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ABSTRACT: In the present study, we have synthesized a zinc sulfide/chitosan
(ZS/CS) nanocomposite by utilizing simple, economical, and environmentally
friendly methods. The synthesized nanomaterials were characterized by different
analytical techniques such as XRD, FE-SEM, EDS, and FTIR to determine the
phase structure, morphology, and elemental composition. FTIR spectroscopy was
used to confirm the functional groups of the synthesized zinc sulfide (ZS)
nanoparticles and ZS/CS composite. Besides, the optical properties of the as-
synthesized nanocomposite was analyzed by a UV−visible spectrophotometer,
and the estimated band gap energy is ∼3.03 eV. The photocatalytic efficiency of
the synthesized ZS/CS nanocomposite was investigated against two textile dyes,
Crystal Violet (CV) and Acid Red-I (AR-I), under UV−visible light irradiation.
The nanocomposite showed excellent photocatalytic activity against the dyes, and
photodegradation was estimated to be about 93.44 and 90.67% for CV and AR-I,
respectively. The nanocomposite was reused for three consecutive cycles. The
results revealed that the photocatalyst displayed good reusability during the photocatalytic decomposition and thus is considered a
cost-effective and promising photocatalyst in degrading dye pollutants. The kinetic study proved that the pseudo-first-order reaction
kinetics was followed by the degradation process. We also examined the anticancer activity of ZS and ZS/CS against human breast
and myelogenous leukemia cancer cell lines, namely, MCF-7 and K-562, and the half minimal inhibitory concentrations were found
to be less than 50 μg/mL.

■ INTRODUCTION
Water is an essential requirement for the majority of biological
and industrial processes. No creature can survive without
water. Currently, access to potable water is a serious issue in
most countries in the world. One of the major causes of this
issue is water pollution by contaminants such as chemical
fertilizers, pesticides, and organic textile dyes.1−3 Many
industries, especially paper, textile, leather, plastic, electro-
plating, food processing, pharmaceutical, and agricultural, have
been mushroomed for fulfilling the demands of the ever-
increasing population.4,5 Although the textile industry is a
major contributor to economic growth, it also produces a
significant amount of textile wastes that are negatively affecting
the environment.6,7 The majority of textile industrial processes
rely on organic dyes to color their products, which are
subsequently released into freshwater reservoirs like rivers and
streams that eventually flow into large water bodies like
oceans.8,9 Approximately, 20% of these industrial dyes are
discharged into natural water bodies as effluents, thus affecting
the aquatic ecosystems due to having nondestructive character-
istics.10−12 These dyes have the potential to reduce the
penetration of sunlight into the aquatic systems, which may

have an impact on the photosynthetic activity of aquatic flora
and eventually disrupt the ecological food chains in aquatic
ecosystems.13 Among the hazardous dyes, Crystal Violet (a
common triphenyl methane dye) and Acid Red -I (an aryl azo
naphthol compound) are being used extensively in the textile
industry, leather, or printing industry and are released in excess
quantities with industrial effluents into aquatic systems. In
addition, being toxic to mammalian cells, these can possibly act
as powerful carcinogens, mutagens, and mitotic poisons when
released in large amounts into the water bodies.14,15

To remove the aforementioned pollutants from wastewater
or industrial effluents, a variety of conventional techniques
have been adopted including adsorption, ultrafiltration,
biodegradation, flocculation, electrochemical reduction, photo-
catalytic oxidation, reverse osmosis, and ion exchange.16−20
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The creation of novel and advanced techniques for water
treatment, which are essentially affordable, simple, secure, and
environmentally friendly, is the only way to address the
abovementioned environmental concern. By far the most
efficient, affordable, and rapid way to break down organic
pollutants is photocatalytic oxidation because it eliminates
water contaminants by utilizing hydroxyl and other radical
species.21 Heterogeneous photocatalysts exploiting inorganic
nanostructure metal chalcogenide semiconductors as photo-
catalysts are primarily used for environmental remediation
owing to low cost, superior photostability, eco-friendliness, and
ability to produce innocuous byproducts.22−24

