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Abstract. Capped and uncapped zinc sulphide (ZnS) nanoparticles (NPs) were successfully synthesized from used Zn–
C battery, while surface was modified with capping agent 1-(carboxymethyl)-4-[(E)-2-(1,2-oxazol-3-yl)ethenyl]pyridin-1ium. The structural properties of synthesized NPs were investigated using scanning electron microscope, energydispersive X-ray spectroscopy, powder X-ray diffraction (XRD), Fourier transform infrared and UV–visible spectroscopy.
From XRD studies, cubic zinc blend structure for all the NPs was confirmed, and the crystallite size for uncapped and dyecapped NPs were calculated as 18.1 and 15.2 nm from Scherrer’s equation. Quantum espresso software was used to carry
out the density functional theory calculations of dye. These dye-capped ZnS NPs proved to be excellent antibacterial
agents and the minimum concentrations of pure ZnS and dye-capped ZnS NPs, which restrain the growth of bacteria, were
found to be 0.312 and 0.156 mg ml-1 for S. typhi and 1.25 and 0.625 mg ml-1 for B. subtilis, respectively. The bioactivity
data suggest that these organic–inorganic hybrid NPs appeared to be a new class of antibacterial agents.
Keywords.
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Introduction

Nanomaterials are important class of materials because of
their unique and unexpected unusual properties, which
arise due to their large surface to volume ratio and hence
they show variety of different new applications [1–3]. In
addition, the surface modification approaches are aimed in
tailoring the properties owing to the surface morphology of
nanoparticles (NPs) to suit various applications. Capping
of organic molecules on nanomaterial is one of the surface
modification strategies, which has gained importance
because of its diverse application in the field of magnetic
storage device, medicine, biology, organic imaging,
organic field effect transistors, solar cells, etc. [4,5]. The
capping of organic molecules on inorganic surface requires
anchoring groups such as carboxylate, silanes, phosphonic
and phosphoric acids. The type of anchoring group used
for capping depends on the type of NP under consideration: alkyl silanes have been adsorbed on silicon oxide [6],
thiols adsorbed on noble metals [7], carboxylate are
adsorbed on metal oxide [8], phosphonic and phosphoric
acids are also being used, which has gained much attention

because of its ability to bind with different metal–oxide
surfaces [9].
Zinc sulphide (ZnS) is a semiconductor nanomaterial,
whose optical and electronic properties could be tuned by
surface modification and hence ZnS finds many technologically important applications, such as optical sensors,
solar cells, flat panel displays and ultraviolet light-emitting
diodes [10–13]. ZnS being cheap, nontoxic and available in
plenty is ideal material but the major drawback is its wide
bandgap. ZnS crystallizes in zinc-blende and wurtzite
structures at room temperature conditions with a bandgap of
3.68 and 3.77 eV, respectively, which necessitates ultraviolet illumination for its optical applications [14].
With the emergence of drug-resistance bacteria, the need
for novel materials with enhanced antimicrobial properties
is on rise, and the antibacterial, antifungal and antiviral
applications of metal sulphide NPs have been broadly
investigated [15]. The antibacterial property of ZnS NPs
depends on optical, electrical, surface morphological properties of NPs, which further depends on the method of
synthesis and fabrication [16]. Organic antibiotics and
antibacterial agents have many disadvantages, including
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toxicity to animals and human beings, therefore the interest
in inorganic disinfectants is on rise among scientific community, such as metal oxide and sulphide NPs [17].
Antibacterial efficiency of metal sulphide nanomaterial is
still inadequate when compared to antibiotics; therefore,
surface modification of NP ensures optimal therapeutic
index. Developing biocompatible advanced functional
metal sulphide nanomaterials with antimicrobial properties
could be promising for environmental, textile industry,
water disinfection, medicine and food packaging applications [18,19]. Many NPs like gold, silver, TiO2, ZnO, ZnS,
etc. have been surface modified with organic dyes for different applications, but their studies of toxicity and
antibacterial activity are scarce. Thus, the study of these
functionalized NPs could lead to vital information for
treatment of infectious diseases [20,21].
Zn–C batteries are important energy storage devices,
which are widely used in radios, remote controls, alarm
clocks, etc. and form e-waste after its use. Zn–C battery
contains large amount of zinc and manganese, hence may
lead to metal pollution if not properly treated. Recycling
of these used batteries to recover valuable metals reduces
the demand for virgin metals, provide environment
friendly, commercially acceptable solutions, sustainable
and also to prevent threat to the ecology and human health
[22]. Several techniques are available for synthesis of ZnS
NPs, such as precipitation, microwave, sol–gel, wetchemical, hydrothermal, reverse micelle and spray pyrolysis methods. Selective chemical precipitation at low
temperature for synthesis of ZnS NPs with dye being
organic molecule as capping agent is simple, yet efficient
technique [23,24]. In this study, ZnS NPs was prepared
from waste Zn–C battery using capping agent 1-(carboxymethyl)-4-[(E)-2-(1,2-oxazol-3-yl)ethenyl]pyridin-1-ium
to control the particle sizes by a simple chemical precipitation and microwave method. The styrylpyridine dye
being water soluble, imparts lyophilic property to the NP
and excellent photosensitizer, which has been investigated
for its electron injection properties in dye-sensitized solar
cell studies [25].

