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1 Introduction

Owing to the growth of industries that discharge
hazardous substances, such as dyes, agricultural and
medical chemicals, solvents, etc., water contamina-
tion has increased significantly in recent decades.
Pesticides manufacture and its use produce large
quantities of hazardous materials. Unused pesticides
and water rinsing equipment contain high levels of
pesticides that, if not properly handled, can lead to
contamination of soil and eventually water resources
[1]. Photocatalysis provides an effective way to clean
polluted water from various contaminants, and some
semiconductors show satisfactory photocatalytic
activity [2]. Besides, photocatalysis is an effective
method for converting solar energy into chemical
energy [3]. Among the different metal oxides and
sulfides such as TiO, [3], ZnO [4, 5], WOs [6], CdS [7],
and so on, TiO; is the most widely used and sys-
tematically studied photocatalyst. However, the
extensive application of semiconductors photocata-
lysts in industry is still limited by poor quantum
yield, low utilization of visible light, and high
recombination rate of photogenerated electron (e™"
)/hole (h™) pairs. The TiO, is an n-type semicon-
ductor commonly used as photoactive material due
to its small band gap under UV light irradiation [8].
Photocatalytically active electron-hole pairs, (e7)/
(h™), are produced by absorbing a specific wave-
length when the TiO, surface is exposed to light.
These photo-induced electrons (e”) and holes (h™")
migrate to the TiO, surface and can react with com-
pounds that are adsorbed by the semiconductor.
Photocatalytic degradation of pollutants from water
is primarily considered as the use of TiO, powder
dispersed in polluted solution. However, applying
TiO, powder involves particle separation from the
suspension, which is a time-consuming and costly
process. While suspended systems are more efficient
than those based on immobilized catalysts the issue
of particle-fluid separation and catalyst recycling is
the predominant motivation for immobilization of
photoactive compounds. Immobilization of TiO, on
various supports, such as glass, quartz, ceramics [9],
stainless steel foils [10], titanium wire [11], etc., solves
the problem of particle separation. Various methods
can be used for the deposition of the active materials,
such as sol-gel [12], chemical and physical vapor
deposition [13, 14], spray pyrolysis [15, 16], sputter-
ing [17], plasma electrolytic oxidation [18], etc.
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Among the various methods for film deposition the
spray pyrolysis method offers the advantages of
reduced production cost and great versatility thanks
to a large number of adjustable process parameters
(substrate temperature; atomization gas flow; type
and flow rate of liquid precursor; the geometry of
system; etc.) [19].

TiO; is a preferred material for photoactive coat-
ings due to its beneficial optical properties, non-tox-
icity, chemical inertness, inexpensiveness, and light
sensitivity [20]. The photocatalytic efficiency of coat-
ings can be improved by coupling TiO, with various
dopants, such as SnO, [21], WO; [22], ZrO, [23], and
V205 [24]. Although TiO; exists as anatase, rutile, and
brookite phases, the primary photocatalytically active
polymorphs are rutile and anatase. The band gap of
the anatase phase is ~ 3.2 eV and the band gap of the
rutile phase is ~ 3.0 eV [25]. Rutile exhibited better
irradiation response than anatase but anatase has
better photoactivity due to its lower recombination
rate of (e7)/(h") pairs [26]. Therefore, the main
strategy for improving the photocatalytic behavior of
pure TiO; is to widen the photoreaction range from
ultraviolet to visible spectra and reduce the (e7)/(h™)
recombination rate. Our recent study has shown that
the photocatalytic degradation of methyl orange
(MO) could be performed over rutile TiO, coating
and enhancement of its photocatalytic properties was
obtained by rutile doping with CeO, [27].

In this paper, we have prepared CeO, doped TiO,
coating intending to investigate which formulation of
CeO,-TiO, composite is optimal for photocatalytic
application. A spray pyrolysis technique was used to
deposit coatings on the stainless steel (SS) substrate.
The degradation of methyl orange and lindane was
used to test the photoactivity of these coatings.
Methyl orange is a model azo dye and lindane is
known as a persistent organic pollutant, chloropes-
ticide with strong immunotoxic and neurotoxic effect
[28]. The novelty of this work is to determine the
photocatalytic efficiency of immobilized CeO,-TiO,
composite in reaction of lindane degradation. As far
as we know, this is the first paper presenting the
lindane degradation on these photocatalytic systems.
Obtained oxide coatings were characterized in detail,
providing an overview of their morphology, physic-
chemical properties, and photocatalytic activity.
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2 Experimental part
2.1 Materials

Coatings were prepared from TiO, nanoparticles
(Titanium(V) oxide, mixture of rutile (20%) and
anatase (80%)-nanoparticles, < 150 nm particle size,
dispersion, 40 wt% in H,O, Alfa Aesar GmbH) and
Ce(IIl) nitrate hexahydrate (99% purity, Sigma-
Aldrich).

