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photocatalytic activity of Zn-Ce MO nano-sized hallow sphere was examined by studying
the degradation of direct blue 71 (DB71) under visible light irradiations in a slurry photo
reactor. The effect of parameters such as the catalyst dosage, concentration of the dye,
pH and kinetics on photocatalytic degradation of DB71 is also studied. Degradation of
dye was confirmed by UV-VIS spectrum, chemical oxygen demand (COD) and ESI-Mass.
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1. Introduction

Visible-light-induced photocatalysts is a prime
research area in the field of photocatalysis because of its
potential application in clean and renewable energy as well
as pollution abatement. The doping of various transition
metal cations (V, Cr, Mn, Fe, Co and Ni) [1-5] and anions (N,
S, C or B) [6-9] into semiconductors have been extensively
studied in order to enhance the activity of photocatalysts
under visible-light irradiation. In the case of metal ion
doped semiconductors, the doping of metal ion produces
impurity states in their forbidden gaps and is responsible
for the visible-light absorption [10]. However, the produced
impurity states decrease the reduction power of electrons
and also act as electron-hole recombination centres, and
deteriorate the photocatalytic activity under UV light. In the
case of anion-doped semiconductors, even though nitrogen
doping can exhibit the visible-light sensitivity, their
quantum efficiencies under visible-light are 1-2 orders of
magnitude smaller than those under UV light [11-12]. This
is due to the oxidation power and mobility of the photo-
generated holes in the isolated state, which are lower than
those in the valence band (VB) of semiconductors [11, 13].
Therefore, efforts have been focused on designing novel
photocatalysts that utilize the high oxidation power of holes
under visible-light irradiation.

Cerium oxide is a metal oxides semiconductor
which has attracted much interest recently. This is probably
because Ce0: is a semiconductor light absorption in the UV
(A = 388nm) and visible region. Similarly to TiO2, CeO:
represents one of the efficient photocatalysts with band gap
energy of 3.2eV [14]. Various applications of CeO2 and
metal-doped CeO2 include ceramic materials, solid oxide
florescent materials,

fuel cells, oxygen gas Sensors,

photoelectrode and catalysts for photocatalytic
degradation of organic water pollutants, due to several
reasons such as high refractive index, high optical
transparency in the visible region, high capacity to store
oxygen, strength and agility to react [15-23]. An enhanced
photocatalytic activity of CeO2z can be achieved by doping
with transition metal ions such as iron in order to reduce
the band gap energy level to be suitable for use in visible
light region [24-29]. Photocatalytic process occurring on
heterogeneous Ce0z and Fe doped CeOz2 catalyst is initiated
by irradiation from the light source at the appropriate
wavelength, which depends on band gap energy of the
semiconductor. Many techniques have been proposed for
the synthesis of pure CeOz and Fe doped CeO2z such as
hydrothermal, spray pyrolysis, sol-gel, gas condensation,

sonochemical synthesis and precipitation method [30-35].
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In the present study, we used a zinc oxide (ZnO)
photocatalyst as a study model, because it is a wide-band-
gap semiconductor and has a long history in tuning its
electric structure through band-gap narrowing or band-
gap widening by the incorporation of various metal ions
[36-37]. In this study, we have chosen cerium as the metal
incorporated with ZnO, because Ce ions create an impurity
state below the CB edge of semiconductors [38]. Although
the cerium doped TiO2 or Ce02/TiO2 composites have been
in the

(modification of ZnO with Ce) is the new approach to

reported literatures, our strategically way
develop an efficient visible light sensitive photocatalyst
[39]. In addition, the reaction Kkinetics, pH-dependent
photocatalytic experiments, and possible photo
degradation mechanism in a Zn-Ce MO suspension were

also discussed.

2. Experimental
2. 1. Materials and methods

Zinc nitrate hexahydrate (Zn (NO3)2.6H20),
Cerium (III) nitrate hexahydrate (CeN309.6H20) were
Sigma-Aldrich, Urea obtained from Merck chemicals,
Sodium hydroxide (NaOH) was obtained from Sisco
Research Laboratories Pvt. Ltd and hydrochloric acid (HCI)
was procured from Ranbaxy Fine Chemicals Ltd and Direct
Blue 71 dye (DB71; CAS No: 4399-55-7; molecular weight =
1029.88 g/mol) were S. D. Fine Chemicals Ltd.

