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Abstract

In this work, it is reported the physicochemical characterization and photocatalytic activity evaluation of TiO, thin films
modified with Eu, Pd, Fe and Bi. Several characterization techniques were used to investigate thin film properties. The
chemical composition as well as the chemical environment of the elements present were determined by X-ray photoelec-
tron spectroscopy (XPS). The crystalline structure was characterized by X-ray diffraction (XRD) and micro-Raman spec-
troscopy (RS) whereas the optical band gap was determined using UV-Vis spectroscopy. The photocatalytic activity was
evaluated in the degradation of the Malachite Green (MG) dye using simulated sunlight. It was found that films modified
with Fe and Pd reached MG degradations close to 64.7 and 58.1% after 180 min of reaction. Additionally, thin films were
photocatalytically evaluated under UV light (A=254 nm) using wastewater containing diclofenac (DCF). The best catalytic
performance (44% was reached by the film modified with Fe followed by the films modified with Pd (39%) and Bi (38%).
To identify the role of reactive species for degradation of MG and DCEF, triethanolamine (TEOA), isopropyl alcohol (IPA),
ascorbic acid (AA) and benzoquinone (BZQ) were employed as scavenger’s molecules. The results obtained revealed that
the O, radical is the reactive specie that mainly contributes to the MG and DCF degradation.
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1 Introduction

Wastewater treatment has acquired great interest for
researchers worldwide due to the necessity to obtain clean
water for human consumption and for the different anthro-
pogenic activities [1]. The photocatalytic process has
proved to be a good option to address this issue through
the degradation of organic pollutants, such as dyes and
pharmaceutical drugs, contained in wastewaters. However,
the efficiency of this process depends on the photocatalyst,
among other parameters, which ideally should be active
under sunlight irradiation and able to degrade the organic
molecules towards their complete mineralization transform-
ing them to CO, and H,O. Several photocatalysts have
been investigated seeking to increase their photocatalytic
activity under solar light. Additionally, research has been
carried out to understand how the photocatalysts work to
degrade organic pollutants and to study the role of the reac-
tive species using scavenger molecules [2—6]. The TiO, in
its anatase crystalline phase is widely used as photocatalyst,
due to its low cost, non-toxicity, stability and without any
risk to the environment and living beings; nevertheless, its
wide band gap energy close to 3.2 eV remains as its main
drawback [7]. In most cases, the photocatalysts have been
studied in powder form; however, in some applications, the
use of powders could present additional problems among
which can be mentioned the recovering of the powder from
the photocatalytic reaction system; another problem is the
agglomeration of the suspended particles which increases
at high concentrations of photocatalyst, increasing the dis-
persion of the light used to activate the photocatalyst and
consequently the overall efficiency of the photocatalyst is
diminished. An alternative to avoid such problems is the
use of immobilized photocatalysts in thin film form. On the
other side, efforts to obtain titania based photocatalytic for-
mulations, sensitive under visible light and preserving their
photocatalytic activity have been investigated; among the
proposed solutions, the narrowing of the band gap energy
of the TiO, by its doping with transition metals, the cou-
pling of semiconductors and the metal incorporation in the
titania lattice have been reported [8—10]. Additionally, it is
important to identify the role of the reactive species gen-
erated, specifically hydroxyl radicals (OH"), superoxide
(0,") and holes (h") to degrade pollutant molecules and try
to determine the photocatalytic degradation mechanism. In
this work, it is reported the effect of incorporation of the
Eu, Pd, Fe, and Bi in TiO,, with the purpose of studying its
photocatalytic response. Particularly, bismuth was chosen
because it is a low-cost element abundant in Mexico and
it is found in several compounds, for example as sodium
bismuth, bismuthine and bismuth subsalicylates amongst
others. Concerning the photocatalytic response, the effect of

the metal incorporated in the titania on the role of the reac-
tive species responsible for the degradation of the Malachite
Green dye and diclofenac drug was investigated, for this
purpose, scavenger molecules were added separately to the
reaction system.

