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ABSTRACT

Introduction. Concrete and cement composites can be considered as the most demanded and versatile building materials nowa-
days. Recently, photocatalytic building materials containing nano- and finely dispersed oxides and salts photocatalyst particles,
especially titanium dioxide of anatase modification, are becoming widespread. Under the influence of light, the surface of these
materials becomes capable of self-cleaning. The materials photocatalytic activity is usually determined in the laboratory conditions
by irradiating samples with an artificial source of light with certain wavelength, which does not fully characterize the behavior of the
material in real-life conditions. Therefore, the purpose of this study is to evaluate the photocatalytic activity of cement-sand plaster
samples under natural solar radiation. Materials and methods of research. In this study, the properties of cement-sand plaster
modified with an additive of industrial TiO, were studied. The additive was introduced into the plaster compositions in amounts of
0.3;1.0; 1.7; 3.0; 5.0 and 10.0 wt.% during the dry mixing of the components. At the first stage, the effect of the additive on physical
and mechanical properties of the samples was investigated. The second part of the research is devoted to the study of the pho-
tocatalytic properties of the material. Mineralization of the model pollutant Methylene blue was carried out in real-life conditions
under sunlight irradiation, the photocatalytic activity of the samples was evaluated in accordance with the European standard UNI
11259-2016. Results and discussion. As a result of the study, the authors found that the maximal increase in compressive and flexural
strength corresponds to the sample with 5.0 wt.% of TiO,, and the maximum degree of Methylene blue decomposition corresponds
to the sample with 10.0 wt.% of TiO,. Thus, compressive strength increases by 69% at 2 days age, by 58% at 7 days age, and by 50%
at 28 days age compared to the control sample. Flexural strength increases by 10, 13, and 50% at 2, 7, and 28 days age, respectively.
The strength of the samples with 10.0 wt.% of TiO, remains approximately at the level of the control sample. Compositions with TiO,
starting from 3 wt.% demonstrate photocatalytic activity (R), the highest R corresponds to 10 wt.% sample with R value is 40-78%.
Itis also noticeable that the maximum Methylene blue mineralization (58-78%) is observed after 2 days of sunlight irradiation, after
7 days there is a significant decrease in the degree of pigment decomposition. Conclusion. As a result of the research, the authors
concluded that the optimal amount of TiO, photocatalyst in the cement-sand plaster is 5.0-10.0 wt.% since these samples exhibit
maximum strength characteristics combined with a high ability of model contaminant degradation.
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AHHOTALMA

