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Abstract

Exploration of semiconductors in the field of photocatalysis plays a crucial role in energy and environmental remediation
in particular oxidation/reduction of toxic organic contaminants from water and wastewater. The present research work
aims on synthesis of pristine CeOznanoparticles by precipitation method and was thoroughly characterized by Fourier
Transform Infrared spectroscopy, X-ray Diffraction, UV-vis-Diffuse Reflectance Spectroscopy, High Resolution
Scanning Electron Microscopy, EDAX and Electron Spin Resonance techniques. The band gap energy (Eng) was found
to be 3.19 eV. The synthesized nanomaterials showed spherical morphology and the particles size ranged from 50-93
nm. The insitu generation of OH radicals was confirmed from ESR studies. The synthesized CeOznanospheres was
evaluatedin photocatalytic oxidation of an azo dye Acid orange 10 under Ultraviolet and visible light irradiations.
Experimental studies such as pH, catalyst amount and effect of initial dye concentration were also studied. Kinetic
studies indicate the photo reaction follows pseudo-first order rate equation. The photocatalytic oxidation of dye
molecules were monitored by UV-visible spectroscopy and COD analyses. The level of chemical oxygen demand (COD)
of the photodegraded samples decreases in both the photocatalytic systems indicating that dye molecules readily
degraded under present experimental conditions.Effect of electrolytes like MgSO4,KCI, Na;CO3; and NaHCO3; were also
investigated to check interference of inorganic anions on photocatalytic oxidation of dye molecules using CeO:
nanospheres. Finally, the prepared catalyst was checked for its reusability and the photocatalyst exhibited better
photocatalytic activity evenafter three cycles of regeneration.Copyright © VBRI Press.
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Introduction

The waste water released from industries such as
textiles, tanneries and fine chemicals are contaminated
with hazardous pollutants such as dyes, endocrine
disruptors and heavy metals and are discharged into
natural water causing major threat to environment [1].
The effluents were toxic in nature and cause various
diseases to living beings [2]. Different methods have
been adopted in treatment of wastewater but due to its
disadvantages an alternative method has to be
employed. Advanced Oxidation Process (AOP) through
semiconductor photocatalysts is a promising and
effective method in dye degradation [3]. Different
heterogeneous photocatalysts like TiO,, ZnO, CeO- [4]
have been employed in Ultraviolet and visible light
driven photocatalytic oxidation and reduction of
contaminants present in waste water. Cerium oxide
(CeOy) rare earth metal oxide (band gap = 3.19 eV)
exhibits high efficiency in visible and Ultraviolet light
exhibits properties like multiple valence states [5-6] and
oxygen storage capacity [7-9]. It also finds number of
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applications such as solid oxide fuel cells, catalysis,
oxygen sensors and also as photocatalyst in degradation
of contaminants, hydrogen storage and thermal
dissociation of H»,O andCO,[10-15]. In the present
work a precipitation method was employed to
synthesize pristine spherical CeO, nanoparticles and it
was characterized by Fourier Transform Infrared
spectroscopy, X-ray Diffraction, UV-vis-Diffuse
Reflectance Spectroscopy, High Resolution Scanning
Electron Microscopy, EDAX and Electron Spin
Resonance techniques. The efficacy of CeO, was
investigated in photocatalytic oxidation of acid
orange 10 dye under Ultraviolet and Visible light
irradiation.

Experimental section

Materials

Cerium nitrate hexahydrate (CeNO3.6H,O 98%) and
DMPO were procured from Sigma-Aldrich, India. Acid
Orange 10 dye (AO10) and Sodium carbonate
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(Na,COs3) were purchased from S.D. Fine Chem.,
Mumbai, India. All the chemicals were employed
without purification. The purification of DMPO was
performed and purity was checked before analysis.

Synthesis

Pristine CeO; was synthesized by precipitation method
using cerium nitrate as a precursor and sodium
carbonate as precipitating agent. A typical procedure is
given below [16]: Equimolar solution of cerium nitrate
and sodium carbonate was prepared. On addition of
base to the cerium nitrate solution a white precipitate
was obtained. The material was filtered and washed
with water and ethanol. The CeO, was dried in hot air
oven at 110°C overnight and calcined at 700°C for 3h
and was named as PCeO,.The prepared PCeO; was
stored in desiccator.

