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A B S T R A C T

This study presents a rapid water-based chemical precipitation method for synthesis of zinc sulfide (ZnS)
quantum dots (QDs), under the ultrasonic radiation, using two capping agents; including 2-mercaptoethanol and
l-cysteine. It is demonstrated that by applying ultrasonic radiation, the synthesis time can be significantly de-
creased. The effect of capping agent type on the color specifications (using colorimetry), absorption spectra
(using ultraviolet–visible absorption spectroscopy) and ZnS structure (using X-ray diffraction) are investigated.
The results of the research indicate that the as-synthesized QDs were cubic structures with dimensions less than
10 nm. After characterization, the QDs samples were performed as nano-scaled photoatalysts, through a UV-
driven photodegradation process for the degradation of crystalline violet (CV) as a pollutant dye. Moreover, the
present study assesses the effect of operating conditions including the pH of the dye solution, UV-irradiation
time, ionic strength, type and dosage of nanophotocatalyst on degradation efficiency. Experimental results of the
research demonstrate the QDs can be reused for at-least five times, without a significant decrease in their
photocatalytic properties. The maximum photodegradation efficiency for the CV solution adjusted at pH 11, in
the presence of a low amount of QDs (i.e. 5 mg) was observed after 90min irradiation time. Finally, the probable
mechanism and kinetics of degradation reaction are proposed in the study. From the kinetic data, the acceptable
regression coefficient values (> 0.98) for the pseudo first-order kinetic model was obtained for expression the
present QD-based photodegradation approach.

1. Introduction

The prominent importance of nano-scaled materials in various sci-
entific and practical fields have resulted in numerous synthetic methods
to be reported; among of which the chemical synthesis in liquid phase
such as chemical precipitation [1], solvothermal/hydrothermal ap-
proaches [2,3], sol-gel processing [4], micro-emulsion methods [5],
plant-mediated biosynthesis [6–8], electrochemical methods [9], mi-
crowave [10] and ultrasonic [11] assisted syntheses were the most
commonly used approaches. Although each of the above mentioned
methods have their own specific benefits and limitations, ultrasonic
assisted synthesis (UAS) has been recognized as a rapid, cheap, effi-
cient, and convenient method for the preparation of colloidal nano-
particles (NPs) [12,13]. Still in UAS approach, exposure of the solution
to ultrasonic irradiation can implode the formed bubbles due to
acoustic fields. The collapse of the cavitation bubble can in turn induce
a shockwave in the solution and lead the liquid to have a rapid influ-
ence on the surface of the particles [14]. Besides, the sono-chemical

method has been used for preparation of the spherical NPs of colloidal
silver [14], copper(II) chromite [15] and strontium cerate [16]. As re-
ported by Mohammadi and Entezari, ultrafine Ag NPs uniformly de-
corated on rGO nanosheets can be obtained by ultrasonic method [17].
Still, due to the increasing application of nanophotocatalysts in science
and technology, introduction of a rapid and facile approach for the
synthesis of new nanophotocatalysts with low toxicity and high activity
is of a great interest and importance.

Unfortunately, leakage of various types of pollutants in the en-
vironment resulted from industrial, agricultural and domestic activities
has been a tremendous health threat; making it one of the most pro-
minent environmental challenges all across the globe. Besides the
health- related adverse impacts, several other features like the complex
structures of the pollutants together with their high thermal stability
and photo-stability levels highlight the importance of implementation
of efficient strategies for pollutants degradation. In the recent years,
various quantum dots (QDs) based photodegradation approaches were
reported for water treatment applications using carbon dots [18],

https://doi.org/10.1016/j.ultsonch.2019.05.019
Received 26 January 2019; Received in revised form 14 May 2019; Accepted 15 May 2019

⁎ Corresponding author. Tel./fax: +98 7433223048.
E-mail addresses: h.rajabi@mail.yu.ac.ir, hr.rajabi@gmail.com (H.R. Rajabi).

