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Abstract: Anatase, one of the polymorphs of titanium dioxide (TiO,), has become the most widely
used semiconductor for photocatalytic materials due to its chemical and physical properties. However,
researchers have been studying the use of alternative materials (e.g., ZnO, N-doped, and C-doped
TiO,) to improve the photocatalytic activity of cementitious materials. In this paper, we propose
a modification of lightweight concrete by introducing mixed phases of titanium dioxide—anatase
and rutile—to enhance its photocatalytic performance. The efficiency of NOy degradation of nano
TiO,-modified concrete, its self-cleaning performance, and its antimicrobial properties were studied.
The photocatalytic activity of lightweight concrete without TiO, and concrete with the addition
of anatase, rutile, and anatase-rutile was compared. The results show that modifying the samples
by adding a mixture of anatase and rutile (2.5 wt % A + 2.5 wt % R) significantly improved the
photocatalytic performance of lightweight concrete.

Keywords: photocatalyst; titanium dioxide; lightweight concrete; reduction of NOy; self-cleaning
performance; antimicrobial properties

1. Introduction

Lightweight concrete is widely used in building construction, especially as the main
element of external facade systems [1,2]. Therefore, lightweight concrete structures are
routinely exposed to different environmental conditions such as humidity, temperature, air
pollutants, and microbes. The visual contamination of concrete by microorganisms and
air pollutants is a common problem with existing buildings [3-7]. The consequences of
microbial adhesion to the surface of concrete walls and their colonization by microorgan-
isms are mainly aesthetic. Still, they can also cause the deterioration of the concrete in the
most extreme cases, leading to an increase in the cost of repair or replacement [7-9]. One of
the possible ways to prevent these issues is the application of nano-modified cementitious
materials in construction.

A literature review indicates various options for improving the performance and
changing the concrete parameters with the use of nanotechnology [10-15]. The most widely
used and fully tested nanomaterials added into cement-based composites include nano-
silica [16,17], nano-alumina [18], and nano-clay [19], which promote and accelerate the
pozzolanic chemical reaction, imparting increased mechanical strength to the concrete.

Buildings 2023, 13, 1736. https://doi.org/10.3390/buildings13071736

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13071736
https://doi.org/10.3390/buildings13071736
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-9885-4519
https://orcid.org/0000-0002-8407-0078
https://orcid.org/0000-0001-8935-4857
https://orcid.org/0000-0003-3592-8047
https://doi.org/10.3390/buildings13071736
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13071736?type=check_update&version=1

Buildings 2023, 13, 1736

20f18

Other nanomaterials that can be employed to reinforce concrete are graphite [20] and
carbon nanotubes [21]. Moreover, the nanocomponents can act as a filler, leading to a
reduction in the porosities of concrete and an increase in the packing density [22]. The
introduction of nanomaterials to the cementitious matrix also imparts special properties
to the concrete, such as photocatalytic properties [23,24], antimicrobial properties [6], self-
cleaning performance [25], thermal insulation [17], and electrical conductivity [26]. Based
on this knowledge, introducing nanoparticles into the cementitious matrix can lead to the
formation of new materials and could be a part of the concept in developing new, smart
buildings in the future.

