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Water as a Highly Efficient Visible Light Photocatalyst
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Ultrasonic-assisted method was applied for preparation of Cu**-doped ZnS nanoparticles (mole fractions of Cu®* ions are 0.000, 0.015,
0.030 and 0.060) in water as a template-free and green method at 30 min. The prepared nanoparticles were investigated by powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray (EDX) and UV-Vis diffuse reflectance spectra (DRS)
techniques. In the prepared nanoparticles, Cu®* ions are incorporated into the ZnS lattice. The nanoparticles have absorption edges at
visible light region. The SEM images demonstrate that size of the nanoparticles decreases with Cu?* content. To achieve maximum
degradation efficiency, the influence of various operational parameters such as mole fraction of Cu®* ions, ultrasonic irradiation time,
catalyst weight, calcination temperature, concentration of methylene blue (MB) and pH of solution on the degradation rate constant was
investigated under visible light irradiation and the results were discussed. It was found that the degradation reaction follows pseudo first-

order kinetics. The nanoparticles with 0.015 mole fraction of Cu* ions exhibit highest activity among the prepared samples.
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INTRODUCTION

Many industries are widely using dyes and pigments for
various purposes and their effluents can cause
environmental pollution. Traditional techniques such as
adsorption and coagulation by chemical agents are non-
destructive and simply transfer the contaminant from water
to another phase [1-3]. Then, a low-cost complete
mineralization process for the dyes would find extensive use
for the treatment of large volume of wastewater generated
from the industries. Heterogeneous photocatalysis, an
advanced oxidation technology employing semiconductors
as photocatalyst, is a promising method for the treatment of
contaminated water containing various organic pollutants
[4-7]. This method is generally based on the generation of
reactive species such as OH radicals which interact with
organic pollutants leading to progressive degradation and
subsequently complete mineralization [8,9]. This method is
clean, low temperature and non-energy intensive approach
for  treatment of the pollutants. Although many
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photocatalysts have been developed, most of them are not
highly efficient under visible light irradiation [10,11].
However, for higher photocatalytic efficiency and many
practical applications, it is desirable that photocatalysts
should absorb visible light due to the fact that visible light
accounts for 45% of energy in the solar radiation while UV
light less than 10% [12-14]. Therefore, there is a need to
look for photocatalysts that absorb in the visible range and
possess good activity as well [15-17].

Cu-doped ZnS is an active photocatalyst for hydrogen
generation by water splitting under visible light irradiation.
Kudo and Sekizawa have prepared Zngg;Cugo3S solid
solution and applied it for hydrogen generation in aqueous
solution of Na,SO; by water splitting under visible light
irradiation [18,19]. Moreover, Arai and et al. have
synthesized Cu-doped ZnS with high activity for hydrogen
generation from alkaline sulfide solution [20]. Wang [21],
Yang [22], Peng [23], Sambasivam [24] and their coworkers
have investigated optical properties of Cu-doped ZnS
nanoparticles. Recently, Mohamed has prepared thin films
of Cu-dopped ZnS by electron beam evaporation on glass
substrates at 1000 °C for 2 h and investigated photocatalytic
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activity of the prepared nanoparticles [25]. In addition,
Pouretedal and et al. have prepared nanoparticles of ZnS
doped with manganese, nickel and cupper in presence of
mercaptoethanol as capping agent and investigated
photocatalytic activities [26]. As can be seen, little work has
been reported on photocatalytic degradation of organic
contaminants by Cu-doped ZnS nanoparticles. Moreover,
the reported preparation methods mainly have high
temperature or long reaction time and most of them
involved environmentally malignant chemicals and organic
solvents, which are toxic and not easily degraded in the
environment. Therefore, searching new methodology to
prepare these nanomaterials is of great importance for both
fundamental study and practical applications. Very recently,
we have prepared Cu-doped ZnS by microwave irradiation
and refluxing methods in water and their photocatalytic
activities were investigated [27,28].

The utilization of ultrasonic irradiation (USI) for
preparation of nanomaterials has been a research topic of
great interest. This is due to simplicity of sonochemical
method, the cheap price of the equipment and that in many
cases the as-prepared material is obtained in the crystalline
phase. Ultrasound induces chemical changes due to
cavitation phenomena involving the formation, growth, and
instantaneously implosive collapse of bubbles in liquid,
which can generate local hot spots having a temperature of
roughly 5000 °C, pressures of about 500 atm, and a lifetime
of a few microseconds [29,30]. These extreme conditions
can drive chemical reactions which have been developed to
fabricate a variety of nanomaterials [31-35].