Characterization of the catalyst

The presence of surface functional groups in the
synthesized PCeO, was measured by Fourier
Transfor Infrared spectroscopy (Perkin  Elmer).
The crystallinity and phase analysis were characterized
by X-ray Diffraction(PAN  analytical  X-ray
diffractometer, Germany). The band gap energy of
PCeO, was analyzed by UV-visible-Diffuse
Reflectance Spectroscopy(UV2600, Shimadzu
spectrometer; Japan). The morphology, particle size and
elemental composition were determined by High
Resolution Scanning Eelectron Microscopy and
EDAX analysis (Model Supra 55- Carl Zeiss,
Germany).The generation of OH free radicals under
UV and Visible irradiation was confirmedby Electron
Spin Resonance techniques(Model - Bruker EMX
X Band).

Photocatalytic oxidation of AO10 by PCeO2

AO10 was oxidized photocatalytically  under
Ultraviolet and visible light irradiations. The reactions
was conducted separately in annular batch type
Ultraviolet and visible photoreactors. The source of
visible light irradiation was a water cooled, 500 W
tungsten filament lamp while 8 UV lamps (8 W each) at
254 nm were the source of UV irradiation. Cooling fans
were provided in the reactor. Studies on effect of pH,
catalyst loading and dye concentration were optimized
based on preliminary photocatalytic experiments. Order
of the reaction was determined from kinetic studies.
Samples were withdrawn from the reaction solution and
analysed by UV-visible spectroscopy. Using a
calibration graph, the concentration of unreacted dye
molecules in the solution was calculated and the
percentage dye degradation was determined by the
following equation:

Degradation efficiency (%) = (Co-Ce/ Co) * 100 (1)

where, Co and C. are the initial and final dye
concentrations in the aqueous phase, respectively.
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Results and discussion
Fourier transfor infrared spectroscopy

The Fourier Transfor Infraredspectra of as
synthesized PCeO, were recorded by disc plate method
in the range of 400-4000 cm? employing KBr as an
internal standard. The FT-IR spectra of PCeO, exhibits
characteristic peaks at 848 and 521 cm® shown in
Fig. 1a, which corresponds to metal oxide stretching
vibrations of Ce-O in the synthesized catalyst. A band
at 3453 cmlis attributed to the OH groups at the surface
while peak at 1382 cm™ corresponds to physically
adsorbed water molecules [17].

X-ray diffraction

The XRD patterns of PCeO, exhibits peaks at 26 scale
at 28.43°% 33.14° 47.63° 56.31°% 59.04° and 69.53°
corresponding to (111), (200), (220), (311), (222) and
(400) planes respectively and is shown in Fig. 1b. The
crystallite size was calculated using Scherrer eq. (2).

D =k\ (B cos 0) 2

where, k is 0.94 (spherical nanoparticles), A the
wavelength of radiation (0.154 nm) and B is the full
width at half maximum (FWHM) and 6 half the
diffraction angle. The average crystallite size of the as
synthesized PCeO, was fond to be 52-56 nm.

35
(@ PCeO,
30

25 4

20 4

% of Transmittance

1382 521

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

70
(b) oo,
60
(111)
50 4
@
S 40+ (220)
2
B 311
§ 301 (311)
£
20 - (200)
10 4 N =)
8§ =
. et W
T T T T T T
10 20 30 40 50 60 70
20 degree

Fig. 1. (a) Fourier Transform Infrared spectrum and (b) X-Ray
Diffraction pattern of PCeO..
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UV-visible diffuse reflectance spectroscopy (UV-vis-
DRS)

The photocatalytic activity of the catalyst was
investigated by absorption of light energy. The
absorption characteristics are shown in the UV-visible
diffuse reflectance spectrum of the prepared material
(Fig. 2a) the amount of energy required for the
excitation of the electron from valence band to
conduction band is determined by band-gap energy
(EQ). Crystalline CeO,shows an absorption maximum at
around 400 nm in the UV region [18]. Eg was
calculated from a plot of (Ahv)?vs hv and is shown in
Fig. 2b. The Eg of the synthesized PCeO,is 3.19 eV.
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Fig. 2. (@) UV-vis- Diffuse Reflectance Spectrum and (b) Band gap of
synthesized PCeO,

