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for sensing heavy metal ions.

The purpose of this work was to synthesize zinc oxide nanoparticles (ZnONPs) using leaf extract of Grewia optiva. The prepared
nanoparticles were further doped with zirconium. The UV-vis analysis of green synthesized ZnONPs showed peaks at a wavelength of
239 nm, whereas after doping by Zr#*, a peak was observed at 230 nm, demonstrating a hypsochromic shift, which confirms doping of
Zr** onto ZnONPs. A comparison was done between ZnONPs and Zr-doped ZnONPs at different concentrations of toxic metals and the
results showed that Zr-doped ZnONPs showed better selectivity towards Pb?* ions. When examined using a Saryu River water sample,
the Zr-doped ZnO nanoparticles demonstrated significant sensitivity to Ph?* ions, emphasizing their suitability as light-responsive catalyst
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INTRODUCTION

Although zinc oxide (ZnO) naturally occurs as zincite, it
is mainly synthesized for commercial use due to its low cost,
non-toxicity, antibacterial properties, strong piezoelectricity,
deodorizing effect and biocompatibility. These features make
Zn0 ideal for applications in textiles, rubber and food pack-
aging [1]. ZnO exhibits strong n-type conductivity due to low
energy native point defects. With a wide bandgap of 3.36 eV
and a high exciton binding energy of 60 meV at room temp-
erature, it is a versatile semiconductor suitable for applica-
tions in UV-visible optoelectronics, lasers, electromagnetic
sensors and surface acoustic wave devices [2,3]. Other notable
uses of ZnO are in microelectronics, biomolecular detection
and diagnostics. ZnONPs are capable of degrading arsenic,
cadmium and selenium in water [4-6].

ZnONPs have several biomedical applications, including
antibacterial anticancer, antidiabetic, anti-inflammatory acti-
vities, drug delivery and bioimaging activity [7]. Nonetheless,
doping elements are utilized to synthesize new, alluring prop-
erties, involving light-emitting diodes, solar cells, flat panel
displays, surface acoustic wave devices and transparent elect-
rodes [8]. Doping ZnO with transition metals can significantly
enhance its photocatalytic efficiency, primarily due to the pre-

sence of unoccupied d-orbitals in these metals, which facilitate
charge transfer processes [9]. Moreover, the comparable atomic
radii of these dopants to Zn?* allow their effective incorpora-
tion into the ZnO crystal lattice without substantial structural
distortion [10]. Zirconium, an n-type dopant, does not exhibit
inherent antibacterial activity; however, when used to dope
ZnO nanoparticles, it markedly improves their antimicrobial
performance [11]. This enhancement is attributed to Zr’s ability
to modulate the release of Zn?* ions, thereby increasing inter-
action with the microbial cells and amplifying antibacterial
efficacy [12]. Notably, the ionic radius of Zr** (0.84 A) is slig-
htly larger than that of Zn?* (0.74 A), enabling Zr to substitute
Zn in the lattice while inducing lattice strain, which can further
tune the material’s properties. Consequently, Zr-doping not only
boosts the antibacterial capabilities of ZnO nanoparticles but
also enhances their potential for optoelectronic applications due
to improved charge carrier dynamics and structural modifica-
tions [13,14].

The incorporation of nanomaterials in sensors has accom-
plished an improvement in selectivity, on-site detection ability
and sensitivity for heavy metals [15]. Zr doping on ZnO
enhances its performance in sensing devices [16,17], but the
mechanisms behind this improvement remain underexplored.
Phytogenic or green synthesis, which uses plant extracts, offers
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several advantages, including the incorporation of bioactive
compounds like proteins, flavonoids and polyphenols that
improve the biological activity of nanoparticles [18,19]. Grewia
optiva, a Tiliaceae family plant found in India and Nepal, is
known for its antioxidant, antibacterial and therapeutic activ-
ities [20]. Traditionally used for animal feed, fiber and medi-
cine, its bark and leaves contain compounds like grewialin,
sitosterol and lupeol, along with functional groups such as
carboxyl, amino and hydroxyl, making it effective in metal
binding and nanoparticles synthesis [21,22].

