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ABSTRACT
Introduction. Currently, the development of photocatalytically active cement-based materials with self-cleaning properties is 
a promising area of  building materials science. Self-cleaning concrete is obtained by using photocatalytic additives, of which 
titanium dioxide (TiO2) is the most common. It has been found that the functional properties of TiO2 depend largely on its phase 
composition.  This study aimed to establish the patterns of influence of phase composition on the photocatalytic activity of titanium 
dioxide under the impact of artificial ultraviolet and natural solar radiation and to identify the most effective titanium oxide-based 
photocatalysts for subsequent use in the composition of self-cleaning concrete. Methods and materials. Four titanium dioxide 
samples, namely two industrial samples and two samples synthesized by hydrolysis of titanium alkoxide in acidified water-alcoholic 
medium followed by calcination at 500 °C, were the objects of the study. X-ray powder diffractometry was the method used to 
investigate the structure parameters of TiO2 samples. The model reaction of oxidative degradation of methylene blue under UV- and 
daylight exposure was the means for studying the photocatalytic activity of titanium dioxide samples. Results and discussion. 
It was found that polymorphic modifications of titanium dioxide had a multidirectional effect on its functional characteristics, in 
particular, a rise in the content of anatase and rutile led to an increase and decrease in the photoactivity of TiO2 samples, respectively. 
The single-phase sample with anatase structure was most effective under UV irradiation, while the three-phase sample with the 
anatase : brookite : rutile ratio of 67% : 13% : 20% had the highest activity under daylight exposure. The photocatalyst composition, 
including several polymorphs of TiO2 with a predominance of anatase form (more than 50%), allowed to achieve a synergistic effect 
of increasing the photocatalytic activity of titanium dioxide under conditions of solar radiation due to the formation of type-II semi-
conductor heterojunctions. Heterostructures made it possible to improve the spatial separation of charge carriers and to reduce the 
recombination rate of photogenerated electron-hole pairs. Conclusion. The obtained results indicated the possibility of improving 
the functional characteristics of titanium oxide-based additives for self-cleaning concrete due to the targeted regulation of their 
phase composition by optimizing the synthesis parameters of photocatalytic modifiers.

KEYWORDS: self-cleaning concrete, photocatalyst, titanium dioxide, sol-gel method, photocatalytic activity, phase composition, 
crystallite size, nanostructures, heterojunction, polymorphism, anatase, brookite, rutile, X-ray diffraction
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AННОТАЦИЯ
Введение. В настоящее время перспективным направлением строительного материаловедения является разработка фото-
каталитически активных цементных материалов, обладающих способностью к самоочищению. Получение самоочищающихся 
бетонов достигается за счет использования фотокаталитических добавок, среди которых наибольшее распространение 
получил диоксид титана. Известно, что функциональные свойства TiO2 в значительной степени зависят от его фазового со-
става. Цель данного исследования – установить закономерности влияния фазового состава на фотокаталитическую актив-
ность диоксида титана в условиях воздействия искусственного ультрафиолетового и естественного солнечного излучений 
с выявлением наиболее эффективных титаноксидных фотокатализаторов для последующего применения в рецептуре 
самоочищающихся бетонов. Методы и материалы. Объектами исследования являлись четыре образца диоксида титана: 
два промышленных и два синтезированных путем гидролиза алкоксида титана в подкисленной водно-спиртовой среде с по-
следующим прокаливанием при температуре 500 °С. Исследование параметров структуры образцов TiO2 выполнялось мето-
дом рентгеновской порошковой дифрактометрии. Фотокаталитическая активность образцов диоксида титана была изучена 
в модельной реакции окислительной деструкции метиленового синего при воздействии УФ- и дневного света. Результаты 
и обсуждение. Установлено, что полиморфные модификации диоксида титана оказывают разнонаправленное влияние 
на его функциональные характеристики: увеличение содержания анатаза и рутила приводит соответственно к повышению 
и снижению фотоактивности образцов TiO2. При УФ-облучении наибольшую эффективность показал однофазный образец 
с анатазной структурой, а в условиях воздействия дневного света – трехфазный образец с соотношением анатаз : брукит : 
рутил = 67% : 13% : 20%. Наличие в составе фотокатализатора нескольких полиморфов TiO2 с преобладанием анатазной 
формы (более 50%) позволяет достичь синергетического эффекта повышения фотокаталитической активности диоксида 
титана в условиях воздействия солнечного излучения благодаря формированию полупроводниковых гетероструктур (ге-
теропереходов) II типа, способствующих улучшению сепарации и снижению скорости рекомбинации фотогенерированных 
электронно-дырочных пар. Заключение. Полученные результаты свидетельствуют о возможности улучшения функциональ-
ных характеристик титаноксидных добавок для самоочищающихся бетонов за счет направленного регулирования их фазового 
состава, что может быть достигнуто посредством оптимизации параметров синтеза фотокаталитических модификаторов.

