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ABSTRACT

The Cd,,,,Co, ,,S nanoparticles were prepared by using a controlled co-precipitation method. The
nanoparticles were characterized by using UV-Vis spectra, XRD patterns and TEM image. The blue
shift in the band gap of CdS semiconductor was observed with decreasing of the particle size. The
XRD patterns prove the zinc-blend-type of Cd,,,Co, ,,S nanoparticles. The size of nanoparticles less
than 50 nm was confirmed through TEM image. The decolorization kinetics of Congo red catalyzed
by prepared nanoparticles was studied under UV and sunlight irradiations. The decolorization
study of dye with the initial concentration 20 mg/L shows the pseudo-first order kinetics with the
apparent rate constant 1.35x10” min™" at pH 7. The Cd, ,,Co, .S photocatalyst also indicates an ex-
cellent reactivity for bleaching of dye under sunlight irradiation with the apparent rate constant of
1.01x102 min™. Degradation of 92-82% of Congo red was obtained in five cycles of reuse of proposed

photocatalyst and dissolution of photocatalyst was found to be less than 0.2%.
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1. Introduction

The removal of the non-biodegradable organic chemi-
cals is a crucial ecological problem. Dyes are important
classes of synthetic organic compounds that used in the
textile industry. They are common industrial pollut-
ants. Due to the stability of modern dyes, conventional
biological treatment methods for industrial wastewater
are ineffective. Heterogeneous photocatalysis by semi-
conductor particles is a promising technology for the
reduction of global environmental pollutants. Inorganic
photocatalysts such as TiO,, ZnS, ZnO, CdS and Fe,O

273
have shown a photocatalyst behavior for removing the
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organic pollutants [1-7]. The use of photocatalysts in
bleaching a variety of dyes such as methyl orange, C.I.
Acid Orange 52, C.I. Basic Violet 10, Azure and Sudan
dyes was reported by many researchers [8-13].

Over the past decade, the synthesis and functional-
ization of nanostructures have attracted great interest
because of their significant potential applications. Due
to the quantum confinement effect and the large surface
to volume ratio, nanocrystals show very special physical
and chemical properties corresponding to their bulk ma-
terials. Their sizes are close to or smaller than that of the
Bohr exciton. However, the aggregation of nanocrystals
always decreases their original nano-effects. During the
wet chemical synthesis of nanoparticles, organic stabiliz-
ers are usually used to prevent them from aggregating by
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capping their surfaces [14]. Among these materials, CdS,
one of the most important IV-VI group semiconductors,
shows suitable potential in solar cells, photoelectric devic-
es and photocatalysts [15-17]. The cadmium sulfide has
band gap energy of 2.42 eV at room temperature and can
be used for photoelectronic devices. In recent years, CdS
nanostructural materials have been widely investigated
[18-23]. Recently, several methods have been successfully
applied for the preparation of CdS nanosized materials,
including hydrothermal synthesis [24], microemulsion
method [25], ultraviolet irradiation technology [26] and
precipitation method [27].

The present work deals with the chemical co-precipi-
tation method for preparation nanoparticles of Co-doped
CdS capped by mercaptoethanol. Decolorization of Con-
go red (CR) dye was studied in the presence of prepared
nanoparticles as photocatalyst under UV and sunlight ir-
radiations. The dependence of dye photodegradation rate
to initial dye concentration, irradiation time, amount of
photocatalyst and pH of samples were also investigated.

2. Experimental
2.1. Synthesis and characterization of nanoparticles

The chloride salts of cadmium and cobalt, and sodium
sulfide, all from Merck, were used for synthesis of cobalt-
doped CdS nanoparticles. Double-distilled water was
used to prepare the solutions.

To prepare of CdS nanoparticles, 100.0 mL solution
0.02 M of Cd* ion and 50.0 mL solution of 0.1 M mercap-
toethanol (HOCH,CH,SH) as capping agent were added
in a balloon (three-vent) on a magnetic stirrer. Then,
100.0 mL solution of 0.02 M sodium sulfide was added
drop by drop using a decanter vessel under nitrogen
atmosphere while the mixture was stirred vigorously at
room temperature. The Cd, ,Co,S nanoparticles with X
values of 0.002, 0.005, 0.01, 0.03 and 0.05 were synthesized
with suitable volumes of Cd* and Co* ions solutions
(0.02 M). The centrifuge with 3000-5000 rpm was used
for separation of Cd, ,Co,S nanoparticles. The solvents
of water and isopropyl alcohol were applied to eliminate
unreacted ions and capping agent. The prepared nanopar-
ticles were dried at 80-100°C for about 6-10 h.

