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ABSTRACT

In the present study, ZrO,-CeO, hollow spheres have been synthesized using carbon spheres as a
template. The physico-chemical, textural and morphological properties of the synthesized ZrO,-CeO,
hollow spheres were explored by powder X-ray diffraction, N, -physisorption, Fourier emission scan-
ning electron microscopy (FESEM) and X-ray photoelectron spectroscopy techniques. The catalytic
activity of the synthesized ZrO,-CeQ, catalyst was evaluated in the degradation of acid yellow 17 dye
using advanced oxidation technique. The results demonstrated that the ZrO,-CeO, hollow spheres
showed the highest percentage degradation of 88% in reaction time of 180 min for the selected dye.
The improved degradation activity of the synthesized catalyst could be attributed to the fact that the
oxidizing agent H,0, react with ZrO,-CeO, to produce highly reactive hydroxyl radical (*OH) which
further attack on the selected dye molecule and degraded to less environmental toxic components.

Keywords: ZrO,-CeO, hollow spheres; Textural; Morphological properties; Azo dye; Photo-catalytic

degradation

1. Introduction

Due to rapid industrialization and urbanization, water
resources are badly contaminated by different industrial
and domestic effluents. The effluents cause serious threat
to human society due to their toxic and carcinogenic nature
[1-4]. Therefore, remediation of these toxic effluents is one of
the triggered challenges worldwide.

Dyes are organic compounds being used in many
industries such as textile, leather, paper, printing, cosmetics,
petroleum, plastic, food, paint, rubber, and pharmaceutical
industries [5-9]. It has been reported that about 146,000
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tons organic dyes are introduced into our environment
every year [10]. Similarly, the waste water produced from
the textile industries containing different dyes is a serious
problem all over the world [11]. Dyes and their by-products
are highly mutagenic and carcinogenic and when enter the
living organisms in excess causes severe health problems.
Moreover, the presence of these toxic dyes is potential threat
to aquatic life as they may release substances that decrease
photo-synthesis process in the plant [12-16]. Second, dyes
are very difficult to decolorize using the available techniques
due to their complex structure and breakdown nature.
Therefore the discharge of such effluents containing different
dyes and their breakdown products into the environmental
components is critically undesirable [17,18].
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Acid yellow 17 (AY17) is an important commercial azo
dye widely used in the textile industries. Azo dyes contain
one or more azo groups (-N=N) that have the ability to
resist degradation process and therefore accumulate in the
environment at high levels with high degree of persistence
[19,20]. Although, they are cost effective to produce, but on
the other hand, are highly toxic and carcinogenic, causing
variety of diseases (such as kidney, bladder and liver cancer).

The discharge of huge amount of these toxic dyes has
become a substantial risk to human health and environment
[21]. Therefore, appropriate treatment of these refractory
organics is very essential to avoid the undesired health and
environmental impacts.

Therefore, special efforts are required for the treatment
of these toxic pollutants to save the environment. Different
technologies such as electrolytic [22], electron beam treat-
ment [23], activated carbon [24,25], photo-catalysis [26] and
photo electrochemical [27,28] methods have been employed
for the treatment of these toxic effluents.

However, among various methods employed, photo-cat-
alytic or advanced oxidation process has been reported to be
very effective, non-expensive and environmental friendly in
this regard [29]. Similarly, different metal oxides have been
investigated as photo-catalytically active materials for such
purposes. Zirconia (ZrQO,) is one of the most important func-
tional material in various industries due to its unique proper-
ties such as low thermal conduction, high melting point, high
strength, high ionic conductivity and chemical inertness [30].
Zirconia is widely used in oxygen sensors, fuel cell electrolytes,
catalysts and catalytic supports, metal oxide-semiconductor
devices, superior thermal and chemical stability etc. [31-33].
Therefore, several research efforts have been devoted to inves-
tigate and improve the structure and properties of the zirconia.

