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Sustainability Spotlight Statement:

This work presents a sustainable pathway for nanomaterial synthesis by converting natural leaf
waste into a valuable precursor for ZnO nanoparticle synthesis. The green method eliminates the
use of toxic chemicals such as NaOH by employing plant extract as a natural reducing, stabilizing,
and capping agent. The microwave-assisted process further enhances sustainability through
reduced energy consumption. The resulting nanoparticles exhibit smaller crystallite size, minimal
agglomeration, and excellent dye-degradation efficiency, enabling cleaner wastewater treatment.
By promoting waste valorization, reducing chemical hazards, improving energy efficiency, and
advancing eco-friendly remediation technologies, the study directly supports the UN Sustainable
Development Goals, including SDG 6 (Clean Water and Sanitation), SDG 7 (Affordable and Clean
Energy), SDG 12 (Responsible Consumption and Production), and SDG 13 (Climate Action).
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Abstract

The accumulation of fruit residues contributes significantly to environmental pollution, prompting extensive research aimed
at managing this waste while generating economic value. In this context, the present study introduces a novel utilization of
litchi waste leaves through a green route to synthesize ZnO nanoparticles. This work focuses on a simple, eco-friendly, and
energy-efficient approach in which litchi leaf extract functions simultaneously as the reducing, capping, and stabilizing agent
during nanoparticle formation. The objective was to develop a non-toxic, facile and sustainable approach for fabricating
photo-catalytically active ZnO nanoparticles and evaluating their efficiency in degrading methylene blue dye. Additionally,
the effect of varying microwave power levels on the characteristics of the nanoparticles was examined. The synthesized ZnO
nanoparticles were characterized through XRD, UV-Vis, SEM, EDX, and FTIR to analyze their crystallite size, optical property,
morphology, elemental composition, and functional groups respectively. XRD analysis verified the formation of hexagonal
wurtzite ZnO with an average crystallite size of 17.76 nm according to Scherrer equation. UV-Vis spectroscopy spectrum
showed a prominent absorption wavelength at 374 nm, corresponding to a band energy gap of 3.33 eV. SEM micrographs
showed uniformly distributed spherical nanoparticles, while EDX analysis confirmed highest purity, detecting only Zn and O.
FTIR spectra confirmed the Zn—0 stretching by exhibited a characteristic peak at 664 cm™. The synthesized nanoparticles
demonstrated promising photocatalytic activity under natural sunlight, achieving a 98% removal efficiency along an
adsorption capacity of 49.4 mg/g, following first-order kinetics. However, increasing the microwave power resulted in
reduced photocatalytic efficiency due to the promoted particle growth and enhanced agglomeration. Overall, the findings
demonstrate that this green and sustainable synthesis approach provides efficient ZnO photo-catalysts suitable for
wastewater treatment applications.

Keywords: Green Synthesis, Microwave Assisted, ZnO Nanoparticles, Photocatalytic Activity, Dye Degradation
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Introduction

In the past few years, rapid development in the textile industry
has caused severe environmental pollution, largely due to the
excessive use of synthetic dyes. The major drawback of this
large-scale production and use of this synthetic dyes discharge
into water bodies after dyeing and processing operations 1.
These dyes are highly resistant to biodegradation and are not
effectively removed by conventional water treatment

% Department of Applied Chemistry & Chemical Engineering, Noakhali Science and
Technology University, Noakhali-3814, Bangladesh.

processes, remaining stable under exposure to temperature
and light 2. Among various dyes, methylene blue (MB) dye is
particularly harmful because of it’s toxic, non-biodegradable,
persistent, and can cause severe environmental and health
impacts, including respiratory problems, skin irritation, and
damage to the aquatic life. Due to its widespread use in textiles,
and resistance to degradation, MB dye was selected as a model
pollutant in this study to evaluate the photocatalytic efficiency
of the synthesized ZnO nanoparticles 3.

Developing advanced treatment technologies is essential to
address the harmful impacts of persistent organic pollutants on
living species. Among various water treatment techniques,
advanced oxidation processes (AOPs) are particularly effective
for removing organic pollutants, especially recalcitrant
compounds with low biodegradability. In this aspect, sunlight-
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assisted photocatalytic degradation using semiconductor-based
photocatalyst offers an efficient solution “. Photocatalysts,
when activated by light of a specific wavelength by absorb
photon energy causing electrons (e”) to move conduction band
from the valence band and creating corresponding holes (h*).
This photo-excitation state generates e /h* pairs with strong
reducing and oxidizing properties, which produce highly
reactive hydroxyl radicals (OHe) that effectively degrade
organic pollutants from water >.

In the current scenario, there is an increasing demand for
environmentally friendly methods to synthesize nanoparticles
without relying on hazardous chemicals. Green synthesis using
phytochemicals present in the plants has emerged as a
promising alternative to traditional chemical routes, which are
often expensive and unsustainable . Interestingly worldwide,
large quantities of assorted fruit leaves are discarded in the
environment during selling in the market. These fruit residue
contributing to environmental pollution and clogging drainage
systems. Utilizing these waste leaves as extract sources
provides an efficient and sustainable solution, as they can
function as natural reducing, stabilizing, and capping agents for
nanoparticle fabrication. Moreover, such benign biomaterials
facilitate the production of biocompatible and eco-friendly
nanoparticles, offering advantages such as minimal toxicity,
cost-effectiveness, simplicity, reproducibility, and enhanced
stability. Commonly available fruits in market can used in the
synthesis of nanoparticles, including Poncirus trifoliate 7, Aloe
vera 8, Ziziphus jujuba °, Artocarpus heterophylus 1°, Guava 11,
Cucumis melo ? and carambola 3.

