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Abstract

Nowadays, mortars are building materials with various properties that can be achieved through the careful selection of
components and the introduction of different modifying additives. An additive based on the TiO,—Bi,O3 oxide system can
be considered a modifying component with photocatalytic and biocidal properties capable of decomposing organic
pollutants, viruses, bacteria, and fungal spores. The purpose of the work was to obtain cement compositions containing the
additive, study their physical and mechanical properties, evaluate their photocatalytic activity in accordance with the UNI
11259-2016 standard, and assess their resistance to mold fouling. In this study, samples of cement—sand plaster with the
TiO,-Bi,03 additive synthesized via citrate-based technology at 1.7 and 5.0 wt.% were prepared, and their physical,
mechanical, photocatalytic, and biocidal properties were examined. As a result, the authors identified photocatalytic
activity in both the UV and visible spectra, achieving 69% after 26 hours of UV irradiation. The samples demonstrated
100% resistance to mold fouling. The compressive strength of the modified samples increased by 32.0-39.0%; bending
strength by 33—-38.0%; and adhesion strength to the base by 60—-70%. The cost calculation also confirmed the feasibility of
introducing the additive at 1.7 wt.% into the cement composition. The resulting cement material formula can be
recommended for designing fungi-resistant, self-cleaning plasters.

Keywords: Self-Cleaning Material; White Cement; Plasticizer; Photocatalysis; Fungi Resistance; Fine Additive; TiO,-Bi,O; System.

1. Introduction

Since ancient times, building mortars have been widely used in construction for application on the surface of ceilings
and walls as decorative and finishing coatings. Since Ancient Greece, clay, lime, and gypsum mortars have been used
for leveling walls and ceilings, which later began to serve an artistic function: marble chips were added to the mortar to
imitate the surface of natural stone, which also increased the strength of the coating. The introduction of mineral
pigments into the plaster composition made it possible to create colored surfaces and decorative elements. The addition
of aggregates with different granulometric compositions makes it possible to obtain textured coatings for interiors and
building facades. To create expressive compositions, artists used painting with mineral-based pigments on raw and dried
plaster. Nowadays, the range of plasters on the market is quite diverse. Modern finishing compositions are complex
systems that include components of organic and inorganic origin and various chemical natures: binders, fillers,
plasticizers, reinforcing additives to increase crack resistance, pigments, and antiseptic additives. Quartz sands and
marble chips are used as fillers to create the effect of natural stone surfaces; mica and porous fillers (expanded
polystyrene, vermiculite, perlite) are used to obtain warm and sound-insulating coatings. Some additives provide special
properties to the coating: barite concentrate is introduced into the composition to obtain plasters that protect against

* Corresponding author: modudareva@yandex.ru

d http://dx.doi.org/10.28991/CE]-2025-011-11-014
© 2025 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and
EY conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

4696


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0001-8269-5624
https://orcid.org/0000-0002-6069-0256
https://orcid.org/0000-0002-9500-2492
https://orcid.org/0000-0002-7585-0953
https://orcid.org/0000-0002-3523-593X
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 11, No. 11, November, 2025

ionizing radiation, and photocatalysts provide self-cleaning ability to the surface due to the phenomenon of
photocatalysis [1-3].

Photocatalysts are now promising objects for study and application in various fields of science and technology, from
wastewater and air purification and filtration systems to photocatalytic water splitting for hydrogen production—a
promising alternative source of clean “green” energy. In building materials science, photocatalysts can be incorporated
into the mineral binder matrix, ceramic or glass structure for the manufacturing of plasters, facade panels, brick veneers,
and cement pavement tiles. The use of paint and varnish products with a photocatalyst makes it possible to obtain self-
cleaning facade elements of complex shapes. The self-cleaning effect is due to an oxidation—reduction process (Figure
1), in which adsorbed organic pollutants decompose under the influence of light into non-toxic photodegradation
products. Its application can not only significantly reduce the cost of professional fagade washing but can also purify
the air. The concentration of volatile organic compounds (VOCs), car exhaust gases and industrial emissions, and
nitrogen and sulfur oxides harmful to human health can be reduced by photocatalysis.

