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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 TiO2 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 TiO2, and the maximum degree of Methylene blue decomposition corresponds 
to the sample with 10.0 wt.% of TiO2. 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 TiO2 remains approximately at the level of the control sample. Compositions with TiO2 
starting from 3 wt.% demonstrate photocatalytic activity (R), the highest R corresponds to 10 wt.% sample with R value is 40–78%. 
It is 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 TiO2 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.

KEYWORDS: cement plaster, photocatalytic activity, industrial titanium oxide, anatase, sunlight irradiation, mineralization, Methy-
lene blue
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AННОТАЦИЯ
Введение. Бетон и разнообразные цементные композиты с уверенностью можно отнести к наиболее востребованным 
и универсальным строительным материалам. Не так давно широкое распространение получили фотокаталитически активные 
строительные материалы, содержащие в своей структуре частицы фотокатализаторов на основе нано- и тонкодисперсных 
частиц оксидов и солей некоторых металлов, в частности диоксида титана анатазной модификации. Под воздействием света 
поверхность таких материалов становится способной к самоочищению. Зачастую лабораторная оценка фотокаталитической 
активности материала сводится к облучению образцов искусственным источником света определенной длины волны, что 
недостаточно полно характеризует поведение материала при эксплуатации в реальных условиях окружающей среды. По-
этому целью данного исследования является оценка фотокаталитической активности образцов цементно-песчаной шту-
катурки в условиях облучения естественным солнечным светом в природных условиях. Материалы и методы. В рамках 
данной работы изучали свойства цементно-песчаной штукатурки, модифицированной добавкой промышленного диоксида 
титана анатазной модификации. Добавку вводили в штукатурные составы в количествах 0,3; 1,0; 1,7; 3,0; 5,0 и 10,0 масс.% 
в процессе сухого смешивания компонентов. На первом этапе исследовали влияние добавки на строительно-технические 
и физико-механические характеристики образцов. Вторая часть исследования посвящена изучению фотокаталитических 
свойств материала. Фотоокисление модельного загрязнителя Метиленового синего проводили в природных условиях под 
воздействием естественного солнечного излучения, фотокаталитическую активность образцов оценивали в соответствии 
с европейским стандартом UNI 11259-2016. Результаты. В результате проведенного исследования авторы установили, что 
наибольший прирост прочности при сжатии и изгибе соответствует образцу с 5,0% масс. добавки TiO2, а максимальная сте-
пень разложения Метиленового синего характерна для образца с 10,0% масс. TiO2. Так, прочность при сжатии возрастает 
на 69% во вторые сутки, на 58% в возрасте 7 суток и на 50% в марочном возрасте по сравнению с контрольным образцом. 
Прочность при изгибе увеличивается на 10; 13 и 50% во 2, 7 и 28 сутки, соответственно. Прочность образцов с большим 
количеством добавки остается примерно на уровне бездобавочного образца. Фотокаталитически активными являются 
составы с содержанием TiO2 начиная с 3% масс., наибольшей активностью обладает 10%-ный образец, для которого значе-
ние R составляет 40–78%. Также заметно, что максимальная активность в отношении минерализации Метиленового синего 
(58–78%) наблюдается после 2 суток нахождения образцов в условиях естественного солнечного освещения, к 7 суткам на-
блюдается значительное снижение степени разложения пигмента. Заключение. В результате проведенных исследований 
авторы пришли к выводу, что оптимальным количеством фотокатализатора TiO2 для введения в состав цементно-песчаной 
композиции является 5,0–10,0% по массе смеси, поскольку данные образцы проявляют максимальные прочностные харак-
теристики в сочетании с высокой способностью к минерализации модельного загрязнителя. 

КЛЮЧЕВЫЕ СЛОВА: штукатурка цементная, фотокаталитическая активность, промышленный оксид титана, анатаз, есте-
ственное солнечное освещение, обесцвечивание, метиленовый синий
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INTRODUCTION

The increase in the construction industry involves the 
creation of innovative multifunctional building materi-
als. Research in the field of building materials science 
include the introduction of nanotechnology, the develop-

ment of smart materials and structures with self-cleaning 
and self-restoring properties. The key role in the modern 
world is assigned to the problems of ecology and energy 
saving, occuring during the production and functioning 
of building materials and constructions. Special attention 
is paid to environmental aspects that affect the creation of 
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the ability of polycrystalline TiO2 films to change the 
contact angle under the ultraviolet irradiation was dis-
covered. Next TiO2 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 TiO2 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 TiO2 
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. 
TiO2 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 TiO2 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 

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 TiO2 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 

Fig. 1. Publication activity on the «photocatalyst» request in the Russian Scientific electronic Scientific Library 
«elibrary» database
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work the authors chose industrial titanium oxide TiO2 
(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 TiO2 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 TiO2 to assess 
its photocatalytic activity. The main task of the article was 
to determine the optimal TiO2 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). As a 
photocatalytic additive industrial anatase titanium oxide 
TiO2 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-
lytic characteristics. For this purpose, the mobility of 
cement-sand mortar with TiO2 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 40×40×160 mm were prepared from a cement-sand 

Fig. 2. TiO2 application

food industry, 
pharmaceuticals, cosmetics
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mixture with TiO2 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 5.0×5.0 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 

Table 1. Chemical composition of clinker

Component
Oxide content, %

Calcination loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O

Clinker 1.0 21.0 5.5 0.5 65.0 1.0 3.3 0.1

Table 2. Mineralogical composition of clinker

Clinker
Mineral content, %

C3S C2S C3A C4AF

Content 66.0 8.5 13.5 1.5

Table 4. Characteristics of TiO2

Parameter Specification

TiO2 content, wt. % ≥ 98

Color (in relation to the standard) Не меньше 

Coloring ability (in relation to the standard) ≥ 100

The content of volatile substances at 105 °C, % (wt./vol.) ≤ 0.5 

Water solubility, % ≤ 0.5

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

Table 3. Characteristics of sand

Bulk 
density, 

g/cm3

Specific 
density, 

g/cm3

Average 
grain 

size, μm
Oxide content, %

1.403 2.637 235.23
Clay SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2

0.10 99.857 0.130 0.026 – 0.003 0.021 0.018
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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 TiO2 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):

, (1)

, (2)

, (3)

where: b0 is the value of the color coordinate at initial 
time; b4 is the value after 4 hours of UV radiation; b26 
is the value after 26 hours of UV radiation; b2day 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 TiO2 on the properties of cement-sand mortar 
and mechanical characteristics (compressive and flexural 
strength) of 40×40×160 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 TiO2 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% TiO2 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 
40×40×160 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 TiO2 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 TiO2 content starting from 3 wt.% are photocata-
lytically active with 10 wt.% sample having the highest 

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, oC (day/night) +25/+12 +22/+14 +24/+14 +26/+12 +24/+15 +19/+16 +19/+13 +18/+13

Clouds

UV-index 6 4 5 5 5 4 4 3
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Fig. 3. Compressive (a) and flexural (b) strength of the samples

Fig. 4. The structural formula of Methylene blue

Fig. 5. Photocatalytic activity of cement-sand plaster samples with TiO2 additive

а b
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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 6th–7th 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.

а

c

b

d
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