Various strategies have been employed to synthesize ZnO
nanoparticles, such as Solution precipitation 14, Hydrothermal
15, CVD 16, Sol-gel 17, Co-precipitation 18, Thermal decomposition
13, Ultrasound 29, Photochemical 2! and electrochemical
reduction 22, and Microwave-assisted method 2324, Among
these, the microwave-assisted method is particularly attractive
as it is more energy-efficient, faster, less expensive, and
requires simpler equipment. Microwave irradiation enables
high reaction rates, excellent selectivity, increased product
yields, and uniform volumetric heating by directly heating the
sample. Unlike conventional methods, microwave provides
uniform temperature distribution throughout the material,
promoting rapid & uniform nanoparticle formation 25,

Metal oxides with nanoscale morphologies (<100 nm) have
gained significant attention in recent years, with ZnO
nanoparticles standing out as a widely studied example. ZnO
nanoparticle is a n-type semiconductor with a high excitation
energy (60 meV) and wide band energy gap (3.37 eV) at room
temperature. They are considered highly promising due to their
cost-effectiveness, non-toxicity, high thermal and chemical
stability, controllable resistance, piezoelectric behavior, large
quantum field, versatile morphologies, and excellent electrical
and optical characteristics 2627, These features have driven
advances in diverse fields like agriculture 28, biomedical 2939,
catalytic activity 31, coating 32, cosmetic industry 33, drug
delivery 34, electronics & energy 3%, sensor 3¢, mechanics 37,
optics & space field 38, anti-microbial 3°, antibacterial 404142,
antioxidant 4344 and diabetic treatment 4°.
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This experiment aimed to synthesize ZnO nanopagticles using
eco-friendly utilizing abundantlf!: AVETIBIESUBDREHT
Chinensis” waste leaves extract as a reducing, capping &
stabilizing agent under microwave irradiation, to evaluate their
photocatalytic efficiency against the most prevalent methylene
blue dye under sunlight. Additionally, photocatalytic activity of
the synthesized nanoparticles at diverse microwave power
levels was compared. For this purpose, the nanoparticles were
characterized using x-ray diffraction (XRD), ultraviolet-visible
(UV-Vis) spectroscopy, scanning electron microscopy (SEM),
energy dispersive x-ray spectroscopy (EDX), and fourier
transform infrared spectroscopy (FTIR).

route

Materials and Methods
Materials

Leaves of “litchi chinensis” were obtained from a local bazaar in
Noakhali, and distilled water was used during the experiments.
zinc nitrate hexahydrate [Zn(NOs),:6H,0] and methylene blue
dye were procured from Sigma-Aldrich, with all chemicals being
analytical grade. Prior to use, all glassware’s were sterilized and
all instruments were calibrated. The synthesis was performed
through a microwave oven (IBF 20 L-20PM-MEC2), which
operating at adjustable power settings to achieve uniform
heating.

Methods

Preparation of leaves extract

Leaves were thoroughly washed with deionized (DI) water and
air-dried in the dark at ambient temperature. After a few days,
the dried leaves were ground into powder. Approximately 50 g
of the leaf powder was mixed with 200 mL of DI water in a 250
mL beaker. The mixture was warmed on a hot plate at 70 °C for
60 min. Afterward, the mixture was allowed to cool at ambient
temperature & screened using Whatman filter paper. Finally,
resulting filtrate solution was stored at 4 °C in a refrigerator.

Preparation of ZnO nanoparticles via microwave-assisted
green synthesis

200 mL of the leaf extract was mixed with 100 mL of a 0.1 M zinc
nitrate hexahydrate solution and placed on a magnetic stirrer to
stir continuously at 800 rpom at ambient temperature for 30
minutes to promote interaction between the metal ions and the
plant-derived phytochemicals. After uniform mixing, 90 mL of
the resulting solution was divided into three equal portions.
These samples were irradiated to microwave at power levels of
400 W, 500 W, and 600 W for 5 minutes at 30 °C in intermittent
cycles (60 seconds on, 30 seconds off) to ensure uniform energy
distribution and prevent overheating. Microwave exposure
accelerated the nucleation and crystal formation of the
nanoparticles. After irradiation, the homogeneous mixture was
cooled to ambient temperature, forming a brown precipitate,
which collected by centrifugation at 8000 rpm for 30 minutes,
and washed 3 times with deionized water to remove any
residual phytochemicals and ionic impurities. Then the

This journal is © The Royal Society of Chemistry 20xx
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precipitate was dried in an oven at 60 °C for 1 h and finally
calcined in a muffle furnace at 500 °C for 3 hours to enhance
crystallinity and eliminate any remaining organic matter. The
final white ZnO nanoparticles was stored in an airtight glass vial
for characterizations and applications. To verify the
reproducibility, this experiment technique was repeated three
times under the same conditions, yielding consistent results and
confirming the reliability of the method. The efficiency of the
microwave-assisted green synthesis was determined by
calculating the yield of the resulting ZnO nanoparticles using the
following equation:

Zinc nitrate
solution

Leaves I f

powder

Precursor + Extract Magnetic stirring

Leaves extract

[osc |9
= e
Microwave oven Centrifugation

Sustainability:- - -il1

ARTICLE

Weight of dried ZnO NPs Yeu Article Online
Theoretical weight of precurqg@ﬁzosgégg/bssuoogwB

Yield (%) = (

In this process, 2.9749 g of zinc salt was used as the precursor,
yielding 2.8323 g of ZnO nanoparticles, which corresponding to
a yield efficiency of 95.21%. A graphical representation of the
overall synthesis process is shown in Figure 1.

b

Zn0O nanoparticles

Muffle furnace

Figure 1: Graphical overview of the litchi leaf extract—assisted synthesis of ZnO nanoparticles through microwave

Characterization technique of the synthesized ZnO nanoparticles
Optical Analysis: The absorption spectrum of synthesized
nanoparticles was measured over the 200—700 nm range by a
LAMBDA®365+ double-beam UV-Visible spectrophotometer,
where deionized water was used as a reference solvent. For
measure optical parameter, 0.01 g of nanoparticles was
ultrasonically dispersed in 10 mL of deionized water to ensure a
uniform suspension. The band gap energy offers valuable
information about the electronic structure and potential
applications in optoelectronic and photocatalytic activity.
Energy gap was measured applying the following equation:

The value of Planck’s constant (h) is 4.1361 x10-15eV:s, the
speed of light (c) is 3 x 108 m/s, & peak absorbance wavelength
(A) in nm. So, the above equation become:

Eg=1239.83/ A nm............... (3)

This journal is © The Royal Society of Chemistry 20xx

Here, Eg denotes the optical band energy gap in electron volts
(eV). The energy gap of the ZnO nanoparticles was determined
using the Tauc relation, which is given by the following eq™:
(athv)" =D (hv — Eg)..ccevevennee. (4)

In this equation, ‘D’ is a constant, a represents the absorption
coefficient, Eg denotes the optical band gap, and ‘hv’ refers to
the photon energy. The parameter ‘n’ indicates the type of
electronic transition, which is 2 for a direct allowed transition.
FTIR Analysis: FTIR spectra of the nanoparticles were obtained
using an FTIR (PerkinElmer’s Spectrum Two™ IR spectrometer),
identifying functional groups & chemical bonds over the wave
number ranges of 400 to 4000 cm™1.