Bull Mater Sci
2.2

(2021) 44:6

Synthesis

The synthetic route of dye 1-(carboxymethyl)-4-[(E)-2-(1,2oxazol-3-yl)ethenyl]pyridin-1-ium is shown in scheme 1.
2.2a Synthesis of 1-(carboxymethyl)-4-[(E)-2-(1,2-oxazol3-yl)ethenyl]pyridin-1-ium: A mixture 0.50 g (235.06 g
mol-1, 2.13 mmol) of N-carboxymethyl-4-methyl pyridine,
0.23 g (106.12 g mol-1, 2.13 mmol) of 1,2-oxazole-3carbaldehyde, 4–5 drops of piperidine and 25 ml ethanol
was taken in 50-ml round bottom flask. Then the above
mixture was placed on water bath at 70C for 6 h. The solid
formed was cooled and filtered. The orange-yellow solid
was washed with cold ethanol and collected (0.59 g, yield
86%). 1H NMR (500 MHz, DMSO d6): d 5.87 (1H, s), 9.01
(2H, d), 8.09 (2H, d), 11.0 (1H, s), 6.95 (2H, d), 6.99 (1H,
d), 6.6 (1H, d), 6.08 (1H, d). m/z = 230.2.
2.2b NP synthesis: Zinc sulphide NPs were synthesized
by selective chemical precipitation and microwave method
using used Zn–C battery. The black powdered material was
obtained by manually dismantling waste Zn–C battery,
which contains mainly zinc oxide, manganese dioxide and
electrolytes of the battery KOH and NH4Cl. The powder
material after drying in oven for overnight at 60C, 7.2 g
was subjected to neutral leaching (refluxed in water pH = 7
at 70C for 2 h) to remove electrolyte, the obtained
powdered material was dried in the oven at 90C for 2 h to
remove moisture, 6.5 g dried powder obtained and 9.5%
loss in the weight was observed. Zinc and manganese
content of the used battery by SEM-EDX quantitative
analysis showed to be 25.2 and 40.8%, respectively
(figure 1).
A suspension of 2.5 g of waste Zn–C powder, 5 ml of
0.15 M ascorbic acid and 15 ml of 2 M H2SO4 was prepared, the mixture was refluxed on the water bath at 70–
80C for 1 h. After reflux the suspension was filtered to
remove carbon, reduction of Mn(IV) to Mn(II) was
achieved by using ascorbic acid as reducing agent, a slight
excess of reducing agent was used, and the balanced reaction of reduction is as follows:
ZnSO4 þ Na2 S ! ZnS þ Na2 SO4

2.
2.1

Experimental
Materials and chemicals

The materials used for the preparation of 1-(carboxymethyl)-4-[(E)-2-(1,2-oxazol-3-yl)ethenyl]pyridin-1ium-capped ZnS NP from waste Zn–C battery were used
Zn–C battery, chloroacetic acid, 4-methyl pyridine,
piperidine, sodium hydroxide, 5-methylfuran-2-carbaldehyde, ethanol and acetone. Required chemicals were purchased from Sigma Aldrich and are used as received
without any further purification. Deionized distilled water
from the laboratory was used as solvent for synthesis of
NP.