Over the last few years, many materials that show photocatalytic properties have
been studied [13,27]. These materials include titanium dioxide (TiO,), cadmium sulfide
(CdS), zinc oxide (ZnO), and more advanced chemical compounds, including oxides
infused with other metals [13,28,29]. The most widely recognized photocatalyst comprises
nanometric titanium dioxide, which exists as two main polymorphs—anatase and rutile.
The presence of one or both of these phases influences the photocatalytic performance
of the material [30]. The third crystal structure of TiO,—brookite—is highly unstable,
making it difficult to prepare, maintain, and apply for practical use [31]. The photocatalytic
properties of TiO,-based cement composites have been studied in many works to determine
whether air-purifying [24,32-35], antimicrobial [7], and self-cleaning properties can be
obtained [12,36-38], and to determine the impact of those photocatalytic properties on the
mechanical and physicochemical characteristics of these composites [25,39-43]. Moreover,
it should be stressed that cement-based materials filled with nanometric titanium dioxide
have achieved excellent levels of efficiency in terms of NOy degradation [24,32,33,44].
An insignificant number of studies have been focused on the removal of volatile organic
compounds (VOC) by cementitious materials that have been produced with the addition of
nanometric titanium dioxides, such as acetaldehyde [34] and toluene [35]. The introduction
of TiO, into cementitious composite causes significant improvement in its self-cleaning
performance compared to that of the same material without a photocatalyst [38,45,46]. It
should be emphasized that the potential of photocatalytic concrete to inhibit the growth
of bacteria [47,48], algae [49], and fungi [50] on its surface has also been proved [38,45,46].
Janus et al. found that the presence of 10 wt % of TiO-based photocatalyst in concrete
improved its antibacterial properties under visible light irradiation, and a total impediment
of E. coli was observed [51]. Moreover, the authors indicated that the incorporation of
nitrogen into the structure of the photocatalyst contributed to the enhancement of the
antibacterial properties of the concrete. A similar effect in terms of inhibiting E. coli growth
was observed by Ganji et al. [52], who indicated that the addition of 5 wt % TiO; was
optimal in their cement samples. Fonseca et al. [53] proposed the utilization of anatase
for preventing the biodeterioration of mortar caused by cyanobacteria and chlorophyta,
which demonstrated better efficiency than conventional biocides. The research conducted
by Clovis et al. [54] showed that the attachment and growth of Oedogonium algae were
inhibited by a TiO,-based cement coating. Tuntachon et al. [55] investigated the resistance
to fungi and algae formation on the surface of a geopolymer containing nano-titanium
dioxide. The results showed that an increase in the addition of nano-titanium dioxide
by up to 5 wt % increases the mixture’s ability to resist fungi and algae growth on the
sample’s surface. Furthermore, the enhanced biodeterioration and biofouling resistance
seen in concrete with the addition of combined nano-TiO, and nano-CaCQO3 was observed
in studies conducted by Harilal et al. [56]. In the case of lightweight concrete, which can
be applied as a facade material, it is crucial to prevent the occurrence of biofouling by
microorganisms due to the risk of material biodegradation. Hence, it is imperative to
conduct studies on the antimicrobial properties of lightweight concrete. Photocatalysis can
be described as a chemical process requiring a semiconductor that absorbs photons and
further induces electron-hole pairs in valence and conduction bands [31]. The migration of
the electron holes to the surface of materials reduces the chemical potential. At the same
time, the semiconductor continues to degrade the molecules adsorbed onto the surface
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of the material [57,58]. The efficiency of the photocatalyst influences both the material
and the environmental factors. The results of a previous study [59] showed that the most
important factors influencing photoactivity include the type of photocatalyst used, its
quantity, and the application method (i.e., coating). Environmental factors include UV
radiation intensity, wind speed, ambient temperature, and relative humidity. The ideal
conditions for activating the photocatalysis process are sunny days with a low wind speed
and temperatures above 25 °C.

It should be noted that in natural sunlight, anatase, the most commonly used photo-
catalyst, is capable of degrading NOj, due to redox processes occurring on the catalyst’s
surface (Figure 1) [60].
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Figure 1. Scheme of the photo-catalytic process in the nano-TiO; particles (based on [61]).

Generally, photocatalysis begins as a result of the oxidation of NOx by the hydroxyl
radical *OH and superoxide radical O,°~, which leads to the formation of nitrite NO, ~ and/or
nitrate NO3 ™ via a series of reactions that occur according to the following patterns [33]:

TiO, ™ TiO, + e~ +h't 1)
h* +H,0 - H" + OH )
e +0, =05 @)

NO + 0, — NOj3 (4)
NO+OH — NO, +H* (5)
NO + OH — HNO, (6)
HNO, + OH — NO, + H,0 @)
NO, + OH — NO; +H™ (8)

The products of reactions (4) and (8) (nitrate ions) are water-soluble and are washed
away from the active surface by rainfall [62,63].