КЛЮЧЕВЫЕ СЛОВА: самоочищающийся бетон, фотокатализатор, диоксид титана, золь-гель метод, фотокаталитическая 
активность, фазовый состав, размер кристаллитов, наноструктуры, гетеропереход, полиморфизм, анатаз, брукит, рутил, 
рентгеновская дифракция
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INTRODUCTION

The development of cement-based materials with high 
performance characteristics is a priority area of building 
materials science [1, 2]. The range of modern modified 
concretes is quite diverse and includes different types, in 

particular, high-strength concrete [3, 4], self-compacting 
concrete [5, 6], fiber reinforced concrete [7–9], reactive 
powder concrete [10, 11], self-prestressing concrete [5, 
12, 13], etc. 

It is known that individual or complex application 
of chemical and mineral additives with different com-
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the recombination rate of photoinduced electron-hole 
pairs [35, 37, 39, 40]. In particular, the works [37, 40] 
show that the combination of anatase and brookite in the 
nanocrystalline composite structure allows to increase 
the catalytic activity of the material in both oxidation 
and reduction reactions. The high functional efficiency 
of titanium dioxide polymorphism also manifests itself in 
the well-known commercial Degussa P25 photocatalyst, 
which is a mixture of anatase and rutile in the ratio of 
3 : 1 or 4 : 1 [42, 44].

This study aimed to establish the patterns of influence 
of phase composition on the photocatalytic activity of 
titanium dioxide under the impact of artificial ultraviolet 
and natural solar radiation and to identify the most effec-
tive titanium oxide-based photocatalysts for subsequent 
use in the composition of self-cleaning concrete.

We completed the following tasks in order to achieve 
the goal of this study:

1. The effects of synthesis conditions on the structure 
parameters of TiO2 precursors obtained by hydrolysis of 
titanium alkoxide in acidified water-alcoholic medium 
were studied. 

2. The kinetics of photodecomposition process of 
methylene blue in solution was investigated under con-
ditions of exposure to ultraviolet radiation and solar radia-
tion in the absence and presence of titanium oxide-based 
photocatalysts. 

3. The effects of phase composition on the photo-
catalytic activity of titanium dioxide samples were re-
searched under conditions of exposure to ultraviolet light 
and daylight. 

4. The interrelations and regularities were established 
between the synthesis conditions, phase composition and 
photoactivity of TiO2, which made it possible to optimize 
the prescription and technological parameters for ob-
taining effective titanium oxide-based photocatalysts for 
self-cleaning concrete.

 
METHODS AND MATERIALS

Synthesis of TiO2 samples from hydrolyzed 
precursors 

Titanium(IV) oxide samples were synthesized by sol-
gel method, which involves hydrolysis of titanium alk-
oxide in acidified water-alcoholic medium followed by 
thermal treatment of the resulting precursor in the form 
of hydrated titanium oxide (TiО2·nH2О).

At the initial stage of the synthesis, titanium tetraiso-
propoxide (TTIP, pure grade) was dissolved in anhydrous 
isopropyl alcohol (C3H7OH, pure grade), then 0.1 M 
HNO3 solution was added to the mixture in doses, after 
which the mixture was vigorously stirred for 2 hours. The 
ratio of the reaction mixture components by volume was 
VTTIP : VC3H7OH : VHNO3

0,1 M = 0.75 : 1.0 : 1.0. The sol-gel 

position, dispersity, and mechanism of action allows 
to create high performance concrete. Effective types 
of additives are superplasticizers [14], superabsorbent 
polymers [15], microsilica [16], opal-cristobalite rocks 
[17], fly ash [18], expanding sulfoaluminate modifiers 
[5], carbonate rocks and calcined polymineral clays [19, 
20], carbon-based modifiers [2, 21], etc. A special group 
of modifiers includes nanoscale photocatalytic additives 
that allow to obtain photocatalytically active cement-
based materials [22–24] having the ability to self-clean 
and decompose atmospheric pollutants, antibacterial 
effect, etc. [25–27]. 

Nanostructured titanium dioxide, characterized by 
non-toxicity, chemical stability, and high activity under 
ultraviolet radiation exposure, is one of the effective types 
of photocatalysts [28–31]. Nevertheless, the high recom-
bination rate of photogenerated charge carriers, as well as 
the narrowed spectral range of action with the band gap of 
known titanium dioxide polymorphs equal to 3.0–3.5 eV, 
are the main disadvantages of TiO2. The wide band gap 
of titanium(IV) oxide requires solving the problem of its 
sensitization to visible light [32–34].

The photocatalytic properties of titanium(IV) oxide 
depend significantly on its phase composition. Currently, 
the compound polymorphism, which consists in the ex-
istence in nature of four main crystalline modifications 
of TiO2, such as anatase, brookite, rutile, and TiO2(B), 
is actively used to improve the functional characteristics 
of titanium oxide-based photocatalysts [35]. 

Anatase and rutile are the most studied polymorphs of 
titanium dioxide, these tetragonal phases are widely used 
in the obtaining of commercial photocatalysts. Brookite, 
characterized by an orthorhombic crystal lattice, is the 
least stable phase in the TiO2 isomorphic series, is rela-
tively rare in nature and remains poorly understood. Nev-
ertheless, the results of individual studies show that the 
photoactivity of brookite may exceed the characteristics 
of anatase and rutile due to the presence of traps preferred 
for photocatalytic reactions [36, 37]. The TiO2(B) phase, 
which is a mixture of monoclinic syngony crystals, was 
first synthesized in 1980 by hydrolysis of K2Ti4O9 fol-
lowed by thermal treatment at 500 °C [38]. TiO2(B) is the 
least dense polymorph of titanium dioxide. In addition, 
TiO2(B) is a less stable phase compared to anatase and 
rutile [35].