Ultrasonics - Sonochemistry 57 (2019) 139–146

Available online 16 May 2019
1350-4177/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2019.05.019
https://doi.org/10.1016/j.ultsonch.2019.05.019
mailto:h.rajabi@mail.yu.ac.ir
mailto:hr.rajabi@gmail.com
https://doi.org/10.1016/j.ultsonch.2019.05.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2019.05.019&domain=pdf


graphene QDs [19], zinc-based colloidal QDs [20,21], silver [17], CdS
[22], FeS2 on SiO2 nanostructures [23], ZnSe [24], CdS QDs /Bi2WO6
3D heterojunction [25], and so on. However, non-toxic based nano-
photocatalysts was considered as efficient and promising materials for
degradation of various pollutants from aqueous media [26]. In addi-
tion, various interesting physical and chemical characteristics of QDs
have prompted researchers to use them as facile, convenient, eco-
friendly, and economic nanophotocatalysts in advanced oxidation
process (AOP) [27,28].

Crystal violet (CV) usually denotes a family of organic compounds,
mainly used as dyes, but it also has other names like methyl violet,
methyl violet 10B, gentian violet, pyoctanin. This dye has medical
utilizations due to its antibacterial, antifungal, antihelminthic, anti-
trypanosomal, antiangiogenic, and antitumor properties [29]. It is no-
teworthy to mention that this stable and non-biodegradable dye family
is also used as a pH indicator in Gram stain and bacteria classification

[30].
In this study, ultra-small zinc sulfides (ZnS) QDs functionalized with

two capping agents (i.e. 2-mercaptoethanol (ME) and l-cysteine (Cys))
were synthesized by a water-based sonochemical route. The effect of
capping agent type on structural, optical and then photocatalytic ac-
tivity of the QDs was then elaborated. The as-synthesized ZnS QDs were
characterized by various techniques including colorimetry, UV–Vis
absorption spectroscopy, transmission electron microscopy (TEM), and
X-ray diffraction (XRD). In addition, utilization of the QDs as synthetic
nanophotocatalysts in AOP based on their photocatalytic performances
for photodegradation of crystal violet (CV) from its aqueous solution
was comprehensively examined.

Scheme 1. Schematic representation of the ZnS QDs synthesis functionalized by 2-ME and l-Cys capping agents.

Fig. 1. UV–Vis absorption spectra of ZnS QDs capped by 2-ME and l-Cys, and the corresponding plot of (αhv)2 vs. hv.
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2. Experimental

2.1. Materials and apparatus

The materials used for the experiment performed in this research
include sodium sulfide nonahydrate (98%), Zinc nitrate tetrahydrate
(98.5%), 2-Mercaptoethanol (98%), silver nitrate tetrahydrate (98%),
hydrochloric acid (37%), potassium bromide, sodium chloride, sodium
hydroxide and acetone all purchased from Merck Company, Germany.
The organic dye (i.e. Crystal Violet (CV)) with high purity (> 99%) was
purchased from Merck Company, Germany.

In the experiments, the following equipment were used: Perkin-
Elmer UV–Visible spectrophotometer LAMBDA-25, ultrasonic bath
(Tecno GAZ S.P. A Tecna 3), Transmission Electron Microscopy or TEM
(Zeiss-EM10C-100 KV), X-ray Diffraction or XRD (STOE-Stidy-mp), UV
lamp 36W (Philips, Holland), and pH meter (model-827, Metrohm).

2.2. Sonochemical synthesis of ZnS QDs

The synthesis of ZnS QDs in the presence of capping agents by UAS
approach was carried out according to the literature, with some mod-
ifications [11]. First, a 250ml of 0.1 M aqueous solution of zinc nitrate,
sodium sulfide, and capping agent was prepared. The zinc solution of
was then placed in a three-necked flask, in an ultrasonic bath; under
nitrogen atmosphere. In a stepwise process, the capping agent (ME or l-
Cys) was added to the solution by a dropping funnel, in a stepwise
manner. In this approach, Zn2+ ions can be covered with the capping
agent and form a stable complex with a protective layer on nano-par-
ticles surface that prevents their further growth. When addition of the
capping agent was fulfilled, in a solution; in a similar approach. Addi-
tion of the initial drops of sulfide solution clearly resulted in formation
of the milky colloids of ZnS QDs. Due to very low solubility product
constant of ZnS precipitate (ksp= 4.5×10−24), after addition the
sulfide ions to the capped metal ions, the colloidal ZnS particles with
controlled size were formed in the solution. All synthetic steps can be
completed in 15min. Finally, the obtained particles were collected and
dried for about 18 h at 50 °C. Scheme 1 shows the synthesis steps of ZnS
QDs functionalized by capping agents.