Considering the external surface exposure of the lightweight concrete, its large sur-
face area as a building fagade, and the promising previous results of TiO,-based cement
composites, it seems to be an interesting further development of the material to create
self-cleaning, antimicrobial, and pollution-removing cementitious materials for external
application use in built-up areas. In the literature, however, no research work has been
devoted to describing the potential photocatalytic properties of cementitious materials
using rutile or a combination of rutile and anatase as a photocatalyst. In this work, pho-



Buildings 2023, 13, 1736

40f18

tocatalytically modified lightweight concrete mixed with different polymorphs of TiO,
was prepared and tested. The main objective of this research is to compare the results of
the addition of anatase, rutile, and a mixture of rutile and anatase to lightweight concrete,
and their effect on the reduction of nitrogen oxides (NOy), self-cleaning performance, and
prevention of the growth of fungi and algae on its surface.

2. Materials and Methods
2.1. Materials

The compounds used in advanced construction chemicals were obtained from local
producers and distributors. A mixture of fillers consisting of 0.1-0.5 mm sand from ZWP
MOSTY Sp. z.0.0. (Checiny, Poland), limestone from Czatkowice (Krzeszowice, Poland),
and lightweight perlite from IMCD (Rotterdam, The Netherlands) were used. The proper-
ties of the indicated aggregates are detailed in Table 1. Ordinary Portland cement (OPC)
52,5 R-NA was obtained from “Cemex” (Rudniki, Poland), metakaolin from IMCD (Rotter-
dam, The Netherlands), and calcium aluminate from IMCD (Rotterdam, The Netherlands)
were used as a binder system. Moreover, the following chemical additives were used:
Melflux 2651F—a polycarboxylate-based superplasticizer, provided by the BASF company
(Ludwigshafen, Germany); tartaric acid, which is a commonly used retarder for Portland
cement, obtained from CFI World (Robakowo, Poland); hydroxyethyl cellulose (HEC),
also named Tylose H300P2, provided by SE Tylose (Wiesbaden, Germany); redispersible
polymer powder (RDP) Vinnapas 4410L (Wacker Chemie, Burghausen, Germany); the de-
foamer Agitan P84 9 (Miinzing Chemie, Heilbronn Germany). Two different polymorphous
phases of titanium dioxide—anatase (A) and N- doped rutile (R)—were both provided by
Cinkarna (Celje, Slovakia). The parameters of the titanium dioxide used in the study are
listed in Table 2.

Table 1. Parameters of the aggregates used.

. . Water Absorption Specific Gravi
Aggregate Properties Size (mm) %) P P (g/dm®) ty
Sand 0.1-05 <0.1 1550
Limestone <0.1 <2.0 900-1100
Perlite <0.1 <0.1 115

Table 2. Parameters of the titanium dioxide used in the research.

Characteristics Anatase Rutile
Density 12¢g/ cm?® 12¢g/ cm®

Crystal size (Scherrer) 10 nm 30 nm
Specific surface area 250 m?2/ g 60 m?2/ g

2.2. Sample Preparation

Lightweight concrete without nanometric titanium dioxide was used as a control, and
9 nanophase-modified lightweight concrete specimens were produced at a water/cement
(w/c) ratio of 0.24. The prepared materials consisted of 580 g of ordinary Portland cement,
56 g of metakaolin, 50 g of calcium aluminate, 1126 g of sand, 200 g of limestone, 100 g of
perlite, 10 g of superplasticizer, 30 g of re-dispersible polymer powder, 2.6 g of hydroxyethyl
cellulose, and 2 g of antifoam. Different forms of titanium dioxide were incorporated into
the dry mixture, with designated contents of 1 wt %, 2.5 wt %, and 5 wt %. The compositions
of the obtained samples are presented in Figure 2.
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DESIGN OF SAMPLE PREPARATION
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Figure 2. Composition of the obtained samples.