It is known that the presence of two or three polymor-
phic modifications in the titanium dioxide composition, 
in particular, anatase/brookite [39–41], anatase/rutile 
[42–44], brookite/rutile [45, 46], anatase/TiO2(B) [47, 
48], and rutile/TiO2(B) [49], anatase/brookite/rutile [50–
52], and anatase/rutile/TiO2(B) [53], makes it possible to 
form heterostructures with intercrystalline boundaries in 
multiphase composites. These heterojunctions contribute 
to an increase in the photocatalytic activity of TiO2 by 
improving the separation of charge carriers and reducing 
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synthesis product formed by hydrolysis aged at a given 
temperature for 5 hours. The final stages involved se-
quential filtration, washing, and drying of the precipitate 
to obtain TiO2 precursor powder.

During the experimental study, the variable param-
eters of synthesis were temperature at mixing of solutions 
(Tmixing) and temperature of gel aging (Taging). The variation 
levels of these parameters were 20 °C and 80 °C. The dry-
ing temperature (Tdrying) and drying time (tdrying) of samples 
were constant at 80 °C and 2 hours, respectively.

Table 1 shows the synthesis parameters and labeling 
of TiO2 precursor samples.

The P-TiO2-1 and P-TiO2-2 precursors were calcined 
at 500 °C for 4 hours to obtain titanium dioxide powders. 
The calcined samples were labeled according to the type 
of precursor used, namely TiO2-1 and TiO2-2. Two com-
mercial (industrial) samples of titanium(IV) oxide, char-
acterized by different phase composition and designated 
as TiO2-3 and TiO2-4, were control samples.

Table 2 shows the list of TiO2 samples, which were the 
object of experimental study, as well as information on the 
technology for their obtaining.

X-ray diffraction phase analysis of TiO2 samples  
and their precursors

The phase composition of TiO2 samples and their 
precursors was determined by X-ray powder diffractom-
etry on the PANalytical Empyrean diffractometer (the 

Netherlands). The shooting conditions included the use 
of CuKα radiation with wavelength λ = 1.5406 Å, θ−2θ 
scanning mode, shooting range 2θ = 5–75°, angle step of 
0.0131°, and exposure time at point of 200 seconds. The 
phases were identified using the Crystallography Open 
Database (COD). 

The sizes of coherent scattering regions (CSR) of the 
main phases such as anatase, rutile, and brookite, were 
calculated from the X-ray diffraction analysis results to as-
sess the crystallinity degree of TiO2 samples. The average 
sizes of CSR (crystallites) of these phases were determined 
by the main diffraction peaks free from superposition, 
in particular, at 2θ = 25.3° and 2θ = 37.9° for anatase 
(in the absence and presence of brookite, respectively), 
at 2θ = 30.8° for brookite, and at 2θ = 27.4° for rutile. 
The classical Scherrer formula was used to calculate the 
crystallite size:

� (1)

there D (Lcr) is the average size of crystallites (CSR) 
of the analyzed phase, Å;

K is the particle shape coefficient (Scherrer constant), 
K ≈ 0.9–1.0;

λ is the wavelength of X-ray radiation, λ = 1.5406 Å; 
β is the full width at half maximum (FWHM) for the 

analyzed diffraction peak of phase, radians; 
θ is the X-ray diffraction angle, radians.

Table 1. Synthesis parameters and labeling of TiO2 precursor samples

Sa
m

pl
e 

nu
m

be
r Labeling 

of TiO2 precursor 
samples

Synthesis parameters

Solution mixing Gel aging Gel drying

Tempera-
ture,

Tmixing, 
оС

Time,
tmixing, h

Tempera-
ture,

Taging, 
оС

Time, 
taging, h

Tempera-
ture,

Tdrying, 
оС

Time,
tdrying, h

1 P-TiO2-1 20 2 20 5 80 2

2 P-TiO2-2 80 2 80 5 80 2

Table 2. List of investigated TiO2 samples and conditions for their obtaining

Sample 
number

Labeling 
of TiO2 

samples 

Type of pre-
cursor used 

(Table 1)

Calcination parameters 
of TiO2 precursors

Note
Temperature,
Тcalcination, оС

Temperature 
rise rate,
vcalcination, 

оС/min

Isothermal 
aging time, 
tcalcination, h

1 TiO2-1 P-TiO2-1
500 5 4 samples synthesized by 

calcination of precursors2 TiO2-2 P-TiO2-2

3 TiO2-3
– – – – commercial (industrial) 

samples 4 TiO2-4
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Evaluation of photocatalytic activity of TiO2 samples

The photocatalytic activity of titanium dioxide samples 
was studied in a model photochemical reaction of oxida-
tive destruction of methylene blue (MB), when aqueous 
suspensions of MB solution and TiO2 powder were ex-
posed to artificial ultraviolet and natural solar radiations. 
Two identical series of solutions with photocatalysts were 
the objects of study.