Surface morphology by high resolution scanning
electron microscopy and EDAX analysis

The HRSEM images indicates that PCeO, were
spherical in shape and particle size of the synthesized
was confirmed from analysis and is shown in Fig. 3a.
The particle size ranges from 50-93 nm and displayed
spherical morphology. The elemental composition
confirms the presence of constituent elements in the
synthesized material shown in Fig. 3b.
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Fig. 3. Morphology of PCeO, (a) HRSEM and (b) EDAX analyses.
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Electron spin resonance studies

The OH free radicals generated in the reaction medium
on Ultraviolet or visible light irradiation were analyzed
by Electron Spin Resonanceanalysis. The irradiation
experiments were carried out in aqueous medium and
DMPO was employed as a spin trapping agent. After
addition of the photocatalyst, the mixturewas irradiated
withUV (60 s) or visible light (20 min).The samples
were then centrifuged and the Electron Spin Resonance
spectrum of the clear solutions were recorded. A
characteristic four peak signal of intensity ratio of
1:2:2:1 was obtained as shown in Fig. 4. This represents
the spin trapped DMPO- ‘OH radical adduct. This OH
free radicals were formed in the system by
photocatalyst upon light irradiation.
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Fig. 4. Electron Spin Resonance spectrum of the DMPO spin trapped
OH free radical formedunder (a) Ultraviolet and (b) visible
irradiation.

Photocatalytic activity

The characterization studies reveals that the synthesized
PCeO; nanospheres exhibits a band gap value of 3.19
eV and particle size ranges from 50-93 nm. OH free
radicals was formed in the photocatalytic system was
confirmed from ESR spectroscopic studies. The OH
free radicals further react with organic dyes resulting in
mineralization process which leads to releaseof CO;
and H,O. Experimental studies such as variation of pH,
varying catalyst loading and initial dye concentration
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was determined out to investigate the optimum ratio
suitable for photocatalytic oxidation of AO10 under
Ultraviolet and Visible light irradiation.
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Fig. 5. Photocatalytic oxidation of AO10 dye by PCeO, under
Ultraviolet and Visible light irradiation (a) Variation of pH,
(b) Varying catalyst loading and (c) Effect of dye concentration.

Preliminary studies under Ultraviolet and Visible
light irradiation

Studies on variation of pH

The photocatalytic oxidation of AO10 dye by
PCeOqphotocatalyst was subjected in a range of pH (2-
11) under Ultraviolet and Visible light irradiations and
is shown in Fig. 5a. The synthesizedphotocatalyst
displayed 79% and 78% of degradation under Visible
and Ultraviolet light irradiation at neutral pH. Hence
neutral pH was fixed and further photocatalytic
experiments were conducted at neutral pH.

Studies on varying catalyst loading

Studies on varying catalyst loadingin photocatalytic
oxidation of AO10 dye was displayed in Fig. 5b.
The catalyst amount was varied from 5 - 25 mg/ 10 ml
of 10ppm dye concentration. 83.55% and 80.86% of
degradation was exhibited by 15 mg and 10 mg of
PCeO, under Visible and Ultraviolet light irradiation.
On further increasing the catalyst amount, decrease in
percentage of degradation was observed and is due to
large amount of substance that may obstruct the light
entering the system, thereby reducing the photocatalytic
degradation. Hence 10 mg and 15 mg of catalyst dosage
was chosen as the optimum quantity for photocatalytic
oxidation of AO10 under Ultraviolet and Visible light
irradiations respectively.

Studies on varying dye concentration

Studies on varying initial dye concentration for 10 ml of
test solution with optimum amount of catalyst under
neutral pH was varied from 5-25 mg/L. Further on
increasing the concentration of dye, decrease in
percentage of degradation was observed from 88.94 -
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70.88% and 80.32 - 38% was observed under
Ultraviolet and Visible light irradiation respectively at
neutral pH and is shown in Fig. 5¢. Hence 10 mg and
15 mg/ 10 ml at neutral pH was fixed as optimum
quantity in photocatalytic oxidation of AO10 under
Ultraviolet and Visible light irradiation respectively.
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Fig. 6. Kinetics of photo oxidation of AO10 (a) Ultraviolet
(b) Visible. Pseudo- first order kinetic plots for photo oxidation of
AO10 under (c) Ultraviolet (d) Visible light irradiation.

