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ABSTRACT

In this study, Eu-doped CdSe nanoparticles with variable Eu®* content
were synthesized by a simple sonochemical method. Eu® substitution
into the structure of CdSe resulted in a material with new physical
properties, composition and morphology. The synthesized nanoparticles
were characterized by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Brunauer—
Emmett—Teller (BET), and UV-Vis diffuse reflectance spectroscopy
techniques. The sonocatalytic efficiency of pure and Eu Cd, Se samples
was evaluated by monitoring the decolorization of RRed 43 in aqueous
solution under visible light irradiation. The BET specific surface area and
pore volume of mesoporous europium doped CdSe greatly exceeds in
comparison to undoped CdSe samples. Among the different amounts
of dopant, 8% Eu-doped CdSe showed the highest catalytic activity. The
effects of various parameters such as initial dye concentration, catalyst
loading, ultrasonic power, and the presence of radical scavengers were
investigated. Superoxide radicals and photogenerated holes were detected

as the main oxidative spices.
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INTRODUCTION

Degradation of hazardous organic pollutants
existing in industrial wastewater via advanced
oxidation processes (AOPs) has been an active
area of research. The primary mechanism of AOP
is production of «OH radical with high oxidization
potential to achieve faster and efficient degradation
of the contaminants. The AOP procedure is
particularly appropriate for cleaning biologically
toxic or non-degradable materials such as
aromatics, pesticides, petroleum constituents, and
volatile organic compounds in wastewater [1-4]

In the recent years, sonocatalysis as another
AOQP process has also been applied for degradation
of organic dyes [5-7]. The chemical influence of
ultrasonic (US) arises from acoustic cavitation
include the formation, growth and implosive
collapse of bubbles in a solution .The collapse of
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bubbles produces localized hot spot with very high
temperature and a pressure. Under such extreme
conditions, the dissolved oxygen and water
molecules can undergo direct thermal dissociation
to produce highly reactive radical species such as
(«OH), hydrogen («H) and oxygen (+O), that play
an important role in oxidizing organic pollutants
in water [8-11].

Unification of these two methods together
seems to enhance the degradation ratio of organic
pollutants due to the synergic effect of sonocatalysis
and photocatalysis [12]. Alongside the formation of
reactive oxygen species (ROS) via cavitation, the use
of ultrasound wave in photocatalytic process have
other benefits such as increasing the active surface
area of catalyst by preventing the aggregation of
particles, increasing the mass transfer of pollutants
between solution and catalysts surface, preventing
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the catalyst deactivation by continuously cleaning
the catalyst surface from absorbed molecules by
microstreaming and micro bubbling, and increasing
the number of regions of high temperature and
pressure by breaking up microbubbles created via
US into smaller ones in the presence of catalyst
particles [13-14].

Among the II-VI semiconducting materials,
CdSe has been extensively investigated owing to
its small band gap energy, which has been reported
to be from 1.65 to 1.8 eV [15]. It has been found to
be suitable for various optoelectronic applications
in catalysis [16], biological labeling [17] and solar
cells [18]. CdSe has been regarded as an efficient
semiconductor under visible light irradiation [15].
However the fast recombination of photogenerated
electron-holes restricted its practical application
because the photoinduced electrons and holes are
neutralized before they can initiate the photocatalytic
processes [19]. Lanthanide-doped nanostructured
semiconductors have been utilized as an effective
photocatalyst and sonocatalyst in recent years.
Rare earth cations with incomplete occupied 4f and
empty 5d orbitals also could notably improve the
separation rate of photo induced charge carriers in
semiconductor sonocatalysts and greatly enhance
the sonocatalytic activity [1,20-22].

In this study, a simple sonochemical route is
introduced for the synthesis of pure and europium-
doped CdSe (EuCd, Se) nanoparticles. The
sonocatalytic activity of pure and Eu-doped CdSe
nanoparticles was investigated toward to RRed 43
(as a model organic dye) (see Table 1). There is no
report on the sonocatalytic degradation of RRed 43
in the presence of Eu-doped CdSe nanoparticles.

