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h+ - electron holes
MG – Malachite Green
LMG - Leucomalachite green
RB5 - Reactive Black 5
UV – ultraviolet light
Vis – visible light
eV – electron volt
e- - electron
OM – organic molecule
.

OH – hydroxyl radicals

CVD – chemical vapor deposition
PVD – physical vapor deposition
XRD – X-ray diffraction
SEM – scanning electron microscopy
IR – infrared spectroscopy
rpm – revolutions per minute
Eopt – energy band gap
DE – discoloration efficiency
Ao – absorption at the initial moment
At – absorption time t
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I. INTRODUCTION
In recent decades, there has been a significant increase concerning the oxide nanomaterials
with interesting and unique properties. These undoubtedly include titanium dioxide, which is
one of the most promising photocatalysts. In photocatalytic processes with TiO2, the energy of
ultraviolet or visible light is used to decompose organic pollutants in water and air. The starting
point in the study of photocatalytic activity is the publication of Fujishima and Honda (1972)
on the photochemical decomposition of the water molecule under the action of ultraviolet light.
Products based on TiO2 photocatalysis have been produced in developed countries such as
Japan, the United Kingdom and China since the mid-1990s.

Titanium dioxide exists in the form of three crystalline modifications - anatase (tetragonal),
rutile with tetragonal symmetry and brookite (orthorhombic). Different crystal structures
determine the differences in the properties of nanosized TiO2. Significant advantages of TiO2
are its biological and chemical stability, large surface area, low toxicity and high photocatalytic
activity. The term "photocatalysis" in the broadest sense illustrates the action of a substance
whose function is activated by the absorption of light. In particular, photocatalysis is the
excitation of the semiconductor surface when irradiated with light with an energy equal to or
higher than that of the band gap of the semiconductor (˂390 nm), whereby the electrons from
the valence band are become excited and pass into the conduction band , generating positive
(h +) electronic vacations (holes) in the valence band. These electrons and holes are charge
carriers that drive the reduction and oxidation processes primarily responsible for generating
reactive forms that break down organic molecules. A significant disadvantage of titanium
dioxide photocatalysis is the need for ultraviolet light and the inefficient use of visible light, so
researchers are focusing on the development of TiO2-based photocatalysts by shifting the
absorption from the ultraviolet to the visible range of light. Various methods are used to achieve
this goal, such as the controlled synthesis of nanosized TiO2 with the desired morphology, as
well as the preparation of composite materials with added nanoparticles of metals and other
oxides. This leads on one hand to a reduction in the recombination of the generated charges,
and in addition to a reduction in the band gap, the so-called "bathochromic effect". The
morphology of TiO2 particles is essential for their properties. The smaller crystal size of the
8

modified TiO2 is preferred because it prevents charge recombination, but the additive can also
act as a recombination center and therefore an optimal dopant concentration should be used in
the donation.
To improve the photocatalytic efficiency of TiO2, donation with metal ions of transition
elements (Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt) with nonmetals was used. , (C,
B, P, I, F), as well as the joint action of two semiconductors. The prevailing opinion in the
scientific literature is about the positive effect of the subsidy, but in some publications it has
been shown that the use of additives does not affect the morphology, particle size, phase
composition, etc. properties related to the photocatalytic activity of titanium dioxide.
A full understanding of the relationship between the structural characteristics of
nanomaterials and the photocatalytic efficiency of the degradation of organic pollutants
remains to be achieved, and the mechanisms for achieving these are currently a challenge for
researchers.
Despite numerous studies and accumulated experimental facts about photocatalytic processes
based on titanium dioxide, a number of problems and questions still remain, and their solutions
and answers are forthcoming. Some of them are:
- Contradictory data on the influence of the modification of TiO2 with non-metals and metals,
which can be both positive and negative in terms of photocatalytic activity.
- The low photocatalytic activity of TiO2 particles when exposed to visible light.
To date, no multifunctional photocatalyst has been reported to combine characteristics such
as excellent photocatalytic activity in visible light, high adsorption capacity, high stability and
reusability. The possibilities for obtaining semiconductor structures based on TiO2 with
optimal photocatalytic properties have not yet been exhausted.
An attempt to solve some of these problems is the present dissertation.

9

PURPOSE AND TASKS OF THE DISSERTATION WORK
The aim of the present dissertation is to study the photocatalytic activity of a non-hydrolytic
sol-gel method synthesized, pure and modified with some metals and non-metals, nanosized
TiO2 for degradation of model organic pollutants.

To achieve the set goal, the following tasks are set:

1. Development of an easily applicable and reproducible procedure for the synthesis of
nanosized TiO2 by a non-hydrolytic sol-gel method.

2. Synthesis of metal-doped (Fe, Ce) TiO2 by non-hydrolytic sol-gel method.

3. Synthesis of non-metallic (N, B) TiO2 donated by non-hydrolytic sol-gel method.

4. Synthesis of TiO2 co-modified with metals and non-metals (Fe/N, Ce/B) by non-hydrolytic
sol-gel method.

5. Synthesis of TiO2/ZnO and ZnTiO3 nanocomposites by non-hydrolytic sol-gel method.

6. Investigation of the photocatalytic properties of the synthesized preparations against two
model organic pollutants - Malachite Green (MG) and Reactive Black 5 (RB5) under
irradiation with ultraviolet (UV) and visible (Vis) light.