BBepeHme. beToH 1 pa3HOO6pa3sHbIe LIeMEeHTHble KOMMO3UTbl C YBEPEHHOCTbIO MOXHO OTHECTU K Haunbonee BoCcTpeboBaHHbIM
1 YHUBEPCasbHbIM CTPOUTENbHBIM MaTepranam. He Tak JaBHO LUMPOKOE pacnpocTpaHeHe nosyumnmn GoToKaTanmTuIeckm akTuBHble
CTpouTesibHble MaTepuarbl, COAepKaLLe B CBOel CTPYKTYype YacTuLbl GOTOKaTaIM3aTopOB Ha OCHOBE HAHO- M TOHKOAUCMEPCHBIX
YaCTML, OKCUZOB U CONell HEKOTOPbIX METAJIOB, B YaCTHOCTU AMOKCMAA TUTaHa aHaTazHou Mogudurkauuu. Mo Bo3gencTeuem ceeta
NMOBEPXHOCTb TaKMX MaTeprasnoB CTaHOBUTCA CMOCOOHOM K CaMOOUMLLEeHNIO. 3a4acTyto labopaTopHas oLeHKa GOTOKaTannTNYeCcKom
aKTMBHOCTW MaTepurarna CBOgMTCA K 065yUYeHrto 06pa3LoB UCKYCCTBEHHBIM UCTOYHMKOM CBETA ONpeAeNieHHOW ANUHBI BOJHbI, UTO
HeAOoCTaTOUYHO MOMHO XapaKTepr3yeT NoBefeHre MaTeprana Npu SKCnyaTaumnn B peanbHbIX YCIOBUAX OKpYXKatoLen cpeppl. No-
3TOMY LIeNblo faHHOTO UCCNeJOBaHMsA ABMSAETCA OLeHKa GpOTOKaTaIMTUYECKON aKTUBHOCTY 06pa3L0B LIeMeHTHO-MeCYaHoN WTy-
KaTypKU/ B YCNOBUAX 06JTyYeHNA eCTECTBEHHbBIM CONTHEYHbIM CBETOM B MPUPOAHDBIX YC/I0BMsAX. MaTepuanbl  MeTogbl. B pamkax
JaHHOW paboTbl M3yyanu CBOMNCTBA LIeMEeHTHO-NeCYaHoN WTYKaTypKu, MOANGULMPOBAHHON A06ABKOV NPOMbILLIEHHOTO AMOKCMAA
TUTaHa aHaTa3Hol moaudrKauymu. lo6asky BBOAWM B LUTYKaTypHble cocTaBbl B kKonmuecTtsax 0,3; 1,0; 1,7; 3,0; 5,0 n 10,0 macc.%
B MpoLiecce Cyxoro CMeLLIMBaHUA KOMMOHEHTOB. Ha nepBom 3Tane nccnefoBanu BAnsHVE J06ABKU Ha CTPOUTENIbHO-TEXHUYECKME
1 GU3NKO-MeXaHNYECKNe XapaKTEPUCTUKN 06pa3LoB. Bropasa yacTb nccnefoBaHUs NoCBALLeHa U3yyeHrto GOoToKaTannTUYeCKmX
cBOWCTB MaTepurana. DoTooKMcneHne MOAeNbHOro 3arpasHuTena MeTuneHoBOro CMHEro MPOBOAMAN B NPUPOAHbIX YCNOBUAX NOA
BO3[EeNCTBMEM €CTECTBEHHOrO COJTHEYHOTO M3yUyeHUs, GOoToKaTannTUUYEeCKyo akTMBHOCTb 06pa3LIOB OLEHVBANN B COOTBETCTBUN
c eBponenckum ctaHgapTom UNI 11259-2016. PesynbraTbl. B pe3ynbrate npoBefeHHOro NccnefoBaHnsa aBTopbl YCTaHOBWN, UTO
Han6OMbLWINI NPUPOCT NPOYHOCTU NPY CKaTUK 1 U3rMbe COOTBETCTBYET 0bpasLy ¢ 5,0% macc. fobaekm TiO,, a MakcMManbHas CTe-
neHb pasnoxeHns MeTuneHOBOro CUHero xapakTepHa ana obpasua c 10,0% macc. TiO,. Tak, NPOYHOCTb NP CKaTuK BO3pacTaeT
Ha 69% BO BTOpble CyTKM, Ha 58% B Bo3pacTe 7 CyTOK 1 Ha 50% B MapO4YHOM BO3pacTe MO CPAaBHEHUIO C KOHTPOJIbHbIM 06pa3LoM.
MpouHocTb Npu n3rnbe ysenmureaetca Ha 10; 13 n 50% Bo 2, 7 1 28 CyTKU, COOTBETCTBEHHO. MPOYHOCTb 06pa3LoB ¢ 60nbLWNM
KONMyecTBOM A06aBK/ OCTAaeTcs NPYMepPHO Ha ypoBHe 6e3nobaBouHoro obpasua. PoToKaTanUTUUECK/ aKTUBHBIMU ABAAIOTCA
cocTaBbl € cogepkaHviem TiO, HaumHas ¢ 3% macc,, Hanbonbluel akTUBHOCTbI0 obnaaaeT 10%-Hbli obpaseL, AnsA KOTOpPOro 3Haye-
Hue R coctaBnaeT 40-78%. Takxe 3aMeTHO, YTO MaKCMMaribHasA akTUBHOCTb B OTHOLLEHWW MHepanu3aumm MeTuneHoBOro CUHero
(58-78%) HabntofaeTcA nocsie 2 CyTOK HaxoXAeHnA 06pa3L 0B B YCJIOBMAX ECTECTBEHHOIO COSIHEYHOIO OCBELLEHMs, K 7 CyTKaM Ha-
6/1100aeTCA 3HAUMTENIbHOE CHIKEHUNE CTEMEHM PA3NIoKeHUA NUIrMeHTa. 3aKkntoueHue. B pesynbrate npoBeAeHHbIX NCCIefoBaHNIA
aBTOPbI NPULLAN K BbIBOAY, YTO ONTUMaNbHbIM KONMYecTBoM doToKaTann3satopa TiO, AnA BBeAeHNA B COCTaB LIeMeHTHO-NecYaHom
komno3uuuu aensetca 5,0-10,0% no macce cMecu, MOCKOSIbKY flaHHble 06pa3Libl MPOABAIT MaKCMMaslbHble MPOYHOCTHbIE XapakK-
TEPUCTUKIM B COYETaHNV C BbICOKOW CMOCOOHOCTbIO K MUHEPanu3aLmm MOAeIbHOro 3arpA3HUTeN .