EXPERIMENTAL SECTIONS
Chemicals and materials

All chemicals needed in this study were of
analytical grade and were used without further

purification. Se (99.99 %), Eu (NO,),.5H,0, ethanol
(99 %) and NaOH were obtained from Sigma-
Aldrich. Cd (NO,),.4H,0 (99.5 %) and N,H,.H,O
(99 %) were purchased from Merck; Reactive Red
43 was obtained from the Zhejiang Yide Chemical
Company (China).

Preparation of Eu-doped CdSe nanoparticles

Eu-doped cadmium selenide compounds with
different Eu contents (0-12 mol %) were prepared
through sonochemically route using hydrazine
hydrate (N,H,.H,O) as the reducing agent. In a
usual synthesis, Cd (NO,),.4H,O and appropriate
molar ratios of Eu(NO,),.5H,0, 2 mmol Se powder
and 1 mmol NaOH were first dissolved in 50 ml
distilled water. Then, hydrazine hydrate (N,H,.
H,0) was added drop wise to the above solution
with middle speed stirring. Lastly, using bath
type sonicator (SW12H, Fisher Scientific) with a
frequency of 37 kHz and output intensity of 200
W, the mixture was sonicated for 2h. As-prepared
Eu Cd_Se nanoparticles were collected and
washed several times with absolute ethanol and
distilled water to remove residual impurities, and
then vacuum-dried at 50 °C for 3 h. As a result, the
black powder with 84% yield was obtained.

Characterization

To conclude the crystal phase composition of
the prepared CdSe and Eu-doped CdSe samples,
XRD characterization was carried out at room
temperature using a D8 Advance, Bruker, Germany
diffractometer with monochromatic high-intensity
Cu Ka radiation (I=1.5406 A°), the accelerating
voltage of 40 kV and the emission current of 30
mA. The morphologies and nanostructures of the
samples were examined by field emission scanning
electron microscope (FESEM, Hitachi S-4200,
Japan). X-ray photoelectron spectroscopy (XPS)
(K-ALPHA, UK) was used for determination of

Table 1. Characteristics of Reactive Red 43
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the chemical composition and chemical state.
The optical absorption spectra of all the samples
were carried out by diffuse reflectance UV-Vis
spectrophotometer (Varian Cary 3 Bio, Australia).

Evaluation of catalytic activity

The sonophotocatalytic activity of undoped
and Eu-doped CdSe nanoparticles was evaluated
by the decolorization of Reactive Red 43 as a dye
pollutant. In a usual process, 0.1g of the nanocatalyst
was suspended into 100 mL of model dye aqueous
solution with a known initial concentration. Then, the
suspended solution was irradiated by compact 40W
fluorescent visible lamp equipped with cutoff filter
for providing visible light illumination (A>420 nm) in
the ultrasonic bath. The evaluation of color removal
was determined by its absorbance at A__ = 519 nm
using UV-Vis spectrophotometer. The decolorization
efficiency (DE) was calculated using Eq. 1:

C

DE (%) =(1 —C—O) X 100 (1)

where Co and C are the initial and final
concentration of the dye in the solution (mg/L),
respectively. In the reusability test of the
nanocatalyst, the used catalyst was separated from
solution and washed with distilled water and dried
at 70 ° C and then used in a new experiment.

RESULTS AND DISCUSSION
Characterization of the synthesized samples
The powder X-ray diffraction (P-XRD) patterns

of the Eu-doped CdSe samples are shown at
Fig. 1. All the diffraction peaks of the samples
can be readily indexed to the pure typical well-
crystallized hexagonal CdSe ((No. 08-0549, space
group P63mc, a = 0.4299 nm and ¢=0.7010 nm)
[20,21] (see supplementary data S1). No peaks
showing impurities were identified, confirming
that the sonochemical route applied in this study
was affluent in synthesizing the desired samples.
Moreover, the sharp diffraction peaks in the XRD
spectra of the synthesized samples show that the as-
prepared compound was highly crystalline. Behind
the doping levels of x = 0.08 for Eu**, additional
unknown phases were observed. There is a slight
shift to the higher diffraction angles in the 0.08%
Eu-doped CdSe pattern.