The characterization of prepared nanoparticles was
studied with UV-Vis spectra, XRD pattern and TEM
image. An UV-Vis spectrophotometer Perkin-Elmer
Lambda 2 was used for recording spectra of 10 mM of
nanoparticles in isopropyl alcohol at room temperature.
The atomic absorption spectrophotometer (AAS) AA-
6200 Shimadzu was used to determine the real content
of Co* ions in Cd,_,Co,S nanoparticles. The nitric acid
2 mol L™ was use to dissolve 0.5000 g of the prepared
nanoparticles. Then, the prepared solution was diluted to
the mark with distilled water in a 100-ml volumetric flask.
The absorption of sample solutions and standard solu-

tions of Co* ions in range of 1-10 mg L™ was measured
by using AAS. A diffractometer Bruker DSADVANCE,
Germany with anode of Cu, wavelength: 1.5406 A (CuKa)
and filter of Ni was applied for recording the XRD pat-
tern of nanoparticles. A JEOL JEM-1200EXII transmission
electron microscope (TEM) operating at 120 kV was used
for characterization of the nanoparticles. The supporting
grids were formvar-covered, carbon-coated, 200-mesh
copper grids. The pH of the sample solutions was ad-
justed with adding suitable amounts of HCl and NaOH
with concentrations of 1.0x107 M.

2.2. Decolorization of Congo red
Congo red (C,,H,,N,Na,OS,) was purchased from

Fluka Company. (%zonzéo ;ed is a secondary diazo dye and
is water soluble, yielding a red colloidal solution with
L. 510nmat pH7. Alow pressure mercury vapor lamp
(100 W) with radiation wavelength of 332 nm and light
intensity 22 W/m? was used as an UV irradiation source
and placed in a 5 cm diameter quartz tube with one end
tightly sealed by a Teflon stopper. The lamp and the tube
were then immersed in the photoreactor cell with a light
path of 3.0 cm. The photoreactor cell consisted of a cylin-
drical Pyrex-glass cell with 1.0 L capacity, 10 cm inside
diameter and 15 cm height. A water-cooled jacket on the
outside of the reactor was used for temperature control
at 25°C. A magnetic stirrer was used to ensure that the
suspension of the photocatalyst was uniform during the
course of decolorization. At regular intervals, the samples
were collected, filtered through Millipore membrane
filters, and centrifuged to remove the nanoparticles that
existed as undissolved particles in the samples. The CR
solution was stirred in dark conditions to investigate the
equilibrium adsorption/desorption of the dye onto the
nanoparticles.

The concentration of CR in the samples was measured
atA__ of 510 nm by UV-Vis spectrophotometer. The con-
centration of the dye was evaluated using Beer’s law with
respect to the initial concentration of the dye. The deg-
radation efficiency (%D) has been calculated by Eq. (1):

%D =[(C,—-C,)/C,]x100=[(A, - A,)/ A,]x100 1)

where C and C, are the initial concentration and the
concentration of dye at time ¢, respectively, A and A, are
the initial absorbance and the absorbance of the sample at
time t, respectively, and fis irradiation time of the sample.

3. Results and discussion
3.1. Characterization of nanoparticles
Co, ,Snanosized

Fig. 1 shows the XRD pattern of Cd, ,,Co,
powder. The three peaks with 20 values of 26.6°, 47.5° and
56.4° correspond to the (111), (220) and (3 1 1) planes
of the cubic phase CdS, respectively. Therefore, the dop-
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Fig. 1. X-ray diffraction pattern of Cd,,,Co, .S nanocrystals.

ant of cobalt did not show any considerable change in
crystalline form of CdS powder. On the other hand, the
broadness of the peaks in the XRD pattern can be used to
confirm the formation of nanoparticles by the controlled
co-pericipation method in the presence of mercaptoetha-
nol as a capping agent. The role of mercaptoehanol is to
stabilize the nanoparticles against aggregation which may
lead to an increase in the size of the particles [28]. The
average size of the nanoparticles powder was calculated
to be about 10 nm according to Scherrer’s formula [29].
The real content of Co*" ions by AAS in Cd,,..Co, ,.,S

0.998 0,002
Cdl995C0005% Cd00C0y,S, Cdy,C0S and Cd . Co, S

was obtatned 0.001, 0.004, 0.009, 0.026 and 0.047, respec-
tively. The obtained results show that the incorporation
of Co* ions in CdS lattice was down by the proposed
method.

