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Abstract

The current work reports the synthesis of Fe-doped TiO, nanoparticles by simple coprecipitation method and compares
their photocatalytic efficiency to three different commercially available TiO, (i.e., Sachtopore, Hombikat UV100 and Fluka)
using methyl orange (MO) under UV light irradiation. X-ray diffraction (XRD), diffuse reflectance spectroscopy (DRS) and
transmission electron microscopy (TEM) were used to characterize these synthesized Fe-doped TiO, nanoparticles. In fact,
the DRS results revealed that the bandgap of doped photocatalysts is smaller compared to undoped TiO,, leading to a slight
shift in the absorption band towards the beginning of the visible light. In addition, XRD has shown that all samples were well
crystallized and have only anatase phase. Accordingly, the photocatalytic investigation revealed that doped TiO, exhibited
improved photocatalytic efficiency of methyl orange (MO) compared to undoped TiO, photocatalysts and depends on iron
constituents, TiO, types as well as the doses of synthesized nanomaterials.

Article Highlights

¢ A simple coprecipitation method for the synthesis of Fe-doped TiO, photocatalysts and comparison of their pho-
tocatalytic efficiency to undoped TiO,.

¢ All Fe-doped TiO, showed smaller bandgap compared to undoped TiO, with only anatase phase.

¢ Fe-doped TiO, improves the photocatalytic degradation of dyes compared to undoped TiO,.

¢ Photocatalytic efficiency of these doped TiO, depends on their doses, the constituents of iron and TiO, types.

Keywords Photocatalytic activity - Coprecipitation - Metal oxide - Water treatment - Azo dye

Introduction

Air and water pollution are major problems facing modern
societies. About half of the global production of synthetic
textile dyes (700,000 tons per year) belong to azo products,
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which have chromophore (-N=N-) in their molecular struc-
tures (Yan-Xia et al. 2015). Various traditional physical and
chemical techniques have been studied elsewhere (Yan-Xia
et al. 2015; Auta et al. 2013; Taghizadeh et al. 2013; Fer-
roudj et al. 2013) to treat textile wastewater such as adsorp-
tion and chemical precipitation, but they are not favorable
since these methods require further treatment to eliminate
hazardous wastewater. However, advanced oxidation pro-
cesses (AOPs) have proved to be an effective and prom-
ising treatment method for the removal of environmental
contaminants (Biliriska et al. 2017; Meek et al. 2017). Thus,
it is based on the excitation of a semiconductor mainly of
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titanium dioxide TiO, using UV and/or visible light. Under
the action of photons, this semiconductor (or photocatalyst)
produces highly oxidizing free radicals. Consequently, it can
oxidize a wide range of pollutants and ultimately mineral-
ize them into CO, and H,O moieties (Koupaie et al. 2013;
Hejazi et al. 2020; Chatzisymeon et al. 2013; Pang et al.
2013).

Metal-oxide semiconductors are widely studied in sev-
eral green applications such as photocatalytic environmental
remediation, especially wastewater decontamination (Anjum
et al. 2016; Srikanth et al. 2017; Zhang et al. 2017a; Gom-
athi Devi et al. 2014). Among the semiconductors studied,
titanium dioxide (TiO,) has attracted considerable attention
in the field of photochemistry (Sun et al. 2018), due to its
low cost, its non-toxic nature, long-term stability and its
strong photocatalytic activity (Weng et al. 2016). TiO, is
the most suitable semiconductor used in photocatalysis.
However, its activity is limited to the UV region of the solar
radiation. In fact, there are three naturally occurring TiO,
phases: anatase, rutile, and brookite. Therefore, the anatase
phase is widely considered to have higher photocatalytic
activity.

Doping is one of the most widely used approaches to shift
the spectral response of wide bandgap semiconductors to
visible light, where certain metal ions can be used as dopants
such as copper (Zhang et al. 2017b), zinc (Naira et al. 2017)
and nickel (Liu et al. 2017). Among the various dopants,
iron has been extensively studied because the radius of Fe**
(0.64 A) is close to that of Ti** (0.68 A) (Zahid et al. 2018).
Therefore, Fe ions can be easily incorporated into the crystal
lattice of TiO, (Crisana et al. 2018). Doping with Fe** could
introduce higher oxygen vacancies in the crystal lattice or on
the surface of TiO,, which promote the photocatalytic activ-
ity by promoting the adsorption of water and the formation
of hydroxyl groups on the surface of TiO, (Han et al. 2009).