In the present paper, ultrasonic-assisted method was
applied for preparation of Cu-doped ZnS nanoparticles in
water as a green and template-free method. Moreover,
influence of various operational parameters such as mole
fraction of Cu® ions, ultrasonic irradiation time, catalyst
weight, calcination temperature, concentration of methylene
blue (MB) and pH of solution on photodegradation reaction
of MB has been studied to achieve maximum degradation
efficiency and the results were discussed.

MATERIALS AND METHODS

Materials
Zinc acetate (Zn (CH;CQOO0), .2H,0 extra pure), cupper
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acetate (Cu (CH3;COOQ), .H,O extra pure), thioacetamide
(TAA, CH;CSNH,; GR for analysis) and absolute ethanol
were obtained from Merck, and employed without further
purification. Double distilled water was used for the
experiments.

Instruments

The ultrasound radiation was performed using dr.
heilscher high intensity ultrasound processor UP200H
Germany (0.7 cm diameter Ti horn, 140 W, 23 kHz). The
X-ray diffraction (XRD) patterns were recorded on lItal
Structures MPD3000 with Cu Ka radiation (A = 0.15406
nm), employing scanning rate of 0.04°/sec in the 26 range
from 20° to 70°. Diffuse reflectance spectra (DRS) were
recorded by a Scinco 4100 apparatus. Surface morphology
and distribution of particles were studied via LEO 1430VP
scanning electron microscopy (SEM), using an accelerating
voltage of 15 kV. The purity and elemental analysis of the
products were examined by energy dispersive analysis of X-
rays (EDX) on the same SEM instrument. The samples used
for SEM and EDX experiments were prepared by
transferring the particles, which at first were dispersed in
the ethanol to glass substrate attached to the SEM stage.
After allowing the evaporation of ethanol from the
substrate, the particles on the stage were coated with a thin
layer of gold and palladium.

Preparation of the Nanoparticles

In a typical procedure for preparation of ZngggsCug 0155
nanoparticles, zinc acetate dihydrate (4.258 g) and cupper
acetate (0.0599 g) were dissolved in 50 ml of distilled water
under stirring at room temperature. Also, 1.50 g of TAA
was dissolved in 50 ml of distilled water. Then, the TAA
solution was slowly added into the above mentioned
solution under magnetic stirring. The titanium tip of the
horn was immersed directly in the reaction solution. The
solution imposed to ultrasonic irradiation for 30 min in a
beaker. The formed suspension was centrifuged to get the
precipitate out and washed three times with double distilled
water to remove the unreacted reagents and dried in an oven
at 60 °C for 48 h. In order to investigate the effect of
ultrasonic irradiation time on photocatalytic activity of the
nanoparticles, three more comparative samples were
prepared, keeping the reaction parameters constant except
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that the products were prepared by ultrasonic irradiations
for 15, 60 and 120 min.

Photocatalysis Experiments

To investigate photocatalytic activity of the prepared
nanoparticles, photodegradation of MB has been studied.
Photocatalysis experiments were performed in a cylindrical
Pyrex reactor with about 400 ml capacity. The reactor was
provided with water circulation arrangement to maintain the
temperature at 25 °C. The solution was magnetically stirred
and continuously aerated by a pump to provide oxygen and
complete mixing of the reaction solution. A tungsten lamp
with 500 W was used as visible light source. The lamp was
fitted on the top of the reactor. Prior to illumination, a
suspension containing 0.1 g of the nanoparticles and 250 ml
of MB (2.5 x 10° M) was continuously stirred in the dark
for 30 min, to attain adsorption equilibrium. Samples were
taken from the reactor at regular intervals and centrifuged to
remove the  photocatalyst before analysis by

spectrophotometer at 664 nm corresponding to maximum
absorption wavelength (Amax) Of MB. The adsorption
capacity, g. (mol g*), of the prepared nanoparticles was
calculated by a mass-balance relationship, which represents
the amount of adsorbed MB per amount of the photocatalyst
[36]:

(Co = C.)V )

4=
where C, and C, are concentrations of MB in solution (mol
dm™) at t = 0 and time of equilibrium. V is the volume of the
solution (dm®), and W is weight of the photocatalyst (g).
The adsorption experiments were carried out in the dark to
prevent photocatalytic degradation of MB.