Recently, the hollow zirconia particles have attracted a
great deal of attention due to its well-defined morphology,
low density, uniform size, large surface area, good perme-
ation and wide range of potential applications, including
drug-delivery carriers, nanoscale chemical reactors, cataly-
sis, acoustic insulation, photonic building blocks, develop-
ment of artificial cells, photonic crystals and so on [34-36].
Likewise, heterogeneous photo-catalysis has gained tremen-
dous attention to be used as the most promising advanced
oxidation technology for treatment of various chemical and
biological pollutants [37]. In this context, hollow zirconia
could be a promising catalyst for the treatment of different
effluents by using advanced oxidation technique. Several
studies have been made to use metal oxides as a photo-cata-
lyst for the degradation of different dyes. Rani et al. [38] used
ZrO,/graphene photocatalyst for the removal of Methylene
blue (MB) and rhodamine B dyes (RB). However, due to a
wide band gap (5.0 eV), ZrO, can only be excited for pho-
to-catalysis under UV-light irradiation. Similarly, CeO, can
also be used as a photo-catalyst for the degradation of dyes
and organic pollutants under visible-light irradiation [39].
However, mixing of metal oxide composite materials may
further improve the photo-catalytic efficiency by means of
increasing the charge separation and extending the visible
light absorption. In the previous literature, similar approach
of alloying ZrO, with CeO, has been utilized for improv-
ing the photo-catalytic activity of ZrO, toward degradation
of rhodamine B (RhB) [40,41]. However, several problems

are adhered with the current photo-catalysis technology.
Therefore, it is very important to develop an efficient pho-
to-catalyst to counter the problems associated with the
advanced oxidation technology for treatment of various
chemical and biological pollutants in the near future.

In the present investigation, ZrO,-CeQO, hollow spheres
have been employed for photo-catalytic oxidation of acid yel-
low 17 dye as model pollutant to develop an efficient method
for treating of toxic effluents. Moreover, the physicochemi-
cal properties of the synthesized ZrO, hollow spheres were
evaluated using different characterization techniques and its
reactivity correlated to catalyst properties to develop an effi-
cient catalyst.

2. Materials and methods
2.1. Reagent

All chemicals used in this study were of analytical
grade and used without further purification. Ultra-pure
water (resistivity > 18.2 MQ cm) was used for preparation
of standard solutions of Acid Yellow 17. Acid Yellow 17
(Cat. No. 191921000 dye content 60%) was purchased from
Acros Organics (Belgium). Hydrogen peroxide (H,O,, 30%
w/w), ZrOCL,-8H,0 (99.0%) and Ce(NO,),-6H,O (99.0%) were
purchased from Sigma-Aldrich (Germany).

2.2. Preparation of ZrO,-CeQ, hollow spheres

Carbon spheres were used as a template to synthesize
ZrO,-CeO, solid spheres. Carbon spheres were first
synthesized via a hydrothermal reaction as previously
reported [36]. About 3.6 g of glucose was first dissolved in
40 mL of distilled water in a flask at room temperature to
make a clear solution. The clear glucose solution was then
transferred into a Teflon-lined stainless steel autoclave,
and was kept at 180°C for 5 h in oven. The autoclave was
allowed to cool naturally. The black material so formed was
collected, washed with water and absolute ethanol three
times, respectively. The carbon spheres were finally dried at
80°C for 5 h.

The carbon spheres were then dispersed in ethanol using
ultra-sonication. Required amounts of ZrOCL,-8H,0 and
Ce(NO,),:6H,O were dissolved in distilled water in two sep-
arate beakers to make clear solutions. The salt solutions were
first mixed together and then added into dispersed carbon
spheres with vigorous stirring. Required amounts of urea
and HCl were further added to the carbon sphere mixture to
complete the reaction. The mixture was stirred for 10 min and
then transferred into autoclave. The autoclave was heated in
an oven at 160°C for 24 h. The autoclave was then allowed to
cool in the oven. The precipitate was collected carefully and
washed three times with water and ethanol, respectively. The
collected sample was calcined at 600°C for 5 h in the muffle
furnace. The ZrO,-CeQO, sample so obtained was stored for
further analysis.