To clarify the size and shape of the nanoparticles,
SEM analyses were done. Fig. 2 shows the SEM
microphotographs of the CdSe and Eu doped
CdSe samples, respectively. As compared to pure
CdSe, SEM images display the bigger crystalline
size of the europium doped CdSe nanoparticles.
This proves that doping of Eu**ions into the CdSe
lattice raises the aggregation of nanoparticles and
correspondingly increases the size of the particles.

Figs. 3(a) and (b) show that the size distribution
of the Eu, Cd Se as-synthesized compound is in
the range of 40 to 60 nm, which is bigger than that
of undoped CdSe nanoparticles (20-40 nm). These
figures validate the fact that doping of Eu** into the
structure of CdSe does not change the morphology
of CdSe nanoparticles.
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Fig. 1. Powder X-ray diffraction pattern of Eu Cd, Se ((a) x = 0.20, (b) x = 0.04, (c) x = 0.08)

=0
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Fig. 2. SEM image of pure CdSe (a), Eu,,,Cd ,.Se (a) and Eu ,,Cd ,,Se (b) nanoparticles

To confirm the incorporation of Eu ions into the
CdSe crystal lattice and to evaluate the oxidation
state of terbium, XPS analysis was carried out.
The XPS spectrum and narrow scan XPS of
Eu,,,Cd, ,,Se nanoparticles is shown at Fig. 4a—c.
As can be seen in narrow scan spectrum of Cd 3d
in Fig. 4b, two peaks centered at 405 and 412 eV
can be attributed to the transition of Cd 3d,,, and
Cd 3d, ,, respectively [23]. The single peak located
at the binding energy of 54.58 eV attributed to the
Se 3d transition (see Fig. 4b) [24]. As can be seen
in Fig. 4c, the presence of Eu 3d, , and 3d, , peaks
located at 1134.3 and 1164.2 eV confirms that Eu
ions have been successfully doped into the crystal
lattice of CdSe [7].

Fig. 5 displays Tauc plot of (hva)?® versus (hv)
and the intercept of the resulting linear region with
the energy axis in which the band gap energy of
as-prepared compound can be calculated. It can be
concluded that the Eg value of the doped CdSe is
lower than that in pure sample, and decreases with
the increase of dopant. Table 2 lists the direct optical
band gap energy for pure and Eu-doped CdSe.

The nitrogen adsorption/desorption isotherm
of the pure CdSe and 8% Eu’**-substituted CdSe

Nanochem Res 3(2): 178-188, Summer and Autumn 2018
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Fig. 3. Particle size distribution profile of (a) undoped CdSe
and (b) 8% Eu-doped CdSe nanoparticles.
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are shown in Fig. 6. In the case of CdSe and Eu-
doped samples, two isotherms with a well-defined
hysteresis loop in the pressure range of 0.3-1.0 p/
pO0 were observed. The BET specific surface area of
mesoporous CdSe is 54.4115m?/g. Also, the BET
specific surface area of mesoporous Eu-substituted
CdSe (79.3512 m? g-') considerably exceeds that
of CdSe. These physical features expect superior
adsorption performances of europium-doped CdSe.

Synergistic effect of photocatalysis and sonocatalysis
in degradation of RRed 43 on Eu-doped CdSe

