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Abstract Zinc oxide nanoparticles (ZnO NPs)
were successfully synthesized via a sustainable
green route using Diospyros mespiliformis leaf
extract as both reducing and capping agent.
The formation of ZnO NPs was confirmed by
UV—Visible spectroscopy, which exhibited a
characteristic excitonic absorption peak at 340
nm, indicating a pronounced blue shift relative
to bulk ZnO and an estimated optical bandgap
of 3.65 eV. X-ray diffraction (XRD) analysis
revealed a highly crystalline, multiphase
structure dominated by Zincite (83%), with
minor contributions from Gahnite (13%) and
Cristobalite (3.8%). The calculated crystallite
sizes ranged from 8.6 to 13.7 nm, consistent
with nanoscale dimensions and quantum
confinement  effects.  Scanning  electron
microscopy (SEM) images showed a porous
and granular morphology, indicative of a high
surface area, while energy-dispersive X-ray
(EDX) analysis confirmed the presence of Zn
(40.59 wt%) along with a significant sodium
content (57.28 wt%) and trace bio-minerals
(Ca, K, Si, and Ti) originating from the plant
extract. Fourier transform infrared (FTIR)
spectroscopy identified key functional groups,
particularly hydroxyl (3301 cm™) and carbonyl
groups, which play crucial roles in
nanoparticle stabilization and metal ion
binding. The adsorption performance of the
synthesized ZnO NPs was evaluated for the
removal of Pb?" ions from aqueous solutions.
Batch adsorption studies demonstrated that
removal efficiency is strongly influenced by
initial metal ion concentration and solution
pH. A maximum removal efficiency of 78.39%
was achieved at an initial Pb** concentration of
0.574 mg/L, while optimal performance was
observed under alkaline conditions, reaching

83.8% removal at pH 10.3. The enhanced
adsorption capacity is attributed to the high
surface-to-volume ratio, porous morphology,
surface functionalization, and defect-rich
crystalline structure of the nanoparticles.
Overall, the results highlight the potential of
these green-synthesized ZnO nanoparticles as
efficient, eco-friendly, and scalable nano-
adsorbents for heavy metal remediation in
contaminated water systems.
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1.0 Introduction

In recent decades, nanotechnology has
emerged as a rapidly advancing field due to the
unique physicochemical properties exhibited
by materials at the nanoscale. Their
exceptional properties at the nanoscale, which
are strongly influenced by particle size and
morphology, make them highly appealing
(Fouda et al, 2023; Izein, 2024).
Nanotechnology enables the production of
nanoparticles with unique features, including
low density, high specific surface area,
enhanced catalytic efficiency, and notable
electrical, optical, antimicrobial, mechanical,
and magnetic properties (Prashanth et al,
2024; Jadhav et al, 2024). These attributes
have driven significant progress in medicine,
engineering, and technological innovation
(Karan et al, 2024). In addition,
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nanotechnology has contributed to
advancements in agriculture by improving seed
germination and plant growth (Asmat-Campos
et al, 2022), environmental remediation
through wastewater treatment (Abegunde et
al., 2024), and the energy sector by enhancing
the efficiency of solar cells (Yang et al., 2023).
Conventional nanoparticle synthesis
techniques often rely on costly and
environmentally harmful physicochemical
approaches (Azizi et al., 2014). Physical
synthesis ~ methods  typically  require
sophisticated equipment and extreme operating
conditions, whereas chemical methods involve
the use of toxic reagents and generate
hazardous by-products, thereby restricting their
applicability in biomedical and food-related
fields (Muresan et al., 2024). In contrast, green
synthesis methods that utilize biological
resources have emerged as sustainable and
effective alternatives (Sugitha et al., 2024).
These eco-friendly approaches employ plants,
microorganisms, and agricultural waste to
produce stable and multifunctional
nanomaterials (Battacharjee et al., 2024).
Meanwhile, infectious diseases continue to
represent a significant public health challenge,
worsened by the growing resistance of
pathogenic bacteria to standard antibiotics due
to their misuse and overuse, including
methicillin-resistant  Staphylococcus —aureus
and  vancomycin-resistant  Enterococcus
(Muresan et al., 2024; Sugitha et al., 2024;
Battacharjee et al., 2024; Morowvat et al,
2024). Such antibiotic-resistant infections,
prevalent in both community and hospital
environments, impose substantial financial
burdens on healthcare systems worldwide
(Morowvat et al., 2024).

Nanotechnology has emerged as a promising
and safe approach in the urgent search for novel
and effective antimicrobial agents capable of
destroying and suppressing microbial growth,
as its mode of action differs fundamentally
from that of conventional antibiotics (Salayova
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et al, 2021). Metal and metal oxide
nanoparticles  have  therefore  attracted
considerable attention for a wide range of
biological applications (Eddy et al., 2023a;
Seghir et al., 2023). Beyond biomedical
applications, ZnO nanoparticles have also
demonstrated strong potential in environmental
remediation,  particularly in  pollutant
adsorption.