The XRD patterns of Zn-Ce MO hallow sphere were
The
morphology of hallow sphere was examined using
HITACHI-SU6600 field
(FE-SEM

microscope (TEM) was recorded using Tecnai 10 (Philips

obtained using an X' per PRO diffractometer.

emission scanning electron

microscope and Transmission electron
model) transmission electron microscope. FT-IR spectra
were recorded using Perkin Elmer 6X analyzer in the range
400-4000 cm™ as KBr pellet. The absorption spectra were
recorded using a UV-visible spectrophotometer (UV-
2101PC). Thermo gravimetric analysis (TGA) of the as-
prepared powders were carried out using a thermal
analyser (TGA Q50 modal), with a heating rate of 50C min-
1 from room temperature to 8000C. The formation of
intermediates during the degradation of the dye was
monitored by ESI-Mass spectrometer-LCQ Advantage MAX,

Thermo Finnigan.
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2. 2. Preparation of catalyst

In the combustion method, the metal nitrates (Zn
(NO3)2.6H20, CeN309.6H20) were dissolved with the fuel
(urea) in distilled water and heated (under stirring) on a
hot plate at 150°C, until the water evaporation and
formation of a gel. After that, the gel was introduced in a
muffle furnace, previously heated at 400°C for 1h. Once
ignited, the gel underwent a combustion process and
yielded a voluminous powder. The powder was than
calcined at 500, 700, 900°C for 10h. Finally the powder was
in hallowing sphere shape confirmed by FE-SEM analysis.
The
determined by calculation based on the valencies of

stoichiometric amount of the propellant was

oxidizing and reducing elements, as determined by the
propellant chemistry [40]. The propellant was used in twice

the stiochiometric amount.

2. 3. Photocatalytic experiments

Photocatalytic activity studies of the prepared Zn-
Ce MO hallow sphere were evaluated by the degradation of
DB71 solution using slurry photo reactor as shown in
Figure 1(Supplementary material). A 500 W tungsten lamp
was used as light source. Prior to each test, the lamp was
turned on and warm up for about 30 min in order to get a
constant output. Batch tests were performed as the
following procedure, 0.6g Zn-Ce metal oxide photocatalyst
was added into 200 mL of 0.01g L-1 DB71 solution, the
mixture was stirred in dark for 30 min to allow the physical
absorption of dye molecules on catalyst to reach the
equilibrium. The temperature of the reactions was
controlled at room temperature by circulating water.
Samples were collected at regular intervals and were
immediately filtered and the concentration of DB71 was
determined by measuring the absorption intensity at its
maximum absorbance wavelength of DB71 by using a UV-
Vis
spectrometric quartz cell, and then calculated from

spectrophotometer with a 1 cm path length
calibration curve. The degradation percentage of the dyes

wastewaters was obtained by Eq. 1:

PDP = [DB71]0-[DB71]/[DB71]*100 (1)

where PDP is the abbreviation of the photocatalytic
[DB71]0 is the
concentration, [DB71] is the concentration of dye after

degradation percentage, initial dye

visible irradiation.
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Figure 1. XRD for synthesized ZnO and Zn-Ce MO.
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Figure 3. TEM images for synthesized Zn-Ce MO at 900°C-10h.

Nanosclae Reports, 1-14 | 4



Vol 11Iss. 3 Year 2018

G. Thennarasu /2018

16

Absorbance

0.0 T
200

| |
300 400

Wavelength (nm)

T T
500 600 800

Figure 4. Diffuse reflectance spectra (DRS) for synthesized Zn-Ce MO.

2. 4. Adsorption studies

An adsorption phenomenon is playing an
important role in the photocatalytic degradation of
pollutants in the aqueous phase. The adsorbed dye on the
surface of the photo catalysts acts as an electron donor and
further injecting electrons from its excited state to the
conduction band of the catalyst under visible irradiation.
Adsorption equilibrium experiments were carried out by
taking the required amount of catalyst dosage (3 g/ L-1),
varying the initial dye concentrations from 0.001 to 0.2 g L-
1 and agitating the solutions for 24 h at 100 rpm at 27°C in
the dark. The absorbance of the DB71 at 587 nm was
measured to determine the equilibrium concentration. The
amount of adsorbed dye per gram of Zn-Ce MO at
equilibrium concentration, ge (in milligrams per gram),

was obtained by Eq. 2:

ge=(Co-Ce)V/W (2)
Where CO and Ce (in milligrams per litre) are the
initial and equilibrium concentrations of DB 71,

respectively, V (in litres) is the volume of the solution and

W (in grams) is the weight of catalyst used.