10

OWN RESEARCH
І. Experimental part
1. Working solutions of model pollutants
1.1. Malachite Green (MG)
An aqueous solution of malachite green (MG) was used as a model pollutant to evaluate the
photocatalytic activity of the synthesized samples (Fig.17a). MG is a triphenylmethane dye that
is a potentially hazardous contaminant in aquatic and terrestrial ecosystems. It is used in the
textile dye industry for dyeing silk, wool, leather, cotton, as well as for dyeing paper, ceramics,
etc.

Figure 17 а) Malachite Green (MG)

b) Leucomalachite green (LMG)

Malachite green dye is also used in the aquaculture industry as an effective topical fungicide.
It was found to be absorbed by fish tissue and metabolized to Leucomalachite green (LMG)
(Fig. 17b), which is lipophilic in nature and can be stored in fish tissue for a long period of
time. The widespread use of the dye in combination with the potential risk to human health
necessitates the finding of a suitable method for its discoloration and mineralization. For the
purposes of the scientific experiment, the concentration of aqueous MG solution used was 5
ppm. To prepare a stock solution of malachite green, 0.2320 g of MG are dissolved in 500 ml
of doubly distilled H2O, from which the working solutions are prepared by appropriate
dilutions. By measuring the absorption of MG solution with a Jenway 6505 UV-Vis
spectrophotometer, a maximum absorption at a wavelength of 620 nm was established (Fig.
18).

11

Absorbtion
Figure 18. Absorbtion spectrum of 5 ppm solution of MG

Absorbtion

When the aqueous solution of MG was irradiated with UV light in the absence of a catalyst for
3 hours, a slight change in the absorbance values was observed and it was found that the dye is
non-degradable by direct photolysis (Fig. 19).

Time, min
Figure 19. Photolysis of the dye MG under irradiation with UV light in the absence of a catalyst

1.2. Reactive Black 5 (RB5)
The other model pollutant used for the purposes of the scientific experiment is the azo dye
RB5.

12

Absorbtion

RB5 contains two azo groups and two reactive vinylsulfonic groups. It belongs to a large
group of reactive dyes known for their toxic, carcinogenic and mutagenic effects. Once in the
aquatic environment, these compounds are difficult to degrade by naturally occurring aerobic
organisms. .
To prepare a stock solution of RB5, dissolve 0.200 g of dye in 1000 ml of double-distilled H2O,
from which the working solutions are prepared by appropriate dilutions. The absorption
spectrum of the RB5 solution shows that the maximum absorption is observed at a wavelength
of 600 nm (Fig. 20).

Figure 20. Absorption spectrum of 11ppm solution of RB5

Absorbtion

No discoloration was observed when the aqueous solution of RB5 was irradiated with UV light
in the absence of a catalyst for 2 hours. (Fig.21). The RB5 dye is not degradable either by direct
photolysis or in the presence of TiO2 in the dark. Discoloration is achieved only as a result of
photocatalysis.

Time, min
Figure 21. Photolysis of the dye RB5 under irradiation with UV light, in the absence of a catalyst
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2. Photocatalytic procedure
The photocatalytic activity of the synthesized samples is evaluated by the decomposition of
the aqueous solutions of the model pollutants MG or RB5. For this purpose, dye solutions were
prepared at a concentration of 5 ppm for MG and a concentration of 11 ppm for RB5,
respectively. To 150 ml of the dye solutions are added 100 mg of the catalyst . The resulting
suspension was sonicated for about 10 minutes, then left in the dark for 30 minutes to establish
adsorption-desorption equilibrium between the dye and the catalyst surface. Irradiation is
carried out with an ultraviolet lamp (Sylvania BLB 50 Hz 8W T5), which is fixed at 10 cm
above the surface of the solution, and when irradiated with a visible light source (500W halogen
lamp Sylvania) the distance between the source and the solution is 40 cm. All photocatalytic
tests were performed under the same conditions - 25oC and homogenization rate 450 rpm.
During the reaction, aliquots were taken every 10 minutes and centrifuged at 5000 rpm for 10
minutes to separate the supernatant from the solids. The absorbance of the clear supernatant
aliquots were measured using a Jenway 6505 UV-Vis spectrophotometer at a maximum
wavelength of 620 nm for MG and 600 nm for RB5.

ІІ. Synthesis and photocatalytic properties of nanosized TiO2
1. Synthesis of nanosized TiO2 by a non-aqueous sol-gel method
Using a modified Niderberger procedure based on a non-hydrolytic sol-gel reaction between
benzyl alcohol and titanium tetrachloride, nanocrystalline TiO2 was synthesized by mixing the
precursors TiCl4 (Fluka) and benzyl alcohol (> 99.5%) (Merck) in ordinary beaker and stirring
constantly under controlled heating (Fig. 22). The mixing of the reagents is carried out with
caution - in a fireplace, due to the violent reaction and the existing danger of splashing. The
reaction mixture initially obtained turns dark red and contains white fluffy precipitates which
dissolve completely on mixing. The beaker was covered with a Petri dish and the reaction
mixture was stirred continuously with an electromagnetic stirrer. The resulting reaction
mixtures are subjected to different temperature treatments and the required aging time is
provided.

