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Abstract
Zinc oxide (ZnO) nanoparticles were synthesized via a green approach using Passiflora incarnata extracts (1, 3, 5%) to 
evaluate the effect of precursor concentration on their physicochemical and photocatalytic properties. UV–Vis spectroscopy 
revealed an absorption peak at 367 nm, with bandgap values decreasing from 2.90 to 2.58 eV as the extract concentration 
increased. XRD confirmed the zincite phase with crystallite sizes of 30.13, 15.68, and 11.55 nm, while FTIR identified 
phytochemical functional groups and Zn–O stretching. SEM–EDS showed semi-spherical nanoparticles with moderate 
agglomeration and extract derived organic residues. Photocatalytic degradation of six dyes under UV irradiation for 180 min 
demonstrated variable efficiencies: enhanced performance for MO (80.67%), AB (92.06%), AY (80%) and MR (73.48%), but 
reduced activity for RhB (43.25%) and MB (57.04%) at higher extract concentrations. These results highlight the potential 
of Passiflora incarnata mediated ZnO nanoparticles as efficient, ecofriendly photocatalysts for wastewater remediation.

Introduction

Environmental protection, particularly against water pol-
lution, is a global challenge that has driven the search for 
strategies to treat organic contaminants. Nanotechnology 
provides innovative solutions, by leveraging the distinctive 
properties of nanomaterials [1, 2]. Treating wastewater con-
taining dyes has traditionally relied on conventional meth-
ods, including physical, chemical, and biological processes 
[3]. Physical methods include membrane filtration, adsorp-
tion and, coagulation [4]. These methods have the advantage 
of low operating costs and ease of operation [5]. Biologi-
cal methods use algae, fungi, and enzymes to remove dyes 
from wastewater through adsorption and biodegradation 

[6]. Chemical methods include processes such as ozonation 
and the electro Fenton process [7]. Both of which offer the 
advantage of being economical [8]. Although these meth-
ods have proven effective in different contexts, they still 
involve the use of large amounts of chemicals, which are not 
environmentally friendly and are believed to generate toxic 
byproducts [9]. In this regard, heterogeneous photocatalysis 
emerges as an alternative for degrading dyes in wastewater. 
This process is based on the generation of electron–hole 
pairs (e⁻/h⁺), which, when a semiconductor is irradiated with 
light of energy equal to or greater than its bandgap, lead to 
the formation of reactive oxygen species such as hydroxyl 
radicals and superoxide [10]. Capable of degrading complex 
organic compounds. Among the most studied materials are 
TiO₂ and ZnO, due to their high chemical stability and abil-
ity to absorb ultraviolet light [11]. Vasantharaj et al. [12]. 
Reported the synthesis of zinc oxide nanoparticles using 
Ruellia tuberosa, obtaining rod-shaped nanoparticles with 
sizes ranging from 40 to 50 nm. They also achieved degra-
dation efficiencies of 94% for methylene blue and 92% for 
malachite green under UV irradiation. These results dem-
onstrate that the ecological synthesis of zinc oxide nano-
particles using natural extracts is practical for producing 
nanomaterials with desirable nanoscale properties. On the 
other hand, Radambabu et al. [13]. Synthesized zinc oxide 
nanoparticles using Phoenix dactylifera pulp. The results 
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showed a spherical morphology with a size of 30 nm. Pas-
siflora incarnata L., belonging to the family Passifloraceae, 
is one of the most widely used medicinal plants in traditional 
medicine. Extracts of P. incarnata have been reported to 
exhibit diverse pharmacological activities, including anti-
tussive, analgesic, anticonvulsant, anti-inflammatory, anti-
asthmatic, anticancer, antimicrobial, antioxidant, and aph-
rodisiac effects. Its main bioactive constituents, vitexin and 
isovitexin, are known to modulate gamma-aminobutyric acid 
type A and B (GABAA_AA and GABAB_BB) receptors 
and to influence GABA uptake [14, 15]. In this study, zinc 
oxide nanoparticles were synthesized via green synthesis 
using Passiflora incarnata extract as both a reducing and 
stabilizing agent, selected for its medicinal properties and 
novelty. Their photocatalytic performance was evaluated by 
degrading six organic dyes.