A possible approach to improve the effectiveness of metal
chalcogenides is to take advantage of biopolymers as a
supporting substance. Biopolymers integrated with metallic
nanoparticles are being used expansively as these biopolymers
amplify the individual properties of the nanoparticles. Recently,
there has been a large focus on the development of metal
chalcogenides to be utilized as dye decomposition photo-
catalysts.25,26 The utilization of polymers to provide stability,
chemical consistency, and enhanced mechanical durability to
nanoparticles has drawn attention to polymer-based photo-
catalysts, which combine the advantages of both nanoparticles
and polymers.27−29

Chitosan, a well-known polysaccharide, is composed of D-
glucosamine and N-acetyl- D-glucosamine connected by a β-1-
4-glycosidic bond. Notably, chitosan is a flexible biopolymer
that is derived from chitin by a process of alkaline
deacetylation and can be used as a capping agent to stabilize
and prepare nanocomposites.30,31 Chitosan is rich with amine
and hydroxyl groups, which facilitates possible chemical
modification of the substance.32,33 The reactive amine
(−NH2) and hydroxyl (OH) groups in chitosan make it an
effective sorbent for an array of organic pollutants.34−36

Chitosan is well-known for having vast applications in
biomedical, adsorption, purification, and the food packaging
sector owing to its unique macromolecular structure, biological
activity, biocompatibility, biodegradability, and other intrinsic

properties, due to which it has attained significant attention in
recent scientific research.37−40

The aim of the present study is to synthesize a ZS/CS
nanocomposite, to evaluate its effectiveness for photocatalytic
decomposition of textile dyes from aqueous medium, and also
to evaluate the anticancer activity of the synthesized nano-
composite. The synthesized materials were employed for
different characterization techniques, such as XRD, SEM, EDS,
FTIR, and UV−Vis spectroscopy. Furthermore, the photo-
catalytic dye decomposition efficiency of the prepared
nanocomposite was evaluated against two textile dyes from
aqueous medium. Crystal Violet (CV) and Acid Red-I (AR-I)
are taken as model pollutant dyes in the present study.
Langmuir−Hinshelwood kinetics was used to study the kinetic
behavior of the photodegradation process. The anticancer
potential of the synthesized samples (ZS and ZS/CS) was also
assessed against human breast and myelogenous leukemia
cancer cell lines. To the best of our knowledge, a zinc sulfide/
chitosan composite has not been reported in the literature for
the photocatalytic degradation of Crystal violet and Acid Red-I
dyes and for anticancer activity. In this study, we synthesized
the composite in a short duration of time as compared with
already reported works. The graphical representation of the
synthesis and application is shown in Scheme 1.

■ MATERIALS AND METHODS
For the synthesis of materials, analytical reagent (AR) grade
chemicals were used as supplied by CDH, RANKEM. The
chemicals used for this research work were zinc chloride
(ZnCl2; purity >98%), sodium sulfide (Na2S; purity 98%),
sodium hydroxide pellets (NaOH; purity >97%), acetic acid
(CH3COOH; purity >98%), chitosan (extracted from shrimp
shells with 75% degree of deacetylation), Crystal Violet and
Acid Red-I dyes, trichloroacetic acid (30%), and sulforhod-
amine B (SRB). The whole experiment was conducted with
double distilled water.
Synthesis of Zinc Sulfide. The zinc sulfide nanostructures

were synthesized by a simple and inexpensive hydrothermal

Scheme 1. Schematic Representation of the Synthesis and Application of the Catalyst
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route using ZnCl2 and Na2S as precursor salts in 1:1 molar
ratio, by adopting the methodology used in previous works by
Assadullah et al.41 Briefly, 25 mL of sodium sulfide and 25 mL
of zinc chloride solution were mixed by continuous stirring for
40 min at room temperature. Subsequently, the resulting white
gel was loaded into a 60 mL stainless-steel autoclave with
Teflon lining, and the autoclave was put inside a hot air oven at
180 °C for 4 h. After that, the autoclave was taken out from the
oven and allowed to cool naturally to room temperature. The
obtained white deposit was filtered using Whatman filter paper,
washed several times with double distilled water, and finally
dried at 70 °C in a hot air oven. The sample was stored in a
glass vial and kept in a desiccator for further use, and the
sample was named as ZS.
Zinc Sulfide/Chitosan Composite. The previously

reported methodology with slight modification was adopted
for the synthesis of the zinc sulfide/chitosan composite.42,43