14

Figure 22. Scheme of non-hydrolytic sol-gel synthesis of TiO2

Following this procedure, three samples of anatase were obtained (Table.2).
Sample

Precursors

Ratio (ml : ml)

Temperature
о
С

Aging time,
days

№1

Benzyl alcohol : TiCl4

20 : 1

60

14

№2

Benzyl alcohol : TiCl4

20 : 1

100

10

№3

Ethanol: Benz. Alcohol : TiCl4

5 : 20 : 1

100

10

Table 2: Reaction conditions and precursors for TiO2 synthesis

For the synthesis of the sample designated as №1, the ratio of benzyl alcohol precursors: TiCl4
was 20:1, the synthesis temperature was 60°C and the aging time was 14 days.
15

For the synthesis of the sample designated as №2, the ratio of the precursors benzyl alcohol:
TiCl4 was 20:1, the synthesis temperature was 100°C, and the aging time was 10 days.
Ethanol, benzyl alcohol and TiCl4 in a ratio of 5:20:1 were used as precursors for the synthesis
of the sample designated as №3. After mixing the starting materials with the help of an
electromagnetic stirrer, homogenization is ensured for 8 hours at a temperature of 100 ° C.
The resulting white suspensions were centrifuged at 4500 rpm for 15 minutes, after which
the supernatant was removed by decantation. The resulting white precipitates were washed
twice with absolute ethanol and three times with diethyl ether. After each washing step, the
solvent was removed by centrifugation. The collected material was air dried overnight and then
ground to a fine powder. The resulting powders are heated at 500°C for 4 hours.
ІІ.2. Phase and structural characteristics of the synthesized samples
The structure and morphology of the obtained samples was studied in IGIC - BSA using Xray diffraction (XRD) at room temperature in the range of 10o˂20o˂80o ( Bruker D8 Advance,
CuKα radiation) and scanning electron microscopy (SEM), JEOL Superprobe 733.

Figure 23. X-ray diagrams of TiO2 synthesized by the non-aqueous sol-gel method

XRD analysis of the synthesized samples shows that the average size of TiO2 crystals for
sample №1 is about 4 nm, while for samples 2 and 3 is about 20 nm. For comparison, an XRD
analysis was made of the commercial products titanium dioxide - TiO2 (Aldrich) and (Degussa
P-25) (Fig. 24). Particle sizes of TiO2-Aldrich below 25 nm and TiO2 Degussa around 20 nm
were found.
TiO2 (Aldrich, < 25 nm)

< 25 nm

20 nm

2000

TiO2
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I n t e n s i t y, (cps)

I n t e n s i t y, (a. u.)
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Figure 24. X-ray diagrams of TiO2 (Aldrich) and TiO2 (Degussa)
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Figure 25 a, b shows the SEM images of the synthesized TiO2 samples, denoted as №1 and
№2. When comparing the two SEM images, it can be concluded that the particle size of TiO2
in sample № 1 is smaller than that of sample №2, which is confirmed by the results of X-ray
diffraction analysis.

Figure 25. SEM images of TiO2 (anatase) of sample №1 (a) and sample №2 (b)

ІІ.3. Photocatalytic activity of nanosized TiO2 synthesized by a non-aqueous sol-gel
method
As a result of the photocatalytic experiment, it was found that the synthesized TiO2
samples (Table 2) show good photocatalytic activity (Fig. 26).
1,2
Sample 1
Sample 2
Sample 3

1

C/Co

0,8
0,6
0,4
0,2
0
0

50

100

150

200

250

Illumination time, min
Figure 26. Photocatalytic activity of the synthesized TiO2 samples against the MG dye in the presence
of UV light

The graphs show that the photocatalytic activity of samples №2 and № 3, synthesized at a
temperature of 100 ° C and an aging time of 10 days, is similar, while sample № 1 shows the
lowest photocatalytic activity.
The kinetics of the reaction for the first 60 min of MG dye decomposition was studied by
applying the Langmuir-Hinshelwood kinetic model for pseudo-first order reactions (Fig. 27):
С(t) = Co e –kt, where
17

С(t) is the instantaneous dye concentration during irradiation time t;
Co is the initial concentration (after the end of the dark period);
k is the reaction rate constant.
2,5
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2

1,5

1
Sample 1
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50

60

70
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Figure 27. Kinetics of photocatalytic decolorization of malachite green (MG)

The graph shows that the sample with the highest rate constant is №2. The photocatalytic
activity of this sample was compared with the activity of key photocatalysts such as Degussa
P-25 and TiO2 (Aldrich). Fig. 28 shows that the commercial products Degussa P-25 and TiO2
(Aldrich) decolorize the MG solution in the presence of UV light for 30 minutes, and the nonhydrolytically synthesized TiO2 for 100 minutes. Under the specific conditions of the
experiment, the TiO2 samples synthesized by non-hydrolytic sol-gel showed lower
photocatalytic activity than the commercial titanium dioxide products.
1,2
Sample 2
Degussa
Aldrich

1
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0,8
0,6
0,4
0,2
0
0

5

10

15

20

25

30

Illumination time, min

Figure 28. Photocatalytic activity of TiO2 (sample №2), TiO2-Degussa and TiO2-Aldrich
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ІІ.4. Antibacterial activity
The antibacterial properties against the E.coli bacterium of the synthesized TiO2 with the best
photocatalytic activity sample №2 (Fig. 28) and of the commercial product Degussa P-25 were
studied in the Department of Microbiology at MU-Pleven. As a result of the comparative
analysis, it is found that despite the lower photocatalytic activity of sample №2 compared to
Degussa P-25, its antibacterial activity is similar to that of Degussa P-25.
ІІІ. Synthesis and photocatalytic properties of Fe modified TiO2
III.1. Synthesis of Fe modified TiO2 by non-aqueous sol-gel method
Six samples of modified Fe/TiO2 with different percentages of iron and at different synthesis
temperatures were synthesized by non-hydrolytic sol-gel method (Table 3):
Synthesis temperature 60oС

Synthesis temperature 150oC

0.5%Fe/TiO2/60

0.5%Fe/TiO2/150

1%Fe/TiO2/60

1%Fe/TiO2/150

2%Fe/TiO2/60

2%Fe/TiO2/150
Table 3.

