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Abstract 
Environmental pollution jeopardizes our existence. For this purpose, research 
is moving more and more towards the search for economic means and green 
chemistry to curb this phenomenon. In this context, the photocatalytic ac-
tivity of zinc sulfide nanoparticles (ZnS NPs) and nanostructured composite 
ZnS/carbon dots (ZnS/CDs) was evaluated after their synthesis. The results of 
X-ray diffraction (XRD) analysis indicate that the crystal structure of ZnS/CDs 
is identical to that of the cubic phase structure of ZnS, revealing that the cubic 
phase structure of ZnS was not altered in the presence of CDs. Indeed, there 
is no additional peak in the crystal structure of ZnS/CDs, revealing that the 
crystalline structure of ZnS is not responsible for the difference in photocata-
lytic activity between ZnS/CDs and ZnS NPs. Moreover, analysis performed 
by transmission electron microscopy (TEM) shows aggregation of the synthe-
sized ZnS and ZnS/CDs nanoparticles with an average size estimated around 
10 nm and 12 nm, respectively. In addition, the reflectance study in the visible 
range shows a reduction in the sunlight reflection intensity using ZnS/CDs 
compared to the capability of ZnS NPs. Photocatalytic degradation tests reveal 
that ZnS/CDs have the best methylene blue (MB) degradation rate. Indeed, 
under the optimal conditions, the photocatalytic activity can reach 100% effi-
ciency within 100 min and 240 min of sunlight exposure for the degradation 
of 7.5 mg/L MB using ZnS/CDs and ZnS, respectively. This improvement in 
photocatalytic activity of ZnS/CDs may be due to the presence of CDs which 
can permit to undergo a reduction of reflection properties of ZnS NPs in the 
visible range. These results show that CDs can play a key role in enhancing 
the photocatalytic activity of ZnS, and suggest that ZnS/CDs could be used as 

How to cite this paper: Williams, I.B.I., 
Fodjo, E.K., Narcisse, P.B.B., Martin, A.A., 
Sylvestre, K.K.K., Albert, T. and Gu, Z. (2022) 
Study of Photocatalytic Activity of a Nano-
structured Composite of ZnS and Carbon 
Dots. Advances in Nanoparticles, 11, 111-128. 
https://doi.org/10.4236/anp.2022.114007 
 
Received: August 2, 2022 
Accepted: November 19, 2022 
Published: November 22, 2022 
 
Copyright © 2022 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/anp
https://doi.org/10.4236/anp.2022.114007
https://www.scirp.org/
https://doi.org/10.4236/anp.2022.114007
http://creativecommons.org/licenses/by/4.0/


I. B. I. Williams et al. 
 

 

DOI: 10.4236/anp.2022.114007 112 Advances in Nanoparticles 
 

eco-friendly composite materials for the degradation of organic pollutants of 
similar structures in the aquatic environment under solar irradiation. 
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Fluorescent Carbon Dots (CDs), Photocatalytic Degradation of Methylene 
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1. Introduction 

Owing to their activities, factories namely textile, tanning and printing industries 
release dyes into the environment which pose a real environmental problem [1]. 
These dyes are considered as pollutants and constitute a major threat for all aq-
uatic life because they can reduce light rays in the aquatic environment, thus 
blocking the phenomenon of photosynthesis [1] [2] [3]. The treatment of these 
wastes remains a major challenge to integrate sustainable development concepts. 
It is therefore important to develop robust, cost-effective, efficient and environ-
mentally friendly technologies for the degradation of these dyes before their re-
lease into the environment [4] [5]. In most cases, the conventional waste treat-
ments have the disadvantage of transferring the pollution from an aqueous phase 
to a new phase, which leads to a concentrated sludge, creating a secondary waste 
problem or generating materials that are often very expensive. In this perspec-
tive, semiconductor nanostructures have been the subject of hotspot of research. 
Indeed, semiconductor with particular designed nanostructure features is of great 
importance owing to their unique properties which considerably differ from the 
same materials in bulk state [6]. Semiconductor nanostructures, in particular 
those of groups II - VI, have attracted great interest due to their exceptional opt-
ical and electronic properties which arise from the surface-to-volume ratio and 
the quantum confinement effect [7]. Among the semiconductor nanostructures, 
zinc sulfide (ZnS) with a wide band gap (3.72 eV for the cubic phase and 3.77 eV 
for the hexagonal wurtzite phase) [6] [8], has been a subject of investigation be-
cause of their fundamental properties for various applications such as photovol-
taic [9], and photocatalysis [10] [11]. Moreover, the nanoparticles of ZnS (ZnS 
NPs) have been shown to be one of the richest types among all inorganic semi-
conductor photocatalysts. ZnS NPs have an optical transparency from ultraviolet 
(UV) to infrared (IR) and good chemical stability with many advantages, among 
others, they have excellent transport properties (reduced carrier dispersion and 
recombination), good stability, high electron mobility, and they are non-toxic 
and relatively low cost [6]. Furthermore, considerable attempts have been made 
to develop light-driven ZnS photocatalysts using less energy (λ ≥ 420 nm), which 
is more abundant [12]. Many major issues to achieve high photocatalytic effi-
ciency are due to light absorption and rapid recombination of electron-hole 
pairs [13]. Thus, improving charge separation and light absorption is crucial for 
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enhancing photocatalytic performance [14] [15].  
With the growing concerns about environmental pollution and energy crisis, 