The weight ratio of TiO2 and methylene blue in the 
suspensions was 50 : 1. The dye concentration in the solu-
tion was 10 mg/l. To destroy large agglomerates and evenly 
distribute the dispersed phase particles in the solution, 
ultrasonic dispersion of samples was performed for 10 min 
on the Bandelin Sonorex ultrasonic bath.

Ultraviolet light irradiated the first series of dye so-
lutions with TiO2 for 2 hours under constant stirring of 
suspensions on a magnetic stirrer. The radiation sources 
were two 25 W 254 nm UV lamps.

Solar radiation affected the second series of solutions 
with photocatalysts. Exposure of samples took place in 
the summer on the windowsill under natural daylight 
without using additional artificial light sources. The 
exposure time was 75 hours, namely 15 hours per day 
for 5 days.

During the study, aliquots of the solution were taken 
at certain intervals of exposure time to perform spectro-
photometric measurements of the residual dye concen-
tration. The sampling and measurement intervals were 
15–30 minutes and 15 hours (1 day) for the first and sec-

ond series of samples, which were exposed to ultraviolet 
and solar radiation, respectively.

The selected samples were centrifuged for 15 min at 
4000 rpm to separate the photocatalyst powder from the 
solution. The optical density of the solution (i.e. con-
centration of methylene blue) was measured at 664 nm 
relative to distilled water using the Shimadzu UV-1800 
spectrophotometer. The measured absorption spectrum 
of aqueous solution of methylene blue, shown in Figure 1, 
led to the use of the above wavelength. The absorption 
spectrum of this dye had four characteristic peaks, includ-
ing two peaks in the UV region at 246 nm and 292 nm, 
as well as two peaks in the visible region at 614 nm and 
664 nm (the main maximum).

The formulas for calculating the residual relative con-
centration (∆Ct, rel. units) and the photocatalytic decom-
position degree (φ∆Ct

), %) of methylene blue were:

� (2)

� (3)

there Ct is the optical density of MB solution after ex-
posure to UV radiation or solar radiation during time (t), 
rel. units (it characterizes the current dye concentration 
at time (t), mmol/L); 

Fig. 1. Absorption spectrum of aqueous solution of methylene blue
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C0 is the initial optical density of MB solution, rel. 
units (it characterizes the initial dye concentration before 
exposure to UV light or sunlight (t0 = 0 minutes or t0 = 0 
hours), mmol/L).

RESULTS AND DISCUSSION 

Effects of synthesis conditions on structure 
parameters of TiO2 precursors

Figure 2 shows the diffraction patterns of P-TiO2-1 
and P-TiO2-2 samples of titanium dioxide precursors ob-
tained under different synthesis conditions (see Table 1).

The study results showed that hydrated forms of tita-
nium dioxide (TiО2·nH2О), which have an X-ray amor-
phous structure, represented the phase composition of 
the P-TiO2-1 precursor synthesized at room temperature. 
The characteristic features of the diffraction pattern of this 
precursor, in particular, the complete absence of diffrac-
tion peaks and the presence of halos at 2θ = 20–40° and 
2θ = 40–55° (Fig. 2), testified to this.

Compared with P-TiO2-1, increasing the synthesis 
temperature of the P-TiO2-2 sample from 20 °C to 80 °C 
led to the formation of crystalline phases of titanium(IV) 
oxide in the form of two polymorphic modifications, such 
as anatase and brookite. The diffraction peaks at 2θ of 
25.3°, 37.9°, 47.9°, 54.5°, 62.9°, and 69.5° characterized 
the anatase phase with a tetragonal crystal lattice. The 
diffraction peaks located at 2θ of 25.3°, 30.8°, 36.2°, 42.4°, 
47.9°, and 54.5° (Fig. 2) corresponded to the brookite 
phase related to orthorhombic syngony. The low intensity 

and noticeable broadening of these peaks indicated the 
insignificant presence of X-ray amorphous component 
represented by titanium hydroxoforms in the P-TiO2-2 
sample. By the nature of diffraction pattern profile, the 
X-ray amorphous phase content in this precursor was no 
more than 3–5%.

It is important to note that the most intense peaks at 
2θ of 25.3°, 47.9°, and 54.5° in the diffraction pattern of 
the P-TiO2-2 sample were a superposition of peaks from 
anatase and brookite. For this reason, the parameters of 
superposition-free diffraction peaks of these crystalline 
phases, in particular, those located at 2θ = 37.9° for ana-
tase and at 2θ = 30.8° for brookite, acted as data for the 
quantitative phase analysis and evaluation of the crystallite 
(CSR) sizes using the Scherrer method. 

According to the results of quantitative X-ray phase 
analysis, the crystallinity degree of the P-TiO2-2 sam-
ple structure was 97 % with the content of anatase and 
brookite in the phase composition equal to 81 wt. % and 
16 wt. %, respectively, i.e. the ratio of anatase : brook-
ite = 83.5 % : 16.5 % ≈ 5 : 1. The average size of coherent 
scattering regions (CSR) of anatase and brookite, calcu-
lated using formula (1), was 5.4 and 6.4 nm, respectively 
(Table 3).

