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Abstract

The efficient removal of toxic dyes from wastewater remains a major environmental chal-
lenge. In this study, we report a green and facile one-pot synthesis of zinc oxide nanowires
(ZnO-NWs) using lemon verbena leaf extract as a sustainable capping and stabilizing agent.
The extract played a vital role in directing the 1D growth of the wurtzite hexagonal structure.
Characterization confirmed a band gap of 3.12 eV and the characteristic Zn-O stretching at
375 cm−1. Photocatalytic activity tests using 20 mg of biosynthesized ZnO-NWs demon-
strated excellent degradation performance. A rate constant of 0.0067 min−1 was achieved,
with 99.95% degradation of Basic Fuchsin under natural sunlight for 3 h. Active species anal-
ysis highlighted the crucial roles of holes (h+), superoxide radicals (O2•−), and hydroxyl
radicals (•OH). Notably, the addition of 10 mM H2O2 produced a powerful synergistic ef-
fect, reducing the degradation time from 3 h to only 7 min and increasing the reaction rate by
approximately 25-fold. These findings highlight the potential of biosynthesized ZnO-NWs
as highly efficient, rapid, and sustainable photocatalysts for environmental remediation.

Keywords: ZnO-NWs; green synthesis; photocatalytic; Basic Fuchsin dye (BF); H2O2

1. Introduction
Synthetic dyes represent a major class of hazardous organic pollutants widely released

into aquatic environments [1]. Among these pollutants, Basic Fuchsin (BF), also known as
rosaniline hydrochloride or Basic Violet, is a cationic triarylmethane dye extensively used
in textile dyeing, biological staining, and paper-printing applications [2]. However, BF
exhibits high toxicity, poor biodegradability, and strong bioaccumulation potential and has
been reported to induce genotoxic, neurotoxic, and carcinogenic effects [3]. Consequently,
the efficient removal of BF from contaminated water is of significant environmental and
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public health importance. To address this challenge, various conventional wastewater-
treatment methods, including coagulation–flocculation, membrane separation, adsorption,
precipitation, ion exchange, and ozonation, have been developed [4]. Nevertheless, these
techniques often suffer from several drawbacks, such as high operational costs, complex
procedures, secondary pollution, and limited efficiency toward chemically stable dyes [5].
Therefore, the development of efficient, sustainable, and environmentally benign remedia-
tion strategies remains highly desirable.

Photocatalysis is a particularly promising advanced oxidation process (AOP) to over-
come the drawbacks of conventional methods [6]. Photocatalytic nanomaterials represent a
distinct class of nanostructured materials capable of initiating and accelerating chemical
reactions under light irradiation, a phenomenon referred to as photocatalysis [7]. Because
of its huge active surfaces, nanomaterials, with ranged diameters from 1 to 100 nanometers
(nm), comprise a new field in nanotechnology and nanoscience that can offer solutions
to the environmental and technological problems in the fields of water, medicine, solar
energy conversion, and catalysis [8], regarding their unique properties, including size,
composition, and morphology [9].

ZnO nanoparticles (ZnO NPs) have attracted extensive interest in electronics, sensors,
environmental protection, and biomedical applications [10]. Their ability to form diverse
nanostructures, including nanowires, nanorods, and nanosheets, enables the fine-tuning
of surface and electronic properties. As a result, ZnO exhibits excellent photocatalytic
activity, chemical stability, and strong resistance to matrix effects in complex aqueous
environments [11,12].

Green synthesis is a relatively new area of nanotechnology that offers a substantial
economic and minimal environmental effect [13]. It relies on non-toxic, renewable, and
biocompatible substances [14], particularly plant-derived phytochemicals (flavonoids,
tannins, alkaloids, proteins, amino acids) extracted using eco-friendly solvents such as
distilled water [15]. The biosynthesis of ZnO NPs by plants such as olives leaf extract [16],
Hibiscus sabdariffa L [17], Barleria buxifolia leaf extract [18], etc., has been reported in the
literature [19].

In this work, lemon verbena (Aloysia citrodora) leaf extract was used as a reducing and
stabilizing agent for the green synthesis of ZnO nanowires. This plant was selected due
to its rich phytochemical composition, rapid growth, and high productivity (up to three
harvests per year), making it a sustainable and renewable resource [20]. The extract is rich in
bioactive compounds, including phenylpropanoids and glycosylated flavones [21], which
can donate electrons to reduce Zn2+ ions into Zn(OH)2 intermediates. These intermediates
subsequently undergo dehydration and oxidation to form ZnO nanowires upon thermal
treatment. In addition to its reducing role, the extract acts as a stabilizing agent, preventing
particle aggregation and controlling the morphology of the nanostructures [22].

ZnO exhibits strong photocatalytic activity, which can be further enhanced by the
addition of H2O2 through the generation of extra •OH radicals that accelerate pollutant
degradation [23]. Although the individual concepts of green-synthesized ZnO nanoparti-
cles and ZnO/H2O2 photocatalysis are well documented, their rational integration into a
sustainable, low-cost, and solar-driven system based on a medicinal plant extract remains
scarcely explored. In particular, the use of lemon verbena extract for the controlled green
synthesis of one-dimensional ZnO nanowires and the evaluation of their synergistic perfor-
mance with low-dose H2O2 toward the degradation of highly toxic Basic Fuchsin dye have
not yet been reported.

