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Abstract

This study presents the synthesis of CeO,-TiO, nanocomposite and its potential application for the visible light-driven
photocatalytic degradation of model crystal violet dye as well as real industrial waste water. The ceria—titania (CeO,-TiO,)
nanocomposite material was synthesised using facile hydrothermal route without the assistance of any template molecule.
As-prepared composite was characterised by SEM, TEM, HRTEM, XRD, XPS for surface features, morphological and
crystalline characters. The formed nanostructures were determined to possess crystal-like geometrical shape and average size
less than 100 nm. The as-synthesised nanocomposite was further investigated for their heterogeneous photocatalytic potential
against the oxidative degradation of CV dye taken as model pollutant. The photo-catalytic performance of the as-synthesised
material was evaluated both under ultra-violet as well as visible light. Best photocatalytic performance was achieved under
visible light with complete degradation (100%) exhibited within 60 min of irradiation time. The kinetics of the photocatalytic
process were also considered and the reaction rate constant for CeO,—TiO, nanocomposite was determined to be 0.0125 and
0.0662 min~" for ultra-violet and visible region, respectively. In addition, the as-synthesised nanocomposite demonstrated
promising results when considered for the photo-catalytic degradation of coloured industrial waste water collected from
local textile industry situated in Faisalabad region of Pakistan. Enhanced photo-catalytic performance of CeO,—TiO, nano-
composite was proposed owing to heterostructure formation leading to reduced electron—hole recombination.

Keywords CeO,-TiO, nanocomposite - Heterogeneous photocatalysis - Degradation of crystal violet - Environmental
remediation

Introduction

All domestic, commercial and industrial activities involve
the use of water as a most important and basic need; moreo-
ver, the wastewater generated as a result of such activities
can pose enormous hazards to the environment because of
contaminants introduced into water systems. The textile,
paper, paint and many other industries use dyes in colour-
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ing their products for finishing, consuming large volumes
of water and releasing effluents containing various forms of
recalcitrant contaminants which pose a threat to aquatic life
(Mallick et al. 2005; Das et al. 2011; Abdulla-Al-Mamun
et al. 2009). The literature describes that in terms of both
volume and effluent constitution, the wastewater discharged
by the textile industry have been rated as one of the most
polluting sources among all industrial divisions (Wang et al.
2010). Therefore, many countries have implemented new
and strict regulations imposing strong obligatory measures
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regarding wastewater disposal during the last decade (He
et al. 2012). The literature also demonstrates how conven-
tional methods have been found to be ineffective, cumber-
some and expensive to make water systems clean and safe
(Rauf et al. 2011). However, reports also show that the great
difficulty in treating dye-containing wastewater is the inef-
fectiveness of biological processes (Lu et al. 2011; Bokare
et al. 2008; Poulios et al. 2003; Ma et al. 2002). While the
physical processes, such as coagulation and adsorption, sim-
ply transfer the pollutants from one medium to another and
cause secondary pollution to the environment and aquatic
life. The conventional oxidation processes like ozonation
and chlorination are limited to some classes of dyes (Mallick
et al. 2005; Wang et al. 2010). It is also described that due
to the earlier mentioned difficulties in treating wastewaters,
broad research interest has been shown in the application
of advanced oxidation processes (AOPs) to treat organic
chemicals including dyes and other pollutants. Among
several AOPs, heterogeneous photo-catalysis concerning
semiconductors has held significant attention in the recent
years for the remediation of detrimental pollutants both in
aqueous and gaseous phases using solar or artificial light
sources (Soomro and Nafady 2015). These are utilised as
efficient and low cost-effective procedures for removing
stable organic compounds including dye molecules. The
other advantage of heterogeneous photo-catalysis is that the
catalyst recycling would make the remediation process less
expensive (Abdul et al. 2016).