RESULTS AND DISCUSSION

In Fig. 1, the XRD patterns for the ZnS, ZngggsCug 0155,
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Fig. 1. Powder XRD patterns for: (a) ZnS, (b) ZnggegsCUo.015S, (C) ZNg.g7CUg 03S and (d) Zng¢4Cug s NANOparticles.
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ZNno97CUg03S and Zng4CugosS Nanoparticles are shown. For
ZnS nanoparticles, the diffraction peaks correspond to
(111), (220) and (311) planes of cubic crystal system
(JCPDS reference code: 5-0566). The ZngggsCugo1sS,
ZNnog7CUg03S and Zng g4Cug 06S Nanoparticles have the XRD
patterns similar to that of the ZnS. Therefore, the prepared
nanoparticles have the same crystal structure. Zinc and
cupper cations have similar ionic radii (0.74 and 0.72 A,
respectively), then Cu®" ions can incorporate in the ZnS
lattice [37]. The XRD data are used to estimate average size
of the crystallites (D) by Scherrer’s equation [38]:

D=KA (Bcosd ) (2
where A is the wavelength of X-ray radiation (0.15406 nm),
K the Scherrer’s constant (K = 0.9), 4 the characteristic X-
ray radiation (20 = 29.5") and B is the full-width-at-half-
maximum of the (111) plane (in radians). The average
crystallite sizes for as-prepared ZnS, ZngggsCugossS,
Znog7CUg03S and Zngg4CuggsS Nanoparticles are about 2.5,
3.3, 3.3 and 2.3 nm, respectively.

Purity and composition of the prepared samples were
studied by EDX technique and the results for the ZnS and
ZNnogg5ClUg 015S nanoparticles are shown in Fig. 2. For the
ZnS nanoparticles, the peaks are clearly related to Zn and S
elements. It is clear that for the Zng gg5Cug 015S nanoparticles,
the peaks are related to Zn, Cu and S elements. Other peaks
in this figure are corresponding to the Au element applied
for sputter coating of the sample.

The SEM technique was applied to study surface
morphology of the nanoparticles which their records are
shown in Fig. 3. It is evident that morphology of the
nanoparticles is nearly spherical with various sizes.
Although the particles are agglomerating, the boundaries
between crystallites are observable. Moreover, size of the
nanoparticles decreases with cupper content in the prepared
samples.

The DRS of the nanoparticles with different cupper
contents were obtained and the results are shown in Fig. 4.
As can be seen, the ZnS nanoparticles do not have any
absorption in the visible region. The band gap of the ZnS
nanoparticles (3.85 eV) is increased compared to that of
bulk ZnS (3.60 eV). The enlargement of band gap (0.25 eV)
or blue shift can be attributed to the quantum confinement
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Fig. 2. The EDX results for: (2) ZnS and (b) Zng ¢gsCUg 0155
nanoparticles.

effect of the ZnS nanoparticles. The nanoparticles of Cu-
doped ZnS have absorption band covering visible light
region. The visible light absorption for the nanoparticles
increases by increasing Cu®* ion content.

The results demonstrate that the nanoparticles have
ability for adsorption of MB molecules. To prevent
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Fig. 3. SEM images for: (a) ZnS, (b) Zng.essCuUo015S, (C) ZNg.97CuUg0sS and (d) ZngesCug s Nanoparticles.
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Fig. 4. Diffuse reflectance spectra for: (a) ZnS, (b) Zng.gg5CUog.015S, (C) ZNge7CUg03S and (d) Zng g4Cug o NaNoparticles.

photocatalytic degradation of the dye, the adsorption
experiments were carried out in dark. Plot of absorbance at
664 nm for adsorption of MB on the nanoparticles versus
time are demonstrated in Fig. 5. The adsorption capacity
(ge) of the prepared samples was calculated using Eq. (1)
after 550 min and the results were tabulated (Table 1). It is
clear that the ZnS nanoparticles have very lower ability for
adsorption of MB molecules. Moreover, adsorption capacity
of the nanoparticles increases with cupper content. The
SEM images demonstrated that size of the nanoparticles
decreases with cupper content. Then, increase of the
adsorption capacity of the nanoparticles can be attributed to
increasing the surface area with decreasing particle size
[39]. Among the prepared Cu-doped nanoparticles,
ZNnogg5ClUg 015S nanoparticles have very lower tendency for
adsorption of MB molecules.

Photocatalytic activity of the prepared samples was
investigated by degradation of MB. In Fig. 6,
photodegradation of the dye on the nanoparticles are shown.
As can be seen, all of the Cu-doped ZnS nanoparticles
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exhibit higher activity than that of the pure ZnS.