2 Experimental

2.1 Synthesis of TiO, Thin Films with Incorporation
of Eu, Pd, Fe, and Bi

To obtain the TiO, thin films, the solutions were prepared
by the sol-gel technique. This was done by mixing 1 mL of
titanium isopropoxide with 10 mL of 2-propanol stirred for
approximately 1 h. Thin films of TiO, modified with Pd, Fe,
Bi and Eu were obtained by adding into the solution prepared
previously one of the following salts: palladium(II) nitrate
hydrate (Pd(NO;),-H,0, from Aldrich), iron(IIl) chloride
hexahydrate (FeCly;-6H,0, from Fermont), bismuth(III)
nitrate pentahydrate (Bi(NO;);-5H,O, J.T. Baker) and
europium(IIl) nitrate (Eu(NO;);-5H,0, Aldrich), respec-
tively. The amounts of the first two salts were determined
to produce nominal concentrations of PdO of 5, 10 and 20
wt% (corresponding to 0.49, 0.99 and 2.04 at% of Pd) and
Fe,0; of 5, 10 and 20 wt% (corresponding to 0.74, 1.48 and
3.0 at% of Fe) in the TiO,. The amount of bismuth nitrate
was calculated to give 5 and 20 wt% of Bi,0; in the TiO,
(corresponding to 0.2 and 0.82 at% of Bi). The amount of
europium nitrate was calculated to give 10 and 20 wt% of
Eu,0; in the TiO, (corresponding to 0.55 and 1.12 at% of
Eu). Thin films were obtained spreading each of the sol-gel
solutions onto soda lime glass substrates (25x%25%1 mm)
by the spin coating technique. After deposition, the films
were thermally treated at 450 °C for 4 h, except the film
containing europium that was treated at 650 °C, this tem-
perature was chosen to obtain Eu,05 according to the ther-
mogravimetric analysis graph for the Eu(NO;);-5H,0 (not
shown); additionally, this film was deposited on quartz
substrate because 650 °C is above the glass transition tem-
perature. These films (series 1) were used as photocatalysts
to degrade the MG dye. A second group of films (series 2)
was prepared using the same procedure described before
but with the amount of the corresponding salt calculated to
produce, in all cases, 20 wt% of the corresponding oxide in
the TiO,. This second group of films used as photocatalysts
to degrade the diclofenac drug under UV-light irradiation
was chosen because of the difficulty to degrade this organic
molecule.
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2.2 Thin Films Characterization

Thin films were characterized by several techniques to
know their physical and chemical properties. X-ray pho-
toelectron spectroscopy (XPS) was used to determine the
elemental chemical composition of the films surface; wide
and narrow spectra of each thin film were acquired with a
JEOL JPS-9200 spectrometer equipped with an Al (K, =
1486.6 e¢V) X-ray source. Narrow spectra were obtained to
perform elemental quantification by the Specsurf software
using the sensitivity factors method. The chemical shifts
in the photoelectron spectrum were used to determine the
chemical state of the elements present, and the full width at
half maximum (FWHM) was used to separate overlapping
peaks in cases where the signals were broad. The adventi-
tious carbon (Cls) peak centered at 284.8 eV was used to
adjust the photoelectron energy due to charge correction for
each region of the elements present in the XPS spectra. UV-
Vis spectroscopy was used to determine the band gap energy
of the thin films applying the Tauc method to the transmit-
tance spectra acquired using a Perkin Elmer Lambda 35
spectrophotometer. X-ray diffraction (XRD) was employed
to identify the thin films crystalline phases, diffraction pat-
terns were acquired using a Bruker D8 Advance Diffractom-
eter. The microstructure of the thin films was characterized
by micro-Raman spectroscopy, spectra were recorded using
an HR LabRam 800 spectrometer equipped with a confocal
microscope Olympus BX40 using a Nd: YAG laser beam
(532 nm).