A photocatalytic process is initiated when a particle of a semiconductor photocatalyst is exposed to light. If the
irradiation energy is sufficient, electrons in the semiconductor are transferred from the valence band to the conduction
band, and then react with water and oxygen molecules to form reactive oxygen species (ROS) such as superoxide anion
radical (-O"), hydroxyl radical (OH"), and hydrogen peroxide (H,O,) [4-12]. ROS formed during the photocatalysis
process decompose surface contaminants and are also harmful to the spores of microscopic fungi, bacteria, and viruses,
which positively affects the material’s ability to resist biofouling. Highly reactive radicals are able to interact with the
cell membranes of fungi and bacteria, causing their destruction and death [13—16]. The most common photocatalysts
introduced into building material structures are finely dispersed and nanoscale pure and doped metal oxides: TiO5,
Al;O3, SiO,, ZnO, and Bi,0;. These additives provide a photocatalytic effect and also improve the physical and
mechanical characteristics of cement stone, such as strength and density [11-14], due to the promotion of hydration
processes.
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Figure 1. Photocatalysis process scheme

Despite the excellent photocatalytic qualities of well-known TiO,, Bi,Osz, and ZnO, there are several main
disadvantages—namely, their activity only in the UV spectral range and the rapid recombination of photogenerated
charges. Therefore, scientists are developing new photocatalysts by modifying their structure with metal and nonmetal
ions, as well as by creating complex hybrid heterostructures that would overcome these shortcomings. It is also necessary
to expand the activity of photocatalysts into the visible part of the spectrum. In addition, there is always market demand
for new additives, especially biocidal ones, because microorganisms’ resistance is constantly evolving [15-16]. Thus,
researchers continue to investigate new photocatalytic compounds and biocidal additives. For example, photocatalytic
bismuth-containing compounds and heterostructures—such as oxyhalides and layered bismuth titanates—are of
increasing interest [17-27].

Bismuth titanate of various compositions forms within the TiO,-Bi,O3; phase diagram, including monoclinic
Bi;Ti4041, sillenite-type Bi ,TiOzo, pyrochlore-type Bi,Ti,O;, and the layered Aurivillius family compound
Bi,Ti304,. Initially, scientific interest focused on the ferroelectric properties of bismuth titanate crystals for developing
high-temperature sensors, memory devices, and transducers. Later, their photocatalytic properties attracted attention,
for instance, for degrading dye pollutants and antibiotics from wastewater [19, 20]. According to Qin et al. [19],
compounds based on the TiO,—Bi,03 system exhibit photocatalytic properties in the near-ultraviolet and visible spectral
range because these compounds have a lower band energy gap (£g) than TiO, (Eg = 3.2 eV). Therefore, they may be
more effective as photocatalysts (Table 1).

Table 1. Eg values for bismuth titanate compounds

Compound Eg value, eV
Bi;TisO11 31
Bi1,TiOy 29
Bi,Ti O 25
BisTisO1 2.95
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Bismuth is often described as a “green,” eco-friendly metal capable of replacing lead and other heavy metals, thereby
reducing their accumulation in the environment and mitigating heavy-metal pollution. Bismuth compounds are widely
used in medicine for treating gastrointestinal diseases and as radiopaque agents, as well as in cosmetology, dental
materials, and in industry for the production of lubricants and pigments [24]. It is also worth noting bismuth’s ability to
inhibit the growth of mold, bacteria, and viruses due to its oligodynamic effect—the toxic impact of metal ions on living
cells and microorganisms, even at relatively low trace concentrations [28]. Photocatalysts also suppress microbial
growth, but through a different mechanism: their biocidal activity is explained by ROS formation and is usually limited
in the dark [13].

Thus, in line with general trends in building materials science aimed at developing new multifunctional additives
and modified building materials, and based on an analysis of scientific publications, the purpose of this work was defined
as follows: to obtain a facade white cement-based composition modified with a multiphase TiO,-Bi,O3 additive, and
to study its mechanical, photocatalytic, and biocidal properties. It is assumed that the additive based on bismuth titanates
will impart self-cleaning properties to cement-based building materials through photocatalysis, as well as fungicidal
activity not only through ROS formation under light exposure but also in the dark.