3. Results and discussion
3. 1. Characterization of photocatalyst

Figure 1 shows XRD of as-prepared and calcined
(at 500, 700, 900°C for 10 h) Zn-Ce MO samples. Scherrer
equation d= 0.94 A / B cos 6 was used to calculate the
average crystallite size (8 nm (500°C), 8-18 nm (700°C), 46-
74 nm (900°C) for Zn-Ce MO) of the calcined sample. A
denotes the wavelength of the radiation equal to 0.154 nm,
B is the full width at half maximum (FWHM) and 6 is the half
diffraction angle. Figure 1 indicates that the size of the
particles increased at increasing calcinations temperature.
Further degradation experiments were carried outat 900°C
of Zn-Ce MO.

The morphology of the samples was studied by
Field emission-scanning electron microscopy. FE-SEM
images of Zn-Ce MO samples are calcined at 900°C as shown
in Figure 2. The FE-SEM images reveal that, the particle is
hallowing sphere shape in the range 40-70 nm for Zn-Ce
MO. The FE-SEM micrographs show the voids in the
compound, which can be attributed to the large amount of

gases escaping out the reaction mixture during combustion.

Nanosclae Reports, 1-14 | 5
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In combustion synthesis method, it is well known that the
morphological characteristics of the product obtained the
decomposition, Large volume of gases escaping out
facilitate the formation of sphere while the heat released is
an important factor for hallow sphere formation. Energy
dispersive analysis of X-rays (EDAX) indicates all elements
are present within a matrix as shown in Figure 2

(Supplementary material).

Figure 3 displays the TEM micrograph of Zn-Ce MO
at 900°C for 10 h. We find that the hallow sphere size of Zn-
Ce MO is about 30-50 nm.

The diffuse reflectance spectra of Zn-Ce MO
calcined at 500, 700 and 900°C for 10h are displayed in
Figure 4. The band-gap energy Ebg of the Zn-Ce MO was
calculated using the following Eq. 3:

Ebg = 1240/A eV (3)

Where, A is the wavelength in nano meters. From
the above equation we can calculate the band-gab energy
Ebg 2.96 (500°C), 2.91 (700°C), 2.88 (900°C) of Zn-Ce MO.

From the above results we can concluded that the
Zn-Ce MO is a good visible light active photocatalyst

because the absorbance in a visible region.

Figure 3 (Supplementary material) shows TGA
of the MO. Thermal
decomposition takes place in three stages and burn out of
organics is complete at about 700-800°C for Zn-Ce MO. The
first decomposition stage, at about 200°C, can be assigned

curves as-synthesized Zn-Ce

G. Thennarasu /2018

to the loss of adsorbed water; the second, at about 300-
600°C, can be associated with the decomposition of
combustion residues, mainly fuel that was not burned
during fast combustion reactions; and the third, at above
700°C, may be due to complete dissociation of carbonates
produced during combustion and initiation of the
formation of Zn-Ce MO. The total weight loss of the sample

prepared with urea is 0.7% for Zn-Ce MO.

FT-IR spectroscopy was performed to gain more
information of the structure and composition of calcined
powders. Figure 5 shows the FT-IR spectrum of the
synthesized Zn-Ce MO for different temperature and after
visible irradiation of DB71. The absorption band at around
1450-1740 cm in the as prepared material may be
assigned to the unreacted metallic salts and carbonyl (from
urea). It shows characteristic Zn-O, 0-Ce-O stretching
frequencies at 560 cm1, 717 cm'! and 855 cm'! respectively
[41]. FT-IR shows after visible irradiation there is no dye
adsorbed on the surface of the catalyst.