2.3 Photocatalytic Degradation Activity

The photocatalytic performance of the obtained thin films
was evaluated following the degradation reaction of the
malachite green (MQG) dye as a model molecule of pollutant
in wastewaters. This molecule was chosen because water
pollution by dyes is an important problem around the world;
specifically, the MG dye is one of the most used dyes in
aquaculture, dentifrices, silk and paper tinction [11-13].
The photocatalytic reaction system was prepared by intro-
ducing a piece of 1 cm? of the photocatalyst thin film into
25 mL of an aqueous solution of 10 umol/L of the MG dye.
Afterwards, the reaction system was stirred for 15 min in
dark conditions to establish the adsorption equilibrium
between photocatalyst and the MG solution. Each photocat-
alyst was activated by illuminating it with the light emitted
by a solar simulator (Sciencetech SF150 model, class A) at
an average irradiance close to 60 mW/cm?. The degrada-
tion degree of the MG dye was followed by the decrease
of its characteristic absorption band peaking at 619 nm in
the absorbance spectra by plotting the MG concentration
as a function of the reaction time. Previously, a calibration
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curve of absorbance of the MG dye solution as a function
of its concentration was determined. Then the natural loga-
rithm of MG concentration versus reaction time was plotted
to determine the kinetic rate constants using a pseudo-first
order kinetic model. Total Organic Carbon (TOC) measure-
ments were performed to assess the extent of mineraliza-
tion. Diclofenac (DCF) pharmaceutical contained in a real
wastewater was photodegraded in the same reaction system
using an UV lamp (A=254 nm) as irradiation source to acti-
vate the photocatalyst, this wavelength was chosen due to
the low reaction rate to degrade this molecule. The degrada-
tion degree of the DCF was followed by the decrease of its
absorption band, with maximum at 198 nm, as a function
of time. The kinetic rate constant considering a pseudo-first
order model was obtained from natural logarithm of absor-
bance versus reaction time considering a pseudo-first order
reaction.

In order to determine the preferential reaction route in the
degradation of the investigated organic molecules, several
scavenger-type molecules were employed: for the MG dye,
benzoquinone (BZQ) was used to block the superoxide O*
radicals, triethanolamine (TEOA) interacts with the holes
(h") blocking them, and isopropanol (IPA) reacts with the
hydroxyl radicals (OH") impeding further reactions; in the
case of DCF the scavengers used were: ascorbic acid (AA)
to trap the superoxide radical, TEOA to block the holes and
tertbutyl alcohol (TBA) to trap the hydroxyl radicals [3—6].

3 Results and Discussion
3.1 Thin Films Characterization
3.1.1 XPS Characterization

The chemical composition of the thin films in at% and
wt%, for series 1 and series 2 is presented in Tables 1 and
2 respectively. In general terms, the atomic content of Ti
and O agrees well with the stoichiometric values of TiO,.
For series 1, the atomic content of each element incorpo-
rated into the TiO, varies depending on the load of the cor-
responding salt used in the synthesis as was described in the
experimental section, whereas for series 2, only one value
of atomic content is reported in each case. Thin films were
identified as M(x or y)-TiO,, where M=Pd, Fe, Eu or Bi
whereas x and y indicate the respective atomic percent cor-
responding to series 1 and 2 respectively.

A detailed analysis of the XPS spectra was performed to
determine the chemical environment of the elements pres-
ent in each film. Spectra were fitted using Voigt profile line
shapes to resolve overlapping peaks and assigning them to
the corresponding oxidation state.



Topics in Catalysis (2025) 68:1668-1681 1671
Table 1 Chemical composition obtained by XPS of films of Series 1
(at%)
Pd(x)-TiO, Bi(x)-TiO, Fe(x)-TiO, Eu(x)-TiO,
Ti (0} Pd Ti (¢} Bi Ti (¢} Fe Ti 0} Eu
333 66.7 0 329 67.1 0 35.0 65.0 0 30 70 0
329 65.8 1.3 25.8 72.4 1.8 32.1 63.0 4.9 30 68.8 1.2
29.3 67.8 2.9 26.3 66.6 7.1 28.3 63.9 7.8 29 69.3 1.7
24.7 60.8 14.5 24.7 62.0 13.3
(Wt%)
Pd(x)-TiO, Bi(x)-TiO, Fe(x)-TiO, Eu(x)-TiO,
Ti 0} Pd Ti o Bi Ti (0} Fe Ti 0} Eu
59.90 40.10 0 59.46 40.54 0 61.70 38.30 0 56.18 43.82 0
56.94 38.06 5.00 44.59 41.83 13.58 54.52 35.77 9.71 52.81 40.48 6.71
50.16 38.80 11.04 33.06 27.98 38.96 48.16 36.35 15.49 50.38 40.24 9.38
31.97 26.30 41.73 40.53 34.01 25.46
Table 2 Chemical composition obtained by XPS of films of Series 2
(at%)
Pd(y)-TiO, Bi(y)-TiO, Fe(y)-TiO, Eu(y)-TiO,
Ti (¢} Pd Ti ¢} Bi Ti o Fe Ti ¢} Eu
26.2 67.0 6.8 27.0 69.5 3.5 27.5 71.0 1.5 29.1 69.3 1.6
(Wt%)
Pd(y)-TiO, Bi(y)-TiO, Fe(y)-TiO, Eu(y)-TiO,
Ti o Pd Ti o Bi Ti o Fe Ti 6} Eu
41.12 35.15 23.73 41.21 35.46 23.33 51.9 44.79 3.3 50.75 40.39 8.86
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Fig. 1 Deconvolution of the XPS spectra of the M(x)-TiO, film, x=0.0, of Series 1. a Ti 2p region, b O 1s region

