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The photocatalytic degradation of methylene blue in aqueous solution was studied using a UV
source in the presence of zinc oxide-cerium oxide (ZnO-Ce203) as photocatalyst, which was
synthesized by a gel combustion technique and characterized by X-ray diffraction, scanning
electron microscopy, and energy dispersive X-ray spectroscopy. The particle size of the

catalyst was found to be in between 45 to 60 nm. The effects of catalyst loading (1.0-8.0 g/L),

KEYWORDS

Zn0-Ce203
Photocatalyst
Nanomaterial
Methylene blue
Gel-combustion
Water treatment

pH=9.2.

pH (4.0-9.2) and dye concentration (5.0-20.0 mg/L) on the degradation were studied in a
batch reactor. The degradation rate was found to be strongly dependent on these
experimental parameters. Appreciable degradation of methylene blue was achieved when the
catalyst was calcined before use. Best results were observed with a catalyst loading of 5 g/L at

1. Introduction

Discharge of industrial dye-containing wastewater is a
major source of environmental problems, especially in third
world countries [1]. Conventional treatment methods involve
either adsorption or chemical coagulation; but these methods
only augment the problem since they merely transfer the dyes
from the liquid to the solid phase which necessitates further
treatment and may result in secondary pollution [2]. Thus,
alternative treatment strategies such as semiconductor
mediated photocatalytic oxidation can be applied successfully
for complete mineralization of organic dyes without causing
any secondary pollution.

Use of nanoparticle semiconductors such as titanium
dioxide (TiO2), zinc oxide (ZnO), iron oxide (Fe203), and
cadmium sulphide (CdS) in the photocatalytic degradation of
organic pollutants in water and air have attracted attention in
the past two decades [1,3-8]. In particular, ZnO nanoparticles
have attracted much attention with respect to degradation of
many organic pollutants [9, 10]. ZnO is a suitable alternative to
TiO2 (3.2 eV) as it has similar bandgap energy [6], larger
quantum efficiency and higher photocatalytic efficiency [3,11-
12]. Cerium oxide, a semiconducting material with a bandgap
(4.1 eV) [13], has also been considered as a good photocatalyst.
Metal oxide coupling can increase the responsiveness of
suspended metal oxide particles to the visible and UV light.

The effect of various parameters such as pH and catalyst
loading on the degradation of methylene blue (MB) using zinc
oxide and zinc oxide doped with other metals were studied by
various groups [14-15]. Chakrabarti and Dutta [16] employed
zinc oxide catalyst to study the degradation of MB and Eosin
Yellow. A maximum degradation of 60% was observed for MB
under optimal condition (pH = 9.7, catalyst loading 1.0 g/L, dye

concentration of 50.0 mg/L, UV lamp 16 W and air flow rate
6.131/min). The photocatalytic degradation of dye using
palladium (Pd) doped ZnO [17] was applied as catalyst for UV-
induced degradation of methanol, glucose and sucrose in
aqueous solutions in a photocatalytic reactor. Zn0/CdO [18],
Mn-doped ZnO [19], thulium ion (Tm3+*)-doped nanometer ZnO
[20] were also used in photocatalytic degradation of MB under
visible light. From these reports, it can be concluded that
photocatalytic reaction depends on the design, working
conditions and the power of UV lamp and the nature of catalyst.
In recent years it has been verified that the doping of
semiconductors with metals or metallic oxides increases the
photocatalytic activity of these semiconductors [21]. Magesh et
al. studied photocatalytic degradation MB using Ce modified
TiO2 (Ce02-TiO2) nanoparticles synthesized by polymer
assisted method, which shows that coupling a photocatalyst
with high recombination rate to a suitable material will
enhance photocatalytic activity [22]. The high UV absorption
efficiency leads to the generation of more electrons and holes at
the catalyst substrate interface. These electrons and holes are
considered the main species involved in the photocatalytic
degradation process. The general scheme of the photocatalytic
destruction of organic compounds begins with its excitation by
suprabandgap photons, and continues through redox reactions
where *OH radicals formed on the photocatalyst surface, play a
major role in photodegradation [23]. The mechanisms are
shown in equations 1-4.

Zn0 — Ce, 05 — Zn0 — Ce, 05 (h* + e) (@)
where h* =holeande = electron

h* + H,0 - OH + H* )
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h*+ OH™ - OH 3)
e+ 0, - 05 (4)

The objective of the present study involves the preparation,
characterization and application of zinc oxide coupled cerium
oxide catalyst for the degradation of MB. Synthesis of the
catalyst was carried out by self-ignition gel combustion method
and its application in photo catalytic degradation of MB dye
was explored. The effect of catalyst loading, concentration of
the dye and pH on the photo catalytic reaction was studied in
detail.