2.3. Catalytic activity testing in degradation of dye
2.3.1. UV radiation source and photo-Fenton process

Photo-chemical apparatus fitted with a 4 W low pressure
Hg-UV lamp (PENRAY, USA) was used for the photo-catalysis
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of the selected AY 17 dye in the aqueous solution. The wave
length of the light emitted by Hg-UV lamp was 254 nm. The
lamp was enclosed in wooden box. A magnetic stirrer was
used for stirring the sample to achieve the homogenous
flow of UV radiation through the solution. The area of Pyrex
glass beaker was 50 cm? which was used for sample solution
for UV radiation treatment.

2.3.2. UV/Vis spectroscopy

Vis spectra were recorded between 300 and 700 nm,
employing a double bundled UV/Vis spectrometer
(PerkinElmer, Model: Lambda-650, UK) equipped with 1 cm
quartz cuvettes. The degradation of AY 17 and the decolor-
ization of the solution were followed by determining the
concentration of the remaining dye in the solution. The max-
imum absorbance wavelength (A ) from the spectra was
recorded at 400.0 nm. The highest peak at 400.0 nm was due
to absorbance of the n—IT* transition of -N=N- group in AY
17 molecule. The degraded product does not contain the con-
centration of AY 17 in entire process [42]. Therefore, the con-
centration of AY 17 in the reaction mixture was determined at
various time intervals by measuring the absorption intensity
of the reaction mixture at A__ =400.0 nm and by using cali-
bration curve. The following equation was used to find the
degradation efficiency of the synthesized ZrO,-CeQ, catalyst
in AY 17 dye during the photo-catalytic process.

Degradation efficiency (%) = % x100 (1)
0

where C is the initial concentration of the AY 17 at t = 0.0 min
while C, is the concentration of AY 17 at time ¢ min.

3. Results and discussion
3.1. BET analysis

N, adsorption-desorption analysis was performed to
study the textural properties of the synthesized ZrO,-CeO,
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Fig. 1. BET analysis of synthesized ZrO,-CeO, catalyst.

hollow catalyst and the corresponding data is presented in
Fig. 1. The hollow ZrO,-CeO, catalyst demonstrates high
surface area of 202 m*/g and average pore width of 164.
Moreover, all ZrO,-CeO, sample displays type IV isotherm
with a well-developed type H3 hysteresis loop according to
the IUPAC classification [43,44], resulting from the N, gas
condensation within the clay pots like mesopores.

3.2. XRD analysis

The X-ray diffraction (XRD) result of the calcined ZrO,-
CeO, sample along with an un-calcined ZrO,-CeO, is provided
in Fig. 2. It can be seen from the results that the intensities of
the peaks increased after calcination of the sample at 600°C.
The peaks appeared at 24.38, 28.40, 31.43, 41.48, 50.54, 34.69,
45.75, 55.80 could be attributed to crystalline ZrO, particles
with monoclinic crystal system as determined from the JCPDS
96-152-2144. The average crystalline size was calculated by
the Scherrer formula and was found to be around 8.57 nm.
In addition, no clear diffraction peaks corresponding to CeQO,
were observed in the diffraction scans, suggesting that CeQO,
particles were finely dispersed in the ZrO, matrix.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was
performed to study the oxidation state of cerium and zirco-
nium present in the synthesized ZrO,-CeO, hollow spheres
as shown in Figs. 3 and 4, respectively. It can be seen from
Fig. 3 that the Ce 3d spectrum shows three binding energy
levels of 884.61, 902.22 and 915.54, which could be assigned
to Ce3d 5/2, Ce3d 5/2 and Ce3d 3/2, respectively. Ce3d with
binding energy of 884.61 eV has the oxidation state of +3,
whereas Ce3d with binding energies of 902.22 and 915.54 eV
are referred to the oxidation state of +4. Similarly, the XPS
spectrum of zirconium display binding energy levels of