The schematic diagram of the synthesis of Fe-modified TiO2 is presented in fig. 29.

19

Figure 29. Scheme of synthesis of Fe-modified TiO2 by non-hydrolytic sol-gel method

Fe(NO3)3 was used as a precursor, which was initially dissolved in ethanol and benzyl
alcohol.. TiCl4 was added to the resulting solution, resulting in an orange-red solution. With
the help of an electromagnetic stirrer the simultaneous homogenization and heating up to 60оС
and up to 150оС for 1 hour is ensured. The resulting homogeneous mixtures are followed by
an aging period at room temperature of 10 days for samples synthesized at 60°C and 30 days
for samples synthesized at 150°C. The next steps of the synthesis are decantation, washing of
the resulting white suspension - twice with absolute ethanol and three times with diethyl ether,
20

and centrifugation at 4500 rpm for 15 minutes. After each washing step, the solvent is removed
by centrifugation. The collected materials were air dried at room temperature and heated at
500°C for 2 hours.

ІІІ.2. Phase and structural characteristics of the synthesized Fe/TiO2 samples
According to the XRD analysis of the synthesized samples, no iron content was found in them,
which is probably due to the very low concentrations of Fe used. The average size of Femodified TiO2 is 12-15 nm, and of pure TiO2 is about 20 nm (Fig. 30).
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Figure 30. XRD models of (a) unedoped and (b) doped with Fe TiO2

Dating with even a small amount of iron 0.5 mol% leads to changes in the IR spectra (Fig. 31).
The intensity of absorption varies with the iron content.

Figure 31. IRS of the
Investigated samples

Figure 32. UV-Vis spectra of samples: (1) TiO2/150; (2) 0.5 Fe/TiO2/150
(3) 1-Fe/TiO2/150; (4) 2-Fe/TiO2/150
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The results of the study of the UV-Vis absorption spectra of TiO2 samples are illustrated in fig.
32, which shows that increasing the Fe3+ content increases the absorption in the UV spectrum.
ІІІ.3. Photocatalytic activity of Fe modified TiO2
The photocatalytic activity of pure and Fe-modified TiO2 was evaluated by degradation of the
two organic dyes Reactive Black 5 (RB5) and Malahite Green (MG) under irradiation with UV
and Vis light. The decolorization efficiency (DE) of the photocatalyst is calculated using the
equation:

, where Ao is the absorption at zero minute and At is the absorption at
time t.

Figure 33. Photocatalytic efficiency of titania samples synthesized at 60°C on decoloration of RB5 (a)
and MG (b) under UV light irradiation

The analysis of the obtained results leads to the conclusion that with the highest photocatalytic
activity, compared to that of all modified Fe samples at decolorization of both dyes RB5 and
MG, pure TiO2 is manifested.
22

At the same time, the preparations synthesized at 150° C show different photocatalytic
behavior. As it can be seen from fig. 34 (a) and fig. 34 (b), the sample modified with 0.5% iron
- 0.5-Fe/ TiO2/150 is with the highest photocatalytic efficiency when irradiated with UV light.
With this preparation 100% efficiency of decolorization of the dye RB5 is achieved after a 30minute irradiation period, and after 45 minutes of irradiation - 100% efficiency of discoloration
of the dye MG. When modified with higher percentages of Fe3+ ions, a marked decrease in
photocatalytic activity is observed. Obviously, the synthesis temperature and iron content are
important factors determining the photocatalytic activity of the synthesized samples.

Figure 34. Photocatalytic efficiency of titania samples synthesized at 150°C on decoloration of RB5
(a) and MG (b) under UV light irradiation

When comparing the results of the measurement of the photocatalytic activity of the samples
synthesized at 150° C with respect to the dyes RB5 and MG under irradiation with visible light,
it was found again that the sample containing 0.5% Fe shows the best photoactivity.
Preparations with a higher percentage of iron (1% and 2% Fe) do not show photocatalytic
activity when irradiated with visible light (Fig. 35).
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Figure 35. Photocatalytic efficiency of titania samples synthesized at 150°C on decoloratio of RB5 (a)
and MG (b) under Vis light irradiation

In the case of photocatalytic degradation of the dye RB5 (Fig. 35a) degradation of the order of
18.2% of pure TiO2 /150 and 28.8% of the sample 0.5% Fe / TiO2 /150 is achieved over a
period of 120 min. At the same time, the MG dye (Fig. 35b) achieved a discoloration of 31.8%
for the photocatalysis with TiO2/150 and 48.0% for the photocatalysis with the sample
containing 0.5% Fe. Under the conditions of the experiment, the maximum photocatalytic
activity against the two tested dyes is manifested in the sample with 0.5% Fe, which is higher
than that of pure TiO2 when irradiated with both UV and visible light.
ІІІ.4. Antibacterial properties of Fe modified TiO2
The sample containing 0.5% Fe showed the best photocatalytic activity and the best
antibacterial activity. In this case, the photocatalytic activity corresponds to the antibacterial.