Thus, in the experimental study, the nanocrystal-
line sample of titanium dioxide (P-TiO2-2), having the 
anatase/brookite structure, was obtained at low synthesis 
temperature (T = 80 °C) and atmospheric pressure as a re-
sult of course of colloidal chemical processes in solutions. 
This low-temperature sol-gel method consisted of hy-
drolysis of titanium alkoxide in acidified water-alcoholic 

Fig. 2. Diffraction patterns of P-TiO2-1 (1) and P-TiO2-2 (2) samples of titanium dioxide precursors (see Table 1) with 
designated peaks of X-ray amorphous TiO2 (Am), anatase (A), and brookite (B)
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medium, exposure of the hydrolysis product at 80 °C, 
followed by washing and drying of the precipitate. It is 
known that the main advantages of low-temperature solu-
tion methods are the possibility of obtaining nanostruc-
tured titanium oxide-based photocatalysts without the use 
of ultrasonic treatment, autoclaving, and calcination of 
synthesis products at high temperatures (T ≥ 400–500 °C) 
[35, 40, 54].

Phase composition of TiO2 samples

Figure 3 shows the diffraction patterns of TiO2-1 and 
TiO2-2 titanium dioxide samples synthesized by calcina-
tion of the P-TiO2-1 and P-TiO2-2 precursors (see Table 1 
and Fig. 2), as well as the diffraction patterns of TiO2-3 
and TiO2-4 control industrial samples (see Table 2).

It was found that the phase composition of the stud-
ied samples included from one to three polymorphic 
modifications of TiO2, namely anatase, brookite, and 
rutile. The diffraction peaks located at 2θ of 25.3°, 37.8°, 
48.1°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3°, and 2θ of 27.4°, 
36.1°, 39.2°, 41.2°, 44.0°, 54.3°, 56.6°, 62.7°, 64.0°, 69.0°, 
69.8° (Table 4) in the diffraction patterns (Fig. 3) respec-
tively characterized the anatase and rutile phases with 
tetragonal crystal lattices. The diffraction peaks situated 
at 2θ of 25.3°, 30.8°, 36.1°, 48.1°, 53.9°, and 55.1° cor-

responded to the brookite phase related to orthorhombic 
syngony.

It was determined that the TiO2-1 and TiO2-3 samples 
contained only one crystalline phase in the form of ana-
tase and rutile, respectively. The structure of the TiO2-4 
sample was two-phase and consisted predominantly of 
rutile (97 wt. %) with inclusion of anatase (3 wt. %). The 
TiO2-2 sample included three phases as a mixture of ana-
tase, brookite, and rutile with the weight component ratio 
of 67 % : 13 % : 20 % ≈ 5.2 : 1 : 1.5 (Table 4).

The effects of the synthesis temperature of TiO2 pre-
cursors on the phase composition of their calcination 
products were analyzed. It is known that thermal treat-
ment leads to the ordering of the precursor structure due 
to the occurrence of olation-oxolation processes that pro-
mote the substance transition from X-ray amorphous 
to crystalline state. It was found that calcination of the 
P-TiO2-1 precursor at 500 °C resulted to the formation of 
the anatase phase from X-ray amorphous TiO2 (see Figs. 2 
and 3). At the same time, such thermal treatment of the 
P-TiO2-2 precursor contributed to the occurrence of three 
parallel crystallization processes, which gave rise to the 
phase transitions from X-ray amorphous TiO2 to anatase, 
from anatase to rutile, and from brookite to rutile. 

Thus, the obtained experimental data showed that 
the increase in the precursor synthesis temperature from 

Table 3. Results of quantitative X-ray diffraction analysis of TiO2 precursor samples (Table 1, Fig. 2)

Description of phases Position of the main peaks 
d, Å (2θ, °)

Samples

Type Name P-TiO2-1 P-TiO2-2

Phase composition, wt. %

A
m

or
ph

ou
s 

ph
as

e

X-ray amorphous TiO2

halos corresponding 
to 4.4–2.3 Å (situated at 20–40°) and to 

2.3–1.8 Å (at 40–52°) 
maximums in the area 

of 3.6 Å (25°) and 1.9 Å (47°)

100 3

Cr
ys

ta
lli

ne
 p

ha
se

s

anatase
3.52 Å, 2.37 Å, 1.90 Å, 1.68 Å, 

1.48 Å, 1.35 Å
(25.3°, 37.9°, 47.9°, 54.5°, 62.9°, 69.5°)

– 81

brookite
3.52 Å, 2.90 Å, 2.48 Å, 2.13 Å, 

1.90 Å, 1.68 Å 
(25.3°, 30.8°, 36.2°, 42.4°, 47.9°, 54.5°)

– 16

Structure parameters of the samples

Crystallinity degree of the structure, % 0 97

Anatase/brookite ratio in the mixture of crystalline phases, % – 83.5/16.5

Average CSR size of 
the crystalline phase, nm

anatase (peak at 2θ = 37.9°) – 5.4

brookite (peak at 2θ = 30.8°) – 6.4
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20 °C (for P-TiO2-1) to 80 °C (for P-TiO2-2) led to a de-
crease in the initial crystallization temperature of rutile. 
At the same time, the differences in the phase composi-
tion of the TiO2-2 and P-TiO2-2 samples indicated that 
the crystallization of rutile occurred primarily due to ana-
tase and to a lesser extent due to brookite. 