Briefly, 0.25g of ZS and 0.25g of chitosan were incorporated
into 62 mL of 1.045 M acetic acid solution. After that, the
solution mixture was agitated on a magnetic stirrer for 3 h.
Further, 125 mL of 0.65 M NaOH solution was added slowly
into this solution while stirring for an extra 3 h to precipitate
the zinc sulfide/chitosan composite. Finally, the prepared
whitish composite of zinc sulfide/chitosan was separated and
washed thoroughly with double distilled water until neutral pH
and kept in a hot air oven for drying at 70 °C. The dried
sample was stored in an airtight vial for further use and
characterization, and the sample was named as ZS/CS.
Photocatalytic Activity. The photocatalytic degradation of

Crystal Violet and Acid Red-I dyes was examined by using the
synthesized ZS/CS composite as a photocatalyst. To carry out
the photocatalytic experiment, 50 mL of Crystal Violet and
Acid Red-I dye solutions each of 20 mg/L dye concentration
were prepared; then, 30 mg of ZS/CS nanocomposite was
added to each solution. The experiment was performed under
a UV−visible light source by using a high-pressure mercury
lamp (Philips 70 W). Before exposure to UV−visible light, the
dye solutions with a known amount of photocatalyst were
magnetically stirred under darkness for 40 min to attain the
adsorption/desorption equilibrium. Then, after subjecting to
UV−visible light irradiation, small aliquots of sample were
taken at regular intervals and centrifuged to separate the
photocatalyst, and then, the absorbance of dye solution was
determined using a UV−visible spectrophotometer. The
degradation percentage of dyes was calculated by using eq 144

= ×A A
A

degradation efficiency (%) 100t0

0 (1)

where A0 is the initial absorbance of dye solution and At is the
final absorbance after time t.

In Vitro Cell Proliferation Assay. The human breast and
myelogenous leukemia cancer cell lines, namely, MCF-7and K-
562, were cultured in 96-well plates to evaluate the
antiproliferative activity of ZS and ZS/CS in comparison to
the positive control doxorubicin, following a previously
established protocol.45 The cell lines were obtained from the
National Centre for Cell Sciences, Pune, Maharashtra, India.
For each well, 5 × 103 cells were seeded in a complete DMEM
(Dulbecco’s Modified Eagle Medium) medium and incubated
for 24 h. Subsequently, the cells were exposed to 6.25, 12.5, 25,
50, 100, and 200 μg/mL concentrations of ZS, ZS/CS, and
doxorubicin for an additional 48 h incubation period under 5%
CO2 and humid conditions. After the treatment, the cells were
fixed using 30% trichloroacetic acid and stained with 0.4%
sulforhodamine B (SRB). Unbound dye was removed by
washing with 1% acetic acid, and the protein-bound dye was
extracted with 10 mM Tris base. The absorbance of the plates
was measured using a SPECTRAmax PLUS 384 microplate
spectrophotometer. To determine the IC50 value, representing
the concentration required to inhibit 50% of cell proliferation,
a Quest GraphTM IC50 Calculator online tool (AAT
Bioquest, Inc., Sunnyvale, CA, https://www.aatbio.com/
tools/ic50-calculator) was employed. The experimental
procedure was conducted in triplicate to ensure robustness
and reliability of the results.

Characterization. Several analytical techniques were
employed to ascertain the structural, morphological, composi-
tional, and optical characteristics of the prepared nanostruc-
tures. An XRD analytical technique (XRD, Rigaku Miniflex
600 with Cu−Kα radiation) was used to investigate the
crystallite size and crystallinity of the synthesized ZS
nanoparticles and ZS/CS composite. A PerkinElmer FT-IR
spectrometer operating in the 4000−400 cm−1 range was used
for determining the functional groups of the synthesized
samples. Elemental composition and surface morphology of
the ZS nanoparticles and ZS/CS nanocomposite were
investigated by using a FE-SEM (Philips Model-Quanta 200
FEG). A UV−Visible spectrophotometer (DB-20S Systronics-
double beam) was employed to examine the optical properties
of the synthesized samples. It was also used to determine the

Figure 1. XRD diffraction patterns of (a) ZS and (b) ZS/CS.
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absorbance of the dyes before and after illumination to find out
the photocatalytic degradation.