Intensity (a.p)

10 20 30 40 50 60 70 80
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Fig. 2. XRD result of (a) uncalcined ZrO,-CeO, and (b) calcined
Zr0,-CeO,.
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different oxidation states as shown in Fig. 4. The Zr3d bind-
ing energies of 182.48 and 184.69 eV are attributed to the oxi-
dation state of +4, whereas the binding energy of 186.91 eV
may be assigned to the existence of sub oxidation state of
zirconia. The sub oxide form may come in existence due to
the argon ion bombardment during the analysis. Further XPS
depicts that ZrO, is the major oxide present in the ZrO,-CeO,
hollow sphere.

3.5. FESEM analysis

The surface morphology and structure of the synthesized
hollow ZrO,-CeO, spheres were studied by field emission
scanning electron microscopy coupled with energy-disper-
sive X-ray analysis (EDX; Fig. 5). FESEM images indicate
the hollow spheres of ZrO,-CeO, with mesoporous struc-
ture. The average diameter of hollow ZrO,-CeO, spheres is
about 5.21 um, and the size of the sphere opening is in the
range of 0.84-2.80 um. The shell thickness was recorded to
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Fig. 3. XPS results of cerium in ZrO,-CeO,.

321

be 220 nm. The SEM image further reveals that the spheres
are slightly agglomerated and exhibited thick and rough sur-
faces. The EDX spectrum shows that the synthesized sphere
shell includes the desired composition of Zr and Ce elements,
showing that ZrO,-CeQ, spheres were successfully prepared
using carbon sphere as a template.

3.6. Photo-catalytic degradation of Acid Yellow 17 dye

In the present study, the photo-catalytic activity of the
synthesized ZrO,-CeO, porous catalyst toward degradation
of the Acid Yellow 17 dye was evaluated. The photo-catalytic
activity was determined in terms of percent degradation
of the selected dye using the following equation.

Degradation (%) = % %100 (2)

t

where C, is the initial concentration of AY 17 and C, is
the concentration of dye at certain interval of time. The
percentage degradation of the ZrO,-CeO, photo-catalyst
was found to be 88% in 180 min (Fig. 6). The photo-catalytic
degradation activity in AY 17 dye was checked using ZrO,-
CeO, photo-catalyst in the presence of H,0, (i.e., UV/C/
H,0,) and without H,0, (i.e., only UV/C). The results were
also compared with the homogeneous photo-catalytic system
(i.e., UV/H,0,). It was observed that maximum degradation
occurred with UV/C/H,0O,. The absorption spectrum of the
AY 17 dye in the presence of UV/C/H,O, system at pH 3
has been shown in Fig. 7. The absorbance at A_ (400 nm)
decreases with time, which clearly indicates that AY 17 dye
efficiently degraded on the surface of ZrO,-CeO, catalyst
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Fig. 5. FESEM coupled with EDX analysis of the ZrO,-CeO,
hollow spheres.
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using UV/C/H,O, system. From these observations, it was
inferred that ZrO,-CeO, photo-catalyst in the presence of
H,O,, promote the generation of highly reactive hydroxyl
radical (*OH) which increase the percentage degradation of
Acid Yellow 17. The mechanism proposed for photo-catalytic
degradation reaction is given by Egs. (3)-(5) [41].

Photoexcitation: MO, +hv —»e”+h"M = Zr, Ce 3)
OH"* generation: H,0, +e” - OH™ + OH" 4)
Dye oxidation by OH*: OH" + Dye — Oxidize Dye ®)

As the mixing of CeO, with ZrO, decrease the band gap
of the ZrO,, the photo-catalytic efficiency increases [40,41].