Generally, semiconductors are used in a variety of appli-
cations; for the removal of chemical pollutants (Ghaedi
et al. 2013), photocatalysis (Black et al. 2018) and solar
cell and gas sensors; have been widely reported (Liao et al.
2016) due to their special electronic and optical properties
(Yanga et al. 2012). In recent years, methyl orange has
been one of the most organic pollutants studied. However,
the photocatalytic degradation of methyl orange (MO) in
aqueous media is always chosen as a model reaction to
study the photocatalytic efficiency of photocatalysts. In
this study, three commercially available TiO, were cho-
sen to investigate their performances on photodegrading
MO dye. Thus, several methods have been reported for
the preparation of TiO, semiconductors such as sol-gel,
hydrothermal and coprecipitation. The coprecipitation
method has certain advantages/disadvantages compared to
conventional processes. In fact, the main advantage of the
coprecipitation process is cost-effective; the large number
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of nanoparticles can be synthesized in a short time, high
production yields and synthesis at room temperature (Cruz
et al. 2018; Wu et al. 2016). However, this technique has
several drawbacks such that the control of particle size dis-
tribution is limited (Nawaz et al. 2019). Grinding the cal-
cined powder is sometimes required to achieve the desired
particle size and contributes to reduced purity. The aim of
this study is to prepare and assess the effects of the amount
of Fe-doped TiO, and the nature of TiO, on the structural
and optical properties of different TiO, nanoparticles syn-
thesized by the coprecipitation method.

Experimental
Materials

Commercially available TiO, with different structures
were obtained from different sources. TiO, Hombi-
kat UV-100 powder (Sachtleben Chemie, Germany;
Purity >99%) is composed of pure anatase and character-
ized by a specific surface area (SSA) larger than 250 m?/g
(Chnirheb 2012). TiO, Degussa P25 (Sigma-Aldrich, Ger-
many; Purity >99.5%) contains more than 80% anatase
and 20% of rutile and a specific surface area (SSA) larger
than 50 m%/g. TiO, (Fluka; Purity > 99%) has a specific
surface area of 10 m?/g and a crystal structure of 100%
anatase. Ferrous sulfate (FeSO,, 99%), ferric chloride
(FeCls, 97%), HC1 37%, NaOH 97% were purchased from
Sigma-Aldrich. All reagents were used without any fur-
ther purification, and all stock and working solutions were
prepared in deionized water.

Synthesis of Fe-Doped TiO,

Three different sources of TiO, (Hombikat UV-100, Fluka,
and Sachtopore) were assessed without any further treat-
ment. Ferrous sulfate (FeSO,), ferric chloride (FeCl;) were
used as precursors for iron. TiO, semiconductor nanopar-
ticles were prepared by coprecipitation method to obtain
FeSO, or FeCl;/TiO, =0.1% and 0.2% (wt) powders. The
amount desired of iron and TiO, were dissolved in 30 mL
of HCI (0.25 M) solution. The solution was sonicated
for 2 h to ensure the homogeneity. Furthermore, NaOH
(0.1 M) was added into the solution as the co-precipitant
to adjust the pH value. Then the solution was filtered and
the precipitate was washed with deionized water and dried
at 50 °C. The obtained photocatalysts were ground with a
mortar and then calcined at 500 °C for 2 h with a constant
heating rate of 5 °C/min.
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Characterizations

The phase composition determined by X-Ray diffraction was
carried out to identify the crystallinity of TiO,. Patterns of
samples were obtained with a Bruker AXS D-8 diffractom-
eter using Cu-Ka radiation in Bragg—Brentano geometry in
the 20 range from 10 to 90. The optical properties of the
samples were analyzed by UV-1600 spectrophotometer. The
transmittance spectra of the TiO, suspensions were recorded
on a UV—-vis—NIR spectrophotometer Lambda 950 (Perki-
nelmer). The structural morphology of the prepared powders
was analyzed by transmission electron microscopy (TEM)
using Tecnai G? 12 TWIN, a 120 kV.