the importance of the nanostructured semiconductor materials has been reported, 
particularly, their application in photodegradation of organic pollutants [16]. 
Despite the above-mentioned limitations, the absorption wavelength can be ad-
justed to higher wavelength by doping these ZnS NPs using appropriate nano-
materials [2]. Over the past few decades, carbon dots (CDs) have experienced re-
markable growth due to their optical performance and electronic properties, as 
well as their excellent biocompatibility, high aqueous solubility, and low toxicity. 
These impeccable properties make them ideal candidates for their applications 
in the fields such as biomedical, optoelectronics and photocatalysis. 

In this study, CDs were prepared by a green method in our previous work via 
chemical fragmentation. Charcoal was used as a carbon source to fabricate a 
ZnS/CDs nanocomposite [17]. Indeed, combining ZnS with CDs as one nano-
structure promotes photogenerated electrons from the valence band to the con-
duction band by reducing its band gap, preventing electron and hole recombina-
tion. Evaluation of the photocatalytic efficiency for the degradation of methylene 
blue (MB) has shown that the synthesized ZnS/CDs have twofold higher rate 
compared to that of ZnS NPs. This excellent efficiency could be due to the re-
duction of reflective properties of ZnS NPs especially the shift towards the visible 
range of their absorption wavelength in the presence of CDs. This enhancement 
of the photocatalytic properties of ZnS NPs using CDs may offer an innovative 
approach to produce very efficient photocatalysts. 

2. Materials and Methods 
2.1. Reagents 

In this study, all chemicals are commercially available and are used without fur-
ther purification. Zinc nitrate hexahydrate ((Zn(NO3)2, 6H2O), 98%,) and am-
monium hydroxide (NH4OH, 28% - 30%) were supplied by Honeywell Fluka 
(Buchs, Switzerland). Methylene blue (C16H18ClN3S, 98%) was purchased from 
Merck (Darmstadt, Germany). Ethanol (C2H5OH, 98%), hydrochloric acid (HCl, 
37%), acetone (C3H6O, 98%), and potassium hydroxide (KOH, 85%) were sup-
plied by Panreac quimica (Barcelona, Spain). Sodium sulfide (Na2S) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Deionized (DI) water used in 
this study was produced by water purification system Sichuan Zhuoyue Water 
Treatment Equipment CO., Ltd. (Chengdu, China). The water purification sys-
tem can allow obtaining DI water with resistivity of 18.25 MWžcm. The charcoal 
used to prepare the CDs was obtained from the local market (Abidjan, Ivory 
Coast). 

2.2. Synthesis of CDs, ZnS NPs and ZnS/CDs Nanocomposites 

The CDs were prepared according to the procedure described in the literature 
using chemical fragmentation method at a relatively low temperature (50˚C). In 
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a typical synthesis procedure as described in our previous work [17], 50 mL of 
2.5 M NH4OH solution was prepared from commercial NH4OH by dilution with 
DI water. Afterwards, 500 mg of the powdered charcoal was added to this solu-
tion at previously adjusted temperature of 50˚C in a water bath under a magnet-
ic stirring at 500 rpm for 10 min and under fume hood, followed by gentle stir-
ring at the same temperature (50˚C) for 12 h. The resulting solution was then 
cooled to room temperature and centrifuged at 4000 rpm for 5 min using a 
high-speed benchtop centrifuge (MRC Ltd., Holon, Israel) to remove the ma-
croparticles. To the recovered supernatant, DI water was added to reach 25 mL. 
The newly obtained solution was heated again at 50˚C in the water bath under 
stirring at 500 rpm for 10 min. To this solution, 17 mL of 2.5 M NH4OH solu-
tion was added and the solution was filled with DI water to reach a final volume 
of 50 mL. This new solution was kept at 50˚C with gentle stirring for 12 h. The 
solution was cooled to room temperature and then centrifuged at 4000 rpm for 5 
min to finally obtain the suspension of CDs. 

