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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 (TiO,) is the most common. It has been found that the functional properties of TiO, 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 TiO, 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 TiO, 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 TiO, 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-Il 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.
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HaHoCTpyKTypupoBaHHble poToKaTannsaTtopbl HA OCHOBE
AVNOKCcMAA TUTaHa ANA CaMmoouMLLaloLWNXcA 6eTOHOB.
OueHka BnusaHnA ¢a3oBoro cocraBa
Ha ¢oTOKaTaNNTUUYECKYI0 aKTMBHOCTDL TiO,
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AHHOTALMA

BBepeHue. B HacTosLIee Bpems NepcrneKTVBHbIM HanpaBieHMeM CTPOUTENbHOTO MaTepranoBeeHs ABAsAeTCs pa3paboTka GpoTo-
KaTaJIMTUYECKM aKTUBHbBIX LIeMEHTHbIX MaTepuranoB, 06afatoLLyx CNoCOBHOCTbIO K camoounLieHuto. MNonyyeHne camooumLaoLLmxcs
6ETOHOB [JOCTUrAETCA 3a CYET UCMOMNb30BaHMA GOTOKATANIUTUUYECKMX AOOABOK, Cpean KOTOPbIX Hanbonbliee pacnpoCcTpaHeHe
nonyunn AUOKCMA TTaHa. M3BecTHo, uTo GyHKLMOHanbHble cBoNCTBa TiO, B 3HAaUMTENIbHON CTeNeHN 3aBUCAT OT ero $pa3oBoro co-
cTaBa. Llenb faHHOro nccnenoBaHmsa — yCTaHOBUTb 3aKOHOMEPHOCTY BMAHUSA $a30BOro coctaBa Ha GOTOKATaNMTUUECKYHO aKTUB-
HOCTb AMOKCMAA TUTaHa B YCIIOBUAX BO3AENCTBUA NCKYCCTBEHHOTO YNbTPadroNeTOBOro U eCTeCTBEHHOIO CONTHEYHOTO U3MTyUeHNIA
C BblfiBNIeHNeM Hanbonee 3¢pdeKTUBHbIX TUTAHOKCUAHbIX GOTOKATaNM3aTOPOB ANA NOCeAyoLero NpYMeHeHns B pelenTtype
camoouuLarwmxca 6etoHoB. Metogbl n maTepuanbl. O6beKTamy UCCIef0BaHUSA ABNANUCH YeTblpe obpasLa AMOKCMAA TUTaHa:
[Ba NPOMBbILLUMEHHbIX 1 jBa CUHTE3UPOBAHHBIX NyTEM MMAPOIM3a aNKoKCUaa TUTaHa B MOAKNC/IEHHON BOLHO-CMIMPTOBOW Cpefe C Mo-
cnefyloWwmMM NpoKanueaHviem npu Temnepatype 500 °C. MccnegosaHue napameTpoB CTPYKTypbl 06pa3suos TiO, BbINOAHANOCH MeTO-
[OM PEHTIeHOBCKO NopoLLKoBoii audpaktometpun. DoToKaTannTnyeckas akTMBHOCTb 06pa3L0OB AUOKCUAa TUTaHa Obina n3ydyeHa
B MOAENIbHOW peaKL M OKNCINTENIbHOW JeCTPYKLUN METUIIEHOBOTO CUHEro Npu Bo3gencTeun YO- n gHeBHOro cBeTa. Pesynbratbl
n o6cyKaeHme. YCTaHOBIIEHO, YTO NonnMopdHble MoandrKaumy AnoKcuaa TTaHa OKasbliBaloT pasHOHaNpaBieHHoe BIvAHMeE
Ha ero GyHKLVOHasbHble XapaKTepUCTUKI: YBENIMYEHNE COAepXKaHMA aHaTas3a 1 pyTuia NPUBOANT COOTBETCTBEHHO K MOBBILLEHWIO
1 CHUXKeHWIo GoToaKkTMBHOCTM 06pa3suos TiO,. Mpu YO-06nyueHun Hanbonbluyto 3GpdeKTBHOCTb NoKasan ogHodasHbIN obpasel
C aHaTa3HOW CTPYKTYPOIA, @ B YCIIOBUAX BO3AENCTBMSA JHEBHOMO CBeTa — TpexdasHbIii obpasel, ¢ COOTHOLIEHEM aHaTas : GpyKHT :
py™in = 67% : 13% : 20%. Hannune B coctaBe dpoToKaTanmnsatopa Heckonbkux nonumopdos TiO, c npeobnagaHnem aHaTasHoM
dopmbl (6oniee 50%) No3BoNAET 4OCTUUYb CUHEPreTUYeckoro a¢pdeKTa NoBbileHNs GOTOKATAIMTUUYECKON aKTVBHOCTU AMOKCMAA
TUTaHa B YCNIOBUAX BO3LENCTBUA CONTHEYHOTO U3NyyYeHnsa 6narogapa GopMmMpoBaHio NoyrpoBOAHMKOBBIX FETePOCTPYKTYP (re-
Teponepexonos) Il Trna, cnocobCTBYIOWIX YNYULLIEHMIO CENapaLny U CHUXKEHUIO CKOPOCTY PEKOMOMHaUMK GOToreHeprMpoBaHHbIX
3NEKTPOHHO-AbIPOYHbIX Map. 3aKioueHue. [onyyeHHble pe3ynbTaThl CBUAETENbCTBYIOT O BO3MOXHOCTY YilyylleHnsA GyHKLUOHaSb-
HbIX XapaKTEPUCTUK TUTAHOKCUAHDBIX 4OGABOK 1151 CAMOOUMLLAIOLLMXCA GETOHOB 3a CYET HaMpPaBIEHHOTO PeryMpoBaHus X ¢asoBoro
COCTaBa, YTO MOXET ObITb JOCTUIHYTO MOCPEACTBOM ONTMMM3aLUM NAPAMETPOB CHTE3a GOTOKATAIUTUYECKUX MOANDUKATOPOB.