Photocatalytic Activity Measurement

The photocatalytic process was conducted using a pyrex
beaker (10 ppm of methyl orange solution and 0.5 g/L of
TiO, photocatalyst) surrounded by a cylindrical reactor con-
taining four vertical lamps. The instance between the light

source and the solution was between 3 and 3.5 cm. Four
15 W lamps were produced as a source of UV irradiation.
The same procedure was performed to study the photocata-
lytic performance of all photocatalysts. The reaction mixture
was magnetically stirred in dark for 45 min to establish the
adsorption/desorption equilibrium. Then, at regular time
intervals, 2 mL of the solution was taken out, centrifuged
and filtered through 0.2 um Millipore filter. The filtrates
obtained were then analyzed by UV—-vis spectrophotometer.

Results and Discussion

Iron-TiO, nanoparticles were synthesized with different
types of TiO, doped with iron. X-ray diffraction (XRD)
analysis was performed to assess the structure and phase
purity of the samples. Figure 1a shows XRD patterns of dif-
ferent type of Fe/TiO,=0.2% prepared by coprecipitation.
It was observed that all the peaks are perfectly indexed to
anatase TiO, structure (JCPDS no. 21-1272; Fig. 1a). No

Fig.1 X-ray powder diffraction
spectra of: a Fe/TiO,=0.2%
and b Fe/TiO0,=0.1%

TiO UV100
FeCla/TiO=0.2%
FeSO4/Ti02=0.2%

TiOo sachtopore

FeCla/Ti09=0.2%

FeSO4/Ti09=0.2%

TiO Fluka

FeCl3/Ti09=0.2%

—

-

L )

= e

(7]

c A

(O]

e

E L NN
A
] .

FeS04/Ti02=0.2%

(200)
211)
(105)

- (204)
116)
(220)

TiOo UV100

) Wi S At
FeClg/TiO9=0.1%
A~ FeSO4/Ti02=0.1%

TiO9 sachtopore

| ntengty (a.u)
|

A AA A FeCls/T|02=O10/o
A N FeS04/Ti02=0.1%
" T - TiO9 Fluka
i 1 L PPN FeCI3/TIQ2=O_1°/o
A FeS04/TiO02=0.1%
o M "

15 30

@ Springer



608

International Journal of Environmental Research (2020) 14:605-613

other diffraction peaks of rutile or brookite were detected.
Similar patterns were observed for doped and undoped
photocatalysts. The absence of characteristic peaks of iron
oxides phases may indicate the high metallic dispersion
(Riaz et al. 2011, 2012; Sood et al. 2015) or due to the low
concentration of Fe-doping (Riaz et al. 2011). We found
that there is no appearance of any difference in crystallin-
ity between doped and undoped TiO,. Furthermore, Fig. 1a
shows the intensity of peaks that decreased by the introduc-
tion of dopant. In fact, the Scherrer equation (Eq. 1) was
applied to calculate the average crystallite size of photo-
catalysts analyzed by XRD. In addition, the evaluation of
the particle size obtained from the XRD patterns are listed
in Table 1:

D=0.94<%>cos€, €))]

where D is the crystallite size, 4 is the wavelength of
the X-ray radiation (CuKa=1.5406 A), shape factor k is
related to the crystallite shape, usually taken as 0.9. Moreo-
ver, the average grain sizes of the coprecipitated samples
are listed in Table 1. It has been found that the amount of
Fe has a small influence on the size and distribution of the

Table 1 Crystallite sizes, bandgap energies and absorption edges of
photocatalysts

