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Inorganic–organic hybrid quantum dots for AOP-mediated
photodegradation of ofloxacin and para-nitrophenol in diverse
water matrices
Soumya Ranjan Mishra1, Vishal Gadore1 and Md. Ahmaruzzaman 1✉

Due to concerns about the accessibility of clean water and the quality of treated wastewater, developing a suitable solution to
enhance the water quality is critical. Thus, the current study focused on the synthesis of cadmium-doped CdIn2S4 incorporated in
chitosan, forming Cd/CdIn2S4@Ch quantum dots using a solvothermal technique for the efficient photodegradation of hazardous
pollutants like ofloxacin and para-nitrophenol through H2O2-mediated AOP. Cd/CdIn2S4@Ch quantum dots were characterized by
several advanced methods, including XRD, PL, UV-DRS, FTIR, SEM, HR-TEM, XPS, DSC, TGA, EDX, and Elemental mapping analysis.
The influence of varying reaction parameters, such as the effect of organic compounds, inorganic ions, and water matrices, was also
investigated. The prepared composite showed outstanding photodegradation efficiency of 85.51 ± 1.35% and 96.70 ± 1.31%, with a
rate constant of 0.02334 and 0.15134 min−1, which is about 1.24 and 2.07 times higher than pristine CdIn2S4 for ofloxacin and para-
nitrophenol, respectively. The COD values were reduced to 80.67 ± 1.67% for ofloxacin and 88.36 ± 1.43% for para-nitrophenol,
whereas the TOC values reduced to 73.49% and 86.34%, respectively, from their initial values. The improved performance is
ascribed to the encapsulation of CdIn2S4 by chitosan, leading to the self-doping of cadmium into the photocatalyst, as the
incorporated cadmium doping site can generate a local electron accumulation point, improving the charge separation efficacy and
surface charge mitigation capability of chitosan nanosheets even further. The scavenger experiments showed that hydroxyl and
superoxide radicals played a significant part in the photodegradation of contaminants. Additionally, the quantum dots showed
excellent constancy and were recyclable up to six times, suggesting exceptional stability and reusability of the manufactured
photocatalyst. The fabricated Cd/CdIn2S4@Ch quantum dots could be an excellent photocatalyst for removing organic pollutants
from wastewater in the near future.
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INTRODUCTION
Numerous organic and inorganic chemicals, such as dyes,
pharmaceuticals, pesticides and personal care products, have
been regularly released into the environment without any proper
treatment in recent years as human civilization has grown1. The
lack of drinking water poses a potential global threat to humans.
Above this, most of these contaminants are chemically stable and
resilient to biological degradation2,3. Ofloxacin (OFL) is a
pharmaceutical compound associated with the fluoroquinolone
family and is widely used as an antimicrobial agent. The human
body cannot metabolize fluoroquinolone completely, and about
20–80% of it is excreted in biologically active forms4. Bacteria may
experience gene changes due to exposure to antimicrobial
residues found in environmental matrices, creating bacteria that
are resistant to the drug. Drug-resistant microorganisms force the
employment of more potent medications to treat diseases.
Moreover, the antibiotics could not be entirely eliminated in the
wastewater treatment plants, causing bioaccumulation and
environmental toxicity5. OFL residues in aquatic habitats can
infiltrate human bodies through the food chain or even drinking
water when pharmaceutical effluent and animal manure are not
adequately treated. Due to its enduring resistance to biodegrada-
tion, it persisted in the environment for a long time. As a result,
the removal of OFL is limited by common methods. Therefore, it is
crucial to employ treatment techniques to eliminate these
chemicals’ remaining antibacterial activity.

Moreover, para-nitrophenol (PNP) is a toxic carbon-based
organic compound widely used to manufacture pesticides, drugs,
dyes, etc. In low concentrations, PNP causes skin irritation,
headache, and nausea6. A higher concentration of PNP is toxic
to animals and is the cause of methemoglobinemia in humans.
Issues such as breathing difficulties, collapse, and even death
might result from more elevated amounts. PNP causes fever,
weakness, dizziness, and stomach trouble at lower concentrations.
Prolonged or high exposures may impact the nervous system.
Thus, these toxic contaminants must be removed from the water
bodies efficiently and effectively7. Although various conventional
water treatment methods like liquid phase adsorption, physico-
chemical treatment, and biological treatments were used to purify
water, they have several limitations: low efficiency, low reusability,
uneconomical operational cost, and may cause secondary
pollution8.
Furthermore, most of the research focuses on the reduction of

para-nitrophenol to para-aminophenol utilizing hazardous redu-
cing agents that further pollute the environment. Additionally,
these methods have several disadvantages since it requires
extreme temperature and pressures9. Therefore, researchers are
incessantly developing approaches to eliminate pollutants from
water with greater efficiency, low cost, and without generating
any by-products.
The advanced oxidation process (AOP) has arisen as an effective

method for mineralizing organic pollutants and has grown much
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attention due to its simplicity and low-cost10. Recently, AOPs
involving heterogeneous photocatalysts, the Fenton process, the
Electro-Fenton process, and the Photo-Fenton process have been
utilized to generate reactive radicals, which then degrade organic
contaminants from wastewater (Eq. 1)11:

Cd2þ þ H2O2 !hν Cdþ þ �OHþ Hþ (1)

In the general AOPs, to create photoinduced electron–hole
pairs, the semiconducting photocatalyst is radiated with photon
energy that is equivalent to or higher than its bandgap energy in
this process12. These photoinduced electrons and holes react with
water and adsorbed oxygen to initiate a series of reactions
producing reactive oxygen species (ROSs), which later degrade
complex toxic waste into more minor by-products according to
the following equations (Eqs. 2–4)13:

O2 þ e� ! �O�
2 (2)

H2Oþ hþ ! �OHþ Hþ (3)

�OHþ �O�
2 �����!ToxicWaste

Degradation By�products (4)

For the photocatalyst to have increased photocatalytic activity,
photoinduced electrons (e−) and holes (h+) must be separated.
The charge carriers can be separated by transferring charges,
which requires separating e− and h+, or by sorption on the
semiconductor surface. The breakdown of dangerous organic
pollutants into less damaging substances like CO2 and H2O is
made possible by the coordinated action of these radicals. AOP is
promoted as an efficient wastewater remediation technology
owing to its improved degrading efficiency, low cost, and
comfortable operating conditions. The Photo-Fenton-Like method
is one type of AOP frequently used to remove toxic contami-
nants14. H2O2 is employed in a Photo-Fenton-like process to create
ROSs, which continue to degrade the organic pollutants in water.
Given their greater surface area, vigor catalytic activity, and

morphology-dependent physicochemical characteristics, nanoma-
terials have received more attention as potential materials for
wastewater treatment15. Due to cost-efficiency, non-toxicity, and
high stability, titanium dioxide has been extensively explored as a
semiconductor photocatalyst for various photocatalytic applica-
tions16. However, due to a higher bandgap and higher
electron–hole recombination adversely limit its practical applica-
tions. Hence, developing an enhanced visible light-active photo-
catalyst is necessary to utilize solar irradiation properly.
Additionally, several methods like doping, heterojunction forma-
tion, or using a support material for photocatalyst stabilization
could slow down the charge recombination rate, further enhan-
cing the stability and efficiency of the prepared
photocatalyst11,17,18.
Recent years have seen much interest in ternary chalcogenides

due to their distinct optoelectronic and catalytic properties. For
instance, ZnIn2S4, AgIn5S8, CdIn2S4, etc., have been utilized for
various photocatalytic applications, as the covalent bonding is
more distinct in sulfospinels than the oxyspinels19. Among these,
CdIn2S4 showed an ideal bandgap of around 2.18 eV, making it an
appropriate catalyst under visible light radiation20. He et al.21.
produced CdIn2S4 via the hydrothermal technique for electro-
catalytic application. Liang et al.22. used solvothermal synthesized
CdIn2S4 as a catalyst for organic synthesis. CdIn2S4 synthesized via
a hydrothermal method was applied to photodegrade dyes from
wastewater23. CdIn2S4 is a ternary chalcogenide with a chemically
stable spinel cubic nanostructure and acts as an effective
photocatalyst. However, pristine CdIn2S4 suffers from a faster
charge recombination rate limitation, thereby lowering its
photocatalytic efficiency. Therefore, supporting and doping
CdIn2S4 could increase its efficiency by suppressing the charge

recombination rate. For example, CdIn2S4 supported on UiO-66
showed enhanced degradation of triclosan from water24.
Researchers have also synthesized metal-doped CdIn2S4 sup-
ported on the g-C3N4 surface for photodegradation of methyl
orange25. Chitosan (Ch) is an organic biopolymer known for its
adsorption capacity26. A linear polysaccharide chain comprised of
irregularly linked D-glucosamine and N-acetyl-D-glucosamine
units makes up the natural biopolymer chitosan structure.
Chitosan is a desirable material to support ternary metal sulfide
nanoparticles due to its non-toxic, biocompatible, and biodegrad-
able characteristics. Because of its amine (–NH2) and hydroxyl (OH)
groups, chitosan is a superior adsorbent for a variety of organic
pollutants27.
Herein, a Cd/CdIn2S4@Ch quantum dot has been synthesized

via a solvothermal method at slightly higher temperatures
(160 °C). The in situ interstitial doping of cadmium onto CdIn2S4
self-assembled on chitosan biopolymer led to the formation of a
hybrid inorganic–organic nanostructure. The fabricated quantum
dots were characterized using XRD, PL, UV-DRS, FTIR, SEM, HR-
TEM, XPS, DSC, TGA, EDX, and Elemental mapping analysis. The
catalytic photoactivity of the manufactured composite has been
examined by investigating the degradation of ofloxacin (OFL) and
para-nitrophenol (PNP) under visible light irradiation in the
presence of hydrogen peroxide, which are potential emerging
pollutants commonly found in water. The composite exhibited
outstanding photodegradation efficiency of 85.51 ± 1.35% and
96.70 ± 1.31% for ofloxacin and para-nitrophenol, respectively,
with a rate constant of 0.02334 and 0.15134 min−1, which is higher
than most of the previously reported studies. In addition to these,
the photodegradation efficiency was also investigated in the
existence of various organic compounds, cations, anions, waters,
and salinity levels to confirm the use of the photocatalyst in real-
life applications. Furthermore, the TOC, COD, quantum yield, and
figure of merits (FoM) values were also measured for various
systems to investigate the true potential of the fabricated material.
The mechanism of photodegradation of ofloxacin and para-
nitrophenol, along with the intermediate transformation products,
is also illustrated based on the experimental findings.