2.2 Preparation of thin films

The spray pyrolysis process was used to obtain TiO,-
CeO, composite coatings on stainless steel (SS) foils
(Sandvik-Sweden, type-OC 404, thickness 35 pum;
composition: 20.0 wt% Cr, 5.0 wt% Al, 0.02 wt% C,
balance Fe). A homemade spray pyrolysis apparatus
is described in detail in our previous study [29]. A
0.02M TiO, colloidal solution and 0.005 M
Ce(NO3)3-6H,0 were used as precursors. The ratio of
these precursors in spraying solution was adjusted to
obtain CeO, concentration in TiO,~CeO, in the range
from 0 to 20 wt%. The final precursor solution was
prepared by adding the TiO, colloidal solution into
the Ce(NO3);-6H,0 aqueous solution which was then
further ultrasonically mixed for 60 min. Prior to the
depositions of the oxide layer, the SS foil substrates,
that are 10 cm long and 1.5 cm wide, were subjected
to standard procedures of degreasing with hot alka-
line solutions (15% solution of NaOH, at 50 °C during
30 min). Subsequently, the SS foils were ultrasoni-
cally cleaned in distilled water for 45 min. The pre-
cursor solution was atomized by air using a two-fluid
nozzle, 0.2 mm in diameter, which was moved by a
controlled speed and direction over SS substrate. The
initial temperature of the SS substrate during the
spraying was kept at 480 £ 10 °C by resistive heat-
ing. Thesubstrate temperature was measured by a
non-contact pyrometer with an error within a range
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of & 10 °C. Due to high airflow, the cyclical motion
of the nozzle over the substrate surface cools down
the substrate to a temperature of 120 &= 10 °C. When
the spraying spot left the targeted area the tempera-
ture of the substrate quickly returned to the initial
value. During the spraying, with each pass of the
nozzle, this situation was continuously repeated over
the substrate.

The main parameters of the spray pyrolysis are
presented in Table 1.

The samples were named: TiO,, 0.5 CeO,/TiO,, 1
CeOz/TiOZ, 2 CEOZ/TiOZ, 5 CeOz/TiOz, 10 C602/
TiO,, and 20 CeO,/TiO,, depending on the CeO,
(wt%) content.

2.3 Characterization

The morphology and structure of coatings were
examined using field emission scanning electron
microscopy (FE-SEM; Tescan Mira 3 XMU), equip-
ped with an energy-dispersive X-ray spectrometer
(EDS) for compositional analysis. Beam current of 50
PA and operating voltage of 10 kV were used for
ETD detector. Prior to analysis, the samples were
gold-coated which was necessary as a conducting
material for SEM imaging. The phase composition of
coatings was determined using XRD patterns recor-
ded by RigakuUltima IV diffractometer in the range
of 20 from 20° to 70°, employing Ni-filtered CuKa
radiation having a wavelength of 1.54178 A. The
X-ray photoelectron spectroscopy (XPS) measure-
ment was performed using a Kratos AXIS Supra
photoelectron spectrometer with a monochromatic Al
Ko X-ray source with an energy of 1486.6 eV. The
base pressure in the XPS analyzer chamber was
5x 107® Pa. A UV-Vis diffuse reflectance spec-
trophotometer (Shimadzu UV-3600) was used to
analyze diffuse reflectance spectra (DRS). The optical
band gap value (E;) is determined based on the
Kubelka—-Munk theory combined with the Tauc

Table 1 Spray pyrolysis
preparation parameters

Temperature range of substrate (°C)

480 (initial}-120 (under spraying spot)

Distance nozzle—substrate (cm)
Nozzle speed (mm/s)

Spraying spot diameter (cm)
Air flow rate (L/h)

Precursor flow rate (mL/h)
Number of nozzle passes
Duration of spraying (min)

4
1

2
320
50
220
55
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relation: (chv)™ = A(hy — Eg),' where hv is photon
energy, A is a material dependent constant, m is
constant that depends on the type of the transitions
and o is the energy-dependent absorption coefficient.
By plotting [F(Roo)ho]™ vs. (hv), where Reo is diffuse
reflectance, we can determine the direct (m =1/2)
and indirect (m = 2) energy band gap (Eg). The best
linearity is obtained for m = 1/2, and therefore direct
allowed transition was used to determination of E,.