■ RESULTS AND DISCUSSION
XRD. X-ray diffraction (XRD) is a nondestructive analytical

tool that provides comprehensive details about the crystallo-
graphic structure and phase-related properties of the prepared
materials. Figure 1a,b illustrates the typical XRD spectra of ZS
and the chitosan-zinc sulfide nanocomposite. The diffraction
peaks on the ZS/CS nanocomposite reflect that it is composed
of a hexagonal structural phase of zinc sulfide and well matched
with the standard JCPDS data card no. 36-1450.46 The
diffraction spectra peaks are centered at 2θ values of ∼26.11,
28.76, 31.01, 47.54, 56.40, 59.30, 69.51, and 76.75° that
correspond to the reflections from the (100), (002), (101),
(110) (112), (201), (203), and (211) crystal planes,
respectively. The results are fairly consistent with those of
previously reported studies.38,47−49 The diffraction pattern
shows no peaks corresponding to other phases or impurities,
indicating that the prepared nanostructure is pure and devoid
of any impurities. From Figure 2b, it is evident that the
emergence of the chitosan XRD peak at 2θ = 20.03° provides

evidence of the successful zinc sulfide/chitosan composite
formation.50 Using the Debye−Scherrer formula, as indicated
in eq 2, the mean crystallite size of the synthesized ZS and ZS/
CS nanocomposite was estimated from the high intensity peaks
and calculated to be ∼19.08 and 14.78 nm, respectively.

=D
k
cos (2)

where D denotes the average crystallite size of the
nanostructure; k denotes a constant (0.9); λ is the X-ray
wavelength; β represents the full width at half-maximum
(fwhm), and θ signifies Bragg’s angle.
SEM. The surface morphology of the synthesized ZS and

ZS-chitosan composite was examined by using the FE-SEM
image, as displayed in Figure 2. The results show that the ZS
samples are composed of hexagonal structures with some
irregular shapes (Figure 2a). The SEM image of the ZS/CS
composite is depicted in Figure 2b. It illustrates that the
nanocomposite is flaky and has irregular and rough shape. The
morphological changes verify that a composite has formed,
which confirms the integration chitosan and zinc sulfide in the
synthesized nanostructure.8 Both samples exhibit anisotropic

Figure 2. SEM images of the synthesized samples: (a) ZS and (b) ZS/CS.
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growth that is attributed to the reaction medium (distilled
water) used in the synthesis process. Autogeneous pressure
that develops within the Teflon vessel during the hydrothermal
process minimizes the viscosity of water and promotes ion
mobility in the medium. Thus, higher reaction rates are
favored, and this promotes anisotropic growth, leading to such
morphology. Besides, growth is encouraged along specific
facets because they are energetically efficient.51 This is also
evident from the XRD spectrum that illustrates higher
diffraction peak intensity along the (002) peak than other
peaks, suggesting a preferred growth direction along this axis.46

EDS. Energy-dispersive spectroscopy (EDS) of the as-
synthesized materials was assessed to confirm our XRD results

and to ascertain material purity and successful synthesis.
Besides, the elemental composition of the prepared samples is
provided by the EDS study. The chosen areas of the SEM
image provided the elemental analysis. The presence of zinc,
sulfur, carbon, and oxygen elements in the EDS spectra of ZS
and the ZS/CS composite shown in Figure 3a,c, respectively,
validates the effective synthesis of ZS and the ZS/CS
nanocomposite. The spectrum shows no additional peaks
attributed to any element, indicating that the desired material
was successfully prepared. Figure 3b,d shows the respective
atomic percentage pie chart of ZS/and ZS/CS. The elemental
distribution in the pure and composite nanomaterial was
investigated by EDS mapping. The excellent preparation of the

Figure 3. EDS spectrum of the synthesized samples (a) ZS and (c) ZS/CS and (b, d) their corresponding atomic percentage composition.

Figure 4. Elemental mapping of C, O, Zn, S, and N of sample ZS/CS.
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samples is suggested by the fairly homogeneous elemental
distribution across all samples, as depicted in Figure 4, which is
highlighted by different colors.
Optical Properties. UV−visible spectrophotometry was

used for determining the optical properties of the synthesized
samples. The synthesized ZS and ZS/CS composite were
dispersed in isopropanol and kept on an ultrasonicator for 20
min to prepare a homogeneous solution. Then, absorption
spectrum was recorded by scanning the samples between 200
and 800 nm wavelength ranges. Using a Tauc plot [(αhν)2 vs
hν (Eg)], the band gap values of the synthesized ZS and ZS/CS
nanocomposite were determined by plotting the tangent line
and the value was recorded where it intersects the x-axis (Eg).
Figure 5a,b depicts the absorbance spectrum and the respective
band gap energy plot of the samples. The band gap energy
values are estimated to be about 3.17 and 3.06 eV for ZS and
ZS/CS samples, respectively. The results are in good
agreement with previously reported works.52−54 The absorp-
tion spectrum indicates that, in comparison to pure zinc
sulfide, the composite sample has shown an increase in
absorption intensity throughout the whole visible region.