Figure 1a shows the Ti 2p region of the pure TiO, film;
the deconvolution of the experimental spectrum reveals a
doublet with maxima at 458.4 and 464.1 eV attributed to the
2ps), and 2p, , orbitals. The values of FWHM, double-peak
distance, and intensity ratio of spin-orbit splitting were in
this case: 1.35, 5.7 and 2.08 respectively, which are charac-
teristics of Ti—O bonds in TiO,. [14, 15] The fitting param-
eters for the subsequent deconvolutions of the Ti 2p region
were very close to the values used in this case.

The O 1s region shown in Fig. 1b was deconvoluted
using Voigt peaks with the FWHM varying from 1.4 to
1.9 eV. These peaks located at 528.9, 530.0 and 531.1 eV
are assigned in order of intensity as follows: the main peak

at 530.0 eV is assigned to O-Ti (Ti*") in TiO, [16, 17], the
peak at 528.9 eV corresponds to O®" ions in oxygen defi-
cient TiO, [18], and the peak at 531.1 eV can be assigned
to OH groups [19] that probably were adsorbed due to air
exposure of the samples.

When 7.1 at% of Bi is incorporated to the TiO, films,
two doublets fits the Ti 2p region as is shown in Fig. 2a.
The most intense at 458.4 and 464.2 eV is assigned to Ti-O
bonds of TiO,, the second one at 457.5 and 463.2 is assigned
to Ti*" in oxygen deficient TiO, (TiO,_,). Figure 2b shows
the Bi 4f region in which two doublets are observed, the first
one at 157.9 and 163.2 eV is attributed to Bi’ [20] whereas
the second one at 162.0 and 156.7 eV could be assigned
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Fig. 2 Deconvolution of the XPS spectra of the Bi(7.1)-TiO, film, a Ti 2p region, b Bi 4f region, ¢ O 1s region

to Bi: TiO, metal clusters (Bi’) [21]. The O 1s XPS region
shown in Fig. 2c reveals three peaks located at 529.0, 530.1
and 532.0 eV. The first peak located at 529.0 eV is assigned
to the O> ions in oxygen deficient TiO, [18], the second
peak at 530.1 eV is attributed to the O-Ti bond in the TiO,;
the third peak at 532.0 eV is due to adsorbed moisture from
the environment [19].

Figure 3 shows the deconvolution of the XPS spectra of
TiO, film modified with 14.5 at% of Pd revealing that incor-
poration of Pd to the titania produces some changes to the
chemical environment of the present elements. Figure 3a
shows the presence of two doublets in the Ti 2p region.
Again, the most intense, with peaks at 458.4 and 464.1 eV,
is attributed to the Ti-O bonds in the TiO, in its anatase
phase; the second one at 457.8 and 463.5 eV is assigned to
O” ions in oxygen deficient TiO, [18].