The present study focuses on the green synthesis of zinc
oxide nanoparticles (ZnONPs) using Grewia optiva aqueous
leaf extract, leveraging the plant’s inherent antibacterial prop-
erties to impart bioactivity to the nanoparticles. To further
enhance their functional performance, the ZnONPs were doped
with zirconium (Zr), which significantly improved their anti-
bacterial efficacy, electrical conductivity and sensing capabi-
lities. Comprehensive characterization techniques, including
UV-Vis spectroscopy, scanning electron microscopy (SEM),
X-ray diffraction (XRD), energy-dispersive X-ray spectro-
scopy (EDX) and Fourier-transform infrared spectroscopy
(FTIR), were employed to analyze the structural and morp-
hological features of both undoped and Zr-doped ZnONPs.
Moreover, the Zr-doped ZnONPs were successfully applied
for the detection of toxic heavy metals in water samples colle-
cted from the Saryu River, Ayodhya city, demonstrating their
potential as efficient photosensitive material in the environ-
mental monitoring applications.

EXPERIMENTAL

All chemicals used were obtained from HiMedia Labora-
tories, India. Grewia optiva was collected in February 2025,
from the district of Tehri Garhwal. The water sample of Saryu
River was collected from Ayodhya city, India.

Characterization: The UV-Vis absorption spectra were
measured by using a LabMan UV-vis Spectrophotometer-
UV1900, covering the wavelength range of 200-800 nm. The
FTIR analysis was conducted through Nicolet Summit Lite
utilizing a Hitachi S3400 instrument using the KBr pellet
method. The phase structure and material identity were exam-
ined using PANalytical system using CuKa X-ray diffracto-
meter under room temperature. SEM and EDX analyses were
conducted using Zeiss EVO 18 to observe the particle's size
and shape and to analyze the elemental composition of the
prepared NPs, respectively.

Aqueous leaf extract of G. optiva: G. optiva leaves (20 g)
were washed multiple times with tap water to remove the surface
contaminants, followed by two-three times washing with de-
ionized water to eliminate the residual impurities. The leaves
were shade-dried for 30 days and subsequently ground into a
fine powder using a mortar and pestle. Approximately 20 g
of the powdered leaves were transferred to a conical flask con-
taining 200 mL of deionized water. The mixture was heated
at 80°C for 4 h under continuous stirring, then allowed to
cool to room temperature. The resulting solution was filtered
using Whatman No. 1 filter paper and the filtrate was stored
in a cool, dark place until further use.

Preparation of ZnONPs: Zinc nitrate hexahydrate (1 g)
was dissolved in 100 mL distilled water and stirred constantly
at room temperature. Then 2 mL of aqueous extract of G.
optiva leaves was added to it with constant stirring. The final
product was collected after centrifuging thrice at 5000 rpm
for 15 min while washing with distilled water. The synthesized
nanoparticles were dried and stored at room temperature for
further examination.

Doping of zirconium in ZnONPs: To carry out the
doping process, zirconyl nitrate hydrate (0.4 g) was dissolved
in 100 mL of distilled water and stirred continuously until the
solution became homogenous and clear. Then, 2 g of prepared
ZnONPs were introduced into the solution and stirred consis-
tently to achieve proper mixing. The mixture was centrifuged
three times at 5000 rpm for 10 min each time, with washing
steps using distilled water to eliminate any remaining impuri-
ties. The resulting Zr-doped ZnO nanoparticles were colle-
cted, dried and stored at ambient temperature for subsequent
use.

Colorimetric detection of toxic metals: The colorimetric
detection of toxic metals by using the prepared ZnONPs solu-
tion was achieved by mixing 100 ppm of Pb?*, Cr®*, Cr¥,
Hg?*, As®*, Cd?*, Ni%*, Ca?*, Mg?*, KCI and Cu?* metal ion
solutions into 50 ppm of ZnONPs solution. The applicability of
the prepared Zr-doped ZnONPs was also conducted by using
a 50 ppm prepared Zr-doped ZnONPs solution to 10 ppm of
metal ion solutions. Similar tests were conducted on the Saryu
River water sample to assess the applicability of the Zr-doped
ZnONPs as a sensor for metal detection.

Sensing of toxic metals: In this study, aqueous solutions
of various metal ions including Pb?*, Cr8*, Cr3*, Hg?*, As®*,
Cd?*, Ni?*, Ca?*, Mg?*, Cu?* and KCI were prepared at concen-
trations of 100 ppm and 0.1 ppm using deionized water. Each
of these metal ion solutions was individually mixed with a 100
ppm suspension of Zr-doped ZnONPs to investigate their inter-
action via UVvisible absorption spectroscopy [23]. The same
protocol was applied to a water sample collected from the
Saryu River, in order to evaluate the sensing capabilities of the
synthesized nanoparticles under real environmental conditions.