They are particularly notable due to their
distinctive properties, including a wide direct
band gap of 3.37 eV, high exciton binding
energy (60 meV), strong room-temperature
luminescence, excellent thermal stability,
superior mechanical strength, high
photostability, and good biocompatibility at
room temperature (Karam and Abdurrahman,
2022; Acharya et al., 2021). ZnONPs exhibit
remarkable antibacterial, antifungal,
photocatalytic, and antioxidant activities, and
they have been extensively explored for
applications in drug delivery, bioimaging,
molecular diagnostics, and wound healing
(Odeomelam et al., 2023; Yang et al., 2023;
Truong et al., 2023). These physicochemical
properties make ZnO nanoparticles particularly
suitable as nano-adsorbents for the removal of
toxic metal ions from aqueous environments.
Furthermore, their favorable optical, electrical,
and semiconducting characteristics make
ZnONPs suitable for use in advanced solar
cells, biosensors, electronic and optoelectronic
devices, as well as laser technologies, resulting
in widespread application across various
industrial and research sectors (Ahmad et al.,
2020; Akintelu &  Folorunso, 2020).
Conventionally, = ZnONPs  have  been
synthesized using techniques such as
hydrothermal processes, chemical vapor—
liquid—solid deposition, metal-organic
chemical vapor deposition, molecular beam
epitaxy, sol-gel = methods, microwave
synthesis, laser ablation, chemical
precipitation, and spray pyrolysis to meet
increasing demand (Ahmad et al, 2020;
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Rafique er al., 2020). More recently, green
synthesis approaches employing medicinal
plant extracts have gained significant attention
because of their simplicity, cost-effectiveness,
safety, and environmental sustainability (Izein,
2024; Muresan et al., 2024; Akintelu and
Folorunso, 2020). Plant extracts are readily
available, inexpensive, and rich in natural
reducing and stabilizing agents, making them
highly suitable for large-scale nanoparticle
production (Karam & Abdurrahman, 2022).
Nanoparticles have a particle size within the
range of 1 to 100 nm, at least in one dimension
(Eddy et al., 2024a-c)). This dimension places
them at an interface of material properties that
are very unique for several outstanding
properties and applications. For example, high
surface area, large surface area to volume ratio,
high porosity, tunable band gap, etc (Kelle et
al.,2023)

Among the numerous applications of
nanotechnology, environmental remediation,
particularly the removal of toxic heavy metals
from contaminated water, has gained
significant research attention because of
nanoparticles exhibit size-dependent optical,
electrical, and catalytic properties resulting
from high surface-to-volume ratios (Adzu et
al., 2015; Ahmed & Mahmud, 2017). Their
definition extends beyond conventional
material emphasizing their behavior at the
nanoscale. Heavy metal contamination of water
resources poses serious environmental and
public health risks due to toxicity, persistence,
and bioaccumulation in living organisms.

The traditional method of water treatment
often falls short in efficiently removing heavy
metal pollutants. This has led to an increasing
interest in exploring innovative and sustainable
approaches, such as the use of nanoparticles for
effective water remediation (Awual & Hasan,
2014)

ZnONPs have emerged as promising
candidates for heavy metal removal due to their
properties, including high surface area,
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reactivity, and potential for  surface
modification. The green synthesis approach,
utilizing natural extracts like D. Mespillernis,
aligns with the growing emphasis on
environmentally friendly and sustainable
practices in nanotechnology (Bharathi et al.,
2018). Recent studies emphasize the growing
relevance of adsorption-based nanomaterials
for the removal of toxic heavy metals from
wastewater. Al-Mur (2023) demonstrated that
adsorption is the most efficient and economical
wastewater treatment method compared to
conventional approaches such as coagulation,
membrane filtration, ion exchange, and
biological treatment, which often suffer from
high costs and limited efficiency. However,

traditional adsorbents include. activated
carbon, polymers, bio-based materials,
industrial by-products, and zeolites are

constrained by low adsorption capacity, poor
selectivity, and limited active sites. To address
these shortcomings, nanoparticles such as
metal oxide nano-adsorbents have gained
increasing attention. Zinc oxide (ZnO)
nanoparticles stand out due to their high
surface area, electron mobility, chemical
stability, biocompatibility, low toxicity, and
environmental friendliness. Green-synthesized
ZnO nanoparticles derived from Avicennia
marina leaf extract were reported to be
spherical in shape, with an average size of
~29.1 nm and exhibited strong potential for
adsorption removal of Cd** and Pb*" from
aqueous solution/

Complementarily, Kumar et al. (2024)
highlighted the severe health risks associated
with lead and cadmium, including bioaccumu-
lation, nephrotoxicity, neurotoxicity, and
carcinogenic effects, even at low exposure
levels, underscoring the wurgent need for
effective remediation strategies. While biochar
was identified as a promising, low-cost, and
eco-friendly adsorbent due to its porous
structure and modifiable surface chemistry, its
practical application is limited by variable
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adsorption performance, competitive ion
interference, slow kinetics, potential metal
desorption, and scalability challenges. In
contrast, ZnO nanoparticles offer superior
adsorption efficiency owing to their high
surface reactivity, tunable surface functional
groups, and ease of dispersion within porous
matrices. Adsorption studies characterized by
FE-SEM and FT-IR revealed that Cd** and Pb*
removal using ZnO nanoparticles is strongly
pH-dependent and best described by pseudo-
second-order kinetics and the Langmuir
isotherm, indicating chemisorption on homo-
geneous surfaces.