In Fig. 3b the Pd region shows the Pd 3d;, and 3ds),
orbitals; two doublets are fitted in this case, the first one
at 336.1 and 341.4 eV can be attributed to the Pd nanopar-
ticles whereas the second one at 334.9 and 340.1 eV can
be assigned to Pd’ [22, 23]. Figure 3¢ shows the O 1s XPS
region, three peaks were found for this spectrum at 529.1,
530.1 and 531.2 eV; as in the previous case, the first peak
located at 529.1 eV is assigned to the O®~ ions in oxygen
deficient TiO, [18], the second peak at 530.1 eV is attributed
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to the O-Ti bond in the TiO, and the third peak at 531.2 eV
is due to adsorbed moisture from the environment.

When 1.7 at% of europium is incorporated to the TiO,
thin film, the Ti 2p region (Fig. 4a) shows the same features
observed in the previous samples, the main doublet attrib-
uted to Ti-O bonds of TiO, and the second one due to Ti*"
[24]. Figure 4b shows the deconvolution of the XPS spec-
trum of the Eu 3d region. An intense doublet at 1136.3 and
1165.7 eV reveals the presence of Eu®" suggesting that Eu is
dispersed as Eu,0; outside of the TiO, structure [25]. Two
doublets of lower intensity at 1125.5 and 1153.7 eV; and at
1128.9 and 1158.0 eV could be associated to Eu?".

The XPS spectrum in Fig. 4c for the O 1s region dis-
plays three peaks at binding energies of 529.2, 530.1 and
531.2 eV. The peak at 529.2 eV is attributed to O ions as
before [18]; the second peak at 530.1 eV is associated to
Ti-O in TiO, [19], and the peak at 531.2 eV is assigned to
adsorbed moisture from the environment.

Figure 5 presents the XPS spectra of the Fe (13.3)-TiO,
thin film. The Ti 2p region showed in Fig. 5a display two
doublets: the main due to the Ti—O bond in the Ti*" oxida-
tion state in TiO,, the second one due to 0% jons [18]. In
Fig. 5b the XPS Fe region shows the 2p;/, and 2p,,, orbit-
als, two doublets are observed in this case, the first dou-
blet at 711.7 and 724.9 eV attributed to Fe** in Fe,O;; the
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Fig. 3 Deconvolution of the XPS spectra of the Pd(14.5)-TiO, film, a Ti 2p region, b Pd 3d region, ¢ O 1s region
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Fig. 5 Deconvolution of the XPS spectra of the Fe(13.3)-TiO, film, a Ti 2p region, b Fe 2p region, ¢ O 1s region

second one at 710.0 and 719.8 eV could be assigned also to
Fe—O bonds [26]. Figure 5S¢ shows the O Is region, three
peaks located at 529.0, 529.9, 530.8 eV are observed. The
first and second peaks at 529.0 and 529.8 ¢V are assigned
to the 0>~ ions and TiO, respectively, whereas the third can
be assigned to OH groups that probably were adsorbed due
to air exposure.

3.1.2 XRD Characterization

Characterization of the crystalline phases present in the thin
films is shown in Fig. 6. Figure 6a shows the XRD patterns
of the Pd(x)-TiO, films displaying diffraction lines at 20 =
25.3°,48.0° and 55.0°, characteristics of the anatase crystal-
line phase of titania (JCPDS 21-1272) corresponding to the
(101),(200)and (21 1) planes respectively. No diffraction
lines attributed to palladium, or any compound of this ele-
ment are observed. This result indicates that incorporation
of Pd to the TiO, lattice does not cause changes to its crystal-
line structure; however, an important effect is observed, as
the Pd content increases the intensity of the diffraction lines
decreases suggesting a loss of crystallinity. Figure 6b shows
the XRD patterns of the Bi(x)-TiO, thin films. The TiO, thin
film present diffraction lines at 26 = 25.3° and 37.8°, corre-
sponding to the anatase crystalline phase of titania (JCPDS
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21-1272). The diffraction patterns of the Bi modified thin
films show that Bismuth induces the transformation of the
anatase phase to new crystalline phases of bismuth titanates,
at 7.1 at% of Bi, diffraction lines at 20 =27.7°, 30.4°, 31.8°,
34.8°, 38.01° reveal the apparition of Bi;,TiO,, (JCPDS
78-1158). The XRD characterization of the Fe(x)-TiO, and
Eu(x)-TiO, thin films is not reported because their diffrac-
tion patterns did not show any peak. Concerning the films
of the series 2 their XRD patterns are presented in Fig. 6c¢,
all of them show diffraction lines at 26=25.3°, 37.9°, 48.1°,
53.8°, 55.1°, 62.7°, 68.9°, 70.2°, 75.1°, characteristics of
the anatase phase of titania (JCPDS 21-1272); the thin film
containing Pd, shows three low intensity additional diffrac-
tion lines at 34.5°, 55.6° and 72.7° due to palladium oxide
accordingly to the JCPDS 02-1432 card.