3. 2. Characterization of photocatalyst

It is well known that light absorption by photocatalysts and
migration of light induced electrons and holes are the most
key factors for controlling photocatalytic reaction. When
the photocatalyst is exposed to visible light, electrons are
excited to the conduction band from the valence band and

hence creating holes in the valence band.
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Figure. 5. FT-IR for synthesized Zn-Ce MO and after visible irradiation of DB71
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The photo generated hole interacts with the
surface hydroxyl group present on the surface of the
catalyst to generate the hydroxyl radicals and the photo
generated electrons in the conduction band react with the
dissolved oxygen forming superoxide radicals which again
intermingle with H+ yielding the hydroperoxyl radical
followed by the formation of hydrogen peroxide. Then
hydroxyl radicals are produced by the attack of photo
generated electrons to the hydrogen peroxide.

Throughout this process there is generation of
holes, superoxide radicals and hydroxyl radicals which are
mostly responsible for photo oxidation of organic
pollutants. The mechanisms of formation of these highly
active species over the Zn-Ce MO photocatalysts under
visible light irradiation are as follows.

Zn-Ce MO +hv—Zn-Ce MO * + e- + h+ (4)
h+ + OH- - OHe (5)
e-+02 - «02- (6)
¢02- + H+ - HO2e (7
HO2e¢ + HO2¢ — H202 + 02 (8)

G. Thennarasu /2018

H202 + e- - OHe + OH- 9)

The formation of hydroxyl radicals, superoxide
radicals and holes are mostly responsible for degradation

of organic pollutants [42].

3. 3. Role of pH

pH is one of the factors influencing the rate of
of the
photocatalytic process [43]. In wastewater treatments, it is
Fig. 6a
demonstrates the photocatalytic degradation of DB71 at

degradation some organic compounds in

also an important operational parameter.
different pH values. The degradation efficiency does not
change too much at pH values between 4.3 and 8.6, but the
degradation at pH value of 1.8 is significantly lower than
those appropriate values. Our observations show that the

dye finds low solubility in water at this pH.

The reason for the higher degradation efficiency at
pH value of 4.3 is high formation of OHe radicals in acidic
solution, as it can be inferred from the above equations (Eq.
5-9) [44].

gl

% degradation

% degradation
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% degradation

Caatalyst dosage (g L'1:

T
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Figure.6. a) Effect of pH; catalyst dosage = 3 g L-1, DB71 =

0.01g L-1 b) Catalyst dosage; pH 6.86, DB71 = 0.01gL-1 c)

Initial DB71 concentration; catalyst dosage = 3 g L-1, pH 6.86

3. 4. Role of pH
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In order to optimize the dose of catalyst the

experiments were performed by varying catalyst
concentration from 1to 8 g L-1in 0.01g L-1 DB71 solutions.
The graph plotted (Figure 6b) between amount of catalyst
used and percentage degradation reveals that with an
increase in catalyst dose degradation efficiency (98%)
increases up to 3 g L1 catalyst dose. Due to an increase in
turbidity of the suspension with high dose of photocatalyst,
there will be decrease in penetration of visible light and
hence photoactivated volume of suspension decreases [45].
Zn-Ce MO which

scattering results in reducing the number of photons

Moreover, increases the radiation
absorbed within the reaction space of photocatalytic
reactor hence further increase in catalyst dose decreases
the degradation efficiency. From the above experiments the
optimum dosage of Zn-Ce MO for 0.01g L-t of DB71 solution
is3gLL

3. 5. Effect of the concentration of DB 71

After optimizing the experimental conditions
(catalyst dose: 3 g L1, pH 6.86, time: 90min), the
photocatalytic degradation of DB71 was carried out by
varying the initial concentrations of the DB71 from 0.005 to
0.1g L-t as shown in Figure 6c. Initial concentration of DB71
increased the degradation percentage decreased due to the
path length of the photons entering the solution decreased
and increased the number of photons absorbed by the
catalyst.

3. 6. Kinetic study

The Kkinetics
concentrations of DB71 using Zn-Ce MO under visible

of photodegradation of varies

irradiation is demonstrated in Figure 7a. According to
previous studies, the influence of initial dye concentration
described by the
[46] which is

on photocatalytic degradation is
Langmuir-Hinshelwood kinetic model

commonly expressed as

— % = KKC /(1 + KC) (10)

Where k is the reaction rate constant (mg L-!
min-1); K is the adsorption coefficient of the reactant (L
mg-1); and C is the reactant concentration (mg L-1). When C
is very small, KC is negligible with respect to unity and
photocatalysis can be simplified to an apparent pseudo-
first-order kinetics.