Consequently, the ZS/CS composite has illustrated a smaller
band gap value than the pure sample, which can lead to
effective utilization of UV−visible light during the photo-
catalytic process.
FTIR. The FTIR spectra of ZS, CS, and the ZS/CS

nanocomposite biopolymer were compared with the available
data in the literature to support the successful synthesis of the
composite. The bands that appeared at 628 and 996 cm−1 are
due to the zinc−sulfur bond’s stretching vibrations,38 as shown
in Figure 6a. The stretching vibrations that were detected at
3403 cm−1 are characteristics of adsorbed water molecules.55

The IR spectra of chitosan and the synthesized composite are
displayed in Figure 6b,c. To verify the successful synthesis of
the ZS/CS composite, it was compared with the previously
reported FTIR spectra of the synthesized chitosan composite.
The presence of Zn−S bond stretching vibrations was
indicated by the characteristic bands at 602 and 998 cm−1 in
the FTIR spectrum of the fabricated ZS/CS composite. The
results are in good agreement with the findings published in
the literature.8,56 The bands that appear at 1651 cm−1 are
caused by the C=O stretching modes that originate from an

Figure 5. (a) Absorbance spectra and (b) band gap plot of the samples.

Figure 6. FT-IR spectrum of ZS (a), ZS/CS (b), and Chitosan (c).
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acetylated group of chitosan, while the broader band at 3397
cm−1 is owing to the O−H stretch in chitosan that can also
overlap with the possible N−H stretch.57,58 The band that
arises at 1379 cm−1 is attributed to distortion of the CH3 group
in the chitosan biopolymer.59,60 Therefore, the results of FTIR
obtained in our work are consistent with those of other
reported studies related to the synthesis of a chitosan
composite.
Photocatalysis. The use of semiconductor materials in

photocatalytic degradation is primarily suggested for water
treatment objectives owing to their high efficiency, photo-
stability, environmentally friendly process, and ability to
produce harmless byproducts.61,62 The photocatalysis mecha-
nism is depicted in Scheme 2.63,64 If the synthesized
photocatalyst composite is illuminated by a UV−visible light
source, transition of electrons to a conduction band from the
valence band occurs to generate an electron−hole pair. These
active species lead to the formation of reactive OH• radicals
and O2

• anion radicals due to the redox reaction. The O2
anions further interact with H+ to form superoxide radicals.
The superoxide radicals (HOO•) along with OH• radicals
cause the degradation of dye pollutants into nonpoisonous
degradation products.65 In the present study, the dye solutions
were exposed to a light source, and then, sample aliquots were
taken at regular intervals to record the absorbance spectra on
the UV−vis spectrophotometer. Figure 7 and Figure 8 depict
the absorbance versus illumination time for CV and AR-I dye
solutions, respectively. CV shows a major absorption peak at λ
= 582 nm and AR-I at 530 nm. According to the Lambert−
Beer law, a drop in absorbance with increasing irradiation time

denotes a decrease in dye concentrations and consequently
their degradation.66 It was determined that the prepared
catalyst degraded ∼93.44% of CV in 120 min, whereas AR dye
was degraded to 90.67% upon illumination by a light source.
The results of photocatalytic decomposition show that CV
shows a higher degradation percentage than AR-I dye. It is
thought that the reason for this variation in degradation
percentages is due to the nature of the dyes that were used.
The cationic CV dye appears to be adsorbed over the
negatively charged catalyst surfaces rapidly due to electrostatic
interactions. The catalyst surfaces are believed to have negative
charge due to the attached OH ions.67,68 When the catalyst is
illuminated, electrons from the valence band move into the
conduction band, creating electron hole pairs. The more
potent hydroxyl free radicals (OH°) are produced when the
holes are taken up by adsorbed hydroxyl ions. However, it is
thought that O2 is converted into superoxides due to extraction
of the electrons in the conduction band, which then react with
water to produce more hydroxyl free radicals. These hydroxyl
free radicals are believed to be the reasons for the efficient
degradation of the CV dye by the ZS/CS composite. Since AR-
I is an anionic dye, the adsorption of OH− ions and
consequently the generation of OH° free radicals are thought
to occur at a very slower pace because of electrostatic
repulsions between the negatively charged catalyst surfaces and
the dye molecules.66 Thus, a lesser degradation percentage is
observed in the case of AR-I dye for the same extent of
irradiation time. The degradation efficiency of the synthesized
catalyst was calculated by the equation given below:

Scheme 2. Graphical Representation of the Photocatalytic Degradation Mechanism
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where A0 is the initial absorbance of dye solution and At is the
final absorbance after time “t”.
Kinetics of the Photocatalytic Degradation. Photo-

catalytic degradation of CV and AR-I was also studied to
evaluate the kinetic behavior using Langmuir−Hinshelwood
kinetic equation (eq 3)69−71

=
A
A

ktln
t

0i
k
jjjjj

y
{
zzzzz (3)

where A0 is the initial absorbance, At is the absorbance at time
“t”, k is the kinetics reaction rate constant, and t is the
irradiation time. The photocatalytic decomposition of CV and
AR-I dyes using the as-synthesized biopolymer composite
followed the pseudo first-order kinetics as confirmed from the
linear nature of the graphs shown in Figure 7c and Figure 8c,
respectively. The estimated values of the rate constant (k) and
R2 (correlation coefficient) for CV and AR-I are given in Table
1.

The synthesized photocatalyst is of practical significance
only when it is reused, is regenerated, and has high stability
during photocatalysis. The synthesized ZS/CS was used for
three successive cycles of photocatalysis degradation. To
reutilize the photocatalyst nanocomposite, the ZS/CS nano-

composite particles were separated by a centrifuge, washed
thoroughly with double distilled water, and dried in a hot air
oven. It was observed that the degradation efficiency drops
from 93.44 to 87.64% (CV) and 90.67 to 84.37% (AR-I) even
after the third cycle (Figure 9a). This indicates the catalyst’s
capacity for reuse and confirms its high stability and its
proficiency was maintained with a small reduction in
degradation percentage.

To ascertain the role of active species (OH• radicals and
superoxides) in the photocatalytic degradation of CV and AR,
scavenging experiments were performed to utilize IPA
(isopropyl alcohol) and AA (ascorbic acid) as scavengers of
hydroxyl radicals and superoxides, respectively. As shown in
Figure 9b, the bar diagrams illustrate the percentage of
photodegradation in the presence and absence of scavengers. It
is clearly visible from the bar graphs that the photodegradation
process declines in the presence of both scavengers. Although
bar diagrams show that the addition of scavengers reduces the
photodegradation process, the addition of IPA as an OH•

radical scavenger has substantially lowered the percentage of
photodegradation, indicating that OH• radicals are crucial for
the photocatalytic degradation of dyes. Therefore, it is
proposed that active species generated during the photo-
catalytic process are responsible for the photodegradation,
which is consistent with the mechanism of photodegradation
reported in the previous literature.72,73

Figure 7. (a) Time-dependent absorbance spectra of CV treated with ZS/CS, (b) concentration curves of blank (without a catalyst) and with the
synthesized composite, and (c) pseudo-first-order kinetic plot of photocatalytic degradation of CV dye.
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To elucidate the practical application of the ZS/CS
photocatalyst, we have carried out photodegradation of a
mixture of CV + AR dye solution by using ZS/CS as a
photocatalyst. The time-dependent absorption spectra ob-
tained are shown in Figure 9c. The absorbance spectra consist
of peaks belonging to CV (582 nm) as well as AR (∼530 nm)
whose amplitudes progressively fall under UV light illumina-
tion, hence confirming the photodegradation of the mixture of
dye solution (Figure 9c). Therefore, the significant degradation
shown by the photocatalyst against the mixture of dye solution
validates its potential for practical wastewater treatments.
Antiproliferative Activities of ZS, ZS/CS, and Doxor-

ubicin. We have examined the antiproliferative activities of the
synthesized samples on breast cancer cell lines and
myelogenous leukemia, namely, MCF-7 and K-562. By
determining the IC50 values for ZS, ZS/CS, and doxorubicin
in these cell lines, we obtained valuable insights into their
respective potency and efficacy. The compiled IC50 values are
graphically depicted in Figure 10 and Figure 11, underscoring
the variability observed among myelogenous leukemia and
breast cancer cell types and indicating a cell type-dependent

