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Fe-doped TiO2 (2, 5, 10, 15 and 20% wt. of Fe) photocatalysts have been synthesized by sol-gel method
using titanium aquacomplex precursor. The structure and morphology have been characterized by XRD, BET,
SEM, and EDS analyses, Mossbauer and IR spectroscopies. XRD analysis confirmed the anatase structure. The
introduction of ferric ions into the titania structure causes its amorphization. The crystallite sizes of obtained
samples are around 3 nm. Fe-doped TiO2 samples possess mesoporous structure and high specific surface area
(from 274 m?g?! for 5Fe-TiO2 to 416.4 m2g™? for 20Fe-TiO2). Mossbauer spectroscopy data confirms the
incorporation of Fe®* ions in the anatase structure. Photocatalytic degradation of Congo red dye using Fe-doped
TiO2 photocatalysts was studied under the UV-A light. Optimized conditions for photocatalytic degradation of
CR in the presence of hydrogen peroxide are obtained. It was found that the 2Fe-TiO2 sample in the presence of
20 mM H20: solution showed highest efficiency in dye photodegradation (99.4%) under UV-A light. The
photodegradation kinetics was analyzed using a smartphone and fits well with first-order kinetics model.
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Introduction

The anionic and cationic dyes are the main pollutants
of the wastewater derived from textile enterprises. As a
rule, dyes contain extremely dangerous, carcinogenic
components (benzene rings, sulfonate and amino groups)
which can cause considerable harm to human health and
the environment [1]. Even at very low concentrations (<1
ppm) the organic dyes significantly worsen the state of
the aquatic environment [2-4]. There are many
technologies for pre-treatment of wastewater from
the textile industry, but they are inefficient. The
common methods of dyes removal from aqueous
medium are adsorption [5] and coagulation [6], but
the main disadvantage of those methods is that the
dye is removed from the solution by a non-
destructive method and its structure remains intact.
Instead, a heterogeneous photocatalysis is a
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promising technology that causes the more efficient
and non-selective dyes destruction in aqueous
systems [7-12]. However, its practical application has
several limitations: i) a low quantum efficiency; ii) the
difficultness in photocatalyst obtaining; iii) the
dependence on ultraviolet (UV) light source.
However, despite all these limitations, photocatalysis
demonstrates many advantages over traditional
wastewater treatment methods. The main one is that
organic pollutants can be completely mineralized to
COz and H20 without the formation of secondary
hazardous products [13,14]. It is known that the process
of photodegradation is influenced by the following
parameters such as photocatalyst morphology [15],
solution pH [16], initial dye concentration [17], reaction
temperature [18], H.O, impact [19] and the light
intensity [20]. In particular, the impact of different
physical properties (particles size and shape, surface
area, crystal structure and phase composition) on the
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photocatalytic properties of nano-TiO, was studied by
R.K. Wahi et al. [15]. Photodecomposition experiments
indicated that anatase is a more active photocatalyst
compared to rutile.

Recently, many researchers have reported the
enhanced photocatalytic and adsorption properties as a
result of TiO, modifications by noble metals doping [21],
transition metals doping [22-25], and surface
modification by anions [26-28]. For example, Alamelu et
al. [29] investigated a composite photocatalyst TiO,-Pt
for efficient removal of 4-nitrophenol and Rhodamine B
from an aqueous medium using chemical reduction and
photocatalytic degradation, respectively. Synthesis of
TiO,-Pt catalysts with different Pt amount (from 1 to
10%), carried out by hydrothermal method, followed by
chemical reduction. As a result, it was found that Pt leads
to an increase in catalytic properties. The best results
were obtained for the composite with 5 wt.% of Pt,
which showed a 4.5-fold increase in photocatalytic
destruction of RhB and a 45-fold increase in the
reduction of 4-nitrophenol (4-NP) compared with
unsubstituted TiO,. In addition, this photocatalyst
showed high stability when tested on five consecutive
cycles of photodegradation. The authors explain the
enhanced photoactivity of TiO,-Pt catalysts by its strong
adsorption capacity regarding to RhB and 4-NP, large
surface area and increased electron transfer provided by
Pt NPs. Anwar et al. [30] synthesized the Fe-TiO;
composite (with an Fe content of 6% wt.) by the sol-gel
method, followed by heat treatment at 500°C, for the
photodestruction of Methylene blue dye under visible
light. As a result, the degradation of Methylene blue was
36% without irradiation (at pH = 10) and 99.5% under
visible light irradiation for 3 hours. Asiltlirk et al. [31]
investigated the impact of Fe* doping on the
photocatalytic activity of TiO, coated glass under the
influence of UV and visible light. The Malachite green
(MG) dye has been used as model pollutant. The study
found that the degradation efficiency of Fe-doped TiO,
coated glass surfaces was higher than the pure TiO;
coated surface. It was concluded that the MG
photodestruction (2.5 mg/L) by Fe-doped TiO, under UV
light refers to the pseudo-first order kinetics with a rate
constant k=0.0202 min™.