3.1.3 Raman Spectroscopy Characterization

Figure 7 shows the Raman spectra of samples correspond-
ing to series 1. All spectra display Raman features at 142,
196, 396, 516 and 638 cm ™! revealing that TiO, in the ana-
tase phase [27] is present in all samples. In general terms, no
matter the metal used to modify the TiO, the main vibrational
feature of anatase at 142 cm™ ! presents shifts suggesting the
introduction of the metal in the anatase lattice. The Raman
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Fig. 6 XRD patterns corresponding to: a Pd(x)-TiO,, b Bi(x)-TiO, thin films of series 1, and ¢ XRD of M(y)-TiO, films of series 2

spectra of the Eu(x)-TiO, samples (Fig. 7c) show that due
to the higher thermal treatment temperature used for this
film (650 °C) a mixture of the anatase and rutile phases is
present. Raman spectra of samples of series 2 (Fig. 8), show
in all cases, vibrational Raman features at 144, at 197, 396,
516, 638 cm™ ! revealing as expected that the anatase phase
is present. Also, as in series 1, in all Raman spectra the peak
at 144 cm ! shifts its maximum suggesting the introduction
of the metal in the anatase lattice (Fig. 8b).

3.1.4 UV-Vis Characterization

The band gap energy values, determined from the UV-Vis
spectra using the Tauc Model [28], are shown in Table 3 for
samples of series (1) It is seen that when Palladium is incor-
porated in the TiO, the band gap energy decreases to val-
ues as low as 2.3 eV indicating that this sample can absorb
wavelengths lower than 539 nm taking advantage of a major
proportion of the solar spectrum. The band gap energy of the
photocatalysts Fe(x)-TiO, and Eu(x)-TiO, remains close to
3.5 eV, found for the TiO, thin film, suggesting that iron
and europium incorporation does not change the electronic

structure of TiO,, however, it could affect other properties
such as charge carrier dynamics, surface reactivity or light
absorption. Table 4 shows the band gap energy (Eg) values
determined from the UV-Vis spectra for samples of series
(2) In this case, band gap decrease from 3.6 eV (TiO,) to
3.4 eV (Pd (6.8)-TiO, film). In case of films containing Bi
or Fe, two absorption edges were found, in these cases, two
energy band gap values were estimated and are reported in
Table 4; the Fe (1.5)-TiO, film has band gap energies of
3.5 and 2.9 eV whereas the Bi (3.5)-TiO, film has band gap
energies of 3.5 and 1.7 eV, similar to the reported in [29].

3.2 Photocatalytic Activity of the Malachite Green
(MG) dye

Figure 9 shows the MG degradation degrees reached using
the prepared photocatalysts until a reaction time of 180 min.
For comparison purposes the photocatalysts with the high-
est photocatalytic activity were chosen. It is also shown
the degradation degree reached by the photolysis process
as reference. It is observed that the Fe (4.9)-TiO, and the
Pd (14.5)-TiO, photocatalysts reach the higher degradation
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Fig. 8 Raman spectra of thin films series 2 a M(y)-TiO,, b peak at 144 cm™!
Table 3 Optical band gap energy (E,) of the thin films of Series 1
Pd (at%) E, (eV) Bi (at%) E, (eV) Fe (at%) E, (eV) Eu (at%) E, (eV)
0 33 0 33 0 3.6 0.0 3.5
1.3 32 1.8 34 4.9 3.6 1.7 3.5
2.9 3.1 7.1 32 7.8 3.6 1.9 3.5
14.5 2.3 — — 13.3 3.5 — —
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Table 4 Optical band gap energy (£,) of the thin films of Series 2