Therefore, the present work aims to develop a sustainable ZnO nanowire photocat-
alyst via a green synthesis route using lemon verbena leaf extract and to investigate the
synergistic role of H2O2 in enhancing sunlight-driven photocatalytic degradation of the
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highly toxic Basic Fuchsin dye. To the best of our knowledge, no previous study has
reported a green-engineered ZnO nanowire/H2O2 hybrid system capable of achieving
such high photocatalytic efficiency under natural sunlight. Notably, the addition of an
ultra-low H2O2 concentration (1 mM) leads to remarkable acceleration of the degradation
kinetics, achieving rapid and nearly complete dye removal. This outstanding enhancement
demonstrates the environmental relevance, energy efficiency, and practical applicability
of the ZnO/H2O2 system as a promising alternative to conventional advanced oxidation
processes for wastewater treatment.

2. Results and Discussion
2.1. Structural Properties

XRD was used to determine the crystalline structure of the synthesized materials.
Figure 1 shows a typical XRD pattern of ZnO biosynthesized using plant extract and
annealed at 600 ◦C. The diffraction was measured in the angular range of 2θ = 20–80◦. The
crystal unit cell was found to be a hexagonal wurtzite structure, according to the presence
of the main peaks located at 2θ = 31.90, 34.50, 36.38, 47.64, 56.68, 62.93, 66.45, 68.04, 69.21,
72.71, and 77.20◦, corresponding to the following (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes, respectively. It is in good agreement with the ICSD-
067848 for the Wurtzite structure (P 63 mc) of ZnO, which is the most thermodynamically
stable at room temperature.
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Figure 1. XRD pattern of green-synthetized ZnO-NWs.

Furthermore, at the detection limit, no impurity peaks were observed, indicating the
high purity of the prepared ZnO-NWs.

The lattice parameters a and c of the hexagonal ZnO structure were calculated using
the interplanar spacings of several diffraction planes and the hexagonal wurtzite relation
Equation (1). Specifically, the a parameter was determined from the (100) plane, while the c
parameter was obtained from the (002) plane, using equation [24].

dhkl =

(
4
(
h2 + hk + k2)

3a2 +
l2

c2

)− 1
2

(1)

where the interplanar spacing dhkl was obtained from Bragg’s law. The average experi-
mental lattice parameters were found to be aexp = 0.324 nm, cexp = 0.519 nm, and a ratio
cexp/aexp = 1.6. These values are in agreement with those of the wurtzite ZnO structure
(a = 0.3249 nm and c = 0.5207 nm) [15].
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Due to the high structural anisotropy of the nanowires, their physical dimensions
(diameter and length) were further investigated using SEM analysis rather than XRD-based
estimations to ensure better accuracy.

2.2. Morphological and Compositional Analysis

The surface morphology of the biosynthesized ZnO was analyzed using a scanning
electron microscope (SEM) as shown in Figure 2a. The results clearly reveal that the as-
prepared ZnO from an aqueous extract of lemon verbena leaf extracts obtained from an
aqueous lemon verbena leaf extract exhibits an irregular morphology with both wire-like
and spherical particles, with nanowires (NWs) being the dominant feature. Image J software
(version 1.54g, National Institutes of Health, Bethesda, MD, USA) was used to determine
the nanowires’ diameter, which ranges from 20 to 160 nm. The elemental composition of the
nanostructures was verified via EDX analysis, as shown in Figure 2b. The EDX spectrum
confirms the high purity of the synthesized ZnO-NWs, as zinc (Zn) and oxygen (O) are
the dominant detected elements. The minor unlabeled peaks are mainly attributed to the
carbon conductive tape used for sample mounting and instrumental background [25]. No
additional peaks related to external chemical impurities were detected, confirming the
successful green synthesis and high chemical purity of the prepared nanowires.

Figure 2. Surface morphology of the biosynthesized ZnO-NWs, (a) SEM images, (b) EDX elemental
composition of the nanoparticles, and (c) diameter estimation of as-synthesized ZnO-NWs using
Gaussian fitting of the histogram.
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The average diameter of the as-synthesized ZnO nanostructures was estimated based
on Gaussian fitting of the histogram data in Figure 2c and was found to be approximately
25.5 ± 10 nm. This value represents the most frequent diameter within the distribution,
although the sample remains polydisperse. While both wires and spheres coexist, the XRD
analysis (Figure 1) confirms the presence of a single hexagonal wurtzite phase, suggesting
that both morphologies are chemically identical ZnO resulting from anisotropic growth.

As clearly seen, a large number of wire-like ZnO-NWs is observed with lengths
reaching several micrometers. The smaller nanoparticles within the sample provide a large
surface-area-to-volume ratio, which is highly beneficial for surface-dependent applications
such as catalysis. The one-dimensional morphology of the ZnO nanowires is intrinsically
related to the hexagonal wurtzite crystal structure, which promotes anisotropic growth
along the polar c-axis [26].

