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Synthesis, characterization and applications of WO,:Eu
as a new photocatalyst for dye removal of colored wastewater
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ABSTRACT

Europium-doped WO, nanoparticles were synthesized by solution combustion method. The prepared
sample was characterized by means of X-ray powder diffraction (XRD), scanning electron microscopy,
and energy-dispersive X-ray spectroscopy. The XRD pattern of powder revealed the monoclinic crystal
lattice of WO,. The presence of 0.3 wt% of europium was confirmed by energy-dispersive spectroscopy
analysis. The photocatalytic efficiency of WO,:Eu was evaluated by the degradation of reactive blue
194 (diazo dye) aquatic solution under irradiation of UV light (253 nm).
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1. Introduction

Wet dyeing processes in textile industry have converted
it to one of the major water consumers [1,2]. Approximately
15% of the total dye consumed in dyeing processes enters
the wastewater directly and is released in nature [1]. Most
synthesized dyes are organic molecules with complex struc-
ture and good chemical stability and resistance to light [3].
Mineralization and single stage of organic matter removal
from wastewater are advantages of advanced oxidation
methods compared with conventional wastewater treatment
methods such as coagulation, adsorption, and membrane
separation [4]. Advanced oxidation processes are suitable
methods for the oxidation of a wide range of organic con-
taminants [5,6]. The good performance of photocatalytic pro-
cess in oxidation and mineralization of recalcitrant organic
materials has improved it into one of the best methods for
treatment of wastewater containing organic matter among
advanced oxidation processes. For this purpose, different
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semiconductors (TiO,, ZnO, WO,, Fe,O,, Bi,O,, SiO,, CdS, and
ZnS) are utilized in this process [6-9]. These oxides will have
the best performance when they have the most effective sur-
face. There is an enhancement in efficiency of these materi-
als if they are utilized in nanoscale. Oxide nanoparticles have
been synthesized with different methods, including copre-
cipitation [10], inoculation [11], hydrothermal [12], and solid
state. The microwave-assisted solution combustion method
is a rapid, simple method with low power consumption for
the preparation of nanopowders [13]. Tungsten oxide is an
n-type semiconductor with a wide range of band gap energy,
different phases, and combinations such as WO,, WO,, and
WO,  that have new applications in various fields of tech-
nology like electrochromic, photochromic, and gas chromic
and photocatalytic [14]. These properties have paved the
way for the employment of these metal oxides in a variety
of fields, including flat panel displays, smart windows, and
gas sensors such as H,, H,S,, NH,, and NO_[15]. Among these
metal oxides, tungsten trioxide is of utmost importance, and
due to its physical and chemical properties, it is extensively
applied as gas sensors, electrochromite, photocatalytic, and
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photoelectrochemical [16,17]. High degradation ability, simple
preparation, non-toxicity, and sufficient stability in acidic condi-
tion are considered as the major advantages of inexpensive WO,
which make it a good choice to utilize as a photocatlyst [18,19].

Solution combustion synthesis is the fast and simple
method that provides the possibility of achieving tungsten
oxide nanoparticles with a high effective surface. The final
product can be in the form of porous foams or dense par-
ticles, depending on the type of synthesized material. The
solution combustion synthesis results from nitrate resource
reaction with one or more organic fuels [20]. External heat
sources such as furnaces, microwaves, or direct flame can be
utilized to start the reaction and supply the activation energy.
In the microwave-assisted synthesis, thermal gradient direc-
tion will be from the inside of the primary cores to the out-
side; however, in the synthesis with furnace, the heating
methods are from the surface to inside of particles. This will
bring about the difference in particle morphology [21]. The
photocatalytic properties of the semiconductor can improve
by increasing the dopant.

In the present study, the photocatalytic properties of
the tungsten oxide nanoparticles doped with europium are
investigated.

2. Experimental setup
2.1. Synthesizes of photocatalyst

Eu-doped WO, was prepared by microwave-assisted solu-
tion combustion method through the use of citric acid as com-
bustion fuel. Tungsten powder (Sigma-Aldrich, Germany)
and europium oxide (Eu,O,; Merck, Germany) were used as
precursor. In the first step, 3 g of tungsten powder were dis-
solved in 50 mL of hydrogen peroxide (37%; Merck, Germany)
in a spontaneous reaction. The pH value of the solution was
up to 1. For europium doping, 0.02 g of Eu,0O, was dissolved in
5 mL of nitric acid (65%) and added to the solution. Thereafter,
1.5 g citric acid was added to the solution in order to improve
the combustion power. The final solution was heated to 80°C
until the formation of yellow gel. The prepared gel was put
in a microwave oven (900 W) for 5 min. Grinding the final
porous product enables it to be used in the reactor.