response to the compounds. In evaluating the inhibitory effect
of ZS, ZS/CS, and doxorubicin on different cancer cell lines,
compelling findings have emerged. When ZS/CS and ZS were
used against the MCF-7 cancer cell line, the IC50 values were
determined to be 48.2 ± 0.5 and 47.08 ± 0.8 μg/mL. On the
other hand, doxorubicin exhibited an IC50 value of 2.5 ± 0.6
μg/mL on the same cell line.

Furthermore, the application of ZS/CS and ZS to the K-562
cell line resulted in IC50 values of 47.6 ± 0.8 and 49.6 ± 0.7
μg/mL, respectively, while doxorubicin displayed an IC50 value
of 3.2 ± 0.5 μg/mL. These findings provide intriguing insights
into the inhibitory potency of both ZS/CS and ZS, and
doxorubicin was taken as a reference drug against these specific
cancer cell lines. While definitive conclusions regarding the
susceptibility of cancer cells to ZS/CS, ZS, and doxorubicin
cannot be drawn solely based on these findings, it is evident
that the mechanisms of cell death represent potential targets
for the therapeutic effects of these drugs. Further investigations
are warranted to elucidate the specific molecular pathways and
signaling cascades affected by ZS/CS, ZS, and doxorubicin,
providing deeper insights into their antiproliferative effects in
myelogenous leukemia and breast cancer cell lines. Such
investigations will contribute to our understanding of the
underlying mechanisms and potentially pave the way for the
development of novel therapeutic strategies targeting myelog-
enous leukemia and breast cancer cell lines.

Figure 8. (a) Time-dependent absorbance spectra of AR-I treated with ZS/CS, (b) concentration curves of blank (without a catalyst) and with the
synthesized composite, and (c) pseudo-first-order kinetic plot of photocatalytic degradation of AR-I dye.

Table 1. Kinetics Rate Constant Value

dye solution k (min−1) R2

Crystal violet 0.021 0.901
Acid Red-I 0.018 0.968
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■ CONCLUSIONS
In this study, we have synthesized zinc sulfide/chitosan
biopolymer nanocomposite using facile and inexpensive
hydrothermal and coprecipitation methods. The synthesized
nanocomposite was characterized by different characterization
tools such as XRD, FE-SEM, EDS, FTIR spectroscopy, and
UV−vis spectroscopy. XRD analysis has shown the growth of

crystalline and hexagonal phase structures of the ZS/CS
nanocomposite. The morphological studies have revealed the
formation of irregular shapes of the biopolymer nano-
composite. Elemental-dispersive spectroscopy analysis of the
synthesized nanocomposite confirmed its purity. The photo-
catalytic activity of the ZS/CS composite against two model
dye pollutants, namely, CV and AR-I, has shown degradation
effectiveness of 93.44 and 90.67%, respectively, under UV−
visible light illumination. The degradation process of CV and

Figure 9. (a) Degradation percentages for three consecutive degradation cycles. (b) Degradation percentage in the absence and presence of
scavengers. (c) Time-dependent absorbance spectra of a mixture of CV and AR-I dye solution treated with ZS/CS.

Figure 10. Concentration-dependent anticancer activity of ZS, ZS/
CS, and doxorubicin against MCF-7 cell lines.

Figure 11. Concentration-dependent anticancer activity of ZS, ZS/
CS, and doxorubicin against K-562 cell lines.
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AR-I dye using the synthesized catalyst fitted well with the
pseudo-first-order reaction kinetics with the rate constants
0.021 and 0.018 min−1, respectively. The synthesized ZS/CS
composite exhibited excellent photocatalytic decomposition
for both dyes as well as reusability for three consecutive cycles.
Hence, the synthesized composite could be used as a
promising catalyst for degradation of textile dye pollutants
from aqueous environments. We also evaluated the anticancer
activity of the synthesized ZS and ZS/CS samples against the
MCF-7 and K-562 cancer cell lines. The findings of this study
provide intriguing insights into the inhibitory potency of both
ZS/CS and ZS samples. These synthesized samples in the
present study exhibit noticeable activity on cancer cell lines
and hence could be used for biomedical uses.
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