2.3. UV-driven photodegradation of CV process

To examine the dye degradation ability of QDs, firstly, 50ml of the
dye solution with certain concentration and pH was prepared and then
10mg of the as-prepared QDs was added. The suspension was keep at a
dark place for 1 h before being transferred to the reactor. The distance
between the dye solution and UV lamp was fixed to 15 cm and the
photoreaction began by turning the lamp ON. To evaluate the photo-
degradation ability of QDs, the remained dye concentration was mea-
sured in regular intervals, spectrophotometrically. It is known that, the
observed decrease in maximum absorption wavelength of the dye can
be ascribing to the dye degradation ability of as-prepared QDs. The dye
concentration was determined using the established calibration curve
for CV dye at 590 nm.

3. Results and discussion

3.1. QDs characterization

3.1.1. Optical characteristics of QDs
Molecular UV–Vis absorption spectroscopy is one of the most ac-

cessible methods that provide some valuable information concerning
the particle size and band gap energy (Eg) of the semiconductor na-
noparticles [31]. After exposing to light, the electron in valence band
can transfer to the conductance band and creates a continuous and
broad absorption peak(s), which the position and slope of the peak(s) is
as a function of the distribution and size of the particles [32]. Fig. 1
depicts the UV–Vis absorption spectra of the colloidal ZnS QDs. As seen,
all of the samples provide an obvious and broad absorbance band in the
range of 270–310 nm. Upon comparing the QDs' spectra with that of the
macro-crystalline ZnS samples with approximate thresholds at 350 nm,
a wide blue shift was observed which can be related to the quantum size
confinement effect in the nano-scaled particles. Therefore, it can be
concluded that the used synthetic approach provides a successful
strategy for preparation of the ZnS QDs with sizes smaller than 10 nm
and with efficient capping. Based on the absorbance data, the direct
band gap energy of the semiconductors can be estimated using the
following equation [33]:

Fig.2. XRD results of ZnS@2-ME and ZnS@l-Cys QDs, prepared by UAS approach and two typical TEM images of the samples.
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= −αhν α hν( E )0 g
1/2 (1)

where α0 is a constant, hν is photon energy and Eg is the band gap
energy. The absorption coefficient α at various wavelengths can be
calculated from the absorption spectrum. As illustrated in the Fig. 1, the

curve (αhv)2 vs. hv results in an Eg values of 3.4–3.6 eV. The increase in
Eg is due to the decrease in the sizes of the particles with lifetimes
longer than that of the electron-holes [34].

3.1.2. XRD and TEM analyses
In case of crystals, XRD technique is used to determine the crys-

talline structure of various phases of the material together with other
information such as particle size. As depicted in Fig. 2, the XRD shows
three distinct peaks in 2θ of 28.87, 47.76, 56.58 which are related to
(1 1 1), (2 2 0) and (3 1 1) phases, respectively. According to the results,
it can be concluded that the as- prepared ZnS QDs are in crystalline
structure [35]. The observed broadening in the diffraction peaks may
be due to small sizes of the synthesized nanoparticles. Moreover, XRD
patterns show no evidence of another phase in the sample. The crystal
size was obtained from the Full width at half maximum (FWHM) of the
XRD peak using the Debye- Scherrer equation [36]:

= λ β θD 0.9 / cos (2)

where λ is the wavelength of the x-ray, β is the diffraction peak width
in the half-maximum and θ is the diffraction angle. The mean particle
size of the ZnS QDs capped by ME and l-Cys was obtained as 1.1 ± 0.5
and 1.6 ± 0.1, respectively.