2.4 Photocatalytic tests

The photoactivity of CeO,-TiO, coatings was deter-
mined by monitoring the degradation of Methyl
Orange (MO) and lindane. MO and lindane were
chosen as model compounds representing azo dyes
and persistent chloropesticide, respectively. The
experiments were carried out at 20 °C in an open
cylindrical thermostated pyrex glass reactor, 6.8 cm
in diameter and a capacity of 250 cm®. The SS foils
coated with oxide film were placed at the inert
steeled wire holder, 5 mm above the glass. The
solutions were stirred with a rotating magnet located
under the holder (500 rpm). The volume of test
solutions in all experiments was 100 cm®. The area of
photocatalytic samples was 15 cm? in all the experi-
ments. Initial concentrations of MO and lindane were
8 mg/L and 300 ppb (0.3 mg/L), respectively. A
simulated solar radiation lamp (Solimed BH Quar-
zlampen) with a power consumption of 300 W,
housed 25 cm above the top surface of the test solu-
tion, was used as a light source.

Before the photocatalytic measurements, both pol-
lutants were tested for adsorption in the dark for
30 min, in the presence of the photocatalytic foil.
Also, both pollutants were tested for photolysis
under simulated solar light in the absence of the
photocatalyst.

Photocatalytic activities were determined by mea-
suring the decomposition of pollutants after an
appropriate light exposure time. The concentration of
MO was measured by a spectrophotometer (UV-Vis
Thermo Electron Nicolet Evolution 500) using the
most intense MO absorption peak at 464 nm. All
Lindane samples have been analyzed on a gas chro-
matograph using an Agilent 7890A GC system,
equipped with a split-splitless injector and an elec-
tron capture detector (ECD) system, and a TG-5MT
capillary column, 30 m x 0.25 mm x 0.25 pm, was
used. The GC parameters were as follows: 50 °C for
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«Fig. 1 A FE-SEM images of TiO, and CeO,—TiO, with different
content of CeO, at magnifications x10,000; a TiO,, b 0.5 CeO,/
TiO,, ¢ 1 CeO,/TiO,, d 2 Ce0,/TiO,, e 5 CeO,/TiO,, f 10 CeO,/
TiO,, g 20 CeO,/TiO,; B FE-SEM images of pure TiO, (h) and 2
Ce0,/TiO, i at magnifications x65,000; and C EDS spectra:
j pure TiO,, k 2 CeO,/TiO,

3 min, then increased at a rate of 30 °C min~! to

210 °C and held at this temperature for 20 min. The
mode of injection was splitless. Hydrogen was used
as the carrier gas with a flow rate 60 mL min ™.

The reproducibility of the photocatalytic measure-
ments was verified by performing each test several

times.

3 Results and discussions
3.1 Morphology of coatings

TiO, and cerium oxide-doped TiO, films have been
deposited on one side of SS substrates. The amount of
deposited coatings was determined by the mass dif-
ference before and after the deposition of oxides on
the SS substrate. Assuming that the coatings have an
ideal uniform thickness, according to a simple cal-
culation based on apparent density and film loading,
the thicknesses of TiO, and 20 CeO,/TiO, coatings
are 1.06 to 1.12 pm, respectively. The thicknesses of
all the other composite coatings are between these
limiting values.

The strong adhesion of the coating to the support is
necessary for its efficient application. Under real
working conditions, the immobilized coating can
quickly detach from the SS foil which makes the
immobilization technique meaningless. To test the
stability of coating all samples were subjected to the
same conditions that were used in photocatalytic
experiments (T = 20 °C, water volume V = 100 mL,
stirring = 500 rpm). After 8 h of this test, no detach-
ment of the films was detected, indicating good
adhesion of the coatings with no visible defects such
as attrition and cracking.

The influence of CeO, addition on the surface
morphology of TiO, coatings is shown on SEM
micrographs, Fig. 1.

The TiO, surface consists of densely packed grains
and exhibits an open-porous structure. These lace-
like structures were composed of a network of
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interconnected similar to hierarchical-
porosity systems. There are no evident fractures or
cracks on its surface. As indicated in Fig. 1B struc-
tures of both, pure TiO, and 2 CeO,/TiO,, were
consisted of small spherical aggregates ranging from
20 to 40 nm in size. This image has also shown that
the addition of CeO, to TiO, does not change sub-
stantially the primary nanoparticles structure of the
films. The particle size in the 2 CeO,/TiO, composite
remained almost unchanged. This effect is probably
caused by the proper distribution of CeO, on TiO,.