At the first stage of the study, the properties of the additive were analyzed using X-ray phase analysis and particle
size distribution measurements, and its absorption range was determined. At the second stage, plaster compositions were
prepared by dry mixing sand, white cement, plasticizer, and the additive in the required proportions, followed by mixing
with tap water. The photocatalytic activity of the resulting samples and their resistance to mold growth were then
evaluated according to standard test procedures. The next step involved measuring compressive and bending strength
and testing adhesion to the substrate. Finally, the authors calculated the cost of the synthesized additive and the final
product and identified the optimal composition for producing a self-cleaning, bio-resistant plaster. The research scheme
is presented in Figure 2.

synthesis of TiOz-Bi>03
literature analysis additive

’ cost calculations of the
cement-sand samples

choosing the object and modified with the additive additive and final plaster

subject of research

samples characteristics study

FINAL CONCLUSIONS: optimal formula of self-cleaning fungi-resistant
cement-sand plaster

Figure 2. Schematic process of the research

2. Material and Methods

During this study, the authors used an additive obtained by citrate-based synthesis, with the detailed process
described by Samchenko et al. [21] and Dhage et al. [29]. The synthesis of the additive was carried out according to
the method described by Dhage et al. [29], using TiCl, (p = 1.72 g/ml), analytical-grade Bi,O3, an HCI water solution
(1:1), and citric acid monohydrate. The process was as follows: TiCl, was dissolved in ice-cold distilled water under
constant stirring to form Solution 1. Bi,O3 was dissolved in HCI, after which citric acid was added to obtain Solution
2. Solutions 1 and 2 were then mixed, thoroughly stirred, and heated at 100 °C to form a yellow dense gel, which
was subsequently calcinated in a furnace at 400 °C for 15 minutes and then at 700 °C to obtain the final flake -like
light-grey powder.

The phase composition of the bismuth titanate additive was studied using X-ray phase analysis (X-ray
diffractometer D8 ADVANCE Bruker AXS, CuKo radiation, graphite monochromator, A\CuKa = 1.54056 A). The
X-ray diffraction patterns were processed using Match! software. According to the analysis, several phases were
identified in the additive sample, with Bi,Ti,O41 (PDF#83-0673) being predominant, along with smaller amounts
of layered BisTi3012 (PDF#72-1019) and Bi,Ti,O; (PDF#32-0118) (Figure 3-a). Particle size analysis of the
additive, conducted using the Analysette 22 NanoTec device (Fritsch, Germany), revealed several fractions of 0.33,
5, and 10 microns (Figure 3-b).
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Figure 3. (a) X-ray diffraction patterns of the additive: experimental data (black line); BizTi4O11 (green line, PDF#83-0673);
BisTizO12 (blue line, PDF#72-1019; Bi.Ti207 (pink line, PDF#32-0118)

To determine the absorption range of the additive, a water-glycerin suspension of additive particles was prepared,
and an SF-2000 spectrophotometer was used. Figure 4 shows the absorption spectra in the ultraviolet and visible spectra
range at 250-800 nm wavelength.
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Figure 4. UV-vis absorption spectrum of the synthesized additive

In accordance with the study, the maximum absorption of the synthesized additive is 425 nm, which is the visible
part of the spectra range. The band energy gap (Eg) was calculated using the following equation:

_ hc

Eg=— 1)

where h is Planck constant, 1 is the wavelength corresponding to the onset of absorbance, and c is the velocity of light.
The calculated Eg value is 2.91 eV which indicates the additive photocatalytic ability in the visible spectra range.

The cement compositions were prepared by dry mixing of components (cement, sand and additive with plasticizer)
in the required proportions, followed by mixing with tap water.