Thin film E, (eV)
TiO, 3.6
Bi (3.5 at%)-TiO, 35,18
Fe (1.5 at%)-TiO, 35,29
Pd (6.8 at%)-TiO, 3.4

degree, 64.7% and 58.1% respectively, after 180 min of
reaction time. The Eu(x)-TiO, photocatalyst shows a con-
version degree very similar to the uncatalyzed process. In
order to determine that mineralization is occurring, TOC
measurements were performed at the end of the photo-
catalytic reaction. Figure 10 shows the comparison of the
TOC results with the degradation degrees obtained from
absorbance measurements as well as the difference between
these two data. In general terms, it is seen that both values
are very close, suggesting that the prepared photocatalysts
mineralize the MG dye almost completely. In all cases the
degradation degrees obtained from the absorbance measure-
ments are higher than the TOC determinations suggesting
that a little fraction of the MG molecule does not reach the
complete mineralization. The differences between these
data span from 3 to 12% revealing that the Pd modified TiO,
film has a better performance for mineralization, followed
by Bi-TiO,>Eu-TiO,>TiO,>Fe-TiO,. These results indi-
cate that modification of TiO, with Fe, Bi and Pd improves
the photocatalytic response of TiO, in 53%, 76% and 61%
respectively and more important improves the mineraliza-
tion of the MG dye.

The degradation reactions were carried out at the same
conditions using scavenger molecules TEOA, IPA and BZQ
to gain insight about the preferential reaction pathways fol-
lowed in each case. These scavengers help in identifying the
reactive species involved in the photocatalytic process. The
participation of O," was determined using the benzoquinone
(BZQ) molecule. The role of OH" radicals was determined
with isopropanol as scavenger. Finally, the contribution to
the degradation due to h* was revealed by adding trietha-
nolamine (TEOA) to the reaction system. Figure 11 shows
the kinetic rate constants, for the different scavengers, deter-
mined considering a kinetic model of pseudo-first order. It
is clearly observed that the degradation reaction increases
when TEOA is added blocking the holes (h*), which favors
the availability of electrons (e") and reduces O, to form
superoxide radicals, therefore the increase in the photocata-
lytic activity can be attributed to the superoxide radicals.
When benzoquinone (BZQ) is added to the reaction system
the MG degradation is completely inhibited confirming that
the superoxide radicals are responsible of the degradation
of the MG molecule. When IPA is added the kinetic rate
constants decreases compared to the system without scaven-
gers, suggesting a minor contribution of OH" radicals to the
degradation reaction [2—6].

3.3 Photodegradation of the Diclofenac (DCF) drug

The Diclofenac degradation degree, using as photocatalysts
the films of series 2, is shown in Fig. 12. The maximum

Fig.9 MG degradation degree 75
using the TiO,, Pd-TiO,, Bi-TiO,, -
Eu-TiO,, Fe-TiO, photocatalysts | Ph,OtOIYSIS
(series 1), the photolysis process is *—TiO,
included as reference —A—TiO,-14.5 at % Pd
— 60 A —¥—TiO,-7.1 at % Bi
X |—4—Ti0,4.9 at % Fe
<~ 1
o —*—TiO,-1.2 at % Eu
S 45+
7
—
O
>
g
> . ____________._-—-—-1
S 30 g I
*
A _——
*
15 - [ o —
0 T T T
0 50 100 150

Reaction time (min)
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Fig. 10 Mineralization degree of MG B2 TOC

dye by Total Organic Carbon (TOC) 2oieie :I:I

and absorbance measurements using e Absorbance
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Fig. 11 MG degradation kinetic rate constants using 0.18 1
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reaction time was 180 min and the photodegradation degree  increases 50% respect the uncatalyzed process. To gain
reached by the photolysis process is included as reference. insight about the role that play each reactive specie, the

Itis observed that the Fe (1.5)-TiO, photocatalystreaches ~ degradation reactions were carried out at the same condi-
the highest degradation degree (43.1%) whereas Pd (6.8)—  tions using as scavenger molecules TEOA, TBA and AA.
TiO, and Bi (3.5)-TiO, films reach 39% and 38% of deg-  The participation of superoxide radicals O, was determined
radation respectively. The TiO, photocatalyst has the lower ~ using the ascorbic acid (AA) molecule, which is another
photocatalytic activity reaching 36% of DCF degradation. scavenger molecule with similar reactivity such as the ben-