ІV. Synthesis and photocatalytic properties of Ce-modified TiO2
ІV.1. Synthesis of Ce modified TiO2 by a non-aqueous sol-gel method
24

The main steps for the synthesis of cerium-modified titanium dioxide are shown in fig. 36.

Figure 36. Scheme of synthesis of Ce-modified TiO2 by non-hydrolytic sol-gel method

Initially, an appropriate amount of Ce(NO3)3.6H2O is dissolved in 10 ml of ethanol. The
ethanol solution of the cerium precursor is added to the benzyl alcohol with constant stirring
before the formation of sol. TiCl4 is slowly added dropwise to the benzyl alcohol (1:20 by
volume). The resulting sols were heated at 150° C with vigorous stirring for 7 hours to ensure
complete reaction. Samples of cerium-modified titanium dioxide were thus obtained, with an
estimated cerium (Ce:Ti) content of 0.1; 0.5; 1 and 5 mol%, conveniently designated 0.1Ce/
TiO2, 0.5Ce/TiO2, 1Ce/TiO2 and 5Ce/TiO2, respectively.
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ІV.2. Photocatalytic activity of Ce-modified TiO2
The photocatalytic activity of cerium-modified titanium dioxide was characterized by
photodegradation of the malachite green MG dye.
Studies of the photocatalytic activity of Ce-modified preparations under ultraviolet
irradiation show that the 0.1% Ce dosing does not change the photocatalytic activity in both
UV and Vis irradiation, and the dosing with higher cerium concentrations significantly reduces
the photoactivity in both the type of irradiation - fig.37. and fig. 38.

Figure 37. Photocatalytic activity of Ce-modified titanium dioxide in decolorization of MG dye in the
presence of UV light

Figure 38. Photocatalytic activity of Ce-modified titanium dioxide in decolorization of MG dye in the
presence of visible light

V. Synthesis and photocatalytic properties of N modified TiO2
V.1. Synthesis of N modified TiO2 by a non-aqueous sol-gel method
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Pure TiO2 was synthesized by non-hydrolytic sol-gel method and modified with nitrogen TiO2
at concentrations of 1.3 and 13 mol%, respectively (Fig. 40).
O
H2N C NH2
Carbamide
Dissolving in C2H5OH

TiCI4

Benzyl alcohol

Orange colored mixture

Stirrin
g (30h at 60oC)

Precipitation and aging at room temperature (10 days)

Centrifugation
Washing the precipitate

Drying in air
Heating (at 500oC 2h)

powder

Figure 40. Scheme of nonhydrolytic synthesis of N-doped TiO2

0.060 g of urea dissolved in 1 ml of absolute ethanol was used as a nitrogen source. The alcohol
solution of urea was added to 160 ml of benzyl alcohol and 8 ml of TiCl4. Under the same
synthesis procedure and reaction conditions, pure TiO2 (without the addition of urea) was
obtained in order to compare the properties of the samples obtained under the same conditions
- in the presence and in the absence of nitrogen.
V.2. Phase and structural characteristics of the synthesized samples
The structure and morphology of the obtained samples was characterized by XRD, IR, UVVis spectroscopy in IGIC - BSA-Sofia (Fig. 41, Fig. 42).
According to the XRD analysis of the synthesized samples, the average size of N-modified
TiO2 is in the range of 15–35 nm. It is noteworthy that in samples with a higher nitrogen
content, the particle size decreases. In the 13 mol% N modified TiO2, the presence of rutile was
not identified and the sample with 1.3% N contained the rutile phase, which leads to the
conclusion that probably under our conditions low nitrogen concentrations favor the
crystallization of the rutile phase.
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Figure 41. IR spectra of pure TiO2 and TiO2/13% N

Figure 42. XRD patterns of TiO2/1.3% N and TiO2 /13% N
V.3. Photocatalytic activity of N-modified TiO2
Fig. 43 illustrates the photocatalytic activity of the synthesized pure TiO2, the commercial
product Degussa P25 and N modified with 1.3 and 13 mol% nitrogen TiO2 during
decolorization of the model pollutant MG in the presence of UV light. As it can be seen from
the graph, different photocatalysts achieve decolorization at different times. The fastest
decolorization is with Degussa P25 in 30 min, followed by 13% N/TiO2 in 60 min, pure TiO2
and 1.3% N/TiO2 in 75 min.

28

Figure 43. Photocatalytic activities of pure TiO2, commercial Degussa P25 and N-modified with 1.3
and 13mol% nitrogen TiO2 on degradation of the organic pollutant MG, when irradiated with UV light

The photocatalytic activity of the catalysts during the decomposition of the dye RB5 as a
result of irradiation with UV light is illustrated in Fig.44. According to the results obtained, the
efficiency of pure TiO2 is comparable to that of Degussa P25. Unmodified TiO2 showed better
photoactivity than N-modified TiO2 samples, following the order: TiO2>Degussa P25 >
1.3N/TiO2 > 13N/TiO2.

Figure 44. Photocatalytic activities of pure TiO2, commercial Degussa P25 and N-modified with 1.3
and 13mol% nitrogen TiO2 on degradation of the organic pollutant RB5, when irradiated with UV
light
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When irradiated with visible light (Fig. 45 and Fig. 46), all four photocatalysts (TiO2, Degussa,
TiO2 / 1.3% N, TiO2 / 13% N) demonstrate similar photocatalytic activity. The addition of
nitrogen slightly affects the photocatalytic action.