2.2. Characterization of photocatalyst

Morphological and surface properties of photocatalyst
were evaluated by means of scanning electron microscopy
(SEM; LEO 1455 VP SEM). X-ray diffraction (XRD) pattern
was carried out with a Cu Ka (A = 1.54056 A) radiation in
diffraction angle (20) range of 10°-80° with a typical step
size of 0.026° with equipment STOE Stadi P to identify crys-
talline phase. The elemental analysis of product was inves-
tigated by energy-dispersive X-ray spectroscopy (EDX)
detector (MIRA model, TESCAN, Czech Republic). The
UV-Vis spectrophotometry (CECIL, one beam) was utilized
to determine the light absorbance of dye solution.

2.3. Photocatalytic experiments

The photocatalytic experiments were performed in an
annular semibatch photoreactor with internal volume of

320 mL, which was equipped with a high pressure mercury
lamp (51 W, 253.7 nm, Osram) in the middle of the reactor
(Fig. 1). It is evident that the rate of reaction under visible
light irradiation is by far lower than providing under UV
light. It is the reason why industries, which consider time as a
basic factor, almost always use the UV light instead of visible
irradiation. Because of that, the experiments are performed
under UV light irradiation in this study.

The pH values of dye solution were adjusted by use
of HCl and NaOH. Degradation of reactive blue (RB) 194
(Fig. 2) under UV light was studied to estimate the photocat-
alytic activity of prepared samples. RB 194 is a water-soluble
diazo dye with C,;H, CIN, Na,O,S, chemical structure and
high acid and temperature stability (A__ =600 nm). This dye
is commonly used for dyeing cotton, silk, and viscose.

Photo degradation of dye is calculated by the following
equation:

(A —4)

0

% Decolourization = x100 @

where A is the initial light absorbance, and A is the light
absorbance of dye solution during the time of the reaction.
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Fig. 1. Schematic illustration of photoreactor.
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Fig. 2. Chemical structure of RB 194.
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3. Results and discussion

3.1. Structural, morphological, and elemental properties of
synthesized powder

Fig. 3 shows the result of XRD pattern of WO,:Eu. The
broad peaks of XRD pattern indicate the semiamorphous
structure of synthesized catalysts, which is probably due to
low temperature of combustion reaction. However, the main
peaks [002],[020],[202],[202],[222], [-402], and [34 0]
demonstrate the conformity to monoclinic crystal structure
(JCPDS No. 01-083-0951). The amount of up to 5 wt% of euro-
pium shows that there will be no peak, which corresponds to
independent phase of europium in XRD pattern.

The result of SEM analysis in Fig. 4 shows the dense struc-
ture which is made up of masses of nanoparticles. Low inten-
sity combustion and slow departure of gases arising from the
burning of organic fuels such as CO, and nitrate gases lead
to agglomeration of the particles to form the dense masses
[22]. On the other hand, in this reaction, germination rate is
higher than the cluster growing, which causes the formation
of nanoparticles. High surface area of the formed masses is
regarded as a positive parameter in decolorization processes.

Fig. 5 shows the EDX spectra of WO,:Eu. The EDX anal-
ysis of three different points of powder surface indicated the
uniform structure of prepared sample. Table 1 shows that W
and O are the most common elements and are regarded as
host compound by weight percentage of 84.8% and 11.1%,
respectively. The successful doping of europium in host
structure could be proved by EDX analysis result; weight
percentage of europium as dopant element is 0.3 wt%. The
existence of little amount of carbon on the surface of sample
corresponds to combustion synthesis method.

3.2. Photocatalytic experiments

The photocatalytic activity of synthesized WO,:Eu is
evaluated by photodegradation of RB 194 aquatic solution
under UV light irradiation. Wang et al. [23] prepared WO,:Eu
nanoparticle through a modified Pechini method and stud-
ied the photocatalytic performance of synthesized pow-
der by photocatalytic degradation of Rhodamine B aquatic
solution. The results show the expected performance of the
photocatalyst.

Fig. 5. EDX analysis of as-prepared sample.

Table 1
EDX elemental analysis of WO,:Eu
T T T T T T Wt% g
10 20 30 40 50 60 70 80 W 84.8 0.7
20 (degree) (@] 11.1 0.3
C 3.7 0.3
Eu 0.3 0.7

Fig. 3. XRD pattern of WO,:Eu.
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In this study, the photocatalytic activity of Eu-doped WO,
synthesized by solution combustion method was investigated
for the first time. Operational parameter’s effects comprising
catalyst dosage, pH, and initial concentration of dye solution
were investigated. Before the photocatalytic experiments, the
samples were stirred in dye solution in the dark for 30 min
in order to attain the adsorption-desorption equilibrium of
dye molecules on catalysts surface. The results illustrate that
there is a negligible dark adsorption in case of synthesized
powder (below 5%).

3.2.1. Effect of catalyst dosage

The photocatalytic experiments involving five different
dosages of catalyst for degradation of RB solution by initial
concentration of 20 mg L™ in 60 min reaction time under
UV irradiation in order to investigate catalyst dosage were
carried out. As illustrated in Fig. 6, maximum photocata-
lytic efficiency was achieved in 0.08 g L™ catalysts dosage by
47.89% decolorization. The photodegradation was improved
by increase in catalyst dosage from 0.02 to 0.08 g L™, which
was due to increase in active sites of catalysts that contrib-
uted in the reaction. Increase in catalyst surface area leads
to increase in *OH radical production and improve the pho-
todegradation efficiency. Thereafter, increasing the catalysts
dosage to more than 0.08 g L™ causes light scattering and
reduces the photons reaching the catalysts surface. On the
other hand, agglomeration of catalysts occurs in higher cata-
lyst dosages, which reduce the photocatalytic activity of the
sample [7].