The samples were prepared in a mixer in accordance with the requirements of the
EN 196-1:2016 standard [64]. The dry materials, including binders, fillers, and chemical
additives, were mixed to ensure the homogenization of ingredients. Afterward, the dry
part of the mixture was added into the bowl of the mixer with a specified amount of water
and mixed for 2 min. After 5 min, the fresh concrete was re-mixed for 1 min. The concrete
samples were formed as 160 mm x 40 mm X 40 mm cuboids in metal molds. The covered
molds were placed in a cabinet with 90% relative humidity and a temperature of 20 £ 1 °C.
Samples were extracted from the molds after 24 h and were then placed in an airy room
with 65 £ 5% relative humidity and stored at 23 £ 2 °C for 27 days.

2.3. Photocatalytic Conversion of NOy

The degradation of NOy compounds when employed in cement—polymer concrete
with nano-TiO; was studied experimentally. The experiments were carried out in a photore-
actor, which was designed according to an applicable ISO 22197-1 standard [65] to assess
the type of photocatalytic concrete, employing NO as the pollutant source. The NO inlet
concentration and flow rate during this study were 3 dm3/min. The apparatus comprised
a reactor cell, a light source, a gas supply, and a NOy analyzer (Figure 3). The intensity of
the UV-A light was 1 mW/ cm?.
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Figure 3. Scheme of the photocatalytic reaction test for NOy degradation.

2.4. Self-Cleaning Performance

The self-cleaning capacity of the samples was studied based on the de-coloration of
an organic dye—rhodamine B—which is commonly used for tests on different building
materials. Rhodamine solution was deposited onto the surface of the analyzed panels.
After impregnation, the samples were stored in the dark for 24 h, then the color intensity
value of the samples was measured using a spectrophotometer (X-RITE VS 450, Grand
Rapids, MI, USA). Additional measurements were carried out after 48 h and after 7 days of
irradiation. The degree of de-coloration was calculated according to Equation (9):

% of color change = %T_Oat 9)
where ag represents the color intensity value before the exposure and a; represents the
values obtained after irradiation.

2.5. Antimicrobial Properties

The microbial test method was applied to assess the lightweight concrete’s susceptibil-
ity to fungal and algae proliferation. The method determines the level of surface protection
and the effectiveness of titanium dioxide being introduced in various concentrations into
samples of lightweight concrete and modified with a nanophase. The experiments were car-
ried out according to the internal test methods D. 850-2 and D.800.2, classified by the Thor
GmbH Company (Speyer, Germany). Green algae (Stichococcus bacillaris and Scenedesmus
vacuolatus) and fungi (Aspergillus niger and Penicillium funiculosum) were selected because
they naturally populate concrete surfaces. The fungal inoculum contained 10° cells/mL,
whereas the algal inoculum contained 10° cells/mL. The samples intended for testing were
prepared in two groups—without water irrigation or stored for two days in water before
the experiment—in standard conditions. In the next stage, samples of the inoculum were
placed on Petri dishes in an agar medium and were then sprayed with 10° cells/mL of fungi
or 10° cells/mL of algae. Subsequently, the samples were stored to evaluate fungal/algal
growth using a comparative scale that is presented in Tables 3 and 4. The scheme of the
test stages is shown in Figure 4.
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Table 3. The grading scale for the surface growth of the fungi.

Scale Surface Growth of the Fungi

No fungal growth on the surface of the sample.

0 Free zone of fungal growth around the sample.

No fungal growth on the surface of the sample or trace amounts of
0) fungus at the edges of the sample.
No free zone of fungal growth around the sample.

1 Fungal growth over less than 25% of the tested surface.
2 Fungal growth over between 25 and 50% of the tested surface.
3 Fungal growth over more than 50% of the tested surface.

Table 4. The grading scale for the surface growth of the algae.

Scale Surface Growth of Algae

0 No surface growth of algae or a trace amount of algae.

Poor algal growth over less than 25% of the tested surface.

1
2 Moderate algal growth over between 25 and 50% of the tested surface.
3

Strong algal growth over more than 50% of the tested surface.

a) Fungi 10°cells/ml
b) Algae 10° cells/ml

sample
VLLLLLLLLLLZA

i) without water irrigation
i) 2 days water irrigated

introduction to the sample

microorgnisms

inoculation, storage

evaluation of the growth of
microorganisms on the sample

:

Figure 4. The scheme of the test stages.

