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Rare earth elements/WO, nanowires: Visible lights nanophotocatalysts
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ABSTRACT

Tungsten trioxide nanowires were prepared successfully by a sol- gel technique. Rare earth doped
tungsten trioxide nanowires were successfully prepared by a photoassisted deposition route. Tung-
sten trioxide and rare earth doped tungsten trioxide nanowires were characterized by many charac-
terization methods. The XRD results reveal that all tungsten trioxide and rare earth doped tungsten
trioxide nanowires samples are composed of WO, form. Also, we noticed that the intensity of tung-
sten trioxide sample is higher than that of rare earth doped tungsten trioxide nanowires samples,
which means rare earth elements can retard grain growth of WO, particles. Nd-WO, photocatalyst
has the lowest crystallite size and band gap and has highest photocatalytic activity and specific sur-
face area in regard to other rare earth doped WO, samples. This can be attributed to its individual
properties of crystallite size , band gap and surface of texture. Details of the preparation process
and outcomes of characterizations of the prepared rare earth doped tungsten trioxide nanowires are

discussed.
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1. Introduction

Removal of sulphur from fluidized catalytic cracker
(FCC) naphtha up to the favorable limits is a critical issue
in the refining industry. The FCC naphtha is a major
component of gasoline pool. The main sulfur containing
compounds present in FCC naphtha are the thiophenes.
Thiophenes are aromatic compounds and so they are inert
relative to other sulphur-containing compounds. Hydrode-
sulfurization process is one of the important methods that
have been used in removal of thiophenes [1-8].

The draw backs of this method are its high cost besides,
affecting the octane number of gasoline. Many alternative
efficient and economical methods have been investigated, for
removal of thiophene compounds, to overcome these draws
backs such as pervaporation method [9-13]. Temperature and
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pressure requirements in pervaporation are relatively low in
comparison to hydrodesulfurization and it was concluded
that the pervaporation method remove thiophene successfully
from FCC gasoline up to any favorable limit. Several alterna-
tive processes have also been reported for thiophene removal,
such as reactive adsorption using solid adsorbents and H, [14],
selective adsorption without H, at ambient temperature [15-
21], hydrodesulfurization with distillation [22,23], absorption
with ionic liquids [24-26]. Although the broad scale applica-
tions of these processes but they are very costly.

Recently, different polymeric materials such as polyhe-
dral oligomeric silsesquioxane (POSS), poly vinylidene flu-
oride (PVDF), polyimide (PI), poly ethylene glycol (PEG),
etc.... have been used as membrane material for thiophene
removal from gasoline [27-39]. In modern trends, extraction
desulfurization has been devoted to be the most effective
and suitable method as a result of its mild operational con-
ditions of temperature and pressure without any hydrogen
consumption [40].
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In recent years, there has been an extensive interest in
heterogeneous photocatalysis using semiconductors for the
removal of pollutants. The main advantage of photocatal-
ysis is that it provides a more environmentally sustainable
solution for pollutant removal without any need for further
treatment. The degradation of thiophene under visible-light
irradiation using nanocomposites made of polyaniline/
mesoporous Cu,O was studied [41]. The photocatalytic effi-
ciency of a semiconductor/conductive polymer composite
under visible light is large.TiO, was doped with Ag and
the resulted photocatalyst was supported on MWCNTs,
and then Ag-TiO,/ MWCNT photocatalysts were used to
degrade thiophene by photocatalysis under visible light
irradiation in an aqueous solution and it was found that the
optimum mass ratio of MWCNT:TiO,: Ag was 0.02:1.0:0.05,
which resulted in the photo catalyst’s experimental per-
formance in oxidizing about 100% of the thiophene in a
600 mg/L solution within 30 min [42]. Other researchers
studied the photo oxidation of thiophene using different
materials as, RuO,/S0O,-TiO, [43], NiO/AgInS, nanoparti-
cles [44], Pd/ZrO,—chitosan nanocomposite [45], Ag-BiVO,
[46], TiO,/Cr-MCM-41 [47], TiO, [48], TiO,/Ni-ZSM-5 [49].
Pt/PbS Nanoparticles [50], MoO,/¥-ALO, [51], titania/
MWCNT composite [52].