Further supporting the potential of green
nanotechnology, Durumin lya et al. (2025)
reported the successful green synthesis of ZnO
nanoparticles using Ixora coccinea leaf extract
for Co (II) removal, achieving a maximum
removal efficiency of 83.8% at pH 10.3. FT-IR
analysis confirmed the role of plant-derived
phytochemicals in nanoparticle stabilization,
while SEM verified nanoscale morphology.
These findings reinforce that plant-mediated
ZnO nanoparticle synthesis aligns with green
chemistry principles by minimizing toxic
reagents, reducing energy consumption, and
improving cost-effectiveness. Overall, the
literature strongly supports ZnO-based nano-
adsorbents, either alone or in combination with
biochar, as efficient, sustainable, and scalable
alternatives for heavy-metal removal from
wastewater. Green synthesis involves using
environmentally  benign  materials and
processes to produce nanoparticles. D.
mepiliformis extract offers a green alternative
to traditional chemical methods, reducing the
environmental impact associated  with
nanoparticle synthesis (Dangoggo et al., 2012)
Heavy metals such as lead, cadmium, and
mercury pose serious health risks even at trace
concentrations. The effectiveness of ZnONPs
synthesized using D. mepiliformis extract in
removing these contaminants needs to be
explored and validated.
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Diospyros mespiliform is (commonly known as
African ebony or “Kanya” in Hausa) is a
savannah tree widely distributed across Africa.
The plant contains diverse phytochemicals
with reducing and stabilizing properties,
making it a suitable candidate for green
nanoparticle synthesis (Kanya in Hausa), a
large deciduous tree found mainly in savannahs
of Africa. It is a tall tree that grows up to 25
meters in height. It has a dense evergreen
canopy. D. Mespiliformis (in italics) has been
used in traditional medical systems, including
Ayurveda, Chinese and African (Adzu et al.,
2022). The plant is widely used in parts of
Africa and a number chemical constituents of
therapeutic importance have been isolated. D.
Mespiliformis has range of medicinal uses
(Adzu et al., 2015). A traditional food plant in
potential to improve nutrition. This review
article is aimed at compiling the
pharmacological activities, phytochemical
constituents and Ethnomedicinal uses. D.
Mespillernis, commonly known as the African
Ebony, possesses bioactive compounds with
reducing and stabilizing properties. These
compounds, including tannins, flavonoids, and
polyphenols, have the potential to serve as
effective natural agents in the synthesis of
ZnONP (Bradl, 2005).

Despite the increasing number of studies on
plant-mediated synthesis of ZnO nanoparticles,
limited research has explored the use of
Diospyros mespiliformis leaf extract as a
reducing and stabilizing agent for ZnO
nanoparticle production and its application in
Pb(II) adsorption. Furthermore, the adsorption
performance  of  biosynthesized  ZnO
nanoparticles derived from this plant remains
insufficiently investigated. solutions.
Therefore, this study aims to synthesize zinc
oxide  nanoparticles  using  Diospyros
mespiliformis leaf extract through a green
synthesis route and to evaluate their
physicochemical characteristics and efficiency
in removing Pb(II) ions from aqueous solution.
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The study shall contribute to green nanotech-
nology by integrating environmentally friendly
nanoparticle  synthesis with  sustainable
wastewater remediation. The utilization of a
locally available plant resource can offer a cost-
effective and eco-compatible strategy for
heavy-metal removal, supporting circular and
sustainable chemical practices.

2.0 Materials and Methods

2.1 Collection of samples

Fully matured leaves of  Diospyros
mespiliformis were collected from the Old
Male Mosque area of Federal University Dutse
(11°34'14.7" N, 9°22'23.1" E), Jigawa State,
Nigeria, in November 2023. The collected
leaves were thoroughly washed with tap water,
followed by deionized water to remove dust
and surface contaminants (Durumin lya et al.,
2025). The leaves were shade-dried at room
temperature for seven days to remove moisture
while preserving bioactive constituents.

2.2 Preparation of the sample

The dried leaves were ground into a fine
powder. Nanoparticle formation was indicated
by the appearance of a pale-yellow precipitate.
A 0.45 M NaOH solution was added dropwise
to enhance precipitation and adjust alkalinity.
The colloidal solution was then heated on a hot
plate for 1 hour with constant stirring, where
the pale yellowish precipitate changed into a
deep yellow color/. The obtained precipitate
was calcined in air to promote crystallization of
ZnO nanoparticles. The particles were washed
repeatedly with distilled water followed by
ethanol to remove impurities, dried in an oven
at 80 °C for 1 h, and ground into fine powder
using a glass rod before storage in a sterile
container for further characterization (Bharathi
etal., 2018).