A TEM image of the prepared Cd,, Co .S nanopar-
ticles is shown in Fig. 2. The nanoparticles have a spherical
morphology with an average diameter of ca.12 nm. But
moderate agglomeration is also observed due to the high
surface energy of the nanoparticles. The TEM analysis
also shows that the nanoparticles are sintered together
and most of the nanoparticles have a slightly irregular
and rounded shape.

An average diameter of 3.4 nm for the Cd . Co, .S
nanoclusters was estimated from the absorption edge of
402 nm (3.1 eV) in isopropyl alcohol solvent (see Fig. 3),
using Brus’s effective mass model [30]. The bulk CdS
peak is expected at 435 nm (2.57 eV) [18]. The blue-shifted
absorption edge is due to the quantum confinement of
the excitons present in the sample, resulting in a more
discrete energy spectrum of the individual nanoparticles.
The broadening of the absorption spectrum is mainly due
to the quantum confinement of the CdS particles [19,20].

3.2. Photodegradation of Congo red

The degradation efficiencies of CR vs. time in the dark
conditions and presence of CdS, under UV irradiation and

50 60 70

Fig. 2. TEM image of Cd, Co, .S nanoparticles.
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Fig. 3. UV-Vis spectra of CdS particles (solid line) and
Cd,,,Co,,S nanoparticles (dotted line) in isopropyl solution.
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absence of CdS, under UV irradiation and presence CdS
and under UV irradiation and presence CdS nanopar-
ticles are shown in Fig. 4. The UV irradiation inside the
CdS particles as photocatalyst is due to the increase of
degradation efficiency in a fixed time. The radiation is
due to the transfer of electrons from valance band to ca-
pacitance band of CdS semiconductor and therefore, the
electrons, ¢-, and the holes, I*, are formed in valance and
conductance bands, respectively. The reaction between
the positive holes and the adsorbed water forms hydroxyl
species. The dye degrades as non-selective to mineral
species as partial or complete by hydroxyl radicals (*OH)
with E =+3.06 V as a strong oxidative [7-10,31].

Also, it is observed in Fig. 4 that the degradation ef-
ficiency increased in the presence of nanosized of CdS
particles. In the semiconductor particles, the electrons
excite by light absorption and therefore a high density
of electrons with different kinetic energies is found in
the conduction band. In the case of nanosized materials,
the size of the first excited state is the same as or smaller
than of the nanoparticles size. Thus, the electron and hole
generated upon illumination cannot fit into such a particle
unless they assume a state of higher kinetic energy. Hence,
as the size of the semiconductor particle is reduced below
a critical diameter, the spatial confinement of the charge
carriers within a potential well like a “particle in a box’
causes them to behave quantum mechanically [32,33].
The nanoparticles with high surface area to mass ratios
increase the adsorption capacities of pollutant materials
and different distributions of active sites and disordered
regions of the surface [33].

It is observed from Fig. 5 that with doping of CdS
nanoparticles with Co*-dopant, the degradation effi-
ciency increased in the presence of Cd , Co, .S in com-

100
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Fig. 4. The degradation efficiency vs. time in the conditions:
CdS-dark (e), UV radiation (¥), CdS-UV radiation (¢) and
CdS nanoparticles-UV radiation (¢), CR 20.0 mg/L, catalyst
100 mg/L, pH 7 and temperature 28°C.

parison to CdS nanoparticles. In other words, the CdS
naoparticles with 3% cobalt as a dopant ion has shown
higher degradation efficiency of 0.2, 0.5, 1.0, 3.0 and 5.0%
of cobalt-dopant. It can be concluded that the number and
the lifetime of free carriers in a semiconductor depend
on particle size and nature of the dopant. The dopant
can serve as shallow trapping sites in a semiconductor
and arrival time of electrons and holes was increased at
the surface. Therefore, the increase of degradation ef-
ficiency with the increase of the dopant amount of Co*
ion is expected. However, there exists an optimum Co*
concentration whether the Co* acts as e- and I* trap. At
high concentrations, #* may be trapped more than once as
it tries to make its way to the surface. The trapped hole can
recombine with an electron before it reaches the surface
and thus a photon is generated in the photocatalyst [32].