KJTIOYEBbBIE CJIOBA: camoouuwaownincs 6eToH, dotokaTanmsaTop, ANOKCUA TUTAHA, 30/b-reflb MeTod, poToKaTanutTmyeckas
aKTUBHOCTb, $ha3oBblll COCTaB, pa3Mep KPUCTaITOB, HAHOCTPYKTYPbI, reTepornepexog, nonumopdursm, aHatas, 6pyKuT, pyTun,
peHTreHoBCKaA Andpakuuma

BNIAFTOAAPHOCTW: nccnenoBaHme BbIMOMIHEHO 3a cYeT rpaHTa Poccuiickoro HayuHoro ¢poHpa (npoekT N° 23-79-01029), https://
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AnAa UUTUPOBAHUA:

Banbikos A.C., YyryHos [1.b., KawkuH B.M., Jasbigosa H.C. HaHOCTpyKTyprpoBaHHble poToKaTanM3aTopbl Ha OCHOBE AMOKCMAA TUTaHA
ANA camoouniaoLmxca 6eToHoB. OueHKa BAMAHNA $a30Boro cocTaBa Ha pOTOKATaNNTUYECKYIO akTUBHOCTb TiO,. HaHomexHonozuu
8 cmpoumesnscmae. 2025;17(3):307-324. https://doi.org/10.15828/2075-8545-2025-17-3-307-324. - EDN: YVRFDW.

