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ARTICLE INFO ABSTRACT
Keywords: Herein, simple, low-cost, and room-temperature synthesis of beta-cyclodextrin (-CD) stabilized
Heavy metal ions zinc sulfide nanoparticle (ZnS NP) through the chemical precipitation method has been reported

p-Cyclodextrin

ZnS nanoparticles

Cation exchange reactions
Colorimetric sensor

for cation exchange reaction (CER) based colorimetric sensing of Pb®", Cu?*, and Hg?". For-
mation of B-CD stabilized ZnS NPs (ZnS@p-CD) was verified by physicochemical characterization
techniques such as XRD, XPS, FE-SEM, and TEM. ZnS@-CD NPs showed color change selectively
for the metal ions Pb%*, Cu?*, and Hg?* among the various metal ions including Sn%, Cr3*, Mn?*,
Fe®, Co?, Ni%*, and Cd?*. The solubility product of reactants and the transformed products are the
reason for selective CER of ZnS@p-CD NPs towards Pb%*, Cu?*, and Hg?* ions. ZnS@p-CD NPs
dispersion revealed rapid color change from white to orange, black, and bright yellow on the
addition of higher concentrations of Pb%, Cu?*, and Hg?* respectively. This color change is due to
the formation of complete CER-transformed nanostructures such as PbS, CuS, and HgS in higher
concentrations (10°1- 102 M) of corresponding metal ions. The partial CER altered products
Zny_x,PbyS, Zn; 4 CuyS and Zn; _4Hg,S were detected due to the appearance of pale color in the
lower metal ions concentrations of 10 - 10" M. This CER assisted transformation was also
monitored through spectrophotometric methods. Moreover, infrared spectroscopic analysis was
used to testify the structure of CER transformed product. The synthesized ZnS@p-CD NPs act as an
efficient CER-based sensor for distinguishing and determining Pb%, Cu?, and Hg?* at different
level concentrations in the aqueous solution.

1. Introduction

Industrialization and urbanization caused the discharge of various types of contamination, such as heavy metal ions, pesticides,
dyes, and pharmaceutical residues, into the aquatic system. Three main components in the atmosphere, specifically water, air, and soil,
are incredibly polluted. Thus, for a sustainable environment, researchers are working continuously to design highly desirable materials
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to explore a treatment technology in the interest of water decontamination [1,2]. The primary step in environmental protection is
proper detection methods through qualitative and quantitative analyses. The subsequent step is the treatment of pollutants by different
techniques. The presence of heavy metal ions in the water system is a severe issue due to their high toxicity and non-biodegradability
[3]. Metals, including lead (sz*), mercury (ng*), and copper (Cuz*), are among the most prevalent ones found in sewage. The sources
of lead contamination in the environment are mainly from industrial, automotive exhaust emissions, melting and processing of ores. In
contrast, other sources include lead batteries, additives of paints, and varnishes [4,5]. Pb* metal ion is one among the
endocrine-disrupting chemicals (EDC) [6]. These EDC chemicals interfere with the hormonal system of the body. Long-term exposure
to these chemicals can cause of lower IQ, delayed or impaired neurobehavioral development and other health ailments [7,8]. The
copper metal ions discharged from industry and pesticides can cause diseases like Wilson’s and vineyard sprayer’s lung disease [9].
Mercury ion contamination is mainly from used thermometers, barometers, and tube lights. Microorganisms in the environment
transform these discharged mercury ions into dangerous methylmercury compounds that can accumulate in the food chain and result
in Minamata disease [10]. Thus, environmental monitoring of Pb®, Cu®, and Hg?* ions in aqueous media becomes essential for
minimizing such consequences on world health.

Recently, new nanomaterials, particularly chalcogenides, have been extensively synthesized using sequential cation exchange
reactions (CER) at the nanoscale [11-13]. CER is advantageous due to its simplicity, tunable composition, and tunable color in
colloidal nanostructure, and ability to maintain morphology. A literature study reveals that orange-colored CdSe transformed into a
black-colored Ag,Se gel due to the exchange of cations Cd* with Ag*. During the process of CER, cations are comparatively mobile in
the crystal lattice, whereas anions assist in retaining the structural framework [14]. Recent literature study supports CER’s thermo-
dynamic and kinetic favorability in nanometer-scale ionic crystals due to their large specific surface area and relative solubility be-
tween the reactant and the product [15]. Many studies have exploited CER-assisted fluorescent sensors to detect various metal ions
[16-18]. Therefore, it would be ideal to have a sensor platform that derives CER-based naked-eye colorimetric responses for detecting
heavy metal ions in aquatic environments.

A few studies have explored ZnS nanomaterials as a platform for CER-assisted colorimetric heavy metal detection [19]. For
example, Amit Jaiswal et al. developed a chitosan film-impregnated ZnS quantum dots for the ion exchange-based colorimetric sensing
and removal of Hg?, Ag*, and Pb?* ions in aqueous media [20]. In another work, Sumaiya Bano et. al. synthesized an aqueous
starch-capped ZnS quantum dot as a CER-guided colorimetric sensor for the metal ions Pb%, Cu®, and Hg? in an aqueous solution
[21]. Moreover, literature studies reveal that ZnS nanoparticles (NPs) synthesis focus mainly on the non-aqueous media at high
temperature and pressure [22,23]. Nevertheless, sensing research is often performed in an aqueous medium or a mixture of
water/organic solvents. Consequently, there is a practical constraint in using non-aqueous ZnS NPs in environmental domains.
Consequently, developing an easy and cost-effective method for synthesizing ZnS NPs in an aqueous medium is essential, preferably at
room temperature.