SEM Imaging: The surface morphology and particle size of the
nanoparticles were examined using a ZEISS Sigma SEM operated
at an accelerating voltage of 10 kV. Particle diameter was
measured using Imagel software. For elemental composition
and purity assessment, the samples were placed on a copper
grid and analyzed using energy dispersive x-ray (EDX)
spectroscopy. Before SEM and EDX measurements, the

J. Name., 2013, 00, 1-3 | 3
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nanoparticles were dried in a vacuum dryer at 50 °C overnight
to remove any residual moisture.

XRD Analysis: XRD analysis was performed to assess the
crystallite size, phase purity and structural integrity of the
prepared nanoparticles. This measurement was performed
using a high-precision diffractometer operating at 40 kV and 30
mA, using Cu-Ka radiation (A = 1.5406 A). Scanning was carried
out across a 20 range of 5°-80°, providing a comprehensive
evaluation of the lattice structure and phase content of the
nanoparticles.

Photocatalytic degradation of MB dye

The photocatalytic activity of the synthesized ZnO nanoparticles
was assessed through the sunlight-driven degradation of MB
dye. In this experiment, 5 mg of ZnO nanoparticles were
dispersed in 40 mL of a 5 ppm MB solution. Before exposed to
sunlight, the dispersion was magnetically stirred in the dark for
30 minutes to achieve adsorption—desorption equilibrium.
During the photo-catalysis, at 20-minute intervals, 3 mL aliquot
dispersion was withdrawn and centrifuged. The absorbance of
the clear supernatant was analyzed for absorbance using a UV—
Visible spectrometer. The residual MB dye concentration was
determined by measuring absorbance at 664 nm and converted
to concentration using the standard calibration curve. The
degradation efficiency, rate of degradation and adsorption
capacity were calculated applying the equation (5), (6), and (7)
respectively.

% Degradation = % x100............(5)
0
A
In (A—O) S (6)
Adsorption capacity, qe=(c°_% ........ (7)

In equation (5) and (6) Ap and A represent the initial and final
absorbance of the MB dye solution. The constant k represents
the reaction rate of the degradation process. In equation (7), Co
and C indicate the first and last concentrations of MB dye in
ppm, while V denotes the volume of the dye solution in liter,
and W is the mass of the dry ZnO in gram. k is the rate constant
of the reduction reaction. The time needed for 50% dye
degradation (Tso) was determined using the equation (8).

Too= 222 eeeeeeeenen(8)

k
To assess the photocatalytic performance of the ZnO
nanoparticles, the absorbance of the MB dye solution was
measured without sunlight irradiation as a control.

Reusability Test

A reusability study of the prepared ZnO nanoparticles (400W,
500W, 600W) was used for the degradation of MB dye solutions
over five consecutive cycles under the same conditions (5 mg of
ZnO and 40 mL of 5 ppm dye solution). After each experiment,
the ZnO photo-catalyst was recovered, thoroughly washed with
distilled water and 10% ethyl alcohol to remove remaining
organics. After that the samples were centrifuged (20 min) and
dried (60 °C, 6 h) before reuse in the next cycle. Finally,

4| J. Name., 2012, 00, 1-3
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photocatalytic studies were monitored according . tQ othe
experiment discussed in the earlier sectid#?!: 10.1039/D55U00916B

Radicals Scavenger Identification Test

Scavenging activity assay was carried out to determine the
primary reactive oxygen species (ROS) responsible in the
photocatalysis of MB dye using ZnO nanoparticles under
sunlight. Different scavengers were used including, EDTA (0.1M,
1ml) for capturing generated holes (h*), Isopropanol (0.1M, 1ml)
for hydroxyl (OHe), & silver nitrate (0.1M, 1ml) for superoxide
radicals (¢O;7). The experiment was carried out under identical
conditions (5 mg ZnO, 5 ppm dye). The synthesized three
samples of the ZnO nanoparticles (400W, 500W, 600W) were
exposed to UV light for 40 minutes in the presence of each
scavenger. After irradiation, the solution is centrifuged to
remove ZnO nanoparticles, and the absorbance is monitored.

Result and Discussion

Synthesis of ZnO nanoparticles using Litchi Chinensis leaves
extract through microwave

Various phenolic phytochemicals, including flavonoids and
condensed tannin present in litchi chinensis leaves extract acted
as reducing agents, capping agent and stabilizing agents during
the formation of nanoparticles 6. There are 2 proposed
explanations that may explain for the formation of ZnO
nanoparticles using an aqueous leaves extract: In the 1st
pathway, when zinc salt was mixed with the leaves extract
under specific reaction conditions, the Zn2* ions form complexes
with the phytochemicals present in the extract. These
complexes then react with hydroxide ions (OH-) supplied by the
phenolic group in the extract to form a precipitate (ppt.) of
Zn(OH),. Simultaneously, phytochemicals present in the extract
were able to reduce Zn?* ions to zero valent zinc (Zn%), which
subsequently reacts with dissolved oxygen (DO) to generate
ZnO nuclei’s. Additionally, the phytochemicals cap these nuclei
and prevented agglomeration of ZnO nanoparticles by
stabilizing them.

Zn(NO3),. 6H,0 + aqueous leaves extract —»Zn0O + 2NO5™ +
6H,0 + Other products

In the second way, when the zinc nitrate hexahydrate solution
is mixed with the leaves extract, a light-brown ppt. of Zn(OH),
forms immediately. The resulting solution is then irradiated in a
microwave oven, which facilitates the transformation from
Zn(OH); to ZnO nanoparticles?’. After microwave irradiation,
brown precipitates formed due to interactions between the
metal ions and the phytochemicals, verifying the formation of
ZnO nanoparticles. Thereafter, the ppt. is calcined in a furnace
to remove organic impurities, yielding white ZnO nanoparticles.
The microwave radiation supplies the energy needed for
initiating reaction, accelerates the reaction, and helps control
particle size. In this route, Zn?* ions from the zinc nitrate
solution are reduced and stabilized through complexation with
phytochemicals present in the leaves extract. In the aqueous
media, anionic part of the zinc precursor salt is excluded as the

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00916b

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 8:05:53 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

