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Abstract

Zinc oxide nanoparticles were synthesized through a green chemistry route using Cynara scolymus extract. FTIR spectra
confirmed Zn—O stretching vibrations along with residual organic functional groups from the extract. UV—-Vis analysis indi-
cated band gap energies ranging from 2.87 to 2.95 eV, confirming the semiconductor behavior of ZnO. XRD analysis revealed
the hexagonal wurtzite phase with crystallite sizes decreasing from 53.1 to 36.3 nm as extract concentration increased. SEM
micrographs revealed aggregated ZnO nanoparticles forming irregular clusters with rough surface morphology, a feature com-
monly observed in plant-mediated green synthesis. Photocatalytic performance was evaluated against six dyes: Rhodamine
B, Methylene Blue, Methyl Red, Methyl Orange, Amino Black, and Alizarin Yellow. The ZnO sample synthesized with 5%
extract exhibited the highest degradation efficiency, achieving >90% degradation of Rhodamine B and Amino Black. These
findings demonstrate the potential of C. scolymus mediated ZnO NPs for sustainable wastewater treatment applications.

Introduction

Nanoparticles (NPs) with dimensions between 1 and
100 nm, act as a bridge between bulk materials and molec-
ular or atomic structures. These particles exhibit unique
properties derived from their reduced size, high surface
area to volume ratio, free surface bonds, and high reactiv-
ity, distinguishing them from conventional materials [1].
Currently, scientific interest has focused on various strate-
gies for nanoparticle synthesis through chemical, physical,
and biological routes. These methods allow the production
of high purity nanomaterials with controlled morphology,
although they often involve high energy consumption and
extreme pressure and temperature conditions. Laser abla-
tion in liquids stands out for producing nanoparticles [2].
Another widely applied approach is high energy ball mill-
ing [3]. Likewise, cathodic sputtering deposition has been
consolidated as a versatile technique [4]. Other methods,
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such as physical vapor deposition (PVD), ultrasonic spray
pyrolysis, and electric arc, are also employed [5, 6]. In con-
trast to conventional physical and chemical methods, the
present work employs a green synthesis route using Cynara
scolymus extract as a reducing and stabilizing agent for the
preparation of ZnO nanoparticles. This approach reduces the
use of toxic reagents and harsh reaction conditions, aligning
with the principles of environmental sustainability. Water
pollution has become one of the most significant environ-
mental challenges today due to the continuous release of
industrial effluents that contain dyes, pharmaceuticals, and
other hazardous organic compounds. Traditional treatment
methods are often ineffective or produce secondary pollut-
ants, which limits their sustainability [7]. In this context, het-
erogeneous photocatalysis has emerged as a promising and
ecofriendly approach for degrading persistent contaminants
using light irradiation [8]. Among various photocatalysts,
ZnO-based nanomaterials have garnered considerable atten-
tion due to their stability, low cost, and high photocatalytic
efficiency. ZnO is an n-type wide band gap semiconductor
with a high exciton binding energy (60 meV) and relatively
high electron mobility compared with other semiconduc-
tor oxides. These properties favor the efficient generation
and separation of electron—hole pairs under UV irradiation,
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thereby enhancing photocatalytic oxidation processes [9].
Recent advances in green synthesis strategies have further
improved their applicability in wastewater treatment [10,
11]. Green synthesis utilizes biological compounds as reduc-
ing and stabilizing agents. In the case of zinc oxide (ZnO),
this material has become one of the most attractive options
due to its low cost, ease of production, and well known
antimicrobial properties [12, 13]. The present work aims
at the green synthesis of ZnO semiconductor nanoparticles
using natural C. scolymus extract, in order to evaluate their
effectiveness in the photocatalytic degradation of six model
dyes: Rhodamine B (RhB), Methylene Blue (MB), Methyl
Red (MR), Methyl Orange (MO), Amino Black (AB), and
Alizarin Yellow (AY).

Materials and methods
Materials

An extract of C. scolymus and zinc nitrate (Zn(NO5),)-6H,O
were used in the green synthesis of ZnO nanoparticles. Six
organic dyes, commonly employed as model contaminants,
were selected for the study: Methylene Blue (MB), Methyl
Orange (MO), Rhodamine B (RhB), Methyl Red (MR),
Amino Black (AB), and Alizarin Yellow (AY).