2. Experimental
2.1. Instrumentation

To study the surface morphology and elemental analysis of
the photocatalyst, scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDAX) were carried out
(ESEM Quanta 200, FEI, USA). X-ray diffraction study of the
catalyst was carried out (Bruker D2 Phaser, USA) at 20 = 5-60 ©,
step size of 0.02 © with a time step 0.5 sec. Methylene blue
concentration was estimated using UV-visible (Systronics-117,
India) spectrophotometer at wavelength of 663.2 nm. Quartz
cuvette of 10 mm path length was used.

2.2. Synthesis of Zn0-Cez03 and characterization

Synthesis of Zn0-Ce203 was carried out by gel combustion
process. Zinc nitrate hexahydrate (Merck, >96.0%) and cerium
(IIT) nitrate (Himedia, >99.0%) were used with glycine as fuel.
Suitable quantities of zinc nitrate, cerium nitrate and glycine
were dissolved in 125 mL distilled water, so that the fuel to
nitrate molar ratio was maintained as 0.24. The reaction
mixture was placed on a hot plate. As the heating progressed,
water vapour and nitrates (nitric gases) were released during
heating resulting in the formation of gel. The reaction was
completed by self-ignition (combustion), minutes after the
formation of the gel, leaving behind golden yellow powder. The
catalyst was then calcined at 400 °C. The synthesized powder
(Zn0-Ce203) was characterized by SEM, X-ray diffraction (XRD),
and (EDAX) to study the surface morphology, size, and
composition.

2.3. Evaluation of photocatalytic activity

The reaction set up consisted of a static batch photo reactor
of 800 mL capacity, (cylindrical glass flask) open to air. The
glass flask was kept on a magnetic stirrer which ensured
oxygenation, and uniform mixing of the reaction mixture.
Irradiation was assured by artificial light, using two UV lamps
of 8 W (Philips), positioned directly above the liquid surface.
The distance between the lamp and base of the beaker was 26
cm and the depth of liquid in the beaker was 2.5 cm. Reaction
temperature was maintained at ambient conditions (27 * 3 °C)
for all experimental trials. Each experimental run was carried
out for 120 min. The concentration of the dye in the reaction
mixture was measured at regular interval by measuring the
absorbance of the aliquot solution using the UV-visible
(Systronics-117) spectrophotometer (at 663.2 nm) with de-
ionized water as reference.

3. Results and discussion
3.1. SEM and XRD analysis

Figure 1 shows the SEM pictures of ZnO-Cez203 particles
produced by the gel combustion technique. It shows two

different size of particles agglomerated to a certain extent. The
small sized spherical particles of cerium oxide were well-

dispersed on the pellet type structured zinc oxide. XRD of as-
prepared Zn0-Ce20s3 is represented in Figure 2a and XRD of 400
oC calcined Zn0O-Cez03 represented in Figure 2b. The peaks in
the Figure 2b match with the ZnO and Cez203 standards. From
JCPDS data, Powder Diffraction File. Card no: 89-8435 [24] and
Powder Diffraction File. Card no: 36-1451 [25], we can confirm
the presence of Ce203 and ZnO (Wurtzite phase). As-prepared
Zn0-Ce203 XRD shows amorphous morphology and calcined at
400 °C showed crystalline morphology having broad peaks. A
crystal size of the sample was calculated by Scherrer’s formula
(d=0.94 A/B cosB) and was found to be 45-60 nm.
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Figure 2. (a) XRD patterns of ZnO-Ce;03 (without calcined), (b). XRD
patterns of calcined (400 °C) ZnO-Ce20s3.
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3.2. EDAX analysis

EDAX spectrum of ZnO-Cez03 (Figure 3) shows the peaks
for zinc, cerium and oxygen elements indicating that the
coupled catalyst is made up of only these elements. Peak
indexing of the elements are oxygen 0.525 keV, zinc 8.63 keV,
and cerium 5.01 keV. The compositions in mass percentage of
the elements are zinc 58.90%, cerium 24.34 %, and oxygen
16.70%. The observed composition matches with the
theoretically calculated composition.