KJTIOMEBDIE CJIOBA: wTyKaTypKa LemMeHTHas, GoToKaTanmnThyeckasa akTVBHOCTb, MPOMbILIEHHbI OKCUA TUTaHa, aHaTas, ecTe-
CTBEHHOE COJIHeYHOe OCBelleHNe, 0becLiBeuBaHne, METUIEHOBbIV CUHUIA
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INTRODUCTION ment of smart materials and structures with self-cleaning
and self-restoring properties. The key role in the modern
The increase in the construction industry involves the  world is assigned to the problems of ecology and energy

creation of innovative multifunctional building materi- saving, occuring during the production and functioning
als. Research in the field of building materials science  of building materials and constructions. Special attention
include the introduction of nanotechnology, the develop- is paid to environmental aspects that affect the creation of
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comfortable conditions in large cities with high pollution
level [1-3].

One of the solutions to existing problems is the cre-
ation of photocatalytic building materials by adding pho-
tocatalysts particles into the composition of traditional
building materials. Under the influence of natural solar
radiation photocatalytic oxidation of organic and inor-
ganic pollutants adsorbed on the surface occurs, as well
as viruses, spores of microscopic fungi, algae and lichens.
Photocatalysts can be used to modify building materials of
various structure and origin, especially glass and cement
compounds. In addition, particles of semiconductor oxide
photocatalysts makes the surface of the material hydro-
philic. Consequently the surface remains clean longer
since pollutant molecules and their oxidation products
are easily rinsed by rainwater [4—10].

Obviously, the modification of traditional building
materials by photocatalysts can be considered as a large
field of research in building materials science. This is con-
firmed by the increasing amount of published scientific
articles, conference papers, dissertations and patents on
the subject of photocatalysis process research in accor-
dance with Russian Scientific electronic Library «elibrary»
database (Figure 1).

The most common photocatalyst is titanium diox-
ide of anatase modification. Powdered TiO, has been
widely used as a white pigment for centuries because
it is cheap, chemically stable and nontoxic. However,
scientists and engineers are constantly finding new ap-
plications for titanium dioxide: in the 1980s, it was first
used for the photocatalytic production of hydrogen.
In the late 1990s, photocatalysis was discovered and

the ability of polycrystalline TiO, films to change the
contact angle under the ultraviolet irradiation was dis-
covered. Next TiO, was also used in construction to
create materials with a self-cleaning effect due to the
photocatalytic oxidation of pollutants adsorbed on the
surface (Figure 2) [11—12].

Photocatalysis mechanism for semiconductor photo-
catalysts, such as titanium dioxide, has been described in
details in Russian and foreign literature [13—15]. When
a TiO, particle is irradiated with UV light, electrons in the
valence band are activated and transferred to the conduc-
tion band to form electron-hole pairs. The electron and
the electron vacancy then diffuse to the surface of the TiO,
particle and promote oxidation-reduction reactions with
the formation of reactive oxygen species (ROS), which
can further react with adsorbed pollutants, bacteria and
viruses, decomposing them into harmless compounds.
TiO, belongs to wide-bandgap semiconductors with
a band gap of 3.2 eV: this means that ROS formation oc-
curs only at radiation wavelength less than 400 nm, that
is, in the ultraviolet part of the spectrum.