RESULTS AND DISCUSSION

UV-visible studies: Fig. 1a shows a prominent peak at
the wavelength of 239 nm, which confirms the presence of
ZnO [24,25]. As shown in the inset of Fig. 1a, the Tauc plot
of the control sample indicates a direct band gap energy of
3.86 eV. In comparison, the Tauc plot in Fig. 1b (inset) corre-
sponds to ZnONPs, exhibiting an indirect band gap of 3.58 eV.
Upon doping with zirconium, the UV-vis absorption spectrum
of Zr-doped ZnONPs (Fig. 1c) displays a pronounced absor-
ption peak at 230 nm, indicating a hypsochromic (blue) shift
relative to undoped ZnONPs, which aligns with observations
reported by Gouthamsri et al. [26]. Furthermore, the Tauc
plot of the Zr-doped ZnONPs (Fig. 1c inset) reveals a reduced
direct band gap of 3.12 eV. This narrowing of the band gap is
consistent with findings from Ibrahim et al. [27] and suggests
that Zr incorporation effectively alters the electronic structure
of ZnO, potentially enhancing its optoelectronic properties
for sensing and photocatalytic applications.
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Fig. 1. (a) UV-vis spectra of (a) ZnONPs with inset Tauc plot showing

direct bandgap, (b) ZnONPs with inset Tauc plot showing indirect
bandgap, and (c) Zr-doped ZnONPs with inset Tauc plot showing
direct bandgap

SEM studies: The surface morphology of the synthesi-
zed nanoparticles was examined using SEM analysis. As shown
in Fig. 2a, the ZnONPs exhibit a predominantly spherical

shape, with a tendency to cluster and form bundled structures.
This agglomeration is attributed to the inherent polarity and
electrostatic interactions among the ZnONPs [28,29]. In con-
trast, the SEM image presented in Fig. 2b reveals distinct
morphological changes upon zirconium doping. The spherical
ZnO particles appear elongated and transform into bullet-like
structures with a more irregular distribution, consistent with
the findings reported by Khan et al. [30]. The average particle
size of the undoped ZnONPs was measured to be 14.74 nm,
while the Zr-doped ZnONPs exhibited a slightly reduced size
of 14.04 nm. This reduction in grain size indicates that Zr**
ions act as effective grain growth inhibitors. The substitution
of Zn?* ions in the ZnO crystal lattice by Zr** occurs through
chemical bonding during the doping process, thereby influen-
cing both the morphology and size of the resulting nanopar-
ticles.

EDX spectrum: The EDX spectrum of ZnONPs are
shown in Fig. 3a, confirming 40.2% of Zn in the sample,
whereas the EDX spectrum in Fig. 3b indicate the presence
of both Zn and Zr in the sample, specifically Zr-doped-
ZnONPs (Zn = 35.03% and Zr = 7.14%).

FT-IR spectral studies: The prepared ZnONPs were
subjected to FTIR spectroscopy to analyze their composition
and to identify the phytochemicals present in the extract, as
well as the type and purity of the prepared nanoparticles. Zinc
interacting with phytochemicals such as carboxylic acids,
amines, phenols and alcohols can help in stabilizing the
ZnNPs. The FTIR band in the range of 827 cm™ is due to Zn-O
vibration [31,32].

Fig. 4a shows a comparison of the FT-IR spectrum of
aqueous leaf extract of G. optiva and synthesized ZnONPs.
The absorption band at 3420 cm confirms the presence of
stretching vibration of the phenol and hydroxyl group [33],
whereas the absorption band at 2906 cm is due to the stret-
ching of the C-H group in the glucose unit [34]. The absor-
ption bands at 2833 cm~tand 2766 cm indicate the presence
of aldehydes in the sample. The bands at 2428 cm™* and 2396
cm* are assigned to C=0 and P-O-H stretching vibrations,
respectively [35,36]. The absorption band observed at 1763
cm is attributed to the C=C stretching vibrations, which
may be associated with aromatic conjugated systems present
in the biomolecules of the plant extract. The peak at 1628 cm*
confirms the presence of amides or carboxylate functional
groups. The absorption band at 1358 cm™* corresponds to the
presence of phenolic groups or tertiary alcohols. The charact-
eristic C-O stretching vibration of alcohols is observed at
1053 cm. The band at 960 cm™ is attributed to trans C-H
out-of-plane bending vibrations. A prominent peak at 827
cm confirms the presence of Zn-O bonds, as reported in
previous studies [37]. The appearance of this additional band
at 827 cm~ in the FTIR spectrum of the ZnONPs synthesized
using the plant extract suggests successful formation of
ZnONPs, with plant biomolecules likely playing a role in the
reduction and stabilization processes.