3. Results and Discussion
3.1. Antimicrobial Properties

The formation of biofouling is a significant problem for the construction industry.
Walls and facades are regularly affected by bacteria and algal and fungal growth, causing
material biodegradation [6]. Fungi can produce certain pigments and biogenic acids,
leading to concrete damage as a result of the formation of insoluble calcium complexes.
Moreover, they are able to penetrate the concrete surface. These processes promote material
weight loss and increase the permeability and porosity of concrete [7,66]. In order to inhibit
biofouling, it is crucial to stop the growth of algae and fungi cells during the first step of
biofilm formation, when only reversible attachment created by non-specific forces occurs.
Irreversible binding, in which the extracellular polymer forms a thick outer layer (the
second stage of biofilm formation) to protect the microorganisms from damage, must be
prevented [67,68]. One of the methods of preventing the formation of irreversible biofilm,
which is very difficult to remove, is the rapid removal of organic pollutants (which are an
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excellent growth medium for microorganisms) from the surface [67]. Cementitious coatings
containing photocatalytic titanium dioxide may help in this endeavor [7,69].

Since Matsunaga et al. [70] first demonstrated the photocatalytically powered antimi-
crobial properties of TiO,, many articles have discussed the bactericidal mechanisms of
TiO, [69]. As mentioned earlier, there are no publications describing the potential photo-
catalytic properties of cementitious materials that incorporate rutile and a combination of
rutile and anatase as a photocatalyst.

In this paper, to determine the level of surface protection, the antimicrobial properties
of TiO, nanophase-modified lightweight concrete were tested. The effect of titanium
dioxide concentrations and the ratio of anatase-rutile polymorphs on the susceptibility
to the fungal and algal proliferation of photocatalytically modified lightweight concrete
was also investigated. To establish the antimicrobial activity of TiO, when introduced
to lightweight concrete, the fungal and algal strains were inoculated onto cementitious
samples, either onto a sample containing TiO; or onto a control sample without TiO;. The
test results are shown in Table 5. The grading scales of the fungi and algae surface growth
are presented in Tables 3 and 4, respectively.

Table 5. Fungicidal and algicidal film preservation.

Fungal Growth Algal Growth
Sample

I IT I I

Control 0) 3 0 3

1 wt % Anatase 0) 0 3

2.5 wt % Anatase 0) 1 0 3

5wt % Anatase 0) 0) 1 3

1 wt % Rutile 0) 1 0 2

2.5 wt % Rutile 0) 2 0 2

5 wt % Rutile 0) 3 0 1

4 wt % Anatase + 1 wt % Rutile (0) 1 0 2
2.5 wt % Anatase + 2.5 wt % Rutile 0) 0) 0 2
1 wt % Anatase + 5 wt % Rutile 0) 1 1 2

I—without water irrigation. Il—conditioned for two days in water before the experiment.

The obtained results indicate that there was no significant growth of fungi and algae
on the surfaces of all the cement samples (including the control sample without TiO,)
that had not been immersed in water. Water pretreatment caused strong microorganism
growth (level 3) on the surface of the control sample, as well as different levels of growth
on the TiO,-modified lightweight concrete surfaces (levels 0-3). This phenomenon can be
explained by changes in the physical parameters of concrete after water immersion. Fresh
concrete is characterized by a high pH, predominantly pH > 12, which provides natural
protection against the biocorrosion caused by the growth of microorganisms, including
algae [8]. Over time, the concrete surface becomes inert due to carbonation, the natural
aging of the mineral raw materials, and the erosive effect of water. Moreover, water leaching,
surface contamination, and immersion in water can increase the roughness of the surface
of concrete [71]. This process results in the formation of cavities, where microorganisms
can develop. When the pH drops to neutral, favorable conditions are created for the
development of heterotrophic factors such as filamentous fungi and algae [9,72]. With a
low pH, the control samples in this study lost their natural antimicrobial properties. The
modified samples of concrete retained their antimicrobial properties to varying degrees,
due to the photocatalytic properties of TiO,.