[-15-RSC Sus

Journal Name

acid by accepting protons from the leaves phyto-chemicals,
while water molecules contribute as protons to the
phytochemicals as well. Consequently, hydroxyl groups in the
solution, from phytochemicals react with the stabilized metal
species to form Zn(OH),. All these steps occur simultaneously
and the resulting mixture is oven-dried to yield a light—brown
particles, which is then calcined to remove residual hydroxides
and impurities, producing the final ZnO nanoparticles.
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Zn(NO3),. 6H,0 + aqueous leaves extract —» [Zn(phytochemicals),]**+ 2NO;™ + 6H,0

[Zn(phytochemicals),|**+ 20H- —» Zn(OH)zl + 2 Phytochemicals
Zn(OH), é, ZnO + H,0(g)

Figure 2: Images of (a) Zinc nitrate hexahydrate precursor, (b) Leaves extract, (c) sample before, and (d) after microwave radiation,

(e) White ZnO nanoparticles

Crystallographic analysis

Figure 3 presents the XRD patterns of the synthesized ZnO
samples (400W, 500W and 600W). Table 1 showed the
diffraction angle observed at 28 correspond to the planes, the
sample prepared at 400W,500W and 600W, respectively. The
similar diffraction peaks are indexed by JCPDS card no. 96-900-
4182, and confirming the single-phase hexagonal wurtzite
pattern in all cases of nanoparticles. The absence of any
additional peaks further indicates that no impurities, secondary
phases, or by-products were generated during synthesis. The
average crystallite size for each sample was determined using

the Scherrer equation (equation 9).
KA

In this equation, D, K, A, 8 and B represents the crystalline size,
Scherrer constant (0.9), wavelength, Bragg angle, and full width

at half maximum (FWHM) of the diffraction.
B

Microstrain,e =——
4 tanf

Microstrain refers to the degree of distortion or internal stress
present within the crystalline lattice of a material and the
formula shown in equation 10. The relationship between
microstrain and crystallite size is often an inverse one: typically,
smaller crystallites are associated with higher microstrain
values. Crystallite dislocations generated by microstrain can
significantly influence the material’s overall behavior and
performance. High microstrain often arises from high
dislocation densities and grain boundaries, which impede the
movement of dislocations. This phenomenon, known as work

This journal is © The Royal Society of Chemistry 20xx

hardening or strain hardening, increases the material's yield
strength and overall hardness.

Dislocation density,(6) = é.......(ll)

Dislocation density is a fundamental parameter that quantifies
the entire length of dislocation per unit volume in a crystallite.
High dislocation density increased strength and hardness, and
the magnitude of line dislocation was determined using
equation (11). The calculated crystallite size, microstrain,
crystallinity index and dislocation density are briefed in Table 2.
Among all samples, 600W exhibits the largest crystallite size,
whereas 400W shows the smallest, indicating that the choice of
microwave power significantly affects ZnO crystal growth. A
previous study by also reported that the crystallite size varies
with microwave power during synthesis. It is well established
that a decrease in crystallite size, results an increase in surface
area and defect sites, promote charge carrier separation and
reduce recombination. As a result, photocatalytic efficiency is
enhanced. Based on these findings, sample 400W demonstrates
a smallest crystalline size and superior catalytic efficiency over
the other samples.

J. Name., 2013, 00, 1-3 | 5
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Figure 3: XRD pattern of 400W, 500W and 600W ZnO

nanoparticles

Table 1: Crystallographic properties of ZnO nanoparticles
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ZnO 20 FWHM Miller Plane  Crystallite size  Microstrain, (€)  Dislocation
nanoparticles (°) (B) (°) (hkl) (nm) Density,(8)
400W 31.70 0.46222 (100) 17.87 0.00649 0.00313
34.37 0.41347 (002) 20.11 0.00583 0.00247
36.17 0.47979 (101) 17.42 0.00837 0.00330
47.45 0.53206 (102) 16.31 0.00528 0.00376
56.52 0.57574 (101) 15.67 0.00469 0.00407
62.77 0.61368 (103) 15.16 0.00439 0.00435
66.30 0.64609 (200) 14.69 0.00432 0.00463
67.87 0.63764 (112) 15.02 0.00413 0.00443
69.02 0.69172 (201) 13.94 0.00439 0.00515
72.52 0.34322 (004) 28.71 0.00204 0.00121
76.87 0.49460 (202) 20.51 0.00272 0.00238
500W 31.89 0.41886 (100) 19.77 0.00639 0.00256
34.58 0.37247 (002) 22.37 0.00522 0.00200
36.37 0.41826 (101) 20.00 0.00555 0.0025
47.71 0.44663 (102) 19.48 0.00441 0.00264
56.71 0.51756 (101) 17.46 0.00418 0.00328
62.89 0.48089 (103) 19.40 0.00343 0.00266
66.43 0.38087 (200) 24.99 0.00254 0.00160
68.03 0.55078 (112) 17.43 0.00356 0.00329
69.11 0.69089 (201) 13.98 0.00438 0.00512
72.68 0.43007 (004) 22.94 0.00255 0.00190
77.01 0.57027 (202) 17.81 0.00313 0.00315
600W 31.71 0.29808 (100) 27.71 0.00458 0.00130
34.36 0.30362 (002) 27.44 0.00429 0.00132
36.18 0.32075 (101) 26.12 0.00429 0.00147
47.52 0.34121 (102) 25.45 0.00338 0.00154
56.51 0.36213 (101) 24.91 0.00294 0.00161
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62.75 0.42449 (103) 21.95 0.00303 0.00208 /0., Articie Online
66.34 0.37040 (200) 25.65 0.00247 Q0P5239/D55U009168
67.84 0.44243 (112) 21.66 0.00287 0.00213
69.01 0.48010 (201) 20.08 0.00305 0.00248
72.46 0.40060 (004) 24.62 0.00239 0.00165
76.80 0.44003 (202) 23.04 0.00242 0.00188
Table 2: Average crystal parameters of the ZnO nanoparticles
ZnO nanoparticles Crystallite Size, Crystallite Size, (W-H Microstrain, (€) Dislocation
(Scherrer equation) equation) Density, (8)
(nm) (nm)
400W 17.76 17.80 0.00479 0.0035
500W 19.60 24.80 0.00412 0.0027
600W 24.42 36.50 0.00326 0.0017

The Scherrer equation only considers crystallite size and does
not reflect other intrinsic lattice imperfections such as defects,
stacking faults, grain boundaries, or lattice strain 4849, Because
these structural features also contribute to peak broadening in
XRD patterns. The W.illiamson—Hall (W-H) approach was
developed to simultaneously assess crystalline dimension and
lattice strain, both of which influence strain-induced
broadening 0. In this model, entire peak broadening is
expressed as the combined effects of size and strain:

Btotal = Bsize + Bstrain --------- (12)

According to the Stokes and Wilson formula, strain-related
broadening is given by:
Bstrain = 4€ tanb......... (13)

Meanwhile, rearranging the Scherrer equation gives the size-

dependent broadening:

Bsize = K—A ......... (14)

Thus, crystallite-size broadening varies with cosf, whereas
strain-related broadening varies with tanB. The Uniform
Deformation Method (UDM) is a simplified version of the W—H
model that assumes uniform strain throughout the crystal and
isotropic deformation. Under these assumptions, the total
broadening becomes:

KA
Brotal = peoss T 4 € tand....... (15)

Multiplying both sides by cosé yields the linear form:

This journal is © The Royal Society of Chemistry 20xx

Here, Biotal illustrates FWHM of the pattern, © represent the
Bragg’s angle, K is the shape constant (usually 0.9), A denotes
the X-ray diffraction wavelength, D corresponds to the crystal
size, and € indicates the microstrain. To extract the crystal size
and lattice strain, plot of 4sin (x-axis) versus Brotal cOSO (y-axis)
is constructed (Figure 4). The crystal size is obtained from the
intercept by implementing in K—, whereas the slope provides
the strain value. In Figure 4, for 400W, the W—H plot revealed a
linear relation expressed as y = 0.002x + 0.0078. The slope of
0.002 corresponds to the microstrain, indicating low lattice
distortion in the synthesized ZnO nanoparticles. Using the
intercept value of 0.0078, the crystal size was determined to
17.8 nm. A higher slope indicates the greater lattice strain in the
structure, in contrast, a larger intercept signifies smaller crystal
size. On the other hand, from 500W and 600W, gave linear
equations y = 0.0009x + 0.0056 and y = 0.0011x + 0.0038. The
slopes correspond to microstrain values of 0.0009 and 0.0011,
respectively, both very low, indicating minimal lattice
distortion. Using the intercepts, the crystallite sizes are 24.8 nm
and 36.5 nm. Typically, the crystallite size predicted by UDM is
larger than that estimated using the Scherrer equation alone.
This difference arises because Bsirain and ¢ are estimated
indirectly rather than measured directly from XRD data. The
slope’s sign also represents the type of strain in the crystal: a
positive & negative slope equals to tensile strain, & compressive
strain respectively 51,52,
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'é % Table 3: Comparative XRD Study of Litchi chinensis-ZnO nanoparticles in this study with other Plant-Extract- ZnO nanoparticles
3R
[}
'g E No Synthesis method Plant Extract Crystallite Size, Applications Reference
@ (nm)
g 1 Green synthesis Allium cepa L. 57 Antioxidant, 53
S Antibacterial
I} 2 Biosynthesis Eclipta prostrata, Piper 17-30 Antioxidant, 54
2 longum Antibacterial,
L= Photocatalytic
3 Green synthesis Padina pavonica 35.89 Photocatalytic 55
4 Chemical synthesis - 45.5,47.7,37.5 Photocatalytic 56
5 Biosynthesis Sorghum Panicle 59.49 Photocatalytic 57
6 Green synthesis Ocimum basilicum L. 30.39 Paracetamol 58
removal
7 Biosynthesis- Microwave Ziziphus jujuba 25 Photocatalytic °
8 Microwave-green synthesis starch 24.41 Antibacterial, 23
Photocatalytic
9 Green- Microwave Litchi Chinensis 17.76, 19.60, Photocatalytic Present
synthesis 24.42 Study

A comparative review (Table 3) of ZnO nanoparticle synthesis

depending on plant sources and synthesis method. Notably, the

methods reveals significant variations in crystallite size present experiment using extract from “litchi chinensis” leaves
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through a green and microwave-assisted route achieved the
smallest crystallite sizes (17.76—24.42 nm), confirming its
potential as a promising phyto-reductant for producing highly
active photocatalytic ZnO nanoparticles.

Optical property analysis

Uv—visible spectrum was used to examine the absorption
behavior of the synthesized ZnO nanoparticles & to calculate
their energy band gap. The specimens (400 W, 500 W, 600 W)
were examined over a wavelength range of 200-700 nm, and
the energy gap was determined using the Tauc’s plot. Figure
5(a) displays the recorded absorbance spectrum, while Figure
5(b) shows the corresponding Tauc’s plot. The maximum
absorption peaks appeared at 374 nm for the 400 W sample and
at 377 nm for both the 500 W and 600 W samples. These
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absorption peaks are attributed from intrinsjgc, band-gap
transitions, surface plasmon resonar@s,l0-HRa/DqUaRtLR
confinement effects. The narrow absorption peaks at 374 nm
and 377 nm align well with previous reports 5. The estimated
optical energy difference was approximately 3.32 eV (400 W),
3.33 eV (500 W), and 3.33 eV (600 W), which fall within the
typical range reported for ZnO nanoparticles (3.10-3.37 eV) ©°,
The slight red shift in the absorption edge for the 500 W and
600 W is attributed to their larger particle sizes compared to the
400W ¢, Furthermore, the presence of sharp, intense peaks
without additional secondary absorption peaks confirms the
highest integrity of the prepared ZnO nanoparticles. For the
Tauc plot, (ahv)? was plotted against (hv), assuming a direct
allowed transition.
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Figure 5: (a) UV-visible spectrum for 400W, 500W and 600W (b) Tauc’s plot of ZnO nanoparticles

Morphology analysis

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: (a-c) SEM images of sample 400W, 500W, 600W; (d—f) Particle size distribution graph for sample 400W, 500W, 600W

SEM analysis was conducted to examine the morphology of the
ZnO nanoparticles, as these characteristics are crucial for
defining the surface properties of the material and assessing its
potential applications. Figure 6 (a-c) exhibits the SEM
micrographs of the prepared ZnO nanoparticles (400W, 500W
and 600W). The images reveal that all nanoparticles possess
homogeneous spherical shapes, regular and rounded forms.
Nevertheless, differences in particle size became apparent with
changes in microwave power. The 400 W sample exhibited well-
dispersed particles, whereas higher microwave powers (500 W
and 600 W) resulted in noticeable particle aggregation, as
indicated in Figure 6 (a-c). Particle size distribution histogram
data further showed that the average particle sizes were 722
nm, 865 nm, and 951 nm for the 400 W, 500 W, and 600 W
samples, respectively. This size increase with increasing
microwave power is consistent with previously reported
findings®2. As the microwave power increases, the temperature
rises because higher power supplies more energy within the
same time, resulting in a faster heating rate. Under these
conditions, Ostwald ripening takes place: smaller particles,
which possess higher surface energy and therefore higher
solubility, begin to dissolve more readily in the surrounding

