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In the present work we report synthesis of pure and iron doped TiO2 by nonhydrolytic sol-gel method using titanium tetrachloride, benzyl alcohol and iron(III) nitrate.
The structure of the resulting particles was characterized by XRD, IR and UV-Vis spectroscopy. The average
particles size of Fe-doped TiO2 was 12–15 nm.
The photocatalytic activity of the as-prepared TiO2 powders was tested by photodegradation of the organic dye
Reactive Black 5 under UV and visible irradiation in an aqueous suspension.
Antibacterial action of pure and Fe-modified titanium dioxide samples was tested using Escherichia coli ATCC
25922. The bacterial growth was examined in the presence of a synthesized preparations – in dark and with UV light.
The photodisinfection activity was assessed by plotting of survival curves and calculation of removal efficiency. In
order to estimate the post-irradiation effect, the behavior of the bacterial suspension in presence of each photocatalyst
after 24 h dark period was tested.
The optimal iron content was found to be 0.5 mol% for the photocatalytic decomposition of Reactive Black 5 dye
under ultra violet (UV) and visible (Vis) irradiation, and also for antibacterial activity in the presence of UV light. At
higher iron contents (1–2 mol%) the photocatalytic performance under both UV and Vis irradiation was worse relative
to the undoped TiO2.
Key words: Fe-doped titanium dioxide, sol-gel, photocatalytic, antibacterial activity.

INTRODUCTION
Titanium dioxide is a wide-band-gap semiconductor and a well-known photocatalytic material.
Nanosized titanium dioxide is used in a variety of
applications, such as fine ceramics, cosmetics, gas
sensors, inorganic membranes, electronic devices
and solar cells [1, 2]. Other photochemical and photophysical applications include photolysis of water
and light-induced superhydrophylicity [2]. Because
of its favorable physico-chemical properties it is
now under intensive investigations for practical
application to environmental and antimicrobial purification [2–4]. Many organic compounds can be
decomposed in aqueous solution in the presence of
TiO2 powders or coatings illuminated with near UV
or sunlight [5–7].
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Most investigations on semiconductor catalysis
focus on anatase type TiO2, because of its high photocatalytic activity under UV irradiation (λ≥388 nm)
[8–10]. Photocatalytic reactions occur on the surface
of TiO2 particles. When TiO2 is irradiated by UV
rays, pairs of positively charged holes are created in
the valency band and electrons in the conductivity
band. The holes react with water molecules or with
the hydroxyl ions and as a result hydroxyl radicals
are formed, which are strong oxidants of the organic
molecules [2]. Hydroxyl radicals and other photogenerated reactive oxygen species can cause oxidative attack of the bacterial cell membrane and some
internal cellular components that finally leads to
cell death [11, 12].
However, there are still problems needed to be
solved concerning its application in photocatalysis.
Its shortcomings include a large band gap energy
(3.2 eV) which causes most of the solar spectrum
unutilized. In a number of cases, the photocatalytic
reactions on TiO2 nanoparticles can usually be in-
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duced only by ultraviolet light, which limits the
application of TiO2 as a photocatalyst with visible
light [2, 13]. In addition, the holes may recombine
rapidly with conduction band electrons, thus decreasing the photocatalytic oxidation efficiency.
Therefore, prolongation of the holes lifetime is favourable for the photocatalytic efficiency. In order
to accomplish solar-driven photocatalysis and at the
same time retard possible electron-hole recombination, doping of TiO2 with various transition metals
is one of the most successful strategies. Multivalent
metal ions act as electron scavengers at the surface
of the titanium dioxide, thus preventing electronhole recombination and improving the oxidation
performance [14, 15].
Among various metal ions, doping with iron(III)
has been widely investigated because of its unique
electronic structure and its size that closely match
those of titanium(IV). The favorable electronic
states of iron ions in titania contribute to formation
of efficient trapping sites for electrons and holes
[16, 17]. Enhanced photocatalytic activity was reported for iron-doped TiO2 under UV and also for
visible light irradiation in several publications [16–
20]. On the contrary, some authors observed no or
even negative effect of iron on the photocatalytic
performance [21–24].
The effect of metal ion doping strongly depends
on many factors such as synthetic procedure, doping method and the dopant concentration [14, 16].
Iron-doped titania samples have been prepared by
various methods, including hydrothermal, controlled hydrolysis, co-precipitation, impregnation,
solvothermal, etc. [20]. Among the most popular
synthetic methods is sol-gel technology induced by
traces of water. However, in most cases the reaction rates in aqueous sol-gel chemistry are very fast,
especially with transition metal precursors, making
it uneasy to control the processes. A simple way to
circumvent this problem is applying of so called
nonaqueous or nonhydrolytic procedures – syntheses performed in organic solvents under exclusion
of water [25, 26]. The slower reaction rate of nonhydrolytic processes allow for better control over
particle size and crystallinity [27].
In view of increasing the photocatalytic activity
of TiO2, we prepared pure and iron doped TiO2 by
nonhydrolytic sol-gel method and further evaluated
their photocatalytic and antibacterial activity.