Among all semiconductor photocatalysts being used in
water treatment, anatase TiO,, with the band energy of
3.2 eV is found to reveal a desirable photocatalytic activity
under UV light irradiation. However, pure TiO, has a wide
band gap which limits its utility in wider range of spec-
trum. Thus, to improve photocatalytic activity, designing
of coupled semiconductor heterojunction is a promising
approach. To date, various nanocomposite of TiO, cou-
pled with other materials such as ZnO (Murugan et al.
2013), Fe;0,/Cu0O-/Ti0O, /Ag-nanocomposite (Fauzian
et al. 2017), CeO, (Liu et al. 2017) and Cu,O (Zhen et al.
2017) have been reported to improve the charge separation
and broadening the photoresponse region. In this regard,
the use of CeO, is getting significant scientific interest
due to its suitable band-gap position (Barton et al. 2015)
and the high capacity to store/release oxygen under oxi-
dising/reducing conditions of CeO, (Verma et al. 2015).
The combination of CeO, with TiO, as nanocomposite
can result in promising photo-catalytic activity based on
reversible conversion between Ce(IV) and Ce(III) that
would allow proficient electron transfer between the two
constituents. Thus, in this present study we report the syn-
thesis of template-free CeO,-doped TiO, nanocomposite
using simple hydrothermal approach. The study further
explores the potential of as-synthesised nanocomposite
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as a heterogeneous and recyclable photo-catalyst which
produces highly enhanced photo-degradation of common
textile dye (i.e., CV). The dye has been used as model
compound to monitor the catalytic efficiency of the as-
synthesised nanocomposite. The results obtained from
catalytic performance of CeO,-doped TiO, at optimum
conditions showed 97% degradation of CV dye in only
60 min. Comparative degradation studies were carried
under both UV and visible light. Moreover, the as-synthe-
sised material demonstrated excellent working capabili-
ties when used for the photo-catalytic degradation of real
textile waste water samples collected from local textile
industries of Faisalabad region Pakistan. In addition, we
suggest that the results obtained in this present research
can be extended to degrade many other organic dyes and
low molecular weight organic/inorganic compounds,
which pose substantial hazardous effects and toxicity to
the aqueous environment.

Materials and methods

The nanocomposite was synthesised using hydrother-
mal route. In a typical experiment, 0.2 g of CeO, powder
(ACROS Organics with 99.9% purity) was allowed to vor-
tex with 0.4 g of commercial TiO, powder (Sigma Aldrich,
99.9%) in 150 ml of KOH (1 M). The pH of the solution
was maintained at 10 followed by hydrothermal treatment in
Teflon lining autoclaved at 180 °C for 24 h. After completion
of the reaction, the nanocomposite was separated from the
reactor using high-speed centrifugation at 3000 rpm. The
as-synthesised nanocomposite was thoroughly washed with
de-ionised water and ethanol to remove any surface bound
impurity. The nanocomposite was then finally dried at 60 °C
for 6 h before utilising them as an active photo-catalytic
material.

Characterization

Morphological and structural characterisation was carried
using field-emission scanning electron microscopy FESEM-
JEOL (JSM-7500F), Transmission Electron Microscope
(FEI Tecnai F20), and X-ray diffraction (XRD) (Bruker
D-8). X-ray photoelectron spectroscopy (XPS) measure-
ments were made using an Omicron Nanotechnology GmbH
with Al Ko (1486.6 eV) as the X-ray source. The photo-cat-
alytic activity was carried under 200 W incandescent light
bulb and UV lamp (Camag, Switzerland) for visible and
ultra-violet studies. The monitoring of the photo-catalytic
activity was measured using UV-Vis spectrophotometer
(CECIL-7000).
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The photo-catalytic performance
of the as-synthesised nanocomposite

Photo-catalytic activity of newly synthesised nanocomposite
in removing contaminants from aqueous media was checked
using CV dye as a test contaminant. In a typical batch test,
a specific amount of nanocomposite was allowed to vor-
tex with 75-ml CV solution (24.5 mM) for 60 min in dark
(without light irradiation) to obtain the maximum adsorp-
tion/desorption of dyes on the catalyst surface. To monitor
the photo-catalytic performance, the mixture of dye, photo-
catalyst and oxidant (H,0,) was exposed to UV and vis-
ible lights for corresponding irradiations. The degradation
efficiency was followed by collecting aliquots of the sample
and measuring the decline in maximum absorbance (4,,,,)
of CV at 583 nm. To ensure proper measurement, the col-
lected samples were filtered using 0.45-pm membrane filters
to remove any suspended particles.

Results and discussion
Structural characterization

The as-synthesised nanocomposite was elaborately char-
acterised for their morphology, composition and structural

characteristics using SEM, TEM, HRTEM, XRD and XPS.
Figure 1a shows the SEM micrograph of the as-synthesised
product and indicates the formation of small crystal-like
nanosized particles. The formed nanostructures are evident
to possess different geometrical like shapes such a triangular,
circular, rectangular, hexagonal, etc. The average size of the
as-synthesised nanoparticles was determined to be less than
100 nm as indicated in TEM image Fig. 1b. HRTEM image
shown in Fig. 1c reflects the single crystalline character of
the CeO,-TiO, nanocomposite with clear lattice fringes.
The XRD pattern recorded for the as-synthesised nano-
composite is shown in Fig. 1d. The XRD consists of peaks
indexed to (101), (111), (200), (004), (112), (220), (200),
(105), (311), (222) planes of CeO, and TiO, as standardised
against the ICCD no. 34-0394 and 21-1272, respectively.
The absence of any other peaks is evident of product purity.
To ensure the surface purity of the as-synthesised nano-
composite, XPS analysis was performed. Figure 2 shows the
wide scale spectrum for CeO,-TiO, nanocomposite with
integrated major peaks inferred to C 1s, O 1s, Ti 2p and Ce
3d, respectively. The full scan was further regionalized to
provide information of specific binding energies associated
with ceria and titania (Fig. 2a). The O 1s spectrum is shown
in Fig. 2b). The two major peaks are evident of two types of
oxygen species present on the sample surface. The peak at
531.1 eV is attributed to the surface-lattice oxygen whereas
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Fig. 1 a SEM micrograph; b TEM image; ¢ HRTEM image and d XRD pattern of the as-synthesised CeO,—TiO, nanocomposite
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Fig.2 a XPS, full scan of CeO,-TiO, nanocomposite. b XPS O 1s data for CeO, nanoparticles. ¢ XPS Ti 2p data for CeO,@TiO,. d XPS Ce 3d