TEM analysis is implemented in this research in order to visually
estimate the size, shape and distribution of the as-prepared particles.

Fig. 3. The results of the change in absorbance spectra, the change in corresponding λmax of CV dye, and the effect of initial dye concentration on DE% in the
presence of 5mg (A, B, C) ZnS@2-ME QDs and (D, E, F) ZnS@l-Cys QDs, in the different irradiation times. 50ml of CV 5 ppm, pH 11.

Fig. 4. Effect of pH on the degradation efficiency of CV, in the presence of 5mg
of ZnS@2-ME and ZnS@l-Cys QDs, at optimum conditions as: 50ml of CV
5 ppm, after 90min irradiation.
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TEM images (Fig. 2) show the particles with nano-scaled size with
spherical shape and homogeneous distribution. The average diameter of
the particles is estimated to be about 0.5 nm. According to the results, it
can be argued that the synthesis of the capped nanoparticles with small
size can easily be accomplished through the chemical precipitation
method assisted by ultrasonic irradiations.

3.2. Photodegradation of CV dye catalyzed by ZnS QDs

3.2.1. Effect of time and initial dye concentration
After synthesis and characterization of ZnS QDs, the photo-

degradation performance of the as-prepared nanophotocatalysts in re-
moval of CV dye with different concentrations was evaluated, under
UV-light irradiation. Fig. 3 indicates the removal efficiency of the
samples, at certain time intervals, with the changes in the dye ab-
sorption spectra at its maximum wavelength (at 590 nm). As it can be
seen (Fig. 3), the dye removal efficiency decreases with increase in the
initial dye concentration which may take place due to several reasons.
By increasing the dye concentration, more dye molecules will be ab-
sorbed and accumulated on the surface of the nanophotocatalyst par-
ticles, hence the number of the active sites which produce the hydroxyl
radicals will be reduced. Meanwhile, at high dye concentration, a
limitation in light transmission capability of the solution will be ob-
served. By increasing the light absorption of the molecules, a decrease
in the number of photons reaching to the nanophotocatalyst surface
will happen. According to the results of the experiments performed in
dark locations, the removal percentage of CV dye for ZnS QDs synthe-
sized using ME and l-Cys improved from 37.17% and 33.34% to 97.0%
and 98.5% respectively, after being exposed to UV.

3.2.2. Effect of pH
The efficiency of photodegradation processes strongly depends on

the pH of the sample solution. Due to the amphoteric behavior of ZnS
semiconductor, the charge characteristic of ZnS QDs surface is a func-
tion of pH. The change in the pH of the sample may affect the surface
charge of the particles and their aggregation; as well as the position of
the absorbance edge of the QDs band [37]. Thus, in this research, effect
of the initial pH of the CV dye solutions on the removal efficiency in the
pH range of 5–12 is investigated. In this research, the pH of the samples
is adjusted using aqueous solutions of hydrochloric acid and sodium
hydroxide. Fig. 4 illustrates the results. As clearly shown, the maximum
dye removal efficiency occurs at pH 11; after 90min irradiation. Since
CV is a cationic dye, the alkaline pH is more appropriate for its de-
gradation, due to attractive interaction between the negative charged
surface of the QDs and the cationic species of dye molecule [38]. As the
pH of the sample solution increase, further production of hydroxyl ra-
dical as the major radical specie in the radical-based photodegradation
approaches can be helpful. However, degradation performance of the
QDs is reduced at high pH values because the formed hydroxyl ions can
compete with the dye molecules in the absorption process performed on
the nanophotocatalyst surface. On the other hand, at low pH, the sur-
face with positive charge cannot produce the required hydroxyl group
to form the hydroxyl radical. In such condition, degradation level of
cationic dye is reduced because the positively- charge surface of the
QDs repel the adsorption of dye molecules on the QDs surface [39].
Having this information in mind and by considering the results, the pH
of 11 was selected as optimum value for subsequent experiments. The
observed high degradation efficiency at alkaline pH values highlights
the hypothesis indicating that having the below reactions in mind, the
photodegradation of CV dye is probably dependent on formation of OH