from Merck, iron(III) nitrate, Reactive Black 5 dye
(C26H21N5Na4O19S6, dye content, 55%), absolute
ethanol and diethyl ether were supplied by SigmaAldrich. All the chemicals were used without further purification.
Preparation and characterization
of titania catalysts
The synthesis of pure and Fe-doped titanium oxide nanoparticles was carried out following the nonhydrolytic procedure described by Niederberger et
al. [27]. For the synthesis of undoped TiO2 titanium
tetrachloride was slowly added to a beaker containing benzyl alcohol under vigorous stirring and the
resulting sols were heated at 150 °C for 1 h, at continued stirring [28]. For the preparation of Fe-modified
TiO2, initially, proper amount of iron(III) nitrate
was dissolved in ethanol and fed to benzyl alcohol
according to Figure 1. The reaction mixtures were
left for aging at room temperature for 10–14 days.
The resulting white thick suspensions were centrifuged at 4500 rpm for 15 min and the supernatant
was discarded by decantation. The precipitates were
then washed two times with absolute ethanol and
three times with diethyl ether. After every washing

EXPERIMENTAL
Materials
Titanium(IV) chloride (purity ≥99.0%) was
purchased from Fluka, benzyl alcohol (≥99.5%)
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Fig. 1. Scheme of nonhydrolytic synthesis of Fe-doped
TiO2
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step, the solvent was separated by centrifugation.
The collected material was dried in air overnight
and then ground into a fine powder. The obtained
powders were calcinated at 500 °C for 2 hours. The
as–prepared samples are denoted as TiO2 for pure
and xFe/TiO2 for doped titania, where x represents
the Fe/Ti mol ratio. In this way three modified
TiO2 samples were obtained: 0.5Fe/TiO2, 1Fe/TiO2,
and 2Fe/TiO2.
The structure and morphology of the resulting
particles were characterized by X-ray diffraction
(XRD, Bruker D8 Advance X-ray apparatus), infrared (IR, using the KBr pellets method (Nicolet320, FTIR spectrometer with a resolution of ±1cm–1,
by collecting 64 scans in the range 4000–400 cm–1)
and UV-Vis spectroscopy (Spectrophotometer
Evolution 300).
Photocatalytic activity experiments
The photocatalytic activities of the synthesized
powders were evaluated by degradation of a model
aqueous solution of the azo dye Reactive Black 5
(RB5) under UV-Vis illumination. The molecular
structure of this commercially used dye is given in
Figure 2.
The initial concentration of RB5 aqueous solution was 20 mg/l. Titanium sample (100 mg) was
added to 150 ml dye solution to form suspension.
After sonicated for 10 min, the suspension was
magnetically stirred in dark for 30 min to ensure the
establishment of an adsorption-desorption equilibrium. The UV-irradiation source was a black light
blue lamp (Sylvania BLB 50 Hz 8W T5) with the
major fraction of irradiation occurring at 365 nm.
The lamp was fixed 10 cm above the solution surface. The intensity of UV-light reaching the surface
of the suspension was measured with a numeric
Luxmeter (LM 37, Dostmann electronic). The mean
value of the radiation power impinging on the reacting suspension was estimated to be 150 Lx.
The visible light source was a 500W halogen lamp
(Sylvania) fixed at 40 cm above the treated solution.
The mean value of the radiation power reaching on
the suspension was estimated to be 14000 Lx.
All photocatalytic tests were performed at constant stirring rate (450 rpm) and room temperature