To evaluate the sono, photo and sono-
photocatalytic performance of the synthesized
Eu-doped CdSe, a set of comparative experiments
were conducted and the results are shown in Fig.
7a. As clearly shown, the decolorization efficiency
was negligible in the absence of catalyst particles
under light irradiation, showing that photolysis
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does not contribute to removal of RRed 43 from
aqueous solution. The result of the experiment
performed in dark condition indicated that surface
adsorption does not have any significant influence
in decolorizition of dye solution. The removal
percentage by photocatalytic process was less than
45% showing the low efficiency of this process.
The results of degradation of dye molecules under
ultrasonic irradiation in the presence and absence
of catalyst particles illustrated that decolorization
efficiency by sonocatalytic degradation (69%) was
greater than that by the sonolysis process (8%). The
decolorization efficiency enhanced significantly in
sono-photocatalytic process (89%), because of the
synergic effects between sono and photocatalysis
which can be summarized as follows: (i) generation
more number of ROSs by combined photocatalytic
process and cavitation effect, (ii) enhancing the
mass transfer rate, (iii) disaggregation of catalyst
particles by US wave and more available active
surface area, and (iv) formation of more hot spots
in the presence of catalyst particles [12-14].

As demonstrated in Fig. 7b, the plot of (-In (C/

100
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ed (em¥g STP) w
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&)
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Cuantit

o

C,) vs. time gives a linear dependence in the case
of all three photocatalytic, sonocatalytic and sono-
photocatalytic processes indicating pseudo-first
order kinetics.

The changes in the UV-Vis absorption spectra
of RRed 43 during the sonophotocatalytic process
at different irradiation times are shown in Fig. 8.
The decreasing concentration of RRed 43 during
the catalytic reaction is used to evaluate the activity
of the sonophotocatalyst.

The effect of scavengers on decolarization efficiency
In order to investigate the mechanism of

degradation process and to detect the major

oxidative spices, the experiments were performed

Table 2. Direct optical band gap energy of undoped CdSe and
Eu-doped CdSe nanostructures

Sample Band gap (eV)
Undoped CdSe 1.67
2% Eu-doped CdSe 1.53
4% Eu-doped CdSe 1.36
8% Eu-doped CdSe 1.24
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Fig.6. Typical nitrogen adsorption—desorption isotherm of mesoporous pure CdSe (a) and 8% Eu-doped CdSe (b).
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in the presence of suitable scavengers of active
spices. As presented in Fig. 9, addition of t-BuOH
(the scavenger for hydroxyl radical) causes 37%
decrease in decolorization percentage. With
the addition of oxalate (scavenger for h* ) the
decolorization percentage reduced to 57%. When
benzoquinone (BQ) (scavengers for superoxide
radicals) was added, degradation of dyes is
remarkably inhibited. These results indicated
that superoxide radicals and h* , were the main
oxidative spices in degradation of dye molecules,
however, hydroxyl radicals affect the decolorization
too. Considering the synergic effect of sono and
photocatalysis and above discussion, the possible
mechanism for degradation process can be as
follows [12,14]:

i) The catalyst nanoparticles can get excited by
both light and US irradiation to generate electron-
hole pairs:

ii) The conduction band electron can react with
adsorbed oxygen molecules to form *O, , HO, and
H,0,:

e +0,50;, @)
H*+:0, > HO; (5)
HO,+e +H'>H,0, (6)

iii) The photogenerated holes can oxidize the
water molecules or hydroxyl anions to constitute
hydroxyl radicals:
h*+ OH > ‘OH (7)
h*+H,0 - "OH + H* (8)

iv) Also the presence of ultrasonic irradiation
can promote water molecule pyrolysis and produce

Eu-doped CdSe + (hvand US) > h* + ¢ (3) hydroxyl and hydrogen radicals:
100% |
ag% | ~ msonophotocatalytic process
B0% u sonocatalytic process
70% -
_— - B photocatalytic process
» 60% |
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a0% B only photalysis
30% B only sonolysis
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Fig. 7. (a) Comparison of different processes in decolorization of Reactive Red43, (b) First order kinetic plot for photocatalytic,
sonocatalytic and sono-photocatalytic processes. [Dye] = 10 mg/L, [Catalyst] = 1.5 g/L
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Fig.8. Degradation of RRed 43 under sonophotocatalytic process using 8% Eu-doped CdSe nanoparticles.
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Fig. 9. Effect of different scavengers on decolorization of Reactive Red 43, [Dye] = 10 mg/L, [Catalyst] = 1.5 g/L, [Scavenger] = 5 mM