3.3. Effect of variables influence on degradation efficiency

The study of the role of pH on degradation of dyes
is important because the wastewater containing them
is discharged at different pHs. The obtained results
from photodegradation of CR at pH range of 5.0-11.0
catalyzed by Cd, Co, .S are shown in Fig. 6. As seen
from Fig. 6, the maximum degradation efficiency was
obtained at pH 5-7. The pH of isoelectric point (IEP) of
CdS is 7-8 and therefore the surface charge of particles
is positive in acidic pH. The existence of sulfonic group
in the molecule of CR is due to the negative charge of
dye molecules and the increase of molecules adsorption
on the surface of particles is expected. In alkaline pH’s,
the repulsive of CR molecules with CdS particles is due
to decrease of the adsorption of dye molecules and the
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Fig. 5. The degradation efficiency vs. time in the presence of
Cd, ,Co,Snanoparticles; X =0.002 (#), 0.005 (T), 0.01 (¢), 0.03
(®) and 0.05 (*), CR 20.0 mg/L, catalyst 100 mg/L, pH 7 and
temperature 28°C.
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Fig. 6. Effect of sample pH on the photodegradation efficiency,
pH(®)5,(#)7,(¢)9and () 11, CR20.0 mg/L, Cd, ,,Co, .S 100
mg/L and temperature 28°C.

decrease of degradation efficiency [34]. However, the pH
7 is selected as an optimum pH.

The degradation efficiency of Congo red (20.0 mg/L)
was investigated in the range of 40-250 mg/L of
Cd,,,Co, .S at pH 7 (Fig. 7). The results in Fig. 7 show
that the photodegradation efficiency of CR was increased
with increasing the amount of photocatalyst from 50 to
150 mg/L. The increasing of photocatalyst to 200 mg/L did
not show any improvement in degradation efficiency and
it was diminished with loading of photocatalyst above
of 200 mg/L. Total active surface area and availability
was increased with the increase of the photocatalyst dos-
age. However, as the loading was increased beyond the
optimum amount, due to an increase in turbidity of the
suspension with high dose of photocatalyst, there was a
decrease in penetration of UV light and photoactivated
volume of suspension. In these conditions, the penetra-
tion depth of the photons is decreased and less catalysts
nanoparticles could be activated [35,36]. Hence, the
optimum dosage of photocatalyst for degradation of CR
was found 150 mg/L.

The degradation of CR was studied at different initial
concentrations in the range of 5.0-30.0 mg/L. It is seen
from Fig. 8 that with increasing the initial concentration
of CR from 5.0 to 20.0 mg/L, the initial rate of degradation
increased and then decreased above the initial concen-
tration of 20.0 mg/L. Apparently, in high concentrations
of Congo red (>20.0 mg/L) more dye molecules were
adsorbed on the surface of the catalyst and thus the
generation of hydroxyl radicals at the catalyst surface
was reduced since the active sites were occupied by
dye molecules. Moreover, as the concentration of dye
increased, this also caused the dye molecules to adsorb
light with the result that fewer photons could reach the
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Fig. 7. Effect of dosage of Cd ,7Co, S photocatalyst on the

photodegradation efficiency duration 180 min, CR 20.0 mg/L,
pH 7 and temperature 28°C.
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Fig. 8. Plot of initial rate of degradation versus initial concen-
tration of CR, photocatalyst Cd ,,Co, .S 150 mg/L, pH 7 and
temperature 28°C.

photocatalyst surface and so, photodegradation efficiency
decreased [6-10,28].

3.4. Kinetic rate constants

The photocatalytic degradation of various organic
compounds such as dyes catalyzed by heterogeneous
photocatalysts can be formally described by the Lang-
muir-Hinshelwood kinetics model [37]:

r=dC/dt=dA/dt =kKC /(1+KC) @)

For low concentrations of dyes (KC << 1), neglecting
KC in the denominator and integrating with respect to
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time £, the above equation can be simplified to the pseudo-
first order kinetic model equation.