The materials used in the research:

e White Portland cement Cemix PRO WHITE 1-500 "Cemix Russia" Lasselsberger group GmbH, Péchlarn,
Austria (further mentioned as WPC). The clinker characteristics are presented in Tables 2 and 3;

o White quartz sand of 0.1- 0.4 mm fraction with the characteristics shown in Table 4.

o Polycarboxylate plasticizer Melflux 5581F (BASF Construction Additives, Germany).

Table 2. Chemical composition of clinker LLC “Cemix PRO WHITE 1-500”

Component  Calcinationloss CaO  SiO, AlLO; Fe;O3 MgO  SO; R,0
% 1.0 65.0 21.0 55 0.5 1.0 3.3 0.1
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Table 3. Mineralogical composition of clinker LLC “Cemix PRO WHITE 1-500”

Mineral content, %
CsS C.S C:A C.,AF
66.0 8.5 135 15

Table 4. Sand characteristics

Bulk density  Specific density,  Grain size,

3 3 Oxide content, %
glcm g/lcm pm

Clay SiO; AlLOs; Fe:03 CaO MgO KO TiO.
0.10 99.86 0.130 0.026 - 0.003 0.021 0.018

1.403 2.64 235.23

The photocatalytic activity of the obtained samples was studied in accordance with the Italian standard UNI 11259-
2016 [30], which consists of fixing the discoloration (mineralization) of the organic pigment Rhodamine B applied to
the surface of the sample modified with a photocatalyst when exposed to UV radiation after 4 and 26 hours.

The photocatalytic activity of the samples was estimated by changing parameter a and calculated using the following
formulas:

Ry =2=%. 100% )
ao

Ras = 22926 100% (3)
ao
where ag is the value of the color coordinate at initial time; a4 is the value of the color coordinate after 4 hours of
radiation; azs is the value of the color coordinate after 26 hours of radiation. The R values should be more than 20% after
4 hours and more than 50% after 26 hours of exposure, according to the UNI 11259 standard.

Samples for testing resistance to mold fungi were 30x30 mm cubes, including control and modified samples. The
test procedure was carried out at the A.N. Severtsov Institute of Ecology and Evolution of the Russian Academy of
Sciences (IEE RAS) in the laboratory of tropical technologies in accordance with the Standard 9.048-89 [31]. The
surface of the samples was contaminated with a suspension of Aspergillus niger van Tieghem, Aspergillus terreus Thom,
Aureobasidium pullulans (de Bary) Arnaud, Paecilomyces varioti Bainier, Penicillium funiculosum Thom, Penicillium
ochro-chloron Biourge, Scopulariopsis brevicaulis Bainier, Trichoderma viride Pers. Ex Fr. spores with concentration
of 1-2 million/cm?. Contaminated samples were held at conditions optimal for growth and sporulation of fungi at 27-
28°C and 98% humidity for 28 days. Fungi cultures are supplied at sealed tubes and restored. The recovered cultures
are transferred into tubes with agar nutrient medium. One part is left stored; the other is the initial one for obtaining
working batches of fungi cultures. Fungi suspension is made from a culture grown for two weeks. At the end of the test,
the stage of fungi development was evaluated on a 6-point scale:

"0" points — absolutely clean samples, growth of mycelium and conidia was not detected visually and under a
microscope;

"1" point — sprouted spores and a slightly developed mycelium are visible under the microscope;

"2" points — the developed mycelium is visible under the microscope in the form of numerous spots on the surface
of the sample, absence of sporulation;

"3" points — intense growth of the mycelium on the surface of the sample, beginning of sporulation;
"4" points — the entire mycelium growth and sporulation are clearly visible;
"5" points — deep mycelium growth, the entire surface of the sample is damaged, intensive sporulation is observed.

The mechanical tests were conducted in accordance with Russian Standard P 58277—2018 [32]. For flexural
strength determination, control and modified with the additive prism samples of 40x40x160 mm was obtained. The
compressive strength was determined by testing six halves of the prism samples obtained during the flexural strength
test. Strength tests were conducted using a laboratory hydraulic press (Controls 50-C8455, Italy).