Materials and methods

Materials

The dried leaves of Passiflora incarnata were obtained from 
a local herbalists store. Sigma-Aldrich purchased zinc nitrate 
hexahydrate, and deionized water was used as the solvent. 
In addition, six industrial dyes were used: Alizarin Yellow 
(AY), Methyl Orange (MO), Methylene Blue (MB), Amido 
Black (AB), Methyl Red (MR), and Rhodamine B (RhB), 
each at 15 ppm.

Preparation extract

To obtain the active compounds, 0.5, 1.5, and 2.5 g of extract 
were first weighed. Then, 50 mL of distilled water was added 
to each sample. The mixtures were stirred for 2 h and then 
heated in a water bath at 60 °C for 1 h. Finally, the solutions 
were filtered under vacuum and stored for later use.

Synthesis of ZnO NP

2 g of zinc nitrate hexahydrate were dissolved in Passiflora 
incarnata extract at 1, 3, and 5% concentrations, stirred for 
1 h, and then heated at 60 °C for 12 h to form a paste. The 
material was thermally treated at 400 °C for 1 h, yielding 
a grayish-white product that was ground and labeled ZnO/
PA-1%, ZnO/PA-3%, and ZnO/PA-5%. These samples were 
subsequently characterized and tested for photocatalytic 
activity.

Photocatalytic activity

The study employed six different organic dye solutions: Aliza-
rin Yellow (AY), Methyl Orange (MO), Methylene Blue (MB), 

Amido Black (AB), Methyl Red (MR), and Rhodamine B 
(RhB), each at 15 ppm. Degradation experiments were con-
ducted under UV irradiation using 10 W Polaris UV-1 C lamps 
with an 18 mJ/cm2 energy output.

Results

UV–Vis and XRD

To determine the optical properties of the zinc oxide nano-
particles, the UV–Vis absorption spectrum was obtained. The 
characteristic ZnO peak appears at 367 nm (Fig. 1a), confirm-
ing the successful formation of the ZnO NPs. To calculate 
the bandgap, the TAUC model (1) was applied, where α cor-
responds to the absorption coefficient, hv to the photon energy, 
n to the transition type parameter, A to the material constant, 
and Eg to the bandgap. Figure 1b–d shows the extrapolated 
values obtained from the linear portion of the plot. The result-
ing bandgap energies were 2.90 eV for ZnO/PA–1%, 2.86 eV 
for ZnO/PA–3%, and 2.58 eV for ZnO/PA–5%, indicating a 
slight decrease in bandgap with increasing extract concen-
tration. The variations in the bandgap values obtained from 
the TAUC plots can be attributed to differences in particle 
size, morphology, and surface states. Changes in crystallite 
size can produce slight shifts due to quantum confinement. 
At the same time, defects, surface states, and Urbach tails, 
often enhanced by organic residues from the plant extract, can 
modify the apparent absorption edge. Additionally, variations 
in carrier concentration due to impurities or adsorbed species 
may result in Burstein Moss type shifts. These factors, widely 
reported in recent studies on nanostructured ZnO, account for 
the differences in the calculated bandgaps and underscore the 
importance of considering structural and surface characteris-
tics when interpreting TAUC plots [16, 17].

The crystalline structure of the ZnO nanoparticles was 
analyzed using X-ray diffraction (XRD) (Fig. 1e). The dif-
fraction pattern exhibited distinct peaks at 31.77, 34.42, 
36.25, 47.54, 56.60, 62.85, 66.38, 67.95, 69.09, 72.56, and 
76.96°, corresponding to the (100), (002), (101), (102), 
(110), (103), (200), (112), (201), (004), and (202) crystal-
lographic planes of the zincite structure, in agreement with 
the JCPDS card No. 01–089–7102.

The Debye-Scherrer equation was used to determine the 
crystalline size (2)

where D is the crystallite size (in nm), K known as the 
Scherrer’s constant is a dimensionless constant equal to 0.9, 

(1)(�h�)
n = A(h� − Eg)

(2)D =
K�

�.Cos�
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λ corresponds to the incident x-rays wavelength (1.541 Å), 
β is the full width at half maximum (FWHM) in radians 
of the main peak of the diffractogram and θ is the Bragg 
angle of the main peak. The crystallite dimensions (D) cor-
respond to 30.13, 15.68, and 11.55 nm for ZnO/PA-1%, 
ZnO/PA-3% and ZnO/PA-5% [18]. On the other hand, This 
small potassium signal may be due to impurities or residual 
material from the natural extract of Passiflora incarnata this 
assumption is strengthened because the more concentration 
of Passiflora incarnata extract used in the synthesis of ZnO 
nanoparticles, the Kα signal becomes more prominent [19].