Cyclodextrins are macrocyclic supramolecular capping agents that can alter the shape and physicochemical characteristics of the
NPs [24,25]. Using a capping agent during nanoparticle synthesis can reduce aggregation through steric hindrance and surface
passivation. Moreover, it can help in improving the biocompatibility and hydrophilicity of NPs [26]. Literature studies reveal that §-CD
functionalized gold NPs were utilized for the colorimetric detection of Pb%*, and Cu?* metal ions [27,28]. Furthermore, p-CD capped
gold-iron NP has been reported for the colorimetric detection of Cr?* metal ions [29]. However, none of the studies have used p-CD
capped NPs for CER-assisted heavy metal detection. The synthesis of ZnS NPs using p-CD as the capping agent has not been reported so
far in the literature.

Here, we report the simple, low-cost, and room-temperature synthesis of p-CD stabilized ZnS (ZnS@p-CD) NPs through the chemical
precipitation method. Synthesized ZnS NPs are used as a CER-guided colorimetric sensor for metal ions such as Pb%*, Cu®, and Hg?".
ZnS@B-CD NPs dispersion showed a rapid color change from white to orange, black, and bright yellow after adding 10°! - 10-* M
concentrations of Pb%*, Cu%, and Hg?* metal ions, respectively. This color change is due to converting ZnS NPs to PbS, CuS, and HgS
nanostructures (NSs) after the entire CER at higher concentrations of respective metal ions. On the contrary, it is converted to Zn;
xPbxS, Zn; _xCuyS and Zn; _4Hg,S by partial CER at lower concentrations of respective metal ions. The color of the ZnS NP solution is
tunable according to the concentration of respective metal ions. This color change indicates that the ZnS@p-CD NPs efficiently
distinguish and determine the different concentrations of these metal ions. UV-Visible photometric analysis further confirmed the
colorimetric reactions of ZnS@p-CD NPs towards the above metal ions. This proposed work offers a promising colorimetric sensing
platform for heavy metal ion detection in water bodies.

2. Materials and methods
2.1. Materials

Zinc nitrate hexahydrate ([Zn(NOs3),-6H0]; Avra chemicals), sodium sulfide flakes (NayS; Sisco Research Laboratories), and
B-cyclodextrin (p-CD; Moly Chem) were used as received, and all these chemicals were of an analytical grade. Double distilled water
(DDW) was used as a solvent for the experiments.

2.2. Synthesis of ZnS@p-CD

ZnS@p-CD NPs were prepared using the chemical precipitation method at room temperature. In a typical experimental procedure,
Zn(NO3)2-6H50 (0.341 g, 0.002 mol) and B-CD (1.021 g, 0.001 mol) were mixed with 30 mL DDW in the round bottom flask. This
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Scheme 1. Schematic diagram for the synthesis of ZnS@p-CD NPs.

mixture was entirely dissolved by sonicating for a few minutes and then stirred for 1 h on the magnetic stirrer. Then, NayS (0.09 mol)
was dissolved in 50 mL DDW and added dropwise into the reaction mixture. A White precipitate was formed during the addition of
NayS. Further, the reaction mixture was stirred for 28 h. After completion of the chemical reaction, ZnS@p-CD NPs were acquired by
centrifugation at 6000 rpm for 10 min. The obtained residue was washed five times with DDW to remove the excess Na,S and dried at
80 °C for 24 h in a hot air oven.

2.3. Selectivity studies of ZnS@p-CD NPs towards various heavy metal ions

A colloidal solution of ZnS NP was prepared by dispersing 50 mg of ZnS@p-CD NP in 100 mL DDW by sonicating the reaction
mixture for 15 min. Then, it was centrifuged for 5 min at 3000 rpm to get the fine colloidal dispersion. 5 mL of this colloidal solution
was taken in different glass vials. 0.5 mL of 10~ M solution of various metal ions (Sn%, Pb?, Cr, Mn?*, Fe*, Co%*, Ni%*, Cu®*, Cd* and
Hg?*) were added to each of these glass vials. UV-Visible absorption spectra of each solution were recorded after shaking the solution
well for 5 min and photographed.

2.4. Cation exchange reactions of ZnS@p-CD NPs with Pb>*, Cu?*, and HZ" metal ions

Six different concentrations (106, 10-%, 104, 10-%, 10‘2, and 10! M) of metal ions sz*, Cuz*, and ng+ were made and used for the
CER reactions with ZnS@p-CD NPs. 0.5 mL of these metal ion solution was added to 5 mL of ZnS NPs colloidal solution taken in
different glass vials. UV-Visible absorption spectra of each solution were recorded after shaking the solution well for 5 min and
photographed. Further, we monitored time-resolved metal-ZnS interactions by colorimetrically as well as spectrophotometrically.