Congo red (CR) is widely used as a model substance
to study the efficiency of azo dyes degradation using
TiO; [7,15]. For example, Wahab et al. [7] showed that
complete CR discoloration was achieved in 3 hours using
2.5%N-TiO; and visible light as radiation source. Arora

et al. [8] investigated the efficiency of Cu-loaded
Fes04@TiO, composite as photocatalyst for CR
degradation using 15W UV lamp (350-400 nm). Thus,
the aim of this study is to synthesize Fe-doped TiOg,
which would quickly decompose the CR dye under UV-
A light. The hydrogen peroxide (H202) is used as
external electron acceptor. Recently, only a few attempts
have been made to use Fe-doped TiO- photocatalyst with
enhanced activity for the azo dyes decomposition [32-
35]. Therefore, this concept is a relevant topic for further
research. In this work, Fe-doped TiO, photocatalysts
were synthesized using a modified sol-gel method. The
degradation conditions were optimized to achieve the
best photocatalyst efficiency. The photocatalytic activity
of the synthesized Fe-doped TiO, was compared with the
efficiency of commercial P25-TiO,.

I. Materials and methods

1.1. Materials

Congo Red dye (CR) was obtained from Sigma-
Aldrich, used without further purification. Titanium
chloride TiCl4 (99.9%, Merck). Concentrated chloric acid
(1.190 g/cm®). Ferric chloride hexahydrate (Merck,
reagent grade, >98%). P25-TiO;, (Evonik) contains 80%
of anatase and 20% of rutile with a surface area of 50
m2g?t and an average particle size of 30 nm. Reagent
grade hydrogen peroxide (31.5%) was obtained from
SferaSim (Ukraine).

1.2. Synthesis of unmodified and modified titania
photocatalyst

A titanium aquacomplex [Ti(OHz)s]**-3CI™ precursor
was obtained according to [27] and [36]. Ferric chloride
hexahydrate was added to the precursor solution to
obtain Fe-doped TiO; (2, 5, 10, 15 and 20% wt.). The
synthesis conditions for unmodified and modified titania
are given in Table 1. The precursor solution with the
modifying component was diluted with water. The
NaOH solution has been added to maintain pH = 1...2.
The mixture was kept at 70°C for 30-40 minutes. At the
end of the process, the mixture pH was adjusted to
pH=6...7. The formed particles were removed from the
reaction medium with a vacuum filter. They were washed
from Na* and CI" ions with distilled water and dried at a
temperature of 120-140°C.

Table 1
Synthesis conditions for unmodified and modified titania (343 K)
Sample Precursor Modifier Modifier content, wt.% | Duration, min
TiO [Ti(OH2)s]**-3CI - 0 30-40
2Fe-TiO> [Ti(OH2)s]**-3CI Fe3* 2 30-40
5Fe-TiO> [Ti(OH2)s]**-3CI Fe3* 5 30-40
10Fe-TiO [Ti(OH2)s]**-3CI Fe3* 10 30-40
15Fe-TiO; [Ti(OH2)s]**-3CI Fe3* 15 30-40
20Fe-TiO> [Ti(OH2)s]**-3CI Fe3* 20 30-40
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1.3. Characterization techniques

1.3.1. XRD

The phase composition of the photocatalyst was
analysed by XRD method at Aka1 = 0.154 nm (STOE
STADI P diffractometer, Germany). The average size of
crystallites was calculated by Scherrer’s formula:

_ _ bsa
=D=>= Brz11;008 E,
where B@iyy is the full width at half maximum of the
(311) reflection, 6 is Bragg angle of reflection.

1.3.2. N2 adsorption

The pore size distribution of the Fe-doped TiO;
sample was measured by the N, adsorption/desorption
method using surface area analyzer Quantachrome
Autosorb, Nova 2200e, at temperature 77 K.