The self-cleaning ability is especially relevant for fin-
ishing materials. The most popular are facade plasters
based on white cement, where it is crucial to maintain
surface whiteness and to prevent biofouling. In this case,
the best solution would be to introduce a photocatalyst
additive into plaster composition.

The most well-known photocatalyst nowadays is the
nanostructured TiO, Degussa P25, which is a mixture of
anatase and rutile at 20—30% [16, 17]. However, due to its
high price and inaccessibility in the Russian Federation,
it is necessary to search for alternative additives. In this
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Fig. 2. TiO, application

work the authors chose industrial titanium oxide TiO,
(anatase) TA-100 manufactured in China.

Industrial photocatalysts are usually highly dispersed
powders that are introduced into dry building mixes dur-
ing the dry mixing of components or as a suspension in-
stead of mixing water. In order to achieve self-cleaning
effect, it is necessary to introduce a photocatalyst into
the cement composition up to 1—10 wt.%, which affects
physical, mechanical and structural properties of modified
cement material [ 18—20]. Thus, one of the objectives of
this work was to study the influence of the TiO, additive
on the mobility and strength characteristics of cement-
sand plaster samples. The photocatalytic activity of the
samples was also determined as part of this study. The
simplest and most visual methods for assessing R of the
modified materials is the European standard UNI 11259-
2016 [21], based on fixing the discoloration process of the
organic pigment Rhodamine B applied to the surface of
the samples after 4 and 26 hours of irradiation from a light
source with a certain wavelength. However, a number
of studies indicate the possibility of using other organic
dyes, such as, methylene blue, malachite green, methyl
orange, etc. [22—24]. Samples can be considered photo-
catalytically active if the degree of model contaminant
decomposition after 4 and 26 hours of exposure exceeds
20% and 50% respectively.

As a rule, study of photocatalytic activity are labo-
ratory tests with an artificial source of light of certain
wavelength not considering real-life conditions such as
climate zone, temperature and illumination daily changes,
clouds, precipitation, and the geographical location of the
samples. In addition, the intensity of ultraviolet radiation

depends on the local climate, but usually accounts for
about 5.5% of global solar radiation. Thus, the behavior of
self-cleaning plaster compositions modified by the photo-
catalyst at real-life conditions may differ significantly from
the results obtained during the laboratory tests. Thus,
another step in this study was to conduct real-life tests of
cement-sand plaster modified with anatase TiO, to assess
its photocatalytic activity. The main task of the article was
to determine the optimal TiO, concentration capable of
providing the highest strength and photocatalytic char-
acteristics.

MATERIALS AND METHODS

In this work, to obtain samples modified with indus-
trial titanium oxide, we used Cemix PRO WHITE ce-
ment PCB 1-500-D0 from Cemix LLC, its chemical and
mineralogical composition is shown in Tables 1 and 2,
white quartz sand of 0.1-0.4 mm fractions (Table 3). Asa
photocatalytic additive industrial anatase titanium oxide
TiO, TA-100 (China) was selected with characteristics
presented in Table 4.

At first, it was necessary to determine W/C to pre-
pare samples for the study of strength and photocata-
Iytic characteristics. For this purpose, the mobility of
cement-sand mortar with TiO, additive was determined
according to GOST 310.4. Sand : cement ratio was 3:1
(mass), fine photocatalyst powder was added in amounts
of 0.3; 1.0; 1.7; 3.0; 5.0 and 10.0 wt.%, the amount of
mixing water corresponded to a consistency character-
ized by a cone spreading of 106-115 mm. Next, samples
of a 40x40x160 mm were prepared from a cement-sand
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Table 1. Chemical composition of clinker