The experimental results clearly show the differences in the antimicrobial properties
of concrete samples with the addition of both anatase and rutile after exposure to water.
This is probably because the antibacterial potential of TiO, depends on the ratio of anatase
to rutile, due to the variability in photocatalytic activity between these two phases [51].
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Increasing the concentration of anatase from 0 wt % to 5 wt % in the TiO,-modified
concrete samples increased the inhibition of biofouling by fungi from level 3 to level
0 (no growth). These results correspond to those reported in the study conducted by
Tuntachon et al. [55]. However, this change does not significantly affect the growth of
algae—contamination remained at level 3 for all concentrations of anatase. In the case of
rutile, the inverse correlation was observed. Increasing the concentration of the mentioned
TiO, phase caused a decrease in algae biofouling from level 3 to level 1 (weak growth).
Taking into account the obtained results, it should be noted that another trend was clearly
observed: anatase has a stronger effect on fungi than rutile and is less effective in the case
of algae, while in the case of rutile, the opposite effect can be observed. An increase in the
concentration of rutile along with a simultaneous increase in the degree of fungal biofouling
on the surface of samples was unexpected. In studies conducted by Markowska-Szczupak
et al. [73], it was determined that the properties of titanium dioxide are crucial for its
antifungal activity. Furthermore, it was observed that differences in fungal structure also
had an impact on the final concrete’s antifungal properties. The growth of the P. boydii and
A. versicolor strains was strongly inhibited by the presence of titanium dioxide and light,
while the growth of the S. chartarum strain was stimulated by the presence of titanium
dioxide. Additionally, it was indicated that different fungi have different requirements for
water and nutrients, which means that adsorbed water and certain impurities (e.g., F-, Na+,
and HOO-) on the sample’s surface can either inhibit or promote their growth. Considering
the aforementioned findings, future detailed research is required.

However, the results clearly show that anatase has better biocidal properties (for fungi
and algae) than rutile at the same concentrations. For example, after the introduction of 5 wt
% of anatase into a cementitious matrix, level-0 growth can be seen, while for fungi at 5 wt
% of rutile, the level-1 growth of algae is observed. Possible explanations for the results
described above are the differences in crystallite size, phase structure, specific surface
zones, and pore structure [74] of the two mentioned TiO, phases. Research shows that
anatase has higher photocatalytic activity than rutile because of its better surface adsorption
capacity, larger specific surface areas, and smaller particle size [68]. As indicated before,
the pretreatment of samples with water can influence the concrete’s surface properties.
Moreover, better photocatalytic activity facilitates better self-cleaning properties and the
possible antimicrobial resistance of TiOp-modified concrete [69].

It is certainly not without significance that algae can be more difficult to control
and may require the presence of higher TiO, concentrations. In general, the reactive
oxygen species—(ROS) (especially OH radicals), which are photo-generated during electron
photoexcitation from the TiO, valence band to the conduction band—are responsible for
its antimicrobial properties [69]. Moreover, the direct contact of microbial cells with nano
TiO, also occurs as a result of cell wall damage and cell membrane lipid peroxidation [75].
Basically, the microbial killing process starts from the cell wall and proceeds toward the
intracellular components of the cell [51], but it follows a different course for algae and
fungi, due to differences in the structure of these two groups of organisms.

In the case of fungi, the denaturation of the fungal cell wall is most important during
its disinfection. ROS with high oxidizing power must pass through the rigid fungal cell wall.
Photo-generated hydroxyl radicals from TiO, are applied to the fungal cell wall surface
and directly interact with its glucan and chitin layers (see Figure 5 as a result [75]. In case
of algae, ROS also have negative impact on cell wall. Additionally, free radicals directly
destroy the chlorophyll molecule resulting in decreasing of photosynthesis efficiency (see
Figure 6). Algae may be more resistant to photocatalysis due to possessing more complex
and thicker cell walls, extracellular polysaccharide production (which forms a barrier
between the cell wall and the photocatalytic surface), and defense mechanisms against ROS
evolution [6].
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Figure 6. Schematic diagram of the process of the nanometric titanium dioxide, destructively affecting
an algae cell (based on [75]).

