldehydes featuring carboxylic
rings with electron-withdrawing groups 1a–g (entries 1–7,
Table 4) were investigated, along with aldehydes containing
electron-donating groups 1h–k and the electron-rich hetero-
cyclic aldehyde 1l. Under the optimized conditions, these sub-
strates effectively produced the corresponding 2-benzylidene
malononitrile derivatives 3h–l (entries 8–12, Table 4).

3.3 Characterization of 2-benzylidene
malononitrile 3a using basil–Fe3O4

nanocatalyst

The structure of compound 3a was confirmed using var-
ious spectroscopic methodologies, including FT-IR, 1H and

Table 1: Impact of the basil–Fe3O4 nanocatalyst loading on synthesis of
compound 3a

Entry Catalyst loading (mmol%) Yield* (%)

1 1 90
2 2 91
3 3 95
4 4 89
5 5 76

*Yield refers to the total production output of all crops.

Table 2: Influence of solvents on the synthesis of compound 3a using
basil–Fe3O4 nanocatalyst

Entry Solvent Yield* (%)

1 No solvent —

2 Toluene 56
3 Water 70
4 Ethanol 95
5 Water/ethanol (1:1) 81
6 Glycerol 67
7 DMF 82
8 Acetonitrile 89

*Yield refers to the total production output of all crops.

Table 3: Influence of power on percentage yield of compound 3a using
basil–Fe3O4 nanocatalyst

Entry Watt Time (min) Yield* (%)

1 90 10 90
2 100 8 92
3 110 5 93
4 120 3 98
5 130 3 96
6 140 3 92

*Yield refers to the total production output of all crops.
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13C NMR. In the FT-IR spectrum, stretching peaks at
3,032.91 cm−1 indicated the presence of the sp2 hybridized
C–H bond, while a peak at 2,222.63 cm−1 corresponded to
C≡N stretching. In 1H NMR spectra (500 MHz, CDCl3), the
formation of a highly pure final product is confirmed. A

singlet at δ 7.77 ppm was assigned to the C–H bond, and
singlets from δ 7.53 to 7.93 ppm were assigned to aromatic
protons.

In 13C NMR (125 MHz, CDCl3), the most downfield peak
at δ 159.1 ppm corresponded to the C-1 carbon. Additional

Table 4: Synthesis of 2-benzylidene malononitrile derivatives 3a–l using basil–Fe3O4 nanocatalyst under MW irradiations at 120 W

Entry R 2-Benzylidene malononitrile
derivatives (3a–l)

Time (min) Yield (%) MP (℃) Lit. MP (°C) Reference

1 C6H5 (1a)
N

H

N (3a)

3 98 87–88 83–85 [9]

2 3-NO2C6H4 (1b)
N

H

N
NO2    (3b)

2 97 113–114 107–109 [25]

3 4-NO2C6H4 (1c)
N

H

NO2N   (3c)

2 96 158–159 160–161 [9]

4 2-ClC6H4 (1d)
N

H

NCl (3d)

3 97 95–96 92–94 [20]

5 4-ClC6H4 (1e)
N

H

NCl  (3e)

3 95 165–166 163–164 [25]

6 3-BrC6H4 (1f)
N

H

N
Br (3f)

3 96 148–149 150–152 [16]

7 4-BrC6H4 (1g)
N

H

NBr (3g)

3 93 151–153 153–155 [9]

8 4-MeOC6H4 (1h)
N

H

NH3CO (3h)

2 97 112–114 114–116 [25]

9 4-CH3C6H4 (1i)
N

H

NH3C (3i)

3 95 138–140 134–136 [16]

10 C6H5CH═CH (1j)
N

H

N (3j)

3 98 115–118 111–113 [24]

11 4-Me2NC6H4 (1k)
N

H

NNH3C

CH3 (3k)

2 94 67–69 63–66 [16]

12 2-Furyl (1l)
N

H

NO
(3l)

3 98 180–182 182–183 [24]

*Yield refers to the total production output of all crops.
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peaks at δ 133.7 (C-1′), 129.9 (C-2′ and C-6′), 129.7 (C-3′ and
C-5′), and 128.6 ppm (C-4′) were observed in the aromatic
region. The peaks for the two C≡N groups and C-2 carbon
appeared at 112.7, 111.6, and 81.7 ppm, respectively. The
melting point of the synthesized compound 3a (87–88°C)
was consistent with its literature values (83–85°C), further
confirming the successful synthesis of the final product.