ZnS nanostructures were synthesized by the precipitation method using zinc 
nitrate (Zn(NO3)2, 6H2O) and sodium sulfide (Na2S) as precursors [18]. First of 
all, 0.891 g of zinc nitrate was dissolved in 50 mL of deionized water and 2.760 g 
of Na2S in another 50 mL of deionized water. Both solutions were kept under 
constant stirring for 30 min for their complete dissolution. Then, the Na2S solu-
tion was added dropwise to the zinc nitrate solution at room temperature (28˚C) 
under vigorous stirring at 500 rpm for 3 h to obtain the formation of a white 
precipitate. The resulting product was centrifuged and washed with DI water 
and ethanol, and then calcined in air at 400˚C for 3 h with a temperature rise of 
5˚C/min. 

The nanocomposite consisting of CDs and ZnS NPs (ZnS/CDs) was synthe-
sized according to the previously described procedure [19]. Briefly, 250 mg of 
synthesized ZnS NPs was dispersed in 125 mL of ethanol and vortexed for 10 
min. To this solution, 50 µL of the prepared colloidal solution of CDs was 
added. This mixture was stirred at 500 rpm for 30 min at room temperature. 
The obtained solution was collected by centrifugation, washed three times with 
ethanol, and dried at 100˚C for 3 h to finally obtain the ZnS/CDs nanocompo-
sites. 

2.3. Characterization of the Synthesized Nanostructures 

X-ray diffraction (XRD) analysis of the different prepared samples was performed 
using Siemens D5005 diffractometer (Simens AG, Munich, Germany) with a 
copper anticathode (λKα1 = 1.5406 Å). The angle of incidence 2Ɵ varied from 
5˚C to 90˚C, with a step size of 0.02. The absorbance and reflectance of these 
samples were measured with Flame-S-XR1 UV-Vis spectrometer (Ocean Optics, 
Largo, USA). Fluorescence test of the synthesized CDs was done using Qiwei 
WFH-204B 254/365 nm portable UV lamp (Hangzhou, China). Size characteri-
zation of ZnS NPs and ZnS/CDs was performed by Transmission electron mi-
croscopy (MET) using a JEOL JEM-2010 apparatus (Tokyo, Japan). 
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2.4. Photocatalytic Analysis 

In this study, all photocatalytic experiments were performed between 11:00 AM 
and 3:00 PM in order to take maximum advantage of the solar irradiation as for 
this range of the time, the sunlight is very intense. To evaluate the photocatalytic 
properties of ZnS and ZnS/CDs nanostructures, 300 mg of ZnS NPs (or ZnS/CDs) 
were introduced into a beaker containing 100 mL of 7.5 mg/L MB, which is cho-
sen as model of pollutant. This mixture was kept in the dark under magnetic 
stirring at 500 rpm for 30 min to reach adsorption-desorption equilibrium [20]. 
Once equilibrium was reached, the mixture was exposed to sunlight at different 
times. Under the sun irradiation, 2 mL samples were taken every 30 and 20 min 
for MB alone or contaminated with wastewater, respectively, and finally centri-
fuged. The remaining MB concentration in the centrifuged solutions were ana-
lyzed by measuring the absorbance peak at 664 nm (characteristic peak of MB) 
using the UV-Vis spectrophotometer. Then, the calculation of the percentage of 
dye degradation in the presence of ZnS NPs or ZnS/CDs was evaluated using 
Equation (1): 

0

0

% 100tC C
D

C
−

= ×                         (1) 

where C0 represents the initial concentration of the MB dye and Ct its concentra-
tion after solar irradiation at a time t. 

This procedure was used for the study of the influence of the initial concen-
tration of MB, catalyst mass and the pH of the media on the degradation of MB 
by varying the initial concentration of MB from 5 mg/L to 15 mg/L, the mass of 
ZnS NPs from 100 mg to 350 mg and the pH of the media from 2 to 13, respec-
tively. 