An introduction of CeO, influences the structure of
the coatings and their surface becomes laced with
elevated and lowered regions. Besides, with increas-
ing CeO, content, pores and voids on the surface
become more pronounced. The creation of such a
complex structure has been explained in aspects of
the rapid decomposition and hydrolysis of precur-
sors. As the precursor droplet (TiO, sol along with a
liquid cerium precursor) contacts the heated sub-
strate the fast vaporization of water induces an
acceleration of the sol-gel process [30]. The transition
of gel into a solid layer is accompanied by further
vaporization of precursors leaving a more porous
structure, thus creating an additional internal poros-
ity [31]. It is a consequence of the release of additional
gases, such as nitrogen oxides, produced by the
thermal decomposition of cerium precursor,
Ce(NO3)5-6H,O [32]. Then, due to an increase in the
participation of cerium precursors and the high
amount of gaseous materials, the creation of a large
open porous structure network was promoted. The
numbers and depth of voids are related to the ceria
precursor concentration. These coatings with micro-
cavities, open porosity, and structure imperfection,
are beneficial for potential use in photocatalysis. EDS
spectra of pure TiO, and 2 CeO,/TiO, coatings show
expected elements without any surface contamina-
tion. Carbon originates from both grid holder and
surface adsorbed carbon-containing species from the
air. Pure TiO, coating is composed of Ti and O, while
the 2 CeO,/TiO, composite is consisted of Ti, Ce, and
O, indicating the existence of oxide-like species of Ce.
The Ti:Ce weight ratio correlates well with the pre-
determined content of Ti and Ce in the spraying
solution. According to EDS analysis, the content of
Ce, Ti and O in the 2 CeO,/TiO, composite is 1.25
wt%, 58.18 wt% and 40.57 wt%, respectively.

regions,
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3.2 Structural properties

The phase composition of sole TiO; and cerium oxide
doped TiO, coatings was analyzed by X-ray diffrac-
tion (XRD). The XRD patterns of all samples are
presented in Fig. 2.

It can be seen that coatings are polycrystalline,
composed of anatase and rutile phases. According to
Joint Committee on Powder Diffraction Standards
(JCPDS# 21-1272) the 20 peaks located at 25.33°,
37.78°, 38.49°, and 48.10° are assigned to the (101),
(103), (004), and (200) planes of tetragonal anatase
TiO, phase, respectively. The 20 diffraction peaks at
27.50°, 36.40°, 41.30°, and 53.95° are intrinsic peaks of
tetragonal rutile TiO, (110), (101), (111), and (211)
planes, respectively (JCPDS# 21-1276). Peaks
observed at 20 of 44.50, and 64.65° were attributed to
the (110) and (200) planes of o-Fe (JCPDS# 87-0721).
This is expected due to the thickness of the coatings
(about 1.1 pm) and the fact that the SS substrate
mainly contains Fe. It can be also observed that the

12000+
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Intensity (a.u.)
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0 E S, gt 2 = R- JCPDS# 21-1276|
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Fig. 2 XRD patterns of: a TiO,, b 0.5 CeO,/TiO,, ¢ 1 CeO,/
TiO,, d 2 CeOy/TiO,, e 5 CeO,/TiO,, £ 10 CeO,/TiO,, g 20
Ce0,/TiO,
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anatase and rutile peaks intensity slightly decreases
with the increase of cerium content, indicating cov-
ering of TiO, by cerium compounds.