INTRODUCTION particular, high-strength concrete [3, 4], self-compacting
concrete [5, 6], fiber reinforced concrete [7—9], reactive

The development of cement-based materials with high ~ powder concrete [10, 11], self-prestressing concrete |5,

performance characteristics is a priority area of building 12, 13], etc.

materials science [1, 2]. The range of modern modified It is known that individual or complex application

concretes is quite diverse and includes different types, in ~ of chemical and mineral additives with different com-
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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 TiO,. 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 TiO,, such as anatase, brookite, rutile, and TiO,(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 TiO, 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 TiO,(B) phase,
which is a mixture of monoclinic syngony crystals, was
first synthesized in 1980 by hydrolysis of K,Ti,O, fol-
lowed by thermal treatment at 500 °C [38]. TiO,(B) is the
least dense polymorph of titanium dioxide. In addition,
TiO,(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/TiO,(B) [47,
48], and rutile/TiO,(B) [49], anatase/brookite/rutile [50—
52], and anatase/rutile/TiO,(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 TiO, by
improving the separation of charge carriers and reducing

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
3:10r4:1][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 TiO, 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 TiO,, 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 TiO, 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 (TiO,'nH,0).

At the initial stage of the synthesis, titanium tetraiso-
propoxide (TTIP, pure grade) was dissolved in anhydrous
isopropyl alcohol (C,H,OH, pure grade), then 0.1 M
HNO, 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
VT, . :V V., o'M=0.75: 1.0 : 1.0. The sol-gel

TIP © "C3H70H * "~ HNO3
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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 TiO, precursor powder.

During the experimental study, the variable param-
eters of synthesis were temperature at mixing of solutions
(Tm,.xmg) and temperature of gel aging (7, , ). The variation
levels of these parameters were 20 °C and 80 °C. The dry-
ing temperature (Tdrymg) and drying time (¢ drymg) of samples
were constant at 80 °C and 2 hours, respectively.

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

The P-TiO,-1 and P-TiO,-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 TiO,-1 and TiO,-2. Two com-
mercial (industrial) samples of titanium(IV) oxide, char-
acterized by different phase composition and designated
as TiO,-3 and TiO,-4, were control samples.

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

X-ray diffraction phase analysis of TiO, samples
and their precursors

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

Nanobm

Netherlands). The shooting conditions included the use
of CuK  radiation with wavelength A = 1.5406 A, 620
scanning mode, shooting range 26 = 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 TiO, samples. The average
sizes of CSR (crystallites) of these phases were determined
by the main diffraction peaks free from superposition,
in particular, at 20 = 25.3° and 20 = 37.9° for anatase
(in the absence and presence of brookite, respectively),
at 206 = 30.8° for brookite, and at 26 = 27.4° for rutile.
The classical Scherrer formula was used to calculate the
crystallite size:

K-A
— p (1)
[ - cos >

D=1L.,=

there D (L) is the average size of crystallites (CSR)
of the analyzed phase, A;

K is the particle shape coefficient (Scherrer constant),
K=0.9-1.0;

M is the wavelength of X-ray radiation, A = 1.5406 A;

[ is the full width at half maximum (FWHM) for the
analyzed diffraction peak of phase, radians;

0 is the X-ray diffraction angle, radians.

Table 1. Synthesis parameters and labeling of TiO, precursor samples

Synthesis parameters
9 3 Labeling Solution mixing Gel aging Gel drying
2 o .
£ E of TiO, precursor | tempera- . Tempera- ) Tempera- .
w ¢ samples t Time, Time, Time,
ure, . h ture, . h ture, . h
o mixing” T , °oC aging” T, ,° drying’
mixing aging’ drying’
1 P-TiO,-1 20 20 5 80
2 P-TiO,-2 80 80 5 80
Table 2. List of investigated TiO, samples and conditions for their obtaining
Calcination parameters
. of TiO, precursors
Samole Labeling | Type of pre-
numger of TiIO, | cursor used Temperature | | 1 ermal Note
samples (Table 1) Temperature, rise rate, aging time,
calcination” ° vcalcinal'ion’
°C/min calcination”
1 TiO,-1 P-TiO,-1 500 s 4 samples synthesized by
2 TiO,-2 P-TiO,-2 calcination of precursors
3 TiO,-3 ~ ~ ~ ~ commercial (industrial)
4 TiO,-4 samples
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Evaluation of photocatalytic activity of TiO, 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 TiO, 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 TiO, and methylene blue in the
suspensions was 50 : 1. The dye concentration in the solu-
tion was 10 mg/I. 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 TiO, 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 (AC, rel. units) and the photocatalytic decom-
position degree (¢, ), %) of methylene blue were:

Ce

AC, ==

@ac, = (1 —AC,) - 100 % =

Co\ oo (Co=Coy
= (1 —C—O) =100 % = (C—o) =100 %), (3)

there C, is the optical density of MB solution after ex-
posure to UV radiation or solar radiation during time (7),
rel. units (it characterizes the current dye concentration
at time (¢), mmol/L);

2
664
1.6
8
5
B 12
'g 0.8
5
g 246 \ |
(N \
0 ¥
200 300 400 500 600 700 800

Wavelength, nm

Fig. 1. Absorption spectrum of aqueous solution of methylene blue
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C, is the initial optical density of MB solution, rel.
units (it characterizes the initial dye concentration before
exposure to UV light or sunlight (7, = 0 minutes or 7, = 0
hours), mmol/L).

RESULTS AND DISCUSSION

Effects of synthesis conditions on structure
parameters of TiO, precursors

Figure 2 shows the diffraction patterns of P-TiO,-1
and P-TiO,-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 (TiO,'nH,0), which have an X-ray amor-
phous structure, represented the phase composition of
the P-TiO,-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 26 = 20—40° and
20 = 40-55° (Fig. 2), testified to this.

Compared with P-TiO -1, increasing the synthesis
temperature of the P-TiO -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 26 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 20 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-TiO,-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
26 of 25.3°, 47.9°, and 54.5° in the diffraction pattern of
the P-TiO,-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 26 = 37.9° for ana-
tase and at 26 = 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-TiO,-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-TiO,-2), having the
anatase/brookite structure, was obtained at low synthesis
temperature (7'= 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

% 150000 —
=
3
[e]
)
= ]
‘@
c
o
£ 100000
50000 |
0 T ‘ T I T I T ‘ T I T T ‘ T I T I T ‘ T I T I T ‘ T
10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta (°)

Fig. 2. Diffraction patterns of P-TiO,-1 (1) and P-TiO,-2 (2) samples of titanium dioxide precursors (see Table 1) with
designated peaks of X-ray amorphous TiO, (Am), anatase (A), and brookite (B)
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Table 3. Results of quantitative X-ray diffraction analysis of TiO, precursor samples (Table 1, Fig. 2)

Description of phases Position of the main peaks Samples
d,A(26,° : .
Type Name 2 P-TiO,-1 P-TiO,-2
Phase composition, wt. %
i halos corresponding
Sy to 4.4-2.3 A (situated at 20-40°) and to
B s X-ray amorphous TiO, 2.3-1.8 A (at 40-52°) 100 3
[olre% . .
g maximums in the area
< of 3.6 A (25°) and 1.9 A (47°)
o 3.52A,237A,1.90A,1.68A,
;__? anatase 1.48 A, 1.35A - 81
% (25.3°,37.9°,47.9°,54.5°,62.9°, 69.5°)
c
I 3.52A,290A,248A,2.134,
2 brookite 1.90A,1.68 A - 16
v (25.3°,30.8°,36.2°,42.4°,47.9°, 54.5°)
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 anatase (peak at 26 = 37.9°) - 54
the crystalline phase, nm brookite (peak at 26 = 30.8°) - 6.4