RESULTS AND DISCUSSION
Crystal structure analysis
Figure 1a illustrates the results of an XRD examination conducted
to examine the orientation and crystal structure of the synthesized
CdIn2S4 and Cd/CdIn2S4@Ch, respectively. The synthesized pristine
CdIn2S4 showed 2θ values of 14.14°, 23.20°, 27.25°, 28.52°, 33.02°,
40.76°, 43.33°, 47.55°, 49.71°, 53.41°, 55.56°, 59.07°, 64.21°, 66.25°,
69.31°, 76.00°, and 78.95°, which were corresponding to (1 1 1), (2
2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0), (5 3 1), (6 2 0), (5 3
3), (4 4 4), (6 4 2), (7 3 1), (8 0 0), (6 6 0), and (8 4 0) planes,
respectively28. These planes were attributed to the cubic system of
CdIn2S4, having a face-centered lattice with a lattice parameter of
α= 10.84 Å, as all the representing peaks were following the Joint
Committee’s database on Powder Diffraction Standards (JCPDS
card no: 27-0060). However, in the prepared Cd/CdIn2S4@Ch
quantum dots, a red shift in the XRD peaks was detected due to
the introduction of dopant (Cd) to the host (CdIn2S4)29. The 2θ
values of 14.41°, 23.45°, 27.42°, 28.69°, 44.22°, and 47.81° were
designated to the (1 1 1), (2 2 0), (3 1 1), (2 2 2), (5 1 1), and (4 4 0)
planes, respectively. This peak shift was attributed to a change in
the size of the host and the strong linkage between the dopant
and the host. In addition to that, as the CdIn2S4 was developed on
the surface of the Chitosan biopolymer, a rearrangement of lattice
structures occurred, leading to competitive stress, which resulted
in the right shift of XRD peaks30. This rearrangement of the lattice
structure led to the incorporation of Cadmium into the photo-
catalyst. The peak at 38.32° was attributed to the (1 0 1) plane of
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the cadmium metal, as confirmed by the JCPDS card no: 85-1328.
The peak at 20.21°, corresponding to the plane (2 2 0), confirmed
the presence of chitosan in the fabricated photocatalyst31.
Cadmium was incorporated into the created photocatalyst
because Cd’s ionic radius is too small compared to CdIn2S4,
resulting in a shift toward a greater angle, causing the lattice
parameter to decrease. After the photocatalyst formation, the
intensity of a few planes altered. Some peaks changed in intensity
while others decreased due to the doped atom’s different electron
density from the atoms around it32. The average crystalline size
was 15.162 nm for pristine CdIn2S4 and 1.572 nm for Cd/
CdIn2S4@Ch quantum dots and was calculated using the Scherrer
formula, as shown in Eq. (5). The decrease in crystallite size

confirmed the lattice strain and right shift of the XRD peaks. In
addition, the pristine CdIn2S4 showed a very high crystallinity of
84.81%, whereas, for the nanocomposite, the crystallinity
decreased to 49.02%. This phenomenon occurred due to the
addition of chitosan, which increased the amorphous character-
istics, resulting in a lower signal-to-noise ratio. In Eq. (5), ‘D is the
size of crystallite (nm), k is the shape factor (0.89), λ is the CuKα1
radiation wavelength (1.54060 Å), β is the full width at half
maximum (FWHM) for a given peak, and θ is the Bragg’s angle of
diffraction.’

D ¼ kλ
βCosθ

(5)

Fig. 1 Structural and optical analysis of fabricated nanocomposites. a XRD analysis of pristine CdIn2S4 and Cd/CdIn2S4@Ch. b Lattice
structure of CdIn2S4. c UV-DRS spectra of pristine CdIn2S4 and Cd/CdIn2S4@Ch. d PL spectra analysis.
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The fabricated CdIn2S4 follows an A2+B23+X42− spinel structure,
where the anions are arranged in a cubic closed-packed lattice,
and the cations in octahedral and tetrahedral sites (Fig. 1b). With
eight tetrahedral and four octahedral sites per formula unit, cubic
close-packed oxides make up the majority of spinel structures.
There are fewer tetrahedral spaces than octahedral spaces. A ions
occupy one-eighth of the tetrahedral holes, whereas B ions fill half
of the octahedral holes33. In this case, the cadmium ions are
present in the tetrahedral sites, while the indium ions are in the
octahedral sites. However, after encapsulation of chitosan, the
rearrangement due to lattice strain led to the incorporation of
cadmium in the unoccupied tetrahedral or the octahedral sites,
resulting in interstitial doping. The decrease in lattice parameters
confirms the formation of Cd/CdIn2S4@Ch quantum dots.

Optical properties
The absorbance spectra of pristine CdIn2S4 and Cd/CdIn2S4@Ch
quantum dots were recorded in the 200 to 800 nm range for
insight into their optical properties. The UV–vis diffuse reflectance
spectra (DRS) of pure CdIn2S4 and Cd/CdIn2S4@Ch are shown in
Fig. 1c. CdIn2S4 displays a broad absorption curve with an
absorption edge at around 600 nm, while the absorption edge
was shifted to a higher wavelength at around 650 nm for Cd/
CdIn2S4@Ch, suggesting the formation of heterojunction and
doping of Cd into the composite. The red shift in the absorption
edge indicates a possible transition of e− from the VB to the CB
and delayed recombination. Tauc’s plot was used to calculate the
indirect bandgap of the prepared samples. Pure CdIn2S4 has a
bandgap of 2.1 eV, which is slightly increased to 2.2 eV for the Cd/
CdIn2S4@Ch, indicating a smaller particle size for the final

nanocomposite, as illustrated in Supplementary Fig. 1a. Moreover,
the bandgap values are in good agreement with the previously
reported bandgap (2.1–2.5 eV)34.
Photoluminescence (PL) spectroscopy was used further to

evaluate the optical properties of the prepared photocatalysts.
PL is a reliable technique to study the recombination of
photogenerated electron–hole pairs in the pristine CdIn2S4 and
the Cd/CdIn2S4@Ch nanocomposite. The samples were excited at
a wavelength of 330 nm, and the corresponding emission spectra
were obtained, as illustrated in Fig. 1d. The composite’s spectra
are similar to pure CdIn2S4 but with lower intensity. A decreased
intensity was credited to enhanced charge separation and a
slower recombination rate35. A sharp peak at a wavelength of
around 373 nm could have originated due to the excitation of
electrons from the VB to the CB in CdIn2S436. This inference
suggested that the prepared nanocomposite has greater charge
separation and photocatalytic activity than pure CdIn2S4.

TEM analysis
Transmission electron microscopy (TEM) was conducted to
evaluate further the shape and size of the fabricated Cd/
CdIn2S4@Ch quantum dots. Both TEM (Fig. 2a, b) and HR-TEM
images (Fig. 2c, d) revealed irregularly shaped particles with
definite grain boundaries. Figure 2d showed the interplanar
spacing of 0.31 nm, which corresponded to the plane (2 2 2) and
was in accordance with the XRD data as its peak exhibited the
highest intensity. The polycrystalline character of the developed
Cd/CdIn2S4@Ch quantum dots was demonstrated by the selected
area electron diffraction (SAED) pattern (Fig. 2e). Although the
results acquired were connected with the extremely strong peak
in XRD, they were not entirely compatible with the JCPDS data

Fig. 2 TEM analysis of synthesized Cd/CdIn2S4@Ch quantum dots. a, b TEM images. c, d HR-TEM Images. e SAED pattern. f Particle size
distribution curve.
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d-spacing values. This observation was attributed to the redshift of
the XRD spectra, as the d-spacing and 2θ values are closely related
to each other via Bragg law, implying that a rise in 2θ values
resulted in a decrease in d-spacing values. Moreover, some rings
in the SAED image were diffused, which confirmed the relatively
small crystal size. In addition, the bright concentric rings were due
to the high crystallinity of the fabricated photocatalyst37. More-
over, the SAED pattern agreed with the hkl planes d-spacing
obtained from the XRD data investigation. A quantitative analysis
of a histogram fitted with the Lorentzian function revealed that
the average size of particles from TEM images was 7.35 nm (Fig.
2f). The average particle size and the crystalline particle size were
correlated because a particle’s crystalline size might differ by up to
20 nm from its average particle size38.

SEM and EDX analysis
The surface topographic anatomy of the manufactured Cd/
CdIn2S4@Ch quantum dots, comprising the microporous and
mesoporous geomorphology, was established using scanning
electron microscopy (SEM), exhibiting sheet-like morphology (Fig.
3a, b). This demonstrated that CdIn2S4 was encapsulated by
chitosan after self-assembling on its surface. As illustrated in Fig.
3b, the photocatalysts were uneven in shape, and the Cd/
CdIn2S4@Ch surface was relatively rough. Furthermore, certain
surface fractures that were discovered were due to nanocompo-
site generation. We concluded that CdIn2S4 and Chitosan
biopolymer grafting caused the nanocomposite surface to
become rough and flake-like39. The uneven and porous shape
boosted contaminant molecule adsorption, increasing the photo-
catalytic activity40. The distribution of elements in the synthesized
Cd/CdIn2S4@Ch quantum dots was evaluated further by EDX and
depicted in Fig. 3c. The elements identified in the composite

structure of the prepared photocatalyst were carbon, oxygen,
nitrogen, sulfur, cadmium, and indium, with weight percentages
of 27.24, 17.61, 6.28, 13.56, and 15.41, respectively, without any
other elemental impurities. The atomic percentage suggested that
the cadmium, indium, and sulfur were present in a ratio close to
1:2:4, and the higher extra atomic content of cadmium inferred
the presence of it as a dopant. The persistence of chitosan in the
hybrid composite matrix is responsible for the high atomic
proportions of carbon, oxygen, and nitrogen in the
photocatalyst40.

TGA/DSC analysis
The thermal decomposition curves (DSC/TGA) of Cd/CdIn2S4@Ch
quantum dots are shown in Fig. 3d. The weight fluctuation of the
specimen was plotted using TGA data, while DSC identified
whether the reaction was exothermic or endothermic. Weight
derivative (temp) provided the details on the rate at which weight
changes relative to temperature41. The TGA plot shows that the
fabricated Cd/CdIn2S4@Ch quantum dots underwent three degra-
dation stages. An initial weight loss of 8.976% was detected, which
was attributed to the endothermic evaporation of water. The
second degradation stage at around 220 °C resulted in a slightly
higher weight loss of 19.149%, which may be due to the
disruption of physical interaction between the organic and
inorganic moieties, while the third degradation stage starting at
around 340 °C was due to the disintegration of chitosan
biopolymer, which led to a weight loss of about 6.272%. Even
after increasing the temperature to 700 °C at a rate of 10 °C/min,
the synthesized material only showed a weight loss of 35%, which
exhibited its stability and sustainability even in adverse conditions.
At 75 °C and 320 °C, the specimen lost weight, caused by the
evaporation of water and organic by-products. The evaporation of

Fig. 3 SEM/EDX and TGA/DSC analysis of Cd/CdIn2S4@Ch quantum dots. a, b SEM images. c EDX analysis. d TGA/DSC analysis.
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adsorbed water and water ligands can be attributed to an
endothermic peak with a temperature of around 75 °C. When
heated from room temperature to 200 °C, the chitosan-based
nanocomposite showed no endothermic transition, indicating no
crystalline or other phase change42. The sample’s oxidative decay
was responsible for the strong exothermic peak with a peak
temperature of 320 °C due to the self-assembling nanocompo-
site’s structural integrity that was generally impacted by the
chelation process involving the NH group of chitosan. Moreover,
the weight derivative curve followed the DSC curve, further
confirming the sudden weight change during the sample’s
endothermic and exothermic degradation at temperatures of 75
and 320 °C, respectively.