100

——uvic
—e—UV/H,0,
—+—UVIC/H,0,

80

60 -

40

Degradation, %

20 4

R T R B e S o
0 20 40 60 80 100 120 140 160 180 200
Time, min
Fig. 6. Effect of various parameters on photo-catalytic degra-

dation of AY 17. Experimental conditions; [AY 17] = 0.14 mM,
[H,0,] =5 mM, [ZrO,-CeO,] =10 mg/L, pH =3, T=298 K.
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Fig. 7. UV/Vis spectral changes of AY 17 in ZrO,-CeO, suspen-
sions as a function of time of irradiation. Experimental condi-
tions: [AY 17] = 0.14 mM, [H,0,] =5 mM, [ZrO,-CeO,] = 10 mg/L,
pH=3, T=298 K.
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It was suggested that upon the absorption of photon-
energy (hv) the band-gap of the photo-catalyst becomes
equal or exceeds. As a result, the photo-catalytic reaction is
initiated with the promotion of photo-excited electron from
the filled valence band to the empty conduction band with
the generation of electron and hole pair (e”, h"). Subsequently,
the highly reactive hydroxyl radical (*OH) is generated by
reaction of photo-excited e~ with H,0, which then attack on
the dye molecule. The dye molecule may further decompose
through several intermediate steps to the stable products
(CO, and H,0)

3.7. Kinetics of photo-catalytic degradation

The kinetics of dye degradation was studied from
absorbance data (Fig. 8) using the following integrated Eqs.
(6)-(8) [45,46]

A=A, —kt (Zeroth-order) (6)
InA =InA, -kt (First-order) (7)
1/A, =1/ A, +k,t (Second-order) (8)

where A is the initial absorbance of the dye, A, is the absor-
bance of the dye solution at any time, ¢ during degradation.

A, is the equilibrium absorbance of the dye, k, k, and k, are

2.88

R?=0.969

r (a)
2.16 .

. 144
0.72

0.00

0.72

0.00

InA

-0.72

-1.44

1/A,

0 100 200
Time, Min

Fig. 8. (a) Plot for zero order kinetic, A, vs. time (b) plot for first
order kinetic, In A, vs. time, (c) plot for second order kinetic
1/A, vs. time. Experimental conditions: [AY 17] = 0.14 mM,
[H,0,] =5mM, [ZrO,-CeO,] =10 mg/L, pH =3, T=298 K.
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Table 1
Kinetic rate constants for degradation of AY 17 by ZrO,-CeO,
porous catalyst

Order of kinetic Rate constant, k, t min R?

Zero 0.0122 mol L™ min! 87.66 0.969
First 0.0118 min™ 58.72 0.976
Second 0.0153 mol™ L min™ 30.55 0.782

the rate constant of zero, first, and second order kinetic equa-
tions. The rate constant of the photo-catalytic degradation is
depicted in Table 1. From the R? it was proposed that the deg-
radation reaction follows first order kinetics.

4. Conclusion

This work describes efficient photo-catalytic degrada-
tion of azo dye in the presence of ZrO,-CeQO, hollow cata-
lyst. ZrO,-CeO, hollow catalyst was successfully prepared
by hydrothermal method using carbon spheres as tem-
plate. The catalyst was further characterized by different
analytical techniques. It was noted that ZrO,-CeO, hollow
sphere could be synthesized using carbon spheres. The
synthesized catalyst was further tested in dye degradation
to develop efficient method for pollutants treatment. It
was noticed that the ZrO,-CeO, hollow spheres carried out
88% dye degradation in reaction time of 180 min. The good
performance in the photo-catalytic degradation of the azo
dye could be attributed to the production of highly reac-
tive hydroxyl radical (*OH) from oxidizing agent H,O, on
the surface of ZrO,-CeO, catalyst. Hydroxyl radical (*OH)
group plays an important role in the degradation of the
selected dye.
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