G. Thennarasu /2018

dc
dt

= kKC (11)

Ini—: = kKC=Kapt (12)

Where kapp. is the apparent pseudo-first-order rate

constant (min-1).

The linear fit between In(Co/Ce) and irradiation

time (t) under different initial DB71 concentrations can be
used to describe the pseudo-first-order kinetics. Results are
shown in Fig. 7b. All correlation coefficients were higher
than 0.999, indicating that the proposed kinetic model was
in good agreement with our experimental data. The order
of rate constants and halflife t% (minutes) i.e., t% = 0.693 /k
for all the above experiments is given Table 1. Therefore,
the initial dye concentration had a fundamental effect on
the degradation rate, i.e,, the rate constant decreased with
the increase in initial DB71 concentration.

Table 1 Pseudo first order rate constants of visible photo
degradation of DB71

Initial  Dye | 0.01 0.025 0.05 0.075
concentration

(gL

Kobs (min-1) | 0.0651 | 0.0467 | 0.0304 | 0.0177
t% 10.64 14.83 22.79 39.15

3. 7. Adsorption isotherms

Sorption of the dye is an important parameter in
determining photocatalytic degradation rate. Adsorption
tests in the dark were carried out in order to evaluate the
equilibrium constants of the adsorption of the dye on the
photocatalyst surface. The Langmuir and Freundlich
isotherms were employed to determine the adsorption
isotherm parameters, which were obtained by plots of 1/qe
versus 1/Ce. The results are shown in Figure 7(c & d). The
theoretical Langmuir isotherm is based on the assumption
that adsorption occurs at specifichomogeneous sites within
the catalyst and the capacity of the catalyst is finite.
Langmuir equation (Eq.13) is represented as follows:

kK;C,

=114 ¢,

where Ce is the equilibrium concentration (in milligrams
per litre), ge is the amount of dye adsorbed at equilibrium

(in milligrams per gram), qm is the maximum adsorption

Nanosclae Reports, 1-14 | 8
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monolayer saturation capacity of catalyst (in milligrams per
gram) for a complete ge, which gives, and KL is the sorption
equilibrium constant (in litres per milligram). The essential
features of the Langmuir isotherm can be expressed in
terms of a dimensionless constant called separation factor
(RL) also called known as the equilibrium parameter which
is defined by the following Eq. 14:

1
T 14KLCo

R, (14)

Where CO (in milligrams per litre) is the initial
DB71 concentration and qm (in milligrams per gram) is the
Langmuir constant related to the energy of adsorption. The

G. Thennarasu /2018

value of RL indicates the shape of the isotherms to be either
unfavourable (RL>1), linear (RL=1), favourable (0<RL<1)
or an irreversible (RL=0). isotherm plot is shown in Figure
7c, and the parameters obtained from this plot are

tabulated in Table 2.

is consistent with
and the

The Freundlich isotherm

exponential distribution of active centres
characteristics of heterogeneous surfaces on adsorption.

The Freundlich isotherm equation (Eq. 15) is expressed as:

g. = KFCC,1/n (15)

3 b
inifal [Dyl, g !
. 0.01
a o 0.025
- 4 005
= - v 0.075
= hital[Dyel gL S
= 001 =
= ——0.025
005
—~0.075
i Time {min) . Time {min)
[ ]
=
Ea " -
n
| |
1C g Limg) nCgq(molL)

Figure .7. a) Kinetics b) Pseudo first order kinetic plot of

visible photo degradation of DB71; catalyst dosage = 3 g L-1,

DB 71=0.01, 0.025, 0.05,0.075 g L-1 c¢) Langmuir isotherm d) Fruendlich isotherm; catalyst dosage = 3g L-1, pH 6.86, T

=27°C; t=24h; agitation =100 rpm

Table 2 The constants of Langmuir and Freundlich isotherms of DB71 by visible light

Isotherms
Langmuir Fruendlich
gm(mg/g) KL RL 12 Kr (L/g) N 12
3.6363
0.0668 0.0696- 0.9735 0.1612 0.9623 0.9418
0.9373

Nanosclae Reports, 1-14 | 9
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photo catalytic degradation in the presence of Zn-Ce MO.