data for CeO,—TiO, nanocomposite

the peak at 534.4 eV is from the oxygen that is chemisorbed
as —OH/-CO5>~ or adsorbed water. Figure 2c shows the
binding energies of Ti 2p** and 2p'? from Ce0,-TiO,. The
peaks observed at the 458.65 and 464.36 eV are evident of
the presence of Ti species with CeO,. The Ce 3d spectra in
Fig. 2d were fitted using eight peaks, where 3¢*% and 34>
are spin-orbital.

Evaluation of photo-catalytic performance

The CeO,-TiO, nanocomposite with its higher surface area
and small crystal size was expected to demonstrate high
photo-catalytic performance. The photo-catalytic perfor-
mance was evaluated both under visible and ultra-violet
light. Figure 3a shows the un-catalysed reaction which was
carried out to assess the capability of the oxidant (H,0,)
alone for the degradation of CV dye (0.024 M).

The slight degradation up to 13% signifies the inca-
pability of the oxidant to completely degrade the dye
molecules as shown in Fig. 3a. In contrast, the catalyst
reaction carried out in the ultra-violet light demonstrates
significant degradation of CV dye in the given time of
60 min. The gradual decrement in the absorbance intensity
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at A, =580 nm CeO,-TiO, nanocomposite is a clear
evidence of uniform photo-catalytic reaction. The use of
Ce0,-TiO, nanocomposite as photo-catalyst under ultra-
violet light led to 65% degradation within the 60 min of
reaction time as indicated in Fig. 3b. Contrary to this, the
use of visible light source at the same experimental condi-
tions resulted in 100% degradation of CV within 60 min
of reaction time as exhibited in Fig. 3c. This variation in
the catalytic performance of CeO,~TiO, nanocomposite is
attributed to photo-active band gap of CeO,-TiO, nano-
composite that allows greater generation of electron—hole
pairs which coupled with high surface area of composite
leading to enhanced degradation kinetics.

The rate of heterogeneous photo-catalytic reaction is
best estimated using Langmuir—Hinshelwood (L-H) model
(Houas et al. 2001), which has the following mathematical
formula (Sun et al. 2002):

de _ ki _pkaC 1
d - 1+k,C M

where k; _y; is the reaction rate constant, k, is the adsorption
coefficient of CV dye over the catalyst, and C is the distinct
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Fig. 3 UV-Vis spectral profile for a un-catalysed for 0.024 M CV dye with 500 pL H,0,; photo-catalytic degradation of CV under b ultra-violet

and c visible light

concentration at any time ¢. Since, the value of k and C are
very small for pseudo-first-order reactions, so Eq. (1) can be
simplified to Eq. (2):

CO
In rel = ki _pkaqt = —kt. )

Here C, is the initial concentration and k=k;_y k,q is
the pseudo-first-order reaction rate constant.

Figure 4 shows the plot of linear relationship between
the natural logarithm of ratio of initial concentration (C,)
of CV and relative remaining concentration (C) after oxi-
dative degradation versus the corresponding reaction time
(s). The linear regression analysis was used to estimate the
degradation constant under UV light (Fig. 4a) as well as
visible light (Fig. 4b). The k value for CeO,~TiO, nano-
composite under ultra-violet light is 0.0125 whereas for
visible light 0.0662 min~! was observed, respectively. The
high value of & in case of visible light signifies the favour-
able reaction rate following pseudo-first-order kinetics. To
ensure maximum degradation, the amount of photocatalyst
was optimised in the range of 0.01-0.02 mg/ml. Figure 4c
shows the variation of degradation efficiency against the
catalyst dose. An initial increment is evident of the higher

surface area provided by greater density of CeO,-TiO,
nanocomposite. The maximum degradation was achieved
using 15 mg/ml whereas at the higher dose, saturation con-
dition was observed.