As shown in Fig. 4b, the intense absorption bands in 468-
404 cm! region indicate stretching of the ZnO bond. Close
to the FT-IR results of Azam et al. [38], in this study, a chara-
cteristic peak at 468 cm* indicates the Zn-O modes and there-
fore confirms the formation of ZnO bands in Zr-doped
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Fig. 2. SEM images of (a) ZnONPs, (b) Zr-doped ZnONPs and Zr-doped ZnONPs; (d) Particle distribution graphs of ZnONPs and (e) Zr-
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Fig. 3. EDX spectra of (a) ZnONPs and (b) Zr-doped ZnONPs

ZnONPs. Absorption band at 454 cm™ shows Zr-O,-Zr bond,
which is close to the results of Patel et al. [39]. The peaks in
the range 850-500 cm™* indicated ZrO bond [40], whereas the
peak at 861 cm™ indicates that after doping with Zr, the ZnO
peak shifted to a lower wavenumber. This shift reveals the
replacement of the Zr ion into the Zn-O lattice. This shift in the
position of the ZnO absorption band on doping by Zr may be
due to a variation in bond length as Zr replaces Zn. There may
be a backward shift of the transverse optical photon mode due
to the heavier mass of Zr than that of Zn. Naik et al. [41] and
Murtaza et al. [42] also observed a similar shift in the IR
absorption band after doping by Zr on ZnO. Moreover, the
absorption band at 943 cm™ and the band around 3452 cm
represent O-H stretching in water [41,43]. The peaks ranging

from 1812 cm™ and 2072 cm may reflect traces of CO; on
the surface of Zr-doped-ZnONPs [41].

XRD studies: As illustrated in Fig. 5a, the diffraction
peaks corresponding to various lattice planes confirm that the
synthesized ZnO nanoparticles possess a hexagonal wurtzite
crystal structure. The calculated lattice parameters for ZNONPs,
presented in Table-1, yield a c/a ratio of 1.60, which is consis-
tent with the ideal hexagonal geometry. Similarly, the XRD
pattern of the Zr-doped ZnONPs (Fig. 5b) also exhibits the
diffraction peaks characteristic of the hexagonal wurtzite phase,
as verified by standard reference data (JCPDS card No. 36-
1451) [43]. A prominent diffraction peak observed at 20 =
29.58°, corresponding to the (001) plane, further supports this
phase identification. The lattice parameters of Zr-doped ZnONPs
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Fig. 5. (a) XRD spectra of ZnONPs and (b) Zr-doped ZnONPs

indicate that Zr incorporation does not alter the crystal struct-
ure significantly (Table-1), but may slightly influence lattice
dimensions due to ionic substitution. The crystalline size was
evaluated using Debye-Scherrer’s formula as shown in eqn. 1
[44]:

TABLE-1
LATTICE PARAMETERS OF ZnONPs (A)
AND Zr-DOPED ZnONPs (A)

ZnONPs (A) Zr-doped ZnONPs (A)
Lattice Lattice

parameters ¢ parameters a ¢
100 BI58) - 001 - 3.01

002 - 6.16 100 3.23 -
101 3.50 5.60 002 - 5.04
101 2.83 4.54 101 5.47 3.35
102 3.28 5.25 111 6.75 4.14

200 4.38 -

(b)
10000 - '
7500 -
5000 [-
2500 . . . .
25 30 35 40 45 50
20 ()
0.89x A
Y=o &)
[Bcoso

where v is the crystallite size (nm); A is the wavelength (A =
1.54 nm); B is the full width at half maximum; and 0 is the
diffraction angle. The mean crystallite size for ZnONPs is
1.46 nm and for Zr-doped ZnONPs is 5.87 nm.