Increasing the photocatalytic activity of the Cu-doped
ZnS nanoparticles relative to the ZnS nanoparticles can be
attributed to increasing visible light absorption by the
photocatalyst due to the presence of Cu** ions [40,41]. In
addition, trapping of charge carriers is one of the methods to
decrease electron-hole recombination rate and extend life
time of the charge carriers. It has been reported that some
transition metal dopants can act as the trapping sites to
decrease the electron-hole recombination rate [42,43]. Then,
presence of Cu® ions in the nanoparticles enhances the
photocatalytic activity with increasing visible light
absorption and electron-hole life time.

To obtain maximum degradation efficiency of MB on
Zng985CUg 015S nanoparticles with lower adsorption capacity
and higher photocatalytic activity, the reaction variables
were optimized. The essential reaction parameters of (i)
ultrasonic irradiation time, (ii) catalyst weight, (iii)
calcination temperature, (iv) initial MB concentration and
(v) pH of solution were varied which the results are
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Fig. 5. Adsorption of MB on: (a) ZnS, (b) ZngegsCUog.015S, (C) ZNg.g7CUg3S and (d) Zng ¢4Cug s NANOparticles.

Table 1. Adsorption Capacity Along with Adsorption Percent of Methylene Blue
Molecules on Zn,;_,Cu,S Nanoparticles at 25 °C

No. Nanoparticle ge (mol g™*) Adsorption percent
1 ZnS 2.01x10° 3.06
2 ZN0.0a5CUo.0155 6.32 x 10° 9.82
3 ZN.97CUo03S 1.96 x 10° 30.5
4 ZN6.04ClUo6S 3.30 x 10° 51.2
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Fig. 6. Photodegradation of MB on: (a) ZnS, (b) Zng ggsCUg 0155, (C) ZNg97CUg03S and (d) Zng g4Cug o6 NaNoparticles.

discussed in the following sections.

Effect of Ultrasonic Irradiation Time

To examine the influence of ultrasonic irradiation time
applied for preparation of the ZngggsCugo15S nanoparticles
on the photocatalytic activity, three more comparative
samples were prepared, keeping the reaction parameters
constant except that the nanoparticles were prepared by
irradiation for 15, 60 and 120 minutes. Degradation of MB
under visible light irradiation on the nanoparticles prepared
at various ultrasonic irradiation times is demonstrated in
Fig. 7. As can be seen, ultrasonic irradiation time has not
remarkable effect on the degradation reaction.

Effect of the Catalyst Weight

Generally, photocatalytic activity of semiconductors
depends on photocatalyst weight [44]. Hence a series of
experiments were carried out to find the optimum catalyst
amount by varying weight of the ZngggsCuggisS
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nanoparticles between 0.01 and 0.15 g.

Dependence of photocatalytic reaction rate on
concentration of organic pollutants is well described by the
following kinetic model [45]:

_d[MB] _ kK[MB]

- 3
dt  1+K[MB]

rate =

where Kk is the first-order rate constant of the reaction and K
is adsorption constant of MB on the photocatalyst. Equation
(3) can be simplified to a pseudo first-order equation [45]:

(4)

[MB],

In = kKt =k, t
[MB]

in which kg is the observed first-order rate constant of the
degradation reaction. In order to examine whether the
reaction rate could be congruent with a pseudo first-order
reaction under different conditions, plots of In[MB] or InA
(absorbance) vs. irradiation time, were considered for the
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Fig. 7. Plot of absorbance vs. irradiation time for degradation of MB on Zng ¢g5CUg 015S nanoparticles prepared by

different ultrasonic irradiation times.

prepared nanoparticles. For example, Fig. 8 demonstrates
plot of InA vs. irradiation time for MB degradation on the
ZNoggsClUg 015S nanoparticles. As can be seen, well linear
correlation existed between InA and irradiation time. In Fig.
9, the rate constant of the reaction has been plotted vs.
weight of the photocatalyst. As can be seen, the degradation
rate constant increases with increasing weight of the
photocatalyst and then decreases. Indeed, maximum value
was achieved at 0.05 g of the photocatalyst. In general, with
increasing weight of the photocatalyst, the reaction rates
should be increased, due to the fact that active sites of the
photocatalyst are increased [44]. However, more
photocatalyst would also induce greater aggregation of the
photocatalyst and the specific surface area decreased,
leading to a reduction in the reaction rate. Moreover, this
can be attributed to the scattering of light and reduction in
light penetration through the solution [46].
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Effect of Calcination Temperature

Photocatalytic activity generally depends on calcination
temperature. In order to investigate the effect of calcination
temperature, degradation of MB on the ZngggsCugoi5S
nanoparticles calcined at various temperatures was
considered (Fig. 10). The degradation rate constant on the
nanoparticles without calcination and the catalysts calcined
at 200, 300 and 400 °C are 8.44 x 107, 6.48 x 107, 5.49 x
10 and 2.33 x 10 min™, respectively. Then, the rate
constant decreases with calcination temperature. Decreasing
the rate constant for photocatalytic degradation of MB is
attributed to aggregation of the photocatalyst [47].