The structure crystallinity of TiO2 samples was evalu-
ated during the study. The synthesized TiO2-1 and TiO2-2 
samples had a nanocrystalline structure, as evidenced 
by the reduced intensity and noticeable broadening of 
the diffraction peaks of the crystalline phases in the dif-
fraction patterns. The average CSR size of the anatase, 
brookite, and rutile phases, calculated using the Scher-
rer formula (1), for the TiO2-1 and TiO2-2 samples was 
13.0–17.3 nm, 13.4 nm, and 31.3 nm, respectively. Thus, 
the P-TiO2-2 precursor calcination at 500 °C resulted in 
the increase of the anatase crystallite size, estimated by 
the peak at 2θ = 37.8–37.9°, from 5.4 nm to 13.0 nm, 
i.e. by 2.4 times (see Tables 3 and 4).

The industrial TiO2-3 and TiO2-4 samples had larger 
crystallite sizes. The average CSR sizes of the anatase and 
rutile phases for these control samples were 38.0–50.6 nm 
and 53.8–86.1 nm, respectively, which was 2.2–3.9 times 
and 1.7–2.8 times higher than the similar parameters of 
the synthesized TiO2-1 and TiO2-2 samples (Table 4).

Photocatalytic activity of TiO2 samples

It is known [55] that the rate of a dye solution dis-
coloration during photocatalysis is determined by the 
combined action of several basic processes, such as:

1. Dye photodegradation in the liquid phase. 
2. Dye adsorption on the photocatalyst surface.
3. Photocatalytic decomposition of dye molecules ad-

sorbed on the surface of photocatalyst particles.
Processes 2 and 3 are sequential, while the dye photo-

degradation in the liquid phase proceeds independently 
and simultaneously with processes 2 and 3.

Figure 4 shows the kinetic curves of methylene blue 
(MB) photodegradation in solution under exposure 
conditions of ultraviolet radiation (a) and solar radia-
tion (b) in the absence and presence of titanium oxide-
based photocatalysts such as TiO2-1, TiO2-2, TiO2-3, and 
TiO2-4. The kinetic curves show the change in relative 
dye concentration in solution (∆Ct), calculated using the 
formula (2), during ultraviolet irradiation for 120 minutes 
(Fig. 4(a)), as well as under exposure conditions to sun-
light (natural daylight) for 75 hours (Fig. 4(b)).

The study results showed that the concentration of 
methylene blue in the solution decreased exponentially 
under ultraviolet radiation. The rate of the photochemical 
reaction of dye decomposition was highest in the first 15–
30 minutes of UV light irradiation (Fig. 4(a)). The degree 
of MB degradation in the solution (φ∆Ct

), see formula (3)) 
in the absence of photocatalyst was φ∆C120 min

 = 11.0 % after 
120 minutes of UV exposure. When using control TiO2-3 
and TiO2-4 samples, the dye photodecomposed to the spec-
ified degree (11%) in less than 30 minutes of UV exposure, 
while the φ∆C120 min

 parameter increased by 3.8 times and 
5.2 times to the level of 42.2 % and 57.1 %, respectively.

The presence of photocatalysts based on synthesized 
TiO2-1 and TiO2-2 samples in the solution resulted in 

Fig. 3. Diffraction patterns of TiO2-1 (1), TiO2-2 (2), TiO2-3 (3), and TiO2-4 (4) samples of titanium dioxide (see Table 2) 
with designated peaks of anatase (A), brookite (B) , and rutile (R)
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a significant increase in the efficiency of dye photodeg-
radation under UV radiation. In particular, when using 
these photocatalysts, the time to achieve the destruction 
level of methylene blue φ∆Ct = 11 %, corresponding to 
120-minute photolysis of the dye, was 3–5 minutes. At the 
same time, the decomposition degree of methylene blue 
after t = 120 minutes of UV irradiation was 99.7 % and 
97.3 % in solutions with TiO2-1 and TiO2-2, respectively 
(Fig. 4(a)). It was 8.8–9.1 times and 1.7–2.4 times higher 
than the φ∆C120 min

 values recorded (1) during the MB pho-
tolysis in solution without photocatalysts and (2) during 
the dye photocatalytic decomposition in the presence of 
TiO2-3 and TiO2-4 control samples.

The efficiency of titanium oxide-based photocatalysts 
decreased significantly under conditions of sunlight expo-
sure. It was revealed that the degradation rate of methy-
lene blue was highest in the first 15 hours of natural light 
(first day of exposure) (Fig. 4 (b)). The decomposition 
degree of the dye in the solution without photocatalysts 
after t = 75 hours of exposure to daylight was φ∆C75 hours

 = 
88.2 %. The presence of TiO2-3 and TiO2-4 powders in the 
solution only slightly increased the φ∆C75 hours

 value, to the 
level of 91.0 % and 92.2 %, respectively. The photodestruc-
tion degree of methylene blue after t = 75 hours of exposure 
to solar radiation was 99.5 % and 99.7 % when using the 
synthesized TiO2-1 and TiO2-2 photocatalysts, respectively 
(Fig. 4(b)). In addition, the time to achieve the level of 
MB degradation φ∆Ct

 = 88 %, characteristic of 75-hour 
photolysis of the dye, for solutions with TiO2-1 and TiO2-2 

was reduced to 50–55 hours, which was 15–22 hours less 
than for the TiO2-3 and TiO2-4 control samples. 