Oxide content, %
Component
Calcination loss Sio, ALO, Fe,O, CaO MgO SO, R,0
Clinker 1.0 21.0 5.5 0.5 65.0 1.0 33 0.1
Table 2. Mineralogical composition of clinker
Mineral content, %
Clinker
CS (S CA C,AF
Content 66.0 8.5 13.5 1.5
Table 3. Characteristics of sand
Bulk Specific | Average
density, | density, | grain Oxide content, %
g/cm? g/cm?® | size, pm
Clay Sio, ALO, Fe,O, Cao MgO K,0 Tio,
1.403 2.637 235.23
0.10 99.857 0.130 0.026 - 0.003 0.021 0.018
Table 4. Characteristics of TiO,
Parameter Specification
TiO, content, wt. % >98
Color (in relation to the standard) He meHblue
Coloring ability (in relation to the standard) > 100
The content of volatile substances at 105 °C, % (wt./vol.) <05
Water solubility, % <05
PH level of the aqueous suspension 6.5~8.0
Oil capacity, % (wt./vol.) <26
Residue on the sieve (after 45 microns), % (wt./vol.) <0.15

mixture with TiO, of a previously determined mobil-
ity: a dry mixture of sand, white cement and additives
was mixed with the necessary amount of tap water. The
samples were stored for 2 days in molds at 95% humidity,
then unmolded, stored for 5 days also at 95% humid-
ity, and then for another 28 days at 60% humidity. The
samples were tested for flexural and compressive strength
on Controls 50-C8455 laboratory hydraulic press, Italy.
The photocatalytic activity of the samples was determined
by the degree of discoloration of the model organic pig-
ment Methylene blue. Square plates of 5.0%X5.0 cm and 1
cm thick were prepared and were tested using a method
similar to the European standard UNI 11259-2016 [21],
which consists in fixing the discoloration (mineralization)
of an organic pigment applied to the surface of a material

modified with a photocatalyst. The experiment was car-
ried out as follows: an aqueous solution of Methylene blue
with a concentration of 0.5% was applied to the surface
of the sample plates and allowed to dry. The obtained
samples were placed outdoors on the ground at an angle
of 45 degrees to the surface facing south, the GPS coor-
dinates are 55.389 degrees latitude and 36.8319 degrees
longitude (Moscow region, Naro-Fominsk district) for
7 days (07.24.2024 — 07.31.2024). Weather conditions
such as solar activity, clouds, and the ultraviolet index also
play an important role in conducting the experiment, and
the relevant data are shown in Table 5.

The ultraviolet index is an indicator adopted by the
World Health Organization that characterizes the level
of ultraviolet radiation in the spectrum of sunlight on the
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Table 5. Weather conditions during the photocatalytic activity test period: July 2024 according to World Weather
(https://world-weather.ru/pogoda/russia/naro_fominsk/july-2024 /)

Parameter 24.07 25.07 26.07 27.07 28.07 29.07 30.07 31.07
T, °C (day/night) +25/412 | +22/+14 | +24/+14 | 426/+12 | +24/+15 | +19/+16 | +19/+13 | +18/+13
) ) :‘“,uu," ) i :‘“.l u”(': :“\nu,"—: :‘\"““".,. o . <
Cloud L R | 3,; 3 3,; L | € et \.} \3
ouds ‘ p e *‘ o Yo y e
UV-index 6 4 5 5 5 4 4 3

Earth’s surface, takes values from 0 to 11 and shows the
degree of danger to humans. The value of the UV index
in this study is important, since the processes of photo-
catalytic oxidation on the surface of TiO, particles are
promoted by UV irradiation. In our study, the values of
UV index vary from medium to high with average value of
4.5, which corresponds to the average ultraviolet activity.

The photos of the samples were taken at initial time,
after 4 and 26 hours, then once a day. The photos were
processed using ImageJ software, which was used to con-
vert the RGB color parameters into the LAB color model,
where L is the brightness of the object; a is the axis with
hues from red to green; b is the axis with hues from yellow
to blue. The photocatalytic activity of the samples was
evaluated by changing parameter b and calculated using
formulas (1)—(3):

R, = bb;b x 100%, (1)

Ry6 = bo;nb% x 100%, (2
bo—bada

Ryday = b—” x 100%, 3)

0

where: b is the value of the color coordinate at initial
time; b, is the value after 4 hours of UV radiation; b,
is the value after 26 hours of UV radiation; b, day is the
value after 2 days of UV radiation. The R values should
be more than 20% after 4 hours and more than 50% after
26 hours of UV exposure, according to the UNI 11259
standard, which determines whether a sample exhibits
photocatalytic activity.