2.4 Characterization of the ZnONPs

The optical properties of the biosynthesized
Zn0O nanoparticles were analyzed using UV—
Visible spectroscopy within the wavelength
range of 320-800 nm. Functional groups
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present on the nanoparticle surface were
identified using Fourier Transform Infrared
Spectroscopy (FTIR, PerkinElmer Spectrum
65) within the scanning range of 400-5000
cm.

2.5 Water contamination

All chemicals used were of analytical grade and
used without further purification.
Lead-contaminated water was prepared by
dissolving lead nitrate [Pb(NOs):] in distilled
water to obtain a 0.1 M solution. The pH was
adjusted to 7.0 using dilute H.SOs and KOH
solutions.

2.6  Adsorption studies

Adsorption experiments were conducted by
mixing 0.1 g of ZnO nanoparticles with 20 mL
of 0.10 mol dm™ Pb(NOs): solution at room
temperature. The adsorption experiment was
carried out at a controlled pH of 7. The effect
of initial metal ion concentration was
investigated using Pb** solutions of 40, 50, 60,
70, and 80 mg L.

The mixtures were centrifuged at 4000 rpm for
20 minutes to separate the adsorbent from the
solution. The residual concentration of Pb**
ions in the supernatant was determined using
atomic absorption spectrophotometry (AAS) to
evaluate adsorption efficiency and equilibrium
time.

The equilibrium adsorption capacity, $q e$
(mg/g), which represents the amount of
$Pb"{2+}$ adsorbed per unit mass of the ZnO
nanoparticles, was calculated using the mass
balance relationship shown in equation 1
(Ogoko et al., 2023b)

qe = % (1)
where Co and C. are the initial and equilibrium
concentration of the adsorbate, V is the volume
of the solution and m is the mass of the

adsorbate.

3.0 Results and Discussion
3.InThe analysis of UV-visible spectrum
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The UV-Visible absorption spectrum of the
synthesized zinc oxide (ZnQO) nanoparticles
(Fig. 1) exhibits a prominent and well-defined
excitonic absorption peak centered at 340 nm.
This feature is characteristic of the intrinsic
bandgap transition in ZnO, where electrons are
excited from the valence band to the
conduction band. Notably, the absorption
maximum at 340 nm reflects a significant blue
shift compared to the bulk ZnO absorption
edge, which typically occurs around 370-380
nm. This hypochromic shift is a direct
consequence of the quantum confinement
effect, indicating that the particle dimensions
are smaller than the Bohr exciton radius of the
material. The sharpness of the peak further
suggests a relatively narrow particle size
distribution and high crystallinity within the
sample.

The optical bandgap (Egc) was evaluated using
the Planck equation shown in equation 2 (Nuhu

et al.,2025)
hc

Epc = P (2)

where A4, 1s the wavelength of maximum
absorption (340 nm), h is the Planck constant
and c is the speed of light in a vacuum. The
calculation yielded an approximate value of
3.65 eV. This increased energy gap, relative to
the bulk value of 3.37 eV, confirms the
successful reduction of the material to the
nanometric scale. Furthermore, the spectrum
shows negligible absorption in the visible
region above 400 nm, transitioning into a steep
absorption edge in the ultraviolet region. This
profile is consistent with the high transparency
and potent UV-shielding properties required for
multifaceted applications in optoelectronics
and photocatalysis. The subtle tailing observed
near the absorption edge may be attributed to
minor polydispersity or the presence of shallow
surface defects within the ZnO lattice.

The observed blue shift ($340\text{ nm}$ vs.
the bulk $370\text{ nm}$) is the most critical
indicator. In the context of adsorption, this shift
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confirms the "quantum confinement effect,"
which only occurs when particles are extremely
small. Smaller particles inherently possess a
much higher specific surface area (SSA). Since
adsorption is a surface-dependent phenome-
non, the UV spectrum essentially "proves" that
there is a vast landscape of available active
sites for heavy metal ions to bind to, which
would not be present in larger, bulkier particles.

3.2 Infrared Fourier Transform (FTIR)
Analysis

The FTIR spectrum of the D. mespiliformis
coarse powder (Fig. 2a) displays a variety of
functional groups characteristic of secondary
metabolites such as polyphenols, flavonoids,
and proteins. 2is attributed to the O-H
stretching vibrations of phenolic compounds
and alcohols Khan et al., 2021; Siddiqi et al.,
2022). while the peaks at 2918 cm™ and 2851
cm™' correspond to C-H stretching in aliphatic
chains (Elumalai et al., 2020). The presence of
carbonyl groups (C=0) and aromatic C=C
bonds is indicated by peaks in the 1734-1607
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spectrum of the ZnO NPs (Fig. 2b), a
significant shift and broadening of the O-H
band to 3301 cm™ is observed, indicating the
involvement of hydroxyl groups in the
reduction and stabilization process. The
disappearance or reduction in intensity of the
aliphatic C-H peaks (2918-2851 cm™)
suggests that these components were either
consumed or modified during the synthesis.
Crucially, a new, sharp, and intense absorption
band appears in the lower fingerprint region
below 700 cm™ (specifically around 672 cm™).
This peak is the characteristic signature of the
Zn-O stretching vibration, confirming the
formation of the crystalline metal oxide lattice.
The identified crystalline phases, along with
their corresponding chemical formulas, JCPDS
card  numbers, and  crystallographic
information, are presented in Table 4.