2.5. Kinetic Study of MB Degradation 

To know the kinetic order of the MB degradation reaction, the kinetic study of 
the photocatalytic reaction of MB was carried out by varying the initial concen-
tration of MB from 5 to 15 mg/L (5 mg/L, 7.5 mg/L, 10 mg/L, 12.5 mg/L and 15 
mg/L). In detail, a mass of 300 mg of ZnS NPs or ZnS/CDs was added to 100 mL 
of MB solution at the above different concentrations. The kinetic order of MB 
dye degradation is evaluated using Equations (2) and (3) [21]: 
 Pseudo-first order kinetics equation: 
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 Pseudo-second order equation can be formulated as displayed in Equation 
(3): 
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where C0 and Ct are the initial and different time t concentration of MB, respec-
tively. k1 and k2 are the rate constants for the pseudo-first-order and pseu-
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do-second-order models, respectively. 
The study of MB adsorption isotherms on ZnS NPs and ZnS/CDs was per-

formed for the following models: 
 Langmuir-Hinshelwood model: Langmuir-Hinshelwood model is widely used 

to describe the experimental results in heterogeneous photocatalysis. This mod-
el is expressed by Equation (2). 

 Temkin model: Temkin isotherm accounts for the fact that the heat of ad-
sorption of all molecules in the covering layer decreases linearly with cover-
ing due to the decrease in adsorbent-adsorbate interactions. The adsorption 
is characterized by a uniform distribution of surface binding energies. Tem-
kin isotherm is expressed according to Equation (4) [22]: 

1 1ln lne t eq B K B C⋅ ⋅= +                     (4) 

with B1 the Temkin constant, Kt (L∙g−1), the adsorption equilibrium constant cor-
responding to the maximum binding energy, and Ce (mg/L−1) the equilibrium 
concentration of adsorbate. 

2.6. Application 

In order to evaluate the applicability of the photocatalytic properties of the syn-
thesized ZnS NPs and ZnS/CDs in a real sample, wastewater from the University 
Hospital of Cocody (UHC) was examined by its contamination or not with MB. 
The wastewater samples were collected from UHC and then transferred to a 
one-liter polyethylene canister, stored at 4˚C, and protected from light in a coo-
ler containing ice to avoid possible photochemical reactions. The samples were 
then transported to the laboratory and stored in a refrigerator at 4˚C. Processing 
in the laboratory was performed as soon as possible. Before any measurements, 
the wastewater samples were decanted and filtered through a 0.45 μm diameter 
FILTER LAB filter. It should be noted that the collected water is yellow in color 
with a temperature of 27.6˚C, pH of 8.4, conductivity of 836 μS/cm, and water 
salinity of 1.7. 

3. Results and Discussion 
3.1. Characterization of the Synthesized Nanostructures 

To confirm that CDs were synthesized from charcoal, the characterization of the 
synthesized product was performed using UV-Vis and TEM (Figure 1(a) and 
Figure 1(b)). As shown in Figure 1(a), the adsorption spectrum of the CDs dis-
plays an intense peak around 226 nm with a characteristic shoulder around 270 
nm. This observed peak around 226 nm can be attributed to the π-π* transition 
of C=C bonds, while the shoulder is attributed to the n-π transition of C-O, 
suggesting that CDs with terminations rich in carboxylic, carbonyl, and alcohol 
functional groups were synthesized [23] [24]. Furthermore, the TEM image 
(Figure 1(b)) shows that the synthesized particles are around 4 nm as average 
size, indicating that CDs are synthesized from the charcoal. 
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Figure 1. (a) UV-Vis spectrum and (b) TEM image of CDs, (c) UV-Vis spectra and (d) plot of (αhν)2 vs hν of ZnS NPs (1) and 
ZnS/CDs (2). (e) XRD spectra and (f) reflectance spectra of ZnS NPs (1) and ZnS/CDs (2). TEM images of (g) ZnS NPs and (h) 
ZnS/CDs. (i) Degradation of 7.5 mg/L MB under solar irradiation using ZnS NPs (1) and ZnS/CDs (2) as photocatalysts. 

 
Moreover, in order to study the optical effect of the nanostructured composite 

of ZnS/CDs, the measurement of the UV-Vis spectrum and band gap energy of 
ZnS and ZnS/CDs were evaluated (Figure 1(c) and Figure 1(d)). As displayed 
in Figure 1(c), the maximum absorption peak of ZnS/CDs is red-shift compared 
with the maximum of ZnS NPs one, which both appeared between 300 and 400 
nm. These results clearly indicate that, though both nanostructures can absorb 
light in the visible range, ZnS/CDs absorb more, suggesting that the presence of 
CDs promotes good absorption of visible light by ZnS NPs. This visible light ab-
sorption by ZnS/CDs nanocomposites could promote better photocatalytic ac-
tivity of this latter. In addition, the band gap energy (Eg) (Figure 1(d)) evaluated 
using Tauc relation (Equation (5)), gives 3.7 eV and 3.5 eV for ZnS NPs and 
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ZnS/CDs, respectively. 