2.5. Characterization

The purity, relative phase, and structure of the ZnS@p-CD NPs were analyzed through X-ray diffraction techniques (XRD) (model:
Malvern Panalytical multipurpose) with radiation source (Cu Koa; A = 0.154 nm, 40 kV, 30 mA). Optical absorbance and metal ion
sensing behavior of ZnS@B-CD NPs were studied using UV-Visible spectrophotometer (model: Shimadzu UV - 1800) in the spectral
range 200-800 nm. Scanning electron microscopy (SEM-EDX) (Carl Zeiss, German; model — ZEISS Gemini SEM 300) was used to
analyze sample surface morphology and elemental analysis. Transmission Electron Microscope (HR-TEM) (model: TECHNAI-FEI, The
Netherlands) was used to find ZnS@p-CD NPs structure and particle size. X-Ray photoelectron spectra (XPS) of ZnS@f-CD NPs were
recorded using Kratos Axis Ultra, UK with monochromatic 96 W power Al Ka radiation. Studied the chemical structure of ZnS@p-CD
NPs and its CER transformed products using Fourier-Transform Infrared (FT-IR) spectra (model: Bruker (Alpha Platinum) in ATR
mode.

3. Results and discussion
3.1. Synthesis and characterization of ZnS@f-CD NPs

ZnS@P-CD NPs were prepared using the chemical precipitation method at room temperature. We optimized the synthesis of
ZnS@p-CD NPs after carrying out several trials with the different mole ratio of precursor (Zn(NO3),-6H20), capping agent (8-CD), and
NayS. Initially, the reactions were carried out using 1:1, 1:2, and 2:1 mol ratio of precursor and capping agent. Further, the obtained
product purity was analyzed by using FT-IR spectroscopy. Analysis of FT-IR spectrum reveals that 2:1 (precursor: capping agent) mole
ratio shown the peaks correspond to pure ZnS NPs as compared to 1:1 and 1:2 mol ratio of precursor and capping agent. Further, the
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Fig. 1. XRD patterns of ZnS@p-CD NPs.
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Fig. 2. The XPS analysis of ZnS@p-CD NPs (a) Wide scan XPS (b) Zn 2p deconvoluted peaks (c) S 2p deconvoluted peaks (d) C 1s deconvoluted
peaks, (e) O 1s deconvoluted peaks.

yield of the reaction was optimized based on the concentration and dilution of NayS. Thus, we obtained better yield and pure ZnS NPs
when we used 0.09 M of NayS in 50 mL of DDW. The scheme for the synthesis of ZnS@p-CD NPs is shown in Scheme 1.

Structural identification of ZnS@p-CD NPs has been done with XRD pattern as shown in Fig. 1. The XRD pattern indicated 26 peaks
at 28.72°, 33.16°, 47.83°, 56.5°, 69.90°, and 77.08° that are attributed to the lattice planes (111), (200), (220), (311), (400) and (331),
respectively. These peaks align with those of JCPDS data card number 05-0566 and confirm face-centered cubic phase of ZnS [30]. All
these peaks intensity does not deviate from the JCPDS-05-0566 file intensities. The mean crystallite size of ZnS@p-CD NP was found
out from Debye-Scherrer formula D = ki/ficosf, where D indicates crystallite size, k is Scherrer’s constant, which is 0.94, 1 is the
wavelength of X-rays (Cu Ko radiation, A = 0.1540 nm), @ is the Bragg’s diffraction angle, and g is the full width at half-maximum
(FWHM) of that peak in radian [31]. The mean crystallite size of ZnS@p-CD NPs were found to be 19.78 nm.

The elemental composition and purity of ZnS@p-CD NPs were investigated using XPS techniques. Fig. 2 (a)-(e) shows the obtained
XPS spectra. The wide XPS spectra in Fig. 2 (a) indicate the peaks corresponding to C, O, Zn Auger, satellite peaks of Zn and S. C and O
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Table 1
Elemental analysis based on XPS data for ZnS@p-CD NPs.
Position (Binding energy (eV)) Atomic%

Peak
C1ls 285.15 23.97
O1s 532.35 14.79
Zn 2p 1021.95 33.07
S 2p 162.05 28.17
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Fig. 3. (a) SEM Image of p-CD, (b) SEM image of ZnS@p-CD NPs, (c) EDX spectra of ZnS@p-CD NPs, (d) Elemental mapping images of ZnS@p-
CD NPs.

XPS peaks confirm the presence of capping agent (-CD). Table 1 depicts the atomic weight percentage of elements in the ZnS@p-CD
NPs. It is evident that the sample contains a higher fraction of Zn atoms than S atoms which implies a non-stoichiometric composition
and the development of sulfur vacancies in the structure [32]. The deconvoluted core level spectrum of Zn 2p is shown in Fig. 2 (b). The
spectra reveal binding energy peaks at 1021.95 eV (Zn 2p3,2) as well as 1045.05 eV (Zn 2p; ) with a characteristic peak difference of
23.1 eV [33], which confirms the presence of Zn?" ions in the sample. The deconvoluted XPS spectra of S 2p in Fig. 2 (c) have been
divided into two distinctive peaks at 162.05 eV (S 2p3,2) and 163.35 eV (S 2p; 2) with an energy splitting of 1.3 eV [34]. These peaks
are attributed to S ions in the ZnS NPs. The C 1s deconvoluted spectra in Fig. 2 (d) give binding energy peaks at 285.15, 286.05, and
287.25 eV corresponding to C-C/C-H, C-OH, and C-O, respectively [35,36]. The O 1s deconvoluted spectra in Fig. 2 (e) show peaks at
532.35, 534.55, and 536.25 eV of binding energies, and these correspond to C-O, C-OH and surface adsorbed H,O, respectively [37,
38]. These C 1s and O 1s spectra endorse the p-CD capping agent in the ZnS NP sample.