2.3. UV-Visible Absorption Studies

UV-Vis spectroscopy was used to determine the optical characteristics of the prepared
samples. Before performing the UV characterization, 10 mg of the prepared nano-powder
was initially dispersed in 50 mL of distilled water to produce a monodispersed solution.
Following this, the solution was sonicated for 30 min. According to Figure 3, the UV-Vis
spectrum of the zinc oxide NWs revealed a single peak at 369 nm, For ZnO NPs, the
absorption peak maxima typically falls between 300 and 380 nm [27], which confirmed
the synthesis of ZnO NPs via the green route (see Figure 3a). It matches well with the
characteristic band of ZnO NPs in the literature [28,29], suggesting the high purity of the
obtained monodisperse solution [30].
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Figure 3. UV-Vis analysis of ZnO NWs: (a) absorbance of the sample and (b) Tauc plot showing band
gap estimation via extrapolation of the straight line to the hv axis.

As described in research [27] the Tauc plot method was used to estimate the sample’s
band gap energy (Eg). Its value was deduced using an extrapolation of the straight line to
the hv axis (i.e., (αhv = 0) see Figure 3b):

(αhv)m = A(hv − Eg) (2)

where h is Planck’s constant, v is the frequency, A is the proportionality constant, α is the
absorption coefficient, and m is taken equal to 2 due the direct band gap nature of the
ZnO semiconductor.

The calculated bandgap was found to be 3.12 eV. The band gap values of pure ZnO
nanoparticles are roughly 3.27 eV, according to the literature [31]. A decrease in Eg is
expected as a result of using the plant extract since certain components of the extract cover
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or alter the surface and reduce the band-gap of the nanoparticles [32]. Similar results
were observed with Rythrina abyssinica, in agreement with the previously reported ZnO
nanoparticle band gap range of 3.10–3.39 eV [33].

2.4. Fourier Transformed Infra-Red Spectroscopy (FTIR)

To confirm the production of the ZnO-NWs and identify the type of functional groups
in the active compounds responsible for their synthesis, FTIR spectroscopy was performed,
and spectra were recorded in the range of 200–4000 cm−1. ZnO NPs exhibited vibrations
at 374, 674, 1058, 840, 1420, 1729, and 2360 cm−1 as shown in Figure 4. The absorption
band at ~2360 cm−1 is attributed to the asymmetric stretching vibration of CO2, probably
originating from atmospheric CO2, in agreement with previous reports [34], where the
vibrations at 1420 cm−1 are attributed to aliphatic C-H vibrations. The band at 1058 cm−1

corresponded to the C-O stretching vibrations of the plant extracts [35]. The peak at
674 cm−1 is attributed to O=C=O bending vibration, which may be due to the absorption
of CO2 from the atmosphere resulting from the preparation [36], whereas the peak that
occurs at 375 cm−1 is qualified to Zn-O absorption (stretching vibration) [37].
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Figure 4. FTIR image of biosynthesized ZnO NWs.

2.5. Zeta Potential (ZP) Analysis

Zeta potential (ZP) analysis was carried out to determine the surface charges acquired
by zinc oxide nanoparticles; this can be applied to evaluate the synthesized colloidal ZnO-
NW stability. The stability of the nanoparticles in the solution is correlated with their ZP.
If the zeta potential values of the particles in a suspension are strong, either positive or
negative, they will reject each other and stop the nanoparticles from aggregating. As it
is known, ZP values greater than (+30 mV) or less than (−30 mV) are generally thought
to result in stable suspensions [38,39]. The zeta potential, ZP, of the biosynthesized ZnO
NPs was measured using water as a dispersant. The ZP of ZnO NWs was determined and
found to be −50 mV, as shown in Figure 5 and reported in [32]. Such result confirms that
the majority of the capping biomolecules on the biosynthesized ZnO-NWs were negatively
charged groups [40]. The biogenic ZnO NPs, having a negative charge, demonstrated the
electrostatic repulsion between the produced nanoparticles [41,42].
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Figure 5. Zeta potential analysis of biosynthesized ZnO-NWs (Purple curve: zeta distribution; Green
line: 0 mV reference).

2.6. Photocatalytic Degradation of Basic Fuchsin (BF) Dye

The photocatalytic performance of the green-synthesized ZnO-NW sample was eval-
uated through the degradation of Basic Fuchsin (BF) under natural sunlight irradiation
(outside temperature: 35 ◦C). The pH of the BF solution was monitored in the dark, before
and after complete BF degradation, as the pH significantly influences molecule adsorption
and the generation of highly reactive OH· radicals [12].