Synthesis of ZnO nanoparticles

Fresh leaves of C. scolymus were used as the plant material.
The leaves were washed with distilled water and cut into
small fragments. Aqueous extracts were prepared at con-
centrations of 1%, 3%, and 5% (w/v), corresponding to 0.5,
1.5, and 2.5 g of plant material in 50 mL of deionized water,
respectively. The mixtures were subjected to magnetic stir-
ring for 2 h at room temperature, followed by heating in a
water bath at 60 °C for 1 h. The solutions were then filtered
to obtain the extracts. Subsequently, 2 g of Zn(NO;),-6H,0
were added to each extract, and the mixture was stirred for
1 h prior to calcination at 400 °C for 1 h to obtain ZnO
nanoparticles. The samples were labeled based on the con-
centration of the C. scolymus extract used: ZnO-Cs-1% for
1%, ZnO—Cs-3% for 3%, and ZnO-Cs-5% for 5%.

Photocatalytic activity

A total of 50 mg of ZnO nanoparticles were used in 50 mL
of aqueous solutions containing six dyes: Methylene Blue
(MB), Methyl Orange (MO), Rhodamine B (RhB), Methyl
Red (MR), Amino Black (AB), and Alizarin Yellow (AY).
The mixtures were stirred in the dark for 30 min and then
irradiated with UV light. Every 10 min for a total irradiation

time of 180 min, 2 mL aliquots were withdrawn and ana-
lyzed using UV-Vis spectrophotometry.

Results and discussion

FTIR

Figure 1 shows the FTIR spectra of the pure C. scolymus
extract and the ZnO nanoparticles synthesized with 1%, 3%,
and 5% extract concentrations. The spectrum correspond-
ing to the pure C. scolymus extract (gray line in Fig. 1)
exhibits a broad band in the 3200-3600 cm™! region cor-
responding to O-H stretching vibrations of hydroxyl and
phenolic groups, as well as signals in the 1600—-1700 cm™!
and 1000-1300 cm™! regions associated with C=0, C=C,
and C-O functional groups. In the ZnO samples, these bands
decrease in intensity, indicating that residual organic com-
pounds from the extract remain adsorbed on the nanoparti-
cle surface. The intense band observed in the 400-600 cm™!
region is attributed to Zn—O stretching vibrations character-
istic of the hexagonal wurtzite structure of ZnO. The slight
variations in intensity with extract concentration may be
related to differences in crystallinity and surface structure.
These findings are consistent with previous reports on green
synthesized ZnO [14].

UV-Vis and SEM

Figure 2a—f illustrates the optical and morphological char-
acterization of ZnO synthesized using C. scolymus extract at
various concentrations (1%, 3%, and 5%). The optical band
gap of the synthesized ZnO samples was estimated from
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Fig.1 FTIR spectra of ZnO synthesized with C. scolymus extract
(1%, 3%, and 5%)
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Fig.2 UV-Vis spectra (a, ¢, ) and SEM micrographs (b, d, f) of ZnO nanoparticles synthesized using C. scolymus extract at concentrations of
1% (a, b), 3% (c, d), and 5% (e, f)
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diffuse reflectance UV—Vis spectra using the Kubelka—Munk
method, as shown in Fig. 2a, c, e. By extrapolating the lin-
ear region of the plots to the photon energy axis, the band
gap values were determined to be 2.88 eV for ZnO-Cs-1%,
2.87 eV for ZnO—-Cs-3%, and 2.95 eV for ZnO-Cs-5%. The
slight reduction compared with bulk ZnO may be attributed
to size effects and surface defects [15, 16]. The SEM micro-
graphs shown in Fig. 2b, d, f reveal aggregated particles
forming irregular clusters with rough surface morphology.
The observed agglomeration is commonly reported in ZnO
nanoparticles synthesized using plant extracts, where phy-
tochemicals act as nucleation, stabilization, and capping
agents during particle growth [17].