10 | J. Name., 2012, 00, 1-3

medium. With the added thermal energy, particles gain greater
kinetic motion and diffuse more rapidly through the solution.
The dissolved species then redeposit onto the surfaces of larger,
more stable crystals, which have lower surface energy, causing
them to grow further. However, the findings from the SEM
analysis reveal that all the samples of ZnO nanoparticles possess
homogeneous, spherical, and regularly rounded shapes. The
spherical morphology of ZnO nanoparticles provides several
functional benefits like maximum surface area/volume
percentage, increased number of active surface sites, promotes
uniform light scattering, enhances light absorption, and
consistent isotropic nature 636465 Additionally, spherical
particles disperse more evenly in solution, reducing aggregation
and improving overall stability. This geometry also facilitates
easier recovery and reuse through uniform settling or filtration.
Collectively, these features contribute to efficient charge
separation, increased generation of reactive species, and
improved reliability in dye degradation processes.

Elemental composition analysis

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Elemental composition spectrum for ZnO nanoparticles at (a) 400W, (b) 500W and (c) 600W

Table 4: Elemental Composition percentage of ZnO nanoparticles

Sample 400W 500W 600W
Element weight % atomic% weight % atomic% weight % atomic%
Zn 66.37 32.56 66.55 32.74 72.4 39.1
(e} 33.63 67.44 33.45 66.55 27.6 60.9
Total 100

The atomic composition in the ZnO nanoparticles was examined
using EDX spectrum, as this information is crucial for
understanding the material’s characteristics and evaluating its
suitability for diverse applications. The EDX spectra, shown in
Figure 7 (a-c), of the prepared ZnO nanoparticles displayed a
strong, sharp primary peak for zinc and an intense, well-defined
oxygen peak. The clear and distinct peaks without any
additional signals confirm the presence of zinc and oxygen
element only, indicating high chemical purity and successful
formation of ZnO nanoparticles free from detectable impurities.
The relative weight percentages of zinc to oxygen were
66.37:33.63, 66.55:33.45, and 72.4:27.6 for 400 W, 500 W, and
600 W, respectively®®. Corresponding relative atomic
percentages were 32.56:67.44, 32.74:66.55, and 39.1:60.9 for
the same samples. Ideally, stoichiometric ZnO should exhibit a
theoretical weight ratio of approximately 80:20 and an atomic
ratio of 50:50, reflecting its 1:1 composition. As microwave
power increases from 400 W to 600 W, the higher energy input
raises the temperature and accelerates particle growth through
Ostwald ripening. This trend aligns with the EDX results, where
the Zn content increases (from 66.37% to 72.40% by weight and
from 32.56% to 39.10% by atomic percentage), indicating the
formation of larger and more Zn-rich crystals. Higher thermal
energy enables smaller ZnO nuclei to dissolve and redeposit
onto larger, more stable crystals, resulting in particle growth
and densification. Concurrently, the oxygen content decreases
(from 33.63% to 27.60% by weight and from 67.44% to 60.90%
by atomic percentage), reflecting the reduced presence of
surface defects, oxygen-rich sites, and weakly adsorbed species
such as —OH groups and O, which are desorbed at elevated

This journal is © The Royal Society of Chemistry 20xx

temperatures. Additionally, smaller particles size (400W) leads
to a higher surface-to-volume ratio, enabling the nanoparticles
to readily adsorb oxygen-containing species from the
surrounding air or moisture, resulting in the formation of
surface species such as hydroxyl group (OH"), that contribute to
the elevated oxygen signal in the spectrum ©7. Larger and
smoother ZnO particles (600W) also exhibit stronger Zn signals
in EDX spectrum, contributing to the observed compositional
shift. The decrease in surface oxygen reduces electrostatic
repulsion, while the larger particle size enhances attractive
forces, collectively promoting agglomeration and potentially
diminishing the catalytic activity of the ZnO nanoparticles.
Overall, the EDX data demonstrate that higher microwave
power enhances Zn-rich crystal growth, decreases surface
oxygen, and increases particle agglomeration. Nevertheless, the
clear elemental profiles and high purity confirm that the
synthesized ZnO nanoparticles are well-suited for advanced
applications in photo-catalysis or environmental remediation.

Vibrational properties analysis

J. Name., 2013, 00, 1-3 | 11
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Figure 8: Vibrational properties analysis for 400W, 500W, 600W
respectively

The FTIR analysis provided additional confirmation of ZnO
nanoparticle formation, as shown in Figure 8. The absence of a
strong broad absorption band at 3445 cm™, which corresponds
to OH- bond stretch, indicates that the ZnO nanoparticles are
free of residual moisture due to thorough drying in a vacuum
dryer. A moderate-intense peak at 2922 cm™ is corresponding
to C—H stretching mode of aliphatic groups, likely originating
from residual organic constituents such as fatty acids,
terpenoids, and waxes. Small peaks at 2314 cm™ are commonly
due to atmospheric CO, absorbed during the FTIR
measurement. The peak at 1735 cm™ corresponds to C=0
stretching mode, suggesting the presence of organic molecules
like lipids 8 6. A minor peak at 1504 cm™ indicates aromatic
C=C stretching, pointing to residual aromatic phytochemicals
including flavonoids and tannins. The band at 1393 cm™ is
assigned to C-O-H bending or symmetric carboxylate
stretching, and the peak at 1274 cm™ relates to C—O vibration
mode, reflecting alcohol, phenolic, or ether groups. The peak at
1023 cm™ typically signifies C—O functional group present in
alcohols, ethers, esters, or carbohydrates 7° 71, The appearance
of these organic groups indicates that the phytochemicals not
only function as a reducing agent but also play a role in capping
and stabilizing the nanoparticles. Finally, the strong vibration
mode at 664 cm™ is characteristic of Zn—O bonds, evidencing
the composition of ZnO nanoparticles 72. Overall, this FTIR
spectra demonstrates the simultaneous presence of organic

12 | J. Name., 2012, 00, 1-3
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metal-oxygen bonds confirms the function of phytochemicals
in the effective synthesis of the nanoparticles.