Chemical environment analysis
The chemical environment of the surface and oxidation states of
the components in the Cd/CdIn2S4@Ch quantum dots were
investigated using the XPS technique. As shown in Fig. 4a, the
survey spectrum illustrated the presence of Cd, In, S, C, N, and O
elements in the photocatalyst. Moreover, all elements’ atomic
concentration has been calculated from the base peak area, as
summarized in Supplementary Table 1. A doublet at 404.97 eV and
411.75 eV in the Cd 3d spectral region is related to the Cd 3d5/2
and Cd 3d3/2 microstates of Cd2+ species in sulfide environments
(Fig. 4b)43. In the de-convoluted short scan In 3d spectrum, the
two peaks at 444.62 eV and 452.18 eV were allotted to 3d5/2 and
3d3/2 states of In3+ ions in coordination with sulfide ions (Fig.
4c)44. The presence of doped Cd0 can be proved in Fig. 4d, where
the Cd 3d5/2 was further de-convoluted to obtain peaks at
405.41 eV and 404.78 eV that were assigned to Cd+2 and Cd0 ion,
respectively45. It was also observed that the peaks of Cd 3d and In
3d spectrum showed a redshift, i.e., a decrease in the binding
energy than the normal values24. This inference may be attributed
to the electronegativity of the doping element (Cd = 1.69 eV),
which is lower than the base element (CdIn2S4= 4.78 eV) as the
electron density around it increases, and the binding energy
decreases. The peaks exhibited for S 2p, as illustrated in Fig. 4e, are
indexed at 162.34 eV and 161.33 eV, attributed to 2p1/2 and 2p3/2
of S, which corresponds to sulfide anions and terminal poly-
sulfide46. It demonstrates that sulfur moiety instantly links to In3+

and Cd2+ and then clings to the chitosan moiety. From the short
scan spectra of sulfur and cadmium, the existence of Cd/CdIn2S4
can also be inferred. In the XPS spectrum for carbon C 1 s, as
illustrated by Fig. 4f, three distinct peaks were observed at
284.79 eV, 286.23 eV, and 287.85 eV; these show the existence of
C–C, C–H; C–O–C, C–N and C–OH; and C=O and O–C=O bond
present in the chitosan matrix correspondingly47. In the de-
convoluted short scan XPS spectrum of oxygen O 1s (Fig. 4g), two
peaks were observed at 531.39 eV and 532.82 eV, which were
assigned to C=O and O–C=O, and –C–O and O–H bonds48.
Moreover, the peaks were higher than the typical peak of 530 eV,
indicating nanohybrid formation47. Figure 4h displays the XPS
short scan spectrum for N 1s, and it shows three peaks at
398.75 eV, 399.53 eV, and 400.34 eV, showing the sp3-C–N, –NH2

and O= CH–NH bonds present in the base polymer of the
nanocomposite, respectively49. Since there was a slight change in
the binding energy of C 1s, O 1s, and N 1s, it was inferred that the
self-assembly of Cd/CdIn2S4 on the chitosan surface might be due
to chemical interactions. Although, there are some chances of
physical interactions, which may be due to the hydrophobic
interaction of the active molecules.

Elemental mapping
The uniform distribution of the components Cd, In, S, C, N, and O
in the produced composite is confirmed by the element mapping
(Supplementary Fig. 1b), which is an exact match to the EDX data
and suggests that CdIn2S4 has grown on chitosan nanosheets.

These components are evenly distributed, which indicates that
Cd/CdIn2S4@Ch quantum dots are distributed evenly. This
conclusion supports the creation of an efficient inorganic–organic
hybrid heterojunction between the organic chitosan matrix and
inorganic CdIn2S4 to form evenly spread quantum dots38.

FTIR analysis
FTIR technique was employed to analyze the functional groups in
chitosan, CdIn2S4, and Cd/CdIn2S4@Ch quantum dot surfaces. As
seen in Supplementary Fig. 1c, the FTIR spectrum of CdIn2S4 does
not show any significant peaks in the IR region, suggesting the
absence of any organic functional groups and the high purity of
the sample. However, the FTIR spectrum of chitosan and Cd/
CdIn2S4@Ch was almost similar and revealed a strong band in the
range of 3650 to 3000 cm−1, which was accredited to the
stretching of N–H and O–H bands overlapping in the same
region50. Two small bands at around 2952 cm−1 and 2871 cm−1

are the characteristic bands of naturally occurring polysaccharides
and are generally found in xylan and glucans, corresponding to
symmetric and asymmetric stretchings of C–H bonds, respec-
tively51. The bands at 1650 cm−1 (C=O stretching) and
1320 cm−1 (C–N stretching) confirm the presence of N-acetyl
groups. The N–H bending, which is one of the characteristic bands
of the amide groups, was confirmed by a small band at around
1552 cm-1. The bands at 1425 cm−1 and 1375 cm−1 correspond to
CH2 bending and CH3 symmetrical vibrations52. The chitosan’s
asymmetric stretchings of C–O–C bridges were attributed to the
absorption band at 1150 cm-1. Two small peaks at 1060 cm−1 and
1026 cm−1 were attributed to the stretchings of C–O bonds. The
final small band at 895 cm−1 corresponds to the out-of-plane
bending of C–H bonds in the monosaccharide rings. All the bands
in the FTIR spectrum are in good agreement with the previously
reported studies53.

Photocatalytic experiment
Primarily an oxidant, hydrogen peroxide plays a critical part in the
photo-Fenton-like oxidation process54. The visible light irradiation
upon H2O2 produces •OH radicals in addition to reacting with the
catalyst to yield them. Thus, it is essential to study and investigate
its effect on the photodegradation of ofloxacin and para-
nitrophenol using the fabricated quantum dots. To achieve this
goal, the hydrogen peroxide was varied from 2 µLmL−1 to
10 µL mL−1, i.e., 0.1–0.5 mL of H2O2 in a 50mL solution of 20
ppm of ofloxacin and 15 ppm para-nitrophenol. The photode-
gradation efficiency and kinetic rate constant due to the presence
of hydrogen peroxide are presented in Supplementary Table 2. As
can be perceived in Fig. 5a, c, an upsurge in the photocatalytic
activity was observed until 4 µL mL−1 and 6 µLmL−1 for ofloxacin
and para-nitrophenol, respectively, while a significant decrease
was observed after increasing the peroxide dosage. The initial
increase can be ascribed to the self-decomposition of H2O2 due to
irradiation of visible light into •OH radicals (Eq. 6), and the
decrease in efficiency for increased peroxide dosage may be due
to the self-scavenging of •OH radicals by excess H2O2 (Eq. 7)55.

H2O2 !hν 2�OH (6)

H2O2 þ �OH ! H2Oþ �O2H (7)

Moreover, the photocatalyst also contributes to creating •OH
radicals in the presence of visible light56. Equations (8–11) suggest
that the fabricated Cd/CdIn2S4@Ch quantum dots produce e− and
h+ upon visible light irradiation, which then reacts with peroxide
molecule and hydroxyl ion to form •OH radicals. H2O2 doses of
0.2 mL and 0.3 mL resulted in degradation efficiency of
82.01 ± 1.72% and 92.48 ± 1.67% for ofloxacin and para-
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Fig. 4 XPS analysis of Cd/CdIn2S4@Ch quantum dots. a Survey spectrum: short scan spectra of (b) Cd 3d, (c) In 3d, (d) Cd 3d5/2, (e) S 2p, (f) C
1s, (g) O 1s, and (h) N 1s.
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nitrophenol, respectively, with pseudo-first-order specific reaction
rates of 0.02038 and 0.10153 min−1 (Fig. 5b, d).

Cd=CdIn2S4@Ch!hν e� þ hþ (8)

H2Oþ e� ! �OHþ OH� (9)

H2O ! OH� þ Hþ (10)

OH� þ hþ ! �OH (11)

The pH of the solution is greatly determined by the surface
charge of the synthesized Cd/CdIn2S4@Ch quantum dots. The
initial optimum pH must be calculated together with the types of
pollutants present in the wastewater to maximize the degradation
of contaminants in wastewater57. For this, the pH at Zero Point
Charge (ZPC) was determined by varying the pH from 3 to 11
utilizing 0.1 M NaOH and HCl in 0.01 M KNO3 electrolyte solution
through the Dynamic Light Scattering (DLS) technique. The pH-
ZPC value was found to be 6.31 when 0.01 g of Cd/CdIn2S4@Ch
was used. pH is the most vital parameter that impacts the
performance of catalytic photodegradation, as the efficiency of
fabricated Cd/CdIn2S4@Ch is affected by the solution’s pH. Prior to
visible light irradiation, the pH of the solution is adjusted; the pH is
not monitored as the reaction progresses. As shown in
Supplementary Table 3, a pH range of 3 to 11 was utilized to
study the influence of pH on the degradation of ofloxacin and
para-nitrophenol.
The initial concentration of ofloxacin was fixed at 20 ppm, while

the catalyst dose was kept at 8 mg for 50mL of solution alongside

0.2 mL of H2O2. It was seen that the optimum pH was 7, as it
showed a maximum degradation efficiency of 82.01 ± 1.72% with
a rate constant of 0.02038 min-1. An upsurge in efficiency was
observed till pH 7, and after that, a decrease in performance was
noticed (Supplementary Fig. 2a, b). Because nitrogen is present in
position 4 of the piperazinyl group, ofloxacin is cationic below
pKa1= 6.05, anionic above pKa2= 8.11 (due to the 6-carboxyl
group), and zwitterionic, meaning neutral, within pKa1 and pKa258.
The influence of the pH of the ofloxacin solution cannot be
explained in terms of the ionization state of the catalyst and the
substrate, as both the catalyst and the substrate transmit either
negative or positive charges at alkaline or acidic conditions,
accordingly, in catalytic photodegradation59. At low pH levels,
positive holes are the primary oxidation species, but at neutral or
high pH values, •OH radicals are the primary oxidation species60.
Thus, considering the data from Supplementary Table 3 and the
surplus of •OH radicals due to peroxide, the oxidative transforma-
tion of ofloxacin is mainly due to radicals rather than valence bond
holes.
The influence of pH on the catalytic photodegradation of para-

nitrophenol was tested utilizing 15 ppm of it using 8mg of
catalyst in 50mL of solution with 0.3 mL of hydrogen peroxide. As
the pH increases from 3 to 11, the degradation efficiency of the
fabricated Cd/CdIn2S4@Ch quantum dots decreases (Supplemen-
tary Fig. 2c, d). The optimum pH was 3, with a maximum
degradation efficacy of 94.72 ± 1.47% and a pseudo-first-order
specific rate constant of 0.1058min-1. The decline in efficiency
with increasing pH may be attributed to the production of OH−