3.2. Morphology studies of ZnS@p-CD NPs

The morphology of ZnS@p-CD NPs was examined by performing the FE-SEM analysis. In Fig. 3 (a), irregular flake-like morphology
is attributed to p-CD [39]. However, the SEM image of ZnS@p-CD NPs in Fig. 3 (b) illustrates spherical-shaped NPs were incorporated
on the surface of flake shaped p-CD. The SEM-EDX analysis confirmed further purity of the ZnS@@-CD NPs. The EDX spectra in Fig. 3 (c)
document the presence of Zn, S, C, and O with a weight % of 59.4, 30.5, 5.8, and 2.1, respectively. Moreover, the elemental mapping
images in Fig. 3 (d) reveal the spatial distribution of Zn and S elements within the sample.

TEM analysis was performed to find out the shape and size of synthesized ZnS@p-CD NPs. Fig. 4 (a)-(d) depict the TEM micrographs
of ZnS@p-CD NPs, histogram, and the SAED pattern. TEM images clearly illustrate that the ZnS NPs are spherical in shape. The particle
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Fig. 4. HR-TEM images of ZnS@p-CD NPs at various scale (a) 50 nm, (b) 10 nm, (c) Particle size distribution histogram, (d) SAED pattern.
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Fig. 5. (a) UV-Visible absorption spectrum and (b) Tauc plot of ZnS@p-CD NPs.

size distribution of ZnS@p-CD NPs was determined by plotting the histogram curve with the help of ImagelJ software. The size dis-
tribution graph depicts the mean diameter of the ZnS@p-CD NPs is 28 nm, more significant than that obtained by XRD. The observation
is because XRD provides only the sample’s crystallite size, whereas TEM image provides entire particle size, including non-crystalline
components [40]. Fig. 4 (d) shows the selected area electron diffraction (SAED) pattern of ZnS@p-CD NPs. The diffraction pattern
comprises a center hole surrounded by wide concentric rings. The rings correspond to reflections from the planes (1 1 1), (22 0), and (3
1 1) which confirm the cubic structure of ZnS NPs [41]. The distinct bright spots in the SAED image ensure the polycrystalline nature of
the synthesized ZnS@B-CD NPs [42].

3.3. Optical properties of ZnS@p-CD NPs

Fig. 5 represents the UV-Visible and Tauc plot of ZnS@p-CD NPs. Fig. 5a depicts a peak at 323 nm in the UV region, which is
assigned to the band gap absorption of ZnS [39]. The optical band gap (Eg) can be determined with Tauc plot by extrapolating the
linear region of (ahv)? vs hv plots and from the intercept of ho axis as shown in Fig. 5b. The condition is depicted as; (¢hv)'/® = C x (ho-
Eg), where a denotes absorption coefficient, h refers to Planck’s constant, C represents the proportionality constant, v is the light
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Fig. 6. (a) Colorimetric and (b) UV-Visible spectroscopic analysis of ZnS@p-CD NPs towards different metal ions.
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Fig. 7. (a) Colorimetric and (b) UV-Visible spectroscopic analysis of ZnS NPs (without f-CD) towards different metal ions.

frequency, Eg indicates bandgap, and n is 1/2 for direct bandgap material [43]. The band gap energy of the ZnS@p-CD NPs is found to
be 3.78 eV. In contrast, the absorbance of bulk ZnS is reported to be 340 nm with a band gap energy of 3.6 eV [44]. This blue shift
indicates the formation of ZnS@p-CD NPs.

3.4. Selectivity studies of ZnS@p-CD NPs towards various heavy metal ions

The selectivity of ZnS@p-CD NPs was studied using 10~ M solution of various metal ions such as Sn?, Pb%, Cr>, Mn%, Fe?*, Co?,
Ni%, Cu?*, Cd?* and Hg%. The colorimetric analysis of ZnS@p-CD NPs was determined using fine colloidal dispersion of ZnS@p-CD NPs
in DDW, which was achieved by sonicating ZnS@p-CD NPs in DDW for 10 min and followed by centrifugation. Furthermore, 5 mL of
colloidal dispersion was taken in a series of labeled glass vials. A 0.5 mL of various metal ions solution were added to each vial.
Photographed their colorimetric responses after 5 min, as shown in Fig. 6 (a). The white-colored ZnS colloidal dispersion was changed
to orange, black, and bright yellow after adding metal ions Pb%*, Cu®, and Hg?, respectively. Only these three metal ions showed a
colorimetric response. ZnS colloidal dispersion showed no color change for other metal ions. Further, the selectivity of ZnS NPs was
confirmed by performing UV-Visible photometric analysis. Fig. 6 (b) depicts the UV-Visible absorption spectra of ZnS@p-CD NPs in
the presence of different metal ions, which indicates the disappearance of ZnS NP absorption band at 323 nm on the addition of Pb?*,
Cu?, and Hg?* metal ions. At the same time, no significant change is observed for other metal ions. This result further confirms the
selectivity of ZnS@p-CD NPs towards Pb%, Cu*, and Hg**. The selectivity of ZnS@p-CD NPs for CER-based metal detection is largely
attributed to the solubility product (Ksp) of the reactant and product. Higher Ksp value of ZnS readily undergoes CER with Pb%*, Cu®,
and ng* ions and forms lower Ksp value of PbS, CuS, and HgS. However, other heavy metal sulfide formation is difficult due to their
higher Ksp value [21].