Selective precipitation was carried out by setting pH of 8
using 2 M NaOH solution, where zinc precipitates as zinc
hydroxide [Zn(OH2)] and was removed by centrifugation at
5000 rpm, whereas manganese remains in solution. To the
above precipitate was added 10 ml of 2 M H2SO4 to redissolve the precipitate and 3% water-soluble dye (based on
weight of dry Zn–C powder taken), which is 75 mg as
capping agent was added to the above solution with added
2 M Na2S to reprecipitate zinc as ZnS, later the precipitate
was irradiated with microwave for 30 min. Yellow precipitate of capped ZnS NPs was collected by centrifugation at
5000 rpm, the unreacted precursor and uncapped dye was
removed by washing 3–4 times with water. The NPs as
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Scheme 1.

Synthetic route of 1-(carboxymethyl)-4-[(E)-2-(1,2-oxazol-3-yl)ethenyl]pyridin-1-ium.

Figure 1. Synthetic route of dye-capped ZnS nanoparticle from
waste Zn–C battery.

prepared above was dried at 60C for 8 h in vacuum,
uncapped ZnS NPs was synthesized without using dye as
described above.

were made in the plate using cork borer. In one of the well,
dimethyl sulphoxide (DMSO 50 ll) was used as a control.
In the second well, ampicillin (1 mg ml-1, 100 ll) was used
as a standard and the third well was filled with ZnS NPs
dispersed with DMSO (5 mg ml-1, 100 ll) for good dispersion of NPs. All the plates were incubated at 37C for
24 h and the diameter of inhibition zone were noted.
For determining minimum inhibitory concentration
(MIC), agar plates of the media were prepared and six wells
of 6 mm was made in each plate using sterile cork borer.
Each plate was inoculated with 18 h old cultures (100 ll,
1 9 108 cfu ml-1) and covered evenly with sterile L-shaped
rod on the plate. After 20 min, the wells were filled with
NPs prepared by serial dilution 0.0195 to 5 mg ml-1. The
plates were incubated at 37C for 24 h and the minimum
concentration that inhibits bacterial growth was taken as
MIC.
The zone of inhibition (ZOI) and MIC of dye, which acts
as control was assessed by well diffusion method using
standard procedure. First, dye having concentration of
0.0195 to 1.25 mg ml-1 was prepared in DMSO by serial
dilution. Then each wells were filled 100 ll of each concentration. The plates were incubated at 37C for 24 h and
the MIC of dye was compared with that of NPs.

2.3 Determination of zone of inhibition and minimum
inhibitory concentration
Uncapped ZnS and dye-capped ZnS NPs were analysed for
antibacterial activity. 3% dye 1-(carboxymethyl)-4-[(E)-2(1,2-oxazol-3-yl)ethenyl]pyridin-1-ium as capping agent was
used for NPs, was used as capping agent based on the weight
of waste Zn–C electrolyte. Different concentrations of NPs
sample varying from 1 to 5 mg ml-1 was tested against grampositive Bacillus subtilis bacteria (ATCC Number 19659) and
gram-negative Salmonella typhimurium bacteria (ATCC
Number 23564), which were procured from National Collection of Industrial Microorganisms, NCL, Pune, India.
Initially, the stock cultures of bacteria were grown by
inoculating in broth media and incubating at 37C for 18 h
(100 ll, 1 9 108 cfu ml-1). Nutrient agar medium was used
as culture, the agar plates of the media were prepared. The
above culture was inoculated and spread evenly on each
plate using L-shaped rod on medium. Three wells of 6 mm