3.4 Investigation of reusability of magnetic
basil–Fe3O4 nanocatalyst for synthesis of
2-benzylidene malononitrile derivatives

The investigation of this study aimed to evaluate the recycl-
ability of the nanoparticles, which was tested using an opti-
mized reaction scheme to synthesize the 2-benzylidene

malononitrile (3a) derivative. The basil–Fe3O4 nanocatalyst
imparted magnetic properties to the Fe3O4 nanocatalyst,
enabling easy recovery and reuse via a magnet. After each
experimental cycle, the basil–Fe3O4 nanocatalyst was
retrieved, washed twice with distilled water and acetone,
and dried before being used for the subsequent cycles.
Table 5 presents the outcomes of the catalyst recycling over
four consecutive runs.

3.5 Plausible mechanism for the synthesis of
2-benzylidene malononitrile derivatives

According to the previous literature, a plausible
mechanism is proposed for the synthesis of 2-benzylidene
malononitrile 3a via a two-component reaction between
substituted aldehyde 1 and malononitrile 2, as depicted
in Scheme 3 [4]. The proposed mechanism suggests that
the basil–Fe3O4 nanocatalyst activated the substituted ben-
zaldehyde 1 by increasing the electrophilicity of its car-
bonyl carbon. This activation is hypothesized to occur
through the formation of H bonds between the nanocata-
lyst and the O atom of the carbonyl group of substituted
aldehydes. Concurrently, hydrogen bonding is proposed
between the nanocatalyst and the acidic hydrogen of mal-
ononitrile. These interactions facilitate the Knoevenagel
condensation, producing an intermediate compound 4,
which subsequently undergoes rearrangement to form
the targeted compound 3a.

Table 5: Reusability of basil–Fe3O4 nanocatalyst for synthesis of 2-ben-
zylidene malononitrile 3a

Cycle Yield* (%)

1 98
2 96
3 95
4 92
5 91

*Reusability of nanocatalyst for 2-benzylidene malononitrile derivatives
synthesis.

Scheme 3: Mechanism synthesis of 2-benzylidene malononitrile derivatives 3a–l using basil–Fe3O4 nanoparticles.
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3.6 Comparison of synthesis of
2-benzylidene malononitrile derivatives
with other reported nanoadsorbents

The comparative analysis of different nanoadsorbents for
synthesizing 2-benzylidene malononitrile derivatives
reveals that the basil–Fe₃O₄ nanoadsorbent developed in
this study outperforms the others, as discussed in Table 6.
Our catalyst achieves an impressive 98% yield in just 3 min
using monowave irradiation at 120 W. In comparison,
other catalysts like Fe₃O₄–cysteamine hydrochloride nano-
particles and Ag₂CO₃-containing magnetic nanocomposites
take significantly longer, requiring 6–8 h to reach a 96%
yield under solvent-free conditions at 60°C with ultrasonic
assistance. Likewise, Fe₃O₄@SiO₂@SO₃H nanoparticles and
proline–Cu complex-based Fe₃O₄ nanoparticles need
6–10 h to obtain yields between 91% and 95% at room tem-
perature in ethanol or water.

The impressive effectiveness of the basil–Fe₃O₄ nano-
adsorbent in producing 2-benzylidene malononitrile deriva-
tives can be linked to several important factors. First, using
monowave irradiation at 120 W greatly speeds up the reaction
kinetics, cutting the reaction time down to just 3min. Second,
the combined effect of the bioactive compounds found in basil
extract and the Fe₃O₄ nanoparticles boosts the catalytic activity,
resulting in higher yields. Furthermore, the eco-friendly and
sustainable synthesis method that employs basil extract not
only offers a green alternative but also adds functional groups
that may aid the catalytic process. Together, these elements

lead to the quick and effective synthesis achieved with the
basil–Fe₃O₄ nanoadsorbent.