Tungsten trioxide is narrow band gap [53]. Tungsten
trioxide photocatalysts can be prepared by many methods
[54-60]. The drawbacks for using tungsten trioxide as pho-
tocatalyst is high electron-hole recombination rate and low
specific surface area, many methods were used to improve
photocatalytic activity of tungsten trioxide such as by nitro-
gen doping [61,62]. In this paper, tungsten trioxide was
prepared by a sol-gel method in presence of surfactant to
improve its specific surface area and also, we studied effect
of different rare earth elements on rate of electron-hole
recombination and studied its photocatalytic activity for
removal of thiophene under visible light.

2. Experimental
2.1. Synthesis of the photocatalysts

The precursors were used in the sol-gel preparations of
tungsten trioxide are tungsten isopropoxide, glycine, pro-
panol, titanium isoperoxide, erbium nitrate, praseodymium
nitrate, europium nitrate, and neodymium nitrate. The sol-
gel method was employed to prepare WO, nanowires. In
this procedure, 6.0 g of glycine was dissolved in a mixture
of 30 mL of distilled water, 20 mL propanol and 0.05 g of 1
M HNO,. 20.0 g of tungsten isopropoxide was added to the
mixture. After stirring for 60 min at room temperature, the
resulting mixture was left to stand until the formation of
gel. The gel was then calcined in air for 5 h at 550°C.

Rare earth doped tungsten trioxide nanowires were suc-
cessfully prepared by a photoassisted deposition route as in
the following steps: dispersion of WO, nanowire in water,
then dissolving of required amount of rare earth elements,
in the suspension. To remove any dissolved oxygen in the
suspension, the suspension was bubbled by nitrogen gas
for 1 h and rate of 100 ml per minute. The suspension was
irradiated for 24 h using Hg—Xe lamp. The photo generated
electrons can reduced Er, Eu, Pr and Nd ions to Er, Eu, Pr
and Nd metals and there were deposited on surface of WO,

nanowire. The Rare earth doped tungsten trioxide nanow-
ires samples were washed and dried in air for 2 h at 100°C.
The weight percent of WO, to rare earth elements were kept
as 98 to 2 wt %.

2.2. Characterisation techniques

The nanostructure of the prepared materials were exam-
ined by the mean of JEOL-JEM-1230 Transmission electron
microscope (TEM). A Nova 2000 series Chromatech appa-
ratus was employed to determine the prepared materials
specific surface area. Bruker axis D8 with Cu Ko radiation
(A = 1.540 A) was applied to determine the prepared mate-
rials phase and their crystallite size. A Thermo Scientific
K-ALPHA spectrometer was applied to determine state of
the prepared materials. A spectrophotometer of type (V-570,
Jasco, Japan) was adopted to determine the band gap of the
synthesized materials. A fluorescence spectrophotometer
(Shimadzu RF-5301) was applied to determine the prepared
materials emission spectra.

2.3. Photocatalytic experiment

Rare earth elements/ WO, nanowires were used to mea-
sure degradation of thiophene using Visible light. Annular
batch reactor with a horizontal cylinder was used for the
photocatalytic reaction. A blue fluorescent lamp, which has
150 W as power and maximum energy corresponding to 450
nm and covered by UV cut filter, was used to irradiate rare
earth elements/ WO, nanowires photocatalysts. Rare earth
elements/ WO, nanowires photocatalysts were dispersed in
acetonitrile solution containing thiophene ([sulfur content]
initial = 600 ppm). The photocatalytic reactions were carried
out at 12°C by a flow of cooling water. Sample from reaction
mixture was taken at interval times to measure the photo-
catalytic activity of rare earth elements/ WO, nanowires. The
samples were analyzed by GC, Agilent 7890 and GC-MS
to determine the thiophene remaining concentration in the
reaction mixture. GC conditions applied for photocatalytic
oxidation of thiophene are summarized in Table 1.