3.2.2. Influence of pH of dye solution

The pH of solution has a crucial effect on the efficiency of
photodegradation of pollutants [24]. The effect of pH on pho-
todegradation of RB was studied in the pH range of 3-9. Zero
point charge of WO, is about 2.5 [25]; therefore, at higher pHs,
the electrostatic repulsion between the negatively charged
surface of catalyst and anionic dye prevents the adsorption
of dye on photocatalyst surface and reduces the dye degra-
dation efficiency[26]. On the other hand, the dissolution of
catalyst in acidic solution leads to low removal efficiency at
acidic pH range [27,28]. Fig. 7 shows that WO,:Eu particle
shows the best photocatalytic performance at natural pH
(pH value of 6.7).

3.2.3. Effect of initial dye concentration

Initial dye concentration is one of the effective opera-
tional parameters on photodegradation of pollutant. At high
concentrated dye solutions, dye adsorption on catalyst sur-
face reduces the active sites of catalysts and prevents compet-
itive adsorption of hydroxide ions on catalyst surface, which
reduces the production of hydroxyl radical [26]. Thus, the
dye degradation rate is reduced. On the other hand, photon
adsorption by the dye molecules are another result of concen-
trated dye solution that prevents the photons from reaching
the catalyst surface thereby reducing the rate of photoreac-
tion [29]. Fig. 8 shows the reduction of dye degradation effi-
ciency by increasing the initial dye concentration, which has
been predicted.
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Fig. 6. Effect of photocatalyst dose on dye removal ([Dye]:
20 mg L7, reaction time: 60 min, pH: 7, and temprature: 23°C).
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Fig. 7. Effect of pH of solution on dye degradation ([Dye]:
20 mg L7, reaction time: 60 min, and catalyst dose: 0.08 g L™).
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Fig. 8. Dependence of photocatalytic degradation of RB to initial
dye concentration (catalyst dose: 0.08 g L, pH: 7, and reaction
time: 60 min).

The comparison of photocatalytic efficiency between the
pure WO, and europium-doped WO, by catalyst loading of
0.08 g L7, toward degradation of 20 mg L™ dye solution by
natural pH is illustrated in Fig. 9. It is obvious that doping of
europium to WO, molecules structures improved decoloriza-
tion up to about 20%.
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3.2.4. Probable photocatalytic mechanism

The WO,:Eu was found to be more efficient than prepared
WO, for degradation of RB dye under UV irradiation. Fig. 10
is considered as probable schematic diagram of photocata-
lytic mechanism of Eu-doped WQO,. Doping of catalyst pre-
vents electron-hole recombination by trapping the induced
electron in the following reactions:

Eu’ +0O; - Eu” +0, )

Eu** +0, - «O; + Eu*' 3)

When the UV light photons irradiate WO,, a valence
band electron is excited (Eq. (4)), and an electron-hole pair
is produced:

WO, +hv - WO, (h" +¢) (4)

The generated valence holes react with water and lead to
the formation of *OH radicals that could degrade the struc-
ture of the dye molecules (Egs. (5)—(8)):

H,0+h" —»H" +OH" ®)

h* +OH — «OH 6)

100
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Decolourization (%)
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mWO3 14.23 27.43
B WO3/Eu 26.5 47.89

Fig. 9. A comparison between photocatalytic performance of
pure WO, and Eu-doped WO, (catalyst dose: 0.08 g L™, [Dye]:
20 mg L, contact time: 60 min, and temperature: 23°C).
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Fig. 10. Probable mechanism of WO,:Eu photocatalytic reaction.
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R-H+-OH - «R+H,0 @)

+OH + Dye — Degradation of dye 8)

Conduction band electrons produce superoxide radical
anions (*O") by reacting with the adsorbed oxygen on catalyst
surface. The created radical is efficient to degrade organic
dyes (Eq. (9)) [27]:

0,+e -0, )

4. Conclusion

Eu-doped WO, was synthesized by solution combus-
tion method. The doping of europium has been revealed
by EDX analysis. Existence of about 0.3 wt% europium
has been shown in EDX elemental analysis. Formation of
agglomerated nanoparticles masses has been shown in
SEM images. The photocatalytic degradation of RB 194
under UV (UV-C) irradiation by pure and europium-doped
WO, shows the improvement of dye photodegradation
by doping of catalyst. The optimum pH and catalyst dos-
age for the photodegradation of 20 mg L RB aquatic
solution in a contact time of 60 min was found to be 6.7 and
0.08 g L7, respectively. Evaluation of initial dye concentra-
tion revealed that increasing dye concentration reduces the
photodegradation rate.
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