3.7 Linearity test and determination of LOD
and LOQ

3.7.1 Linearity test

The linearity of the UV–Vis spectrophotometric method used
for quantifying Congo red dye was evaluated by measuring
the absorbance of standard solutions with concentrations
between 5 and 25mg·L−1, as shown in Table 7. A calibration
curve was created by plotting absorbance against concentra-
tion, and linear regression analysis was conducted to find the
correlation coefficient (R²). The resulting R² value of 0.99099
indicates a strong linear relationship between absorbance
and concentration, confirming that Beer–Lambert’s law is
applicable within the studied range.

This observed linearity suggests that the UV–Vis spec-
trophotometric method developed is appropriate for quan-
titatively determining Congo red dye in aqueous solutions,
as shown in Figure 8. The slight deviations in absorbance

Table 6: Comparison of basil–Fe₃O₄ nanoadsorbent with other reported nanoadsorbents for the synthesis of 2-benzylidene malononitrile derivatives

Nanoadsorbent Reaction conditions Yield (%) Reusability Reference

Fe₃O₄–cysteamine hydrochloride nanoparticles Solvent-free, 60°C, ultrasonic bath, 6 h 96 Yes [37]
Fe₃O₄@SiO₂@SO₃H nanoparticles Room temperature, ethanol, 6–8 h 95 Yes [38]
Ag₂CO₃-containing magnetic nanocomposite Solvent-free, 60°C, ultrasonic bath, 6–8 h 96 Yes [39]
Proline–Cu complex based Fe₃O₄ nanoparticles Room temperature, water, 8–10 h 91 Yes [40]
Basil–Fe₃O₄ nanoadsorbent Monowave irradiation at 120 watts, 3 min 98 Yes This work

Table 7: Measurements of the absorbance of Congo red dye solution

Sample Concentration (mg·L−1) Absorbance

Blank 0 0.000
Standard 1 5 0.042
Standard 2 10 0.056
Standard 3 15 0.060
Standard 4 20 0.075
Standard 5 25 0.086

5 10 15 20 25

0.05

0.10

0.15

Ab
so

rb
an

ce

Concentration (mg/L)

Equation y = a + b*x
Plot B
Weight Instrumental (=1/ei^2)
Intercept 0.01871 ± 0.00332
Slope 0.00554 ± 3.04782E-
Residual Sum of Square 3.33496
Pearson's r 0.99549
R-Square (COD) 0.99099
Adj. R-Square 0.98799

Figure 8: Congo red dye standard solution calibration curve.
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values at higher concentrations may be due to minor
instrumental variations or interactions within the dye
solution. Nevertheless, the overall high R² value (>0.99)
supports the method’s reliability and accuracy for subse-
quent photocatalytic degradation studies. This validation
ensures that the spectrophotometric method can effec-
tively track the degradation efficiency of the catalyst by
analyzing the decrease in Congo red dye concentration
over time.

The LOD and LOQ are crucial parameters that assess
the sensitivity and reliability of an analytical method. The
LOD indicates the lowest concentration of an analyte that
can be detected, though it may not be quantifiable, while
the LOQ represents the minimum concentration that can
be accurately and precisely quantified, adhering to the
required accuracy standards. In the UV–Vis spectrophoto-
metric analysis of Congo red dye, the LOD and LOQ were
determined using the standard deviation of blank mea-
surements along with the slope of the calibration curve,
which is 0.00554. The calculated values were LOD =

32.8 mg·L−1 and LOQ = 99.16 mg·L−1, demonstrating the
method’s effectiveness in detecting and quantifying
Congo red dye within the specified concentration range.
The relatively high LOQ indicates that this method is

particularly suitable for monitoring Congo red dye at mod-
erate to high concentrations, making it relevant for studies
on photocatalytic degradation. These findings confirm that
the UV–Vis spectrophotometric method offers a robust
response in detecting Congo red dye, ensuring its applic-
ability in environmental and analytical contexts.