Besides, no diffraction peaks were observed to
verify the existence of any crystal phase of com-
pounds containing cerium. Generally, there are three
accepted explanations for the absence of noticeable
CeO, diffraction peaks in the CeO,/TiO, coatings:
low content of CeO, with high dispersion, very small
CeO; crystallites, and CeO; in the amorphous phase
[33]. Due to the relatively high loading of CeO, in
CeO,/TiO, samples, the explanation that CeO, spe-
cies are well dispersed in the coatings is most likely
[34]. For samples with high cerium content, the lack
of peaks that identify cerium compounds may also
indicate its amorphousness. The absence of CeO,
phases in XRD patterns could also be due to the
interaction between the cerium and TiO, lattice spe-
cies. However, the radius of Ce** ion (0.097 nm) is
greater than that of Ti** (0.061 nm), which hinders
cerium ions to enter into the crystal lattice of TiO,
[35]. With the addition of Ce in composites, no shift of
the (101) diffraction peaks of the anatase phase was
observed to confirm the insertion of Ce ions into the
TiO; crystal lattice and formation of any crystal phase
of Ti-Ce-Ox. Taking into account that coatings are
deposited on the SS substrate using different pre-
cursors, TiO, as a nanoparticle from colloidal dis-
persion and Ce from solution, the probability of
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insertion of some Ce ions into the TiO; crystal lattice
is lower than the formation of highly dispersed
amorphous CeO, agglomerates on the surface of TiO,
particles. The presence of such small and amorphous
CeO, agglomerates at a temperature of coatings
deposition (< 460 °C) indicates their early and rapid
formation by hydrolysis of cerium precursor.

3.3 Surface oxidation state

XPS analysis was performed to investigate the oxi-
dation state of species present in the coatings and
their mutual interaction. The XPS spectra of Ce 3d, Ti
2p, and O 1s are shown in Fig. 3.

Analyses of Ce 3d spectra are rather complex due
to the presence of Ce®" and Ce*" ions together on the
surface of the coating. On the Ce 3d XPS spectra in
Fig. 3 the labels of v and u indicate the spin—orbit
coupling 3ds,, and 3dj3,,, respectively. Four 3ds,,
peaks at the binding energies of 883.2 eV, 885.9 eV,
890.6 eV, and 899.2 eV are marked as v, v}, v}, and
v'", respectively. The 3d;,, peaks at binding energies
of 901.5 eV, 904.2 eV, 908.5 eV, and 917.3 eV were
marked as u, u}, u, and u'%, respectively. According
to the literature data, the peaks observed in Ce 3d
spectra denoted with u, o, u™ and v, v, vI! were
related to the spin-orbit coupling of Ce** ions [36].
The peaks denoted as u' and v' correspond to the

Ce’" ions in the coatings. The coexistence of Ce

458.7

Ti2p Ots

464.6

880 888 8% 904 912 920 %0 40

Binding Energy (eV)

464 468 472 526 528 530 532 534 536

Binding Energy (eV) Binding Energy (V)

Fig. 3 XPS spectra of Ce 3d, Ti 2p, and O 1s; a TiO,, b 0.5 CeO,/TiO,, ¢ 1 CeO,/TiO,, d 2 CeO,/TiO,, e 5 CeO,/TiO,, f 10 CeO,/TiO,,

g 20 Ce0,/TiO,
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in + 4 and + 3 oxidation states is related to the
ability of cerium oxide to store and move oxygen
depending on the environment [37]. The intensities of
Ce 3d peaks reflect the content of Ce in the TiO,-
CeO; coatings. For coatings with CeO, content lower
than 2 wt% the Ce 3d peaks cannot be clearly detec-
ted, which can be related to the low content of Ce in
composites or too small size of CeO, particles. In
addition, the relatively low intensity of Ce peaks
could be a result of the high dispersion of Ce particles
in composite or substitutional Ce doping into TiO,
lattice, which is in agreement with XRD data.
Detailed analysis of the Ce 3d peaks showed that the
intensities of peaks belonging to Ce*" are much
stronger than that peaks belonging to Ce®". This
indicates that the majority of Ce ions are in the 4 4
oxidation state. The simultaneous existence of Ce*"
and Ce®" in close contact is very useful for the pho-
toactivity of ceria containing materials due to its
ability to transfer oxygen through Ce*"/Ce®* redox
cycles. Nevertheless, when Ce*" and TiO, are in close
contact their strong electronic interaction could pro-
duce more electronegative Ce>" that creates oxygen
vacancies. This could be advantageous for increasing
the number of very active photocatalytic species on
the surface of the coating.

Ti 2p spectra of pure TiO, coating indicate peaks of
458.7 eV and 464.6 eV binding energies, which are
attributed to Ti 2p;,, and Ti 2p;,, respectively [38].
These values, including the difference between Ti
2p1,> and Ti 2p3,, of 5.9 eV in the binding energy,
suggest that Ti ions are in the 4+ 4 oxidation state.
With the increasing Ce content in composites, a
gradual positive shift of the binding energy of Ti 2p
levels up to 0.5 eV is detected. This shift of binding
energy indicates the intermediate oxidation state of Ti

Fig. 4 A UV-Vis DRS
spectra and B Kulbeka-Munk

] Mater Sci: Mater Electron (2022) 33:5073-5086

and suggests the incorporation of Ce into TiO; lattice.
Subsequently, the release of oxygen from this Ti—Ce-
oxide-like species can create Ce>" and Ti’" ions, thus
increasing the electron density clouds surrounding
Ti**.