Kinetics

Thephotocatalytic oxidation of AO10 by PCeO; was
determined by time dependence studies. The kinetics
were performed for various initial dye concentrations
ranging from 5-25 ppm with100 mg and 150 mg of
PCeO- in 100 ml dye concentration at neutral pH in the
photocatalytic systemand the results were displayed in
Fig. 6a and Fig. 6b. Kinetics obeyed pseudo-first order
pathway Fig. 6¢c and Fig. 6d. The samples collected
during kinetic studies were analyzed by UV-visible
absorbance and COD analysis and the results were
displayed in Fig. 7a, Fig. 7b and Fig. 7c respectively.
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COD value decreases from 390 mg/L to 37 mg/L
and 421.2 mg/L to 28.8 mg/L in Ultraviolet and
Visible light for 10 ppm of dye concentration.
The UV-visible spectrum suggests that the AO10
dye molecule was mineralized completely and absence
of peaks in the scan range of 200-800 nm in the
spectrum.

Effect of electrolytes on photocatalytic oxidation of
AO10

The interference of inorganic anions on photocatalytic
oxidation of AO10 by PCeO; was investigated in the
presence of KCI, MgSQO4, Na2CO3 and NaHCO3 and is
shown in Fig. 8. The concentrations of electrolytes
were varied from 1-7 wt% with 10 mg and15 mg of
PCeOqunder Ultraviolet and Visible light respectively
in 10 ppm dye concentration. Increasing the
concentration of KCI resulted in decrease in percentage
of degradation [19], the percentage of degradation
increased in case of carbonates by increase in its
concentration. The concentration of sulphate increased
upto 1.5% and decrease in photocatalytic degradation
was observed and is due to presence of sulphate radicals
which may be produced in the photocatalytic system at
lower concentration.
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Fig. 8. Studies on electrolytes addition on photocatalytic oxidation of
AO010 dye by PCeO,.

Reusability studies

The efficacy of PCeO, on photocatalytic oxidation of
AO10 was determined from reusability studies and is
shown in Fig. 9 (a) and 9 (b). The catalyst exhibits
better activity even after three cycles. PCeO, showed
decrease in percentage of degradation from 85% to 83%
in Ultraviolet and 78% to 76% in Visible light
irradiation. The results indicates that the catalyst was
photocatalytically active even after three cycles of
regeneration.
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Fig. 9. Reusability studies of PCeO, in photocatalytic oxidation of
AO10 under (a) Ultraviolet and (b) Visible light irradiation.

Summary

Precipitation method was employed in synthesis of
PCeO, nanospheresand characterized by Fourier
Transform Infrared spectroscopy, X-ray Diffraction,
UV-vis-Diffuse  Reflectance  Spectroscopy, High
Resolution Scanning Electron Microscopy, EDAX and
Electron Spin Resonance techniques.The average
crystallite size was 52-56 nm and band gap energy (EQ)
was found to be 3.19 eV. The particle size was in nano
range (50-93 nm) and displayed spherical morphology
and EDAX analysis confirms the presence of
constituent elements. The OH radicals generated was
confirmed from Electron Spin Resonance studies.
Further the synthesized PCeO, nanospheres was
evaluated for its activity in photocatalytic oxidation of
AO10 dye wunder Ultraviolet and Visible light
irradiation. 10 mg and 15 mg ofPCeQO2exhibits 88.94%
and 80.32% of degradation under Ultraviolet and
visible light irradiation for 10 ppm dye concentration
respectively.The reaction followed pseudo-first order
relationship which is confirmed from kineticstudies.
Decrease in COD from 390 mg/L to 37 mg/L and 421.2
mg/L to 28.8 mg/L under Ultraviolet and Visible light
was obtained confirming the progress of reaction. The
photocatalyst retained its photocatalytic activity which
is confirmed from reusability studies. Hence the
prepared PCeO, nanospheres exhibits better
degradation in Ultraviolet light in degrading organic
moiety present in waste water compared to Visible
light.
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