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Abstract In this work, we attempt a new approach for the
study on photocatalytic ability of (ZnO/CeQ,) improved by
B-CD under UV light irradiation for the photodecoloriza-
tion of RhB. The (ZnO/CeQO,) composite was prepared by
mixing ZnO with CeO, in a weight ratio of 4:1. The surface
interaction of (ZnO/CeQ,) with B-CD was determined by
characterizing their structural, morphological and optical
properties. The formation of an inclusion complex between
RhB dye and B-CD was confirmed by UV-visible spectral
analyses. The photocatalytic activity of (ZnO/Ce0O,)-B-CD
system was evaluated by the decolorization of RhB dye in
aqueous solution under UV light irradiation. The effects of
operational parameters like the ratio of (ZnO/CeQ,), initial
concentration of dye, catalyst dose, irradiation time and pH
have been analyzed. The photocatalytic decolorization of
RhB follows pseudo-first order kinetics. The mineralization
of RhB has been confirmed by COD measurements. A
possible mechanism for the photocatalytic decolorization
of RhB by (ZnO/Ce0,)-B-CD system under UV light
irradiation was also discussed.
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Introduction

Dyes, which belong to the class of synthetic organic
compounds, are extensively used in textile, paper, plas-
tics, leather, food, cosmetics, printing and pharmaceutical
industries. Synthetic organic dyes are considered as one
of the major environmental pollutants for water pollution
because of their large-scale production, chemical stabil-
ity, high aromaticity, low biodegradability, toxic and
carcinogenic in nature (Liu et al. 2015; Zhang et al.
2015). During the dyeing processes, a significant amount
of dyes is lost and discharged into the water sources
(Kumar et al. 2013; Saraf et al. 2015; Liu et al. 2015).
At very low concentrations, dyes give an unwanted color
and hazardous to aquatic life, human health and also to
the environment (Kumar et al. 2015). The conventional
treatment methods like adsorption, coagulation and floc-
culation are used for wastewater treatment (Roy et al.
2015). These methods are nondestructive, transfer of
organic pollutants from one phase to another and, thus,
ineffective. Semiconductor photocatalysis is a promising
and alternative to conventional methods and more
attractive for the removal from waste water because of
its effective, simple instrumental technique, easy con-
trolled operation, non-selective oxidation, low expensive,
complete mineralization and degradation of synthetic
organic dyes (Zhang et al. 2015; Yuan et al. 2015).
Many semiconductors like ZnO, TiO,, CeO,, WO;, CdS
and ZnS are used as photocatalysts for environmental
decontamination purposes (Montini et al. 2010). Among
them, ZnO is a versatile n-type semiconductor with a
wide band gap of 3.37 eV, large exciton binding energy
of 60 meV at room temperature, high catalytic activity,
low cost and environmental friendliness character. For
these reasons, ZnO is used as a promising photocatalyst
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for the decomposition of a wide range of organic con-
taminants. Due to the efficient generation of hydroxyl
radicals, high reaction and mineralization rates have been
reported in ZnO photocatalysis. The biggest advantage of
ZnO compared with TiO, is that it absorbs over a larger
fraction of the UV spectrum and absorbs more light
quanta than TiO, (Poongodi et al. 2015; Patil et al.
2014; Kuzhalosai et al. 2013). In some cases, ZnO
shows better photocatalytic efficiency than TiO,, due to
its generation, mobility and separation of photoinduced
electron—hole pair. However, the rapid recombination of
electron—hole pair reduces photocatalytic efficiency of
ZnO (Poongodi et al. 2015). Among rare earth oxide
series, Cerium Oxide (CeO,) is one of the important and
most active catalysts and it has a wide band gap, high
oxygen storage capacity and strong redox capability.
CeO, is considered as a promising and suitable candidate
for the degradation of organic pollutants (Sherly et al.
2015; Chen et al. 2011). A number of effects have been
made to extend the light absorption range and increase
the lifetimes of photoexicited charge carriers, such as
doping, structure improvement and coupling with other
components. Combining of ZnO with other semicon-
ductors can enhance light absorption from UV to visible
region and enhances the redox reactions of the electrons
and holes (Yin et al. 2014).