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 TiO, samples

Figure 3 shows the diffraction patterns of TiO,-1 and
TiO,-2 titanium dioxide samples synthesized by calcina-
tion of the P-TiO,-1 and P-TiO,-2 precursors (see Table 1
and Fig. 2), as well as the diffraction patterns of TiO,-3
and TiO,-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 TiO,, namely anatase, brookite, and
rutile. The diffraction peaks located at 26 of 25.3°, 37.8°,
48.1°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3°, and 26 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 20 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 TiO,-1 and TiO,-3 samples
contained only one crystalline phase in the form of ana-
tase and rutile, respectively. The structure of the TiO,-4
sample was two-phase and consisted predominantly of
rutile (97 wt. %) with inclusion of anatase (3 wt. %). The
TiO,-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 TiO, 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-TiO,-1 precursor at 500 °C resulted to the formation of
the anatase phase from X-ray amorphous TiO, (see Figs. 2
and 3). At the same time, such thermal treatment of the
P-TiO,-2 precursor contributed to the occurrence of three
parallel crystallization processes, which gave rise to the
phase transitions from X-ray amorphous TiO, 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
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Fig. 3. Diffraction patterns of TiO,-1 (1), TiO,-2 (2), TiO,-3 (3), and TiO,-4 (4) samples of titanium dioxide (see Table 2)
with designated peaks of anatase (A), brookite (B), and rutile (R)

20 °C (for P-TiO,-1) to 80 °C (for P-TiO,-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 TiO,-2 and P-TiO,-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 TiO, samples was evalu-
ated during the study. The synthesized TiO,-1 and TiO,-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 TiO,-1 and TiO,-2 samples was
13.0—17.3 nm, 13.4 nm, and 31.3 nm, respectively. Thus,
the P-TiO,-2 precursor calcination at 500 °C resulted in
the increase of the anatase crystallite size, estimated by
the peak at 20 = 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 TiO,-3 and TiO,-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 TiO,-1 and TiO,-2 samples (Table 4).

Photocatalytic activity of TiO, 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 TiO,-1, TiO,-2, TiO,-3, and
TiO,-4. The kinetic curves show the change in relative
dye concentration in solution (AC), 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 (¢ ac)» S€€ formula (3))
in the absence of photocatalyst was @, Comin 11.0 % after
120 minutes of UV exposure. When using control TiO,-3
and TiO,-4 samples, the dye photodecomposed to the spec-
ified degree (11%) in less than 30 minutes of UV exposure,
while the @ AC10 iy PATAMICEET 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
TiO,-1 and TiO,-2 samples in the solution resulted in
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Table 4. Results of quantitative X-ray diffraction analysis of TiO, samples (Table 2, Fig. 3)

Nanobm

Description of phases Position of the main peaks Samples
Type Name d, A(26,°) Tio,-1 | TiO,2 | TiO,-3 | TiO,-4
Phase composition, wt. %
3.52A,238A,1.89A,1.70 A,
1.67A,1.484,1.36A,1.34 A
2 anatase (25.3°,37.8°, 48.1°, 53.9°, 100 67 B 3
;;‘G 55.1°,62.7°,68.8°, 70.3°)
o crookite | 352A290A,249A,189A,170A,167A | _ 3 ) )
= (25.3° 30.8° 36.1°,48.1°,53.9%, 55.1°)
©
2 3.25A,249A,230A,2.19A,206 A, 1.69 A,
v ) 163A,1.48A,1.45A,136A,1.35A
rutile (27.4°,36.1°,39.2°, 41.2°, 44.0°, 54.3°, 56.6°, - 20 100 7
62.7°,64.0°,69.0°, 69.8°)
Average CSR size of the crystalline phases, nm
peak at 26 = 25.3° 17.3 13.0 - 50.6
anatase
peak at 20 = 37.8° 17.2 13.0 - 38.0
brookite peak at 26 =30.8° - 13.4 - -
rutile peak at 26 = 27.4° - 31.3 86.1 53.8