Selectivity test of synthesized ZnONPs: To examine the
selectivity of ZnONPs towards various metal ions, 100 ppm of
each metal ion solution was added into 50 ppm of ZnONPs
solution. Upon the addition of various metal ions, namely
Pb2*, Cré*, Cr¥*, Hg?*, As®*, Cd?*, Cu?*, Ni%* and other toxins
like Mg?*, Ca?* and KCI, no significant change was observed.
However, after the addition of Pb?* ions change in colour was
observed from yellow to transparent (precipitate was formed)
(Fig. 6a). This was also supported by the change in the SPR
spectra of ZnONPs along with metal ions. As shown in Fig.
6b, on the addition of heavy metal ions onto the ZnONPs, a
dramatic change in the UV-vis peak of Pb?" along with a
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Fig. 6. (a) Colorimetric change of ZnONPs on the addition of heavy metals at 100 ppm; (b) UV-vis spectra of ZnONPs in the presence of
various metal ions (100 ppm each); (c) UV-vis spectra of ZnONPs with and without Pb2*

bathochromic shift at 240 nm and 385 nm was observed.
Whereas, the spectrum of all other metal ions didn’t show any
major changes. Scrutinizing the performance of ZnONPs
concerning various heavy metal ions was appraised by UV-
visible absorption spectra, as shown in Fig. 6b. The discrete
and sensitive variation in absorbance demonstrates the capa-
bility of ZnONPs to act as effective optical sensors, particu-
larly in the UV and visible ranges. Lead ions, when they come
in contact with ZnONPs, form a charge-transfer complex, which
may lead to a bathochromic shift in the UV-vis spectrum as
a result of the lowering of the bandgap (Fig. 6¢) [45]. Similar
tests were conducted for heavy metals at lower concentra-
tions, but no significant changes were observed in the UV-
vis spectrum; therefore, ZnONPs were unable to detect heavy
metals at lower concentrations. Hence, Zr** doping was done
to enhance the selectivity performance of ZnONPs. Doping
Zr** on ZnONPs primarily increases the surface area of ZnONPs
from 11.35 to 26.18 m?/g, modifying structural and electronic
properties, which carry the additional active sites for inter-
action with heavy metal ions, hence improving the sensitivity
[46-48].

Selectivity test for Zr-doped ZnONPs: Fig. 7 displays
the selectivity of Zr-doped ZnONPs toward various heavy
metal ions. The sensing capability of Zr-doped ZnONPs

towards heavy metal ions was observed via the naked eye on
adding 10 ppm of each metal ion onto 50 ppm of the Zr-doped
ZnONPs solution. The colorimetric changes on the addition
of heavy metal ions onto the Zr-doped ZnONPs are shown in
Fig. 7a. Here, on addition of Pb?* to Zr-doped ZnONPs solu-
tion, formation of precipitate was observed, although no such
changes were observed on the addition of Zr-doped ZnONPs
to the other metal ions. This experiment was further encour-
aged by UV-vis spectroscopy as shown in Fig. 7b, where a
dramatic change in the UV-vis peak of Pb?* was recorded,
with a hypsochromic and hypochromic shift at 225 nm [49].
Pb?* is encircled by chloride ligands due to the presence of
chloride in lead(ll) chloride, forming Pb complexes [50]. On
contact with the Zr-doped ZnONPs surface, these ions may be
expatriate, leading to decrease polarizability and an incre-
ased energy gap between the ground and excited states, which
might contribute to the hypsochromic shift. The d—p or p—p
transitions of Pb?* are delicate to the coordination geometry.
Its surface adsorption on Zr-doped ZnONPs may establish a
weaker ligand field relative to the free ion, shifting transitions
to higher energy. If the new geometry leads to fewer permi-
ssible transitions, the absorbance drops, resulting in the hypo-
chromic shift. Lead(ll) ions strongly adsorbs onto Zr-doped
Zn0O, due to its Zr-induced surface defects and high surface
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the presence of various metal ions (0.1 ppm each); (c) UV-vis spectrum of Zr-Doped ZnONPs with 0.1 ppm Pb?*

area, resulting in inferior absorbance intensity [41] and there- To estimate the detection limit of Zr-doped ZnONPs, the
fore displaying a hypochromic effect. Table-2 summarizesthe  sensitivity tests were also conducted as a function of Pb?* ions.
results of the conducted experiments. The spectrum of all other  Fig. 8 shows a change in the peak intensity of UV-vis spectra

metal ions didn’t shows any major changes. of Zr-doped ZnONPs after the interaction with different con-
TABLE-2
UV-VIS ANALYSIS OBSERVATION OF Zr-DOPED ZnONPs WITH DIFFERENT METAL IONS
dﬁ;:(ljygerﬁtooﬁgs(:gltﬂtirr;) Observation in UV-vis spectrum Sensitivity Possible interaction mechanism
Pb? Significant increase in the visible range High As a result of surface absorption on NPs and charge
and distinct absorption in the UV range transfer, leading to the formation of a defect state
Hg?* No significant changes Low Minimum surface interaction with NPs
Cd* No significant changes Low Minimum surface interaction with NPs
As® No significant changes Low Minimum surface interaction with NPs
Cr3* No significant changes Low Minimum surface interaction with NPs
Cu?* No significant changes Low Minimum surface interaction with NPs
Mg?* No significant changes Low Minimum surface interaction with NPs
Cré* No significant changes Low Minimum surface interaction with NPs
KCI No significant changes Low Minimum surface interaction with NPs
Ni* No significant changes Low Minimum surface interaction with NPs