The persistence of peaks at 1582 cm™ and
1402 cm™ in the nanoparticle spectrum
indicates that the surface of the ZnO NPs is
"capped" with biomolecules from the extract,
which prevents agglomeration and enhances

em' range, suggesting the presence of ;0 0mpatibility (Rajiv e al., 2023).
carboxylic acids or esters. In the FTIR
1
340 nm

Absorbance (%)

280 300 320 340

360 380 400 420

Wavwvelength (nm)

Fig. 1: UV-Vis spectrum of synthesized ZnO-NPs (Durumin lya ez al, 2025)




Communication in Physical Sciences, 2026, 13(4): 563-582 570
1
g_
. { .L". T34 80 ?3‘3
=3 1 _‘123':; 81701 ! I||
g \ 1) - L ! ;r" 1128, f4. 779
—_ 'L':s--s 74.187 1807 l—*z 9‘:11 |'” i.}z = I \
330 -8:‘:"-\'*"?75 N
o, 709 T2.000 \
~] J
\ |eee es see
i LL:“ a1.925
4000 ' ' 35100 ' ' 3l3||:|'3 ' ' 25‘30 ' rEC'IDD ‘ ' ' 1f[D'3 ' 'IEII:JO '
Wavenumber (cm-1)
Fig. 2a: FTIR of fine coarse powder of D. mespiliformis
= 2 EA——
- \'l. et e
e \.
8— "|. e = ¥
i ' > \
1 r
%‘ l"\. - 4 lll\
8 "1.' 3 1
% L et J
= {
Ef= Il.'u i i Il]l i
g N 5 /_.-’ A I ',.'1?'(3-1.‘3%3
o N 33 53 086 128 55944 ¥ Yy1022; da oo
i 14salgs|ong | '.'I 1052 59778 |
i :\ | [£13e2 5e081 "
& J eanh dasan '\'n
-] il —]!‘—14.;:; 42817
g— OT2, 37. 53':'J|"
T T T T T T T T T T T T T T T T T T T T T T T
4000 1500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Fig. 2b: FTIR of Zinc Oxide nanoparticles

The FTIR data provide several key scientific
justifications for the effectiveness of these
"green" ZnO nanoparticles as superior
adsorbents for heavy metal removal. The
spectrum of the ZnO NPs (Fig. 2b) clearly
demonstrates that the nanoparticles are not
"naked" but are instead coated with residual
plant-derived functional groups, including
hydroxyls, carboxyl, and amines. These groups
act as efficient chelating agents that form stable
complexes with divalent heavy metal cations,
such as Pb*", Cd*, and Hg?" through
coordination bonding. Furthermore, the broad
hydroxyl (-OH) peak observed at 3301 cm™
suggests a surface rich in oxygen-containing

moieties, which, in aqueous solutions, can
deprotonate to create a negatively charged
surface. This high surface negativity facilitates
the strong electrostatic attraction and
subsequent removal of positively charged
heavy metal ions from contaminated water.
Additionally, the capping mechanism
evidenced by the shifted aromatic and carbonyl
peaks suggests that the biomolecules from D.
mespiliformis provide a protective layer that
inhibits particle growth and aggregation. By
maintaining a smaller, discrete nanoparticle
size, the material preserves the high specific
surface area required to maximize the density
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of available active adsorption sites per unit
mass of the material (Daimari and Deka, 2024).
3.3 Scanning Electron Microscope (SEM)

The SEM micrographs (Fig. 3) reveal that the
ZnO nanoparticles possess a predominantly
granular and quasi-spherical morphology. At
the observed magnifications, the surface
appears highly textured and characterized by a
porous, sponge-like architecture. This irregular
and roughened surface is scientifically
significant as it indicates a high degree of
surface area, which aligns with the strong
absorption observed in the UV-Vis spectra and
the high density of functional groups identified
via FTIR. The presence of these and
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surface irregularities provides a complex
network of channels that can facilitate the
diffusion and subsequent entrapment of heavy
metal contaminants.

3.4  EDX analysis

The elemental composition and quantitative
distribution of the biosynthesized ZnO
nanoparticles were evaluated using Energy
Dispersive X-ray (EDX) spectroscopy, and the
results are presented in Fig. 4 and Table 1. The
EDX data provide clear evidence of the
successful formation of ZnO nanoparticles
alongside the incorporation of residual
elements originating from the plant extract and
synthesis medium.

Fig. 3: The morphologies, shape and size of the ZnONPs

As shown in Table 1, Zinc (Zn), which is the
principal constituent of ZnO, exhibits a weight
concentration of 40.59% and an atomic
concentration of 19.61%. This confirms the

formation of the ZnO phase and is consistent
with the characteristic Zn signals observed in
the EDX spectrum, typically around 1.0 keV
(La) and 8.6 keV (Ka). The relatively high Zn
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content validates that the synthesized material
is predominantly zinc-based, in agreement with
the XRD results indicating Zincite as the
dominant crystalline phase.