The O 1s spectrum is fitted into two peaks. The first
intense peak at 530.2 eV was attributed to lattice
oxygen O”*". The second weak peak at about 531.2 eV
corresponds to surface oxygen or surface hydroxyl
groups [38]. Surface oxygen can be formed from
either a non-stoichiometric Ti-Ce oxide or a hydroxyl
group. This type of oxygen may be useful for the
creation and control of the very active photocatalytic
sites.

3.4 Optical properties

The electronic structure changes and optical absorp-
tion properties of the pure TiO, and cerium oxide
doped TiO, coatings were studied using UV-Vis
diffuse reflectance spectra. The DRS spectra have
been investigated in the range of 300-550 nm, Fig. 4.
The measured absorbance spectra (Fig. 4A) have
been transformed into Kubelka-Munk function (F(R))
(Fig. 4B). The light absorption is expressed as
F(R)= (1 —R?*/2R = /S, where R=10"" is the
reflectance and A is the absorbance. The o represents
the coefficient of absorption and S denotes the scat-
tering coefficient.

The band gap values obtained from Fig. 4B are
presented in Table 2.

For pure TiO, coating, the band gap occurs at
3.18 eV, which is related to electron transfer from the
valence to the conduction band due to their photo-
excitation. For all the CeO,-TiO, composites the band
gaps have been observed to gradually decrease with

function vs. photon energy
(hv); a TiOy, b 0.5 CeO,/TiO,,
¢ 1 CeOy/TiO,, d 2 CeO,/
TiO,, e 5 CeOy/TiO,, f 10
Ce0,/TiO,, g 20 CeOy/TiO,

Absorbance (a.u.)
% =

VDTOQD—HQ

[F(R)*hv2 (eV)?

300 350 400
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Table 2 Band gap energy of pure TiO, and CeO,-TiO, coatings

Sample Band gap (eV)
TiO, 3.18
0.5 CeO,/TiO, 3.16
1 CeO,/TiO, 3.13
5 CeO,/TiO, 3.02
10 CeO,/TiO, 2.96
20 CeO,/TiO, 2.88

the increase of cerium content, which indicates elec-
tron interaction between TiO, and cerium com-
pounds. The obtained band gap energies were
observed to be in the range from 3.16 eV, for the
sample with 0.5 wt% of CeO,, to 2.88 eV, for a com-
posite with 20 wt% of CeO,. The observed red shift
toward higher wavelengths and narrowed optical
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Fig. 5 Photocatalytic performance of coatings; A-MO degradation
vs. time of irradiation; B-Lindane degradation vs. time of
irradiation; C-MO conversion at 6 h of irradiation vs. content of
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band gap of the composites may have improved light
collection capability which increases photoactivities
of coatings in the visible-light region.

3.5 Photocatalytic activity

Properties of pure TiO, and TiO,~CeO, composite
coatings in photocatalytic processes were examined
by measuring the degradation of MO and Lindane
under UV-Vis light illumination. Figure 5A, B shows
the time-dependent conversion rate of MO and lin-
dane degradation over coatings illuminated during
12 h. For clear visualization of the impact of Ce on the
photoactivity of composites, the conversions at 6 h of
MO and lindane degradation as a function of CeO,
content are shown in Fig. 5C, D.

The kinetics of photocatalytic reactions is described
by pseudo first-order kinetic model:

In (Co/Cy) = kappt

o SN
S .2 .. 9

Lindane degradation (%)
(0]
Q

100

100+ D

80

60

40

20

Lindane degradation at 6 h (%)

0 T T T T T
0 5 10 15 20

CeO, content (%)

CeO,; D-Lindane conversion at 6 h of irradiation vs. content of
Ce0,; a TiO,, b 0.5 CeO,/TiO,, ¢ 1 CeO,/TiO,, d 2 CeO,/TiO,,
e 5 CeOy/TiO,, f 10 CeO,/TiO,, g 20 CeO,/TiO,
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Table 3 Apparent first-order

kinetics constants (k,p,) and Sample

MO degradation kyy, hH R

Lindane degradation k,p, h™H) R?