Photocatalytic studies

Mechanism of photocatalytic activity of ZnO nanoparticles
towards MB dye

The photo-driven degradation of MB dye by a ZnO catalyst
proceeds through a free radical mechanism. During photo-
catalysis, the free radicals produced in the aqueous media are
highly responsive and attack the dye molecules, breaking them
down into environmentally benign end products such as
carbon-di-oxide (CO3) and water (H,0). The potential pathway
for free radical formation by the ZnO catalyst in presence of
sunlight is illustrated in Figure 9. Upon sunlight irradiation on
the dye solution containing ZnO nanoparticles, electrons (e”) in
the photo-catalyst are excited from the valence band to the
conduction band, leaving behind holes (h*). These photo
generated charge carriers initiate a series of reactions
responsible for radical formation. Electrons in the conduction
band interact with oxygen molecules (dissolved or adsorbed) to
form superoxide radical anion (O,°"), while the valence band
holes oxidize water molecules to produce protons (H*) and
hydroxyl radicals (OHe). Additionally, the holes may also react
with surface-bound hydroxyl ions (OH™) to produce more
hydroxyl radicals. These primary radicals further participate in
secondary reactions, forming other reactive oxygen species
(ROS), including peroxide radicals (HOOe®), hydroxyl radicals
(OHe), and hydroxyl ions (OH"). The superoxide and hydroxyl
radicals serve as the main oxidizing agents that break down MB
molecules through redox reactions, although secondary radicals
also contribute to the overall degradation. Thus, the key factor
driving dye decomposition is the formation of these reactive
free radicals (h*, O,°-, OHe) 73, The principal steps involved in
this mechanism are summarized as follows:

02"+ H* > HOL oo (IV)
HO,* + HO3* - H,0, + O,........ (V)
H205 + hv > 20H".......... (Vi)

Organic pollutants + OH* = Intermediates products - CO; +

This journal is © The Royal Society of Chemistry 20xx
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Figure 9: Mechanistic Pathway of ZnO Nanoparticle—Assisted Photo-degradation of MB Dye

Effect of different microwave power level on photocatalytic
activity

The photocatalytic performance of MB dye by ZnO-400W, ZnO-
500W, and ZnO-600W was evaluated, and the spectrum are
presented in Figure 10 (a-c). The photocatalytic efficiencies of
the samples were 98%, 90%, and 86%, respectively, indicating a
steady decline in activity with increasing microwave power from
400 W to 600 W. The superior efficiency of ZnO-400W is mainly
due to its smaller particle size, which provides a larger number
of active surface sites for charge transfer. However, as particle
the likelihood of surface recombination
increases because photo generated carriers are produced closer

size decreases,

to the surface, allowing recombination to compete more
effectively with interfacial charge transfer 67.74,

The initial enhancement in photo-catalysis activity may also be
associated with a reduction in band gap, which facilitates
greater charge-carrier generation 7>. Higher microwave power
typically produces particles
aggregation. Similarly, elevated calcination temperatures
enhance sintering, reducing surface area and pore volume and
thereby deactivating catalytic sites on the ZnO surface 76. In this
experiment, the energy gaps of the samples were calculated
approximately 3.32, 3.33, and 3.33 eV for 400W, 500W, and

larger and may promote

This journal is © The Royal Society of Chemistry 20xx

600W, respectively. A lower band gap enables more charge
carriers to participate in the photocatalytic process,
contributing to higher degradation efficiency 77. Kinetic analysis
confirmed that MB degradation followed a first-order reaction
78, The reaction rate constants under sunlight were 0.0295
min™, 0.0177 min™, and 0.0152 min™' for Zn0O-400W, ZnO-
500W, and ZnO-600W, respectively. ZnO-400W showed the
highest activity, acting 1.6 times faster than ZnO-500W and 1.9
times faster than Zn0-600W, and exhibited the shortest half-life
(23.49 min). the ZnO samples showed no
photocatalytic activity in the absence of sunlight, only 12% of
the dye degraded after 120 minutes (Figure-10 (d)). This
indicates that ZnO nanoparticles require sunlight to function
effectively as photo-catalysis for MB degradation. The reaction
rate without sunlight was extremely low (0.0009 min™"). Under
sunlight, the degradation proceeded approximately 33, 20, and
17 times faster for Zn0O-400W, ZnO-500W, and ZnO-600W,
respectively, compared to the dark condition. The degradation
efficiency and kinetic parameters of MB dye using synthesized

In  contrast,

ZnO at different microwave power levels are summarized in
Table 5.
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Figure 10: (a-d) UV-Vis absorbance spectrum for removal of MB dye by ZnO nanoparticles in the presence of sunlight for 400W,
500W, 600W and absence of sunlight respectively, (e-h) Plot of In (A¢/Ao) vs. time, (i) Degradation (%) vs. Time, (j) Adsorption
Capacity, (qge) vs. Time, (k) MB dye degraded over time by ZnO photo-catalyst in the presence of light

Table 5: Photo-degradation percentages and kinetic evaluation of MB dye using ZnO nanoparticles produced at different
microwave irradiation powers

ZnO Degradation Adsorption Time Rate Half Life, Regression
nanoparticles (%) capacity (min)  constant  (t1/,=0.693/k) Coefficient
(mg/g) (k) (min) (R?)
400W 98 49.1 120 0.0295 23.49 0.9471
500w 90 45.1 120 0.0177 39.15 0.9406
600W 86 43.3 120 0.0152 45.59 0.9368
Dark 12 5.7 120 0.0009 770 0.8777

This journal is © The Royal Society of Chemistry 20xx
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Table 6: Comparative photocatalytic performance of synthesized ZnO nanoparticles versus other reported'ZWOansparticies

for MB dye degradation under sunlight

Synthesis MB dye Catalyst Photocatalytic Exposure K R2 Reference
method concentration dosage (g efficiency (%) time (min) (min)
(ppm) L)
Sol—gel 10 1 86 180 0.010 0.982 7
Sol—gel 12 2 58 120 - - 80
Biosynthesis 15 1 92 120 0.022 - 81
Solution 15 1 94 180 - - 82
combustion
Green 10 1 75 180 0.008 - 83
synthesis
Green 10 1 85.61 120 0.152 0.953 42
synthesis
Green 10 1 82.2 120 0.015 0.981 78
synthesis
Green- 5 0.1 98 120 0.0295 0.947 Present Study
Microwave 90 0.0177 0.941
synthesis 86 0.0152 0.937

