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ABSTRACT

Nano-sized TiO, photocatalyst co-doped with La and Ce (La-Ce/TiO,) was prepared by sol-gel method,
and it was characterized using X-ray diffraction (XRD), scanning electron microscopy with energy disper-
sive X-ray analysis and Fourier transform infrared spectroscopy. The XRD results confirmed the formation
of anatase phase for the TiO, particles. The photocatalytic activity of the prepared catalyst was evaluated
for the degradation of methylene blue (MB) under UV and visible light irradiations. The photodegradation
of MB dye strongly dependent on the solution pH and catalyst load. The enhanced photodegradation of
MB by La—Ce/TiO, followed the Langmuir-Hinshelwood (L-H) adsorption isotherm. The synthesized
catalyst has better dye degradation under visible light when compared with UV light.
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1. Introduction

The development of human society is affected by the
two major problems namely the environmental pollution
and energy crisis [1]. Among the two, environmental pollu-
tion is one of the greatest issues, which keep on increasing
every year and causing irreparable damage to the earth. The
photocatalytic technology using semiconductor materials
is one of feasible route to minimize the above effects [2-5].
Semiconductor materials are mainly employed for photocat-
alytic reactions due to their favorable combination of elec-
tronic structure, light absorption properties, charge transport
properties and greater excitation life time.

Various industries like textile dyeing, printing, paper, paint
manufactures, etc., discharge significant quantities of synthetic
organic dyes into the environment as effluent, which causes
serious health problems. Biodegradation, adsorption and
advanced oxidation processes are the processing techniques
suggested for the removal of dyes from wastewater. The
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semiconductor acts as a photocatalyst for the light-induced
photochemical reactions because of its unique characteristics
of electronic structure by a filled valence band and an empty
conduction band. The primary role of the semiconductor in
photocatalysis is to absorb an incident photon, generate an
electron-hole pair, facilitate its separation and transport within
the system that should be followed by promoting both the oxi-
dation and reduction reactions simultaneously [6].

The heterogeneous photocatalysis using TiO, as pho-
tocatalyst is the most attractive method. Here, an electron
hole—pair is generated when the energy of an incident photon
matches or exceeds the band gap energy of the semiconduc-
tor. Excited state conduction band electrons and valence band
holes can recombine and dissipate the input energy as heat,
and trapped in metastable surface states or react with elec-
tron donors and electron acceptors adsorbed on the surface
of the semiconductor. The hole present in the valence band
is a strong oxidant that can either oxidize or react with elec-
tron donors such as water or hydroxide ions to form hydroxyl
radicals, which in turn react with pollutants, such as dyes,
resulting in the mineralization of the most of the pollutants.
Many studies resulted that the nanoparticles show some
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special photochemical characteristics when compared with
the conventional larger particles [7]. Also, the band gap of the
nanoparticles increases with the decrease of particle size [8].
The morphology, surface area, degree of crystallinity can be
controlled by the preparation method and heat treatment [9].

Among numerous semiconductor materials TiO, are the
most promising catalysts in photocatalysis, hydrogen gen-
eration and anode electrodes of photovoltaic cells because of
their versatile properties in nature: biocompatible, clean, non-
polluting, inexhaustible and its low cost [10]. However, the
main disadvantage of using TiO, as a photocatalyst is that its
band gap (3.2 eV for an anatase phase) lies in the near-UV range
of the electromagnetic spectrum. The UV light could only cre-
ate an electron-hole pairs and thereby initiate the process of
photocatalysis. Thus, a serious research is going on to shift TiO,
optical response to the visible light. To overcome this problem
a numerous studies have been put forward for the enhance-
ment of photocatalytic activity of TiO, by doping of different
transition metal oxides such as Fe, Zn, Cu, Ni and V [11-13].
The band gap of TiO, for the photoexcitation thus reduces by
doping of these metals, and simultaneously, the recombination
rate of photogenerated electron-hole pair reduces.