the coefficient of
determination (R?) for
photodegradation of MO and
lindane

TiO, 0.24
0.5 CeOy/TiO,  0.35
1 CeOx/TiIO,  0.39
2 CeOy/TiIO,  0.42
5 Ce0,/TiO,  0.40
10 CeOy/TiO,  0.23
20 CeOy/TiO,  0.09

0.9926 0.64 0.9929
0.9932  0.61 0.9900
0.9956  0.55 0.9944
0.9890 0.48 0.9896
0.9907 0.45 0.9902
09911 0.43 0.9931
0.9923  0.40 0.9912

where C, is the initial concentration, C; is the con-
centration at time t, and the k,p, is apparent first-
order rate constant. Apparent reaction rate constants
are summarized in Table 3.

Before photocatalytic tests, degradation of the MO
and lindane was monitored in the absence of photo-
catalysts using the same illumination as in photo-
catalytic experiments. The results of the photolysis
test showed that, after 12 h of irradiation, the pho-
todegradation of MO and lindane was negligible,
below the limit of an experimental error (< 1%). In
addition, tests of MO and lindane degradation in the
dark were performed. The results of these tests
showed that the concentration of MO and lindane
remained unchanged after 30 min, suggesting that
the adsorption of both pollutants on photoactive
coatings was insignificant. In other words, light is
required for the catalytic degradation of MO and
Lindane.

In the presence of UV-Vis light, the initial con-
centration of both reactants gradually decreases with
a time of irradiation. Pure TiO, coating has a satis-
factory photoactivity in MO degradation, Fig. 5A.
The photoactivity of MO degradation increases with
increasing CeO, content, reaching the maximum
value at CeO, content of 2 wt% (Fig. 5C). A further
increase of CeO, content in composites decreases its
MO degradation efficiency. When the content of
CeQO, reaches 10 wt% the conversion of MO becomes
almost equal to the conversion of pure TiO,. For
composite with 20 wt% CeO, photoactivity in MO
degradation is even lower compared to photoactivity
of pure TiO,.

In comparison to their properties in the degrada-
tion of MO, composite coatings have different pho-
tocatalytic behavior in the reaction with lindane
(Fig. 5B). It should be noted that pure TiO, has very
good photocatalytic activity in lindane degradation,
although lindane is well known as a persistent
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organic compound. The addition of CeO, to the
coating had a detrimental effect on the photodegra-
dation of lindane. As the content of CeO, in coatings
increases, the photoactivity gradually decreases, as
shown in Fig. 5D. However, even for the largest drop
in the photoactivity, observed for the sample with
CeO, content of 20 wt%, photoefficiency of composite
remained satisfactory for application in process of
lindane removal from real agroindustrial wastewater.

Different behavior during photocatalytic degrada-
tion of MO and lindane can be described using a
widely accepted mechanism for the removal of pol-
lutants on composite photocatalysts [39]. By this
mechanism, the first step of the reaction is an illu-
mination of the surface by light which causes the
adsorption of photons (hv). For CeO,-TiO, compos-
ites, the conduction and valence bands of CeO, are
located slightly higher than the conduction and
valence bands of TiO,. After adsorption of photons,
photoexcited surfaces of CeO, and TiO, generate
electrons in conduction bands while leaving the holes
in the valence bands. The photogenerated electrons in
the conduction band of CeO, are then moved to the
conduction band of TiO,. Simultaneously, the holes
transfer occurs in the opposite direction, from the
valence band of TiO, to the valence band of CeO,.
These photo-induced electrons and holes generate
electron-hole pairs, which work as a redox media for
hydroxyl (HO) and peroxyl (O, ") radicals forma-
tion. When reacting with organic compounds, these
radicals are strong oxidizers. The amount of photo-
generated electron-hole pairs and their lifetime in the
separated state determines photoactivity.