Crystallite size =~ Bandgap  Absorp-

(nm) energy tion edge
(eV) (nm)
Photocatalysts
TiO, (Sachtopore)
TiO, 32.27 322 385
FeSO,/Ti0,=0.2% 32.27 3.18 389
FeCl;/Ti0,=0.2% 32.26 3.18 389
FeSO,/Ti0,=0.1% 42.99 3.19 388
FeCl,;/Ti0,=0.1% 43.01 3.19 388
Photocatalysts
TiO, (Hombikat UV100)
TiO, 8.81 3.11 398
FeSO,/Ti0,=0.2% 18.44 3.07 403
FeCly/TiO,=0.2% 21.5 2.97 418
FeSO,/Ti0,=0.1% 18.43 3.07 403
FeCly/TiO,=0.1% 32.26 3.06 405
Photocatalysts
TiO, (Fluka)
TiO, 43.02 3.17 391
FeSO,/Ti0,=0.2% 21.51 3.04 407
FeCl,;/Ti0,=0.2% 25.81 3.11 398
FeSO,/Ti0,=0.1% 43.02 3.15 393
FeCl;/Ti0,=0.1% 43.02 3.17 391
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photocatalysts. The results showed that the crystallite size
of the sachtopore TiO, and TiO, UV100 increases with the
increase in the doping concentration. For TiO, fluka, the
grain size increases by introducing an iron dopant unlike to
TiO, UV 100, which could be because the metals introduced
were not incorporated into the TiO, structure. On the other
hand, in the case of TiO, sachtopore, the size of the crystal-
lite does not show any significant difference in particle size,
by doping with iron.

Figure 1b shows the X-ray diffraction pattern of Fe/
TiO,=0.1%. TiO, nanoparticles were assigned to the
anatase structure and no other phases as brookite or rutile
were detected. The crystallite phases corresponding to the
formation of mixed compounds (Fe,O; or Fe, TiO,) are not
observed due to the low concentration of iron ions. This
could be assigned to fine dispersed iron ions in small amount
in most of the TiO, nanopowders. A slight shift in the posi-
tion of the strongest peak relative to (101) was observed.
This might be due to the introduction of iron, which revealed
the substitution of Ti* * by Fe** in the TiO, network (Jiang
et al. 2015). Fe** ions are incorporated into the crystal struc-
ture of TiO, by substituting Ti*" or by binding to intersti-
tial sites (Rasoulnezhad et al. 2018). It has been observed
that the intensity of the anatase decreased, which could be
attributed to the deformation of the crystal lattice. In the
case of sachtopore TiO, and TiO, UV100, the sizes of the
crystallites increase with the increase in the concentration
of dopants. By contrast, for TiO, Fluka, the size of the crys-
tallites of doped and undoped materials has not changed.
Consequently, any modifications in the parameters of the
crystal lattice and of the electronic structures were observed.
Thus, Fe** ions were not incorporated into the crystal lattice
of TiO,.

The morphologies of the as-prepared Fe/Ti0,=0.2%
were carried out by transmission electron microscopy
(TEM). Figure 2 shows the morphologies of undoped and
doped TiO, nanoparticles with Fe. It can be observed that
all synthesized titanium dioxide nanoparticles are spherical
and have a morphology similar to that of undoped TiO,.
TEM images illustrate planar surface with aggregates parti-
cles obtained for doped TiO,. Due to aggregation, the TiO,
particles are indistinguishable from each other and have
irregular spheres.

Optical measurements were carried out at room tempera-
ture by UV—vis spectroscopy. DRS spectra of TiO, doped
at 0.2% and of undoped TiO, photocatalysts are presented
in Fig. 3a. The samples were analyzed over a spectral range
of 300-800 nm. The transmittance of titanium oxide nano-
particles has been shown to decrease. This decrease in the
transmittance of TiO, powders is due to the fundamental
absorption of light. All the spectra have an abruptly increas-
ing absorption edge. The optical bandgap Eg values of
TiO, was determined from their absorbance spectra. The
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Fig.2 TEM images of a

TiO, Sachtopore, b FeSO,/
TiO,=0.2%, ¢ FeCly/
Ti0,=0.2%, d TiO, Fluka, e
FeSO,/TiO,=0.2%, f FeCl,/
TiO,=0.2%, g TiO, Hombikat
UV100, h FeCly/TiO,=0.2%
and i FeSO,/Ti0,=0.2%

Eg values for bandgap materials were calculated from the
plot (ahv)? versus photon energy (hv) and by extrapolation
of the linear portion of the curves until they intercept the
photon energy axis (Fig. 3a). Fe-doped TiO, nanoparticles
showed similar spectra compared to undoped TiO, with a
slight shift in the absorption threshold. Moreover, no signifi-
cant change was between the undoped and Fe-doped TiO,
catalysts. On the other hand, for the different type of TiO,,
the introduction of iron does not affect the value of the gap.
A significant effect of iron precursors on the energy gap
has not been observed. The bandgap values of iron-doped
TiO, powders vary from 3.22 to 2.97 eV. The DRS spectra
of samples of TiO, doped with iron have the same absorp-
tion threshold. The values of the energy gap thus obtained
are in line with previous studies using the same method and
different dopants (Khan et al. 2002; Irie et al. 2003). The
absorption of Fe-doped TiO, shift towards the beginning of
the visible light zone due to the presence of iron. It has been
observed that the amount of dopants (Fig. 3a) has a slight