H,0+ US> H'+ 'OH 9)
‘OH +*OH > H,0, (10)

(v) Finally, the produced active species can
degrade the dye molecules:

Dye + ROSs > degradation of dye molecules (11)

Influence of primary dye concentration

In this study, different initial dye concentrations,
varying from 10 to 40 mg/L, were employed. As
displayed in Fig. 10, DE% decreased from 88.32 to
59.14% considering primary concentration from 10
to 40 mg/L. At high dye concentrations, the pollutant
molecules fill the energetic sites on the surface of
the catalyst and led to a remarkable reduction in the
degradation ratio. The diffusion of light to the catalyst’s
surface may be prevented in the elevated concentration
of dye solution causing lower performance. [25].

Nanochem Res 3(2): 178-188, Summer and Autumn 2018

Influence of catalyst amount

Fig. 11 displays the influence of catalyst dosage
on the degradation ratio. Initial dye concentration
and sonication time were continual at 10 mg/L
and 120 min, respectively. From Fig. 12, the color
removal ratio was 57.32, 72.36, 89.35 and 82.10 %
at dosages of 0.5, 1, 1.50 and 2 g/L, respectively.
Therefore, the degradation ratio elevated from 0.5 to
1.50 g/L, and afterwards reduced. This trend could
be assigned to the extending active surface area for
the sonication process. Due to the aggregation of
sonocatalyst which reduces the number of active
sites and ultrasound scattering, DE% decreases
beyond 1 g/L [5, 12].

Influence of sonication power

The influence of ultrasonic power on the
decolorization ratio of RRed 43 was also studied in
the range from 50 to 200 W. The degradation ratio
is elevated from 62.33 % to 93.52% with applying
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Fig. 10. The influence of RRed 43 concentration on degradation efficiency.
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Fig.12. Influence of ultrasound power on the degradation ratio of RRed 43 by 8%
Eu-doped CdSe. [RRed 43] = 10 mg/L, [Catalyst]0 = 1.5 g/L,

the sonication power from 50 to 200 W/L, as seen
in Fig. 12. By increasing the ultrasonic power,
the generation of the «OH radicals elevates,
resulted in enhanced degradation ratio. Besides,

186

great power led to the enhancement of solution
disturbance, and consequently, promotion the
rate of mass transfer for dye, intermediates and
reactive species between the bulk solution and
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CR(%)

Run Number
Fig. 13. Reusability of Eu-doped CdSe within five consecutive runs.

surface of the nanocatalyst [25]. Considering the
small difference of degradation ratio between 150
and 200 W, we set the experiments on 150 W for
energy saving.

Photocatalyst recycling and photostability

Fig. 13 shows the reusability of 8% Eu-doped
CdSe was tested in the presence of 1.5 g/L
catalyst powder, 10 mg/L dye concentration and
the reaction time of 120 min. Following each
decolorization test, for the new experiment, the
catalyst was gathered and washed with distilled
water and dried at 50 °C for 3 h. As is seen in Fig.
13, 8% Eu-doped CdSe sample showed outstanding
chemical stability without any notable decaying
during catalytic process.

CONCLUSION

In summary, Eu-doped CdSe nanoparticles
were synthesized by a simple and environmentally
friendly sonochemical method as a novel catalyst.
As-synthesized photocatalyst was applied for the
sono-photocatalytic decolorization of RRed 43 in
aqueous solution. The decolorization efficiency of
the synthesized nanoparticles was much higher
in sono-photocatalytic process than that of other
methods. Elevated degradation ratio was seen in
the case of 8% of Eu’*. Various radical scavengers
reduce the sonophotocatalytic degradation ratio of
RRed 43 especially in the case of 1,4 benzoquinone.
The main oxidative species in this process were
detected to be h* , and superoxide radicals.
The results confirmed that Eu-doped CdSe
nanoparticles can be used in several experimental
cycles without considerable drop in catalytic
activity.
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