Figure 45. Photocatalytic activities of pure TiO2, commercial Degussa P25 and N-modified with 1.3
and 13mol% nitrogen TiO2 on degradation of the organic pollutant MG, when irradiated with Vis light

Figure 46. Photocatalytic activities of pure TiO2, commercial Degussa P25 and N-modified with 1.3
and 13mol% nitrogen TiO2 on degradation of the organic pollutant RB5, when irradiated with Vis
light
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VІ. Synthesis and photocatalytic properties of Fe/N commodified TiO2
VІ.1. Synthesis of Fe/N co-modified TiO2 by a non-aqueous sol-gel method
TiO2, comodified with 1.3% N and different percentages of Fe (0.5%, 1%, 2%), was
synthesized by a non-hydrolytic sol-gel method. The standard synthesis procedure was used
(Fig. 47).

Figure 47. Scheme of synthesis of Fe/N co-modified TiO2 by non-hydrolytic sol-gel method
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VІ.2. Phase and structural characteristics of the synthesized samples
According to the data from the XRD analysis (Fig.48), the average particle size of Fe/N-TiO2
is in the range of 15-20 nm. It was found that the dominant crystalline phase is anatase and as
it can be seen from fig. 48, traces of rutile were found in the samples TiO2/0% Fe/N,
TiO2/0.5%Fe/N and TiO2/2%Fe/N. Obviously, Fe/N comodified favors the crystallization of
rutile.
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Figure 48. XRD patterns of Fe/N co-doped TiO2

No traces of iron were detected in the XRD analysis, but such were detected by IR (infrared
spectroscopy) (Fig. 49).
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Figure 49. IR spectra of Fe/N co-doped TiO2 samples

VІ.3. Photocatalytic activity of Fe/N co-modified TiO2
The photocatalytic activity of the synthesized samples (Fig. 50) was studied using the already
known model pollutant MG when irradiated with sources of UV and visible light.
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Figure 50. Photocatalytic activity of TiO2/N and TiO2/Fe/N during decolorization of the dye MG
under: a) UV irradiation and b) Vis irradiation

When irradiated with UV light, the photocatalytic activity of Fe/N co-modified TiO2 does not
improve compared to N-modified TiO2. When irradiated with visible light, the highest
photocatalytic activity is observed only with TiO2 modified with 1% Fe / N (Fig. 50b).
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Figure 51. Photocatalytic activity of TiO2/Fe/N during decolorization of the dye RB5 under:
a) visible light and b) UV light

When exposed to visible light, samples containing 1% Fe/N and those with 2% Fe/N show
better photocatalytic activity than the others. When irradiated with UV light, the samples
TiO2/N and TiO2/0.5% Fe/N show better photocatalytic activity than the others - TiO2/1% Fe/N
and TiO2/2% Fe/N.
VІІ. Synthesis and photocatalytic properties of Ce/B co-modified TiO2
VІІ.1. Synthesis of Ce/B co-modified TiO2 by a non-aqueous sol-gel method
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Figure 52. Scheme of synthesis of Ce/B-modified TiO2 by non-hydrolytic sol-gel method

Boric acid (2 mol%) was used as a precursor for the addition of boron into the reaction system,
which was added to the ethyl solution of cerium, and this mixture was put into the benzyl
alcohol to which 8 ml of TiCl4 were added. The result is a yellow-orange mixture, which is
homogenized for 4 hours using an electromagnetic stirrer at a temperature of 150 oC. The
synthesis procedure is continued as shown in (Fig. 52), followed by 20 days of aging at room
temperature, decantation, washing with diethyl ether and absolute alcohol, centrifugation,
drying and firing of the collected material at 500 ° C for 2 hours. Thus modified samples with
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an expected content of 2 mol% B and Ce - 0.1, respectively; 0.5 and 1 mol% are designated
0.1 Ce-B/TiO2; 0.5 Ce-B/TiO2 and 1 Ce-B/TiO2.
VІІ.2. Phase and structural characteristics of the synthesized samples
Data on the structure and morphology of the produced powders were obtained by X-ray
diffraction (XRD) (Fig. 53) and UV-Vis spectroscopy (Fig. 54).

Figure 53. XRD patterns of Ce-doped and Ce/B-co-doped TiO2

When characterizing the powder samples by X-ray phase analysis (Fig. 53), it was found that
TiO2 (anatase) was identified as the main crystalline phase and no rutile peaks were observed.
It was also found that the particle size of the modified TiO2 is 12 nm, in other words it is smaller
than the pure TiO2 (20 nm) obtained by non-hydrolytic sol-gel method and reported in previous
studies.
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Figure 54. UV-Vis spectra of the analized powder samples
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VІІ.3. Photocatalytic activity of Ce/B co-modified TiO2
As it can be seen from fig. 55, cerium-boron co-modified TiO2 in the presence of UV light does
not show better photocatalytic efficiency compared to pure TiO2. In comparison, the
monodoped boron preparation (B/TiO2) shows similar or slightly higher photocatalytic activity
than pure TiO2 under UV irradiation.