2.6.1. Catalyst Dose Effect

This study assessed the impact of different catalyst dosages (10, 20, and 30 mg) in
50 mL of Basic Fuchsin (10 ppm) for wastewater-treatment applications, as shown in
Figure 6a. To create an adsorption–desorption equilibrium, the dye solution was left in the
dark for half an hour before exposing it to sunlight irradiation for a further three hours (see
inset of Figure 6a). In order to track the photocatalytic degradation process during the sun
exposition, aliquots of the suspension were taken out every 30 min and analyzed. For this,
Equation (1) was utilized in order to determine the deterioration efficiency (% Y). It was
found that after three hours of exposure to the sunshine, the final degradation of catalysts
containing 20 mg and 30 mg was almost equal. It can be concluded that 20 mg is the ideal
catalyst loading, according to the degradation profile analysis, since raising the catalyst
dosage above that level had no discernible impact on photocatalytic activity.

Based on the pseudo-first-order model where a linear plot of −ln(C/C0) versus ir-
radiation time for the photocatalytic degradation of the dye was applied, as exhibited in
Figure 6b, the kinetic analysis revealed that the apparent rate constants and correlation
coefficients were k = 0.0016 min−1 (R2 = 0.893) for 10 mg, k = 0.0041 min−1 (R2 = 0.95) for
20 mg, and k = 0.0023 min−1 (R2 = 0.714) for 30 mg of catalyst. The best photocatalytic
performance was obtained with 20 mg of catalyst (k = 0.0041 min−1, R2 = 0.95), indicating
that this dosage offers the optimal balance between the number of active sites and light
penetration, resulting in the most efficient degradation of BF. At higher amounts (30 mg),
the sharp decrease in the correlation coefficient (R2 = 0.714) confirms that the reaction
kinetics are severely hindered by particle agglomeration and light scattering, decreasing
the effective surface area and hindering photon absorption [43].
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Figure 6. Degradation of BF under sunlight. (a) Effect of catalyst dosage on the photocatalytic
degradation of BF and (b) pseudo-first-order kinetic plots (−ln(C/C0) vs. time) for BF degradation at
different catalyst dosages.

2.6.2. Dye Concentration Effect

The impact of the initial pollutant concentration on the photocatalytic breakdown
of Basic Fuchsin was investigated in this step of investigation. Initial dye concentrations
were set at 5, 10, and 15 parts per million, while the catalyst dosage remained constant at
15 mg in 50 mL of solution at natural pH. The results have been illustrated in Figure 7a;
it was observed that, even with the same amount of catalyst, approximately the same
end degrading efficiency (nearly 100%) was obtained for 5 ppm and 10 ppm, suggesting
that 10 ppm is more beneficial than 5 ppm for real-world applications. The degradation
efficiency dropped to almost 89% at 15 ppm, demonstrating how increased pollutant
loading affects photocatalytic efficacy.
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Figure 7. Photocatalytic degradation of BF under sunlight. (a) Effect of initial dye concentra-
tion. (b) Pseudo-first-order kinetic plots (−ln(C/C0) vs. time) for BF degradation at different
initial concentrations.

Figure 7b presents the linear plots of −ln(C/C0) versus irradiation time for the photo-
catalytic degradation of the dye at different initial concentrations (5, 10, and 15 ppm). The
linearity of these plots (R2 > 0.91) confirms that the degradation follows a pseudo-first-order
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kinetic model, which is an established simplification of the Langmuir–Hinshelwood model
at low substrate concentrations described by Equation (3) [44]:

−ln
C
C0

= k × t (3)

The apparent rate constants (k) were found to be 0.0056 min−1 (R2 = 0.9674) for
5 ppm, 0.0067 min−1 (R2 = 0.9754) for 10 ppm, and 0.0035 min−1 (R2 = 0.9171) for 15 ppm.
The highest rate constant was obtained at 10 ppm, indicating that this concentration
provided the most favorable conditions for photocatalytic degradation. A similar value has
been reported by Mousa et al. [45], who found an apparent rate constant on the order of
~0.007 min−1 for a similar ZnO-based photocatalytic system, confirming that the k value
obtained here (0.0067 min−1) lies within the expected range. This behavior can be explained
by an optimal balance between sufficient light penetration and adequate dye adsorption on
the catalyst surface. At lower concentrations (5 ppm), fewer dye molecules are available
to interact with photogenerated charge carriers, slightly reducing the reaction probability.
At higher pollutant concentrations (15 ppm), the photocatalytic efficiency was markedly
decreased due to light attenuation and surface saturation effects. According to the Beer–
Lambert law, the increased dye concentration enhances the absorption of incident light by
the solution, which limits the photon flux reaching the catalyst surface and consequently
reduces charge carrier generation, as demonstrated in several studies [44]. In addition,
the excess dye molecules tend to cover the catalyst surface and compete for active sites,
further restricting the degradation process. This surface screening effect suppresses the
formation of reactive oxygen species (ROS), leading to a slower overall reaction rate and
lower photocatalytic efficiency [46].