In the comparison table (Table 6) of photocatalytic degradation
studies reveals notable differences in efficiency depending on
the synthesis route, catalyst loading, and dye concentration.
Sol—gel-derived ZnO catalysts achieved efficiencies of 58—86%
for methylene blue degradation at concentrations of 10-12
ppm, with rate constants up to 0.010 min~1. Biosynthesized and
solution-combustion ZnO showed higher activity, reaching 92—
94% degradation at 15 ppm within 120-180 minutes. In
contrast, the present study employing a green microwave-
assisted synthesis demonstrated superior photocatalytic
performance at lower dye concentrations (5 ppm) and minimal
catalyst dosage (0.1 g L™1). The ZnO-400W sample exhibited the
highest efficiency (98%) with a reaction rate constant of 0.0295
min~1, outperforming many conventional & green synthesis
methods reported earlier. Meanwhile, ZnO-500W and ZnO-
600W achieved 90% and 86% degradation, respectively, with
slightly lower rate constants. These results highlight the
advantages of microwave-assisted green synthesis in producing
highly active ZnO photo-catalysts with enhanced reaction
kinetics and efficient dye removal under mild conditions.

Reusability of the photo-catalyst

The recyclability of the prepared ZnO nanoparticles was
assessed by monitoring the removal of MB dye over five

16 | J. Name., 2012, 00, 1-3

consecutive intervals, which illustrated in Figure 11. The
graphical data showed that the ZnO photo-catalyst prepared at
400 W retained strong stability, achieving 98% degradation in
the first cycle and 89% even after the fifth cycle. Likewise, the
500 W and 600 W samples showed initial degradation
efficiencies of 90% and 86%, which gradually decreased to 77%
and 76% by the fifth cycle, respectively. This gradual decrease is
likely due to the catalytic poisoning, physical loss and
agglomeration after each cycle. Catalytic poisoning occurs when
residual dyes or intermediate degradation products accumulate
on the catalyst surface via electrostatic interactions, van der
Waals forces, or hydrogen bonding. This persistent adsorption
shields active sites and obstructs light penetration, thereby
suppressing the generation of reactive oxygen species, and
ultimately reducing photocatalytic efficiency. Simultaneously,
nanoparticle agglomeration driven by particle-particle
interactions during recovery and drying cycles, further
diminishes performance. This formation of larger aggregates
reduces the effective surface area and hinders photon
absorption through increased light scattering. These
explanations, supported by experimental observations and
literature 8436,

This journal is © The Royal Society of Chemistry 20xx
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Figure 11: Reusability of the three synthesized ZnO nanoparticles samples 400W, 500W, 600W

Radicals Scavenger Identification Test

The scavenger test results (Figure 12) showed that sample
400W achieved 98% dye degradation without any scavenger,
which dropped to 5.28% with EDTA (Ethylene-diamine-tetra-
acetic acid), 45.13% with IPA (Isopropyl alcohol), and 66.44%
with AgNOs (Silver nitrate). Similarly, sample 500W degraded
97% of the dye in the absence of a scavenger, which decreased
to 5.78%, 27.23%, and 75.55% in the existence of EDTA, IPA, &

This journal is © The Royal Society of Chemistry 20xx

AgNOs, respectively. For the 600W sample, initial 95% removal
declined to 5.55%, 31.35%, and 59.35% with EDTA, IPA, and
AgNOs, respectively. These results indicate that EDTA caused
the most significant resistance to methylene blue dye
degradation, highlighting the dominant role of photo generated
holes (h*) during the photo-catalysis. On the other hand, AgNOs,
which scavenges superoxide radicals (¢0;7), showed a
moderate effect, while IPA, targeting hydroxyl radicals (¢OH),
had the least impact on removal of dye.
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Perspective of the present study

The novelty of this study lies in the development of a rapid, eco-
friendly, and cost-effective microwave-assisted green synthesis
of ZnO nanoparticles using litchi chinensis leaf waste, which
eliminates the need for chemical reducing, stabilizing, or
capping agents. This approach not only valorizes agricultural
waste but also produces nanoparticles with uniform size, high
purity, and superior photocatalytic activity, demonstrating
enhanced efficiency in methylene blue degradation. Unlike
conventional green synthesis methods, the combination of
microwave irradiation and leaf waste extract ensures energy-
efficient, scalable, and sustainable nanoparticle production,
highlighting the study’s novelty and practical relevance.
Although synthesized bio-fabricated ZnO nanoparticles offer
several advantages as photocatalysts, including good reusability
over multiple cycles. However, potential disadvantages include
slight efficiency loss over repeated cycles due to catalytic
poisoning or agglomeration. Immobilization on solid supports or
heterojunction engineering, can address these limitations to
further enhance durability and practical applicability.

Conclusion

In this experiment, ZnO nanoparticles were successfully
synthesized via a microwave-assisted green route utilizing litchi
chinensis leaf waste extract as a natural phyto-reductant. This
eco-friendly method minimized chemical usage and provided
rapid, energy-efficient synthesis with controlled particle
morphology. Structural characterization confirmed the
formation of highly crystalline hexagonal ZnO with particle sizes

18 | J. Name., 2012, 00, 1-3

ranging from 17.76 nm to 24.42 nm, with the smallest size
observed at 400 W microwave power. Among all samples, ZnO-
400W exhibited the highest photocatalytic performance,
achieving 98% degradation of methylene blue within
120 minutes under sunlight, compared to 90 % and 86 % for
ZnO-500W and ZnO-600W, respectively. Kinetic analysis
indicated first-order reaction behavior, with a fastest rate
constant of 0.0295 min~! for ZnO-400W and a corresponding
shortest half-life of 23.49 minutes. Reusability tests showed
that ZnO-400W retained 89 % from its initial activity after five
consecutive cycles. The present approach demonstrates
promising scalability and cost-effectiveness due to the use of
abundantly available litchi chinensis leaf waste, elimination of
hazardous chemicals, and reduced energy consumption. The
simplicity, environmentally benign, and economically viable,
reinforcing its suitability for sustainable large-scale production.
Overall, the findings highlight that the combination of litchi
chinensis leaf extract and microwave irradiation produces
highly active, stable, and crystalline ZnO nanoparticles,
demonstrating their strong potential for low-cost and
sustainable wastewater treatment applications.
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