For the adhesion to substrate test [32] 10 mm thick plaster samples were prepared by filling the 50x50 square mold,
placed on a concrete base. During the period of structure formation (before the beginning of hardening), conical rings
are pressed into the mixture layer, rotating, to the base. Then, continuing the rotation, the rings are carefully removed.
The samples are stored for 7 days at a temperature of 20 £+ 2°C and relative humidity (95 * 5)% before the test, and then
for 21 days at a temperature of (20 + 2)°C and relative humidity (60 = 10)%. The test was conducted at 28 days age.
After 27 days, a stamp is glued to the hardened samples with epoxy or other fast-hardening adhesive of high strength
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and the samples are stored at a temperature of (20 = 2)°C and relative humidity (60 + 10)% for 24 hours. The separation
force of the samples from the base is determined after 24 hours. The adhesion test was conducted using digital adhesion
tester DeFelsko PosiTest AT-M (USA).

3. Results

For the research a dry mixture of sand and WPC was prepared at 3.5:1 weight ratio, then the mixture of the additive
(at 1.7 and 5.0 wt.%) with the plasticizer (0,12 wt.%) was added. Water-to-cement ratio was 0.85 for all samples,
determined in accordance with mortar workability.

The prepared mortars, including reference and modified ones, were studied for mold fouling resistance at 28 days
age at the A.N. Severtsov Institute of Ecology and Evolution of the Russian Academy of Sciences (IEE RAS) in the
laboratory of tropical technologies. The results of the study are shown at Table 5 and Figure 5. The test shows that
modified samples are resistant to fouling, the fouling assessment is 0 points.

Table 5. Assessment of the fungi resistance of cement plaster samples

Sample Visual shape after the test BioEs\t/:llaliJI?g/?r;)gifnts c;‘i‘:m"’& Biost;l))ility,
1-1 Control Mycelium growth on the surface of the sample, the beginning of sporulation 3 0 30
1-2 Control Mycelium growth on the surface of the sample, the beginning of sporulation 3 0 30
1-3 Control Mycelium growth and sporulation are clearly visible 4 0 20
2-1 Spore growth, conidia and colony development is not observed under the microscope 0 1,7 100
2-2 Spore growth, conidia and colony development is not observed under the microscope 0 1,7 100
2-3 Spore growth, conidia and colony development is not observed under the microscope 0 1,7 100
3-1 Spore growth, conidia and colony development is not observed under the microscope 0 5,0 100
3-2 Spore growth, conidia and colony development is not observed under the microscope 0 5,0 100
3-3 Spore growth, conidia and colony development is not observed under the microscope 0 5,0 100

@ (b) (©)
Figure 5. Samples of cement plaster composition: (a) control; (b) with 1.7 wt.% of the additive; (c) with 5 wt.% of the
additive after 28 days of testing in the thermostat

Spore growth, conidia, and colony development were not detected under the microscope. Samples No. 2-1, 2-2, 2-
3,3-1, 3-2, 3-3 are 100%-fungi resistant according to the test procedure assessment. The control samples were subjected
to biofouling with an assessment of 3-4 points; biostability is 20-30%. According to the microscopic investigation, the
color, shape, and structure of the mycelium on the surface of the control samples allowed the authors to determine
mainly the presence of Aspergillus niger, Aspergillus terreus, and Scopulariopsis brevicaulis. Based on the test data, it
can be concluded that compositions modified with an additive in amounts of 1.7 wt.% and more are resistant to
biofouling. Thus, it has been experimentally confirmed that the production of a cement composition modified with an
additive based on TiO, — Bi,03 is resistant to fouling with microscopic mold fungi, while the amount of the additive
sufficient for the biocidal properties of the building material is 1.7 wt.%.

For comparison, previous studies [33—35] have reported the fungicidal activity of various nanoscale photocatalysts,
including TiO, and ZnO metal oxides in both pure form and doped with Ag, Au, Ni, and Cu. However, this activity is
performed at relatively high light intensity and explained by the influence of ROS formed on the surface of a
semiconductor photocatalyst. Whereas in the dark, their fungicidal activity is insignificant or has not been studied.