2.4

Characterization of functionalized ZnS NPs

The crystal structure, crystallite size and morphology of
the synthesized ZnS NPs were investigated using powder
X-ray diffraction (XRD) technique and scanning electron
microscopes (SEM). For recording the X-ray diffraction
(XRD) pattern, ZnS NPs were coated into a thin film on a
cleaned glass, and XRD patterns were collected between
the angles 10 to 80 at a scan rate of 1 min-1 using the
XPERT PRO diffractometer. UV–Vis spectrum was collected from JASCO v570 instrument, UV–Vis absorption
spectrum of the ZnS NPs was recorded in the solution as
suspension of NPs, while elemental composition was
determined by energy dispersive X-ray spectroscopy.
Fourier transform infrared (FTIR) for functionalized ZnS
NPs was carried in the spectral range from 400 to
4000 cm-1.
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Results and discussion
Characterization of NPs

The UV–Vis spectra of dye, uncapped and capped ZnS is
shown in figure 2, from these images the maximum wavelength for dye is found to have two peaks at 404 and
500 nm. The capped ZnS NPs was synthesized by selective
chemical precipitation and microwave method from waste
Zn–C battery. The UV–Vis spectrum of synthesized ZnS
NPs was recorded after dispersing the ZnS NPs in water
with suitable concentration. The UV–Vis spectra of
uncapped ZnS NPs show broad absorption peak at 245 nm,
which is somewhat blue-shifted from that of the bulk ZnS
(345 nm), whereas in case of capped ZnS NPs the band is
observed at 280 and 450 nm corresponding to dye. In
addition, the wavelength in case of capped NPs observed
shift towards the shorter wavelength.
FTIR spectroscopy was used to confirm the presence of
dye as capping agent on ZnS NPs. Dye contains –COOH
group and hence spectrum consists of broad band at 3400
cm-1 corresponding to –O–H stretching group of –COOH
group, C=O absorption band of COOH occur at 1715 cm-1,
and peak at 1495 cm-1 was due to C–H bending while the
weak band at 1050 cm-1 was due to C–O stretching of
COOH group. In the FTIR spectra of the capped ZnS NPs
the covalent bonding of dye is confirmed, as shown in
figure 3. In capped ZnS NPs, the band corresponding to O–
H stretching in –COOH was absent, while –C=O band
appears to be present but somewhat moved towards longer
wavelength. FTIR spectrum of synthesized capped ZnS NPs
show strong absorption peaks at 624, 998 and 1124 cm-1
attributed to Zn–S stretching band. These results prove
capping of dye to be successful on the surface of NPs.
The powder XRD pattern of the ZnS NPs is shown in
figure 4. The typical peaks at 28.28, 47.41 and 55.89 in the
XRD spectra corresponding to the planes (111), (200) and

Figure 2. UV–Vis spectra of dye alone (blue), uncapped ZnS
(red) and dye-capped ZnS NPs (black) synthesized by the
precipitation and microwave method.
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(311) are in good agreement with the cubic zinc blend
(cubic, b-ZnS) structure of ZnS by comparing with JCPDS
card (JCPDS 5-566). Broadening of three peaks were
observed, which implies that the size of NPs is very small,
the broad diffraction is attributed to small particle effect.
The size of the NPs was calculated using Debye–Scherrer
formula using (111) peak from the XRD pattern. The size of
NP calculated for uncapped and capped NPs was found to
be 18.1 and 15.2 nm, as shown in table 1. Debye–Scherrer
formula for particle size determination is given by:
D ¼ 0:9k=b cos h;
where k is wavelength of X-ray (0.1540 nm), b the FWHM
(full-width at half-maximum), h the diffraction angle and
D is particle crystallite size.
The synthesized ZnS NPs were characterized for their
morphology, as shown in figure 5. The SEM images of ZnS

Figure 3. FTIR spectra nanoparticle synthesized from waste Zn–
C battery: (a) pure dye (red) and (b) dye-capped ZnS NPs (black).

Figure 4. XRD spectra of nanoparticle synthesized from waste
Zn–C battery: (a) uncapped ZnS NPs formed by chemical
precipitation method and (b) capped ZnS NPs after chemical
precipitation and surface modification.
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6

Crystallite size of nanoparticles calculated from Scherrer formula.