Doping other ions in TiO, lattice has proven to be an effi-
cient path to improve the photocatalytic activity [14-17]. TiO,
showed enhanced photocatalytic activity when doping with
rare earth ions and this can improve the separation efficiency
of electron-hole pairs by trapping photogenerated electrons
[18,19]. The preparation of modified TiO, nanoparticles by
doping with different rare earth ions and the evaluation of
its photocatalytic activity were very rarely reported in the
literature. Moreover, the simultaneous doping of two differ-
ent metals with TiO, has attracted a considerable attention.
Therefore, in this work La and Ce co-doped TiO, photocatalyst
(La—Ce/TiO,) was prepared by sol-gel process, and the com-
posite catalyst was used to investigate the photocatalytic deg-
radation of methylene blue (MB) dye under UV and sunlight.

2. Experimental setup
2.1. Preparation of La—Ce/TiO,

The La and Ce co-doped TiO, photocatalyst was pre-
pared by sol-gel process as per the following procedure.
About 17 mL of [Ti(OBu),] was dissolved in 22 mL of ethanol
with constant stirring, and 1.5 mL of acetic acid was added
dropwise to suppress the hydrolysis. The above solution was
stirred for 30 min using a magnetic stirrer to get the solution
A. Solution B was prepared by adding 22 mL of ethanol,
3.6 mL of water and each 10 mL of 0.1 M lanthanum nitrate
and cerium nitrate. The solution B was slowly transferred to
the solution A with constant stirring. The mixture was hydro-
lyzed at 25°C for about 30 min under agitation and a trans-
parent sol was obtained. In order to complete the gelation,
24 h ageing was done at room temperature. The gel was dried
at 100°C then milled to a powder and calcined for 3 h at a
sintering temperature of 550°C.

2.2. Preparation of dye solution

MB a cationic dye with a molecular formula of
C,;H;CIN,S.2H,0, molecular weight: 319, C.I. No. 52015 and
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Fig. 1. Structure of methylene blue.

A max: 640 nm (E. Merck, India) was used for the photocat-
alytic degradation studies. A stock solution of 1,000 mg/L
was prepared by dissolving 1,000 mg of MB dye in 1.0 L of
double-distilled water. The stock solution was diluted with
double-distilled water to prepare the diluted solutions as and
when required. The structure of MB is shown in Fig. 1.

2.3. Adsorption studies

The adsorption experiments were carried out in
250 mL tight lid reagent bottle (Borosil-R) by agitating 40 mg
of adsorbent with 100 mL of the aqueous dye solution. The
contents of the flasks were agitated by placing them in a
temperature controlled orbital shaker (Remi). The mixture
was withdrawn at specified interval, and then centrifuged
using electrical centrifuge (Universal) at 5,000 rpm for 5 min.
Double beam UV-Vis spectrometer (Systronics, model: 2201)
was used to measure the final concentration of the dye solu-
tion by measuring the absorbance at the 640 nm (A max of
MB dye). The pH of the adsorptive solution was adjusted
using 0.1 N NaOH and 0.1 N HCl for the studies of pH effect.
Except for the effect of pH, all the other experiments were
carried out at the pH of 8.0 (i.e., the original pH dye solution).

2.4. Photocatalytic studies

The photocatalytic degradation study of the dye solution
was done in an annular type photoreactor, in which a cen-
tral lamp was surrounded by 16 reaction cells. Light source
of high-pressure mercury vapor lamp (160 W, 210-240 V
Philips, India) at the central axis was used for the generation
of UV radiation with a wavelength of A > 365 nm. Similarly,
the photocatalysis under visible radiation is carried out
using a photoreactor made of tungsten filament lamp (60 W,
210-240 V Philips, India) at the central axis surrounded by 16
reaction cells made up of borosilicate glass. The reaction cells
with a capacity of 110 mL are made of Pyrex tubes. During
irradiation the contents present in the reaction cells are con-
tinuously stirred using magnetic stirrer. The schematic repre-
sentation of the photoreactor is shown in Fig. 2.

La-Ce/TiO, photocatalyst of known quantity was added
to 100 mL of MB solution of specified concentration in the sam-
pling tube. The temperature of the reaction was maintained
at 30°C + 3°C (room temperature) for all the experiments, and
the system was irradiated with a light source. For a particular
time interval, the sample tube was removed from the slot,
centrifuged using Universal-make centrifuge at 5,000 rpm for
5 min, and the final concentration was determined using UV—
Vis spectrometer as stated in section 2.3.
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Fig. 2. The schematic representation of the photoreactor.
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Fig. 3. (a) SEM images of La-Ce/TiO, photocatalyst. (b) EDXA
spectra of La-Ce/TiO, catalyst.