In studies [24, 36—38], the photocatalytic, fungicidal, and antimicrobial properties of BiVO, and BiOCl compounds,
in both pure and doped forms, have also been investigated. And while the photocatalytic oxidation of organic pigments
due to the formation of ROS has been studied in detail in the literature, the effect on mold fungi, bacteria, and viruses
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remains poorly understood. According to Mosquera-Sanchez et al. [39] and Saikia et al. [40], zinc salts are harmful to
mold fungi due to the fact that they slow down the production of chitin by fungal cells, which is the main component of
cell walls. Copper-based fungicides are widespread; however, their accumulation in soils and waters is a serious problem
for human health and the environment [41, 42].

Therefore, according to the literature data, there are three main approaches explaining the effect of nanostructured
photocatalysts on the growth and development of microscopic mold fungi. The first is the destructive action of ROS
formed under the influence of light. The second is explained by the size and morphology of the additive particles. A
special type of interaction between nanoparticles and cell membranes occurs, which disrupts their life cycle and
metabolic processes inside a cell, leading to its death. The third is oligodynamic action, a biocidal effect of metals,
especially heavy metals (Zn, U, Ag, Au), that occurs even in low concentrations and leads to microorganism cell death
[43, 44]. Thus, it can be concluded that a multiphase additive based on bismuth titanates exhibits fungicidal activity due
to these three factors, both in the light and in the dark (Figure 6).

mixed phase
additive
antifungal activity

Figure 6. Factors that ensure the fungicidal activity of the additive

The photocatalytic activity of the cement mortars was evaluated in accordance with the Italian standard UNI 11259-
201. For the test square plates of 5.0x5.0 cm and 1 cm thickness were prepared. As a result of the study of the
photocatalytic activity of modified samples of self-cleaning cement composition, the following results were obtained,
shown in Figures 7 and 8.

Figure 7. Discoloration of Rhodamine B after UV exposure of the samples with TiO2 - Bi-Oz additive (a) at before
irradiation (b) after 4 hours (c) after 26 hours of UV irradiation
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Figure 8. Photocatalytic activity of cement plaster samples modified with TiO2 — Bi-O3 additive

From the data presented in Figure 7, it can be concluded that the samples with the synthesized additive demonstrate
photocatalytic activity both after 4 hours and after 26 hours of UV exposure. The maximum photocatalytic activity (57
- 69%) is achieved for samples with TiO,-Bi»Os additive in amount of 5.0 wt.%. Samchenko et al. [21] conducted by
the authors on samples of pure white cement with an additive indicate that the photocatalytic parameters correspond to
the sample, starting with 5% of the additive. This can be explained by the addition of sand because it makes the surface
of the sample rough with higher specific surface area than the smooth one. Therefore, a large number of active centers
are involved in photocatalytic oxidation reactions. On the other hand, a more textured surface of the material will be
more easily contaminated by oxidation products and dust particles from the air, which requires further study [45].

The strength properties of the modified compounds were also tested:
e Composition with 1.7 wt.% of the additive;
o Composition with 5 wt.% of the additive.

The total data of the samples’ tests are combined in the Table 6

Table 6. Properties of cement compositions

Value
Characteristic Unit
Control Composition1  Composition 2
Compressive strength MPa 39.8 52.4 55.3
Flexural strength MPa 5.5 7.3 7.6
Adhesion to Substrate MPa 0.5 0.8 0.85
Photocatalytic activity after 26 h % 0 69 69
Fungi growth point 3 0 0
Biostability - Non-resistant to fungi ~ Fungi-resistant ~ Fungi-resistant

The results of the study showed that the modified compositions are both photocatalytically active and fungi-resistant
and also have increased mechanical properties: the compressive strength of the modified compositions increased by
32.0-39.0% from 39.8 to 52.4-55.3 MPa; flexural strength—by 33-38.0% from 5.5 to 7.3-7.6 MPa; and adhesion—by
60-70% from 0.5 to 0.8-0.85 MPa.