1.3.3. SEM and EDS

The morphology of TiO, was investigated by
scanning electron microscopy (SEM) with an attachment
for energy dispersion analysis (REMMA-102-02
Scanning Electron Microscope-Analyzer (JCS SELMI,
Ukraine)). The accelerating voltage was 20.00kV.

1.3.4. Mossbauer spectroscopy

Maossbauer spectra were measured with MS-1104Em
spectrometer (°’Co(Cr) radioactive source, activity of
about 40 mCi) at 90 K. Calibration of the isomer shifts
was done respectively to a-Fe standard (line width 0.29
mm/s). The spectra analysis and fitting procedure were
performed using UnivemMs 701 software.

1.3.5. IR spectroscopy

Infrared spectra of TiO, samples were registered on
the SPECORD M80 spectrophotometer in the range of
4000-300 cm™. To record the spectrum, 4 mg of the
sample was mixed with dry KBr in the ratio of 1:100 and
crushed in a vibrating mill for 5 min. The prepared
mixture was compressed to form transparent pellets
(20x5 mm?).

1.4. Photodegradation experiments

The photocatalytic micro-photoreactor consists of a
glass vessel (volume 20 mL), a light source, magnetic
stirrer and a movable cuvette holder. All photocatalytic
experiments were performed at room temperature
(25£2°C). The light source was a 3W UV LED (365 nm)
mounted on the outside of the photoreactor, which was
located vertically relative to the reactor. Photocatalyst
powders were completely dispersed in aqueous CR
solution. A more detailed description is presented in our
previous work [37]. Registration of photocatalysis
kinetics was performed using a smartphone, the details of
the measurements are described in [37]. The UV-Vis
spectra were obtained in the range 340-750 nm using

ULAB 102-UV spectrophotometer and 5 mm quartz
cuvettes. Calibration line was plotted using absorbance at
500 nm versus CR dye concentration in the range from 0
to 50 mg/L.

1. Results and discussion

2.1. Synthesis of Fe-doped TiO2 samples

The aim of this work was to synthesize titanium
dioxide with Fe atoms, intercalated in its structure and to
find out how the Fe intercalation affects the crystal
structure and morphology of the oxide material and its
photocatalytic activity. The solutions of agquacomplexes
[Ti(OH2)e]**-3C1" and [Fe(OHp)g]?*-2ClI" used as
precursors for obtaining oxide materials. A solution of
titanium aquacomplex was obtained by mixing
concentrated hydrochloric acid, cooled to a temperature
(-5...-0) “C with titanium tetrachloride in a mass ratio of
TiClJ/HCI = 1.4/1.0. A solution of the aquacomplex
precursor [Fe(OH)e]?*-2C1- was obtained by mixing
FeCl; with concentrated hydrochloric acid. The oxide
materials Fe-TiO, contain 2; 5; 10; 15 and 20 wt.% of Fe.
Precursors’ solutions were mixed in the required ratio
and kept for 30-40 minutes at a temperature of 70 °C.
Then a 4% NaOH solution was added dropwise to the
cooled mixture, thus raising the pH of the reaction
medium from 0.5 to 6.5...7.0. The formed Fe-TiO;
particles were removed from the reaction medium,
washed with deionized water from the Na and Cl ions
and dried at a temperature of 110-130°C. The formation
of Fe-TiO; particles is carried out in two stages: during
the heating of the mixture of precursors’ solutions and
during the NaOH adding. Approximately a third part of
the oxide material is formed in the first stage, and the rest
in the second stage. The first stage is occurs due to the
spontaneous oxidation of Ti (I11) and Fe (l1) cations:

Ti(NII) — Ti(IV) + e (1)
Fe (I[) = Fe(Ill) + e 2

The released electrons cause the reduction of water
molecules located near the Ti(IV) and Fe (Ill) cations
due to chemical reaction:

4H,0 + 0, +4e — 40H"~ 3)

The molecules of the absorbed oxygen take part in
this reaction. The formed OH ™ anions attach to metal
cations. Since the electronegativity of Ti atoms is 1.5, the
Ti(OH); molecules are the first to be formed in the
reaction medium. They dissociate into [FeOs]* anions
and 3H* cations. In turn, these anions join the titanium
cations in their aquacomplexes:

[Ti(OH)(OH,)s]**-3CI" + [FeOs]*3H* — [Ti(OH)(OH2)sOFe(OH)2]>*-2CI- + HCI + H,0 ()
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The introduction of NaOH into the reaction medium
causes that most of the precursors mixture is converted
into Ti(OH)4 and Fe(OH)s molecules, which due to the
polycondensation process form a complex Fe-TiO, oxide.