Further, the influence of -CD capping agent on the CER metal sensing ability of ZnS NP was evaluated by comparing the selectivity
of unmodified ZnS NP and ZnS@p-CD NP towards various heavy metal ions. Unmodified ZnS NPs were synthesized by following the
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Fig. 9. (a) Colorimetric and (b) UV-Visible spectroscopic analysis of ZnS@B-CD NPs towards different concentrations of Pb?*. Time-resolved in-
teractions of ZnS@p-CD NPs with Pb%*: (0) Photographs of 102 M and 10" M of Pb?* at 0 min and after time t (50 min for 10-> M and 20 min for
10! M). (d) Time-based UV-Visible spectroscopic analysis of 10> M and 10~ M of Pb?* metal ions.

same procedure used for ZnS@p-CD NPs except the addition of capping agent p-CD. Then selectivity of unmodified ZnS NPs was
studied using 10-% M solution of various metal ions such as Snz*, sz*, cri, an*, Fe*, Coz*, Niz*, Cuz*, Cdz*, and ng*. 5 mL of
unmodified ZnS NPs colloidal dispersion in DDW was taken in a series of glass vials. 0.5 mL of various metal ions solution was added
into each vial. After 5 min, colorimetric reactions were photographed, as shown in Fig. 7 (a). The ZnS colloidal dispersion slowly
changes its color to a very pale black or pale yellow color after the addition of Cu?* and Hg?* metal ions, respectively. However, the
addition of Pb®* metal ions into ZnS colloidal dispersion reveal that the color change is very negligible. On the other hand, CER
colorimetric response of ZnS@p-CD NPs was immediate and gave intense color change in the presence of Pb%, Cu®, and Hg? metal
ions. Therefore, this comparative study proves the superior CER colorimetric response of ZnS@p-CD NPs towards Pb%, Cu?*, and Hg**
metal ions over unmodified ZnS NPs.

The selectivity of unmodified ZnS NPs was also confirmed by UV-Visible photometric analysis. Fig. 7 (b) illustrates the UV-Visible
absorption spectra of unmodified ZnS NP and after the addition of different metal ions. The spectrum shows that unmodified ZnS NP
gives an absorption band at 328 nm, which is red-shifted from 323 nm of ZnS@p-CD NPs. This indicates a slight increase in the size of
uncapped ZnS NP compared to the size of ZnS@p-CD NPs. The spectrum also depicts that the addition of 10-> M solution of Pb?*, Cu?*,
and Hg?" ions resulted in only a slight decrease in the absorption peak of ZnS NPs. This implies that complete CER transformation does
not happen with the unmodified ZnS NPs. Meanwhile, no change is observed in the absorption peak of ZnS NPs with the addition of
other metal ions as in the case of ZnS@-CD. However, ZnS@p-CD NPs added with 10~ M solution of sz*, Ccu?®, and ng* ions showed
the complete disappearance of ZnS absorption peak as shown in Fig. 6. As a result, ZnS@-CD NPs have higher CER spectrophotometric
response towards Pb2*, Cu?*, and Hg?* ions than uncapped ZnS NPs. Therefore, p-CD capping agent not only reduces the size of ZnS NPs
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pattern of CuS NS.

and enhances the CER sensing capabilities.

3.5. Interference studies

The interference of other metal ions such as Sn%, Cr®*, Mn?, Fe>*, Co%, Ni*, and Cd*'on the sensing ability of ZnS@p-CD NPs
towards Pb?*, Cu?, and Hg? ions was analyzed. Typically, 5 mL of ZnS@p-CD NPs colloidal solution taken in 3 different glass vials
were added with 3 drops of 10~ M solution of sn%, Cr**, Mn?%, Fe**, Co?*, Ni%*, and Cd** ions. Then, their colorimetric response was
checked by adding 3 drops of respective 10> M solution of Pb%*, Cu?*, and Hg?* ions. The color change observed after 5 min was
provided in Fig. 8, wherein, white-colored ZnS NP colloidal solution changed to orange, black, and bright yellow after adding metal
ions sz*, Cuz*, and ng*, respectively. Thus, it can be verified that other metal ions in the ZnS NP colloidal solution do not interfere
with its colorimetric response towards Pb%, Cu®, and ng+ ions.

3.6. Cation exchange reactions of ZnS@p-CD NPs with Pb**

Colorimetric analysis of ZnS@p-CD NPs were recorded in the presence of different concentrations of (107, 105,104,103, 102, and
10" M) Pb* solution. 0.5 mL of Pb?>" solution was added to 5 mL of ZnS colloidal solution, and their colorimetric response was
photographed after 5 min. The photograph (Fig. 9 (a)) indicates that white colored ZnS colloidal solution showed the color change in
the presence of different Pb> concentrations. ZnS NPs solution turned to pale yellow color for lower Pb%* ions concentration (10 - 10
M). In contrast, it turned orange for higher Pb?* ions concentration (10‘l -10° M), indicating that the ZnS@p-CD NP is efficiently
distinguishes and determines the different Pb?* ions concentrations.

Furthermore, the UV-Visible spectroscopic analysis of ZnS@B-CD NPs in the presence of different Pb?* ions concentrations were
studied, as shown in Fig. 9 (b). The spectrum indicates that at 10~ - 10" M of Pb?", the absorption band of ZnS NP was decreased, and
the solution’s color changed to pale yellow, which may be owing to the interaction of Pb* and S%-. The absorption peaks of ZnS NPs
disappeared entirely, and the solution color turned to pale orange at a concentration of 10-> - 10-2 M. A partial cation exchange process
began between Pb? ion and Zn?* ion, resulting in the production of Zn; \PbsS NSs. The value of x increases with increase in the
concentration of Pb%* ion. Cation exchange reaction increases at 10! M of Pb* ion concentration leading to a new absorption peak at
303 nm, accompanied by a colorimetric shift from white to orange.