Cyclodextrins (CD) are cyclic oligosaccharides com-
posed of 6(a-CD), 7(B-CD) or 8(y-CD) residuals of o-D-
glucopyranose molecules connected in macrocycles by o-
D-1,4 glycosidic linkages. CDs have an inner hydrophobic
cavity and outer hydrophilic surface which allow them to
form host—guest inclusion complexes. These complexes
increase the photodegradation of guest molecules (Salo-
matova et al. 2014). Among the three types of CDs (a-CD,
B-CD and y-CD), B-CD has an excellent capacity for the
removal of phenol from water due to its optimal size
matching and used as a potential adsorbent for treating the
dye polluted waste water due to its ability to form inclusion
complexes with various organic pollutants (Zhang
et al.2014; Zhao et al.2015).

In continuation of our earlier research in B-CD mod-
ified semiconductor metal oxide on photodecolorization
of organic pollutants, especially dye molecules (Ra-
jalakshmi et al. 2014a, b; Pitchaimuthu et al. 2014a, b;
Pitchaimuthu and Velusamy 2014; Velusamy et al.
2014), here we report, for the first in time, the photo-
catalytic activity of (ZnO/CeO,)-B-CD system for the
photodecolorization of RhB dye in aqueous solution
investigated under UV light irradiation and to study the
interaction of B-CD on the binary semiconductor metal
oxide. A plausible mechanism has also been proposed
and explained in detail.
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Experimental methods
Materials

In this work, Rhodamine B (RhB) (a cationic dye, Cjg.
H3CIN,O3, Amax = 544 nm, reddish violet in color) dye
was used as a model organic pollutant purchased from
Loba Chemie (India). ZnO and CeO, used as the photo-
catalysts were obtained from Merck. B-Cyclodextrin (-
CD) was purchased from Hi Media Chemicals (P) Ltd. The
physical properties and structure of RhB dye and B-CD are
shown in Table 1. All other chemicals and reagents were of
Analytical grade received from Merck. Double distilled
water was used throughout the work.

Preparation of (ZnO/CeQO,)-p-CD composite
mixture

The (ZnO/CeO,) composite mixture was prepared from a
powdered mixture of the ZnO and CeO, at the weight ratio of
4.5:0.5, 4:1, 3.5:1.5, 3:2, 2.5:2.5 and 2:3. From the above
ratio of the mixtures, it is evidenced that the weight ratio of
4:1 is suitable for the present study. The mixture was then
ground thoroughly in an agate mortar for 30 min. In order to
improve the photocatalytic efficiency of two mixed oxides,
this mixture was added into 0.01 mol/L of B-CD solution,
magnetically stirred for 24 h, centrifuged and then the solid
phase was collected. After being centrifuged, the solid phase
of the suspension was carefully washed with double distilled
water and dried at 50° C for 30 min. The prepared samples
were used for SEM, XRD and UV-DRS analyses.

Exactly 10 x 107 M of RhB dye was prepared using
deionised water and various concentrations of B-CD like
1.25, 2.50, 3.75, 5.00, 6.25 and 7.50 x 107> M were pre-
pared in a 25 mL Standard Measuring Flask. These two
solutions were mixed thoroughly with magnetic stirrer for
24 h. Then these samples were analyzed with UV—-visible
spectrophotometer.

Characterization

X-ray diffraction patterns of powder samples were recor-
ded with a high resolution powder X-ray diffractometer
model PAN analytical ‘X’PERT-PRO with Cu Ko radia-
tion as the X-ray source (4 = 1.5418 x 10710 m). The
morphology of the sample was examined by Scanning
Electron Microscope (FEG QUANTA-250). UV-vis dif-
fuse reflectance spectra were recorded on Shimadzu 2401
UV-vis spectrophotometer with BaSO,4 as the background
between 200 and 700 nm. UV-visible spectrophotometer
(Shimadzu UV-1700) and the scan range were from 400 to
700 nm.
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Table 1 Physical properties and structures of RhB dye and B-CD

Name Rhodamine B dye B-CD
Molecular formula C,gH3,CIN,O3 C4,H70035
Molecular weight 479.02 1135