2.2. Characterization

2.2.1. XRD

The diffractograms of Fe-doped TiO, samples shown
in Fig. 1. They confirm that the samples of Fe-doped
TiO2 (2...20%) are single-phase. Their crystal structure
belongs to the anatase structure (space group l41/amd).
The structural parameters of the crystal lattice (a and c)
of the synthesized Fe-doped TiO, samples are shown in
Fig. 2. The introduction of Fe ions causes structure
amorphization (Fig. 1). The crystallite sizes of anatase,
calculated by the Scherrer equation from peak (101) do
not change (mostly 3 nm). The crystallinity of TiO»
decreases with Fe increasing and the sample with the
maximum degree of Fe doping (20%) is amorphous. The
formation of Fe;Os; phase does not observed. X-ray
diffraction patterns of the samples with a high content of
Fe (10; 15; and 20 wt.%) do not have peaks of Fe(lll)
oxide.
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Fig. 1. XRD patterns of Fe-doped TiO2 samples
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Fig. 2. The lattice constant of anatase phase as a
function of iron content.
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2.2.2. Nz adsorption

Figure 3a shows the N; adsorption/desorption
isotherms of Fe-doped TiO., samples obtained at 77K.
The parameters of the photocatalyst porous structure are
given in Table 2, and the pore size distribution is shown
in Fig. 3b. The most micropores have a radius of ~2 nm
and the radii of mesopores do not exceed 2.5 nm. The
peak corresponds to pores with a radius of ~1.8 nm. The
specific surface area of Fe-doped TiO, samples increases
from 274 m?-g' (for 5Fe-TiO;) to 416.4 m?-g?! (for
20Fe-TiOy) (Table 2).
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Fig. 3. (a) N2 adsorption/desorption isotherms and
(b) pore size distribution of the Fe-doped TiO, samples.
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2.2.3. SEM and EDS

SEM images showed particle size and morphology in
approximate dimensions. Studies of synthesized Fe-
doped TiO, samples found that the primary particles have
a different shape (Fig. 4).

The results of the energy-dispersion analysis are
shown in Fig. 5. They confirm the chemical composition
of the synthesized Fe-doped TiO, samples. It is seen that
only Ti, O and Fe elements are present in the samples.
The obtained percentage of the elements is close to the
stoichiometry (Fig. 5).
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Table 2
Textural characteristics (specific surface area, pore volume)
Sample SeeT Smicro | Smeso, (Mg Vpore, Vmicro Vmeso Vieso/ Vp
(m#g?) | (m’g?) Y (cm’g™) (cm’g™) (cm’g™) (%)

TiO, 239.4 100.50 138.90 0.1519 0.054 0.098 64.5
2Fe-TiO, 2745 5.52 268.98 0.236 0.0137 0.2223 94.2
5Fe-TiO; 347.6 - 347.6 0.2807 - 0.2807 100
10Fe-TiO2 | 371.6 - 371.6 0.299 - 0.299 100
15Fe-TiO, 351.7 - 351.7 0.325 - 0.325 100

20Fe-TiO; 416.4 72.66 343.74 0.3097 0.039 0.2707 87.4

- 3

5Fe-TiO2 |

Fig. 4. Scanning electron micrographs of the Fe-doped TiO, sample.

2.2.4. Mossbauer spectroscopy

Room temperature Mdossbauer spectra of all Fe-
doped TiO, samples of only show symmetric doublets
correspond to resonance absorption by the 5’Fe nucleus
of tetrahedral coordinated Fe®* ions in the high-spin state
(Fig. 6). The close results were observed for Fe-doped
anatase in [38] and [39]. All spectra were best fitted with
two doublet components (D1 and D2) with different
values of quadrupolar splitting (Qs(1) and Qs(2)) that can
be explained by the localization of Fe** ions with the
different surroundings symmetries located in the inner
and outer layers of Fe-doped TiO; particles. It was
observed that the changes of D1 and D2 components
relative area ratio are within error that correspond to
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XRD data about close slight change in particle size with
increase of iron concentration. In spherical particle
approximation with outer and inner radius Ro and Ri» the
ratio Rin/Ro is in a range of 0.46-0.49. The calculations of
Qs(1) values do not depend on the doping degree but
simultaneous slightly increase Qs(2) values with the iron
concentration in a range of 0.50-0.57 mm/s was observed
(Table 3). Accordingly to [40] the measured value of
quadrupolar splitting Qs = 0.6 mm/s can be assigned to
Fe 3* ions in solid solution in the anatase phase. The
observed results are explained by gradual increase in
distortion of the intracrystalline electric field with the
doping degree growth.