2.6.3. pH Effect Study

The pH impact of the initial solution on the photocatalytic degradation of BF was
investigated using a constant dye concentration of 10 ppm. A catalyst dosage of 20 mg in
50 mL of solution was used to test the impact of pH on BF photocatalytic degradation at
pH values of 5, 6.5 (natural pH), and 8. To track the degradation process, under sunlight,
during the three hours, aliquots were taken every 30 min, and measurements were taken
on it. The results, as shown in Figure 8a, confirmed that a maximum degradation efficiency
was achieved at natural pH, which is in agreement with similar studies [43,47]. It is worth
noting that after being exposed to sunlight irradiation for first 90 min at pH 8, the solution
became almost colorless; however, the BF color gradually returned. This phenomenon
could be linked to Basic Fuchsin’s pH-dependent reversible transition from its colorful
cationic form to the colorless leuco form, as reported in previous studies [48].

Based on the pseudo-first-order model, the kinetic analysis of the degradation pro-
cess, as it is displayed in Figure 8b, the latter clearly highlights a strong dependence of
photocatalytic efficiency on the pH solution. High linearity was observed at pH 5 and 6.5
(R2 ≈ 0.95–0.97), unequivocally confirming first-order kinetics under these conditions. The
apparent rate constant (k) reached its maximum at natural pH (k max = 0.0067 min−1),
significantly higher than the rate observed at pH 5 (k = 0.0019 min−1), reflecting the most
favorable surface charge interactions between the ZnO catalyst and the cationic dye at
this optimal pH. Conversely, at a basic pH of 8, the degradation pattern exhibits a marked
deviation from the expected pseudo-first-order kinetics, as evidenced by the significantly
low R2 value (0.65). Although the calculated apparent rate constant was numerically high
(k = 0.008 min−1), this k value lacks physical significance because the poor fit indicates
that the model is statistically invalid under these conditions [44]. This is consistent with
the observed reversible transition to the colorless leuco form, which interfered with the
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photocatalytic process. This decline in the model’s fitness at basic pH further confirms the
detrimental effect of hydroxide ions on the reaction, primarily by hindering the formation
of reactive radicals and altering the dye’s chemical structure [43].
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Figure 8. pH effect on the photocatalytic degradation of BF dye (a) under sunlight. (b) Pseudo-first-
order kinetic plots. (−ln(C/C0) vs. time) for BF degradation at different pH values.

2.6.4. Scavenger Study

The roles of several oxidative species generated during the photocatalytic process,
such as hydroxyl radicals (•OH), superoxide ions (O2•−), and singlet oxygen (O2), which
are essential for the mineralization process, can be well understood through the use of
radical scavenging tests [49]. Various scavengers were used independently in the BF dye
solution (10 ppm) in this investigation to detect the active radicals during the photocatalytic
experiments: ascorbic acid (A.A.) as a scavenger of superoxide radicals (O2•−), analogous
to p-benzoquinone [50], tert-butanol (TBA) for hydroxyl radicals (•OH); and EDTA-Na2 as
a scavenger of holes (h+) [51] have been sought. Such scavengers specifically target reactive
molecules, and the contribution of them, in the photocatalytic breakdown of BF, can be
easily identified.

Results obtained from Figure 9 show that while BF dye was entirely broken down in the
absence of a scavenger, all scavengers significantly decreased the degradation effectiveness.
Specifically, the presence of EDTA, A.A., and TBA reduced the degradation of BF to 1%, 8%,
and 66%, respectively. This outcome demonstrates that holes (h+) and superoxide radicals
(O2•−) are the main reactive species responsible for BF degradation in the absence of an
accelerator, with h+ showing the greatest contribution (causing a 99% drop in efficiency).
Conversely, the limited impact of TBA confirms that •OH radicals play a minor role under
native conditions, as in [52]. Based on these results, the reactive species’ contribution to BF
degradation follows the following order: h+ > O2•− > •OH (under native conditions). The
scavenging investigation confirms the synergistic functions of these species and establishes
the benchmark for •OH activity before H2O2 is introduced.
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Figure 9. Radical scavenger study for photocatalytic degradation of BF dye employing ZnO-NWs
under sunlight irradiation.

2.6.5. H2O2 Concentration Effect on Degradation Rate

The effect of the hydrogen peroxide concentration on the degradation rate was in-
vestigated using H2O2 values of 1, 5, and 10 mM, following the approach outlined in
research [53]. The maximum concentration was set at 10 mM to align with the principles
of green chemistry, which prioritize high efficiency using minimal chemical dosages to
reduce treatment costs and minimize residual chemical secondary pollution. Furthermore,
this limit was chosen to avoid the well-known scavenging effect. At higher concentra-
tions, excess H2O2 reacts with •OH radicals to produce hydroperoxyl radicals, which
have a significantly lower oxidation potential, thereby reducing the overall photocatalytic
performance [54].

The results show that increasing the H2O2 concentration significantly accelerates the
reaction: the time required to reach 100% degradation decreased from 22 min at 1 mM, to
14 min at 5 mM, and to only 7 min at 10 mM, compared to about 3 h in the absence of H2O2.
Figure 10 displays these results. The remarkable enhancement in efficiency observed in the
presence of H2O2 (a potent electron scavenger) demonstrates that H2O2 boosts the effect
of the dual structure by significantly reducing the recombination rate and providing an
extra supply of the hydroxyl radical •OH [55]. Thus, the relation between morphology
and performance is clearly established; the composite structure is the key to efficiency,
as it optimizes both the surface area for interaction and the quantum efficiency of the
photocatalytic process. This synergistic approach is consistent with previous studies on
ZnO composites where H2O2 considerably boosts the photocatalytic rate by minimizing
charge recombination [56].