Appearance

pH 3.9
Amax 544 nm
Structure

Reddish violet powder

NN

White powder

o, OH
HSO, oo
Ho, HO
0

OH
o

Photocatalytic irradiation procedure

Photocatalytic activity of the catalysts was obtained by
decolorization of RhB under UV light irradiation. Heber
multilamp photoreactor (HML MB 88) with eight lamps
was used as a UV light source. The lamp emits UV light
radiation mainly at 365 nm with a power output of 30 W.
The distance between the UV source and the sample holder
is 5 cm. Glass tubes with 60 ml capacity were used as
sample holders. Prior to irradiation, the suspension solu-
tions of the catalysts were kept in dark for about 15 min to
attain the adsorption—desorption equilibrium between RhB
dye and catalytic surface systems. During irradiation, the
reactant solutions were continuously stirred well with
magnetic stirrer fitted at the bottom. The tubes were taken
out at different intervals of time and the suspension solu-
tions were centrifuged. The supernatant liquids of the
solutions of different concentrations were collected for the
determination of concentrations for the remaining dye by
measuring its absorbance (at A,,, = 544 nm) with visible
spectrophotometer (ELICO-207). The pH values of RhB
dye solutions were adjusted by adding a small amount of
0.1 N HCI or 0.1 N NaOH and monitored with digital pen
pH meter (Hanna Instruments, Portugal). In all the cases,
exactly 50 mL of the reactant solutions was irradiated with
required amount of the catalyst. The pH of the RhB dye
solutions was adjusted before irradiation process and it was
not controlled during the course of the reaction. The
experiments were carried out with the solution pH (at
pH = 3.9) and the irradiation time was fixed at 120 min.
By keeping the concentrations of RhB dye-B-CD as con-
stant with the molar ratio of 1:1, the effects of all other
experimental parameters on the percentage of photocat-
alytic decolorization of RhB dye solution were
investigated.

Determination of chemical oxygen demand (COD)

Exactly, 50 mL of the sample was taken in a 500 mL round
bottomed flask with 1 g of mercuric sulfate. Slowly, 5 mL of
silver sulfate reagent (prepared from 5.5 g of silver sulfate
per kg in concentrated sulfuric acid) was added to the solu-
tion. Cooling of the mixture is necessary to avoid possible
loss of volatile matters if any, while stirring. Exactly 25 mL
of 0.25 N potassium dichromate solutions were added to the
mixture slowly. The flask was attached to the condenser and
70 mL of silver sulfate reagent were added and allowed to
reflux for 2 h. After refluxing, the solution was cooled at
room temperature. Five drops of Ferroin indicator was added
and titrated against a standard solution of Ferrous Ammo-
nium Sulfate (FAS) until the appearance of the first sharp
color change from bluish green to reddish brown. The COD
values can be calculated in terms of oxygen per liter in
milligram (mg O,/1) using the following equation (Rajalak-
shmi et al. 2014b; Pitchaimuthu et al. 2014b)

COD mg0,/1 = (B—A) x N x 8000/S,

where B is the volume of FAS consumed by K,Cr,O,
(mL), A is the volume of FAS consumed by K,Cr,O; and
RhB dye mixture (mL), NV is the normality of FAS and S the
volume of the RhB dye.

Results and discussion

Characterization of catalysts

SEM images

Figure 1 depicts the SEM images of B-CD (a), (ZnO/CeQ,)
(b) and (ZnO/Ce0,)-B-CD (c) respectively. B-CD shows
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Fig. 1 SEM images of a B-CD,
b (ZnO/CeO,), ¢ (ZnO/CeO,)-
B-CD
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amorphous surface (Fig. 1a). Figure 1b shows two kinds of
the particles on the surfaces of (ZnO/CeQ,), which are due
to the ZnO and CeO,. This clearly shows that the two metal
oxides are well dispersed with each other. The surface of
(ZnO/Ce0,)-B-CD system exhibits a similar morphology
with (ZnO/CeQO,) composite mixture which indicates that
B-CD does not change the morphology of (ZnO/CeQ,). All
the above results indicate that B-CD molecules are adsor-
bed on the surfaces of the (ZnO/CeQ,).