Figure 3 illustrates the XRD patterns of ZnO obtained
using C. scolymus extract at concentrations of 1%, 3%, and
5%. These patterns display characteristic peaks associated
with the wurtzite phase of ZnO, which are indexed as (100),
(002), (101), (102), (110), (103), (200), (112), and (201).
This is consistent with the JCPDS reference pattern 36-1451.
The sharp and intense peaks indicate good crystallinity.
Additionally, the estimated crystallite size, calculated using
the Debye—Scherrer equation:

e
fcos6’

where D is the crystallite size, K is the shape factor (0.9), A
is the X-ray wavelength (Cu Ka radiation, 0.15406 nm),
is the full width at half maximum (FWHM) of the (101) dif-
fraction peak expressed in radians, and 0 is the Bragg angle.
The crystallite size decreases as the extract concentration
increases: 53.1 nm at 1%, 45.3 nm at 3%, and 36.3 nm at
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Fig.3 XRD patterns of ZnO synthesized with C. scolymus extract
(1%, 3%, and 5%) with calculated crystallite sizes

5%. This suggests that the metabolites in the extract enhance
nucleation and restrict crystal growth [18, 19].

Photocatalytic activity

Figure 4a—f illustrates the photocatalytic efficiency of ZnO
nanoparticles synthesized using C. scolymus extract at differ-
ent concentrations (1%, 3%, and 5%) for the degradation of
six model organic dyes: Rhodamine B (a), Methylene Blue
(b), Methyl Red (c), Methyl Orange (d), Amino Black (e),
and Alizarin Yellow (f). In all cases, a progressive decrease
in dye concentration is observed under UV irradiation over
180 min, following an initial adsorption phase in the dark
to ensure surface-dye equilibrium. Photolysis experiments
were also performed for all dyes under the same irradiation
conditions in the absence of the photocatalyst to evaluate
the contribution of light alone to the degradation process.
The results indicate that increasing the concentration of the
plant extract during synthesis significantly impacts photo-
catalytic activity. Specifically, the material with 5% extract
exhibits the highest efficiency in degrading Rhodamine B
and Amino Black. In contrast, the samples with 1% and 3%
extract show slower degradation kinetics. An intermediate
behavior is observed for Methylene Blue, Methyl Red, and
Methyl Orange, toward higher efficiency as the extract con-
centration increases, promoting smaller crystallite sizes and
consequently enhancing electron—hole pair generation. How-
ever, for Alizarin Yellow, all three concentrations exhibit
lower photodegradation rates. This may be attributed to the
dye’s structural complexity and the resistance of chromo-
phoric groups toward oxidation. These findings align with
recent reports indicating that ZnO obtained through green
synthesis demonstrates variations in dye degradation kinet-
ics influenced by the preparation method, morphology, and
residual metabolites from the extract that may serve as addi-
tional active sites or partial inhibitors [20-23].

Conclusion

The ZnO nanoparticles synthesized using C. scolymus
extract demonstrated the successful formation of the
material, evidenced by the characteristic Zn—O vibra-
tion band in FTIR spectra. Scanning electron microscopy
(SEM) revealed that the particles formed aggregates with
a rough morphology. Additionally, UV-Vis spectroscopy
indicated band gap values ranging from 2.87 to 2.95 eV,
which is typical of nanocrystalline materials. X-ray dif-
fraction (XRD) patterns confirmed the presence of the
pure wurtzite phase and showed a progressive decrease in
crystallite size, from 53.1 to 36.3 nm, as the concentration
of the extract increased. In photocatalytic tests, all three
samples effectively degraded six different dyes, with the
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Fig.4 Photocatalytic degradation of Rhodamine B (RhB), Methylene Blue (MB), Methyl Red (MR), Methyl Orange (MO), Amino Black (AB),
and Alizarin Yellow (AY) using ZnO synthesized with C. scolymus extract (1%, 3%, and 5%)

5% concentration exhibiting the highest efficiency. These
findings highlight the potential of using C. scolymus as a
green approach for synthesizing ZnO with improved opti-
cal and photocatalytic properties, making it a promising
solution for the degradation of pollutants in water.
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