Sample
Uncapped ZnS
Dye-capped-ZnS

2h

h

Cos h

FWHM radian

b cos h

Size (nm)

28.28
28.28

14.14
14.14

0.969
0.969

0.0082
0.5615

0.005182
0.00571

18.1
15.2

Figure 5. Characterization of NPs synthesized by the precipitation and microwave method using SEM analysis:
(a) uncapped ZnS NPs, (b) capped ZnS NPs and (c) energy-dispersive X-ray spectroscopy spectra of capped ZnS NPs.

NPs for the morphology of NP was found to be smooth and
spherical. Figure 5 shows morphology of uncapped ZnS and
capped ZnS. From energy-dispersive X-ray spectroscopy
pattern of ZnS NPs and percentage analysis, we observed
the peaks of zinc, sulphur and carbon, in which carbon may
come from acetate anion as it may act as capping agent to
NP’s. From the figure we clearly notice the major element
as zinc, which comprises 34.8% on weight basis and
zinc:sulphur having 1:1 on atomic percent basis, which
clearly confirmed the formation of pure ZnS NPs.

Dipole moments, geometry optimization, Mulliken charges,
molecular electrostatic potential, molecular energy calculations were performed. The highly occupied molecular
orbital (HOMO) and lower unoccupied molecular orbital
(LUMO) of the dye with optimized structure is shown in
figure 6. The calculated K-band (number of occupations)
for HOMO of dye was found to be 43, the fermi energy was
–6.54 eV.

3.3
3.2

DFT calculations

The structure of dye was augmented using density functional theory method using quantum espresso software.

Antibacterial activity

Antimicrobial activity of dye, uncapped and capped ZnS
NPs synthesized from used zinc–carbon battery was
investigated by well diffusion method against gram-negative and -positive bacteria, S. typhimurium (ATCC Number
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Figure 6.
Table 2.
S. typhi.

S. typhi
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Optimized structure of dye calculated by using DFT software quantum espresso.

ZOI of the positive control (ampicillin), negative control (DMSO), uncapped ZnS and capped ZnS NPs against B. subtilis and

Bacterial species
B. subtilis

Bull Mater Sci

Nanoparticle

Positive control (mm)
1 mg ml-1, 100 ll

Nanoparticle (mm)
5 mg ml-1, 100 ll

Negative control (mm)
DMSO, 50 ll

Uncapped ZnS
Dye 3b-capped ZnS
Uncapped ZnS
Dye 3b-capped ZnS

17
26
18
26

15
22
15
23

10
—
11
10

23564) and B. subtilis (ATCC Number 19659), and the
studies were procured from Collection of Industrial
Microorganisms, NCL, Pune, India. In case of capped ZnS
NPs, 3% dye based on weight of dry Zn–C powder was
taken during synthesis. The diameter of ZOI was measured
and MIC was investigated for dye, uncapped ZnS and
capped ZnS NPs containing various concentration (0.0195
to 5 mg ml-1) of NP’s. The ZOI for uncapped ZnS and
capped ZnS NPs around the well for S. typhi and B. subtilis
containing 5 mg ml-1 of NP have been compared with
DMSO (negative control) and ampicillin (positive control),
shown in table 2 and figure 7.
From table 2, it is clear that the concentration of 5 mg
ml-1 ZnS NP is much effective. ZOI for uncapped NPs was
15 mm at concentration of 5 mg ml-1 (100 ll) for both
S. typhi and B. subtilis, for capped NP 22 and 23 mm
respectively. When compared with standard ampicillin the