3.8 Photocatalytic Congo red dye
degradation

The photocatalytic activity of the basil–Fe₃O₄ nanocatalyst
was assessed by comparing the degradation efficiency of
Congo red dye with and without the catalyst when exposed
to UV light. As shown in Figure 9, after 6 h of UV exposure,
only 55% degradation was observed without the catalyst,
while the use of basil–Fe₃O₄ resulted in a remarkable 97%
degradation. This highlights the catalyst’s impressive effi-
ciency, as even a small quantity (5%) was able to effectively
degrade a substantial amount of dye under low UV irradia-
tion, suggesting its potential for large-scale applications.

The photocatalytic performance of the basil–Fe₃O₄
nanocatalyst was significantly better than that of the

Figure 9: (a) Photocatalytic degradation of Congo red dye with UV–Vis irradiation, (b) first-order kinetic plot for photocatalytic degradation of Congo
red dye by basil–Fe₃O₄ nanoadsorbent.

Table 8: Kinetic data of photocatalytic degradation of Congo red dye by basil–Fe₃O₄ nanoadsorbent

Photocatalytic activity Photodegradation of Congo red (%)* Kinetic constant, k Regression coefficient (R2)

Control 55 0.0022 0.9915
Basil–Fe₃O₄ 97 0.0097 0.9962

*The amount of basil–Fe₃O₄ nanoadsorbent was 5%.
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control, as indicated in Table 8. In the absence of the cat-
alyst, only 55% of the Congo red dye was degraded over a
period of 6 h, with a kinetic constant (k) of 0.0022 min−1 and
an R² value of 0.9915. In comparison, the use of basil–Fe₃O₄
led to a remarkable 97% degradation, with higher k values
of 0.0097min−1 and an improved R² of 0.9962, which confirms
enhanced reaction efficiency and first-order kinetics. These
findings underscore the outstanding photocatalytic activity of
basil–Fe₃O₄, demonstrating its effectiveness in degrading
dyes when exposed to UV light.

These findings underscore the efficiency of basil–Fe₃O₄
nanocatalyst in accelerating the degradation process com-
pared to the control. Its high degradation rate and superior
kinetic performance establish it as a promising candidate
for environmental remediation applications. The excellent
photocatalytic performance of the basil–Fe₃O₄ nanocata-
lyst can be linked to its large surface area, effective charge
separation, and strong magnetic properties, all of which
improve its stability and reusability. The Fe₃O₄ nanoparti-
cles help generate electron–hole pairs when exposed to UV
light, which in turn promotes the creation of reactive spe-
cies that effectively degrade dyes. Moreover, the bioactive
compounds found in basil extract may enhance the catalytic
activity. The increased kinetic constant and improved regres-
sion coefficient further validate the enhanced reaction effi-
ciency compared to the control, positioning basil–Fe₃O₄ as a
promising catalyst for wastewater treatment.

3.9 Comparison of photocatalytic
degradation of Congo red dye with other
reported nanoadsorbents

The comparison of photocatalytic degradation efficiencies of
various nanoadsorbents, including Fe₃O₄/ZnO/LC (54.8%),
SnO₂–Fe₃O₄ (50.76%), and Fe₃O₄@TiO₂ (96%), highlights the
impressive performance of the basil–Fe₃O₄ nanocatalyst
(97%) developed in our work, as depicted in Table 9.