Counts

3

4.00 8.00 12.00 16.00 20.00 24.00 28.00 3200 3600 keV

Energy (keV)
Figure 3. EDAX spectrum of calcined Zn0O-Ce203.
3.3. Photocatalytic activity
3.3.1. Effect of catalyst loading

In order to study the photocatalytic property of the ZnO-
Ce203, experiments were conducted using as-synthesized and
calcined catalysts. The effect of the photocatalyst loading, dye
concentration and pH on degradation was studied. Pseudo first
order kinetic model was used to determine the kinetics of the
reaction. To determine the degradation, if any in the absence of
the catalyst, test experiment was conducted and it was
observed that no degradation occurred. To find the effect of
adsorption on solid catalyst, the catalyst was dispersed in the
solution and kept in the dark for 60 minutes with stirring,
negligible adsorption of the dye was observed.

To determine the optimal amount of the photocatalyst
loading, the experiments were carried out by varying catalyst
loadings for as-prepared catalyst and calcined catalyst at pH =
7. Initial degradation experiments were conducted using as-
prepared (uncalcined) catalyst for catalyst loading (1.0 to 5.0
g/L). The plot of C/Co as a function of irradiation time was
represented in Figure 4. C is the concentration of dye in the
reaction mixture (mg/L) and Co is the initial concentration of
the dye (mg/L). Maximum degradation of 37% was achieved
for catalyst loading of 5.0 g/L for 2 h. From Figure 2a we can
observe that XRD of as-prepared Zn0-Ce203 is amorphous in
nature and exhibits very low photocatalytic activity. The
amorphous structure leads to the recombination of the photo-
generated electrons and holes [26], which in turn reduces the
photocatalytic activity. The other possible reason is the
presence of trace amounts of nitrate in the catalyst, which may
affect the generation of hydroxyl ions which in turn suppress
degradation rates.

For calcined ZnO-Ce203, experiments were conducted using
varying catalyst loading of 1.0 to 8.0 g/L. The plot of C/Co as a
function of irradiation time is represented in Figure 5. It was
found that after 2 h, 90% degradation was achieved for catalyst
loading of 5.0 g/L at neutral pH. The degradation achieved by

calcined Zn0O-Ce203 showed better photocatalytic activity when
compared with the wuncalcined catalyst. The catalytic
degradation MB is better than degradation reported earlier for
10 mg/L dye concentration using different photocatalyst
[7,13,23]. The decrease in the rate above 5.0 g/L for calcined
catalyst loading is perhaps due to light scattering caused by the
suspended catalyst [27-29]. The phenomenon may be
explained as follows: with increase in the catalyst loading the
incident light penetration to the substrate catalyst interface
becomes difficult. Increase in the catalyst concentration may
decrease the photoabsorption, which in turn reduces the dye
adsorption thus reducing MB degradation. The optimal catalyst
loading depends on various factors such as the geometry of the
reactor, type of the catalyst, the working condition and incident
radiation reflux [27,30-31]. In order to study the degradation
kinetics a pseudo first order kinetic model was used .The
general rate equation is given as:

-dC
Cdt =kCCoy- ®)

where C represents the methylene blue concentration and Con-
the hydroxyl radical concentration. By the pseudo-stationary
hypothesis (i.e. the Cou+ can be considered to be constant
because of the continuous hydroxyl ion generation by
photocatalysis and the rate depends only on methylene blue
concentration), hence the rate expression (5) can be written as
(Equation 6)

~In [C} =kt (6)
G

The linear plot of ln(COJ versus t gives the rate
C

constant, k (slope).
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Figure 4. Effect of catalyst loading (without calcined) on the fractional
degradation of MB at pH = 7.

The degradation rate data obtained for different catalyst
loading were plotted using pseudo first order kinetic model, the
fairness of the fit is indicated by the fact that linear regression
(r?) values are greater than 0.9. Therefore the model is in good
agreement with the experimental data. The values of the first
order rate constant and r2 are indicated in Table 1.

3.3.2. Effect of concentration

Experiments were conducted to study the effect of dye
concentration at constant loading of catalyst 5.0 g/L and pH =
7. The dye concentration was varied from 5.0 to 20 mg/L. An
increase in the dye concentration leads to decrease in the rate
of its degradation. Plot of C/Co versus time is represented in
Figure 6.
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Table 1. Pseudo-first-order kinetic parameters for degradation of MB at
different catalyst loadings (10 mg/L dye concentration, pH = 7).