Table 1
The elemental composition of the La—Ce/TiO, catalyst

2.5. Characterization studies

The scanning electron microscope (SEM) images were
observed using QUANTA 250 FEG field emission SEM.
The X-ray diffraction (XRD) patterns were studied by X-ray
diffractometer with Cu Ka radiation, operated at 40 kV
and 30 mA. Fourier transform infrared (FTIR) spectra were
recorded using Thermo Nicolet FTIR spectrometer in ATR
mode in the range of 400-4,000 cm™.

2.6. Point of zero charge

One gram of catalyst was mixed with 50 mL of sodium
nitrate solution of an approximate concentration of 0.01 M in
10 numbers of 100 mL beakers. The suspensions were adjusted
to various pH values with dilute sodium hydroxide and nitric
acid solutions. After 60 min for equilibration, the initial pH
values were measured. Then 1 g of sodium nitrate was added
to each suspension to adjust the final electrolyte concentration
to about 0.45 M. After an additional 60 min agitation, the final
pH was measured. The difference between the final pH and
initial pH (final pH - initial pH) was plotted against final pH.
The point of zero pH indicates the point of zero charge pH.

3. Results and discussion
3.1. Characteristics of La~Ce/TiO, photocatalyst

The SEM images in conjunction with energy dispersive
X-ray analysis (EDXA) analysis were utilized to interpret the
results of the structure morphology and elemental composi-
tion. The SEM images of La—Ce/TiO, photocatalyst are shown
in Fig. 3(a). The SEM images indicated that the rare earth metal
doped catalyst has crystalline structure along with some irreg-
ularly shaped morphology. The particle agglomeration leads
to more crystalline structures because of high temperature
sintering. This irregularly shaped morphology is formed by
means of a highly active agglomerated particle during sinter-
ing at a temperature of 550°C. These sintered nanocrystalline
particles are further used for the dye degradation studies.

The EDXA was performed to confirm the composition of
the prepared composite catalyst and the spectrum showed in
Fig. 3(b). From the figures, the peaks correspond to oxygen,
titanium, lanthanum and cerium elements inferring that
the sample contains only the above said elements confirm the
purity of grown material without any additive impurities. The
elemental composition of the sample is given in Table 1. The
elemental composition indicates that the prepared catalyst is
pure and is synthesized as expected based on the reactants.

Fig. 4 shows the XRD pattern of La* and Ce* on the
phase composition of La-Ce/TiO, catalyst. As observed from
Fig. 4, the peaks at 25.28°, 38.18°, 48.44°, 53.90°, 62.64° and

Element Atomic number  Series (Wt%) unn. C (wt%) norm. C (at%) Atom. C (wt%) Error (1 sigma)
O 8 K 31.62 42.23 76.60 10.71
Ti 22 K 21.40 28.58 17.33 0.84
La 57 L 13.16 17.57 3.67 0.63
Ce 58 L 8.70 11.62 241 0.49
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75.22° elucidate the diffraction patterns of (101), (112), (200),
(105), (204) and (215) planes of anatase-TiO, which could be
indexed as the anatase phase (PDF 21-1272). From XRD pat-
terns, it was inferred that the co-doped catalyst La—Ce/TiO,
has the anatase crystalline phase.

The crystalline phase of titania plays an important role
to determine the photocatalytic activity. Thus, the dopant
is expected to show an important role in the selective crys-
tallization of anatase phase in sol-gel process [20]. The ana-
tase form of TiO, exhibit more photocatalytic activity than
the rutile phase. Also, the anatase phase showed low rate of
recombination than rutile phase due to its tenfold greater rate
of hole trapping [21].

The surface chemical bonding state of the prepared sam-
ple was characterized by FTIR spectroscopy as shown in
Fig. 5. The spectra showed vibration band at 800-1,200 cm™
corresponding to the O-Ti-O bonding [22]. A broad band
near 3,400 cm™ corresponds to the existence of water mole-
cules and large number of hydroxyl groups adsorbed on the
surfaces [23]. The peak at 1,650 cm™ showed the O-H bend-
ing vibrations of adsorbed water molecules [24].