XRD patterns

XRD patterns of (ZnO/CeO,) composite and (ZnO/CeO,)-
B-CD system are provided as Fig. 2. The diffraction peaks
at 31.73°, 34.45°, 36.28°, 47.51° and 56.68° correspond to,
respectively, (100), (002), (101), (102), and (110) planes of
the Wurtzite structure of ZnO (JCPDS No. 36-1451)
(Subhan et al. 2015). The diffraction peaks at 28.26°,
32.85°, 47.25°, 56.06° and 58.90° can be, respectively,
indexed as (111), (200), (220), (311) and (222) planes of
the cubic CeO, (JCPDS No. 34-394) (Arul et al. 2015).
Figure 2a (ZnO/CeO,) has both hexagonal structure of
ZnO and cubic structure of CeQO,. Figure 2b shows the
deposition of B-CD on the surface of (ZnO/CeO,) does not
change in the crystalline features of (ZnO/CeQ,). After the
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Fig. 2 XRD patterns a (ZnO/Ce0,), b (ZnO/Ce0,)--CD

addition of B-CD with (ZnO/Ce0Q,), the main intensity
peaks of (ZnO/CeO,)-B-CD system are slightly lower than
(ZnO/Ce0,). The XRD results indicate that there is a
strong binding between (ZnO/CeO,) and B-CD (Rajalak-
shmi et al. 2014a).
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UV-DRS spectra

The UV-DRS spectra of ZnO, CeO,, (ZnO/CeO,) and
(ZnO/Ce0,)-B-CD system are shown in Fig. 3. They
show that all the samples exhibit an optical absorption
near 350-400 nm. Incorporation of B-CD on (ZnO/
CeO,) significantly affects the light absorption proper-
ties of (ZnO/CeO,). Further, (ZnO/CeO,) shows only a
slight variation of band gap energy as compared to that
of ZnO and CeO,. It is due to the effective blending of
ZnO with CeO,. The light absorption of (ZnO/CeO,)-f3-
CD system in the visible light range is higher than that
of (ZnO/Ce0,), ZnO and CeO,. The optical band gap
of all the samples can be calculated by extrapolating
the straight linear portion of the plot between
[F(R) hv]” vs hv. The estimated energy band gap val-
ues are, respectively, 3.43, 3.31, 3.39 and 3.35 eV for
Zn0, Ce0O,, (ZnO/Ce0,) and (ZnO/Ce0,)-B-CD sys-
tem. The band gap energies of (ZnO/CeO,)-B-CD sys-
tem is lower than that of (ZnO/CeQ,), ZnO and CeO,.
It indicates that (ZnO/CeQ,)-B-CD has higher photo-
catalytic activity than other samples (Almeida et al.
2015; Li et al. 2014).

Dissociation constant measurement

From the UV-Visible absorption spectral studies, the dis-
sociation constant (Kp) is calculated using the Benesi—
Hildebrand equation. The Kp value for this study is cal-
culated as 0.378 x 10~> M. This clearly confirms that RhB
dye molecules form a very strong inclusion complex with
B-CD (Rajalakshmi et al. 2014a).

ZnO

——CeO,
(ZnO/Ce0,) o
= (ZnO/Ce0,)-3-CD

% Reflectance

T T T T T T T
200 300 400 500 600
Wavelength (nm)

Fig. 3 UV-DRS of ZnO, CeO,, (ZnO/Ce0,) and (ZnO/CeO,)-p-CD

Effect of operational parameters
Effect of ratio of (ZnO/CeQ,)

The photocatalytic activities of (ZnO/CeO,) and (ZnO/
Ce0,)-B-CD system with different ratio of ZnO and CeO,
were investigated by photocatalytic decolorization of RhB
under UV light irradiation. The experiments were carried
out by varying ratio of ZnO and CeO, as 4.5:0.5, 4:1,
3.5:1.5, 3:2, 2.5:2.5 and 2:3. The obtained results are pre-
sented in Fig. 4. Bare ZnO shows 73.5% of decolorization
of the dye. The photocatalytic activity of (ZnO/CeO,)
decreases with the increase in CeO, content. The observed
results are explained on the basis of the influence of the
space charge thickness. The optimum content of CeO,
makes the thickness of the space charge layer essentially
equal to the light penetration depth. As the amount of CeO,
is increased, the surface barrier became higher and the
space charge region became narrower. Then the electron—
hole pairs within the region can be separated efficiently and
helps to enhance the photocatalytic activity of the catalysts.
If the content of CeQ, is increased, the space charge region
became very narrow and, thus, the penetration depth of
light into the catalyst exceeded the space charge layer. For
this reason, the electron—hole pairs became easier, which
reduces the photocatalytic activity of (ZnO/CeQO,) and
(ZnO/Ce0,)-B-CD; (ii) The ceric ions (Ce4+) act as the
recombination center for photogenerated electron—hole pair
during photocatalytic reactions; (iii) At excess amount of
CeO, results in the agglomeration of CeO, particles, which
scatter the incident light, decreasing the quantum efficiency
of the photocatalytic reaction (Sin et al.2015; Chen et al.
2009; Liu et al. 2011); (iv) Photocatalytic activity lowers