RESULTS AND DISCUSSION

In this work the authors studied the influence of in-
dustrial TiO, on the properties of cement-sand mortar
and mechanical characteristics (compressive and flexural
strength) of 40X40x160 mm prism samples made from
a mixture of the required mobility at 2, 7 and 28 days
age. The average W/C ratio was 0.70 which was used to

prepare control and modified samples for further test-
ing. Such a high value of W/C is due to the high disper-
sion of the dry building mix components. An increase
in water consumption was observed with the introduc-
tion of TiO, additive in the amount of 1.7, 3.0, 5.0 and
10.0 wt.%. The volume of mixing water increased from
90.0 to 105.0 ml (by 6-24%), respectively: the sample with
10% TiO, additive showed the highest water consumption.
For the control and 0.3 and 1.0% samples, the volume
of water needed to achieve the required cone spreading
was 85 ml. The strength parameters were evaluated on
40x40%160 mm prism samples. It follows from Fig. 2
that the maximum increase in compressive and flexural
strength is observed for samples containing 5.0 wt.% of
the additive: thus, compressive strength increased by 69%
on the second day age, by 58% and 50% at 7 and 28 days
age compared with the control sample. Flexural strength
increased by 10, 13, and 50% at 2, 7, and 28 days age re-
spectively. Introduction of 10.0 wt.% of the additive leads
to a slight decrease in the strength of the modified samples
at all periods of hardening. It is known that titanium ox-
ide is a chemically resistant inert compound that has no
hydraulic activity and does not interact with water. Thus,
the presence of inert finely dispersed TiO, in such a high
amount probably serves as an obstacle to the interaction
of cement clinker minerals with water and the formation
of hydration products.

Photocatalytic activity of the samples in relation to
organic dye Methylene blue decomposition was studied
at real-life conditions under natural solar radiation. The
conventional determination of material’s photooxidation
ability is based on fluorescent xanthene red dye Rhoda-
mine B discoloration. In this work, an organic derivative
of thiazine Methylene blue was selected with a structure
different from Rhodamine B and absorption in another
part of the spectrum. which will expand the understand-
ing of photooxidation of pigments of different structure
and color when applied to the surface of a photocatalytic
cement material.

As can be seen from Figures 5 and 6, compositions
with a TiO, content starting from 3 wt.% are photocata-
Iytically active with 10 wt.% sample having the highest
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Fig. 6. Methylene blue discoloration after irradiation of the samples with natural sunlight: (a) at the initial moment;

(b) after 26 hours; (c) after 3 days; (d) after 7 days

activity where R value is 40—78%. It is also noticeable
that the maximum activity in relation to the dye min-
eralization is observed after 2 days of exposure of the
samples to natural sunlight. At 7 days there is a signifi-
cant decrease in the degree of pigment decomposition,
which could serve several reasons: the first is the lighting
mode. According to Table 2, it was on the 6""—7" day of
the study that the weather conditions worsened — cloudy
weather with rain, the UV-index values vary in the range
of 3—4 points, which corresponds to a moderate level of
UV activity compared to 5—6 points in the initial period
of the study.

The second reason is the blocking of active photooxi-
dation centers by decomposition products of pollutants
and the adsorbtion of dust particles from the environment.
The third is the carbonization process of the surface as
a result of the reaction of carbon dioxide from the air with
calcium hydroxide formed as a result of the hydrolysis and
hydration reactions of cement clinker minerals, which
also isolates the catalytic centers from sunlight. On the
seventh day, the samples appear brighter, probably due
to the moistening of the sample surface with rainwater.
However, it is obvious that the degree of Methylene Blue
discoloration is slowing down.
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CONCLUSION

In this work, the authors investigated the physical, me-
chanical and photocatalytic characteristics of cement-sand
plaster samples modified with industrial titanium diox-
ide of anatase modification. As a result of the study, the
authors found that the greatest increase in compressive
(by 69%, 58% and 50% on the 2", 7" and 28" days age)
and flexural strength (by 10, 13 and 50% at the same age)
corresponds to a sample with 5.0 wt.% of TiO, additives.
Compositions with a TiO, content starting from 3 wt.%
are photocatalytically active where maximum degree of
Methylene blue decomposition corresponds to the samples
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