Figure 55. Photocatalytic activity of Ce-B co-doped titanium dioxide in decolorization of MG dye in
the presence of UV light

Photocatalytic experiments performed in the presence of visible light (Fig. 56) show
that co-doping with boron and cerium leads to improved photocatalytic activity of the comodified Ce-B/TiO2 preparations containing 0.5% and 1% cerium compared with the sample
containing pure titanium dioxide. Under the same experimental conditions, only boronmodified titanium dioxide (B/TiO2) proves to be the most effective photocatalyst.

Figure 56. Photocatalytic activity of Ce-B co-doped titanium dioxide in decolorization of MG dye in
the presence of visible light
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VІІІ. Synthesis and photocatalytic properties of TiO2/ZnO nanocomposites
VIII.1. Synthesis of TiO2/ZnO nanocomposites by non-aqueous sol-gel method
TiCl4, benzyl alcohol and two zinc precursors (CH3COO)2Zn.2H2O and ZnCl2 are used for
the synthesis of TiO2/ZnO nanocomposites by non-hydrolytic sol-gel method. Zinc salts are
used in different molar ratios to the titanium precursor:
- sample А 90TiO2 : 10ZnO
- sample B 50TiO2 : 50ZnO
The synthesis schemes of the two samples are identical - they differ only in the type and molar
ratio of the zinc precursor.
ZnCl2

(CH3COO)2Zn.2H2O

Dissolving in C2H5OH

Dissolving in C2H5OH

Mixing - stirring (5 min)

Mixing - stirring (5 min)

Benzyl alcohol

Benzyl alcohol
Mixing - stirring (5 min)

TiCl4

Orange-red colored mixture
Stirring (8 h at 80oC)
Precipitation and aging at
room temperature (14 days)
Centrifugation
Washing the precipitate with
ethanol and diethyl ether

Mixing - stirring (5 min)

TiCl4

Orange-red colored mixture
Stirring (8 h)
Precipitation and aging at
room temperature (14 days)
Centrifugation
Washing the precipitate with
ethanol and diethyl ether
Drying in air

Drying in air
Heating (at 500oC 6 h)
White powder
a)

Heating
(at 200, 400, 550, 600oC x 2h)
White powder
b)

Figure 57. Schemes of the nonhydrolytic sol-gel synthesis of a) sample A (90TiO2.10ZnO) and b)
sample B (50TiO2.50ZnO).
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VІІІ.2. Phase and structural characteristics of the synthesized powders
The results of the XRD analysis (Fig. 58) show that sample A (90TiO2: 10ZnO) contains
mainly anatase, while the amount of anatase in sample B (50TiO2: 50ZnO) is small and consists
mainly of rutile and ZnTiO3. The average particle size is calculated using the Sherrer equation
and is about 15-20 nm.

Figure 58. XRD patterns of the investigated samples

According to the SEM image (Fig. 59), the test sample is characterized by a pronounced
tendency to agglomeration as the average size of the agglomerated particles is about 1 mm with
the presence of TiO2 (anatase) and ZnTiO3, which corresponds to the results of XRD analysis.

TiO2 - 89.73%
ZnO - 10.27%

TiO2 - 64.48%
ZnO - 35.52%

Figure 59. SEM micrograph of the sample 50TiO2.50ZnO (sample B)

The results of the LA-ICP-MS analysis (Table 4) of sample A show the presence of ZnO, but
in an extremely small amount compared to baseline.
Initial composition
Quantitative analysis by LA-ICP-MS
Oxides
mol %
wt %
wt %
sample A

TiO2

90

89.83

89.83

ZnO

10

10.17

1.54

Table 4. Result from the LA-ICP-MS analysis for the sample A with composition 90TiO2.10ZnO
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The data from the infrared spectroscopy (IR) confirm the results of the LA-ICP-MS analysis
(Fig. 60). The IR spectra of the two samples are very different, with the number and location
of the peaks corresponding to those shown by the LA-ICP-MS analysis.
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Figure 60. IR spectra of TiO2/ZnO nanocomposites synthesized by non-aqueous sol-gel
method

VІІІ.3. Photocatalytic properties of TiO2/ZnO nanocomposites
The photocatalytic degradation of MG in the presence of composite samples A and B is
shown in fig. 61. The data from the experiment show that both samples show similar
photocatalytic activity. As it can be seen, it took 150 minutes to decolorize the MG dye with
sample A, while with sample B it took 180 minutes.
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Figure 61. Photocatalytic degradation of Malachite Green by
sample A (90TiO2:10ZnO) and sample B (50TiO2:50ZnO)

VIII.4. Antibacterial properties of TiO2/ZnO
41

The antimicrobial activity of the synthesized preparations was studied in the sector
"Microbiology" at MU-Pleven.
When studying the antimicrobial activity of the synthesized samples against E.coli bacteria
under UV light, it was found that sample A (90TiO2: 10ZnO) showed better antimicrobial
activity compared to sample B (50TiO2: 50ZnO). The conclusion is that both nanocomposites
can be good inorganic antimicrobial agents.
ІХ. Synthesis and photocatalytic properties of ZnTiO3
ІХ.1. Synthesis of ZnTiO3 by non-hydrolytic sol-gel method
Aq-ZnTiO3 was synthesized by the hydrolytic sol-gel method with the precursor’s titanium
ethoxide and zinc acetate.
Naq-ZnTiO3 with ZnCl2 and TiCl4 precursors was synthesized by a non-hydrolytic sol-gel
method using the following reaction scheme (Fig. 62).
ZnC l2 + C 2H5OH + Benzyl alcohol + TiC l4
wt : v : v : v = 0,5 : 1 : 7 : 0,4

Mixing - stiring ( 8h)

Precipitation and aging at
room temperature ( 14 days)

C entrifugation and washing the precipitate

Drying in air

S tepwise heating ( from 200 to 600oC )

White powder

Figure 62. Scheme of the synthesis of ZnTiO3 by nonaqueous sol-gel route - (n-aq) ZnTiO3.