(c)

(f)

blue shift. The bandgap energies are reported in Table 1.
In the case of TiO, Fluka and TiO, UV100, the energetic
gap decreases with the increase in the amount of iron ions.
This could be attributed to the introduction of conduction
and valence bands. On the other hand, for the other types of
TiO,, the iron content does not affect the value of the gap.
Therefore, there is no significant effect of iron precursors
on the energy gap for TiO, sachtopore. The UV—vis diffuse
reflectance spectra of Fe/TiO,=0.1% powders are shown in
Fig. 3b. The spectra show a slight shift offset of the absorp-
tion edge by the introduction of iron ions. The absorption
edge of TiO, samples was shifted towards the beginning of
the visible region compared to undoped TiO, (Table 1). Fur-
thermore, the absorption wavelength of the doped TiO, was
slightly increased but does not cause a significant change.
To assess the photoactivity of the samples, we conducted
methyl orange (MO) degradation experiments. MO dye was
chosen as a model pollutant due to its frequent use in the
textile industry. MO initial concentration used in this work
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was 10 mg/L, the amount of catalysts was 0.5 g/L and the
photocatalytic efficiency of the synthesized Fe-doped TiO,
samples was followed using Eq. (2).

C = —
ln<a)> = K¢, @)

where C/C,, is the normalized MO concentration, ¢ is the
reaction time, and k is the reaction rate constant (min_l).
It has been observed that the degradation rate is faster in
the case of TiO, doped with Fe than in pure nanomateri-
als with TiO,. TiO, sachtopore samples are more effective
at degrading methyl orange than the other types of TiO,
used in current work. The photocatalytic efficiency of TiO,
depends on the nature of the catalyst used and the concentra-
tion of dopant. The best photo-performances are explained
by the fact that the recombination time of the electron/hole
pairs is longer (K et al. 2014), which favors surface-trapped
electrons and surface-trapped holes of the photocatalysts
(Irie et al. 2003). Some authors have suggested that Fe3*
increases the rate of recombination, while others reported
the beneficial effects of Fe>* in the separation of photogen-
erated electrons and holes, and on the shift of the absorption
range towards the visible by reducing the bandgap. Thus
leading to an increase in the photocatalytic activity (K et al.
2014; Moradi et al. 2018). TiO, sachtopore nanoparticles
exhibit higher photocatalytic activity and faster degradation

@ Springer

rates than TiO, fluka. Table 2 shows the values of the k rate
constants and the half-life t;, using different photocatalysts.
The degradation of methyl orange follows the pseudo first-
order reaction model. The photoactivity is almost identical
for all Fe-doped TiO,. The correlation coefficients calculated
from the experimental data are relatively good.

The photocatalytic activities of as-synthesized Fe/
TiO,=0.1% (the mass percentage of dopant in the titanium
dioxide powder) for the degradation of methyl orange are
shown in Fig. 4b. We found that compared with undoped
TiO,, the prepared photocatalysts have a much higher pho-
tocatalytic efficiency than undoped TiO,. The presence of
Fe’* does not modify the position of the valence and con-
duction band of TiO, (Adyani et al. 2018), but it creates new
energy levels in the bandgap, between the valence and the
conduction band (Kong et al. 2017). The higher photocata-
lytic activity of Fe-doped TiO, in comparison to undoped
TiO, could be assigned to the substitution of Ti** ions with
Fe**, which acts as electron acceptors, promoting photogen-
erated charge separation leading to *OH radical formation
on the surface of the oxide lattice (Mancuso et al. 2020;
Khairy et al. 2014). The efficiencies of MO degradation for
Fe-doped TiO,=0.2% is higher than Fe-doped TiO,=0.1%
under UV irradiation for 2 h. This improvement in photo-
catalytic activity could be due to active surface sites and/or
slower electron/hole recombination. According to Shen J H
et al. work, the efficiencies of AO7 degradation over P25,
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Table 2 Kinetic parameters of TiO, under UV irradiation

bare, and Fe-doped TiO, under UV irradiation for 6 h were
36%, 32% and 50%, respectively.