3.2. Adsorption of MB by La—Ce/TiO, photocatalyst

Sorption of the dye molecule is an important factor to
determine the rate of photocatalytic degradation. An electron
donor produced by the adsorption of dye on the surface of the
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Fig. 4. XRD of La-Ce/TiO, catalyst.
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Fig. 5. FTIR spectra of La-Ce/TiO, catalyst.

semiconductor particles promotes an electron from its excited
state to the conduction band of the semiconductor under UV
irradiation. Here, adsorption in dark was carried out for var-
ious concentrations to evaluate the equilibrium constants of
the adsorption of the dye on the surface of the photocatalyst.
Fig. 6 shows an isotherm of L-shape based on the classifica-
tion of Giles et al. [25]. From the L-shape of the isotherm, it is
revealed that no strong competition between the solvent and
the adsorbate to the surface sites of the adsorbent [26].

The adsorption of MB on to La—Ce/TiO, was studied at
different initial concentrations at room temperature. The pre-
pared photocatalyst may have adsorption capacity toward
the dye molecule along with photocatalysis as the catalyst
is in nanosize and it has more surface area. To get an idea
about the real photocatalytic activity of the prepared sam-
ple, it is important to subtract the adsorption capacity of the
sample. The rate of removal of dye molecule with respect to
irradiation time at various initial dye concentrations is shown
in Fig. 6. The adsorption was rapid at the beginning and it
slowly decreased in the midway and finally reached equilib-
rium at 50 min. The increase in initial dye concentration also
increases the amount of MB adsorbed per gram of the adsor-
bent. Though the catalyst composite shows the little amount
of adsorption, the photocatalytic degradation seems to be the
greater mode of dye removal.

3.3. Effect of pH on MB degradation

Solution pH is one of the major factors which control
the rate of photocatalytic decomposition of organic mole-
cules [27]. Large scale treatment of dye bearing wastewater
requires a proper control of pH in order to ensure high effi-
ciency and more economic benefits.

The photodegradation of MB dye using La-Ce/TiO, com-
posite catalyst was performed at a pH range of 2-10. The
variation of MB degradation with respect to pH is shown in
Fig.7. The photocatalytic decomposition of MB increases with
increase of pH. The maximum degradation was observed at
basic pH. The zero point charge of La—Ce/TiO, composite is
6.8, and the surface of the catalyst is negative when the pH
goes above 7.2. The MB dye will exists as [MB]" at basic pH.

[MB-CI] — [MB]" + CI
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Fig. 6. Adsorption of MB by La—Ce/TiO, catalyst.



358 P. Sivakumar et al. / Desalination and Water Treatment 74 (2017) 354-361

The negative surface of the catalyst will attract the posi-
tively charged [MB]" ions and because of that the photocata-
lytic degradation of [MB]" induced more. Another possible
pathway is that at high pH the OH" ions present in the solu-
tion will combine with the holes of the catalyst and produces
more OH* radicals [28]. As the hydroxyl radicals are domi-
nant species which will favor the fast decomposition of [MB]*
ions into smaller fragments.

The possible cause for the lower degradation at the lower
pH is that the CI~ ions present in the dye molecule may
reduce the activity of the La—Ce/TiO, catalyst. Based on the
following three possible pathways reported by the previous
researchers, CI~ ion plays a negative role on the decomposi-
tion of MB dye at lower pH.

e At the acidic pH, the -catalyst surface exists as
[La—Ce/TiO,]*. Thus, the positively charged catalyst
surface will attract the Cl-ions of (MB dye) and ultimately
minimizes the available surface area as well as active sites
and thereby the degradation efficiency is reduced [29].

® Another possible reason is that at lower pH, the CI- acts
as electron scavengers competing with the molecular
oxygen and prevents the formation of OH* radicals.
Therefore, the formation of super oxide followed by OH*
formation is prevented [30].

e The third possible reason is that the formed free radicals
are scavenged by CI- through some additional reactions.
This reduction in free radical concentration reduces the
photodegradation of MB [31].

Based on the studies on the effect of pH, the optimum pH
for further photodegradation studies was fixed as 8.0.