A notable feature of the EDX data is the
exceptionally high sodium (Na) content, with
78.68% atomic concentration and 57.28%
weight concentration. This can be attributed to
the use of NaOH during synthesis as well as the
natural abundance of sodium ions in the
Diospyros mespiliformis leaf extract. The
elevated Na content suggests possible surface
adsorption or incorporation of sodium species
within the nanoparticle matrix, which may
contribute to surface charge development and
enhance ion-exchange properties during
adsorption processes.

In addition to Zn and Na, minor quantities of
calcium (Ca), titanium (Ti), silicon (Si),
potassium (K), chlorine (Cl), and phosphorus
(P) were detected, each with weight
percentages below 1.5%. These trace elements
are typical of green synthesis routes and
originate from intrinsic plant biomolecules and
environmental precursors. Their presence
indicates that the nanoparticles are not purely
inorganic but rather exist as bio-functionalized
nanostructures. Elements such as Ca and K,
being alkali and alkaline earth metals, can
introduce exchangeable surface sites, thereby
improving the affinity of the nanoparticles for
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Furthermore, the detection of Si and Ti
suggests slight incorporation of mineral
impurities or lattice defects, which can play a
significant role in modifying the electronic and
surface properties of ZnO. These defects may
act as active centers for adsorption by
increasing surface reactivity and facilitating
surface complexation reactions. The presence
of Cl and P in trace amounts further supports
the involvement of phytochemical residues and
possible precursor salts used during synthesis.
From a technical perspective, the EDX results
strongly support the multifunctional nature of
the synthesized ZnO nanoparticles. The
combination of a ZnO core with a surface
enriched in bio-derived elements and inorganic
ions creates a heterogeneous interface that is
highly favorable for adsorption. The high
sodium content, in particular, suggests that ion-
exchange mechanisms may significantly
contribute to Pb?*" removal, where Na* ions are
replaced by heavier metal ions in solution.
Additionally, the presence of multiple trace
elements and associated lattice imperfections
enhances the density of active sites, thereby
promoting chemisorption and electrostatic
interactions.

The EDX analysis confirms not only the
successful synthesis of ZnO nanoparticles but
also reveals a complex, bio-functionalized
surface chemistry that is directly responsible

divalent heavy metal ions through ion- for the enhanced adsorption performance
exchange mechanisms. observed in this study.
%
. @
WRCTCIDETHED  ®®  p D
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Fig. 4: Showing the composition of elements present in ZnO-NPs
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Table 1: Elemental Composition of ZnO Nanoparticles as Determined by Energy Dispersive

X-ray (EDX) Analysis

Element Element Element Atomic Conc. Weight Conc.
Name Symbol Number (%) (%)

Sodium Na 11 78.68 57.28

Zinc Zn 30 19.61 40.59

Calcium Ca 20 1.02 1.29

Titanium Ti 22 0.30 0.46

Silicon Si 14 0.26 0.23
Potassium K 19 0.06 0.08

Chlorine Cl 17 0.04 0.04
Phosphorus P 15 0.03 0.03

Memory full

The EDX results are highly consistent with the
previously discussed UV-Vis and FTIR data,
confirming the inorganic identity of the core
material while supporting the presence of a
complex bio-organic hybrid surface. From a
technical standpoint, this elemental variety
provides strong evidence for the material's
superior adsorption capacity. The presence of
inherent bio-minerals such as Na, K, and Ca
suggests a surface rich in ion-exchangeable
sites, where these "soft" cations can be readily
displaced by  "harder" heavy  metal
contaminants like Pb?*, Cd** and Hg®" in
aqueous solutions. Furthermore, the inclusion
of trace transition metals like Titanium and Iron
indicates a doped or defective crystal lattice.
Such defects, as suggested by the tailing in the
UV-Vis spectrum, function as high-energy
active centers that facilitate the chemical
anchoring and surface complexation of heavy
metal ions.

3.5 XRD Profile

The X-ray diffraction pattern shown in Fig. 5
provides comprehensive information on the
phase composition, crystallinity, and structural
integrity of the biosynthesized ZnO
nanoparticles. The diffraction peaks are sharp
and well-defined, indicating a high degree of
crystallinity, while the presence of multiple
reflections confirms the polycrystalline and

multiphase nature of the material. The
dominant peaks observed at 20 =31.7 34.4, and
36.68 ° correspond to the (100), (002), and
(101) crystallographic planes of hexagonal
wurtzite ZnO, which are in excellent agreement
with the standard JCPDS Card No. 00-001-
1136. The high intensity and sharpness of these
peaks confirm that Zincite constitutes the major
crystalline phase, accounting for 83 wt% of the
material, as presented in Table 2. Additional
diffraction peaks corresponding to Gahnite
(ZnAl2Og4) and Cristobalite (SiO2) match well
with JCPDS Card No. 00-001-1146 and JCPDS
Card  No. 00-001-0424, respectively,
confirming the multiphase composition of the
sample.
The interplanar spacing (d) corresponding to
the observed diffraction peaks was calculated
using Bragg’s law given in equation (3) (Eddy
etal.,2023c)