of 25 °C. At regular time intervals of illumination,
aliquot samples of the mixture (3 mL) were collected and centrifuged in order to remove the solid
particles. The absorbances of clear aliquots were
measured by a Jenway 6505 UV-Vis spectrophotometer at 597 nm, the maximum absorption wavelength of RB5.
Antibacterial activity experiments
Bacterial strain and preparation
of bacterial suspension
Escherichia coli ATCC 25922 was used as a
model microorganism. To prepare bacterial suspension, one colony from a fresh culture of the tested
strain was introduced into Tryptic Soy Broth (Difco)
and then grown under aerobic conditions at 37 °C.
After 15 hours incubation, the broth culture was
centrifuged at 1000xg for 10 min. The bacterial
cells were washed two times and finally resuspended with a sterile phosphate buffered saline (PBS) –
pH 7.2. The obtained suspension was standardized
using densitometer (Densimat, bioMerieux) to 0.5 Mc
Farland and then diluted 1:1000 to the required cell
density of approximately 105 colony forming units
per milliliter (CFU/ml). The exact initial cell count
was determined by spread plate method.
Experimental procedure
The antibacterial activity of pure and Fe-modified
titanium dioxide substrates were tested as a part of
the experimental setup, previously described [28].
The disinfection process was carried out at a volume of 100 ml bacterial suspension with an initial
cell density of 105 CFU/ml and a catalyst concentration of 1 mg/ml. Each sample was poured in a sterile
glass flask of 200 ml. Three flasks were used in the
photodisinfection experiment: first flask served as a
control of bacteria growth – no catalytic powder or
radiation was applied and it was kept in dark; to the
second and third flask, 100 mg of synthesized powder was added. The second flask was kept in dark,
while the third flask was irradiated with UV light.
All samples were conducted in continuous stirring
with magnetic stirrers to ensure maximum mixing

Fig. 2. Molecular structure of Reactive Black 5
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of the powder particles. The experiment continued
up to 1 hour at room temperature (25 °C).
At regular intervals of time (5 or 10 min) during
the experimental period, and after 24 hours in dark,
the definite amounts of samples were withdrawn and
serial dilutions were prepared. 100 µl of the undiluted samples, and 10–1 and 10–2 dilutions were plated
on Mueller-Hinton agar, BD Microbiology Systems
(Cockeysville, Md). To reduce the detection limit,
each undiluted and diluted sample was streaked on
3 agar plates. The number of viable cells in all samples was determined by spread plate method.
Antibacterial effect was evaluated by the decrease in the colony forming units on agar plates
and presented as survival curves. The survival
curves were constructed by plotting mean survival
rate versus time. The removal efficiency, E, was
calculated as:

where Ci and Cf are the initial and final CFU/ml,
respectively.
RESULTS AND DISCUSSION
Characterization of titania samples
XRD measurements were performed to identify
the crystalline phases synthesized by the nonhydrolytic sol–gel process at 500 °C calcination temperature. The XRD patterns of the as obtained powders,
undoped and iron doped TiO2 (0.5, 1 and 2 mol% Fe),
are shown in Figure 3 a and b, respectively. As is
seen in both figures, the three strongest interplanar

distances of anatase (TiO2) appear at 3.51; 1.89 and
1.66 Å (JCPDS 78-2486). The anatase structure is
preferred over other polymorphs for photocatalytic
applications because of its higher electron mobility,
low dielectric constant and lower density. All commonly known polymorphs of titania consist of TiO6
octahedra, which share edges and corners in different manners. The TiO6 octahedron of anatase is
slightly distorted [29]. It has to be noticed that iron
was not found in the XRD patterns of the investigated samples due to its very low concentrations. The
average crystallite size of as prepared undoped TiO2
and iron doped TiO2 (0.5, 1 and 2 mol% Fe) calculated from the broadening of the diffraction line
using Sherrer’s equation is about 20 and 12–15 nm,
respectively. As is seen from the obtained values,
the crystallite size of undoped TiO2 is larger than
those of Fe-doped TiO2. Obviously, the Fe-doping
leads to decrease of the crystallite sizes. Our results
are in good accordance to the results obtained by
Yang et al. [30]. However, there are previous studies which reported controversial results concerning
the Fe3+ doping effect on the crystallite sizes. For
example, Wang et al. [31] claimed that Fe3+ increase
the crystallite sizes. Figure 4 presents the infrared
spectra of investigated powder samples in the range
1200–400 cm–1. As a more sensitive method, the
IR spectroscopy was used to verify the main short
range orders of the obtained submicron powders. As
is seen from the figure, vibrations of the inorganic
building units were recognized only. In the spectrum of all samples (Figure 4) bands in the range
470–420 cm–1 are observed. It is well known and it
was also proved in our previous studies, that bands
in the absorption range 700–400 cm–1 could be related to the vibrations of TiO6 units [32, 33]. Despite

Fig. 3. XRD patterns of undoped (a) and doped with Fe (b) TiO2
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Fig. 5. UV-Vis spectra of undoped and doped with 0.5 and
2 mol% Fe–TiO2