While the Fe₃O₄-based composites with TiO₂ showed
good performance due to TiO₂’s known photocatalytic

capabilities, the addition of basil leaves to Fe₃O₄ in our study
enhanced the photocatalytic activity beyond traditional com-
posites, achieving nearly complete degradation of Congo red
dye. The lower efficiencies of Fe₃O₄/ZnO/LC and SnO₂-Fe₃O₄
(both below 60%) can be attributed to limitations in charge
separation, dye interaction, or insufficient surface area,
which are addressed in our work through the bio-inspired
modification. This enhancement demonstrates that inte-
grating bio-based materials, such as basil, with magnetic
nanocatalysts can significantly improve photocatalytic perfor-
mance, offering amore sustainable and efficient approach for
dye degradation in wastewater treatment.

3.10 Plausible mechanism for dye
degradation using basil–Fe₃O₄
nanoadsorbent

According to previous studies on potential mechanisms,
the degradation of dye using basil–Fe₃O₄ nanoadsorbent
is mainly influenced by the photocatalytic activity of the
Fe₃O₄ nanoparticles [41]. The dye degradation mechanism
using basil–Fe₃O₄ nanoadsorbent is primarily driven by
the photocatalytic activity of the Fe₃O₄ nanoparticles,
enhanced by the biofunctional groups derived from basil
leaves [41]. Under UV irradiation, the Fe₃O₄ nanoparticles
serve as effective electron donors, which, when activated,
generate ROS such as hydroxyl radicals (˙OH) and super-
oxide anions ⋅ −

O2( ). These ROS play a crucial role in
breaking down organic pollutants like Congo red dye.
The basil leaf-derived functional groups, particularly phe-
nolic compounds, facilitate the adsorption of the dye onto
the nanoadsorbent surface, promoting better interaction
between the dye molecules and the active sites on the
catalyst. Additionally, the magnetic properties of Fe₃O₄
enable easy recovery and reuse of the nanocatalyst,
further enhancing its sustainability and efficiency in con-
tinuous degradation processes. The combination of effi-
cient charge separation, ROS generation, and dye adsorp-
tion due to the basil leaf’s bioactive components results in
a highly effective photocatalytic system for the degradation
of organic dyes in wastewater treatment.

4 Conclusion

In this study, we presented an eco-friendly and recyclable
method for synthesizing 2-benzylidene malononitrile deri-
vatives using a highly efficient and reusable basil–Fe₃O₄

Table 9: Comparison of basil–Fe₃O₄ nanoadsorbent with reported
nanoadsorbents for photocatalytic degradation of Congo red dye

Nanoadsorbent Photocatalytic degradation
of Congo red dye (%)

Reference

Fe3O4/ZnO/LC 54.8 [31]
SnO2–Fe3O4 50.76 [32]
Fe3O4@TiO2 96 [33]
Basil–Fe3O4 97 This work
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nanocatalyst under microwave irradiation. This approach
achieved impressive product yields (up to 98%) with excel-
lent purity in a remarkably short reaction time of just
3 min at 120 W. The basil–Fe₃O₄ nanocatalyst showed out-
standing catalytic performance, allowing for easy magnetic
recovery and reusability, maintaining a 95% yield in the
second cycle and 90% even after five cycles. The process
was cost-effective, labor-efficient, and environmentally
friendly, operating under mild conditions with minimal
waste generation. Moreover, the basil–Fe₃O₄ nanocatalyst
exhibited exceptional photocatalytic efficiency, achieving
97% degradation of Congo red dye, which significantly out-
performed conventional catalysts. Optical analysis indi-
cated a band gap energy of 3.87 eV, contributing to its
superior photocatalytic performance. Additionally, calcula-
tions for LOD (32.8 mg·L−1) and LOQ (99.16 mg·L−1) con-
firmed the method’s sensitivity and reliability in detecting
Congo red dye. The catalyst’s ability to effectively degrade
pollutants with minimal UV exposure (even at 5%) makes it
highly suitable for large-scale wastewater treatment appli-
cations. This study emphasizes the dual functionality of
basil–Fe₃O₄ nanocomposites in both organic synthesis
and environmental remediation, highlighting their poten-
tial as a sustainable and versatile solution for green chem-
istry and wastewater treatment. These findings suggest
promising implications for greener, more efficient che-
mical processes across various industrial applications.
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