EDS and FTIR

Energy-dispersive X-ray spectroscopy (EDS), shown in 
Fig. 2a–c, confirms the elemental composition of the syn-
thesized ZnO nanoparticles. The spectra exhibit prominent 
peaks corresponding to zinc (Zn), oxygen (O), and carbon 
(C), the latter attributed to residual organic compounds from 
the plant extract used during synthesis. The increase in car-
bon and oxygen content with higher extract concentrations 
reflects a greater presence of organic components, indicat-
ing that higher extract concentrations introduce more phy-
tochemicals that act as stabilizing agents. Functional groups 
were further analyzed using Fourier-transform infrared 
spectroscopy (FTIR) (Fig. 2d), which revealed characteris-
tic absorption peaks at 3288, 2919, 2849, 1409, 1118, and 

869 cm⁻1, corresponding to O–H, –CH3, –CH2, C–N, C–O, 
and C–H groups associated with Passiflora incarnata. The 
Zn–O vibration observed at 548 cm⁻1 confirms the success-
ful formation of zinc oxide nanoparticles [20].

Morphology

Figure 3a–c depicts the morphological features of the ZnO 
nanoparticles (ZnO NPs). The micrographs indicate that the 
nanoparticles predominantly exhibit a semi-spherical shape 
with a rough surface texture. Although moderate agglomera-
tion is observed, the nanoparticles are distributed relatively 
homogeneously across the field of view. This tendency to 
agglomerate is generally associated with the high surface 
to volume ratio of nanomaterials, which increases surface 
energy and enhances van der Waals and electrostatic interac-
tions. A higher number of smaller, well-defined nanoparti-
cles is evident, particularly at higher extract concentrations. 
This effect is attributed to stabilizing (capping) agents in the 
Passiflora incarnata extract, which limit particle growth and 
prevent agglomeration by binding to the nanoparticle sur-
faces [21]. Nevertheless, some residual agglomeration likely 
persists due to nanoscale ZnO intrinsically high surface 
energy, which promotes interparticle adhesion and the for-
mation of larger aggregates. The principle of green synthesis 
is to produce nanomaterials in an environmentally friendly 
way using natural extracts containing antioxidant molecules, 

Fig. 1   a UV–Vis spectra of ZnO/PA–1%, ZnO/PA–3%, and ZnO/
PA–5%, b TAUC plot for ZnO/PA–1% c TAUC plot for ZnO/PA–3%, 
d TAUC plot for ZnO/PA–5% and, e X-ray diffraction (XRD) patterns 

of ZnO nanoparticles synthesized with Passiflora incarnata extract at 
different concentrations (1, 3, and 5%)
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such as flavonoids and polyphenols as seen in Fig. 3d. These 
bioactive compounds act as reducing and stabilizing agents 
during nanoparticle formation, so Passiflora incarnata can 
also be used to synthesize metal oxide nanoparticles other 
than zinc oxide. In fact, plant mediated synthesis of tin oxide 
and nickel oxide nanoparticles has already been reported 
[22]. The underlying mechanism is commonly attributed to 
the complexation of metal ions by phytoconstituents, fol-
lowed by controlled nucleation and growth during calcina-
tion. This process can promote phase purity when reaction 
conditions are correctly optimized. Therefore, the simple 
Passiflora-based approach described here could be adapted 
by appropriately adjusting the precursor, pH, temperature, 
and calcination parameters to synthesize a broader range 
of metal oxide nanomaterials for catalytic, electronic, and 
antimicrobial applications [23].