In addition, time-dependent colorimetric and spectroscopic investigations were carried out on ZnS NPs using 10 — 10-! M Pb%*
metal ion solution, as shown in Fig. 9 (c) and (d). Even after 2 h, there was no discernible change in the color and absorption spectra of
the 10 —10-3 M solutions. However, after 50 and 20 min of exposure, the orange-colored 10~2 and 10-! M Pb?* solutions became
brown. Therefore, UV-Visible absorption responses were recorded before (0 min) and after the color change. When comparing to 0 min
absorbance, the spectra reveal that their absorbance increases significantly after the color change. The shift in UV-vis absorption peak
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Fig. 11. (a) Colorimetric and (b) UV-Visible spectroscopic measurements of ZnS@p-CD NPs towards different concentrations of Hg?*. Time-resolved
interactions of ZnS@p-CD NPs with Hg>": (c) Photograph of 10-! M of Hg?* at 0 min and after 10 min. (d) Time-based UV-Visible spectroscopic
responses of 10~ M of Hg*.

at 303 nm reveals nearly complete cation exchange processes and implies the development of PbS NSs. These findings demonstrate that
the color, composition, and wavelength can be tuned via CER of Pb?* with ZnS@p-CD NPs.

3.7. Cation exchange reactions of ZnS@p-CD NPs with Cu”* ions

ZnS@B-CD NPs colorimetric analysis was studied in the presence of Cu?* solution at concentrations ranging from 10-%, 104, 103,
10-2, and 10! M. For this, 0.5 mL of Cu?* solution was added to 5 mL of Zn$S colloidal solution, and the colorimetric reaction was
captured after 5 min. The photograph (Fig. 10 (a)) shows that white colored ZnS colloidal solution exhibited a color change in the
presence of different concentrations of Cu?* solutions. For lower concentrations of Cu®* solutions, Zn$ solution turned pale black color,
whereas, for higher concentrated Cu?, it instantly turned black, which reveals that the ZnS@B-CD NPs effectively identify and measure
the various Cu?* ion concentrations.

The UV-Visible spectroscopic measurements of ZnS@B-CD NPs in various Cu?* ion concentrations were also investigated. The
spectrum in Fig. 10 (b) showed that the absorption peak associated with ZnS NP reduced, and the solution color changed to pale black
at 107 - 10-* M of Cu®*, which may be due to the interaction of Cu?* with $%-. The solution color change indicates the production of Zn;.
«CuxS NSs due to the partial CER reaction. In contrast, higher Cu?* concentrations (10> —10-! M) resulted in the complete disap-
pearance of ZnS NP’s absorbance peak and a prominent rise in absorbance. Later, time-resolved studies were carried out for all the cu®
concentrations by recording their colorimetric and UV-Visible spectroscopic responses. However, no discernible change was observed
even after 2 h of exposure. This observation reveals the immediate occurrence of nearly complete cation exchange processes and
implies the development of CuS NSs. Further, the formation of CuS NS was confirmed using XRD measurement, as shown in Fig. 10 (c).
The XRD patterns clearly show peaks at (100), (102), (103) (006), (106), (008), (110), and (116) planes that correspond to the
standard data for the hexagonal phase of the CuS covellite structure (JCPDS No.06-0464). The mean crystallite size of CuS was
calculated to be 3.52 nm from Debye-Scherrer equation.

3.8. Cation exchange reactions of ZnS@p-CD NPs with Hg?* ions

ZnS@p-CD NPs colorimetric responses were investigated in the presence of Hg?* solution at the concentrations ranging from 107,
105,10, 10-3, 10-2, and 10! M. For this, 0.5 mL of ng* solution was added to 5 mL of ZnS colloidal solution, and the colorimetric
reaction was recorded after 5 min. The photograph (Fig. 11 (a)) shows that white colored ZnS colloidal solution displayed a color
change in the presence of different concentrations of Hg?* solutions. On exposure to lower concentrations of Hg>* solutions, the color of
ZnS solution turned to a pale yellow. In contrast, for higher concentrated Hg?* it instantaneously turned to bright yellow color, which
confirms that the ZnS@p-CD NPs are effective in identifying and quantifying the different Hg?* ion concentrations.

Fig. 11 (b) depicts the UV-Visible spectroscopic analysis of ZnS@B-CD NPs in various Hg?* ion concentrations. The spectrum
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Fig. 12. (a) Colorimetric and (b) UV-Visible spectroscopic measurements of ZnS@p-CD NP added with multiple metal ions (103 M of sz*, Cuz*,
&Hg?, Pb* & Hg*, Cu®>* & Hg%, and Pb% & Cu?*) at 0 min and 10 min.

demonstrates that the absorption peak for ZnS diminished at 10-° M of Hg?*. On the other hand, a further drop in the absorption peak of
ZnS was observed for 10-° and 10-* M concentrations of Hg?*, which could be due to the interaction of Hg?* with $2-. Hg?* and Zn?* ions
began a partial cation exchange process, which led to the production of Zn; 4HgyS NSs, the value of x increases as intensifications of
Hg?* ion. At higher Hg?* concentration (103 —10-! M), the absorbance peak of ZnS NP completely disappeared.