TiO2 samples are lower than those pointed out in
the literature [35, 36]. According to Wu et al. [36]
the narrowing of the band gap can improve the photocatalytic activity under visible light. This could
explain our results for the photocatalytic activity of
investigated samples. However, more experiments
are needed in order to elucidate this fact.
Fig. 4. IR of the investigated samples

the fact that iron was not detected in the XRD patterns, its presence was registered by IR spectroscopy (bands in the range 680–470 cm–1). The doping of even small amount of iron (0.5 mol%) led to
changes in the IR spectra. The absorption intensity
of the new bands changes with the iron content. The
observed bands in the range 590–510 cm–1 could be
assigned to the vibrations of FeO6 structural units,
while those above 600 cm–1 may be related to the
vibrations of FeO4 polyhedra [34].
The ultraviolet-visible (UV-Vis) absorption
spectra of different TiO2 powders are illustrated in
Figure 5. As is seen from the figure, the increase
in Fe3+ content increased the absorbance in the UV
spectra. The UV-Vis spectra were used to determine
the optical band gap (Eopt) of investigated samples.
For undoped TiO2 Eopt was 2.92 eV, while for the
other two samples (0.5 and 2 mol%) it was about
2.95 eV. It is known that the band gap value of
Degussa P25 is 3.03 eV [35], while for pure anatase is 3.2 eV [36]. Obviously, the band gap energy
values of the synthesized undoped and Fe3+ doped

Photocatalytic activity
The water soluble dye RB5 was selected as a
model pollutant because it has been extensively
used for dyeing cotton fabrics. Reactive Black 5 dye
has two reactive vinylsulfonil groups and two azo
groups (Figure 2). The dye is not degradable by direct photolysis and by TiO2 in dark. Decoloration
by TiO2 adsorption under dark conditions did not
exceeded 10% for all treatments (data not shown),
determining that decoloration was conducted primarily by the photocatalytic process.
The changes in RB5 dye concentration C/Co (Co
initial concentration and C reaction concentration of
the dye) by the synthesized samples with the time of
UV and visible radiation are shown in Figures 6 and
7. As can be seen, the iron content is an essential factor to define the photocatalytic activities of the samples. The preparations containing 0.5% Fe showed
higher photocatalytic activities than pure TiO2 either
under UV or visible light irradiation. On the other
hand, doping with higher concentrations of Fe3+ ions
led to marked decrease in photocatalytic activity.
It is believed that Fe3+ ions can act as shallow
traps in the titania lattice although their role during photooxidation processes remains controversial
[37]. Introducing of small amounth of dopant ion
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A. Stoyanova et al.: Photocatalytic and antibacterial activity of Fe-doped TiO2 nanoparticles prepared by nonhydrolytic...

Fig. 6. Photocatalytic activity of TiO2 samples under UV
irradiation

Fig. 7. Photocatalytic activity of TiO2 samples under visible
light irradiation

can retard possible electron-hole recombination
thus leading to enhanced photoactivity. However,
on increasing the dopant content the probability of
charge carrier recombination is increased, explained
by surplus Fe3+ ions which can cover the active sites
on the surface of TiO2 particles and as a result the
photocatalytic activity decreases [38]. Sources of
this controversy could also be due to differences
in the preparation methods and doping procedure
which can lead to different structural and electronic
characteristics of the samples [39, 40]. For a particular synthesis method, optimum dopant concentration directly affect the photocatalytic activity [17,
37]. Such photocatalytic behavior of Fe-doped TiO2
was observed by us and other researchers. In our
study, maximum photoactivity toward RB5 dye
was exhibited for the 0.5% Fe sample. The activity of this sample was higher than that of pure
TiO2 (Figures 6 and 7) under both – UV and visible light irradiation.

studied powders – pure and 0.5% Fe-doped TiO2.
It can be concluded, that disinfection with TiO2 nanosized materials under dark conditions does not
proceed. This corresponds to the principle of photocatalytic disinfection activity [11] and is in agreement with other reports [12]. Antibacterial action
of the synthesized preparations in the presence of
UVA light is illustrated as survival curves in Figure
8. As can be seen, pure TiO2 exhibited significant
photoinduced activity against E. coli ATCC 25922:
For the initial cell concentration 2.16×105 CFU/ml,
the removal efficiency in the first 5 and 10 minutes
was 49.3% and 98.4%, respectively, and 100% reduction was achieved in 15 min.
Fe-modified titanium dioxide substrates have
shown different activities against the tested strain
at illumination conditions. It is obvious, that in the
presence of UVA light 0.5% Fe-doped TiO2 ex-