ion, which may quench the production of •OH radicals by reacting

Fig. 5 Influence of H2O2 dosage on degradation performance of Cd/CdIn2S4@Ch quantum dots. Effect of H2O2 dosage on the
photodegradation of (a) ofloxacin and (c) para-nitrophenol; degradation kinetics for (b) ofloxacin and (d) para-nitrophenol; Reaction
conditions: OFL/PNP concentration—20/15 ppm; catalyst dosage—8/8 mg; pH—7/7; H2O2 dosage—0–0.5 mL. Error bars represent the
standard deviations.
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with it. The H2O2 breakdown reaction was also stimulated at a
lower pH to generate •OH radicals in the solution, while the free
radicals’ recombination reaction rate decreased61.
The reaction’s initial contaminant concentration, H2O2 dosage, and

pH were set at 20 and 15 ppm, 0.2 and 0.3mL, and 7 and 3,
respectively, to examine the effects of the catalyst dose on the
photodegradation of ofloxacin and para-nitrophenol. The photo-
catalyst dosage varied from 4 to 16mg in 50mL of solution or from
0.08 to 0.32 g L−1. The photodegradation was discovered to increase
with increasing photocatalyst amounts, peaking at 10mg (0.2 g L−1)
and 12mg (0.24 g L−1) for ofloxacin and para-nitrophenol, respec-
tively, before showing a modest fall (Supplementary Fig. 3a, c). It is
feasible to attribute an initial upsurge in catalytic efficiency with an
increase in catalyst dosage to an expansion in active sites brought on
by introducing the photocatalyst. Nevertheless, as more catalyst was
added, photons could not enter the suspension deeply. The
photocatalytic effectiveness somewhat decreased due to increased
solution opacity that caused light to scatter55. In addition, due to the
presence of hydrogen peroxide, an increase in the photocatalyst
dosage amplified the production of •OH radicals, yet excess •OH
radicals may endure recombination at a high catalyst dosage62. Thus,
it can be concluded that photocatalyst optimization is essential as it
reduces the excessive use of the catalyst. As shown in Supplementary
Table 4, the optimized dosage resulted in the maximum degradation
efficiency of 85.51 ± 1.35% and 96.70 ± 1.31% for ofloxacin and para-
nitrophenol, respectively, with pseudo-first-order specific rate con-
stants of 0.02334 and 0.15134min−1 (Supplementary Fig. 3b, d).
The initial pH was set at 7 and 3, the catalyst loading was

maintained at its optimal level of 0.2 and 0.24 g L−1, the hydrogen
peroxide dose at 0.2 and 0.3 mL, and the initial concentration of
the contaminants was kept varying from 10 ppm to 40 ppm to
study the effects of the initial concentration of ofloxacin and para-
nitrophenol, respectively (Table 1). Ofloxacin and para-nitrophenol
have a range of concentrations in water bodies between µg L−1

and mg L−1, although these high beginning concentrations are
frequently employed in photodegradation investigations to
ensure accurate concentration evaluation and identification of
transformation products during the photodegradation process.
After an initial increase in the concentration of ofloxacin and para-
nitrophenol, a minor increase in photodegradation efficiency was
observed up to 20 and 15 ppm, respectively, after which a slight
fall was recorded (Fig. 6a, c). The narrowing of photon path
lengths may be principally responsible for the minor decrease in
the photodegradation of the pharmaceutical and phenol with
further increases in its concentration63. Additionally, higher initial
contaminant concentrations would necessitate a heavier catalyst
load, enhancing the solution’s opacity and inevitably inhibiting
photodegradation64. Likewise, as the concentrations of ofloxacin
and para-nitrophenol rose, the pollutants took more active sites,
gradually displacing surface-adsorbed OH− ions and O2 molecules.
This phenomenon caused the photocatalyst to generate inade-
quate amounts of hydroxyl radicals (•OH) and superoxide anion
radicals (•O2

−), which had reduced overall efficiency by that time.
As all the reaction parameters were optimized, the maximum
degradation efficacy of ofloxacin and para-nitrophenol by Cd/
CdIn2S4@Ch quantum dots was found to be 85.51 ± 1.35% and
96.70 ± 1.31%, respectively, with pseudo-first-order rate constants
of 0.02334 and 0.15134 min−1 (Fig. 6b, d).
The effect of exposure time was studied in optimal conditions

for ofloxacin and para-nitrophenol at a catalyst dose of 10mg and
12mg and a contaminant concentration of 20 ppm and 15 ppm.
As shown in Fig. 7a, b, every possible combination was tested to
understand the photocatalytic activity over a certain period. It was
inferred that no further decrease in the concentration of ofloxacin
and para-nitrophenol was observed after 90 and 30min,
respectively. These outcomes can result from the depletion of
the photocatalyst’s active sites65. The maximum photocatalytic
degradation for synthesized Cd/CdIn2S4@Ch quantum dots in the

presence of H2O2 for ofloxacin and para-nitrophenol was found to
be 85.51 ± 1.35% and 96.70 ± 1.31%, respectively. No changes in
contaminant concentration were observed during photolysis, i.e.,
degradation in the absence of the photocatalyst or the presence
of only peroxide. Figure 7c displays the degradation rate constant
of the various systems, and it was observed that Cd/CdIn2S4@Ch
quantum dots in the presence of H2O2 showed a pseudo-first-
order rate constant of 0.02334 and 0.15134 min−1 for ofloxacin
and para-nitrophenol, respectively.
Furthermore, as shown in Fig. 7d, e, the total COD was reduced

by 80.67 ± 1.67% and 88.36 ± 1.43% from their initial values of
720mg O2 L−1 and 135mg O2 L−1, respectively, for 20 ppm of
ofloxacin and 15 ppm of para-nitrophenol. The degradation of
these pollutants produces aromatic intermediates that can be
found by HR-LCMS analysis. These intermediates probably
shielded the enormous number of ROSs created during photo-
catalysis, which could have inhibited the solution’s COD percen-
tage from dropping further66. The optimized catalyst was also
used to degrade other organic compounds, such as dyes and
pharmaceuticals like Methylene blue (MB), Crystal Violet (CV),
Congo red (CR), Ranitidine (RNT), Amoxicillin (AMO), and
Sulfomethaxozole (SMZ). The contaminant’s concentrations were
20 ppm and were degraded at pH 7 with a catalyst dose of 10 mg.
Therefore, a slight decline in the degradation efficacy of para-
nitrophenol was observed as the pH was slightly higher than the
optimal pH. The degradation competence followed the order CV
(97.31 ± 1.56%) > MB (96.23 ± 2.1%) > PNP (92.48 ± 1.67%) > CR
(90.33 ± 1.33%) > OFL (85.51 ± 1.35%) > RNT (73.22 ± 1.89%) >
SMZ (53.89 ± 2.47%) > AMO (42.36 ± 2.66%). Although the
fabricated Cd/CdIn2S4@Ch quantum dots showed very high
degradation efficiency for dyes, this paper focused on removing
the toxic emerging pollutants (ofloxacin and para-nitrophenol)
after thoroughly going through the research gaps (Fig. 7f).
Moreover, it is safe to say that the synthesized photocatalyst is
efficient in removing nearly all types of pollutants and can be used
in real water applications.
The effect of temperature on the photodegradation efficiency is

also investigated under optimal conditions, with the temperatures
varying from 25 °C to 40 °C. As illustrated in Supplementary Fig. 4a,
c, the photocatalytic performance of Cd/CdIn2S4@Ch narrowly
decreases with an increase in temperature for both ofloxacin and
para-nitrophenol. Although the frequency of collisions initially
rises with temperature as performance grows with time, this only
accounts for a tiny portion of the increase in reaction rate67. The

Table 1. Degradation performance at various initial concentrations.

Contaminant Concentration
(ppm)

Degradation
efficiency (%)

Rate
constant
(min−1)

R2

Ofloxacin 10 85.00 ± 1.58 0.02254 0.99699

15 85.22 ± 1.11 0.02289 0.9964

20 85.51 ± 1.35 0.02334 0.99549

25 82.83 ± 2.14 0.02013 0.99702

30 78.67 ± 1.49 0.01861 0.99832

35 74.52 ± 2.11 0.01688 0.99911

40 70.37 ± 1.97 0.01561 0.99903

Para-nitrophenol 10 95.77 ± 1.47 0.116 0.99427

15 96.70 ± 1.31 0.15134 0.98307

20 94.76 ± 1.18 0.11093 0.99253

25 92.15 ± 2.17 0.10304 0.99124

30 89.54 ± 1.93 0.0939 0.99376

35 86.93 ± 1.24 0.08484 0.99301

40 81.43 ± 2.43 0.07166 0.98817
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low adsorption of the pollutants on the surface of the
nanocomposite is caused by the high kinetic energy, which
overshadows the beneficial impact of higher collision frequency.
This causes the generated ROS to recombine, which lowers the
degradation performance68. Supplementary Fig. 4b, d display the
reduction in degradation rate, which is further summarized in
Supplementary Table 5.
Furthermore, the photodegradation efficiency was significantly

reduced in other combinations, such as pristine CdIn2S4 in the
presence of H2O2, Cd/CdIn2S4@Ch, and CdIn2S4 in the absence of
H2O2 (Supplementary Fig. 5a). The studies of the photodegrada-
tion of ofloxacin and para-nitrophenol showed that the relatively
quick recombination of photoinduced e− and h+ might be the
cause of the subpar photocatalytic efficiencies, which the
photoluminescence spectroscopy can confirm (Fig. 1d). A
practical and crucial method for improving the photocatalytic
performance of Cd/CdIn2S4@Ch quantum dots was to include
oxidants, such as hydrogen peroxide, as electron acceptors in the
reaction to lower the likelihood of charge carrier recombination
because the oxidants immediately trapped photogenerated
electrons69. In addition, the TOC removal efficiency for ofloxacin
and para-nitrophenol in different systems was also analyzed
(Supplementary Fig. 5b). The Cd/CdIn2S4@Ch quantum dots
showed the highest mineralization in the presence of H2O2,
with an efficiency of 73.49% and 86.34% for ofloxacin and para-

nitrophenol, respectively, in the optimized conditions. Such high
mineralization efficiency can be supported through HR-LCMS
analysis, showcasing the breakdown of complex contaminant
molecules into smaller ones. Furthermore, quantum yield
(Supplementary Fig. 5c) and figure of merit (FoM) (Supplementary
Fig. 5d) measurements were used to assess the parallel
performance of the photocatalysts in the presence and absence
of H2O2. Quantitative measurements of a photocatalyst’s effec-
tiveness at absorbing irradiation photons and using them to
destroy the target pollutant are known as quantum yield70.
Additionally, the FoM parameter was generated for each catalyst
using various process parameters to realistically analyze the
actual performances of these photocatalytic systems, given the
variations in the conversion efficiency values71. Thus, it was
concluded that the Cd/CdIn2S4@Ch quantum dots showed the
maximum quantum yield and FoM of 8.13 × 10–5 molecules
photon−1 and 2.065 × 10–4, and 5.38 × 10–4 molecules photon−1

and 7.78 × 10–4 for ofloxacin and para-nitrophenol, respectively,
in the presence of hydrogen peroxide, compared to a low
quantum yield and FoM of 6.71 × 10–5 molecules photon−1 and
1.69 × 10–4, and 2.16 × 10–4 molecules photon−1 and 3.14 × 10–4,
in the absence of hydrogen peroxide.
The degradation of ofloxacin and para-nitrophenol in the

existence of inorganic ions, organic compounds, and various
water matrices was investigated to support the earlier claim. As