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 @ N 11 %, corresponding to
120-minute photolysis of the dye, was 3—5 minutes. At the
same time, the decomposition degree of methylene blue
after = 120 minutes of UV irradiation was 99.7 % and
97.3 % in solutions with TiO,-1 and TiO,-2, respectively
(Fig. 4(a)). It was 8.8—9.1 times and 1.7—2.4 times higher
than the ¢ AC10 iy YALTUCS recorded (1) during the MB pho-
tolysis in solution without photocatalysts and (2) during
the dye photocatalytic decomposition in the presence of
TiO,-3 and TiO,-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 = 75 hours of exposure to daylight was ¢ ACH hours
88.2 %. The presence of TiO,-3 and TiO,-4 powders in the
solution only slightly increased the ¢ ACP hours value, to the
level 0f 91.0 % and 92.2 %, respectively. The photodestruc-
tion degree of methylene blue after = 75 hours of exposure
to solar radiation was 99.5 % and 99.7 % when using the
synthesized TiO,-1 and TiO,-2 photocatalysts, respectively
(Fig. 4(b)). In addition, the time to achieve the level of
MB degradation ¢ N 88 %, characteristic of 75-hour
photolysis of the dye, for solutions with TiO,-1 and TiO,-2

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

It is known that the Langmuir—Hinshelwood model
often describes the kinetics of photolysis and photocata-
Iytic 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]:

C
“In() =k -, ()
0
1 1 ket
Ct - CO — 2 ’ (5)

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

tis 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;

k, 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~'orh™;

k, 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/(mmolemin) or L/(mmolsh).
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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 TiO,
samples (colored solid curves characterize to MB photocatalytic decomposition processes)
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Figures 5 and 6 show graphs describing the kinetics of ~ reaction equations. The angle of inclination of the linear
photolysis and photocatalytic degradation of methylene  dependences allowed to identify the rate constant values of
blue in solution under UV light irradiation and sunlight ir-  the corresponding photochemical reactions occurring in
radiation using pseudo-first order and pseudo-second order ~ the absence and in the presence of photocatalysts.
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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 TiO, (colored solid lines) in the coordinates of
pseudo-first order (a) and pseudo-second order (b) kinetic models
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coordinates of pseudo-first order (a) and pseudo-second order (b) kinetic models
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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 R, = 0.9579—
0.9995 > R, = 0.6122—0.984 (UV light, Fig. 5) and R, =
0.8378—0.9283 > R, = 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 TiO,-1, TiO,-2, TiO,-3, and
TiO,-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
k, = 0.0045—0.0496 min~', which was 4.5—49.6 times
higher than in the dye photolysis without titanium oxide-
based photocatalysts (k, = 0.001 min~') (Fig. 5(a)).

The photoactivity of the studied TiO, 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 (k, =
0.027—-0.0635 h™') and dye photolysis (k, = 0.0243 h™").

According to Fig. 4, 5, and 6, the synthesized TiO,-1
and TiO,-2 samples had higher photocatalytic activity
compared to the TiO,-3 and TiO,-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 TiO, 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 TiO, samples, respectively (Fig. 7). The
single-phase TiO,-1 sample of anatase modification was
the most effective under UV irradiation, while the three-

@ 0.05 gr

2

5 2 0.04

e d

2.8

S8 0.03

$

25

S E 0.02

=2 8

g g

2 3

82 001

g3 - T e o
S i T

0 T 1
0 20 40 60 80 100
Phase content (C,) in sample, wt. %
Phases under study:
B Anatase @Rutile

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)
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phase TiO,-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
TiO,-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 TiO, 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 TiO, 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 TiO, 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 TiO, samples under the
specified exposure conditions were determined.

4. The effects of phase composition on the photocata-
Iytic 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 TiO,, 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(I'V) oxide with anatase/brookite structure at
low synthesis temperature (7= 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-
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ture, from 80 to 20 °C led to the transition of TiO, from
the nanocrystalline to X-ray amorphous state.

The phase composition noticeably influenced the ef-
ficiency of titanium oxide-based photocatalysts. It was
found that polymorphic modifications of TiO, had mul-
tidirectional effects on its functional characteristics, in
particular, an increase in the content of anatase and rutile
led to an increase and decrease in the photoactivity of
titanium dioxide samples, respectively. The single-phase
sample with anatase structure was the most effective un-
der UV irradiation, while the three-phase sample with the
ratio of anatase : brookite : rutile = 67% : 13% : 20% ~
5,2 : 1 : 1,5 had the highest activity under daylight ex-
posure.
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