These results indicate addition of Fe, Bi and Pd to TiO,  zoquinone (BZQ). The role of OH" radicals was determined
improves 22% the photocatalytic response of TiO, and  with tertbutyl alcohol (TBA) as scavenger with the same
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Fig. 12 DCF degradation degree using the TiO,, Pd-TiO,,
Bi-TiO,, and Fe-TiO, photocatalysts of series 2

N
S
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W
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Degradation degree (%)
= S

—a—TiO,
—®—3.5 at % Bi
—&— 1.5 at % Fe
—W¥— 6.8 at % Pd|
—@®— Photolysis

Fig. 13 DCF kinetic rate constants using scavenger
molecules for the different photocatalysts of series 2
0.006
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0.004 -

0.003

k (min'l)

0.002

0.001

0.000 -

without scavengers

reactivity such as isopropyl alcohol (IPA). Finally, the con-
tribution to the degradation due to h* was revealed by adding
triethanolamine (TEOA) to the reaction system. Figure 13
shows the kinetic rate constants, for the different scaven-
gers, determined considering a kinetic model of pseudo-first
order. When Ascorbic acid (AA) is incorporated into the
reaction system the DCF degradation decreases. Incorpora-
tion of TEOA to the reaction system block the holes h*, that
favors electrons availability for the degradation, observed in
Fig. 13, with the constant increase in kinetic rate. This result
besides the previous one reveals that diclofenac degrada-
tion is driven by the superoxide radicals O,". The incorpora-
tion of TBA to the reaction system results in a low kinetic

120 140 160

T T T T T T T T T T T
20 40 60 80 100 180
Time Reaction (min)

TiO,

3.5at % Bi
1.5 at % Fe
6.8 at % Pd

AA TBA TEOA

Scavenger

rate constant for the Fe-TiO, and Bi-TiO, photocatalysts
referred to the process without scavenger, there is seen that
OH’ radicals contribute in a low proportion to the degrada-
tion reaction.

The photocatalytic results can be correlated with the
physicochemical characterization as follows: in general
terms structural and optical properties remain without
important changes due to the metal incorporation in the tita-
nia; however, the chemical state of Ti and O changes due to
the incorporation of Bi, Pd, Eu and Fe according to the XPS
results; Specifically, for the Ti 2p region, it is observed in
all cases the presence of a signal close to 457.5 eV assigned
to Ti** in oxygen deficient TiO, (TiO,_,) that increase the
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optical absorption [30]; the intensity of the signal corre-
sponding to Ti*" increases in the different samples as fol-
lows: TiO,<Bi(7.1)-TiO,<Pd(14.5)-TiO,<Fe(4.9)-TiO,,
in good agreement with the photocatalytic results. In the
case of the O Is region, the signal close to 529 eV corre-
sponding to O ions in oxygen-deficient regions in the TiO,
lattice promoted by the presence of Ti** can be related to
oxygen vacancies that favor the transfer of photogenerated
electrons diminishing the electron-hole recombination
[31]; in this case the intensity of the signal corresponding
to O®" ions increases following the same tendency, in good
agreement with the observed for the Ti**. These results can
explain the increase of the photocatalytic response observed.
The Eu(1.7)-TiO, sample lies out of this behavior probably
due to the presence of Eu,0O; outside of the TiO, structure.

4 Conclusions

(Eu, Pd, Fe, Bi) modified-TiO, photocatalysts in thin film
form were obtained depositing sol solutions by the spin coat-
ing technique on glass substrates. These thin films showed
photocatalytic activity for the degradation of malachite
green dye under simulated sunlight. Particularly, the Fe and
Pd modified-TiO, photocatalysts showed the best photocat-
alytic performance reaching MG degradation degrees close
to 64.7 and 58.1% respectively, after 180 min of reaction
time. The use of scavenger molecules to gain insight about
the preferential reaction pathway indicates that the MG deg-
radation is through superoxide radicals.
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