3.4. Effect of catalyst load

The first and foremost objective is to optimize the
amount of catalyst required for the effective oxidative deg-
radation of MB by La—Ce/TiO, composite. Here, the exper-
iments were carried out by varying catalyst load between
5 and 50 mg with 100 mL of the dye solution of 40 mg/L
concentration at a pH of 8.0. The optimization of catalyst
loading was done by keeping the contents under respective
light for 3 h, and the final concentration of the dye solution
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Fig. 7. Effect of pH for the photodegradation of MB by
La—Ce/TiO,.

was determined spectrophotometrically after removing the
catalyst by centrifugation. The variation in MB degradation
as a function of catalyst dosage under UV and visible light
are shown in Fig. 8.

It was observed that the amount of dye degradation
increased with increasing the catalyst load from 5 to 40 mg.
When the catalyst load exceeds 40 mg the amount of dye
degraded under UV and visible light show a slight decrease.
The decrease in photodegradation at a catalyst loading of
above 40 mg was due to the fact that the excess catalyst pre-
vents the effective light absorption and there by decreases
the photodegradation [32]. Hence, 40 mg catalyst load for
100 mL was fixed as the optimum dosage for further pho-
todegradation studies. Also, the optimal concentration of
catalyst depends on working conditions, surface area of the
catalyst and wavelength of the incident radiation [33,34].

3.5. Kinetic studies of the photodegradation

In order to employ the photocatalytic process for the elim-
ination of organic pollutants present in the wastewater, it is
essential to have a sound knowledge about the kinetics and
mechanism of the decomposition process. Pseudo-first order,
pseudo-second order and Langmuir-Hinshelwood kinetic
expressions were widely used by majority of the research-
ers today to describe the photocatalytic oxidation of organic
compounds [35]. Pseudo-first-order kinetics is a special form
of L-H kinetics [36]. According to the literature review, the
dependence of photocatalytic degradation rates on the con-
centration of organic pollutants has been well represented by
Langmuir-Hinshelwood (L-H) kinetic model. The modified
equation of L-H is given by [37]:

r= ;[‘ic ~k0=kKC/1+KC (1)

where k is the reaction rate constant, 0 is the fraction of TiO,
surface coverage, K is the reactant adsorption constant and C
is the concentration of substrate at a time of ¢.

During the photocatalytic degradation of complex
organic molecules, many intermediates are formed and this
may interfere in the determination of kinetic owing to the
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Fig. 8. Effect of catalyst load for the photodegradation of MB by
La—Ce/TiO,.
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competitive adsorption and degradation [37]. To minimize
impacts caused by the competitive adsorption and degrada-
tion products, it is essential to consider the initial rate of deg-
radation for the kinetic studies. Based on this consideration,
the photocatalytic degradation rate as a function of concen-
tration can be expressed as:

r, =k KC, /1+KC, 2)

where 7, is the initial rate of photocatalytic degradation of
MB and C, is the initial concentration of the dye solution.
During the photocatalytic degradation of complex organic
molecules, when the substrate concentration is low, the sur-
face of the photocatalyst will not be saturated. In such con-
ditions, the photocatalytic degradation of the dye molecule
(MB in this study) with catalyst follows apparent first-order
kinetics [37]. Based on the assumption of apparent first-order
kinetics, Eq. (2) is modified as:

h{%j =kK, =kt ®

wherek  =kK.

Here, the slope of linear variations equal to the kapp, the
apparent first-order rate constant, and it was determined
from the slope of the plot In(C/C) vs. time is shown in
Figs. 9(a) and (b). The figures showed that the photocata-
lytic degradation follows the pseudo-first-order kinetic with
respect to MB concentrations.

The kinetic studies results for both UV and solar irradia-
tions are presented in Table 2.

The kinetic studies are done initially with the dye concen-
tration of 10 mg/L up to 50 mg/L with the catalytic dosage is
fixed as 20 mg/50 mL of the dye solution. The dye degrada-
tion studies under UV and solar are carried out with the time
interval of 5 min till 1 h at a pH range of 2-10. Here, when
increasing the initial concentration of MB from 10 to 50 mg/L,
the apparent rate constant for the photodegradation of MB
by La—Ce/TiO, decreases from 7.95 x 10 to 2.95 x 10 min™'
under UV irradiation and it decreases from 9.65 x 107 to
3.14 x 102 min™ for solar irradiation. The decrease of the rate
constant on increasing the initial dye concentration sub-
stantiates that more intermediate formation and competi-
tive adsorption started to operate during the concentration
increases. From the above results, the lower MB concentra-
tion shows better agreement with the first-order reaction.