Numerous investigations have shown that adding H2O2 can greatly improve the
photocatalytic activity of various catalysts. For example, monochlorobenzene degrades in a
TiO2 system in 120 min with H2O2 as opposed to 240 min without it, thus doubling the
reaction rate [57], and the photocatalytic degradation of methyl blue (MB) in 60 min with
0.1 mol/L of H2O2 [53]. In another study, the degradation time of paracetamol with TiO2

decreased from 150 to 90 min (a 40% reduction) upon the addition of H2O2 [58].
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Figure 10. H2O2 effect on the photocatalytic degradation of BF dye. (a) Effect of H2O2 concentration
on the photocatalytic degradation of BF; (b) decolorization of BF using ZnO-NWs.

Several studies have demonstrated that the addition of H2O2 enhances the photo-
catalytic activity of various materials. For instance, TiO2-based systems reported in the
literature degrade triphenylmethane dyes such as Gentian Violet within 60–120 min under
UV irradiation [59], while commercial P25-TiO2 decolorizes Congo Red in about 30 min in
the presence of 20 mM H2O2 [60].

In addition, hybrid advanced oxidation processes have been reported using higher
doses of H2O2 and various catalysts such as ZnO, TiO2, and SnO2 [61], targeting different
organic pollutants, including azo and triphenylmethane dyes.

In comparison, the biosynthesized ZnO nanowires (ZnO-NWs) prepared in this study
achieved nearly complete degradation of Basic Fuchsin in only 7 min under similar condi-
tions, highlighting a markedly higher photocatalytic efficiency. This superior performance,
combined with the green and low-cost synthesis route, suggests that ZnO-NWs are highly
promising candidates for sustainable wastewater-treatment applications.

• Photocatalytic degradation Mechanism of Basic Fuchsin (BF)

The proposed photocatalytic mechanism is directly supported by scavenger experi-
ments, which demonstrate that photogenerated holes (h+) are the primary oxidative species
responsible for BF degradation. In particular, the addition of EDTA-Na2 resulted in the
almost complete suppression of photocatalytic activity (~99% inhibition), providing strong
experimental evidence for the dominant role of holes (h+). The expected photocatalytic
mechanism of the ZnO-NWs toward the BF dye is illustrated in Figure 11. When the ZnO
semiconductor is illuminated by sunlight (hν), electrons (e−) are excited from the valence
band (VB) to the conduction band (CB) leaving a positive hole (h+) in the valence band
(VB), as in Equation (4):

Sunlight (hν) + ZnO−→ e−CB + h+VB (4)

The photogenerated h+ can directly oxidize adsorbed BF or, more typically, react with
adsorbed water (H2O) or hydroxide ions (OH−) to produce the highly oxidative hydroxyl
radical (•OH), as in Equation (5). Simultaneously, the e− in the CB reduces the dissolved
oxygen (O2) to form superoxide radicals (O2•−), as in Equation (6) [51].

h+VB + H2O/OH− −→ •OH (5)

O2 + e−CB −→ O−
2 (6)
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Figure 11. Diagram of BF decomposition mechanism on the ZnO-NW surface.

• Synergistic Role of H2O2

The incorporation of hydrogen peroxide (H2O2) significantly enhances the photo-
catalytic rate by serving two crucial functions: it acts as an electron scavenger, reducing
electron-hole recombination [55], a behavior consistent with recent reports emphasizing
the critical role of rapid interfacial charge-transfer pathways in boosting photocatalytic
reactions [62], and it serves as an additional source of •OH radicals [23]. H2O2 traps the
conduction-band electrons, as in Equation (7), and reacts with the generated superoxide
radicals, as in Equation (8), thereby increasing the overall density of oxidizing species.

e−CB + H2O2 −→ •OH + OH− (7)

H2O2 + •O−
2 −→ •OH + OH + O2 (8)

These highly reactive species (•OH, h+, O2•−) efficiently attack the BF molecules under
solar irradiation, accelerating the degradation process and transforming the pollutant into
degradation products, as in Equation (9) [63].

•OH, h+, O2•−+BF (solar irradiation) −→ Degradation products (9)

• Comparative Studies

Several studies have reported the photocatalytic degradation of organic pollutants
using ZnO-based nanomaterials under UV or solar irradiation. Although a direct compari-
son is challenging due to variations in experimental parameters, a qualitative evaluation
remains meaningful to assess the relative performance of different systems.

The studies selected in Table 1 were chosen based on their use of green synthesis
approaches, comparable organic pollutants, and similar irradiation conditions. As sum-
marized in Table 1, most reported ZnO photocatalysts require prolonged irradiation times
(105–180 min) to achieve high degradation efficiencies. In contrast, the ZnO nanowires
developed in the present work exhibit remarkably enhanced performance, achieving 99.95%
degradation of Basic Fuchsin within only 7 min under sunlight in the presence of H2O2.
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Table 1. Comparison of achieved results in this study with published ones in point-of-view photocat-
alytic capacities of ZnO against hard-to-degrade pollutants.