activity of NP remained much lower. Antibacterial activity
of capped NPs was found to have much higher activity
when compared to uncapped NP. Between the two bacterial
species, capped NP’s showed excellent antibacterial activity
against S. typhi. It was observed as the NP concentration
increased the ZOI also increased.
The dye did not show any appreciable antibacterial
activity, no inhibitory effect against S. typhi bacteria, but
had an inhibitory effect against B. subtilis among the tested
bacteria. The inhibitory effect of this compound was
recorded with the MIC values of 1000 lg ml-1 and the zone
diameter values of 9.3 mm, respectively.
The results of MIC for uncapped and capped ZnS NPs is
represented in table 3. From the table, S. typhi showed
lower MIC when compared to B. subtilis and activity was
much higher in case of capped NPs. Further, a comparative
study was performed and found that antibacterial activity of
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Figure 7. Antibacterial activity of (a) uncapped ZnS NPs (1) and capped ZnS NPs (2) against B. subtilis,
(b) uncapped ZnS NPs (1) and capped ZnS NPs (2) against S. typhi.
Table 3. MIC of the uncapped ZnS and capped ZnS NPs against
S. typhi and B. subtilis.
MIC of the sample (mg ml-1)
Bacterial
species

Synthesized uncapped
ZnS

Synthesized capped
ZnS

B. subtilis
S. typhi

1.25
0.62

0.312
0.156

synthesized uncapped ZnS was in good agreement with
previous reported studies [16,26].
In this study, an improvement in antimicrobial activity of
water-soluble styrylpyridine-capped ZnS NPs compared to
the uncapped ZnS NPs was observed. These dye-capped
ZnS NPs exhibit highest antibacterial activity against S.
typhi at 5 mg ml-1 of NPs concentration, the MIC of
uncapped ZnS NPs and dye-capped ZnS NPs, which inhibit
the growth of bacteria, was 0.312 and 0.156 mg ml-1 for
S. typhi and 1.25 and 0.625 mg ml-1 for B. subtilis.
ZnS NPs are well known to produce reactive oxygen
species (ROS) in aqueous medium with UV irradiation,
ROS such as hydrogen peroxide and superoxide ions

generated are capable of inhibiting or killing bacteria by
penetrating into the cells and thus can act as excellent
antibacterial agents [27]. Various mechanisms have been
proposed for antibacterial action of ZnS as a metal sulphide
semiconductor NP, and ZnS in its zinc-blende and wurtzite
structures at room conditions has a bandgap of 3.68 and
3.77 eV [28]. When UV light is irradiated the nanomaterial
gets excited, that is electron is shifted from the valence band
(VB) to conduction band (CB), thus creating a hole in VB
and free electron in CB. The positive hole in VB accepts
electron from oxygen in the medium, thus serves as principal oxidant creating reactive hydroxyl radicals (OH•) in
the photocatalytic system. The electrons in the CB could
transfer electron into oxygen, thus reducing oxygen in the
medium leading to the formation of hydrogen peroxide
(H2O2) molecules. The ROS generated penetrates the
membrane causing fatal damage to the bacteria [29]. The
NP can also interact with bacteria and binds to the outer
membrane of bacteria hindering active transport across
membrane. NPs in the cell wall react with proteins having
thiol group causing inactivation of transport proteins and
inhibition of protein synthesis, rupture of cell wall leading
to leakage of cell content, inhibit nucleic acid RNA, DNA
proliferation [30] and also cell permeability is reduced
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spectroscopy, which shows peaks for pure dye at 3410 and
1720 cm-1 credited to –COOH stretching. However, in the
capped NPs the peak at 3400 cm-1 is absent. These dyecapped ZnS NPs showed maximum activity against S. typhi
at the strength of 5 mg ml-1 of NPs concentration. The MIC
of NP for uncapped ZnS and dye-capped ZnS NPs, which
inhibit the growth of bacteria, was found to be 0.312 and
0.156 mg ml-1 for S. typhi and 1.25 and 0.625 mg ml-1 for
B. subtilis. By these results, it is clear that, the dye-capped
ZnS NPs show highest activity against S. typhi. The watersoluble dye increased the stability of NP, which increases
the interaction of NPs and bacteria. Further studies are
necessary to establish the antibacterial mechanism of these
water-soluble styrylpyridine dye-capped ZnS NPs, which
can be considered as potential bactericidal agent.
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Figure 8. (a) Stability of capped ZnS NPs and (b) aggregation of
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