Further, colorimetric, and spectrophotometric time-based interaction studies were performed for ZnS colloidal solution, which was
added with 10-°to 10~} M of Hg?*. No substantial change was observed with the addition of a lower concentration of Hg?*. Surprisingly,
the addition of 10~ M Hg?* solution showed a color change from bright yellow to white within 10 min of exposure (Fig. 11 (c)). A
spectrophotometric response was recorded after 10 min. The UV-Visible spectra in Fig. 11 (d) show the emergence of a new absorption
peak at 310 nm, which could be due to the generation of mercury sol (Hg®) [45,46]. The diminished color in Fig. 9 (a) for the 10-' M
concentration of Hg* is due to the formation of mercury sol. Electrochemical series indicate that the metal ions with relatively high
reduction potential have a higher tendency for reduction. The reduction potential of Hg?* is more significant than other metal ions.
Even a very mild reducing agent can cause a reduction of Hg? to Hg°, and further, it can combine with other metals to generate
amalgam. A study has shown that Hg?* in high chloride concentration strongly proclivities to produce mercury sol [47]. The role of
capping agents in CER is not widely explored. In CER-based mercury detection, a starch-capped ZnS nanoparticle has shown a similar
reduction of higher concentration of Hg?* to mercury sol [21]. Here, the capping agent p-CD contains 7 primary and 14 secondary
hydroxyl groups, which may act as a reducing site. The literature report reveals the reducing nature of p-CD for synthesizing inverted
core-shell bimetallic NPs and Ag or Au NPs in an aqueous media [48-50]. To confirm the reducing nature of -CD, an unmodified ZnS
NP colloidal solution synthesized without p-CD was added with 10-! M of Hg?* ion and it turned to yellow color. However, this colloidal
solution did not turn to white even after 50 min and maintained the initial yellow color throughout. Therefore, when ZnS@p-CD NPs is
exposed to a higher concentration of Hg?, it efficiently reduces to Hg®, favored by the reducing behavior of p-CD.

3.9. CER sensing of ZnS@p-CD in simultaneous presence of Pb%, Cu?*, and Hg”* metal ions

Competitive experiments were conducted to assess the CER of Pb%, Cu?*, and Hg?* metal ions with ZnS@p-CD NPs. A 5 mL of ZnS
NP colloidal solution taken in different glass vial was added concurrently with 3 drops of 10~ M concentration of all the three metal
ions (sz*, Cuz*, and ng*) and two metal ions combinations (Pb%* & ng*, cu* & ng*, and Pb> & Cu®). Later, their colorimetric and
spectrophotometric responses were recorded.

The photographs of ZnS NP colloidal solution with multiple metal ions at 0 min and 10 min are given in Fig. 12 (a). The simul-
taneous addition of Pb%*, Cu*, and ng* metal ions to ZnS@p-CD NPs turned white-colored colloidal solution to a yellow color, which
indicates the preference for Hg?* ion among other ions in CER. After 10 min, the yellow-colored solution turned into a coffee-brown
color. The color change from yellow to coffee brown confirms the presence of Pb?* and Cu* ions and their CER with ZnS NP. Then,
among the combination of Pb* and Hg?* metal ions rendered a color change from white to yellow which once again indicating prompt
CER of Hg? ions with ZnS NPs. After 10 min, the solution changed from yellow to light brown, indicating the presence of Pb%* ions and
its CER with ZnS NP. When Cu?* and Hg?* metal ions were added together, a white-colored ZnS NP colloidal solution became yellow,
revealing the presence of Hg?* ions in the solution. This demonstrates that Hg?* ions perform an immediate CER with ZnS NPs
compared to Cu®* or Pb* metal ions. After 10 min, the solution’s color changed from yellow to medium brown, indicating the existence
of Cu?* ion and its CER with ZnS NP. When Pb?* and Cu?* ions were added together, the white color of ZnS NP colloidal solution
changed to a light orange color, indicating the preference for Pb2* ion in CER reaction among Pb?* and Cu* ions. Interestingly, after 10
min, the solution changed to an ash color, which was attributed to the presence of Cu?* ion and its CER with ZnS NP. According to the
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Fig. 13. Colorimetric responses of ZnS@p-CD towards 10-3 M concentrations of sz*, Cuz', and ng' metal ions (a) at 40 °C and (b) at 50 °C.
UV-Visible spectroscopic measurements of ZnS@p-CD NPs towards 10-3 M concentrations of sz*, Cuz*, and ng* metal ions (c) at 40 °C and (d)
at 50 °C.

colorimetric responses based on time, the CER of metal ions with ZnS NP may follow the order of Hg?*, Pb?*, and Cu?*, respectively.
Fig. 12 (b) depicts the UV-Visible spectra of ZnS NPs added with different combinations of metal ions at 0 min and 10 min. The spectra
show that at 0 min, ZnS NPs added with 3 (sz*, Cuz*, and ng*) and 2 (Pb*> & ng*, cu* & ng*, and Pb* & Cu®*) metal ions un-
derwent CER and resulted in the complete disappearance of ZnS NP absorption peak at 323 nm. The spectra recorded after 10 min for
all metal ion combinations show a rise in the absorbance after their color change. This increase in absorbance indicates the CER of
multiple metal ions present in the solution with ZnS NPs.