n
dspacing = Ssind (3)
where n = 1, A=1.5406 A’ and 0 is the Bragg
angle. For the peak at 20=36.68,
corresponding to Gahnite (101), the calculated
dspacing is 2448 A, which is in close
agreement with the standard reference value of
approximately 2.44 A Similarly, for the peak
at 20 = 56.99¢ , attributed to Cristobalite (331),
the calculated dd-spacing of 1.614 A compares
well with the standard value of about 1.60 A.
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Minor deviations between experimental and
standard d-spacing values are observed and can
be attributed to lattice strain, crystallite size
effects, instrumental broadening, and the
incorporation of foreign ions or defects into the
crystal lattice during the green synthesis
process. In particular, the presence of
biomolecules and trace elements identified in
the EDX analysis can induce slight distortions
in the lattice parameters, leading to peak shifts
and variations in interplanar spacing. The
calculated crystallite size, full width at half
maximum (FWHM), and interplanar spacing
values derived from the representative
diffraction peaks are summarized in Table 3.

The crystallite size of the nanoparticles was
estimated using the Debye—Scherrer equation
shown in Equation (4) (Eddy et al., 2024a-c)

kA

“4)
where d s is the crystallite size, 1 = 0.9., A =

0.15406 nm, B is the full width at half
maximum in radians, and 0 is the Bragg angle.
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The calculated crystallite sizes of 13.7 nm for
Gahnite and 8.6 nm for Cristobalite confirm the
nanoscale dimension of the material. The
relatively small crystallite sizes and peak
broadening further indicate the presence of
micro strain, which was evaluated using
equation (5)

B
&€= 4tanf (5)
The calculated strain values suggest moderate
lattice distortion, which is characteristic of
nanoparticles synthesized via biological routes.
Additionally, the dislocation density, which
represents the defect concentration within the

crystal, was estimated using equation (6):
6 = 6
dgrysy ( )

The relatively high dislocation density values
confirm that the nanoparticles possess a defect-
rich structure. These structural imperfections,
including vacancies, interstitials, and grain
boundaries, play a crucial role in enhancing
surface reactivity.
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Table 2 Title: Presence and Proportions of Crystalline Phases

S/N Phase Weight Interpretation
(%)
1 Zincite 83 Confirming that ZnO is the principal crystalline phase
Gahnite 13 Attributed to a solid-state reaction between ZnO and Al=O; at

elevated temperatures

3 Cristobalite 3.8 Likely due

to silica

impurities or high-temperature

transformation of quartz

Table 3 Title: Characteristics of Two Different Diffraction Peaks

Parameter Peak at 20 = 36.68° Peak at 20 = 56.99°
Phase Gahnite Cristobalite
Estimated Crystallite Size 137A (=13.7nm) 86 A (= 8.6 nm)
Miller Index 101 331

Full Width at Half Maximum (FWHM) 0.64 1.10

Interplanar Spacing (d) 2.448 A 1.614 A

Comparison with standard reference data
shows that while the peak positions closely
match the JCPDS patterns, slight peak shifts
and broadening are evident. Such deviations
are commonly reported in green-synthesized
ZnO nanoparticles and are primarily due to
quantum size effects, incorporation of
impurities such as Na, Ca, and Si, and the
influence of capping agents from the plant
extract. These factors collectively introduce
lattice distortion and reduce long-range
crystallographic order, resulting in a semi-
crystalline structure.

The implications of these structural features for
adsorption are significant. The reduced
crystallite size increases the specific surface
area, thereby providing a larger number of
active sites for metal ion adsorption. The
observed lattice strain and high dislocation
density create defect sites that act as high-
energy adsorption centers, facilitating strong
interactions with Pb%. Furthermore, the
multiphase composition involving ZnO,
ZnAl:O4, and SiO: enhances surface
heterogeneity, which promotes multiple
adsorption mechanisms, including electrostatic

attraction, 1ion exchange, and surface
complexation. The slight deviation in ddd-
spacing also suggests altered surface electronic
environments, which can improve the binding
affinity of the nanoparticles toward heavy
metal ions.

Overall, the XRD analysis confirms that the
synthesized ZnO nanoparticles possess a
highly crystalline yet defect-rich and
heterogeneous structure, with nanoscale
crystallite size and slight lattice distortions.
These characteristics are highly advantageous
for adsorption applications, as they collectively
enhance surface reactivity, increase the density
of active sites, and improve the overall
efficiency of heavy metal removal from
aqueous systems.

3.6. Adsorption Studies of Heavy Metals and
Mechanistic Synthesis

3.6.1. Effect of Initial
Concentration

The initial concentration of metal ions serves as
a critical driving force to overcome mass
transfer resistance between the aqueous and
solid phases. The adsorption of Pb(II) onto the
biosynthesized ZnO nanoparticles  was

Metal Ion



Communication in Physical Sciences, 2026, 13(4): 563-582

evaluated across a concentration range of 5 to
25 mg/L, as detailed in Table 5. The data
indicates that as the initial concentration of
Pb(Il) increased from 0.346 mg/L to 1.268
mg/L, the removal efficiency generally
improved, achieving a notable maximum of
78.39% at an intermediate concentration of
0.574 mg/L. This trend suggests that at these

576

concentrations, the active sites on the ZnO NPs
are highly available and efficiently utilized.
The slight fluctuations in removal percentage at
the highest concentrations may be attributed to
the progressive saturation of the available
adsorption sites on the fixed 0.05 g dosage of
the adsorbent.