K*1073 tp Degradation R? ; . o
(min™") (min) efficiency in On the other hand, TiO, doped with Fe inhibits the
2 hours recombination of the photogenerated electrons and holes.
(%) Fe ion with an appropriate concentration can trap photogen-
Photocatalysts erated electrons. The half-life is the time required for a quan-
TiO, (Sachtopore) tity to reduce to half its initial value. It is clearly observed
TiO, 1.2 578 13 0.97 that the nanoparticles of TiO, doped Fe present a good pho-
FeSO,/Ti0,=0.2% 2.5 277 25 0.99 tocatalytic effect. The corresponding first order degradation
FeCly/TiO,=0.2% 2 346 19 0.99 rate constant for all doped samples is much higher than that
FeSO,/Ti0,=0.1% 2 346 20 0.98 of undoped samples for the photodegradation of MO under
FeCl,/Ti0,=0.1% 1.5 462 17 0.97 the same experimental conditions. The photocatalytic activi-
Photocatalysts ties of the photocatalysts could be influenced by the different
TiO, (Hombikat UV100) physicochemical properties, the size of the crystallites or the
Tio, 0.8 866 9 0.97 specific surface.
FeSO,/Ti0,=0.2% 1.6 433 17 0.99
FeCl,/Ti0,=0.2% 23 301 24 0.98
FeSO,/Ti0,=0.1% 1.3 533 15 0.99 Conclusion
FeCl;/Ti0,=0.1% 0.9 770 11 0.97
Photocatalysts Fe-doped TiO, nanoparticles were prepared by a simple
Tl(?z (Fluka) coprecipitation method. The XRD patterns did not show
Ti0, 0.3 231005 0.98 the presence of iron oxide phases for all samples. Optical
FeSO,/Ti0,=0.2% 1.5 462 17 0.98 . . .
) study showed a slight decrease in the bandgap energies,
FeCl;/Ti0,=0.2% 14 495 15 0.98 . . . .
_ leading to an increase in the wavelength of the absorption
FeSO, /TIOZ_O'I% 0.4 17335 0.98 edge. The photocatalytic activity of the Fe-doped TiO, was
FeClyTi0,=0.1% 0.9 770 10 0-99 assessed under UV light irradiation. The photodegradation
of methyl orange follows a pseudo first-order kinetic model.
Fig.4 Degradation of methyl 0.00
orange (MO) in the pres- : 7 > T|02 uv100
ence of undoped and Fe- N o~
doped TiO, photocatalysts: 0.05. ° FeCI3/TI92_O'2°/3
a Fe/TiO,=0.2% and b Fe/ —~ 010 * FeS0O4/Ti02=0.2%
Ti0,=0.1% CS) = TiO9 sachtopore
=~ -015] FeCl3/TiO02=0.2%
(\_)/ 020 A FeS0y4/Ti02=0.2%
c T v TiO9 Fluka
— 025 ¢ FeCl3/Ti02=0.2%
030 < FeS0Oy4/Ti09=0.2%
I
0.00 |
» TiOo UV100
-0.05] e FeCl3/Ti02=0.1%
Py * FeSO4/Ti02=0.1%
CS) -0.10] = TiO5 sachtopore
= 015 FeCl3/Ti02=0.1%
O ™~ 4 FeSO4/Ti02=0.1%
N .
c 020 v TiO2 Fluka
— U ¢ FeCl3/TiO2=0.1%
025 < FeS04/Ti02=0.1%
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The photocatalytic capacity indicated that the as-prepared
nanoparticles exhibited improved photocatalytic activ-
ity compared with undoped TiO, towards the removal of
methyl orange. All prepared samples are more photoactive
under UV irradiation than undoped TiO,. The photocatalytic
efficiency of Fe-doped TiO, coprecipetated nanoparticles
depend on the nature of TiO,, the quantity of photocatalysts
as well as iron components. In fact, the highest degradation
rate of MO was 25% in 2 h for Fe-doped TiO, (sachtopor)
instead of undoped TiO, (5%).
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