Ivan Mironyuk, Nazarii Danyliuk, Tetiana Tatarchuk, Ihor Mykytyn, Volodymyr Kotsyubynsky

9Fe-TiOz 2
i
§ 32,10
§ 0 66.05
§ Fe 1.85
- Total 100
PR A
1] 1 2 k| 4 g B r B 9
E31 : 6997 xaB
5Fe-TiO2 g
.
§ T 30.85
=
§ o) 65.40
gé Fe 3,75
|
; . Total 100
J{%Fe
0 ' i 2 3 ' i [ ! 3 7 ! [
633 7020 k=B
10Fe-TiO2
: Ti 20.95
0 64.95
Feo 5.10
0 Fe Total 100
J;l&iFe
0 ' i ' 2 o ' I 5 E g ' g
530 £ 936 k=B

Fig. 5. EDS spectra of the Fe-doped TiO, samples.
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Fig. 6. Room-temperature Mgssbauer spectra of the
synthetized Fe-doped TiO;
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2.2.5. IR spectroscopy

Fig. 7 shows the IR spectra of raw titanium dioxide
and Fe-doped TiO, samples, containing 2, 10 and 20
wt.% of Fe. The bands in the wavelength range 415-482
cm?® and 537-604 cm™ belong to the degenerate E,
oscillations of TiOg octahedra. The band in the
wavelength range 475-482 cm™ belongs to degenerate
vibrations of anatase octahedra. The presence of bands
with a maximum at 415-427 cm™ on the spectra of 10Fe-
TiO, and 20Fe-TiO, samples indicates the presence of
structural rutile arrays in the anatase phase. The bands at
361 cm?® and 722-745 cm? belong to symmetrical
vibrations of A2u octahedra. In the spectra of samples
with a high Fe content, there are bands with a maximum
at 951-953 cm™. We attribute them to the valence
vibrations of Ti-O-Fe bridges in oxide materials. The
absorption band with a maximum at 1627-1635 cm™
corresponds to the deformation vibrations of water
molecules adsorbed on the oxide material surface. The
shift of this band towards smaller wavelengths indicates
a decrease in the adsorption energy between water
molecules and surface of the iron-doped titania.
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Table 3.

The parameters of the Mossbauer spectra of Fe-doped TiO, samples measured at 90 K (Is is isomer shift; Qs
is quadrupole splitting; H is hyperfine field; S is relative integral intensity; G is line width)

| Site Is, mm/s | Qs, mm/s | S, % | G, mm/s

5Fe

1 D1 0.365 0.79 89.4 0.55

2 D2 0.375 0.50 10.6 0.21
10Fe

1 D1 0.358 0.77 88 0.52

2 D2 0.389 0.56 12 0.25
15Fe

1 D1 0.355 0.78 88.7 0.49

2 D2 0.393 0.57 11.3 0.24
20Fe

1 D1 0.355 0.78 88.4 0.49

2 D2 0.39%4 0.57 11.6 0.25

[
537427

5ol T 415
: 482:
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N

N A f
: 604 475361

2 T 2 T Y I 2 T
2000 1600 1200 800 400

Wavenumber (cm™)
1-2-Ti0,; 2 - 2Fe/TiO,; 3 — 10Fe/TiO,; 4 - 20Fe/TiO,

Fig. 7. IR spectra of Fe-doped TiO, samples.

2.3. Photocatalytic studies

Evaluation of the photocatalytic activity of Fe-doped
TiO, samples was investigated in degradation of the CR
dye. The following factors influencing CR
photodegradation were investigated: (i) the effect of Fe
doping; (ii) the effect of hydrogen peroxide adding; and
(iii) the effect of irradiation time. The CR concentration
did not change in the absence of light. This means that
CR adsorption do not take place on the samples surface.
The photodestruction of CR dye did not occurs without
photocatalysts. Thus, the presence of both photocatalyst
and UV light have become necessary conditions for
effective degradation of the CR dye.