The photo-catalytic degradation was further validated by
analysing the post-treated samples using high-performance
liquid chromatography—electrospray ionisation (HPLC-EST)
mass spectrometry, and the relevant mass spectra are illus-
trated in Fig. 5. The molecular ion peaks appeared in the
protonated forms of the intermediates. As shown in Fig. 5a,
the spectral analysis confirmed that m/z 372.2 in liquid chro-
matogram is CV. After degradation as in Fig. 5b, it shows
different peaks which indicate the degradation of CV dye.
Previous reports depict that CV dye degradation occurred
by N-de-methylation reaction. (i.e., band wavelength shift
toward blue region is because of methyl group removal)
(Chen et al. 2007).

Photo-catalytic degradation of real-coloured waste
water

The universality of CeO,-TiO, based nanocomposite as a
photo-catalyst was examined by utilising the material for
the degradation of real-coloured waste water samples. A
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Fig.4 a, b Linear regression plot for pseudo-first-order kinetics for the nanocomposite catalysed oxidative degradation of CV under ultraviolet
and visible spectrum of light; ¢ variation in the % degradation efficiency in reference to standard dosage of photo-catalyst

sample of coloured waste water was collected from local
textile industry situated in the Faisalabad region of Paki-
stan. The sample was filtered and properly diluted before
subjecting it for photo-catalytic degradation. The photo-
catalysis was carried in similar fashion as mentioned in
“Evaluation of photo-catalytic performance”, however,
the amount of oxidant was raised to 1 ml due to the com-
plex nature of the coloured sample. Figure 6a shows the
UV-Vis spectrum of the sample before treatment whereas
Fig. 6b exhibits UV—Vis spectra after treatment. The com-
plete degradation of the coloured sample is evident from
the constant decline of the spectral peak intensities.

Photo-catalytic efficiency of the as-synthesised
Ce0,-TiO, nanocomposite for CV dye degradation was
compared with various other photo-catalysts used for the
degradation of CV dye as shown in Table 1.

Figure 7 presents the proposed mechanism of CV dye
degradation by CeO,-TiO, nanocomposite catalyst. The
picture shows that the energy band gap of titania (3.10 eV)
is larger than that of ceria (2.74 eV) (Tian et al. 2013; Fan
et al. 2016; Lu et al. 2016). The energy level of the con-
duction band of ceria is lower (more negative) than titania.
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Conversely, the energy level allows faster transfer of the
holes from titania to ceria (Wang et al. 2011).

Finally, the complete separation of electron—hole pairs
results in increased generation of O*~ and hydroxyl radi-
cal resulting in improvement of the photocatalytic activity
of the CeO,~TiO, nanocomposite catalyst. This synergistic
effect of CeO,~TiO, nanocomposite photocatalyst displays
a higher photocatalytic activity than separate TiO, and CeO,
photocatalysts under visible light irradiation (Eskandarloo
et al. 2014).

Conclusion

In conclusion, this study explores the potential of
Ce0O,-TiO, nanocomposite synthesised using simple
hydrothermal route for the photo-catalytic degradation
of common textile dye namely CV. The as-synthesised
nanocomposites were examined for their photo-catalytic
activity both under ultra-violet and visible light. The as-
synthesised nanocomposite demonstrated potential photo-
catalytic activity against the target dye where maximum
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Table 1 Comparison of CV dye degradation using ceria—titania nanocomposite with other materials

Catalyst Efficiency (%) Irradiation source Time References

Anatase nanosphere TiO, 99 UV light 6h Jadhav et al. (2013)
Mn doped and PVP capped ZnO NPs <100 UV irradiation 3h Mittal et al. (2014)
TG capped ZnS NPs ~96 UV-visible irradiation 3h Sharma et al. (2012)
Ce0O,-TiO, nanocomposite ~98 Visible light 60 min Present

Fig. 7 Proposed photocatalytic

degradation mechanism of CV \V; A </

£ . NHE (eV)
using CeO,-TiO, nanocompos- “] >
ite under visible light irradiation 4 .

vAg

-1 - <
031V N
__ 0 v
S
S—
® 1-
=
c
3
S 2+ 2a3v
3 | 2R

degradation was achieved just within 60 min of reaction
time under visible light. The efficient catalytic potential
in case of CeO,-TiO, nanocomposite can be attributed
to the high surface area and favourable band gap condi-
tion due to synergetic combination of Ce and Ti species.
The kinetics of photo-catalytic process was also evaluated
using Langmuir-Hinshelwood (L-H) model where the rate
constant of 0.0125 and 0.0662 min~! were determined
for ultra-violet and visible region. Moreover, the system
demonstrated working capability against real waste water
effluent collected from local textile industry situated in
Faisalabad region of Pakistan.
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