Ca?* No significant changes Low Minimum surface interaction with NPs
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centrations of Pb?* ions. A hypochromic shift was observed
with an increase in the concentration of Pb?* ions from 0.01
to 10 ppm as shown in Fig. 8. These results confirm the excel-
lent selectivity of the synthesized Zr-doped ZnONPs in the
aqueous systems. This confirms the limit of detection of the
synthesized Zr-doped ZnONPs is 0.1 ppm, making it appro-
priate for quantitative detection of Pb?* ions in agueous system.
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Fig. 8. UV-vis spectra of Zr-doped ZnONPs at different Ph?* ions concen-

trations (0.01-10 ppm

Practical application: Fig. 9a displays the UV-vis spec-
trum of the Saryu River water sample. No satisfactory peaks
can be seen from this graph. The Saryu River’s water was used
to prepare a 100 ppm solution of Pb?*, Cr¥*, Hg?*, As®*, Cd?*,
Cu?*, Ca®*, Cr*, Mg?*, KCI and Ni?* each. Fig. 9b displays
the UV-vis spectrum of heavy metals in the Saryu River water
sample when the Zr-doped ZnONPs were introduced. The Pb?*
shows a distinct absorbance pattern, making a hyperchromic
shift at 230 nm and a bathochromic 390 nm shift as observed
in Fig. 9c¢, indicating potential interaction between these mate-
rials and Zr-doped ZnONPs in the visible region. On the addi-
tion of Zr-doped ZnONPs to Pb?*, the wavelength increased,
which means the energy band gap decreased and thus may
hinder the transition. The remaining materials show a similar
absorbance pattern to Zr-doped ZnONPs. This test approves
the high sensitivity of Zr-doped ZnONPs towards Pb?* ions.
The UV-vis test results can be seen in Table-3. Slight changes
in the UV-vis peaks can also be observed in Cu?* due to the
components present in the Saryu River water sample.

Conclusion

Zn0 nanoparticles (ZnONPs) were successfully synthe-
sized and subsequently doped with Zr** ions. The materials
were characterized using SEM, XRD, EDX, UV-visible
spectroscopy and FT-IR analysis. The absorption wavelength
of the synthesized ZnONPs was observed at 239 nm, which
shifted to 230 nm after doping, indicating a change in the
optical properties. FT-IR analysis of ZnONPs showed a chara-
cteristic ZnO peak at 827 cm™, while the appearance of an
additional peak at 468 cm™ confirmed the successful synth-
esis of Zr-doped ZnONPs. XRD analysis further verified the
presence of ZnO phases in the doped samples. A comparative

0.5
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Fig. 9. UV-vis spectrum of (a) Saryu River water; (b) Zr-Doped ZnONPs

in the presence of various metal ions solution in Saryu River water
(100 ppm each); (c) Zr-Doped ZnONPs with 100 ppm Pb?* solution
in Saryu River water

study of pure and Zr-doped ZnONPs demonstrated enhanced
selectivity toward heavy and toxic metals, with the doped
nanoparticles showing superior performance, particularly at
lower concentrations. The minimum detection limit for Pb2*
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TABLE-3

UV-VIS ANALYSIS OBSERVATIONS OF Zr-Doped ZnONPs IN SARYU RIVER WATER SAMPLE

Analyte/toxin Observation in UV-vis spectrum Sensitivity Possible interaction mechanism
Pb%* Significant increase in the visible range and High As a result of surface absorption on NPs and charge
distinct absorption in the UV range transfer, leading to the formation of a defect state
Hg? No change Low Minimum surface interaction with NPs
Crét No change Low Minimum surface interaction with NPs
Cd?* No change Low Minimum surface interaction with NPs
As®* No change Low Minimum surface interaction with NPs
Mg?* No change Low Minimum surface interaction with NPs
Ca? No change Low Minimum surface interaction with NPs
Cu® Slight changes Medium Minimum surface interaction with NPs
Cré* No change Low Minimum surface interaction with NPs
KCI No change Low Minimum surface interaction with NPs
Ni?* No change Low Minimum surface interaction with NPs
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