95 = (ZnO/Ce0,)

] e (Zn0/Ce0 )-B-CD
90+

85+
80

754

% of decolorization

704

60

T T T T T T T T
3.5:1.5 3:2 2.5:2.5 2:3

ratio of (ZnO/Ce0,)

Fig. 4 Effect of ratio of (ZnO/CeO,) on the photocatalytic decol-
orization of RhB dye under UV light irradiation
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by the progressive shielding of the ZnO surface by CeO,
particles; (v) The decrease of CeO, content leads to
increase in the photocatalytic activity of the catalyst
because of the very low photocatalytic activity of CeO, as
compared to ZnO (Meksi et al. 2015; Rashad et al.2014;
Karunakaran et al.2010); (vi) The OH plays a crucial role
in photocatalytic process. When the content of ZnO
increases the photocatalytic efficiency increases. It is due
to the number of OH' radical generation is increased (Xu
et al. 2010). Considering all the above facts, in this study,
the optimum ratio of ZnO and CeO, is fixed as 4:1.

Effect of initial concentration of dye

The effect of initial dye concentration is an important
parameter in photocatalytic reactions from both application
and mechanistic points of view (Amani-Ghadim et al.
2015). The effect of initial concentration of RhB dye on
various catalysts in this study, say, ZnO, CeO,, (ZnO/
Ce0,) and (ZnO/Ce0,)-B-CD system with a fixed amount
of catalysts 2 g/L. and irradiation time 120 min are pro-
vided in Fig. 5. The concentration of dye the solutions are
varying from 0.4-2.5 x 107> M for ZnO, 0.2-1.2 x 10>
M for CeO,, 1.0-6.3 x 107> M for (ZnO/Ce0,) and
2.0-12.5 x 107> M for (ZnO/CeQ,)-B-CD system at pH
3.9. The results show that increase in the concentration of
RhB dye decreases the percentage removal of dye from
92.3-74.1% for ZnO, 82.5-56.2% for CeO,, 95.0-77.4%
for (ZnO/CeO,) and 98.2-80.6% for (ZnO/CeO,)-B-CD
system. The decrease in decolorization efficiency with
increasing dye concentration is due to the following rea-
sons: (i) Increase of dye concentration decrease the path
length of photons entering into the dye solution. In

=
£ ‘
(=]
=
g : = ZnoO
n
577 ¢ ° Ceo,
= a5 | (Zn0/Ce0,)
IR v (ZnO/Ce0,)-3-CD
60 |
s5] ¢
0 I é I tli- I (IS I I8 I 1|0 I 1|2 I 14

initial concentration of dye (x10°M)

Fig. 5 Effect of initial dye concentration on the photocatalytic
decolorization of RhB dye under UV light irradiation
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addition, a significant amount of UV light may be absorbed
by the dye molecules rather than by the catalysts which
reduces the rate of decolorization; (ii) Some of the inter-
mediates produced during the photocatalytic process may
compete with organic molecules which limited the
adsorption as well as the active sites on the surface of the
catalyst; (iii) Large number of adsorbed dye molecules on
the catalytic surface prevents the reaction between RhB
molecules and hydroxyl radicals due to the lack of any
direct contact between them.

Moreover, several investigations indicated that as the
concentration of the target pollutant increases, more and
more molecules of the compound are adsorbed on the
surface of the photocatalyst. Therefore, the reactive species
('OH and 'O;") required for the degradation of the pollutant
also increases. However, the formation of (OH and '‘O,")
on the catalyst surface remains constant for a given light
intensity, amount of the catalyst and irradiation time.
Hence, the available OH' radicals are inadequate for the
decolorization of RhB dye at higher concentrations. Con-
sequently the rate of decolorization of RhB dye decreases
as the concentration increases. In addition, increase in dye
concentration leads to the generation of intermediates,
which may adsorb on the surface of the catalyst. Slow
diffusion of the generated intermediates from the catalyst
surface can be resulted in the deactivation of active sites on
the photocatalyst. This leads to decrease in the percentage
removal of the dye. In contrast, at low concentrations,
number of catalytic sites are not being the limiting factor
and the rate of degradation will be proportional to the
concentration of the dye (Thennarasu and Sivasamy 2013;
Gupta et al.2011; Hu et al. 2015; Taleb 2014; Ahmed et al.
2011). The optimum concentration is fixed as 2.0 x 107>
M for ZnO, 0.8 x 107> M for CeO,, 3.1 x 107> M for
(ZnO/Ce0O,) and 6.2 x 1075 M for (ZnO/Ce0,)-B-CD
system.