Where KF is the binding energy constant reflecting
the affinity of the adsorption (in litres per gram) and n is
the Freundlich exponent related to adsorption intensity.
The Freundlich isotherm plot is shown in Figure 7d, and the
parameters obtained from this plot are given in Table 2.

3. 8. Chemical oxygen demand (COD)

The COD is an effective technique to measure the
strength of organic content present in wastewater. This test
allows the measurement of total quantity of oxygen
required for the complete oxidation of organic matter to
carbon dioxide and water. Figure 8a indicates the reduction
in COD of the DB71 solutions at various concentrations
before and after visible irradiation. It could be observed
that the reduction observed in COD values of the treated
DB71 solution indicated complete mineralization of DB71

molecules along with the removal of colour.

3.9. UV-VIS absorption spectrum

The UV-Vis absorption spectrum of DB71 consists
of two main peaks at 358 and 587 nm. The band at 358 nm
arises from the m- m* transition related to the aromatic ring
attached to the -N=N- group in the DB71 molecule,
whereas the 587 nm band could be assigned to the n- m*
transition of the -N=N- group. During the degradation
process, it was observed that the two characteristic
absorption peaks at 358 and 587 nm decreased and almost
disappeared during the course of the study as shown in
Figure 8b. This shows that the chromophore and
conjugated system were being destroyed. For degradation
studies, the Amax of the DB71 (587 nm) was chosen for

further investigations.

3. 9. Degradation pathway

Oxidation plays an important role in the detoxification of
various hazardous dyes by carrying out oxidative cleavage

Nanosclae Reports, 1-14 | 10
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[47]. Figure 4 & 5 (supplementary material) shows the ESI-
Mass for pure DB71 & after 30 min irradiation of DB71. We
have proposed a pathway for degradation of DB71 on the
basis of ESI-Mass analysis was already published in

previous work [48].

3. 11. Reusability

Recycling use of photocatalyst is very important
for the practical application. Studies reported that the
photocatalysts would be inactivated by the accumulation of
intermediate product around the surface of metal oxide
[49-50]. Therefore, its photocatalytic activity is reduced
when recycling. In this paper, the effect of run times on the
DB71 degradation over photocatalysts was studied. The
results are illustrated in Figure 9. It is shown that Zn-Ce MO
had higher photocatalytic activity (about 89%) after used
third times, which suggested that Zn-Ce MO could reduce
the inactivation of photocatalysts and extend the using
time. In addition, the analysis of FT-IR also confirmed the
chemical stability of catalyst during the three recycles
(Figure 5).

Initial [Dye], 0.01g L™
—m—1run

na
o 96+ —e—2 " un
% —a—3"un
L]
0.4 \
e,
0.2 \:\‘
N S
n s —
a -~
—_—_— Ty
0.0 T T T T T T
0 20 40 80 20 100 120

Time (min)

Figure 9. Reusability of the catalyst on the degradation of
DB71 for three runs by Zn-Ce MO; DB71= 0.01g L-1, pH
6.86, catalyst dosage = 3 g L-1, irradiation time = 90 min.

4. Conclusion

In summary, we conclude that the present study
represents a new strategy for the development of efficient
visible light photocatalysts using metal ion incorporated
metal oxide semiconductors. The fastest degradation of
DB71 occurred under the optimal conditions with 3 g L-1 of
Zn-Ce MO hallow sphere, pH 6.86, 0.01g L-1 of DB71 and
90 min visible irradiation. Based on the identification of

G. Thennarasu /2018

products by ESI-Mass, the degradation pathways of DB71
were proposed. Moreover, Zn-Ce MO hallows sphere
showed excellent reusability in heterogeneous visible light
reaction. Adsorption isotherm data well fitted with the
Langmuir adsorption equilibrium models. The value of
separation factor RL of Langmuir isotherm was well in
between 0 and 1 confirming the adsorption process as
favourable. The Freundlich constant (n) fell between 1 and
10 indicating that the adsorption process was favourable.
The visible photo degradation of DB71 was found to exhibit

pseudo first order kinetics.

Nanosclae Reports, 1-14 | 11
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