2.3.1. Effect of Fe content

The effect of Fe content on the photocatalytic
degradation of CR dye solution is demonstrated in
Fig. 8a. The UV-Vis spectra of Congo Red solutions

after photocatalysis onto Fe-doped TiO, samples are
depicted in Fig. 8b. Fig. 8c demonstrates that the
processes of CR dye degradation onto Fe-doped TiO-
samples fitted well with the first-order kinetics model.
The obtained values of the rate constant (k) (Table 4)
demonstrate the overall dependence of CR photocatalytic
degradation on Fe dopant content. The highest rate
constant is 0.0437 min? for 2Fe-TiO, sample. Fig. 8d
shows the degradation efficiency of Fe-doped TiO;
samples. It can be seen that the photocatalytic activity
2Fe-TiO, sample is highest compared to other samples.
The positive effect of Fe ions can be described by the
efficient separation of photogenerated electrons and
holes. Fe ions act as a trap for photogenerated carriers
[35]:

Ti0, + hv - h* + e~ (5)
Fet + e~ = Fe?¥ (6)
Fe’* + 0, —Fe®" +0; )
Fel™ + Ti*" — Fe¥ + i3 )
Fe* + hv}, — Fe** 9)

However, a further increase in the Fe ions content (5
wt.% and more) the photocatalytic efficiency of samples
decreases. The reason is that Fe ions become
recombination centers for electrons and holes [41]:

Fet + e~ = Fe?¥ (10)
Fe’ + hv}, — Fe®* (11)
Fe®* + hv}, — Fe** (12)

Fe*' + e~ — Fe¥ (13)
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Fig. 8. (a) Effect of Fe content on the photocatalytic degradation of CR dye solution; (b) UV-vis spectra of
Congo Red solutions after photocatalysis onto Fe-doped TiO, samples; (c) First-order kinetics model of CR
degradation onto Fe-doped TiO, samples; (d) Degradation efficiency of Fe-doped TiO, samples (conditions:

m(sample) = 30 mg, V(dye solution) = 20 mL; =60 min; C(CR)=5 mg/L; C(H202)=10 mM).

Table 4
The rate constant of the CR dye photodegradation reaction
Fe content (wt.%) k (min™) R?
0 0.0136 0.9301
2 0.0437 0.9461
5 0.0106 0.9768
10 0.0151 0.9886
15 0.0119 0.9811
20 0.0086 0.9936

These results suggest that the optimal Fe content is 2
wt.%. The sample 2Fe-TiO, possess the best
photocatalytic activity and can degrade 98.1% of CR
dye. The undoped TiO, sample demonstrate low
photocatalytic activity: the CR dye degradation is only
37.2% within 1 hour under UV light. Thus, the 2Fe-TiO;
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sample contributes the lowest recombination of electron-
hole pairs and thus demonstrates the highest
photocatalytic ~ properties. ~ Comparison  of  the
photocatalytic activity of different TiO,-based materials
towards different dyes is presented in Table 5.
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Comparison of photocatalytic activity of different TiO,-based materials in dyes removal processes Tebles
Photocatalyst Condition Degradation extent, % Ref.

7 % Fe®*-doped TiO2 Methylene blue (3 mg/L) under irradiation of 96.7 [34]
visible light (4 h)

Fe3*-doped TiO, with | RhB (10 mg/L) solution at 40 °C operating 91.1 [32]

0.05:1.00 M temperature under 3.0 bar inlet pressure

ratio of Fe and Ti

0.3Fe-TiO; Malachite Green (5.0 mg/L), under irradiation 85.0 [31]
of UV light (110 min)

5% Fe3*-doped TiO- Methylene blue (1.0%10-M) under irradiation 16.8 [42]
of UV light (8 h)

0.01% Fe-TiO/FAC Methylene blue (20 mg/L) under irradiation of 33.0 [22]
visible light

0.10% Fe-TiO; Methyl orange (30 mg/L), under irradiation of 79.0 [24]
UV light (75 min)

GR/Fe-NWCs Methylene blue (10 mg/L) under irradiation of 99.5 [23]
UV light (1 h)