3.10. Effect of temperature and pH

The effect of temperature on the stability and CER metal sensing abilities of ZnS@p-CD NPs was assessed. For this, a colloidal
solution of ZnS NPs was heated for 15 min at 40 and 50 °C then allowed to cool to room temperature. A 5 mL of this colloidal solution
taken in glass vials were added with 0.5 mL of 10-3 M concentrations of Pb%, Cu®*, and Hg?* metal ions and their colorimetric and
photometric responses were recorded after 5 min of reaction. The photographs given in Fig. 13 (a) and (b) indicate that white-colored
ZnS colloidal solutions heated at 40 and 50 °C were changed to orange, black, and bright yellow after adding metal ions Pb%*, Cu?, and
Hg?*, respectively. The corresponding UV-Visible absorption responses are shown in Fig. 13 (c) and (d). These results demonstrate that
ZnS@p-CD NPs are quite stable even at 50 °C.

Further, the stability and CER metal detecting capabilities of ZnS@p-CD NPs were evaluated with respect to different pH. ZnS NPs
were dispersed in an aqueous medium of different pH (4, 5, 6, 8, 9, and 10). 5 mL of ZnS NP colloidal solution in each pH medium were
added with 0.5 mL of 10-3 M concentrations of Pb%, Cu®*, and ng* metal ions. After 5 min, their colorimetric CER metal sensing
responses were recorded as shown in Fig. 14a. Further, their spectrophotometric responses were carried out and presented in Fig. 14
(b-g). These results also confirm that ZnS@p-CD NPs in different pH solutions have identical colorimetric and photometric CER re-
sponses. Hence, the CER based metal sensing of ZnS@p-CD NP is pH stable.

3.11. Limit of detection of ZnS@p-CD NPs
The colorimetric and spectrophotometric limit of detection (LOD) on the CER sensing of ZnS@p-CD NPs towards Pb%, Cu®, and
Hg?* ions were found to be 1, 10, and 1 pM, respectively. Table 2 compares the colorimetric performance of the proposed sensor to that

of existing colorimetric sensors described in the literature [51-57]. Our proposed ZnS@-CD NPs CER based sensor LOD is as similar as
starch-capped ZnS quantum dots.
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Fig. 14. (a) Colorimetric and (b-g) UV-Visible spectroscopic measurements of ZnS@p-CD NP in different pH medium in presence of 10°° M
concentrations of Pb%, Cu* and Hg?.

3.12. FT-IR analysis of ZnS@p-CD NPs and converted products

FT-IR spectroscopic studies were carried out for the structural analysis of ZnS@p-CD NPs, and CER converted NSs (PbS, CuS, and
HgS). FT-IR spectrum in Fig. 15 confirms remarkable structural differences after the CER reaction of ZnS@p-CD NPs with the respective
metal ions. The ZnS spectra include IR bands at 644 cm‘l, 998 cm‘l, and 1114 cm‘l, which support the formation of ZnS NPs [58]. The
other two peaks, 3383 cm™* and 1627 cm™!, represent the O-H stretching and bending frequencies, respectively [58]. The formation of
PbS NS was confirmed by the presence of vibrational peaks at 597, 1058, and 1368 cm™!, which are attributed to Pb-S vibration [59].
Likewise, peaks at 589 cm™! and 1084 cm™! are confirming the CuS NS formation [60]. In addition, the vibrational peak at 464 cm!
supported the formation of HgS NSs [61]. For the FT-IR study, 10-2 M concentration of Hg?" solution was used to interact with ZnS
nanoparticle instead of 10~} M solution. Therefore, the FT-IR spectra could disclose the formation and CER-assisted conversion of

ZnS@B-CD NPs to PbS, CuS, and HgS NSs.
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Table 2
Comparison of LOD of ZnS@p-CD NPs with published colorimetric sensors for detecting Pb%, Cu®*, and Hg?* metal ions.
Quantitaive method Metal ion Sensor LOD References
AuNP 1.8 yM 51
AuNP 2.5 pM 52
Pb** AgNP 1M 53
ZnS NP 1pM 21
ZNS NP 1M Proposed method
Colorimetry ZnS NP 1.24 yM 54
AuNP 0.5 uM 55
Cu? AgNP 2.9 uM 56
ZnS NP 10 pM 21
ZnS NP 10 yM Proposed method
AuNP 3 uM 52
AgNP 11.17 pM 53
Hg* CdSe/ZnS QD 0.09 pM 57
ZnS NP 1pM 21
ZnS NP 1M Proposed method
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Fig. 15. FT-IR spectra of ZnS@B-CD NPs and its CER converted products.
4. Conclusion

In summary, we have reported a simple method for synthesizing ZnS@p-CD NPs and several spectroscopic techniques were used to
characterize these NPs. Synthesized ZnS@B-CD NPs were utilized for CER-assisted colorimetric detection of Pb®*, Cu?*, and Hg?* in the
aqueous media. The Pb*, Cu®*, and Hg?* ions changed to orange, black, and bright yellow colors. The colorimetric changes were
confirmed using UV-Visible spectrophotometric analysis. A partial CER led to the formation of Zn; _y, PbyS, Zn; _4Cu,S and Zn; _yHgyS
for the corresponding metal ion, whereas a complete CER led to the formation of PbS, CuS and HgS. The partial and complete CER
could be categorized based on the color difference of transformed products. Also, the ZnS@p-CD NPs are capable of distinguishing and
determining various Pb%, Cu*, and Hg?* concentrations. The proposed method holds multiple benefits, such as simple, low-cost,
solvent-free, facile, and naked-eye detection of metal ions.

Data availability

Data will be made available on request.
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