Therefore, CeO,-TiO, coatings could have
improved photoactivity than pure TiO, because of
the larger photoreaction spectral range and lower
recombination rate of electron-hole pairs. The second
elementary step of the photocatalytic reaction is the
adsorption of the organic reactants on the coating
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surface. Then, adsorbed organic compounds are oxi-
dized and degraded by the hydroxyl and peroxyl
radicals that already exist on the coating surface. Two
important effects should be considered when com-
paring MO and lindane photocatalytic degradation:
adsorption properties and compounds persistency.
Since lindane is a stronger electron donor than MO, it
should be more strongly adsorbed on the coating
surface than MO. If an increase of the CeO, content in
the composite leads to a decrease of the available sites
for lindane adsorption, then lindane reactivity
decrease. Besides, self-poisoning could inhibit lin-
dane photodegradation; strongly adsorbed lindane
permanently blocks the active centers of the com-
posite. The surface of composites has various types of
active centers such as pure TiO, and CeO,, Ce ions
in + 3 oxidation states, composite CeO,-TiO, in
which some of Ce ions penetrate TiO, lattice, indi-
cating that the reaction is governed by different
adsorption properties of MO and lindane on these
centers. Each of these types of active centers con-
tributes to the overall photocatalytic activity. Pure
TiO, active centers have higher activity in lindane
degradation than TiO, modified by CeO,. The fact
that pure TiO, centers are modified or covered by
excess CeO, is the most reasonable explanation for
such photocatalytic behaviors. Obviously, some TiO,
centers are blocked for lindane adsorption, resulting
in lower lindane activation and reduced photoactiv-
ity. On the other hand, the sample containing 2 wt%
CeO; has the highest photoactivity in MO degrada-
tion, suggesting that there is a suitable content of
CeO;, in coatings for optimal MO adsorption and
activation. As shown by XPS measurements, the
existence of Ce in the close contact with TiO, lattice
play the role of Ce*"/Ce®" redox couples. The cap-
ture of electrons by redox couples increases the
number of holes in the valence band and making
electron-hole recombination more difficult [40]. This
effect enhances photocatalytic MO degradation. This
also explains the detrimental impact of exceeding the
optimal content of CeO, because highly active CeO,—
TiO, centers for MO degradation are overlaid by
surplus CeQO,. Generally, lindane adsorption and
activation are favored on pure TiO,, while MO is
better adsorbed and activated on CeO,-TiO, com-
posite sites. It is well known that the overall rate of a
reaction is controlled by the rate of the slowest step. It
is generally accepted that the rate-limiting steps of
photocatalytic reaction on semiconductors are
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electron-hole pair rate and electron transport from
semiconductors surface to adsorbed O, molecules
[41]. When TiO, is modified by Ce, the excited elec-
trons in the conduction band can be captured by
dopant, which acts as an electron capture center and
significantly suppresses the electron-hole recombi-
nation rate.

The reaction rate of hydroxyl (HO) and peroxyl
(O, 7) radicals with the adsorbed pollutant is faster
than the rate of pollutants adsorption, which indi-
cates that the rate-determining step of the overall
photocatalytic reaction is the adsorption of MO or
lindane. These results also suggest that photogener-
ated electron-hole pairs behave similarly regardless
of which active centers they are produced and the
rupture of the weakest C-C bonds of adsorbed pol-
lutants determine the overall reaction rate.

4 Conclusions

Spray pyrolysis was used to deposit pure TiO, and
CeO,-TiO, composites on an SS substrate. The sur-
face of coatings is created of dense grains that pro-
duce a lace-like texture that becomes more
pronounced as the CeO, content increases. The lack
of CeO, phases in XRD patterns show that CeO, is
highly dispersed on the surface of TiO, particles or
that Ce ions are incorporated into the TiO, lattice.
The simultaneous existence of Ce** and Ce®" on the
coating surface, as well as strong interaction between
Ce ions and TiO; particles, is also confirmed by XPS
analysis. DRS analyses revealed a decrease in band
gaps as cerium content increased, supporting the
strong electron transfer between TiO, and cerium
compounds.

Pure TiO, coatings, as well as CeO,-TiO, com-
posites, have satisfactory photoactivity in the degra-
dation of both pollutants, MO and lindane. For MO
degradation, photoactivity increases with increasing
CeO,; content, reaching a maximum at 2 wt% CeO, in
coatings. Further increase of CeO, content led to a
decrease in MO degradation. On the other side, for
lindane degradation, the addition of CeO, decreases
the photoactivity of pure TiO,. Various MO and lin-
dane adsorption characteristics on different active
sites are responsible for the difference in photoac-
tivity. Generally, lindane photodegradation is
favored on pure TiO; sites, while MO degradation is
promoted on CeO,-TiO, species. Besides, important
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benefits for degradation of both pollutants originate
from the close contact of CeO, and TiO, which cre-
ates additional very reactive radicals.

Although composite CeO,-TiO, active sites have
improved charge separation, preventing the recom-
bination of photogenerated electron-hole pairs, the
rate-determining steps of overall photocatalytic
reactions are MO and lindane adsorption over vari-
ous types of active centers.
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