Table 1
Chromatographic conditions
oxidation of thiophene

applied for photocatalytic

Oxidation of thiophene

35°C for 2 min, 35-80°C at 10°C/min,
80°C for 6 min, 80-220°C at 15°C/min,
220°C for 10 min

Helium, constant pressure mode, 8.6 psi
Agilent 355 SCD

Burner temperature: 800°C

Vacuum of burner: 350 Torr

Vacuum of reaction cell: 5 Torr

Air flow: 60 ml/min

H, flow: 40 ml/min

1mL

Inert flow path split/splitless inlet,
240°C, split ratio 10:1

Agilent J&W DB-Sulfur SCD, 70 m x 0.53
mm, 4.3 pm

Oven

Carrier detector
Sample loop

Inlet

Column
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The removal efficiency of thiophene was measured by
adopting the following equation:

% Removal efficiency = (C - C)/C_ x 1001) (1)
where C_ is the initial concentration of thiophene and C is
the remaining concentration of thiophene.

2.4. Photocurrent intensity tests

Boiling TIO (Indium-tin-oxide) slices in sodium hydrox-
ide solution (2M) and deionized water, alcohol and acetone
were used for sonication of the ITO for 15 min. After that,
TIO was dried at room temperature. The pretreated ITO
was dropped in WO, nanowires or rare earth elements/
WO, nanowires solutions. Electrochemical workstation,
Zahner Zennium, Germany was used to record photocur-
rent intensity in Na,SO, solution (0.1 M) and 0.2 V applied
potential. The irradiation source is a 500 W, Xe lamp and it
was connect to a monochromator to produce the monochro-
matic light at 420 nm.

3. Results and discussion
3.1. Photocatalysts characterizations

Fig. 1. shows XRD patterns of tungsten trioxide and rare
earth doped tungsten trioxide nanowires. The XRD results
reveal that all tungsten trioxide and rare earth doped tung-
sten trioxide nanowires samples are composed of WO,
form. Also, we noticed that the intensity of tungsten tri-
oxide sample is higher than that of rare earth doped tung-
sten trioxide nanowires samples, which means rare earth
elements can retard grain growth of WO, particles. Also,
we noticed that there is no diffraction peaks for rare earth
or rare earth oxides, which may be due to low content of
rare earth element or may be due to high dispersion of rare
earth on surface of tungsten trioxide nanowires. Scherrer
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Fig. 1. XRD patterns of tungsten trioxide and rare earth doped
tungsten trioxide nanowires.

equation was used to calculate crystallite size of tungsten
trioxide and rare earth doped tungsten trioxide samples.
The crystallite size for WO,, Er-WO,, Eu-WO,, Pr-WO, and
Nd-WO, samples is 20, 18, 16 14 and 12 nm respectlvely
Therefore doping of rare earth elements can retard grain
growth of WO, particles.

Fig. 2. shows that XPS spectra of W, O, Er, Eu, Pr and
Nd species of rare earth doped tungsten trioxide nanowires
samples. The presence of two binding energy at 36.6 and 34.6
eV for W4f, / and W4f, o respectively, prove the existence of
W¢* ions, as shown in Fig. 2A. The presence of one binding
energy at 531.4 eV for Ols, prove the existence of O* ions, as
shown in Fig. 2B. The presence of W and O* ions, prove the
existence of WO,, which agree with XRD results. The pres-
ence of two binding energy at 1126 and 1165 eV for Eu3d, ,
and Eu3d,,, respectively, prove the existence of metallic
europium , as shown in Fig. 2C. The presence of one binding
energy at 167.5 eV for prove the existence of metallic erbium,
as shown in Fig. 2D. The presence of two binding energy at
932 and 954 eV for Pr 3d, , and Pr d, ,, respectively, prove
the existence of metallic praseodymium , as shown in Fig.
2E. The presence of two binding energy at 981.4 and 1006 eV
for Nd 3d,,, and Nd d, ,,, respectively, prove the existence of
metallic neodymium, as shown in Fig. 2F.

Fig. 3 shows TEM image of tungsten trioxide and 2 wt
% Nd-WO, nanowires. The results reveal that the shape
of WO, and Nd-WO, samples is nanowires, which means
deposition of rare earth has no significant effect on shape
of WO,. Also, we noticed that rare earth (neodymium) was
deposited as dots on surface of WO, nanowires.