( ) ( )2h B h Eg= −α υ υ                       (5) 

where h is Planck’s constant, υ is the frequency, Eg the band gap energy of the 
semiconductor, B proportional constant, and α is the absorption coefficient eva-
luated using Equation (6) [25]: 

2.303A
l

=α                           (6) 

with Ɩ = 1 cm, the optical path length corresponding to the thickness of the mea-
surement cell and A, the absorbance.  

These results confirm that the addition of CDs can promote ZnS NPs to have 
better absorptive capacity of visible light. However, the decrease in the band gap 
energy after the addition of CDs can be attributed to intrinsic states and inter-
faces that produce confined electronic levels in the band gap. This effect can lead 
to the enhancement of the photocatalytic properties of ZnS/CDs [20].  

Besides, effect of the nanostructured composite of ZnS/CDs was investigated 
using XRD technique (Figure 1(e)). The obtained diffraction peaks at (111), (220), 
and (311) reflection planes observed at 2θ of 29.04˚, 48.06˚, and 57.11˚, respec-
tively, can be attributed to cubic phase of zinc-blende structure according to 
JCPDS data sheet No. 05-0566 [26]. Moreover, no additional characteristic peak 
of CDs could be observed, suggesting that CDs may have relatively low content 
in ZnS. The obtained results may clearly show also that the presence of CDs does 
not affect the crystalline structure of ZnS NPs [20]. 

However, the slight decrease in the intensity of the diffraction peaks of the 
different ZnS/CDs peaks indicates that ZnS NPs have higher crystalline structure 
than ZnS/CDs. Importantly, size around 10 nm and 12 nm for ZnS NPs and 
ZnS/CDs, respectively, were determined using the Debye-Scherrer equation (Eq-
uation (7)): 

0.9
coshkl

hkl hkl

D =
λ

β θ
                        (7) 

where Dhkl (nm) is the grain size; λ is the wavelength of the X-ray beam; θhkl is 
the diffraction angle; and βhkl is the half-value width expressed in radians for hkl. 

Additionally, optical properties of ZnS NPs and ZnS/CDs were evaluated mea-
suring their reflectance in UV-Vis range (Figure 1(f)). The obtained results show 
that the reflectance of ZnS NPs is significantly higher than that of ZnS/CDs na-
nocomposites in the visible range, indicating that the nanostructured composite 
of ZnS/CDs displays a significant reduction in the reflection of light rays by ZnS 
NPs in the visible range. Therefore, the photocatalytic efficiency of ZnS/CDs 
could be better than that of ZnS NPs under visible light irradiation [27]. 

However, to confirm the size of the synthesized nanomaterials, the characte-
rization of the prepared materials was performed using TEM (Figure 1(g) and 
Figure 1(h)). The results indicate that both ZnS and ZnS/CDs are polydisperse 
nanomaterials. These different sizes could play an important role in their pho-
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tocatalytic application. 

3.2. Study of the Photocatalytic Properties of the Synthesized  
Nanostructures 

3.2.1. MB Degradation Using the Synthesized Nanostructures as Catalyst  
under Solar Irradiation  

In order to avoid pollution of the environment, especially natural resources such 
as soil and water, it is necessary to develop effective treatment methods to re-
move the pollutants from these media. For this purpose, the photocatalytic prop-
erties of ZnS NPs and ZnS/CDs for the removal of MB under solar irradiation at 
room temperature were evaluated in aqueous media (Figure 1(i)). The absor-
bance peak intensity of MB at the wavelength of 664 nm decreases with time and 
almost disappears after 100 min of irradiation using ZnS/CDs while it will take 
more than 240 min of sun irradiation to obtain the same result in the presence of 
ZnS NPs. This disappearance of the peak indicates the degradation of MB by 
ZnS NPs and ZnS/CDs, showing the excellent photocatalytic efficiencies of ZnS 
NPs and ZnS/CDs for the degradation of MB in aqueous environment [20]. 
However, the higher photocatalytic efficiency of ZnS/CDs could be due to the 
shift of their maximum absorbance peak to visible range after the addition of 
CDs. 