Effect of amount of catalysts

The effect of amount of catalysts is one of the important
factors which too affect the photocatalytic processes. To
avoid the use of excess catalysts, it is necessary to find out
the optimum amount of the catalysts to reach an efficient
removal of the dye. The effect of catalyst dose on the
photocatalytic decolorization of RhB dye under UV light
irradiation has been investigated by varying the dose of the
catalysts from 1 to 6 g/L for all the catalysts used in this
study. The results are presented in Fig. 6. The results
clearly show that increase of the dose of the catalysts
increases the percentage of decolorization. This may be
due to (i) the increase in the number of dye molecules
adsorbed on the catalysts; (ii) increase in the density of the
catalysts in particle nature in the area of illumination; (iii)
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Fig. 6 Effect of amount of catalysts on the photocatalytic decol-
orization of RhB dye under UV light irradiation

increase in the number of active sites on the surface of the
catalysts; (iv) increase in the number of photogenerated
electron—hole pairs which results in an increase in number
of hydroxyl radicals (Rajamanickam and Shanthi 2012;
Krishnakumar and Swaminathan 2011; Kaur and Singhal
2014). However, higher dose of the catalysts leads to
decrease in the reaction rate which may be attributed to
(i) the agglomeration of catalyst particles at higher dose of
the catalyst leads to the fact that a part of the photocatalyst
surface becoming unavailable for photon absorption and
dye adsorption; (ii) deactivation of activated molecules by
collision with the ground state molecules; (iii) turbidity of
the reaction mixture increases which resulted in the
screening effect that affects the penetration of UV light
through the solution; (iv) increase in scattering of light and
opacity of suspension (Sudrajat et al. 2016; Lin et al. 2011;
Kaur and Singhal 2014; Pourahmed 2012). All the above
reasons pointed out that increase of the amount of catalysts
above a certain level does not execute any photocatalytic
reactions. The optimum dose of the catalysts in all the
cases is fixed as 2 g/L for further studies.

Effect of irradiation time

Successful applications of the photocatalytic decolorization
process depend on the decolorization time and require the
investigation of the photocatalytic decolorization rate
(Mohammadi and Sabbaghi 2014). The effect of irradiation
time for decolorization of RhB dye under UV light irra-
diation is evaluated by varying from 30 to 180 min. The
decolorization efficiency increases with increase of irradi-
ation time as shown in Fig. 7. It is attributed to the fact that
there is enough time to produce more number of hydroxyl
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Fig. 7 Effect of irradiation time on the photocatalytic decolorization
of RhB dye under UV light irradiation

and superoxide radicals. It is observed that, at 180 min. the
percentage decolorization of RhB is 98.0% for (ZnO/
Ce0,)-B-CD system.

Kinetics of photocatalytic decolorization

The pseudo-first order reaction kinetics can be used to
describe the relationship between decolorization rates of
RhB with respect to the irradiation time as shown in Fig. 8.
The pseudo-first order model is expressed by the following
equation,

In(Co/C,) = ki,

where Cj is the initial concentration of RhB, C, is the
concentration of RhB at time ¢, and & is the rate constant.
From Fig. 8, the linear relationship between In (Co/C;) and
irradiation time is observed, which indicates that the
decolorization of RhB follows the follows pseudo-first
order kinetics (Tamuly et al. 2014; Jin et al. 2015).