TiO,-Fes04-bentonite Methylene blue (30 mg/L) under irradiation of 90.0 [43]
UV light (90 min)

Cu-loaded Congo red (10 ppm) under irradiation of UV 71.7 [8]

Fe:0.,@TiO, light (50 min)

2.5% N-TiO; Congo red (10 ppm) under irradiation of 98.0 [7]
visible light (3 h), pH =25

2% Fe**-doped TiO; Congo red (5 mg/L) under irradiation of UV 99.4 This
light (30 min), H2O, concentration 20 mM work

2.3.2. Effect of hydrogen peroxide

The effect of H,O, and the determination of its
optimal amount were investigated. It is known that
hydrogen peroxide (H20;) reacts with the electrons from
the conduction band and the superoxide radicals, forming
hydroxyl radicals (equations 14-15):

H,0, + Ti0, (ecg-) = OH™ + - OH + Ti0,(14)

H,0, + 0, = 0OH™ +-0H + 0, (15)

As a result, the addition of H,O, accelerates the
process of CR photocatalytic degradation. Fig. 9 shows
the effect of H,O, with different concentrations (5, 10,
15, and 20 mM) on the CR photocatalytic degradation.
According to the obtained results, presented in Fig. 9a,
H202 has a significant effect on CR degradation onto
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2Fe-TiO2 sample. The optimal concentration of H,O; is
20 mM. Almost complete CR degradation was achieved
in 30 minutes under UV light, while in the absence of
H>O, the photodegradation is only 33.9% after 1 hour.
Moreover, in the absence of H,O,, the reaction rate
constant is 0.0074, which is in 11.25 times lower than
that obtained in the presence of 20 mM H,0; onto 2Fe-
TiO. It should be noted that in large quantities H,O, acts
as an absorber of holes and OH radicals (equations 16-
18):

H,0, + 2hyp+ - 0, + 2H™ (16)
H,0,+ OH — H,0 + HO; 17)
HO,+ OH — H,0 + 0, (18)
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Fig. 9. Photocatalytic activity of 2Fe-TiO, sample: (a) Effect of H,O- concentration on 20 mL of 5 mg/L CR
degradation under UV light. Concentration of 2Fe-TiO, was 1.5 g/L. (b) First-order rate kinetics; (c) Conversion
of CR (5 mg/L) as function concentrations of H,O, under UV light in 60 min; (d) UV-Vis spectra of Congo Red
solutions after UV irradiation for 60 min at indicated concentrations of CR and H»O,. The experimental
conditions are the following: m(2Fe-TiO;) = 30 mg, C(H.0) = 0-20 mM.

Table 6
The parameters of the first-order kinetic model for the CR photodegradation in the presence of 2Fe-TiO, sample
C(H20>) k(min) R?
0mM 0.0074 0.9892
5mM 0.0355 0.9968
10 mM 0.0272 0.9673
15 mM 0.0336 0.9995
20 mM 0.0836 0.9984

2.3.3. Comparison of photocatalytic activities
between 2Fe-TiO2 and commercial Degussa P25-TiOz

Commercial TiO, (P25, Degussa) is known as a
highly efficient photocatalyst and is widely used as a
model photocatalyst in dyes degradation studies [44].
Comparative studies between 2Fe-TiO, and P25-TiO;
were performed in this study to evaluate the
photocatalytic  efficiency of the samples. Both
photocatalysts achieved complete CR degradation within

30 minutes (Fig. 10) at a H»O, concentration of 20 mM.
The kinetic curves of CR degradation under UV light are
presented in Fig. 10b. It can be concluded that the
reactions belong to the first order kinetic model.
Moreover, the rate constant k for P25-TiO, is 0.054 min
!, which was only slightly higher than for 2Fe-TiO, (k =
0.083 min) (Fig. 10b). Thus, 2Fe-TiO, demonstrate the
same activity as P25-TiO; in the CR degradation under
UV light.
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Fig. 10. Comparison of photocatalytic efficiencies of 2Fe-TiO; and P25-TiO; in the CR degradation under
UV light and in the H,O; presence: (a) The decolorizing of CR over time; (b) First-order rate kinetic model
(conditions: C(CR) =5 mg/L, photocatalyst dosage is 1.5 g/L).