The BET surface area of tungsten trioxide and rare earth
doped tungsten trioxide nanowires are tabulated in Table 2.
The BET surface area values are 90, 87, 86, 85 and 89 m?/g,
for WO,, Er-WO,, Eu-WQO,, Pr-WO, and Nd-WO, samples.
The BET values of tungsten trioxide and rare earth doped
tungsten trioxide nanowires are higher than other samples
mentioned in literature, due to using of glycerin as struc-
ture directing agent. Also, we noticed that doping of rare
earth element may be block some pores of tungsten trioxide
and so BET surface area of rare earth doped tungsten triox-
ide is smaller than that of tungsten trioxide.

Fig. 4 shows diffuse reflectance UV-Vis absorption spec-
tra of tungsten trioxide and rare earth doped tungsten triox-
ide nanowires. The properties of semiconductor are greatly
dependant on band gap energy. The activity of the photo-
catalysts is strongly affected by band gap energy, because
value of band gap energy can control rate of electron and
hole recombination. The values of band gap energy of WO,,
Er-WO,, Eu-WO,, Pr-WO, and Nd-WO, samples , which cal-
culated from UV-Vis spectra are tabulated in Table 1. The
values are 2.9, 2.8, 2.7, 2.45 and 2.3 eV for WO,, Er-WO,,
Eu-WO,, Pr-WO, and Nd-WO, samples, respectively. There-
fore, doping of rare earth has great effect of band gap energy
of WO, nanowires.

Fig. 5. shows PL spectra of tungsten trioxide and rare
earth doped tungsten trioxide nanowires. The results reveal
that doping of rare earth has great effect on PL peak inten-
sity of WO, nanowires. Therefore, doping of rare earth has
great effect on e-h recombination rate and Nd- WO, sample
has the lowest PL peak 1nten51ty and the lowest rate of e-h
recombination rate, which are in agree with UV-Vis results
and band gap values.
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Fig. 2. XPS spectra of W(A), O(B), Er(C), Eu(D), Pr(E) and Nd(F) species of rare earth doped tungsten trioxide nanowires samples.

Fig. 3. TEM image of Tungsten trioxide (A) and 2 wt % Nd-WO, (B) nanowires.
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Table 2
BET surface area and band gap of WO,, Er-WO,, Eu-WO,, Pr-
WO, and Nd-WO, samples

Sample Sper Band gap,
(m?/g) eV
WO, 90.00 290
2 wt % Er-WO, 87.00 2.80
2wt % Bu-WO, 86.00 2.70
2wt % Pr-WO, 85.00 2.45
2wt % Nd-WO, 89.00 2.30
— WQ,

— 2wt % Er-WO,
— 2wt % Eu-WO,
— 2wt % Pr-WO,
— 2wt % Nd-WO,

Absorbance, a.u.

200 300 400 500 600 700 800 900
Wavelength, nm

Fig. 4. Diffuse reflectance UV-Vis absorption spectra of tungsten
trioxide and rare earth doped tungsten trioxide nanowires.
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Fig. 5. PL spectra of tungsten trioxide and rare earth doped
tungsten trioxide nanowires.

Fig. 6. shows transient photocurrent responses of
tungsten trioxide and rare earth doped tungsten trioxide
nanowires photocatalysts. The results reveal that the pho-
tocurrent density is increase in the following order WO, <
Er-WO, < Eu-WO, < Pr-WO, < Nd-WO,, which means the

——— 2wt % Nd-WO,
— 2wt %PrWO,
2wt %EuWO,
2wt %ErRWO,

Photocurrent, mA/cm2

AR TSP RPN RS TR TP SR NP DU SR R B
0 20 40 60 80 100 120 140 160 180 200 220 240

Time(s)

Fig. 6. Transient photocurrent responses of tungsten trioxide and
rare earth doped tungsten trioxide nanowires photocatalysts.

e-h recombination rate is decreased in the following order
WO, > Er-WO, > Eu-WO, >Pr-WO, > Nd-WO,. The results
of photocurrent density are very close to UV-Vis and PL
spectra results.