Catalyst loading (g/L) k (1/min) rz

1 0.008 0.954
2 0.009 0.994
3 0.013 0.972
4 0.013 0.990
5 0.017 0.980
6 0.015 0.997
8 0.016 0.990
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Figure 5. Effect of catalyst loading (calcined) on the photocatalytic
degradation of MB at pH = 7.
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Figure 6. Effect of dye concentration on degradation of MB (5.0 g/L catalyst
loading at pH =7).

The degradation rate data obtained for different
concentrations of dye was plotted using pseudo-first order
kinetic model. The data perfectly fits pseudo-first order kinetics
and rate constant data is tabulated in Table 2. k = 0.022 min-1
was found to be maximum for dye concentration of 5.0 mg/L.
MB degradation decreased as initial concentration increased. A
possible reason should be the generation of hydroxyl radicals
on the catalyst surface is reduced when the initial MB
concentration is increased [32]. More the number of MB
molecules adsorbed on the surface of Zn0O-Ce203 photocatalyst
will mean fewer active sites are available for the hydroxyl
radical adsorption. Once the MB concentration is increased,
most of UV light is absorbed by the MB molecules [33], and
photons do not reach the surface of photocatalyst to activate it
to generate hydroxyl radicals.

Table 2. Pseudo-first-order kinetic parameters for degradation of MB at
different initial dye concentration (5.0 g/L catalyst loading, pH = 7).

Concentration (mg/ L) k (1/min) r2

5 0.022 0.988
10 0.017 0.981
15 0.012 0.989
20 0.007 0.997

3.3.3. Effect of pH

The effect of pH on the photocatalytic activity is considered
an important parameter as most industrial waste streams are
at different pH. In semiconductor mediated photocatalytic
reactions, pH is an important parameter because the
amphoteric behavior of the semiconducting particles influences
the dispersion (suspension) of the catalyst in the substrate. In
finely dispersed suspension, the catalytic activity was
considered to be very high. To study the pH effect, experiments
were carried out at three different pH, acidic (pH = 4), neutral
(pH = 7) and basic (pH = 9.2). The MB concentration was
maintained constant at 10 mg/L and catalyst loading was
maintained at 5.0 g/L. The degradation of MB increased with
increase in pH, as presented in Figure 7. The maximum
degradation was observed at pH = 9.2. The efficiency at higher
pH can be explained on the basis of zero point charge of ZnO-
Ce203.The zero point charge is known as the pH value at which
the concentration of protonated and deprotonated surface
groups are equal. The zero point charge of zinc oxide is 9 and
cerium oxide is around 7 to 9 [13]. When the pH is high, the
catalyst surface is negatively charged by adsorbing hydroxyl
ions, which favors the formation of hydroxyl radicals. Under
acidic medium, the catalyst surface is preferentially covered by
dye molecules. Therefore, increase in the pH value generates
large hydroxyl ions, which increases the degradation rate. The
degradation rate data obtained for different pH were plotted
using pseudo first order kinetic model, the rate constants and r?
values were tabulated in Table 3. k = 0.021 min'! was found to
be maximum at pH =9.2.

Table 3. Pseudo-first-order kinetic parameters for degradation of MB at
different pH (10 mg/L dye concentration, 5 g/L catalyst loading).

pH k (1/min) rz

4.0 0.000 0.934

7.0 0.017 0.981

9.2 0.021 0.992
1.2 4
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Figure 7. Effect of pH on fractional degradation of MB (10 mg/L dye
concentration at 5.0 g/L catalyst loading).

4. Conclusion

Heterogeneous photocatalysis has proved to be very
effective in the removal of toxic organic pollutants from the
aqueous streams owing its ability to convert them into
innocuous products such as carbon dioxide and water. For the
first time, an attempt has been made to synthesize Zn0-Ce203
coupled catalyst by gel combustion technique and its
photocatalytic activity explored. Characterization was carried
out using SEM, XRD and EDAX. From SEM analysis, it was
clearly evident that cerium oxide was coupled (deposited) on
zinc oxide.
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The EDAX shows the purity of the coupled catalyst and
from XRD, we can observe that the particles are crystalline and
nano in size. The photocatalytic property of the calcined
catalyst was found to be more effective when compared to as-
prepared catalyst. The effect of catalyst loading, pH and dye
concentration on photocatalytic activity was studied. A
maximum degradation of 95% was achieved for a catalyst
loading of 5.0 g/L at pH = 9.2. The degradation rate decreased,
with increase in dye concentration. A pseudo first order kinetic
model was fitted for all the experimental runs and they are in
good agreement with the proposed model.
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