3.2.2. Influence of Initial MB Concentration on MB Degradation Rate 
To highlight the influence of the initial concentration on the rate of degrada-
tion of MB, five experiments with different initial concentrations between 5 and 
15 mg/L of MB were performed. The results (Figure 2(a) and Figure 2(b)) show 
that the rate of MB degradation decreases with increasing initial concentra-
tion. These results are in good agreement with the literature [28] [29]. This 
evolution can be attributed to the formation of several layers of MB adsorbed 
on the surface of the photocatalyst thus making the sites of the photocatalyst 
inaccessible to photons or the absorption of light by the molecules of MB, con-
sequently reducing the number of photons reaching the surface of the photoca-
talyst. 

3.2.3. Influence of ZnS NPs Mass on MB Degradation 
In photocatalytic processes, the mass of the catalyst is an important parameter 
that can affect the degradation rate. In order to evaluate the optimal mass of the 
photocatalyst upon removal of the MB dye, a series of experiments were per-
formed by varying the mass of photocatalyst (ZnS NPs) from 100 to 350 mg un-
der sunlight. The results in Figure 2(c) show that the MB degradation increases 
with the increasing of photocatalyst mass until 300 mg and decrease beyond, 
suggesting that 300 mg is the optimal mass. However, for a mass higher than 300 
mg, the lower efficiency could be explained by the turbidity of the solution, 
thus reducing the efficiency of the catalytic reaction while in the case of a small 
amount of catalyst, the MB molecules can prevent the solar from reaching the 
catalyst surface [17]. At 300 mg, a large number of sites are activated, leading to  
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Figure 2. Percentage of removed MB at different times with (a) ZnS NPs and (b) ZnS/CDs. (c) MB degradation (7.5 mg/L) for 
different masses of ZnS NPs at different times. Effect of pH with (d) ZnS NPs and (e) ZnS/CDs as photocatalysts on the degrada-
tion of 7.5 mg/L MB, and (f) pH variation as a function of the initial pH of ZnS (1) and ZnS/CDs (2). 

 
an important production of free hydroxyl radicals (●OH) in the medium, allow-
ing therefore the degradation of MB.  

3.2.4. Influence of pH on the MB Degradation  
The pH is a parameter which can affect the surface properties of the solids, and 
characterize the medium in which the pollutants should be removed. Its effect 
on the photocatalytic activity must therefore be studied in the case of water 
loaded with pollutant. Indeed, the dispersion of the particles and the surface 
charge of the catalyst are influenced by the pH. To evaluate the effect of pH on 
the degradation efficiency of MB, experiments were performed at different pH, 
ranging from 2 to 13 for an initial dye concentration of 7.5 mg/L under sunlight 
(Figure 2(d) and Figure 2(e)). As can be seen from these figures, MB degrada-
tion increases with increasing pH in the presence of ZnS NPs or ZnS/CDs. The 
best degradation (100%) was obtained from pH 11 after 240 min and 100 min of 
solar irradiation for ZnS NPs and ZnS/CDs, respectively. This result could be 
understood by the fact that MB is cationic. This positive charge on MB results in 
weak adsorption on the photocatalyst surface in acidic medium due to the repul-
sion forces between the positive catalyst surface and the positive charge of MB. 
The higher MB degradation efficiency obtained at pH = 11 is attributed to the 
attractive electrostatic interactions between the negative catalyst surface and the 
positive charge of the cationic MB. The presence of large amounts of OH− ions 
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on the catalyst surface as well as in the reaction medium favors the formation of 
●OH radicals, which are widely known as the main oxidizing species responsible 
for the degradation process [29]. 