Fig. 6 Influence of contaminant concentration on degradation performance of Cd/CdIn2S4@Ch quantum dots. Effect of initial contaminant
concentration on the photodegradation of (a) ofloxacin and (c) para-nitrophenol; degradation kinetics for (b) ofloxacin and (d) para-
nitrophenol; Reaction conditions: OFL/PNP concentration—10–40 ppm; catalyst dosage—10/12 mg; pH—7/3; H2O2 dosage—0.2/0.3 mL. Error
bars represent the standard deviations.
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discussed in the comparison of the Cd/CdIn2S4@Ch quantum
dots with recently published works in Table 2, these two
contaminants were degraded previously, but our catalyst
showed excellent efficiency at even low catalyst dose and
visible light irradiation. It is well known that the volume of
photogenerated ROSs, electrons, and holes directly affects the
rate of an AOP-assisted photocatalytic degradation process72. To
confirm which one of them had a major role in the degradation
of ofloxacin and para-nitrophenol in the aqueous phase, some
sacrificial agents were added during the degradation experi-
ment to trap them. This study allowed for a proper and
thorough assessment of the role played by the reactive species
such as •OH (hydroxyl), •O2

− (superoxide), e− (electron), and h+

(hole). Benzoic acid as •OH scavengers, Benzoquinone as •O2
−

scavengers, Pottasium persulfate (K2S2O8) as e− scavengers, and

Disodium EDTA as h+ scavengers were used. Benzoic acid and
Benzoquinone restrict the performance of the degradation of
pharmaceutical and phenolic compounds as they scavenge the
hydroxyl and superoxide radicals, respectively73. Moreover,
scavenging electrons and holes through K2S2O8 and Disodium
EDTA would decrease the formation of •OH radicals, thus
reducing the overall effectiveness. In the case of ofloxacin
degradation (Supplementary Fig. 6a), •OH (hydroxyl) and •O2

−

(superoxide) radical scavengers would decline their efficiency to
25.97 ± 2.17% and 32.08 ± 1.99%, respectively, whereas for para-
nitrophenol (Supplementary Fig. 6b), the efficiency would slump
down to 35.21 ± 1.89%, and 40 ± 2.19%. However, K2S2O8 and
Disodium EDTA had a minor impact on the photocatalytic
performance of fabricated Cd/CdIn2S4@Ch quantum dots for the
degradation of ofloxacin and para-nitrophenol. Thus, this study

Fig. 7 Degradation performance of the fabricated photocatalysts at various reaction conditions. Effect of contact time on the
photodegradation of (a) ofloxacin and (b) para-nitrophenol; (c) degradation performance by various catalyst combinations; COD analysis for
the degradation of (d) ofloxacin and (e) para-nitrophenol; (f) degradation performance of Cd/CdIn2S4@Ch quantum dots on various other
pollutants; Reaction conditions: OFL/PNP concentration—20/15 ppm; catalyst dosage—10/12mg; pH—7/3; H2O2 dosage—0.2/0.3 mL. Error
bars represent the standard deviations.
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provided sufficient information on the critical roles of the ROSs,
•O2

− and •OH, in the degradation of ofloxacin74 and para-
nitrophenol75 while also illuminating the minor involvement of
e− and h+.

Degradation mechanism
The schematic representation of the degradation mechanism of
toxic pollutants, such as ofloxacin and para-nitrophenol, under the
influence of visible light, isis illustrated in Fig. 8. When the
photocatalyst was introduced to visible light, the electron was
excited from the VB to the CB, producing holes (h+). The PL
analysis confirms that the dopant serves as an electron scavenger
and suppresses recombination between electrons and holes when
illuminated by visible light (Fig. 1d). The photocatalytic ability was
substantially enhanced when the electron–hole pair was pre-
vented from recombining76. Meanwhile, the CB and VB potentials
can be calculated using the following Eqs. 12 and 13.

ECB ¼ χ � Ee � 0:5 ´ Eg (12)

EVB ¼ ECB þ Eg (13)

The χ value for Chitosan and CdIn2S4 was 4.2 and 4.97,
respectively77,78. The Eg value of CdIn2S4 was determined to be
2.1 eV through the UV-DRS analysis (Fig. 1d) from the curve of
(αhν)1/2 vs. hν plot, while for chitosan, the value was 3.5 eV,
obtained from the previous literature79. Hence, the calculated
value of ECB and EVB for CdIn2S4 was -0.77 and 1.33 eV, whereas, for
chitosan, the values were −2 and 1.5 eV, respectively. The CB and
VB edge sites of CdIn2S4 were encapsulated in the chitosan energy
gap and had notable characteristics of type-I heterojunction.
Based on the ROSs obtained from the scavenger experiment

mentioned above and the bandgap analysis from UV-DRS, the
charge transfer mechanism was projected for the photodegrada-
tion of ofloxacin and para-nitrophenol. Due to their superior
visible light capturing abilities, chitosan and CdIn2S4 are activated
by visible light to produce photoinduced electrons (e−) on CB and
holes (h+) on VB. The h+ produced in the VB of chitosan and
CdIn2S4 cannot react with the H2O or OH− in the solution; that is,
they do not form •OH radical and eventually accumulate on the VB
because the VB potentials of chitosan (+1.5 eV/NHE) and CdIn2S4
(+1.33 eV/NHE) cannot reach the potential required to form •OH,
(•OH/H2O=+1.99 eV/NHE, •OH/OH−=+2.40 eV/NHE)80. Thus, it
was inferred that •OH radicals were not generated due to holes by
the fabricated Cd/CdIn2S4@Ch quantum dots.
Because the VB potential of chitosan is more positive than the VB

potential of CdIn2S4 and the CB potential of chitosan is more negative
than the CB potential of CdIn2S4 in the heterostructure, e− on the CB
of chitosan can move to the CB of CdIn2S4 through the action of the
internal electric field, and h+ generated on the VB of chitosan can
move to the VB of CdIn2S4. The type-I photoinduced charge migration
mechanism can significantly increase the separation efficacy of
produced electron–hole pairs at the heterojunction interface, even
though the photogenerated e− and h+ on chitosan are transported
to CdIn2S4 at a variable migration rate81. The e− on the CB of CdIn2S4
can blend with O2 and react to create •O2

−, as •O2
− can directly react

with the pollutants because the CB potential of CdIn2S4 is more
negative than that of O2/•O2

− (−0.33 eV/NHE)82. Additionally, the
harmful ofloxacin and para-nitrophenol could be immediately
oxidized by the h+ on the VB of CdIn2S4.
Cd2+ traps electrons from the CdIn2S4 conduction band and

changes them into Cd+. Due to its extreme instability, the Cd+ ion
interacts with an oxygen molecule to form the superoxide radical
(•O2

−)83. According to Zhang et al.84, cadmium exhibits a+ 2
oxidation state and a complete and stable electronic structure of
4d10. The stable electronic configuration of Cd2+ is distributed as

Table 2. Degradation performance of various other photocatalysts.

Pollutants Ofloxacin Catalyst Pollutant Conc.
(ppm)

Catalyst dosage
(g/L)

Time
(min)

Light Source Efficiency (%) Ref.

Ofloxacin CdS/TiO2 5 0.45 180 Visible 86 108

BaTiO3/WS2 20 1 75 Visible ~90 109

BPQDs/OV-BiOBr 10 1 90 300W Xe-lamp 98.7 110

BiOCl/BiOBr-
Bi24O31Br10

50 1 180 400W halogen
lamp

78.3 111

Gd2Ti2O7/SiO2 20 0.4 90 20W UV lamp 79.1 112

Cd/CdIn2S4@Ch 20 0.2 90 23W white LED 85.51 ± 1.35 This
work

Para-nitrophenol Co-Fe PBA 20 1 60 Dark/PMS-AOP 90 113

rGO-ZnO 30 – 30 Plasma 87.6 114

Fe3O4 45 1.5 600 Visible 90 115

TiO2 50 2 - Gamma Radiation ~98 90

Cd/CdIn2S4@Ch 15 0.24 30 23W white LED 96.70 ± 1.31 This
work

Fig. 8 Plausible degradation mechanism. Schematic representa-
tion of the photodegradation mechanism of ofloxacin and para-
nitrophenol by fabricated Cd/CdIn2S4@Ch quantum dots.
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the electron is trapped by it. In order to create superoxide radicals,
the trapped electron eventually moved to an oxygen molecule.
Moreover, the cadmium ion does not trap holes as it disturbs the
electronic configuration; instead, the holes react with the OH− ion
to form •OH radical76. Furthermore, to improve the concentration
of •OH radical, H2O2 was introduced to the degradation system.
H2O2 is an electron-trapping agent, and it reacts with the electrons
shifting from the CB of chitosan to CdIn2S4, forming •OH radical.
The capture of e− also leads to the increased speed of charge
carrier transfer. However, excess H2O2 may waste other ROSs and
reduce the degradation efficiency of ofloxacin and para-
nitrophenol. Thus, the peroxide dosage was optimized to find
the exact amount to be used in the degradation system. Equations
(6–8), (10), and (14–22) show the reaction processes under visible
light illumination:

H2Oþ e�ðCd=CdIn2S4@ChÞ ! �OHþ OH� (14)

H2O2 þ hþðCd=CdIn2S4@ChÞ ! O2 þ 2Hþ (15)

Cd2þ þ e�ðCd=CdIn2S4@ChÞ ! Cdþðe�trapÞ (16)

Cdþ þ O2 ! Cd2þ þ �O�
2 ðe�releaseÞ (17)

H2O2 þ �O�
2 ! O2 þ OH� þ �OH (18)

OH� þ hþðCd=CdIn2S4@ChÞ ! �OH (19)

�OHþ ðOfloxacin=Para-nitrophenolÞ ! Degradation Byproducts

þ CO2 þ H2O

(20)

�O�
2 þ ðOfloxacin=Para-nitrophenolÞ ! Degradation Byproducts

þ CO2 þ H2O

(21)

hþ þ ðOfloxacin=Para-nitrophenolÞ ! Degradation Byproducts

þ CO2 þ H2O

(22)