ІХ.2. Phase and structural characteristics of the synthesized samples
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The results of the X-ray diffraction patterns of the two samples (n-aqZnTiO3 and aqZnTiO3)
show that:
- when applying an aqueous sol-gel method, only ZnTiO3 with a particle size of 20 nm is
obtained;
- in the non-aqueous, together with ZnTiO3, a small amount of TiO2 rutile and anatase is
obtained, and the particle size is 40 nm. According to the data from the SEM analysis, both
types of titanates, n-aqZnTiO3 and aqZnTiO3, are nanoscale, with a tendency to agglomerate
at temperature treatment above 500° C (Fig. 63).

Figure 63. SEM micrographs of the samples obtained by a) aqueous (aqZnTiO3) and b) nonaqueous
(n-aqZnTiO3) sol-gel methods

The UV-Vis absorption spectra of the two zinc titaniums show that the absorption decreases
after 400 nm (Fig. 64).

Figure 64. UV-Vis of ZnTiO3 obtained by both sol-gel methods

ІХ.3. Photocatalytic properties of zinc titanate (ZnTiO3)
As a result of the performed analyzes for the photocatalytic activity of the synthesized
samples, it is found that both zinc titaniums show photocatalytic activity in the presence of UV
light. As it can be seen from (Fig. 65), it is better manifested in titanium, synthesized by non-
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aqueous n-aq-ZnTiO3 sol-gel method - the dye MG is decolorized for 110 min, while in the
aqueous aq-ZnTiO3 sol-gel method, decolorization is achieved in 180 minutes.

Figure 65. Photocatalytic degradation of MG by zinc titanates obtained by aqueous (aq) and
nonaqueous (n-aq) route

ІХ.4. Antibacterial properties of ZnTiO3
Studies of antibacterial activity conducted in the Department of Microbiology, against the
bacterium E. coli when irradiated with UV light prove that both types of zinc titanium have
antibacterial activity, although the activity of n-aq ZnTiO3 is slightly higher than that of aq
ZnTiO3.
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CONCLUSIONS
Based on the conducted experiments and the analysis of the obtained results, the following
conclusions can be made:
1. An easily applicable and reproducible procedure for the synthesis of nanosized TiO2 by
a non-hydrolytic sol-gel method has been developed.
2. The variant of non-hydrolytic sol-gel synthesis method used has been successfully
applied to the preparation of nanosized (5-20 nm) titanium dioxide (anatase).
3. The synthesized pure TiO2-anatase shows high photocatalytic and antibacterial activity.
4. When modified, TiO2 with different concentrations of iron, it is found that the synthesis
temperature and the dopant concentration have a significant effect on the photocatalytic
activity - the highest photoefficiency is shown by Fe-modified with 0.5 mol% Fe TiO2.
5. Modification of titanium dioxide with low concentrations of N does not change the
photocatalytic activity, and the higher nitrogen content has a beneficial effect on the
photoactivity when irradiated with UV light.
6. Fe/N co-doped TiO2 does not improve the photocatalytic activity when irradiated with
UV light compared to pure TiO2. When exposed to visible light, low photoactivity is
observed only in the preparation doped with 1 mol% Fe and N.
7. Modification of TiO2 with the rare metal cerium in low concentrations (0.1 mol%) does
not lead to a change in the photocatalytic activity when irradiated with UV and Vis
light, and higher doses of additives Ce (0.5 - 5 mol%) lead to reduced photocatalytic
activity when irradiated with UV light and do not lead to improved photocatalytic
activity when irradiated with visible light.
8. The co-modification of TiO2 with cerium and boron does not significantly improve the
photocatalytic activity under UV irradiation, and when irradiated with visible light
improved photocatalytic activity compared to pure titanium dioxide is found in the comodified cerium-boron preparations containing 0.5 mol% and 1 mol% Ce.
9. The synthesized nanocomposite materials in the TiO2-ZnO system have photocatalytic
and antibacterial activity.

Contributions to the dissertation
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1. An accessible and reproducible procedure for the synthesis of nanosized TiO2 by a nonhydrolytic sol-gel method has been developed.
2. The pure TiO2-anatase thus synthesized is found to have high photocatalytic and antibacterial
activity.
3. It is synthesized TiO2 with various concentrations of iron and the optimal conditions for the
synthesis of preparations with improved photocatalytic properties are established.
4. It is synthesized TiO2 with various concentrations of cerium and the photocatalytic activity
of the obtained preparations is studied.
5. It is synthesized TiO2 with various concentrations of nitrogen and the photocatalytic activity
of the obtained preparations is studied.
6. The effect of co-doped of TiO2 with Fe/N as well as with Ce/B is studied and it is found that
the co-modification under the used experimental conditions leads to insignificant improvement
of the photocatalytic activity.
7. It has been confirmed that upon binding between the two TiO2 and ZnO semiconductors in
a two-component ZnO-TiO2 nanocomposite, the photocatalytic activity increases. A
correlation is found between the photocatalytic and antibacterial efficiency of the ZnO-TiO2
nanocomposite.
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