In order to understand this pH effect, the point of zero charge (PZC) was 
evaluated for each nanostructure (ZnS NPs and ZnS/CDs). To achieve this goal, 
the suspensions of each catalyst were subjected to a zero charge moisture test. 
Indeed, 20 mg of ZnS NPs or ZnS/CDs were dissolved in 20 mL of an aqueous 
solution of 0.1 M KNO3 and adjusted to different pH ranging from 2 to 13. The 
suspension was shaken over 24 h at room temperature and the final pH of the 
solutions was measured. The difference between the final pH and the initial pH 
(∆pH) was plotted as a function of the initial pH of the solution (Figure 2(f)). 
The intersection of this curve with the abscissa axis corresponds to the PZC 
(pHpzc) [30]. The obtained results show that the pHpzc for ZnS and ZnS/CDs 
are around 7.4 and 6.5, respectively. These pHpzc suggest that the high perfor-
mance of these nanostructures as photocatalysts should be good in alkaline me-
dia for pollutant with positive charge, confirming the above results. It should be 
noted that the presence of CDs has slightly broadened the pH range from the 
range 7.4 - 14 to the range 6.5 - 14 for the removal of cationic pollutants, at the 
same time it can be seen that their presence has reduced the pH range for the 
degradation activity of the anionic pollutants. Indeed, these results can be ex-
plained by the reaction mechanism as displayed in Equations (8)-(15). When 
visible light falls on the surface of ZnS NPs, electrons are excited from the va-
lence band (VB) of ZnS NPs to their conduction band (CB), leaving behind holes 
on the valence band. Usually, these photogenerated electrons and holes quickly 
recombine and only a few charge carriers remain to participate in the reaction. 
This leaves only a few charge carriers that take part in the photocatalytic system. 
However, upon addition of the CDs to ZnS NPs, the electrons from the ZnS CB 
are transferred to the CDs, resulting in an efficient separation of the light-ge- 
nerated electron and hole pairs. This separation enhances the photocatalytic per-
formance of the nanocomposite. Ultimately, these photogenerated electrons react 
with the absorbed oxygen forming superoxide radical anions. Afterwards, the 
photogenerated holes in the ZnS VB react with the hydroxyl ions in the aqueous 
solution to generate highly reactive hydroxyl radicals. These hydroxyl radicals 
underwent combination to form hydrogen peroxide, which in turn can react 
with the superoxide radical anions to produce more hydroxyl radicals which are 
the main source of the degradation of MB as explained in Equations (8) to (15) 
[20]. 

( ) ( )ZnS h e CB h VB− ++ → +ϑ                    (8) 

or 

( ) ( )ZnS/CQDs h e CB h VB− ++ → +ϑ                 (9) 

( ) ( )e CB e CQDs− −→                      (10) 

( ) 2 2e CQDs O O− •−+ →                      (11) 
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( ) 2h VB H O H OH+ ++ → +                     (12) 

2 22HO H O• →                          (13) 

2 2 2 2H O O OH OH O• •− −+ → + +                   (14) 

2 2MB OH /OH CO H O−•+ → +                   (15) 

3.2.5. Kinetics of MB Degradation 
The establishment of kinetics relating to a reaction mechanism is based globally 
on the study of the effect of the initial concentration of the substrate. The kinet-
ics of MB degradation in the presence of ZnS NPs and ZnS/CDs were carried 
out. The values of photodegradation kinetic constants of MB are determined us-
ing Equations (2) and (3) for pseudo first order (Figure 3(a) and Figure 3(b))  
 

 

Figure 3. Degradation kinetics for ((a) and (b)) pseudo-first order and ((c) and (d)) pseudo-second order for ZnS NPs and 
ZnS/CDs, respectively. Adsorption models with ((e) and (f)) Langmuir-Hinshelwood and, ((g) and (h)) Temkin of MB at 7.5 mg/L 
over 300 mg for ZnS NPs and ZnS/CDs, respectively. (i) UHC wastewater degradation after the addition of 7.5 mg/L MB, using 
ZnS NPs (1) and ZnS/CDs (2) as photocatalyst. 
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and pseudo second order (Figure 3(c) and Figure 3(d)) in the presence of ZnS 
NPs and ZnS/CDs, respectively. The results of the k1 rate constants and the dif-
ferent R2 correlation coefficients are recorded in Table 1. As shown, the R2 val-
ues are clearly closer to 1 for the pseudo first order than those obtained in the 
case of pseudo second order in the presence of both photocatalysts (ZnS NPs 
and ZnS/CDs). These results obviously indicate that the MB degradation follows 
apparent pseudo first-order kinetics. 

Furthermore, the kinetic study of the adsorption processes gives information 
on the adsorption mechanism and on the mode of transfer of solutes from the 
liquid to the solid phase. In order to better explore this phenomenon, the study 
of MB isotherms on ZnS NPs and ZnS/CDs photocatalysts was also evaluated 
using Langmuir-Hinshelwood and Temkin isotherms (Figures 3(e)-(h)). Table 
2 shows the values of the determination coefficients R2, and the constants of the 
Langmuir-Hinshelwood and Temkin adsorption isotherms. In the case of the 
Langmuir-Hinshelwood isotherm, the R2 are equal to 0.9995 and 0.9997 for the 
ZnS NPs and ZnS/CDs photocatalysts, respectively. These values are very close 
to 1, suggesting that the MB degradation takes place on the surface of these 
photocatalysts. Indeed, during the MB degradation mechanism, the molecules 
absorbed at the photocatalyst surface undergo a bimolecular reaction at the 
nearest nucleophilic sites [31]. As for Temkin isotherm, the R2 (0.9064 and 
0.9810 for ZnS NPs and ZnS/CDs, respectively) are relatively close to 1, suggests 
also that the heat of adsorption of all molecules decreases linearly with the in-
crease of the adsorbent surface area. Both Langmuir-Hinshelwood and Temkin 
isotherms can therefore, be used to describe the adsorption of MB on these pho-
tocatalysts. 
 