Table 4 Title: Identified Crystalline Phases and Structural Parameters

Phase Name Formula Card Number  Group Spacing  Quantity (wt%)
Zincite Zn0O 00-001-1136 186: P63mc 83
Gahnite ZnALOs 00-001-1146 227: Fd-3:2 13
Cristobalite  SiO: 00-001-0424 227: Fd-3:2 3.8

Table 5: Effect of Initial Concentration on Pb** Removal by ZnO NPs

S/N Initial Conc. (mg/L) Residual Conc. (mg/L)

% Metal Removal

1 0.346 +0.0098 0.166 £ 0.0561 52.02
2 0.504 £0.0143 0.190 £ 0.0227 62.30
3 0.574+0.0182 0.124 £ 0.0661 78.39
4 0.985 £0.1687 0.373 £0.0169 62.13
5 1.268 £0.1365 0.292 £0.0706 77.97

3.6.2. Effect of Solution pH

The pH of the solution is a pivotal parameter in
adsorption studies as it dictates both the
speciation of the metal ions and the surface
charge of the adsorbent. As shown in Table 6,
the removal efficiency of Pb?*" demonstrated a
strong pH dependency, increasing significantly
from 21.5% at pH 2.3 to a maximum of 83.8%
at pH 10.3. At low pH values, the high
concentration of hydrogen ions competes with
Pb(Il) cations for adsorption sites, and the
protonation of surface functional groups leads
to electrostatic repulsion. As the pH increases
toward alkaline conditions, the deprotonation
of surface hydroxyl and carboxyl groups—
identified previously in the FTIR analysis—
results in a negatively charged surface, thereby
enhancing the electrostatic attraction and
removal of the positively charged lead ions.

Table 6: Influence of pH on Pb** Adsorption
Efficiency

S/N  pH of Solution

% Metal Removal

1 23 21.5
2 4.1 35.6
3 6.2 44.9
4 8.1 61.3
5 10.3 83.8

3.6.3. Synthesis of Characterization and
Adsorption Results

The superior adsorption performance of the
synthesized ZnO nanoparticles is deeply rooted
in the synergistic agreement between the
various characterization techniques employed.
The UV-Vis analysis confirmed the nanometric
scale and quantum confinement of the
particles, which translates to the high specific
surface area visible in the SEM micrographs.
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This physical architecture provides the
necessary "spatial capacity" for high-volume
contaminant sequestration.

Chemically, the FTIR results confirmed that the
nanoparticles are capped with Dbioactive
functional groups (-OH and C=0) from D.
mespiliformis, providing the specific chelating
sites required for the 78-83% removal
efficiencies observed in the adsorption trials.
This is further supported by the EDX and XRD
data; the presence of Zincite as the major phase
ensures a high density of reactive ZnO centers,
while the secondary phases (Gahnite and
Cristobalite) and trace bio-minerals (Na, K, Ca)
introduce structural defects and ion-exchange
sites. These defects, evidenced by the
crystallite sizes of 8.6—-13.7 nm, serve as high-
energy anchors for heavy metals. Collectively,
the results demonstrate that the "green"
synthesis route not only produces stable ZnO
nanoparticles but specifically engineers a
multi-functional surface ideally suited for the
remediation of Pb(Il) from aqueous
environments.

4.0 Conclusion

The aim of the study was achieved, whereby
the ZnO NPs were synthesized from aqueous
extract of D. mespiliformis, the morphology
was determined using FT-IR spectroscopy and
Scanning Electron microscope (SEM). The
efficacy of biosynthesized nanoparticles on the
removal of Pb (i1) in water was analyzed using
Atomic Absorption Spectroscopy (AAS). The
ZnO nanoparticles, derived from D.
mespiliformis  extract,  exhibit  notable
characteristics conducive to effective Pb**
removal. The multifaceted mechanisms
involved in this process, including adsorption
and potential chemical interactions, contribute
to the overall efficacy of the nanoparticles in
water treatment. Moreover, the eco-friendly
nature of D. mespiliformis extract as a reducing
and capping. agent adds to the sustainability
aspect of the synthesized ZnO nanoparticles.

This not only addresses the issue of water
pollution but also aligns with the growing
emphasis on green and sustainable
technologies. The successful removal of lead
ions signifies a practical application of the
synthesized nanoparticles in addressing
environmental challenges. As we move
forward. further exploration of the scalability,
long-term stability, and potential synergies
with existing water treatment methods will be
crucial.

In conclusion, the synthesis of ZnO
nanoparticles using D. mespiliformis extract
present a promising avenue for advancing
water  purification  technologies,  with
implications for sustainable and effective
solutions to mitigate the impact of lead
contamination in water sources.
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