Effect of pH

The photocatalytic activities of the catalysts are strongly
affected by the surface charge property, the nature of the
dye molecule and the population of the available hydroxyl
radicals. As all these properties are pH dependent, pH plays
a vital role in the wastewater treatment which influences on
the decolorization of dyes to a greater extent. The effect of
pH on the photocatalytic decolorization of RhB is inves-
tigated by varying pH from 2 to 12 and the results are
provided in Fig. 9. It is designated that as pH of the dye
solution increases the percentage of decolorization of RhB
is increasing from 77.0-93.5% for ZnO, 54.3-72.5% for
CeO,, 82.2-97.0% for (ZnO/Ce0O,) and 85.0-99.5% for
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Fig. 8 Kinetics of photocatalytic decolorization of RhB dye under
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Fig. 9 Effect of pH on the photocatalytic decolorization of RhB dye
under UV light irradiation

(ZnO/Ce0,)-B-CD system. Both adsorption and dye
removal are favored at pH around the point of zero charge
(pzc). It is evidently reported that the point zero charges of
ZnO and CeO, are 9.0 and 6.8, respectively (Peng et al.
2013; Pitchaimuthu and Velusamy 2014). At a pH lower
than pzc the surface of photocatalyst is positively charged,
whereas at pH higher than pzc it becomes negatively
charged. Since RhB is a cationic dye, the pH higher than
that of the pzc favors the adsorption of RhB dye molecule
on the catalyst surface which results in increases the
removal of RhB dye under neutral and basic conditions
(Hadjltaief et al. 2016). Moreover, pH of the solution
affects the formation of hydroxyl radicals by the reaction
between hydroxide ions and photoinduced holes on the
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surface of the photocatalysts. The positive holes and
hydroxyl radicals are considered as the predominant spe-
cies at low and higher pH, respectively. At higher pH,
formation of OH' is higher which due to the presence of
more number of available hydroxyl ions on the surface of
the catalysts. Thus, the decolorization efficiency is higher
at basic pH. A low pH is associated with a positively
charged surface which cannot be provided the hydroxyl
groups which are needed for hydroxyl radical formation.
Furthermore, at low pH there is a columbic repulsion
between the dye cation and positively charged catalytic
surface observed and thus, the adsorption of dye on the
surface of the photocatalysts decreases (Ahmed et al. 2011;
Rajamanickam and Shanthi 2012; Velusamy et al. 2015).
Hence the percentage removal of dye is less in acidic pH.

Mechanism for photocatalytic performance of (ZnO/
Ce0,)-p-CD system

The photocatalytic decolorization of RhB dye in the pres-
ence of (ZnO/CeO,)-B-CD system is explained with the
mechanism as shown in Fig. 10. RhB dye molecules are
entered into the cavity of B-CD which is bonded on the
(ZnO/Ce0,) surface at the equilibrium stage. Since CDs
have higher affinity on the surface of (ZnO/CeO,) than
RhB, B-CD molecules could be adsorbed on the surface of
(ZnO/CeO,) and can occupy the reaction sites. 3-CD could
capture the holes on the active surface of (ZnO/CeO,)
resulting in the formation of stable B-CD-(ZnO/CeO,)-p-
CD system. The inclusion complex reaction of B-CD with
RhB dye molecules is the key step in photocatalytic
decolorization in suspension containing B-CD (Zhang et al.
2009; Rajalakshmi et al. 2014b; Pitchaimuthu et al. 2014b;
Velusamy et al.2014). The complex RhB-B-CD-(ZnO/
Ce0,)-B-CD-RhB is formed. Then the dye molecules
absorb UV radiation followed by excitation. At the time of
excitation, the photogenerated electrons are transferred
from the conduction band (CB) of CeO, to the conduction
band of ZnO (Sherly et al. 2015). Further, an electron is
rapidly injected from the excited dyes to CB of ZnO and
CB of CeO,. Superoxide anion radicals are formed in the
presence of oxygen. The dye and dye cation radical then
undergo degradation.

The enhanced of photocatalytic activity of (ZnO/CeQO,)-
B-CD for the decolorization of RhB is mainly due to the
following reasons (a) photogenerated electron transfer from
CeO, to ZnO; (b) enhanced adsorption of RhB on (ZnO/
Ce0,); (c) moderate inclusion depth of RhB in the B-CD
cavity; (d) B-CD capture photogenerated holes (Wang et al.
2006a).

In this work, B-CD acts as a bridge or channel between
the RhB and both the metal oxides, as B-CD can include
the dye molecule into its cavity and adsorbed onto the
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surfaces of both the metal oxides and accumulate at higher =~ Table a continued
concentrations, which makes the decolorization of RhB RHB-B-CD-(Za0/ RHB*(B-CD{Za0/Ce0y) B @0
. . . -B-CD-(Zn! - -(B-CD-(Zn e0,)-B- ix
more easy and effe.ctlve in the pressence of hy.dro?cyl radi- CeO,)-B-CD- CD)'-RhB* + RhB*-(B-CD-
cals produced during photocatalytic decolorization pro- RhB + hv (ZnO/Ce0,)-B-CD) *-RhB*

cesses (Wang et al. 2006b). Therefore, the photocatalytic
activity of (ZnO/CeO,)-B-CD is enhanced by decreasing
the recombination of electron—hole pairs which results in
the increasing the lifetime of charge carriers and formation
of more number of hydroxide and superoxide radicals.