Conclusion

Fe-doped TiO, photocatalysts were synthesized
using a modified sol-gel method. The crystal structure of
all samples is anatase. XRD analysis confirmed that the
introduction of Fe ions causes structure amorphization.
Fe-doped TiO; samples have mesoporous structure. The
specific surface area of Fe-doped TiO, samples increases
from 274 m?g? (for 5Fe-TiOy) to 416.4 m?g* (for 20Fe-
TiO,). SEM and EDS analyses gave information about
morphology and chemical composition of the samples.
Mossbauer spectroscopy data confirm the presence of
solid solution of Fe3*ions in titania with the formation
of Fe-doped TiO: particles which have a core-shell
structure where the ratio between the radius of
particle and its inner part is close to 0.5. IR
spectroscopy confirmed the presence of anatase
octahedra. Evaluation of the photocatalytic activity of
Fe-doped TiO, samples was investigated in degradation
of the CR dye. The processes of CR dye degradation onto
Fe-doped TiO, samples fitted well with the first-order
kinetics model. It was investigated that the photocatalytic
activity 2Fe-TiO, sample is highest compared to other
Fe-doped TiO, samples. The positive effect of Fe ions
can be described by the efficient separation of
photogenerated electrons and holes. The effect of H,O,
and the determination of its optimal amount were
investigated. It was proved that the addition of H,O;
accelerates the process of CR photocatalytic degradation.
The photocatalytic activity of the 2Fe-doped TiO. a
slight higher than the efficiency of commercial TiO, (P25

Degussa). Comparison of this work with previous studies
has shown that the photocatalyst 2Fe-TiO; is a very
promising material for azo dyes degradation under UV-A
light.
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Fe-nomosani TiO2 (2, 5, 10, 15 1 20% wmac. Fe) dorokaTanizatopu Oyl CHHTE30BaHI 30/1b-T€lIb METOJIOM 3
BUKOPUCTAHHSIM THTAaHOBOTO aKBaKOMIUIEKCY y sKOCTi mpekypcopy. Crpykrypa Ta Mopdoioris 3paskiB
oXapakTepu3oBaHa X-IPOMEHEBUM Ta CHEProAHCIEepCifHUM aHaii30M, iH(PadepBOHOI Ta MeccOayepiBChKOIO
CIIEKTPOCKOITIEI0, CKAHYIOUOK EJIEKTPOHHOI Mikpockomietro Ta wmerogqoM BET. X-mpomeneBuit anamiz
MATBEPIUB YTBOPECHHS CTPYKTYpH aHaTa3ly. BBeIOeHHs BeNMKOI KUIBKOCTI i0HIB 3aiiza B cTpykTypy TuTaH(IV)
OKCHJy BHKJIHKae #Horo amopdizamito. Po3Mmipu kpucrTamiTiB OTpHMaHHX 3pa3KiB CKIamaloTh ONU3BKO 3 HM.
CunresoBani 3pa3ku TiOgz, nerosani Fe, MaloTb Me30IOpUCTY CTPYKTYpYy Ta BHCOKY IMHTOMY IUIOILY ITOBEPXHI
(ig 274 M’r! gua SFe-TiO2 mo 416.4 wm’r! mna 20Fe-TiO2). Jlami MeccOayepiBChbKOi CIIEKTPOCKOMIi
HiATBEPIKYIOTh BKOpiHeHHS ioHiB Fe3* 10 cTpykTypH anarasy. GoTOKaTaliTHYHY Aerpaganio KoHro 4epBoHoro
3a gonomoroio ¢ortokaramizaropiB TiOz, neroBanux Fe, mocmimkysamu mig Y ®-onpomineHHsM. B pesynbrati
OTPUMAaHO ONTUMI30BaHi yMOBH [UT (OTOKATATITUYHOI Aerpananii KOHro 4epBoHOTO y MPHCYTHOCTI IEPOKCUIY
BOAHIO. Byno BusBieHo, mo 3pazok 2Fe-TiOz y mpucytHocti 20 MM posunny H202 mpoaemoHcTpyBaB
HaWOiIpIry edekTuBHICT Npu Qortonerpananii GapBHuka (99.4%) min mieto Y®-ompominenHs. Kinetnky
(doTozmerpaznanii npoaHanizoBaHO 3a JOMOMOTOI0 CMapT(OHY Ta OIKCAHO MOAEILIIO KIHETHKH MEPIIOro OPSKY.

Korouosi ciioBa: Fe-nonosanuit TiO2; @otokarainisz; Konro ueponuii; CmapTdoH.
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