Fig. 5. Effect of QDs dosage, NaCl concentration, electrolyte type, and reusability of the as-prepared QDs on the degradation efficiency. 50ml of CV 5 ppm adjusted at
pH 11, 5 mg of QDs, 90min irradiation.
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free radicals [26,40,41]:

1) e+O2→O2
%− (ads)

2) O2
%−+H+→HO2

%

3) 2 HO2
%→O2+H2O2

4) H2O+O2
%− (ads)→OH%+OH−+O2

3.2.3. QDs dosage, ionic strength, and reusability
In order to optimize the catalyst concentration, several experiments

over the range of 1–10mg of catalyst concentrations in the presence of
UV irradiation and for the duration of 90min are performed. According
to the results, the degradation efficiency is almost independent from the
catalyst amount (Fig. 5A). In fact, despite the improve in the available
active sites due to increase in the amount of the catalyst, a negligible
decrease in the degradation efficiency can be observed at high dosage of
QDs which may be resulted from probable aggregations of the QD
particles. Besides, at high concentration of nanophotocatalysts, the re-
combination of the charge carrier (i.e. h+/e−) can also be assisting.

Normally, different types of salts and metal ions can be found in
actual wastewater samples; all with high ion strengths. This, through

the photocatalytic oxidation process, may have substantial influences
on the degradation efficiency. To simulate the actual industrial dye
wastewater, the photodegradation activity of the QDs was examined as
a function of salt concentration. For this purpose, sodium chloride as a
common and strong electrolyte was chosen to prepare the solutions
with different ionic strengths over the range of 0.001–0.1M (equal to
58.8–5880mg L−1). It was observed that changing the concentration of
different types of NaCl electrolyte affects the dye removal efficiency
(Fig. 5B); insofar as the CV degradation was greatly reduced by in-
creasing the concentration of NaCl, over the understudy irradiation
time duration. This negative relationship may be attributed to three
reasons: (i) chlorine ions can prevent the occurrence of the electrostatic
attraction between CV and QDs' surfaces, and decrease the number of
the catalyst active sites by occupying the of heterogeneous surface. (ii)
Reportedly, some counter ions of electrolytes such as Cl− can compete
with CV in the adsorption process. (iii) The inhibitory effect of NaCl on
the photodegradation of CV dye is assigned to Cl− ions; due to their
active role as scavenger for h+ and OH% trapping, in the photocatalytic
oxidation reaction [38].

In addition, the effect of various common radical scavenger

Fig. 6. The fitted kinetic model for the photodecolorization of CV in the presence of ZnS@2-ME and ZnS@l-Cys QDs, and the corresponding 1/R vs. 1/Co plots.

Table 1
The kinetic parameters of pseudo-first order kinetic model for the photobleaching of CV dye, in the presence of sonochemically prepared ZnS QDs capped by different
capping agents.

CCV (ppm) Kapp(ZnS@l-Cys)
(min−1)

R2 Maximum photodegradation (%) Kapp(ZnS@2-ME)
(min−1)

R2 Maximum photodegradation (%)

2.5 2.80× 10−2 0.9914 99.7 3.61× 10−2 0.9828 99.8
5.0 2.70× 10−2 0.9835 98.5 3.36× 10−2 0.9922 97.0
7.5 2.67× 10−2 0.9865 93.0 3.19× 10−2 0.9895 91.1
10.0 2.30× 10−2 0.9890 90.5 2.63× 10−2 0.9932 88.9
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including SO3
2−, NO3

−, CO3
2− on the photodegradation activity of ZnS

QDs was evaluated based on the information derived from the CV dye
degradation experiment. As shown in Fig. 5C, NO3

− ions were the most
influential ions on radical scavenging and consequently decreased the
photodegradation performance of QDs to 70%; after 90min of time.