Photocatalytic activity

The photocatalytic performance of the ZnO nanoparticles 
synthesized using Passiflora incarnata extract was sys-
tematically evaluated against six organic dyes: Alizarin 
Yellow (AY), Methyl Orange (MO), Rhodamine B (RhB), 
Amido Black 10B (AB), Methyl Red (MR), and Methyl-
ene Blue (MB) (Fig. 4). For AY, an adsorption–desorption 
equilibrium was observed during the first 30 min, with 

ZnO/PA-5% exhibiting the strongest interaction with the 
dye, whereas ZnO/PA-1% and ZnO/PA-3% showed simi-
lar profiles. Under UV irradiation, the degradation effi-
ciencies reached 35.81%, 40.83%, and 50.46% for ZnO/
PA-1%, ZnO/PA-3%, and ZnO/PA-5%, respectively. MO 
displayed minimal initial adsorption but followed a trend 
similar to AY, achieving efficiencies of 54.66, 56.59, 
and 80.67% for ZnO/PA-1%, ZnO/PA-3%, and ZnO/
PA-5%, respectively [24] In contrast, RhB a cationic and 
structurally stable dye showed the highest degradation 
with ZnO/PA-1% (91.29%), while ZnO/PA-3% and ZnO/
PA-5% reached only 43.25% and 50.57%, respectively. 
This inverse behavior is likely associated with excessive 
extract coating at higher concentrations, which may limit 
the availability of active sites, partially block UV light, 
and promote electron–hole recombination. AB followed 
a positive trend, with degradation efficiencies increas-
ing from 78.32 (ZnO/PA-1%) to 87.24% (ZnO/PA-3%) 
and 92.06% (ZnO/PA-5%). MR also exhibited enhanced 
degradation with extract concentration, with efficien-
cies of 46.10%, 56.62%, and 73.48% for ZnO/PA-1%, 
ZnO/PA-3%, and ZnO/PA-5%, respectively. Conversely, 
MB displayed decreasing photocatalytic efficiency with 
increasing extract content, achieving 74.27%, 69.18%, and 
57.04% for ZnO/PA-1%, ZnO/PA-3%, and ZnO/PA-5%, 
respectively. Overall, these results indicate that, although 

Fig. 2   Elemental composition of ZnO nanoparticles determined by EDS for a ZnO/PA-1%, b ZnO/PA-3%, c ZnO/PA-5%; and d Functional 
group analysis obtained by FTIR
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most dyes benefit from higher extract concentrations, 
cationic or structurally stable dyes such as RhB and MB 
may exhibit reduced photocatalytic activity due to surface 
blocking, limited UV penetration, and increased charge 
recombination. This highlights the importance of opti-
mizing extract concentration depending on the dye class 
and molecular structure [25]. The proposed photocatalytic 
mechanism is illustrated in (Fig. 4g). Under continuous 
UV irradiation, the ZnO nanoparticles generate elec-
tron–hole pairs, which subsequently react with adsorbed 
water and oxygen to form reactive oxygen species (ROS), 
including hydroxyl radicals (OH) and superoxide anions 
(O2⁻) [26]. These ROS play a dominant role in dye deg-
radation by attacking and destabilizing the chromophore 
structures, ultimately leading to molecular breakdown.

Conclusion

In this work, Passiflora incarnata extract was success-
fully employed as a biogenic agent for the green synthesis 
of ZnO nanoparticles, demonstrating its effectiveness in 
tailoring the physicochemical properties of the resulting 
materials. The nanoparticles exhibited a hexagonal zincite 
structure, with crystallite size decreasing as the extract 
concentration increased, and presented irregular surface 
morphologies influenced by the organic constituents of the 
extract. Optical characterization confirmed the formation 
of ZnO, while variations in the bandgap were attributed to 
changes in particle size, surface states, and phytochemi-
cal interactions. The photocatalytic evaluation revealed 

Fig. 3   SEM micrographs of a ZnO/PA–1%, b ZnO/PA–3%, and c ZnO/PA–5%, and d proposed mechanism for the formation of zinc oxide 
nanoparticles using Passiflora incarnata 
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Fig. 4   Photocatalytic degradation of ZnO nanoparticles synthesized using Passiflora incarnata extract at concentrations of 1, 3, and 5% against 
different dyes: a AY, b MO, c RhB, d AB, e MR, and f MR under UV irradiation for 180 min, and g proposed reaction mechanism
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that all ZnO samples degraded the selected organic dyes 
under UV irradiation, with performance dependent on 
both the extract concentration and the dye type. In par-
ticular, higher extract contents enhanced degradation for 
most dyes, although cationic and structurally stable dyes 
displayed inverse trends, likely due to surface passivation 
and reduced photon absorption. Overall, these findings 
highlight the potential of Passiflora incarnata assisted 
synthesis as a sustainable, tunable approach for producing 
ZnO nanoparticles suitable for photocatalytic and environ-
mental remediation applications.
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