According to previous studies [46, 47], the incorporation of fine particles and nanoparticles into cement enhances its
physical and mechanical properties. Nanoscale particles of semiconductor photocatalysts do not possess their own
hydraulic activity, but they can act as crystallization centers, promoting the formation and growth of hydration products
in cement grains. It is important that the additive particles be uniformly distributed in the cement paste—this can be
achieved by adding a plasticizer, applying ultrasonication, or using both methods [48, 49]. In such cases, the
photocatalyst additive positively influences the hydration process of cement clinker minerals and improves the
mechanical properties of mortar and cement stone.
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In a previous study, the authors investigated the effect of the additive on ordinary Portland cement (OPC). Kozlova
& Dudareva [48] and Jiang et al. [49] discuss different methods for introducing the fine additive based on the TiO, —
Bi, Oz system into cement compositions. The article examines samples obtained by:

1. dry mixing of cement and the additive with tap water,

2. cement + additive suspension after ultrasonic treatment,

3. cement + additive + water—plasticizer solution,

4. cement + additive water—polymer suspension stabilized by ultrasonication.

The compressive strength of the samples was evaluated, and the highest strength was recorded for the sample
containing 1.7 wt.% of the additive: an increase of 44.8% at one day of age and 14.0% at 28 days compared to the control
sample containing cement, water, and plasticizer. This sample also showed a reduction in porosity due to the filling
effect. These data confirm that the additive exhibits a structure-forming effect when introduced into OPC, as well as
into white cement.

The results of the study show that introducing the additive into the plaster composition contributes to the creation of
a self-cleaning, fungi-resistant building material with improved strength characteristics. The findings also indicate that
adding the additive at 5 wt.% does not significantly enhance the properties of the resulting material: the modified
Composition 1 exhibits nearly the same improved characteristics as Composition 2. Therefore, to obtain a fungi-resistant
cement plaster composition with photocatalytic self-cleaning capability, it is sufficient to introduce the additive in an
amount of 1.7 wt.% of the dry mixture.

4. Discussion

As a result of the study, the authors obtained polyfunctional TiO, — Bi,O3 additive for cement systems synthesized
via citrate-based technology, which includes phases Bi,TisO11 (PDF#83-0673), perovskite-like BisTizO12 (PDF#72-
1019) and a metastable Bi, Ti,O7 (PDF#32-0118) with particle size of 0.33, 5 and 10 pm. The introduction of the additive
into the cement composition allows to design bio-stable materials with photocatalytic effect and enhanced mechanical
characteristics. The approximate composition of self-cleaning cement material is shown in Table 7.

Table 7. Approximate composition of self-cleaning composition

WPC 1-500, kg  Sand, kg TiO2 - Bi2Os additive (5 wt.%), kg Plasticizer (0.12 wt.%0), kg WPC 1-500, kg

1 150 525 11.475 0.81
2 150 525 33.750 0.81

Tables 8 and 9 present the cost calculation of the of the additive for Compositions 1 and 2, respectively

Table 8. Amount and cost of materials for the production of synthesized additive for Composition 1

Amount for the production

Material Units of 11.475 kg additive Price, USD  Cost, USD
Bi,03 kg 6.31 46.3 292.15
TiCls | 5.74 23.15 132.88

Citric acid kg 25.82 4.17 107.67

HCI | 14.34 2.52 36.14
Distilled water | 14.34 1.81 25.96
Energy KW-h 332.76 0.048 15.97
Total 610.77

Table 9. Amount and cost of materials for the production of synthesized additive for Composition 2

Amount for the production

Material Units of 11.475 kg additive Price, USD  Cost, USD
Bi,O3 kg 18.56 46.3 859.33
TiCly | 16.88 23.15 390.77

Citric acid kg 75.94 4.17 316.67

HCI | 42.18 2.52 106.29
Distilled water | 42.18 1.81 76.35
Energy kW:-h 978.71 0.048 46.98

Total 1796.39
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The calculation of the cost of the synthesized additive for obtaining a modified Composition 1 with 1.7 wt.% of the
additive was 610.77 USD; for Composition 2 with 5.0 wt.% of the additive, it was 1796.39 USD, which is 3 times higher
than for the production of Composition 1. Tables 10 and 11 present the calculation of the cost of self-cleaning plasters
for Compositions 1 and 2, respectively.