It is known that the Langmuir–Hinshelwood model 
often describes the kinetics of photolysis and photocata-
lytic degradation of dye molecules in an aqueous medium, 
while the linearized integral forms of pseudo-first (4) or 
pseudo-second (5) order reaction equations usually ap-
proximate experimental data [56, 57]:

� (4)

� (5)

there C0 and Ct are the initial and current concen-
trations of the dye in aqueous solution (the same as in 
formulas (2) and (3)), mmol/L; 

t is the time of photochemical reaction, such as pho-
tolysis or photocatalytic decomposition of the dye, cor-
responding to the duration of exposure to UV radiation 
or solar radiation, min or h; 

k1 is the rate constant of photochemical reaction, such 
as photolysis or photocatalytic decomposition of the dye, 
in the linearized pseudo-first order kinetic equation (4), 
min–1 or h–1; 

k2 is the rate constant of photochemical reaction, such 
as photolysis or photocatalytic decomposition of the dye, 
in the linearized pseudo-second order kinetic equation 
(5), L/(mmol●min) or L/(mmol●h).

Table 4. Results of quantitative X-ray diffraction analysis of TiO2 samples (Table 2, Fig. 3)

Description of phases Position of the main peaks 
d, Å (2θ, °)

Samples

Type Name TiO2-1 TiO2-2 TiO2-3 TiO2-4

Phase composition, wt. %

Cr
ys

ta
lli

ne
 p

ha
se

s anatase

3.52 Å, 2.38 Å, 1.89 Å, 1.70 Å, 
1.67 Å, 1.48 Å, 1.36 Å, 1.34 Å

(25.3°, 37.8°, 48.1°, 53.9°, 
55.1°, 62.7°, 68.8°, 70.3°)

100 67 – 3

brookite 3.52 Å, 2.90 Å, 2.49 Å, 1.89 Å, 1.70 Å, 1.67 Å 
(25.3°, 30.8°, 36.1°, 48.1°, 53.9°, 55.1°) – 13 – –

rutile

3.25 Å, 2.49 Å, 2.30 Å, 2.19 Å, 2.06 Å, 1.69 Å, 
1.63 Å, 1.48 Å, 1.45 Å, 1.36 Å, 1.35 Å

(27.4°, 36.1°, 39.2°, 41.2°, 44.0°, 54.3°, 56.6°, 
62.7°, 64.0°, 69.0°, 69.8°)

– 20 100 97

Average CSR size of the crystalline phases, nm

anatase
peak at 2θ = 25.3° 17.3 13.0 – 50.6

peak at 2θ = 37.8° 17.2 13.0 – 38.0

brookite peak at 2θ = 30.8° – 13.4 – –

rutile peak at 2θ = 27.4° – 31.3 86.1 53.8
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Fig. 4. Kinetic curves of methylene blue photodegradation in solution under UV radiation (a) and solar radiation (b) 
in the absence of photocatalysts (black dotted curve characterizes to MB photolysis) and in the presence of TiO2 
samples (colored solid curves characterize to MB photocatalytic decomposition processes)

а

b
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Figures 5 and 6 show graphs describing the kinetics of 
photolysis and photocatalytic degradation of methylene 
blue in solution under UV light irradiation and sunlight ir-
radiation using pseudo-first order and pseudo-second order 

reaction equations. The angle of inclination of the linear 
dependences allowed to identify the rate constant values of 
the corresponding photochemical reactions occurring in 
the absence and in the presence of photocatalysts.

Fig. 5. Description of the methylene blue photodecomposition kinetics in solution under UV radiation in the absence 
(black dotted lines) and in the presence of photocatalysts based on TiO2 (colored solid lines) in the coordinates of 
pseudo-first order (a) and pseudo-second order (b) kinetic models

а

b
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Fig. 6. Description of the methylene blue photodecomposition kinetics in solution under solar radiation in the 
absence (black dotted lines) and in the presence of photocatalysts based on TiO2 (colored solid lines) in the 
coordinates of pseudo-first order (a) and pseudo-second order (b) kinetic models

а

b
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Fig. 7. Effects of anatase and rutile content in phase composition on photocatalytic activity of titanium dioxide in 
methylene blue solution under ultraviolet radiation (a) and solar radiation (b)

It was established that the pseudo-first order equa-
tions most adequately approximate the experimental data 
obtained during the study of photochemical reactions 
under UV radiation and solar radiation. Higher values of 
the determination coefficients in models (4) compared to 
pseudo-second order models (5), namely R1 = 0.9579–
0.9995 > R2 = 0.6122–0.984 (UV light, Fig. 5) and R1 = 
0.8378–0.9283 > R2 = 0.4097–0.7303 (sunlight, Fig. 6), 
testify to this.