Antibacterial activity
The results from all experiments show that the
inactivation of bacteria strongly depends on the
presence of UVA light and concentration of the dopant. In the absence of radiation and after 60 min
treatment, the number of cells slightly decreased, as
follows: from an initial cell count 2.16×105 CFU/ml
to 1.67×105 CFU/ml in contact with pure TiO2, and
from 2.24×105 CFU/ml to 7.40×104 CFU/ml with
0.5% Fe-doped TiO2. Despite the fact that during
dark conditions 0.5% Fe sample had showed better
activity and reduced 66.8% of bacterial cells in the
first 60 min, in the next 60 min the number of viable
cells reached 1.65×105 CFU/ml. After 24 hours subsequent dark period, the bacterial growth was the
same as at the beginning of the experiment in both
502
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hibited strongest antibacterial action – removal
efficiency in the first 5 min was 95.7% and complete killing of bacteria was observed in 10 min.
Concerning other preparations with higher iron
content, the sample 1Fe/TiO2 showed better antibacterial activity than those of 2Fe/TiO2 (Figure 8).
After 20 min UVA light treatment by 1% Fe-doped
TiO2, almost all cells were destroyed (99.9%),
whereas by using 2% Fe-doped TiO2 for the same
period only half of them were destructed (56.7%)
and subsequent 95.3% reduction was achieved after 60 min.
In most studies, TiO2 photo-inactivation of bacteria has been examined as levels of inactivation
without taking into account the levels of repair
that may follow [12]. That is why we estimated the
post-irradiation effect of all synthesized preparations after 24 h dark period. The subcultures from
UVA illuminated TiO2, 0.5Fe/TiO2 and 1Fe/TiO2
samples did not show any bacterial growth after
overnight in the dark. This suggests that photoactivated treatment by these agents induced strong
and lethal bacterial damages. In contrast to them,
2% Fe-doped TiO2 did not show bactericidal effect – E.coli re-growth of more than 105 CFU/ml
was observed after 24 h dark period. Finally, we
may assume that some nanosized materials, such
as pure TiO2, 0.5% and 1% Fe-doped TiO2 in the
presence of UVA light possess bactericidal activity, whereas 2% Fe-doped TiO2 only inhibits bacterial cells and probably has bacteriostatic effect.
Antibacterial activity of Fe-modified titanium dioxide preparations initiated by visible light will be
object of further investigations.
CONCLUSIONS
• Iron-doped titanium dioxide was prepared by a
nonhydrolytic sol-gel method using titanium tetrachloride, benzyl alcohol and iron(III) nitrate.
• The optimal iron content for the photocatalytic
decomposition of Reactive Black 5 dye under UVVis irradiation was found to be 0.5 mol%.
• At higher iron contents (1–2 mol%) the photocatalytic performance under both UV and visible
irradiation was worse relative to the undoped TiO2.
• In the presence of UV light, both 0.5% and
1% Fe-doped TiO2 had strong bactericidal activity
against E. coli, similar to that of the pure TiO2. In
comparison to them, 2% Fe-doped TiO2 exhibited
only weak bacteriostatic effect.
• The best antibacterial properties under UV
illumination were presented by 0.5 mol% Fedoped TiO2, that correlates with highest photocatalytic action of this sample under UVA and Vis
irradiation.
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(Резюме)
В настоящата работа е представен синтез на дотиран с желязо TiO2 синтезиран по нехидролитичен зол-гел
метод от титанов тетрахлорид, бензилов алкохол и железен(III) нитрат.
Получените образци са охарактеризирани с помощта на РФА, ИЧ и УВ-Вис спектроскопия. Относителният
размер на получените Fe-дотирани ТiO2 частици е 12–15 nm.
Фотокаталитичната активност на синтезираните прахове от TiO2 е изследвана чрез фотодеградацията на
органичното багрило Reactive Black 5 при осветяване с УВ и видима светлина.
Антибактериалната активност на чист и Fe-модифициран TiO2 е изследвана спрямо щам Escherichia coli
ATCC 25922. Бактериалният растеж беше изпитван в присъствие на съответния синтезиран препарат на тъмно
и в присъствие на УВ светлина. Фотодезинфекционната активност е оценена чрез конструиране на „криви на
преживяемост“ и определяне на ефективността на отстраняване на бактериалните клетки. За оценка на постирадиационния ефект бактериалната суспензия е тествана отново след 24 ч престой на тъмно. Установено е,
че с най-добра фотокаталитична и антибактериална активност е препаратът, съдържащ 0,5 mol% желязо. При
по-високо съдържание на желязо (1–2 mol%) фотокаталитичните тестове показаха по-лоши резултати спрямо
чистия TiO2 както в УВ, така и във видимата област.
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