In(C, /C,)=In(A, / A)=kKt =K, t 3)

where dC/dt is the rate of dye degradation (mg/Lxmin),
dA/dt is the rate of absorbance change, C is concentration
of the dye (mg/L), A is absorbance of solution, ¢ is irradia-
tion time (min), k is reaction rate constant (min), K is the
adsorption coefficient of the dye onto the photocatalyst
particle (L/mg) and kaw is the apparent rate constant
calculated from the curves (min-1). If pseudo-first order
kinetic model is applicable, the plot of In(C /C) or In(A /
A, against t in Eq. (3) should give a linear relationship,
from which k= can be determined from the slope of the
plot. This kinetic model was applied to the experimental
data and apparent rate constants of degradation at dif-
ferent initial concentrations of Congo red (Fig. 9), k,,,
were determined from the slope of the plots. The results
are given in Table 1. Also, the half-life time at different
initial concentrations of dye are reported in Table 1. As
seen from Table 1, the half-life time of dye was increased
with increasing the initial concentration of Congo red.

Table 1

The rate constant (k), standard deviation (n = 3) and half-life
time of decolorization at different initial concentrations of CR,
photocatalyst Cd,, Co, .S 150 mg/L, pH 7 and temperature
28°C

CR, mg/L k, min™ 712, min
5 2.01+0.04x102 34.48
10 1.66+0.03x102 41.75
15 1.47+0.05x102 47.14
20 1.35+0.05x1072 51.33
25 1.02+0.14x102 67.94
30 0.78+0.03x102 88.85
5
4 5
_ 10
g 20
- 2
25
30
1
0¢
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Fig. 9. Plot of In (A /A,) vs. time at different initial concentra-
tions of dye (mg/L), photocatalyst Cd, . Co, .S 150 mg/L, pH 7
and temperature 28°C.

3.5. Reproducibility of the photocatalyst behavior

The degradation efficiency of Congo red during the
five cycles of batch experiments is shown in Fig. 10. In
each step of cycle experiments, the solution of the dye
was filtered, washed and the photocatalyst was dried.
The dried catalyst was used for the degradation of the
dye under similar conditions. The decrease of degradation
yield of CR after five cycles was found to be 10%. Also,
the filtrate solutions were analyzed by AAS to assess the
loss of Cd** ions to solutions as a result of dissolution of
photocatalyst. It was observed that after the five cycles
of experiments, dissolution of photocatalyst was found
less than 0.2%.

3.6. Photodegradation of dye under sunlight irradiation

Utilization of sunlight as the UV energy source is
beneficial from ecological point of view. Sunlight irradia-
tion is safe and cost effective source for photocatalytic
excitation and ultimately for degradation of pollutants
although it has only 5% of optimum energy. Thus, in
order to study the photoreactivity of Cd , Co, .S catalyst
under sunlight irradiation, photodegradation of CR was
performed in spring season and in optimized condi-
tions of 150 mg/L of photocatalyst, 20.0 mg/L Congo
red at pH of 7. The decolorization efficiency of dye was
obtained 43.6, 71.2, 86.2 and 90.3% after 60, 120, 180 and
240 min, respectively, with apparent rate constant of 1.01
x107 min™. The obtained results are not surprising with
the existence the absorption edge of Cd, Co, S semi-
conductor in the visible range of radiation.

3.7. Bleaching of Congo red in real water

The bleaching of dye was studied in real water con-
taining HCO;, COZ-and SO}~ with concentrations of 148.5,
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Fig. 10. Reproducibility of photoactivity of Cd . Co, .S
(150 mg/L) on the degradation of CR (20 mg/L) at pH 7 and

temperature 28°C.
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93.4 and 142.8 mg/L, respectively, at optimum conditions
under sunlight irradiation. The degradation efficiency
was obtained 74.5% after 240 min. The decrease of %D in
real water in comparison with distilled water is undoubt-
edly due to ability of anions of bicarbonate, carbonate
and sulfate as hydroxyl radical’s scavengers [38]. The
anions can be blocked the active sites on the surface of
photocatalyst particles and therefore, the photocatalyst
deactivated for pollutant molecules.

4. Conclusions

A co-precipitation method can be used for preparation

of Cd,,,Co, ,,S semiconductor as nanosized powder. The

prepared nanoparticles can be used as a photocatalyst
for degradation process of Congo red under UV and
sunlight irradiations in synthetic and real water samples.
The pseudo-first order kinetic for degradation reactions
was proven using the kinetic studies. The proposed
photocatalyst shows good reproducibility in five cycles
of degradation.
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