It is known [57, 58] that heterogeneous reactions have 
two possible modes of course depending on the limiting 
stage, in particular, kinetic mode and diffusion mode 
characterized by the limiting contribution of chemical 
reaction or diffusion, respectively. A more accurate de-
scription of the experimental data by the pseudo-second 
order kinetic model indicates the limiting contribution 
of the chemical reaction to the heterogeneous process. 
The conformity of the process kinetics to the pseudo-first 
order model suggests that the diffusion stage limits the 
heterogeneous reaction. Thus, the obtained experimen-
tal data showed that the photodegradation of methylene 
blue in solution under UV radiation and solar radiation 
with the participation of TiO2-1, TiO2-2, TiO2-3, and 
TiO2-4 samples proceeded in the diffusion mode due to 
the correspondence to the pseudo-first order model (4). 
Dye adsorption on the surface of titanium oxide-based 
photocatalysts limited these photocatalytic processes.

The study results showed that the presence of titanium 
dioxide powders in the solution significantly intensified 
the process of methylene blue decomposition under UV 
light irradiation. The values of the rate constants of pseu-
do-first order reactions for photocatalytic processes were 
k1 = 0.0045–0.0496 min–1, which was 4.5–49.6 times 
higher than in the dye photolysis without titanium oxide-
based photocatalysts (k1 = 0.001 min–1) (Fig. 5(a)).

The photoactivity of the studied TiO2 samples markedly 
decreased under the conditions of solar radiation exposure 
(Fig. 6(a)), which was evidenced by the convergence of the 
values of the rate constants of photocatalytic reactions (k1 = 
0.027–0.0635 h–1) and dye photolysis (k1 = 0.0243 h–1). 

According to Fig. 4, 5, and 6, the synthesized TiO2-1 
and TiO2-2 samples had higher photocatalytic activity 
compared to the TiO2-3 and TiO2-4 control industrial 
samples, regardless of the exposure conditions, namely 
UV radiation or solar radiation.

The phase composition noticeably influenced the ef-
ficiency of titanium oxide-based photocatalysts. It was 
revealed that polymorphic modifications of TiO2 had 
multidirectional effects on the functional characteristics 
of the material, in particular, an increase in the content of 
anatase and rutile led to an increase and decrease in the 
photoactivity of TiO2 samples, respectively (Fig. 7). The 
single-phase TiO2-1 sample of anatase modification was 
the most effective under UV irradiation, while the three-

а
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Fig. 7. The End

phase TiO2-2 sample with the ratio of anatase : brookite : 
rutile = 67% : 13% : 20% ≈ 5,2 : 1 : 1,5 (Table 4) had 
the highest activity under daylight exposure. At the same 
time, according to Fig. 7, the photoactivity of heterophase 
samples under solar was higher in comparison with the 
TiO2-1 sample when the content of anatase in the mixture 
of crystalline phases was at least 40–50%, i.e. when this 
phase prevailed in the material composition.

The obtained experimental data were consistent with 
the results of studies by other authors. In particular, the 
papers [35, 39, 40] showed that the combination of two or 
three polymorphic modifications of TiO2 in the structure, 
in particular, anatase/rutile, anatase/brookite, anatase/
brookite/rutile with anatase predominating, made it pos-
sible to increase the photocatalytic activity of the material 
compared to single-phase titanium oxide photocatalysts 
by reducing the recombination rate of photoinduced 
charge carriers.

CONCLUSION

The following scientific results were obtained in the 
paper:

1. The effects of synthesis conditions on the structure 
parameters of TiO2 precursors obtained by hydrolysis of 
titanium alkoxide in acidified water-alcoholic medium 
were established. 

2. The phase composition features were determined 
for four titanium(IV) oxide samples, namely two indus-
trial samples and two samples synthesized by calcination 
of TiO2 precursors at 500 °C.

3. The kinetics of photodecomposition process of 
methylene blue in solution was disclosed under condi-
tions of exposure to ultraviolet radiation and solar radia-
tion in the absence and presence of titanium oxide-based 
photocatalysts. The most effective TiO2 samples under the 
specified exposure conditions were determined.

4. The effects of phase composition on the photocata-
lytic activity of titanium dioxide samples were revealed 
under conditions of exposure to artificial ultraviolet light 
and natural daylight. 

5. The interrelations and regularities were established 
between the synthesis conditions, phase composition and 
photoactivity of TiO2, which made it possible to optimize 
the prescription and technological parameters for ob-
taining effective titanium oxide-based photocatalysts for 
self-cleaning concrete.

The results of the experimental study showed the 
possibility of obtaining the nanocrystalline sample of 
titanium(IV) oxide with anatase/brookite structure at 
low synthesis temperature (T = 80 °C) and atmospheric 
pressure as a result of course of colloidal-chemical pro-
cesses in solutions. It was revealed that a decrease in the 
synthesis temperature, including the gel aging tempera-

b
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(more than 50%), allowed to achieve a synergistic effect of 
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under conditions of solar radiation due to the formation 
of type-II semiconductor heterojunctions in multiphase 
composite. Heterostructures made it possible to improve 
the spatial separation of charge carriers and to reduce 
the recombination rate of photogenerated electron-hole 
pairs. Thus, the obtained results indicated the possibility 
of improving the functional characteristics of titanium 
oxide-based additives for self-cleaning concrete due to the 
targeted regulation of their phase composition by optimiz-
ing the synthesis parameters of photocatalytic modifiers.
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