HR-LC-MS analysis
An HR-LC-MS investigation was carried out to look into potential
degradation pathways and intermediates for the breakdown of
ofloxacin and para-nitrophenol, as described in Table 3. Three
plausible pathways and 18 intermediate transformation products
(OFL1–18) were proposed for ofloxacin, as shown in Fig. 9.
Pathway 1 started with defluorination and breakdown of the
morpholine ring, followed by decarboxylation and reduction to
obtain OFL5 (m/z= 233)85. Additionally, ring cleavage and open-
ing took place, causing the larger molecule to split into the smaller
molecules OFL8 (m/z= 69) and OFL9 (m/z= 118), followed by
mineralization of these molecules into carbon dioxide, water, and
other by-products. In pathway 2, defluorination occurred, OFL10
(m/z= 358), followed by the breakdown of molecules in two
separate pathways leading to the formation of smaller aliphatic
(OFL14; m/z= 141) and aromatic molecules (OFL13; m/z= 85)86.
Pathway 3 resulted in decarboxylation, followed by the removal of
the piperazine ring, resulting in the production of OFL15 (m/
z= 218), followed by defluorination, which led to the disintegra-
tion of the molecules into the smaller ring-like structure, OFL17
(m/z= 110) and OFL18 (m/z= 97)87. The smaller molecules
obtained from different pathways undergo mineralization to
produce carbon dioxide, water, and other by-products88.
Furthermore, para-nitrophenol degradation was proposed using

three plausible pathways and 11 intermediate transformation

products (PNP1–11), as illustrated in Fig. 10. Pathway 1 showed
the role of the •OH radicle, where the •OH radicle replaced NO2 to
produce PNP3 (m/z= 110). Additionally, the •OH radicle again
attacks the molecule forming PNP5 (m/z= 126), leading to ring
cleavage due to a growth in the electron density, resulting in the
production of smaller molecules, PNP6 (m/z= 85) and PNP7
(m/z= 60), that further mineralized to carbon dioxide, water, and
other-byproducts89. In pathway 2, the •OH radicle attacks the
ortho position of the para-nitrophenol, forming PNP8 (m/z= 154).
Then, the molecule undergoes ring cleavage and further break-
downs into smaller molecules. Pathway 3 shows the reduction of
para-nitrophenol to para-aminophenol, PNP11 (m/z= 109) due to
the electrons and H+ ions present in the reaction mixture.
Aromatic ring cleavage was believed to have complicated
intermediates that may eventually be mineralized to CO2 and
H2O or transformed into low molecular carboxylic acids like formic
acid and oxalic acid. •OH radicals converted the nitrite created
from the released nitro group into nitrate, forming several by-
products90.

Reusability
Its recyclability was examined to determine the prepared
photocatalyst’s reusability and stability (Fig. 11a, b). The photo-
catalyst had to be centrifuged apart for the following cycle,
cleaned with ethanol and distilled water multiple times, and dried
at 60 °C for 4 h. Figure 11c shows that the photocatalyst could be
recycled six times in a row without experiencing a significant
decrease in photocatalytic performance. The disruption of the
chitosan polymer’s porous structure and the obstruction of surface
sites, however, may be the cause of a slight decline in degradation
efficiency. The effective charge separation and support of the
chitosan matrix play a significant role in the stability of the Cd/
CdIn2S4@Ch photocatalyst. It was pretty astonishing to see that,
even after six cycles, the synthesized quantum dots showed an
excellent degradation performance of 60.79 ± 1.74% and
75.14 ± 1.75%, indicating the photocatalyst’s excellent reusability.
Additionally, the reused catalyst after 6 cycles was examined by

TEM, EDX, and XRD analysis to determine the stability of Cd/
CdIn2S4@Ch. The TEM images (Fig. 11d) of the catalyst after 6
cycles of degradation of ofloxacin and para-nitrophenol confirmed
that the morphology had not been changed. Although the weight
percentage of Cd and In slightly decreased in comparison to the
fresh catalyst, the ratio of the elements remained intact,
confirming the stability of the fabricated Cd/CdIn2S4@Ch quantum
dots (Fig. 11e, f). In addition, no notable change in peaks of XRD of
reused Cd/CdIn2S4@Ch was observed after the degradation of
ofloxacin and para-nitrophenol, which indicated excellent stability
of our fabricated quantum dots (Fig. 11g, h).

Effect of co-existing species (cations, anions, organic
compounds, humic acid, salinity, sulfate ions) on the
photodegradation of ofloxacin and para-nitrophenol
Various metal cations are present in wastewater or natural water;
thus, the impact of their existence was examined using 0.01 M of
Na2SO4, CaSO4, and Al2(SO4)3. The stable oxidation states of the
metal salts, such as Na+, Ca2+, and Al3+, do not interfere with the
photocatalytic process91. Figure 12a shows the degradation
performance of the synthesized Cd/CdIn2S4@Ch quantum dots
in the presence of monovalent, divalent, and trivalent cations.
Photodegradation of ofloxacin was suppressed to varying degrees
in the presence of the three salts. The sulfate ions of the salts
could be responsible for the suppression in general due to their
inhibitory effect. However, aluminum salt showed the most
significant suppression of photocatalysis, i.e., 38.03 ± 1.17%,
probably due to Al3+ ions, as they prefer to adhere to the
catalyst’s surface. The active sites were blocked as a result of this
affinity, which subsequently reduced the efficiency of the
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photocatalytic reaction. Meanwhile, compared to Na+, which
showed an efficiency of 55.08 ± 1.76%, Ca2+ showed higher
suppression in photocatalytic ability, i.e., 51.77 ± 2.14%, presum-
ably due to its larger size92.
0.01 M concentration of Cl−, F−, and SO4

2− was introduced to
understand the impact of various inorganic anions in the
degradation ability of fabricated Cd/CdIn2S4@Ch quantum dots
(Fig. 12b). A decrease in photocatalytic efficiency to 55.08 ± 2.13%
and 54.01 ± 1.33% was observed upon introducing chlorine and
sulfate anions, respectively. These anions reacted with the •OH
radicals following second-order kinetics, thus quenching the
photodegradation of ofloxacin and reducing its efficiency. In
addition, when attached to the composite’s surface, these anions
react with the holes to produce chloride and sulfate radicals,
which then react with the electrons to form back anion again, as
shown in Eqs. 23–25 lso93, SO4

2− anion slumped the photo-
catalytic ability even more than Cl− anion due to its larger size.

Cl�=SO2�
4 þ hþ ! �Cl=SO��

4 (23)

�OHþ Cl�=SO2�
4 ! �Cl=SO��

4 þ OH� (24)

�Cl=SO��
4 þ e� ! Cl�=SO2�

4 (25)

On the other hand, fluoride ions are eminent because of their
exceptional resistance to oxidation by holes94. They are able to
cover the photocatalyst’s surface, which prevents the generation
of surface •OH radicals. The upsurge in surface coverage of F− ions
with concentration was responsible for the observed decline in
the photodegradation efficiency. The deterioration is, therefore,
primarily fueled by accessible •OH radicals in the solution phase
when F− ion is present; thus, there is only a slight decrease in
photodegradation efficiency (69.44 ± 2.84%).
Additionally, investigations were conducted to examine the role

of organic compounds such as urea, humic acid sodium salt (HAS),
and sodium dodecyl sulfate (SDS) on the photocatalytic degrada-
tion of ofloxacin. Urea is used as a beginning material for the
production of polymers and medications and is used in fertilizers
and feed additives95. Both SDS, used in cleaning goods, and humic
acids are typically found in wastewater96. Therefore, it is vital to
evaluate the effects of their presence on the ternary nano-
photocatalytic photocatalyst’s performance. As shown in Fig. 12c,
SDS showed higher resistance to the degradation process among
the three organic compounds. The creation of micelles around
ofloxacin and the presence of SO4

2− ions produced by the
photolysis of SDS could be responsible for the SDS deactivation of
photocatalysis. The competitive adsorption and inhibition by

Table 3. Intermediate transformation products obtained during the degradation of ofloxacin and para-nitrophenol.

Contaminant Code m/z value Chemical formula IUPAC Name

Ofloxacin OFL1 362 C18H20FN3O4 7-fluoro-2-methyl-6-(4-methylpiperazin-1-yl)-10-oxo-4-oxa-1-azatricyclo[7.3.1.05,13]trideca-
5(13),6,8,11-tetraene-11-carboxylic acid

OFL2 306 C15H18N3O4
+ 9-fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-2,3-dihydro-7H-[1,4]oxazino[2,3,4-ij]

quinoline-6-carboxylic acid

OFL3 288 C15H17N3O3 7-(4-methylpiperazin-1-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid

OFL4 245 C14H19N3O 1-(2-amino-4-(4-methylpiperazin-1-yl)phenyl)prop-2-en-1-one

OFL5 233 C13H19N3O 1-(2-amino-4-(4-methylpiperazin-1-yl)phenyl)ethanone

OFL6 191 C11H17N3 3-(4-methylpiperazin-1-yl)aniline

OFL7 151 C8H13N3 N1-(2-aminoethyl)benzene-1,3-diamine

OFL8 69 C4H7N buta-1,3-dien-2-amine

OFL9 118 C8H7N 1H-indole

OFL10 358 C18H20N3O5
− 6-carboxy-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-3,7-dihydro-2H-[1,4]oxazino[2,3,4-ij]

quinolin-8-olate

OFL11 155 C8H13NO2 (Z)-3-(3-methylmorpholino)acrylaldehyde

OFL12 197 C11H19NO2 (Z)-4-methyl-5-(3-methylmorpholino)pent-3-enal

OFL13 85 C4H7NO 3,6-dihydro-2H-1,4-oxazine

OFL14 141 C8H15NO (Z)-5-(ethylamino)-4-methylpent-3-enal

OFL15 218 C12H9FNO2
• 7-fluoro-2-methyl-6-(4-methylpiperazin-1-yl)-10-oxo-4-oxa-1-azatricyclo[7.3.1.05,13]trideca-

5(13),6,8,11-tetraene-11-carboxylic acid

OFL16 201 C12H11NO2 3-methyl-2H-[1,4]oxazino[2,3,4-ij]quinolin-7(3H)-one

OFL17 110 C6H6O2 hydroquinone

OFL18 97 C5H7NO 2,3-dihydropyridin-4(1H)-one

Para-nitrophenol PNP1 139 C6H5NO3 4-nitrophenol

PNP2 154 C6H4NO4
− 1-nitro-4-oxocyclohexa-2,5-dienolate

PNP3 110 C6H6O2 4-hydroxycyclohexa-2,5-dienone

PNP4 110 C6H6O2 hydroquinone

PNP5 126 C6H6O3 hydroxyquinol

PNP6 85 C4H5O2
− (Z)-4-oxobut-2-en-1-olate

PNP7 60 C2H4O2 (Z)-ethene-1,2-diol

PNP8 154 C6H4NO4
− 2-hydroxy-5-nitrophenolate

PNP9 153 C6H3NO4 4-nitrocyclohexa-3,5-diene-1,2-dione

PNP10 125 C6H7NO2 N-hydroxy-N-phenylhydroxylamine

PNP11 109 C6H7NO 4-aminophenol
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SO4
2− led to a decrease in the photocatalytic efficiency up to

36.85 ± 2.64%. HAS is a well-known •OH scavenger, and by causing
surface deactivation, it may also delay the degradation of
ofloxacin. 10 ppm of HAS decreased the efficiency to
46.25 ± 1.93%. The decrease in the removal percentage in the
presence of SDS and HAS may be attributed to the fading light
intensity through the solution. Urea also competes with the
ofloxacin molecules for interaction with the surface, which results
in a decreased efficiency of 54.88 ± 1.45%.
Among these organic compounds, HAS is most commonly

found in natural waters, and researchers have not yet wholly
explored its effect on the photodegradation of pharmaceuticals.