Plant Extract
Green Method

ZnO
Morphology

Pollutant
Concentration

Catalyst
Dose (g/L)

Efficiency (%)/
Conditions Ref.

V. negundo
leaves Spherical Methylene Blue

3.2 ppm 0.6 98.5%/Sunlight [64]

Moringa
oleifera Leaves Spherical Phenol, O-Cresol,

Toluene, and Xylene 0.25 51–93%/Sunlight [65]

Rhododendron
arboreum Spherical Basic Fuchsin

25 ppm 1 99.27%/120 min/UV light [66]

Allium
bourgeaui Subsp Nanorods Methylene Blue NR 92.38%/120 min/UV light [67]

P. roebelenii
leaves extract Spherical Methylene Blue NR 98%/105 min/UV light [15]

Lemon verbena
leaves extract Nanowires Basic Fuchsin

10 ppm 0.4 99.95% in 3 h (Sunlight);
Reduced to 7 min (10 mM H2O2)

Present
work

Note: NR: not reported.

This exceptional activity can be attributed to the one-dimensional nanowire morphol-
ogy, which promotes efficient charge transport and suppresses electron–hole recombination,
as well as to the synergistic effect between ZnO and H2O2, leading to the accelerated gener-
ation of reactive oxygen species. Consequently, the present system demonstrates superior
photocatalytic efficiency and a significantly reduced reaction time, highlighting its strong
potential for practical wastewater treatment applications.

3. Materials and Method
3.1. Chemicals and Reagents

Zinc acetate dihydrate (Zn(CH3COO)2 ·2H2O, with purity ≥ 99%, Analar Norma-
pur, Prolabo, Paris, France, M.W = 219.50 g/mol), sodium hydroxide (NaOH,
pellets, purity ≥ 99%, Merck, Darmstadt, Germany, M.W. = 40.00 g/mol), Basic
Fuchsin dye (C20H20N3·HCl, dye content ≥ 95%, Sigma-Aldrich, St. Louis, MO, USA,
M.W = 337.85 g/mol), disodium ethylenediaminetetraacetate (EDTA-Na2, C10H14N2Na2O8,
≥99%, Sigma-Aldrich, M.W = 372.24 g/mol), tert-Butanol (C4H10O, ≥99.5%, Merck,
M.W. = 74.12 g/mol), ascorbic acid (C6H8O6, ≥99%, Sigma-Aldrich, M.W. = 176.12 g/mol),
and hydrogen peroxide (H2O2, 30 wt.% in water, Biochem, M.W. = 34.01 g/mol) and dis-
tilled water are the products and reagents utilized in this work. All the chemical reagents
used were of analytical grade and did not need to be further purified.

3.2. Preparation of Aqueous Leaf Extract of Lemon Verbena (Aloysia citrodora)

The leaves of fresh lemon verbena have been collected from a home garden. They
were ground into a fine powder and allowed to air dry at room temperature in the shade.
To produce a 1% (w/v) aqueous leaf extract (1 g of plant powder in 100 mL of water), this
fine powder was steeped in hot sterile distilled water at a 1:100 (w/v) ratio (g/mL) with
continuous stirring for 15 min. The solution was aged at room temperature for forty-five
minutes. Whatman paper was used to filter the plant aqueous solution. The obtained plant
extract was then stored and kept at 4 ◦C in a refrigerator.

3.3. Synthesis of Pure ZnO

Green-synthesized ZnO-NWs were prepared using the following co-precipitation
method, as shown in Figure 12. The latter was described in [68] with certain modifications
in this context. Lemon verbena leaf extract was used as a reducing agent. A volume of

https://doi.org/10.3390/catal16020193

https://doi.org/10.3390/catal16020193


Catalysts 2026, 16, 193 15 of 20

50 mL of lemon verbena leaf extract was added to 100 mL of 0.1M (Zn (CH3COO)2, 2H2O).
The mixture was stirred at room temperature for 15 min. Subsequently, the mixture was
heated at approximately 100 ◦C under magnetic stirring for 45 min; then, the pH of this
mixture was adjusted to reach 12 via the dropwise addition of NaOH solution (0.1 M),
which catalyzes the precipitation of Zn2+ as Zn(OH)2, which is a necessary step for the
creation of well-crystallized ZnO [69].

 

Figure 12. Green synthesis of ZnO-NWs using lemon verbena leaf extract.

The solution turned yellowish during this process, indicating the formation of Zn(OH)2

intermediates and the nucleation of ZnO nanoparticles. The precipitate was dried at 120 ◦C
for 24 h and subsequently calcined at 600 ◦C for 2 h, resulting in fully crystallized ZnO
nanowires, which appear white. These color changes reflect the chemical transformations
during nanoparticle formation and thermal treatment [70].

The synthesis was repeated at least three times under identical conditions, yielding
reproducible structural, optical, and photocatalytic results.