Furthermore, the reusability of the as-prepared nanophotocatalyst is
evaluated during five cycles, under the optimum condition of 5mg/l of
CV, 5mg of QDs, pH of 11, and 90min of irradiation. After each ex-
periment, the concentration of the dye solution was checked and re-
adjusted to its initial value (i.e. 5.0 mg L−1). According to the results
(Fig. 5D), both functionalized ZnS QDs can be regenerated and reused
for at-least five cycles of dye removal experiments; with acceptable
levels of stability and efficiency. At the end of the fourth cycle a sig-
nificant decrease in the catalytic performance of the nanophotocatalysts
was observed, which might be due to the occupation of the active sites
of nanophotocatalyst by the dye molecules and other organic materials
[42]. Besides, it is noteworthy that the as-prepared ZnS QDs were stable
after at-least 12months, without significant decrease in their photo-
catalytic activities.

3.3. Kinetic study and possible reaction mechanism

The Langmuir–Hinshelwood (LH) equation is widely used to express
the kinetic model of the heterogeneous photocatalytic processes
[31,43]. In the LH model, the apparent rate constant (kapp) for photo-
degradation process can be obtained using the slope of ln(Co/Ct) vs.
reaction time plot (Fig. 6). Moreover, the graph of 1/R vs. 1/Co was also
drawn to provide supplementary information to make sure that the
derived data is correct. As given in Table 1, the acceptable R2 values
(> 0.98) show that the pseudo first-order kinetic model can express the

QD-based photodegradation of CV dye.
Although the exact mechanism of the photodegradation process has

not yet been completely determined, but numerous suggestions have
been presented to propose the heterogeneous photodegradation reac-
tion mechanism. For example, a five-steps mechanism was proposed as
follow [11,44]: i) diffusion of the reactants toward the surface, ii) ab-
sorption of the reactants on the nanophotocatalyst surface, iii) the oc-
currence of the reaction on the surface, iv) desorption of products from
the surface and finally, v) diffusion of the products into the solution.
Having the above-mentioned steps in mind, the following mechanism
for the present photodegradation process can be proposed, by the
schematic representation (Scheme 2):

ZnS QDs+ hv→ ZnS(eCB−)+ ZnS(hVB+)

ZnS(hVB+)+H2O(ads)→ ZnS+OH%
(ads) +H+

ZnS(hVB+)+OH(ads)
− → ZnS+OH%

(ads)

ZnS(eCB−)+O2(ads) +H→ ZnS+HO2
%

OH%
(ads) (and/or) ZnS(hVB+)+ dye→Degradation of the dyemolecules

4. Conclusion

In this research, the synthesis process of pure ZnS QDs was carried
out based on the chemical precipitation method; using a water-based
ultrasonic assisted approach in the presence of two efficient capping
agents. By applying this green approach, ultra-small, mono-disperse
chemically stable and reusable colloidal ZnS QDs with high photo-
catalytic activities can be synthesized in a short duration of time. The

Scheme 2. Graphical representation of the suggested mechanism for QD-based photodegradation of organic dye.

Table 2
Comparison of the present study with previous sorbent or catalysts reported for removal of CV dye.

Process Type of sorbent (or) catalyst Amount of sorbent (or) catalyst Time (min) Ref.

Photodegradation Bi2WO6 0.5 g/L 1440 [45]
Photodegradation cobalt doped nano-titania 2 g/l 120 [46]
Photodegradation zinc oxide nano particles 100mg 80 [47]
Adsorption surfactant-modified alumina 6 g/L 120 [48]
Biosorption Agricultural Waste Cocoa (theobroma cacao) Shell 100mg 120 [49]
Photodegradation ZnS QDs 5mg 75 This study
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information derived from the photocatalytic experiments demonstrated
that a small dosage of as-prepared QDs is required to efficiently degrade
organic and pollutant dyes. According to the results, the kinetics of the
dye degradation reaction were compliant to the pseudo first-order
model. Performing a comparison between the characteristic of this
method with those pertinent to other processes of CV dye removal
(Table 2, [45–49]), leads to the conclusion that QDs synthesized using
the former approach can be considered promising and efficient nano-
photocatalysts regarding their dosages, synthetic condition and reac-
tion times.
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