RhB + ZnO + hv — CO, + H,0 + mineralization (i)
products
RhB + CeO, + hv — CO, + H,0 + mineralization (i)
products
RhB + (ZnO/ — CO, + H,0 + mineralization (iii)
CeO,) + hv products
(ZnO/Ce0,) + B-CD - (ZnO/Ce0,)-B-CD @iv)
B-CD + (ZnO/Ce0,)- — B-CD-(ZnO/Ce0,)-B-CD )
B-CD
RhB + B-CD — B-CD-RhB (vi)

RhB + B-CD- (ZnO/ — RhB-B-CD-(ZnO/Ce0,)-B-CD  (vii)
Ce0,)-B-CD

RhB + RhB -B-CD- - RhB-B-CD-(ZnO/Ce0,)-B-CD-  (viii)
(ZnO/Ce0,)-p-CD RhB

(RhB-B-CD-(ZnO/ — RhB-B-CD-(e™)(ZnO/Ce0,)-B-  (x)
Ce0,)-B-CD-RhB)* CD- RhB

(RhB-B-CD-(ZnO/ — RhB*-B-CD-(e")(ZnO/ (xi)
Ce0,)-B-CD- RhB)* Ce0,)(e”)-B-CD-RhB™

(RhB-B-CD-(ZnO/ — RhB-B-CD-(ZnO/CeQ,)-p-CD-  (xii)

Ce0,)-B-CD- RhB + 'O,
RhB)* + O,
(e”) B-CD-(ZnO/ — B-CD-(Zn0O/Ce0,)-B-CD + O~ (xiii)
CCOz)-B-CD + 02
RhB ™ — Mineralized products (xiv)
RhB + '0, — Mineralized products (xv)
RhB + O — Mineralized products (xvi)
Mineralization

The COD is one of the widely used effective techniques for
measuring the organic strength present in textile wastew-
ater and it is also used to confirm the mineralization of
dyes. This test allows the measurement of total quantity of
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Fig. 11 Determination of chemical oxygen demand

oxygen required for the complete oxidation of organic
pollutant to carbon dioxide and water. During the photo-
catalytic oxidation processes, dye solution contains some
intermediates which on continued treatment resulted in the
formation of CO, and H,O, which can be established as a
complete mineralization (Thennarasu and Sivasamy 2013;
Dalbhanjan et al. 2015). The reduction of COD measure-
ments of RhB dye on ZnO, CeO,, (ZnO/CeO,) and (ZnO/
Ce0,)-B-CD at different pH form 2 to 12 under UV light
irradiation are present in Fig. 11. It is observed form the
results that the COD value decreases with increase in the
pH value of the solution. Among all the catalysts, COD
values are significantly reduced with (ZnO/Ce0O,)-B-CD
system which indicates that (ZnO/CeQ,)-B-CD system is
an efficient photocatalyst than all other catalysts analyzed
in this study.

Conclusion

In this study, the photocatalytic behavior of (ZnO/CeO,)--
CD system under UV light irradiation for the decoloriza-
tion of RhB dye was investigated. The catalysts employed
in this study were characterized by SEM, XRD and UV-
DRS analyses. UV-visible study confirms the formation of
inclusion complex. The effect of operational parameters
such as ratio of (ZnO/CeQ,), initial dye concentration,
amount of catalysts, irradiation time and pH were dis-
cussed. The photodecolorization efficiency is high in basic
pH. The kinetics of photocatalytic decolorization of RhB
dyes showed pseudo-first order reaction kinetics. (ZnO/
Ce0,)-B-CD system exhibits higher photocatalytic activity
than (ZnO/Ce0O,), ZnO and CeO,. This is due to the for-
mation of inclusion complex and synergistic effect of ZnO
and CeO,. From this study, (ZnO/CeO,)-B-CD system is
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found to be a potential photocatalyst for the application of
waste water treatment.
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