3.2. Photocatalysts performances

Fig. 7 shows photocatalytic activity of tungsten trioxide
and rare earth doped tungsten trioxide nanowires for thio-
phene removal efficiency %. The photocatalytic removal
efficiency with the use of WO, is small (50%), this can be
explained by the fact that WO, has wide band gap (2.90 eV)
compared to values of the band gaps are earth doped tung-
sten trioxide nanowires samples. Photocatalytic removal
efficiency of thiophene with the use of Er-WO,, Eu-WO,,
Pr-WO, and Nd-WO, samples was at 65%, 75% , 85% and
100%, respectively. It is clear that the addition of rare earth
elements increases photocatalytic removal efficiency of
thiophene, due to decreased band gap, increased surface
area and the increase of life time of e-h recombination rate
as confirmed by PL and photocurrent density results.

To confirm the complete degradation of thiophene to
CO,, H,0 and SO,, the obtained gases were passed through
sodium hydroxide solution (0.2 M) and then to barium
nitrate solution (0.2 M). The obtained precipitate 1 was
determined by XRD as shown in Fig. 8. The XRD results
confirm the presence of barium carbonate and so carbon
dioxide is one of main products from degradation of thio-
phene. The precipitate 1 was added to nitric acid and the
obtained precipitate was donate as precipitate 2 and was
determined by XRD as shown in Fig. 9. The XRD results
confirm the presence of barium sulfate and so SO, is one of
main products from degradation of thiophene, which agree
with published work [41,42,44,50,51].

The effect of the amount of added catalyst to the reac-
tion was also studied. Fig. 10. Effect of photocatalyst dose of
2 wt % Pr- WO, nanowires on thiophene removal efficiency
%. The photocatalytic removal efficiency of thiophene
increased from 65 to 100% by increasing the dose from 0.4
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Fig. 7. Photocatalytic activity of tungsten trioxide and rare earth
doped tungsten trioxide nanowires for thiophene removal ef-
ficiency %. Photocatalytic conditions are 60 min reaction time,
visible light source of irradiation, 600 ppm initial sulfur concen-
tration and 1.2 g/L dose of photocatalyst.
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Fig. 8. XRD pattern of precipitate 1.
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Fig. 9. XRD pattern of precipitate 2.
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ires on thiophene removal efficiency %. Photocatalytic condi-
tions are 60 min reaction time, visible light source of irradiation,
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Fig. 11. Photocatalytic stability of 2 wt % Nd-WO, nanowires
photocatalyst for photocatalytic degradation of thiophene. Pho-
tocatalytic conditions are 40 min reaction time, visible light
source of irradiation, 600 ppm initial sulfur concentration, 2 wt
% Nd-WO, used photocatalyst and 1.6 g/L dose of 2 wt % Nd-
WO, Photocatalyst.

to 1.2 g/L, respectively. Reaction time required for a com-
plete removal of thiophene decreased from 60 to 40 min by
increasing the dose of 2 wt % Pr- WO, nanowires photocat-
alyst from 1.2 to 1.6 g/L, respectively. This may be due to
increased number of available active sites by the increase in
the dose of the photocatalyst. If the dose was raised above
1.2 g/L to a value of 1.6 g/L the photocatalytic 2 wt % Pr-
WO, nanowires decreases from 100 to 95% and the reaction
time increases from 40 to 60 min. the higher dose of photo-
catalyst beyond a certain point may result in hindering pen-
etration of light to reach all active sites of the photocatalyst,
which agree with published work [41,42,44,50,51].
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A test on the possibility of the reuse of the catalyst was
also performed. Fig. 11. shows photocatalytic stability of
2 wt % Pr-WO, nanowires photocatalyst for photocata-
lytic degradation of thiophene. The figure shows that the
removal remains constant even if the catalyst was reused
for additional four times showing great stability of the 2 wt
% Pr-WO, nanowires photocatalyst, which agree with pub-
lished work [41,42, 44, 50,51].

4. Conclusions

Tungsten trioxide nanowires were prepared successfully
by a sol-gel technique. Rare earth doped tungsten trioxide
nanowires were successfully prepared by a photoassisted
deposition route. Crystallite size, texture structure and
band gap energy of WO, nanowires can be controlled by
control type of doped rare earth element. The photocatalytic
activity of Rare earth doped tungsten trioxide nanowires is
well correlated with BET surface area and band gap energy.
Nd-WO, photocatalyst has the lowest band gap and particle
size and has highest photocatalytic activity and specific sur-
face area in regard to other rare earth doped WO, samples.
This can be attributed to its individual properties of band
gap, particle size and surface of texture.
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