3.4. Characterization

The structure of the produced ZnO-NWs was investigated via X-ray diffraction using
a Bruker model D8 ADVANCE (Bruker AXS GmbH, Karlsruhe, Germany), operating with
Cu-Kα = 1.54184 Å radiation and a Bragg–Brentano configuration. Its functional group
was verified using a Fourier Transformation Infrared Spectrometer (Bruker-INVENIO-
R). The as-prepared ZnO-NW shape and morphology were surveyed using a Thermo
Fisher Apreo 2 C (Thermo Fisher Scientific, Waltham, MA, USA) with a FEG-Schottky type
electrical source. A UV-Vis Spectrophotometer (SHIMADZU 1900i, Shimadzu Corp, Kyoto,
Japan) was utilized to investigate both the optical characteristics of the products and the
photocatalytic degradation behavior of the Basic Fuchsin dye from water, whereas the zeta
potential of ZnO-NWs was detected with a Nano Particle Analyzer (HORIBA Scientific
SZ-100 instrument, Horiba Ltd., Kyoto, Japan).

3.5. Photocatalytic Degradation

At the Laboratory for Research in Medicine and Sustainable Development (ReMeDD),
Faculty of Process Engineering, university of Salah Boubnider Constantine Algeria
36◦16′35.1′′ N 6◦35′24.4′′ E, it should be noted that all photocatalytic experiments were
conducted under direct sunlight during the same time window (11:00 a.m.–3:00 p.m.) in
July 2024, under similar weather conditions and with a very high UV index, ensuring a
nearly constant solar intensity.

It was considered ideal irradiation conditions for the degradation process. The photo-
catalytic activity of these ZnO-NW products to break down Basic Fuchsin (BF) dye under
sunlight was assessed. It is worth noting that photocatalysis is a chemical process that uses
light energy to catalyze a reaction, and it is usually involving a photocatalyst. When the
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photocatalyst absorbs light, electron-hole pairs are consequently generated and involved
in the chemical processes [71]. The green-synthesized sample’s photocatalytic activity
was evaluated by photocatalytic degrading (BF) at different intervals of time through its
exposition to sunlight at ambient temperature (35 ◦C). The photocatalytic process was
thoroughly studied in relation to the impacts of the ZnO dosage, dye concentration, pH,
scavengers, and H2O2 concentration; for keeping the adsorption–desorption equilibrium,
the solution was placed in the dark for 30 min, before being exposed to sunlight, as prelimi-
nary adsorption experiments confirmed that the adsorption–desorption equilibrium was
reached after 30 min in the dark.

Before being exposed to sunlight and for measuring the dye degradation, a testing
sample was taken from the solution every 30 min. A UV-visible spectrophotometer was
used to examine the dye degradation after centrifugation occurred at 10,000 rpm for five
minutes to extract the catalyst from the samples. The following formula was used to
determine the degraded dye’s percentage of degradation:

Degradation yield (Y %) =
(Co − C)

Co
× 100% (10)

where Co is the initial concentration of dye and C is the final concentration of the dye.
The BF dye solution has a maximum absorption wavelength of 546 nm. The degradation
mechanism was sketched in the figure below.

4. Conclusions
In this study, ZnO nanowires were successfully synthesized using an eco-friendly

green chemistry approach based on lemon verbena leaf extract. Structural and optical anal-
yses confirmed the formation of crystalline wurtzite ZnO nanowires and a band gap energy
of 3.12 eV, consistent with typical ZnO nanostructures. The presence of phytochemicals
involved in the transfer of metallic ions to ZnO-NWs was verified via FTIR spectroscopy,
which indicates the Zn-O absorption mode, with a peak that occurs at 375 cm−1. Morpho-
logical characterization via SEM/EDX revealed a dominant one-dimensional nanowire
morphology with an average diameter of 25.5 ± 10 nm, where the elemental analysis
confirmed the absence of chemical impurities.

Under natural sunlight irradiation, the synthesized ZnO-NWs demonstrated excellent
degradation efficiency toward the highly toxic Basic Fuchsin dye, achieving more than
99% within 3 h under natural sunlight, indicating their promising photocatalytic activity
in the breakdown of BF dye. Photogenerated holes (h+), superoxide radicals (O2•−) and
hydroxyl radicals (•OH) were found to be key reactive species in the degradation process,
via active species analysis. Crucially, the addition of hydrogen peroxide played a decisive
synergistic role in boosting the photocatalytic performance, reducing the degradation time
to a remarkably short time of 7 min, and increasing the reaction rate by 25-fold at optimal
concentrations of 20 mg of ZnO and 10 mM of H2O2. This synergistic coupled system
consequently offers the potential to minimize the required catalyst loading.

These ZnO-NWs are therefore highly promising and cost-effective photocatalysts for
large-scale, solar-driven wastewater-treatment applications. Although no direct experimen-
tal comparison with commercial ZnO was performed, literature benchmarking indicates
that the nanowire morphology combined with low-dose H2O2 results in significantly faster
kinetics than most reported ZnO- and TiO2-based systems.
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