Table 1. Kinetic parameters of MB degradation. 

Initial 
Concentration of 

MB (mg/L) 

Pseudo-first order Pseudo-second order 

k1 (min−1) R2 R2 

ZnS NPs ZnS/CDs ZnS NPs ZnS/CDs ZnS NPs ZnS/CDs 

5 0.0090 0.0429 0.9949 0.9984 0.9391 0.9060 

7.5 0.0097 0.0492 0.9995 0.9997 0.9790 0.9730 

10 0.0042 0.0306 0.9985 0.9996 0.9271 0.9710 

12.5 0.0033 0.0305 0.9984 0.9987 0.8592 0.9590 

15 0.0027 0.0292 0.9796 0.9963 0.7236 0.9048 

 
Table 2. Equilibrium parameters of MB adsorption isotherms on ZnS NPs and ZnS/CDs. 

Models 
R2 KL-H Lnkt B1 

a* b* a* b* a* b* a* b* 

Langmuir-Hinshewood 0.9995 0.9997 0.0097 0.0492 … … … … 

Temkin 0.9064 0.9810 … … −8.6116 −2.1455 −0.2467 −1.1178 

a*: ZnS NPs and b*: ZnS/CDs. 
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Figure 4. Images of UHCC wastewater during its degradation using (a) ZnS NPs and (b) 
ZnS/CDs, and UHCC wastewater contaminated with 7.5 mg/L MB during its degradation 
using (c) ZnS NPs and (d) ZnS/CDs. 

3.3. Application 

In order to study the photocatalytic activity of synthesized ZnS NPs and ZnS/CDs 
in a real solution, wastewater from the University Hospital Center of Cocody 
(UHCC) was examined. The characteristic peak around 664 nm of MB in the 
MB-contaminated UHCC wastewater was followed in the presence of 300 mg of 
ZnS NPs or ZnS/CDs photocatalysts under solar irradiation at room tempera-
ture (Figure 3(i)). It should be noted that after 270 min and 120 min, a complete 
discoloration of these wastewater samples was observed in the presence of ZnS 
NPs and ZnS/CDs, respectively (Figure 4). As displayed, this MB discoloration 
is faster (a short time) in the presence of ZnS/CDs in the contaminated MB 
wastewater, confirming that ZnS/CDs are more efficient than ZnS NPs alone. 

4. Conclusion 

In this work, green fluorescent carbon dots (CDs) are used to form a nanocompo-
site with zinc sulfide nanoparticles (ZnS/CDs). Evaluation of their photocatalytic 
properties indicates that the rate of MB degradation follows apparent first-order 
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kinetics regardless of the photocatalyst used. It was also found that the Lang-
muir-Hinshelwood type model best describes the degradation of MB, indicating 
that the chemical transformation of MB takes place at the surface of the photo-
catalyst. This performance may be attributed to the reduction of the reflection 
properties of ZnS NPs in the visible range by the presence of CDs. This ability of 
CDs to improve photocatalytic properties could thus allow ZnS/CDs to be ideal 
candidates for the degradation of organic pollutants in general and MB in par-
ticular in an aquatic environment under solar irradiation. 
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Supplementary File 

Calibration of residual MB detection after degradation 
In order to quantitatively examine the concentration of MB remaining in the 

solution after degradation with 300 mg of ZnS NPs or ZnS/CDs, the calibration 
curve is established by plotting the absorbance peak against different MB con-
centration of 0.25 mg/L, 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L, 2.5 mg/L, 3 mg/L, 
3.5 mg/L, 4 mg/L, 4.5 mg/L, 5 mg/L, 7.5 mg/L, 9 mg/L, 10 mg/L, 11 m/L, 12.5 
mg/L, 14 mg/L, and 15 mg/L (Figure S1). A linear range from 0.25 mg/L to 15 
mg/L as displayed in Equation (S1): 

0.032 0.202A C∆ = × +                      (S1) 

with C the concentration of MB in mg/L. 
This Equation (S1) was used to evaluate the remaining concentration of MB in 

the solution during degradation at different times.  
 

 

Figure S1. MB concentration calibration curve for a concentration ranging from 0.25 
mg/L to 15 mg/L. 
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