The plot of initial rate (r,) of the MB degradation vs. ini-
tial dye concentration is shown in Fig. 10. As observed from
Fig. 10, the rate of MB degradation showed a sharp increase
with increasing the initial MB concentration and at higher
MB concentration it finds an independent behavior.

The following expression obtained by the inverse of
Eqg. (2) gives the dependence of 1/r, values on the appropriate
1/C, values of MB concentration:

1 1 1 1

e 4
k kKC, ©

The above wvariation is represented in Fig. 11.
The figure showed a linear variation confirming the

Langmuir-Hinshelwood relationship to the initial rate of
photodegradation. The calculated values of k, and K from the
intercept and slope of the straight line for UV radiation were
(r* = 0.9957) 0.066 mg/L:62.90 L/mg. Similarly, for solar radi-
ations the values were (R? = 0.9929) 0.060 mg/L:142.73 L/mg,
respectively.

Thus, the photocatalytic decomposition of MB by
La-Ce/TiO, photocatalyst obeyed first-order kinetics under
UV and solar irradiation with good correlation coefficient.
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Fig. 9. Plot of In(C//C) vs. time for the photodegradation of MB by
La—Ce/TiO,: (a) UV irradiation and (b) visible irradiation.

Table 2
Photodegradation kinetic results of MB by La-Ce/TiO,
photocatalyst

Irradiation Initial dye kapp x 102 min? 7?2

light concentration, mg/L

UV light 10 7.95 0.9560
20 6.30 0.9739
30 4.31 0.9983
40 3.29 0.9922
50 2.95 0.9874

Solar light 10 9.65 0.9495
20 7.17 0.9538
30 493 0.9875
40 3.56 0.9773
50 3.14 0.9826
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3.6. Mechanism of photodegradation

On comparing the degradation rate of MB dye with-
out catalyst (photolysis) and with catalyst (photocatalysis),
the degradation rate improved to a greater extent when the

composite catalyst is added. Among the photocatalysis using
UV and solar irradiations, solar light proved to be more effi-
cient than UV light. The most activity of the composite cata-
lyst is due to the well known reason that when La—Ce/TiO,
is irradiated with light, the electrons are promoted from the
valance band to the conduction band of the catalyst leading
to the formation of an electron-hole pair (Fig. 12).

La-Ce/TiO, + hv — La-Ce/TiO, (e, + h*,;))

The valence band potential (h*,,) is positive enough to
generate hydroxyl radical from hydroxyl ions and the oxy-
gen molecules are reduced by the negative potential of the
conduction band (e";) [37].

The hydroxyl radical generated by the catalyst acts as a
powerful oxidizing agent and attacks the MB present on the
surface of the catalyst. The reaction gradient decreases when
the distance from the catalyst surface increases toward the
bulk of the solution.

. _ I
h* , + e, — recombination + energy

The most frequent occurrence of electron—hole recombi-
nation is minimized by doping with La—Ce. The La-Ce also
acts as a sensitizer and enhances the generation of electron—
hole pair and prevents the recombination. The electron and
the hole generated by the irradiation generated hydroxide
and oxide ion radicals as per the following sequence.

h* ,+OH — OH'e +0O, - O,

The generated hydroxyl radicals are responsible for the
photodegradation of MB dye.

OH* + MB — oxidized products

4. Conclusions

The La, Ce co-doped titania composite (La—Ce/TiO,)
photocatalyst synthesized by this study is found to have ana-
tase form with 50-100 nm size. The prepared photocatalyst
is effective under UV and solar radiations. The irregularly
shaped morphology was observed from SEM analysis and
these are formed by means of a highly active agglomerated
particle during sintering. The FTIR spectra showed a vibra-
tion band at 800-1,200 cm™ are the characteristics of O-Ti-O
network. The photocatalytic activity of MB by La-Ce/TiO,
washighunderalkaline conditions. The degradation follows
the pseudo-first-order kinetics based on the analysis with
modified Langmuir-Hinshelwood model. Therefore, the
La—Ce/TiO, photocatalyst is a promising material for
the degradation of organic dyes under UV and solar
irradiations.
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