Effect of MB Concentration

The effect of MB concentration on the degradation rate
constant was investigated by varying the initial
concentration between 7.0 x 10° and 3.0 x 10° M with
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0.01

0.008

0.006

K obs (Min Y

0.004 -

0.002 . . .
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Catalyst weight (g)
Fig. 9. Plot of observed first-order rate constant of the degradation reaction vs. the photocatalyst weight.
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Fig. 10. Plot of observed first-order rate constant of the degradation reaction vs. calcination temperature.

constant catalyst weight of 0.05 g (Fig. 11). As can be seen,
the rate constant decreases with increasing the concentration
of MB. When the initial concentration increases, more
organic substances are adsorbed on the surface of the
photocatalyst. Therefore, there will be lower active sites for
generation of reactive species. The formation of reactive
species has main role in degradation reactions [48], then the
rate constant decreases with concentration of MB.
Moreover, with increasing concentration of MB, the
photons get intercepted before they can reach the catalyst
surface and screening effect dominated, preventing
penetration of the light on the photocatalyst, consequently
the degradation rate is reduced [49].

Effect of Solution pH

The pH of solution is an important variable in aqueous
phase mediated photocatalytic reactions [50]. The effect of
pH on the rate constant was studied by keeping all other
experimental conditions constant and varying the initial pH
from 3to 11 (Fig. 12). As can be seen, the rate constant
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suddenly increases with increasing in pH and then
decreases. Increase of the rate constant with increasing pH
of solution is due to increase in adsorption of MB on surface
of the catalyst. The zero point charge pH for the catalyst
will be about at neutral solution [26]. At low pH, the
photocatalyst surface is positively charged and repulsive
forces between the photocatalyst and the cationic dye will
lead to a decrease in MB adsorption and the degradation
rate constant. Furthermore, the nanoparticles have tendency
to dissolve with decreasing pH of solution [51]:

ZN0ssClp 015S + 2H" ——p 0.985Zn" + 0.015Cu?* +
H,S (5)

Therefore, in acidic solutions the photocatalyst have low
stability and the rate constant is decreased suddenly with
decreasing pH of solution. Above zero point charge pH,
surface of the photocatalyst is negatively charged by means
of adsorbed OH". Therefore, electrostatic attraction between
surface of the photocatalyst with negative charge and the
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cationic dye favors adsorption of MB. For this reason, the
solution with pH 5.4 is proper for the degradation reaction.

Mechanism of the Degradation Reaction

After illumination of Cu-doped ZnS nanoparticles by
visible light irradiation, electron-hole pairs are produced as
the beginning of the reactions [52]. After that, reactive
species are formed by the following processes. In presence
of the reactive species, MB molecules are degraded to
produce the degradation products [52,53].

Cu-doped ZnS + hv (visible) — Cu-doped ZnS

(ece +h've)

(6)

Cu-doped ZnS (e'cg + h*vg) — Cu-doped ZnS +

heat (7)
e'cs (Cu-doped ZnS) + 0, —» 'O, (8)
‘0, +H" — "OOH 9)
"OOH + €'cg (Cu-doped ZnO) + H* ——» H,0,

— » 2OH (10)
MB + ‘OH/h*/'0,, — intermediates —»

degradation products (11)

CONCLUSIONS

A template-free and green method was applied for
preparation of Cu-doped ZnS nanoparticles in water. The
nanoparticles were characterized by different techniques.
Photocatalytic activity of the nanoparticles towards
degradation of MB was evaluated under visible light
irradiation. The photocatalytic activity of the Cu-doped ZnS
nanoparticles is higher than that of the pure ZnS. To achieve
maximum degradation efficiency, the influence of various
operational parameters such as ultrasonic irradiation time,
catalyst weight, calcination temperature, concentration of
MB and pH of solution on the degradation reaction was

studied and the results were discussed. The results
demonstrate that the rate constant decreases with
concentration of MB and calcination temperature.

Moreover, there are maxima in correlation of the reaction
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rate with catalyst weight and pH of solution.
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