Moreover, the results obtained from various studies were quite
contradictory, indicating that the effect of HAS depends upon the
working environment and the fabricated material. Humic acid may
accelerate the breakdown of target pollutants when a solvated
electron (eaq−) plays a significant part in the process by removing
the competitive species hydroxyl radical (radical •OH). The results
of the procedure in which the hydroxyl radical (•OH) plays a
significant role are synthetically influenced by the experimental
circumstances. Humic acid, which is a hydroxyl radical (radical
•OH) scavenger, has the potential to block the breakdown of
target organic contaminants by competing with them for radical
•OH, as seen in our study (Fig. 12d). On the other hand, humic acid

Fig. 9 Reaction intermediates of ofloxacin. Plausible degradation pathway of ofloxacin by Cd/CdIn2S4@Ch quantum dots.

Fig. 10 Reaction intermediates of para-nitrophenol. Plausible degradation pathway of para-nitrophenol by Cd/CdIn2S4@Ch quantum dots.
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Fig. 11 Reusability and stability of Cd/CdIn2S4@Ch quantum dots. Reusability of Cd/CdIn2S4@Ch for the degradation of (a) ofloxacin and (b)
para-nitrophenol; (c) degradation efficiency during various cycles; (d) TEM images, (e) and (f) EDX analysis, and (g) and (h) XRD spectra of Cd/
CdIn2S4@Ch quantum dots after degradation of ofloxacin and para-nitrophenol, respectively. Error bars represent the standard deviations.
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can be stimulated and produce radical species such as singlet
oxygen (1O2) and the hydroxyl radical (radical •OH), which can
break down target contaminants. The proportion of these two
effects varies depending on the content of humic acid and the
target pollutants, which impacts how the degradation by ionizing
radiation is affected97.
HAS solutions with 1, 2, 5, and 10 ppm concentrations were

employed to degrade a 20 ppm 50ml solution of ofloxacin in the
presence of 0.2 ml H2O2. According to the study, the degradation
efficiency increased to 88.31 ± 1.27% and 90.29 ± 1.76% for 1 and
2 ppm HAS concentrations. However, at 5 and 10 ppm, efficiency
decreased to 68.89 ± 1.55% and 46.25 ± 1.93%, respectively. It can
be derived that the elimination of organic contaminants in the
presence of HAS is most likely dependent on the concentration of
the organic contaminants because HA may improve their
effectiveness in degradation at low concentrations while inhibit-
ing degradation at higher concentrations through enhancing
solution turbulence. This serves as one of the explanations for why
its effect on organic compound elimination produces contra-
dictory findings98.
Figure 13a shows how the presence of sodium (Na+), calcium

(Ca2+), and aluminum (Al3+) affects the photocatalytic degrada-
tion of para-nitrophenol. From Fig. 13a, it was interpreted that the
cations had no impact on the photodegradation of para-
nitrophenol apart from aluminum, which exhibited a slight
reduction in the efficiency to 90.01 ± 2.12%. This result was due
to the presence of sulfate anion, which then reacted with holes to
form sulfate radical (SO4

•−). Because of their capacity to oxidize
phenol, these sulfonated radicals produce modest improvements

in the overall phenol degradation rate by producing reactive
oxygen species. To further analyze the effect of anion on the
degradation process, para-nitrophenol was photodegraded in the
presence of chloride (Cl−), fluoride (F−), and sulfate (SO4

2−) anions,
as shown in Fig. 13b. It was observed that the anions followed an
irregular pattern where the chloride and sulfate ions acted as
enhancers. In contrast, the fluoride ion acted as an inhibitor. Due
to fluoride ions’ ability to interact with •OH radicals and positive
h+ in the valence bands, as shown in the following equations (Eqs.
26–29), only 78.91 ± 1.48% of para-nitrophenol was decomposed
in their presence99.

F� þ hþ ! �F (26)

F� þ �OH ! F� OH� (27)

F� OH� þ Hþ ! �Fþ H2O (28)

�Fþ F� ! F��
2 (29)

Although the abovementioned reactions produced fluoride
radicals, they are well-thought-out to be less reactive and more
selective than the other anionic radicals. Moreover, the chloride
and sulfate anions enhanced the photocatalytic performance. So,
to comprehend this more clearly, it is vital to investigate the
influence of each ion distinctly. The salinity test revealed that
chloride ion (Cl−) marginally accelerates para-nitrophenol break-
down (Fig. 13c). Moreover, chloride ions can interact with
hydroxide and positive hole radicals to produce chloride and

Fig. 12 Influence of co-existing species on ofloxacin removal by Cd/CdIn2S4@Ch quantum dots. Effect of (a) cations, (b) anions, (c) organic
compounds, (d) humic acid on the photodegradation of ofloxacin; reaction conditions: OFL concentration—20 ppm; catalyst dosage—10mg;
pH—7; H2O2 dosage—0.2 mL. Error bars represent the standard deviations.
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chlorine radicals. The generated ROSs and the created radicals (•Cl
and Cl2−•) contribute to the breakdown of para-nitrophenol. It can
be inferred that the para-nitrophenol degradation was boosted in
the presence of salt at concentrations of 1 mM and 2mM, with a
removal efficiency of 98.01 ± 1.31% and 97.11 ± 1.11%, respec-
tively. Then, the efficiency stayed almost constant with the
standard solution at a salt concentration of 3 mM with a
photodegradation efficiency of 96.66 ± 1.46%. However, the
removal efficacy reduced at salt concentrations of 4 mM and
5mM to 90.05 ± 2.31% and 78.95 ± 1.2%, respectively. Compared
to hydroxide radicals, chloride ions have a stronger affinity for
positive holes, which can stop the reassembly of electrons and
holes. Moreover, chloride ions may function as hydroxide
scavengers, forming chloride and chorine radicals, as illustrated
below when interacting with hydroxide radicals (Eqs. 30–34)100.

Cl� þ hþ ! �Cl (30)

Cl� þ �OH ! �Cl� OH� (31)

Cl� þ �OH ! HOCl�� (32)

HOCl�� þ Hþ ! �Clþ H2O (33)

�Clþ Cl� ! Cl��
2 (34)

Despite having less oxidation potential than •OH, the resulting
anion radical species (•Cl, Cl2−•) are nonetheless regarded as
reactive species toward organic molecules and can thus con-
tribute to the breakdown of phenols. Thus, it can be concluded
that for the efficient photodegradation of organic compounds like

para-nitrophenol, radical anions are more effective compared to
•OH radicals due to their slower deactivation and recombination
rate101. On the other hand, if they are not interacting with anions,
the hydroxide radicals can be inactivated. As a result, even if
anionic radicals are less reactive than •OH, their greater availability
will improve the entire photocatalytic process. In other words, •OH
radicals are protected from ineffective deactivation by chloride
ions by converting them into chloride and chlorine radicals. When
chloride ions are present in very high concentrations, more Cl− is
present than is required for a reaction with hydroxide radicals
(•OH). Chloride ions may, therefore, gather on the surface of the
synthesized photocatalyst and subsequently function as inhibitors
rather than enhancers. Both the adsorption of the catalyst and the
light absorption may be impacted by the presence of chloride ions
in very high concentrations. Our analysis shows chloride ions may
compete for adsorption sites on the Cd/CdIn2S4@Ch active surface
at high concentrations. As a result, the amount of para-
nitrophenol that can be adsorbed may be reduced. The
degradation rate thus slows down. Hence, it was concluded that
para-nitrophenol photodegradation was not affected adversely
even at high salinity, as the variation in water salinity had little
impact on the performance of synthesized Cd/CdIn2S4@Ch
quantum dots.
Moreover, the presence of 1 mM sulfate ion improved the

degradation performance with a removal efficiency of
97.01 ± 1.42%. However, as the concentration of sulfate ion
(SO4

2−) rises, the elimination ability declines with a degradation
efficiency of 94.87 ± 1.31%, 90.04 ± 1.49%, 79.08 ± 2.13%, and
64.87 ± 1.89%, in a concentration of 2 mM, 3 mM, 4 mM, and
5mM, respectively, as shown in Fig. 13d. The decrease in the

Fig. 13 Influence of co-existing species on para-nitrophenol removal by Cd/CdIn2S4@Ch quantum dots. Effect of (a) cations, (b) anions, (c)
salinity, (d) sulfate ions on the photodegradation of para-nitrophenol; Reaction conditions: PNP concentration—15 ppm; catalyst dosage—
12mg; pH—3; H2O2 dosage—0.3 mL. Error bars represent the standard deviations.
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efficiency at higher concentrations was accredited to the excess
ions adsorbed on the nanocomposite surface, which hindered the
para-nitrophenols from bonding to the active sites and decreased
the overall light penetration proportion. According to Eqs. 35–37
sulfate ions behave similarly to chloride ions because they can
interact with •OH radicals and positive holes in the valence band
to form sulfate radicals. The generated radical showed very high
oxidizing ability and could participate in the breakdown of para-
nitrophenol along with reactive oxygen species, leading to a
higher removal rate than in the standard solution (96.70 ± 1.31%,
no ions)102. In addition, the sulfate anion reacted with water
molecules to produce more •OH radicals and even prevent the
recombination of electrons and holes, thus increasing the overall
degradation performance103.

SO2�
4 þ �OH ! SO��

4 þ OH� (35)

SO2�
4 þ hþ ! SO��

4 (36)

SO2�
4 þ H2O ! SO2�

4 þ �OHþ Hþ (37)

Effect of water types
The influence of three different water matrices on the catalytic
photodegradation of ofloxacin and para-nitrophenol was evalu-
ated, as revealed in Supplementary Fig. 7a, b, respectively. It was
found that these environmental waters possessed an inhibiting
effect, reducing the degradation efficiency of synthesized Cd/
CdIn2S4@Ch quantum dots. Compared to pure water, the
photocatalyst showed decreased efficiency for ofloxacin and
para-nitrophenol, with an efficiency of 78.96 ± 1.47% and
81.43 ± 2.4% for mineral water, 72.00 ± 2.14% and 80.12 ± 1.98%
for tap water, and 60.22 ± 2.24% and 72.44 ± 1.31% for lake water,
respectively. The general decrease in the photocatalyst’s ability to
degrade in these environmental waters can be accredited to
several factors, the most important of which are light attenuation
and the existence of different photocatalysis-inhibiting inorganic
ions and organic substances in varying concentrations in the
aforementioned water matrices104. The higher mineral content of
lake water compared to tap water may be the reason for the
photocatalyst’s poorer performance in the former matrix.
In summary, the goal of the current study was to investigate the

photocatalytic performance of prepared Cd/CdIn2S4@Ch quantum
dots, where CdIn2S4 was encapsulated in a chitosan matrix, as well
as the influence of different reaction parameters, organic and
inorganic compounds, and water matrices on the performance in
the photodegradation of contaminants like ofloxacin and para-
nitrophenol. The self-assembly of the ternary chalcogenide on
chitosan biopolymer led to lattice strain, which decreased lattice
parameters and increased distortion, leading to cadmium doping
in the vacant interstitial sites. This self-doped cadmium led to
enhanced surface charge transfer and slowed the recombination
rate. The photocatalytic efficiency of the quantum dots was
improved by H2O2. The AOP-mediated degradation showed
excellent photocatalytic activity for ofloxacin and para-
nitrophenol with an efficiency of 85.51 ± 1.35% and
96.70 ± 1.31%, respectively, with a rate constant of 0.02334 and
0.15134min−1, in optimized condition. The scavenger test also
concluded that the •OH and •O2

− radicals played a significant role
in the degradation process. It was found that the total COD was
reduced by 80.67 ± 1.67% and 88.36 ± 1.43% from their initial
values of 720 mg O2 L−1 and 135 mg O2 L−1, respectively, for 20
ppm of ofloxacin and 15 ppm of para-nitrophenol. Furthermore,
the degradation pathways and intermediates were also analyzed
to understand the mechanism of the degradation process.
Although considered hydroxyl radical quenchers, chloride, fluor-
ide, and sulfate were found to have minimal photodegradation
effects when different anions were examined. Al3+ ions, on the

other hand, among cations, produced a sizeable rapid decline in
photocatalytic performance because of their high charge density
and capacity to adsorb on the photocatalyst surface. The effect of
organic compounds such as humic acid, water salinity, and various
water types on the degradation process was also examined, and
as a result, the photocatalytic efficiency decreased. Last but not
least, the reusability tests revealed remarkable photostability,
which was established by TEM, EDX, and XRD analysis, demon-
strating that the produced Cd/CdIn2S4@Ch quantum dots could
be regenerated and recyclable for up to six consecutive cycles
with no substantial reduction in its photoactivity.