Table 10. Amount and cost of materials for the production of self-cleaning Composition 1

Material Units Amount, kg Price, USD Cost, USD
WPC 1-500 DO ton 0.15 190.74 28.61
Sand (average grain size 0.2 mm)  ton 0.525 166.67 87.50
Additive kg 11.475 53.23 610.77
Plasticizer kg 0.81 3.66 2.96
Total 729.84

Table 11. Amount and cost of materials for the production of self-cleaning Composition 2

Material Units Amount, kg Price, USD  Cost, USD
WPC 1-500 DO ton 0.15 190.74 28.61
Sand (average grain size 0.2 mm)  ton 0.525 166.67 87.50
Additive kg 33.75 53.23 1796.39
Plasticizer kg 0.81 3.66 2.96
Total 1915.46

The calculation of the cost of self-cleaning Composition 1 is 729.84 USD, while for Composition 2 it is 1915.46
USD, which is 2.6 times higher than that of plaster Composition 1. The calculations showed that introducing the
synthesized additive into the cement—sand mixture at 5.0 wt.% is not advisable, since the photocatalytic and mechanical
characteristics only slightly exceed those of the composition with 1.7 wt.% additive, while the cost of Composition 2
increases almost threefold.

The analysis showed that Composition 1 presented in Table 10 can be used as a basis for designing recommendations
for self-cleaning, bio-resistant dry mixture production. Thus, it is proposed to use a WPC:sand ratio (average grain size
0.2 mm) of 1:3.5 and W/C = 0.85. The additive based on the TiO,—Bi,O3 oxide system at 1.7 wt.% is mixed with a
polycarboxylate plasticizer at 0.12 wt.%. The mixture of additive and plasticizer is introduced into the previously
prepared cement—sand mixture and mixed in any mixer until a homogeneous state is achieved. The quantities of materials
for designing the self-cleaning plaster in Table 10 are approximate and should be refined considering the properties of
the starting materials.

5. Conclusion

In this study, a technology for producing self-cleaning, bio-stable cement compositions modified with a TiO, —
Bi, Oz additive synthesized via a citrate-based method was developed. According to the characterization of the
additive, its granulometric composition consists of three main fractions—0.33, 5, and 10 microns—and its maximum
absorption is at 425 nm, which lies in the visible part of the spectrum. This enables more efficient utilization of natural
solar irradiation in photocatalytic oxidation processes. The additive was then introduced into a cement—sand mixture to
obtain plaster samples, and their resistance to fungi, photocatalytic activity, and mechanical properties were investigated.

The tests showed that samples containing the additive at 1.7 wt.% and above were resistant to Aspergillus niger van
Tieghem, Aspergillus terreus Thom, Aureobasidium pullulans (de Bary) Arnaud, Paecilomyces varioti Bainier,
Penicillium funiculosum Thom, Penicillium ochro-chloron Biourge, Scopulariopsis brevicaulis Bainier, and
Trichoderma viride Pers. EX Fr.

The photocatalytic activity of the samples after 4 hours of irradiation ranged from 34-57%, and after 26 hours
reached 69%. The tests also showed increased mechanical performance of the modified samples: compressive strength
increased by 32.0-39.0% (from 39.8 MPa to 52.4-55.3 MPa); flexural strength increased by 33-38.0% (from 5.5 MPa
to 7.3-7.6 MPa); and adhesion strength increased by 60-70% (from 0.5 MPa to 0.8-0.85 MPa). The results
demonstrated that samples with 1.7 wt.% of the synthesized additive achieved nearly the same enhanced properties
as those with 5.0 wt.% additive. The cost analysis further confirmed the feasibility of introducing the TiO, —-Bi, O;
additive at 1.7 wt.% into the cement composition, costing 729 USD—almost three times less than a composition
containing 5.0 wt.% of the additive. The final cement formulation can therefore be recommended for designing fungi-
resistant, self-cleaning plasters.
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