METHODS
Reagents
Chitosan, indium chloride tetrahydrate (InCl3.4H2O) (99.9%),
cadmium chloride monohydrate (CdCl2.H2O) (99.9%), thiourea
(CH4N2S) (97%), ethylene glycol (C2H6O2) (98%), hydrochloric acid
(HCl), ofloxacin (C18H20FN3O4), para-nitrophenol (C6H5NO3), etha-
nol (C2H5OH) (99.9%), benzoic acid (C7H6O2) (99.5%), benzoqui-
none (C6H4O2) (98%), potassium persulfate (K2S2O8) (95%),
disodium EDTA (Na2-EDTA), sodium sulfate (Na2SO4) (99%),
calcium sulfate (CaSO4) (99%), aluminum sulfate (Al2(SO4)3)
(99.9%), sodium chloride (NaCl) (99.5%), sodium fluoride (NaF)
(99%), urea (CH4N2O) (99%), humic acid sodium salt (C9H8Na2O4),
and sodium dodecyl sulfate (NaC12H25SO4).
The aforementioned compounds were purchased from Sigma

Aldrich. Since they were of analytical quality, additional purifica-
tion was unnecessary before usage. Throughout this experiment,
de-ionized water was utilized in several phases.
Even though photocatalytic degradation studies are focused on

environmental applications, most experiments are carried out in pure
water. There has not been much research on how actual water
samples affect the catalytic breakdown of toxic contaminants. The
impact of numerous individual organic compounds and inorganic
ions, along with water salinity, were studied to understand how
different components affect the photodegradation of contaminants.
This was followed by examining the photocatalyst’s performance in
actual water models like mineral water bottles, tap, and river water, on
toxic contaminants like ofloxacin and para-nitrophenol (Table 4).
Moreover, the packaged mineral water, with a pH of 7.25, was bought
at a nearby convenience store. Local water systems provided easy
access to tap water with a pH of 7.88, while the lake at NIT Silchar in
India’s Assam state served as the model for the river water matrices
with a pH of 8.16.

Synthesis of CdIn2S4
The pristine CdIn2S4 was fabricated by the facile solvothermal
technique using thiourea as the sulfur source (Fig. 14). Solution A
included 1mmol of CdCl2.H2O (0.201 g) and 2mmol of InCl3.4H2O
(0.586 g), which were added to 30mL of 1:1 diluted C2H6O2 and
agitated for 60min at 1000 rpm. Solution B was prepared by
adding 4mmol of CH4N2S (0.304 g) into 10mL of water and
adding the solution to 20 mL of ethanol. The presence of ethanol
in the solvothermal reaction would decrease the crystallization
temperature105. Further, Solution B was added to solution A
slowly, forming solution C, with continuous stirring for up to 1 h.
Solution C was transferred to the Teflon container, sealed in an
autoclave, and kept in a hot air oven for 12 h at 160 °C. As a result,
a bright yellow precipitate was obtained, washed with de-ionized
water and ethanol, and dried at 65 °C until the final product was
obtained.

Synthesis of Cd/CdIn2S4@Ch quantum dots
The Cd/CdIn2S4@Ch quantum dots were synthesized by develop-
ing pristine CdIn2S4 on the chitosan surface through the
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solvothermal method (Fig. 14). Chitosan (0.5 g) was added to
10mL of 0.1 M HCl solution and agitated for 1 h at 1000 rpm over
moderate heat (Solution A). 2 mmol of InCl3.4H2O (0.586 g) and
1mmol of CdCl2.H2O (0.201 g) were dissolved in 30 mL de-ionized
water and 20mL ethanol and agitated for 1 h at 1000 rpm
(Solution B). Then, solution B was added to solution A, and the
combined solution (Solution C) was heated and agitated for 1.5 h
at 800 rpm. With continual stirring, 4 mmol of CH4N2S (0.304 g)
was dissolved in 10 mL de-ionized water, and the solution was
added to solution C. The final solution was maintained under
magnetic stirring for 2 h, and the resulting solution was
transferred to a Teflon container and sealed in an autoclave for
12 h at 160 °C. The obtained pale-yellow precipitate was
centrifuged, washed with ethanol and de-ionized water, and
dried at 65 °C until the desired product was obtained. The
synthesis was surfactant-free and environmentally benign, as the
chitosan acted as a template for the synthesis procedure. After

self-assembly of CdIn2S4 on the surface of HCl-treated chitosan
biopolymer, the encapsulation resulted in the in-situ doping of
Cadmium atoms in the interstitial sites of CdIn2S4 due to the
competitive stress, which led to the rearrangement of the lattice
structure resulting in the formation of Cd/CdIn2S4@Ch
quantum dots.

Material characterization
The CdIn2S4 and Cd/CdIn2S4@Ch X-ray diffraction investigations
were executed by a Philips X’PERT powder X-ray diffractometer
with Cu Kα radiation. The Varian Cary eclipse fluorescence
spectrophotometer was used to record photoluminescence
spectra. The surface functional groups of pristine CdIn2S4 and
Cd/CdIn2S4@Ch were evaluated using Fourier transform infrared
spectroscopy (FT-IR, Niagoli IS50, USA) in the range of
500–4000 cm-1. To investigate the morphology, size, and

Fig. 14 Fabrication procedure. Illustration depicting synthesis of pristine CdIn2S4 and Cd/CdIn2S4@Ch quantum dots.

Table 4. Properties of the model contaminants.

Properties Ofloxacin Para-nitrophenol

Molecular formula C18H20FN3O4 C6H5NO3

Molecular weight 361.373 g/mol 139.11 g/mol

Solubility 28.3 mg/mL 32.8 mg/mL

pKa 8.31 7.15

Structure
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diffraction rings of Cd/CdIn2S4@Ch, TEM, HRTEM, and SAED were
performed using the JEOL JEM 2100 instrument. The FEI Quanta
FEG 200-High Resolution Scanning Electron Microscope was used
to perform SEM, EDX, and mapping in order to assess the
framework, elemental makeup, and distribution of the elements.
To further find out the thermal decomposition temperature of Cd/
CdIn2S4@Ch, differential scanning calorimetry (DSC) and thermal
thermogravimetric analyses (TGA) were executed by SDT Q600 of
TA Instrument. X-ray photoelectron spectroscopy of Cd/
CdIn2S4@Ch was accomplished using a PHI 5000 VersaProbe III
spectrometer. Data for HRLCMS were obtained using the Xevo XS
QTof mass spectrometer. Using a GENESYS 10S UV–visible
spectrophotometer with a 1 cm quartz cell and a scan rate of
600 nmmin−1, the absorbance spectra of the liquid samples were
recorded.

Photodegradation experiments
All photodegradation tests were carried out in 100mL beakers
with a working capacity of 50 mL, with a room-temperature
irradiance of Philips 23 W white LED light source with 11,800 lx
and radiation intensity of 52.73 Wm−2. A wooden chamber was
used for the experimental setup, and an LED light source was
mounted at the top. A beaker was positioned at the base of the
chamber, 10 cm away from the bulb, and a magnetic stirrer was
used to regulate the agitation speed during the photocatalytic
reaction. All the tests were performed in the optimized conditions
of 0.2 and 0.3 mL H2O2, pH of 7 and 3, catalyst dose of 10mg and
12mg, and contaminant concentration of 20 ppm and 15 ppm for
ofloxacin, and para-nitrophenol respectively, and for other
compounds as well at room temperature of 25 °C. Environmental
water samples were also used as aqueous matrices in other
experimental series. The solution mixture was kept in the dark
with constant stirring for 30min to achieve adsorption-desorption
equilibrium before being exposed to LED irradiation for 90 min
and 30min, respectively, for the catalytic photodegradation of
ofloxacin and para-nitrophenol. Adsorption of about 2–3% was
observed for the pollutants; hence, it was considered negligible
for all the conducted experiments. Each test for the assessment of
photocatalysis was carried out in a quintet. Tracking the
absorbance at the maximum wavelength of ofloxacin at 289 nm
and para-nitrophenol at 400 nm at intervals of 10 and 5min,
respectively, allowed us to keep track of the photodegradation.
The chemical oxygen demand (COD) was calculated using the
conventional approach. For solutions containing H2O2, an addi-
tional 10% Na2SO3 solution was added, and the solution was
heated under air to oxidize extra Na2SO3 in order to limit H2O2’s
interference in the COD tests106.
The following Eq. (38) was used to compute the photocatalytic

degradation efficiency:

Degradation Efficiency %ð Þ ¼ C0 � C
C0

� �
´ 100 (38)

C0 is the initial concentration, and C is the concentration at
different time intervals for ofloxacin and para-nitrophenol. The
kinetics of the photocatalytic process followed the following Eq.
(39):

ln
C0

C

� �
¼ kt (39)

where k is the specific reaction rate constant of the pseudo-first-
order reaction and C0 and C are the corresponding concentrations
at t= 0 and t = t.
The following equations, Eqs. (40) and (41), were used to

calculate the photocatalytic systems’ quantum yield and Figure of

Merit (FoM)107.

QuantumYield ¼ Decay rate½Molecules
sec �

Photon Flux½Photonssec � (40)

FoM ¼ Conversion Efficiencyð%Þ
Catalystmass mgð Þ ´ Initial concentration ppmð Þ ´ Irradiation time minð Þ ´Applied powerðWÞ

(41)

For five runs of the experiment under a specific set of
circumstances, the error bars in the photodegradation plots
exhibited slight standard deviations and were evidence of fair
reproducibility.
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