Interesting interactions have been observed in the case of polymorphic (mixed phase)
TiO;. The research results clearly indicate that the best antifungal and anti-algal properties
were simultaneously obtained for the rutile and anatase equilibrium mixture (2.5 wt %).
This observation was made in relation to an aqueous suspension of rutile-anatase compos-
ite. Krumdieck et al. [77] reported that the rutile-anatase heterojunctions showed higher
photocatalytic activity than the single-phase materials separately. Moreover, a similar
correlation was recorded to that observed previously when analyzing the anatase and rutile
phases separately. Again, the greater effectiveness of anatase against fungi and of rutile
against algae was noted.

The synergy between the two phases is poorly understood but yielded promising
results. It is worth acquainting oneself with the results of the studies conducted by Jing
Hou et al. [75], who noted that the most toxic effect of nano-TiO; against algae strongly
depended on TiO; concentration and exposure time. Further experiments in which the
concentration of both anatase and rutile are increased to at least 5 wt % should be carried
out. It is very likely that this mixture will achieve a no-growth effect for algae and fungi.

3.2. Self-Cleaning Performance

Many studies [37,46,78-81] have described the self-cleaning performance and photo-
catalytic activity of cementitious materials that have been modified with nano titanium
dioxide. Most results indicate that the addition of 3-5 wt % of nano-TiO, to cementitious
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materials elicits satisfactory photocatalytic performance. For this reason, samples with
different concentrations of TiO, were prepared to determine the optimal content of a single
phase of rutile and anatase in a tested light cementitious system. Moreover, a 5 wt % ratio
of TiO, was chosen for the mixed phases.

This work assessed the self-cleaning properties of lightweight concrete that had been
modified with TiO2 nanophase, using a colorimetric analysis of the level of discoloration
from an organic dye—rhodamine B—the molecules of which are destroyed in the pho-
todegradation process.

The influence of titanium dioxide concentrations and the ratio of anatase-rutile poly-
morphs of the prepared samples on self-cleaning performance was determined. The
samples were prepared in accordance with the scheme presented in Figure 2. The test
results are shown in Figure 7.
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Figure 7. Experimental results for degrading rhodamine B after 24 h, 48 h, and 168 h (7 days).

The results show a significant improvement in the self-cleaning performance of
lightweight concrete modified with TiO, nanophase, compared with a control sample
without the addition of TiO,. An overall increase in discoloration values was observed
for all the tested samples, including the control sample. It should be mentioned that the
measured color of the sample surface was strongly dependent on the degree of cement
hydration. It was established that the surface color of all the studied materials changed
during the hydration process.

Two stages of color change were observed in the rhodamine B, caused by the self-cleaning
effect of TiO,-modified samples. In the first stage, the percentage of color changes in the
rhodamine B increased rapidly during the initial 24 h of UV-A irradiation for all samples.
The differences in the self-cleaning effect between samples containing anatase, rutile, and
anatase-rutile were significant. For the materials named 5 wt % Rand 4 wt % A + 1 wt % R,
the color change after 24 h of irradiation was the most significant and amounted to over 60%.
The control sample and the sample with 1 wt % anatase showed the least noticeable color
change, remaining below 15%. The next stage was observed after between 48 h and 168 h of
irradiation. The rate at which the color change index increased was slower than for the first
stage, resulting in only a slight color alteration. This observation is consistent with the results
presented by Liu [82]. Similar to the first stage, the samples that exhibited the smallest color
change after 48 h of irradiation were the control sample and the sample with the addition of
1 wt % anatase, while the largest color change (up to 65%) was observed in relation to three
samples: 5wt % R, 4 wt % A +1wt %R, and 4 wt % R + 1 wt % A. In the case of UV-A
exposure for 168 h, the largest color change was observed in the case of the same samples as
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those after 48 h of irradiation, namely, 5 wt % R, 4 wt % A + 1 wt % R, and 4 wt % R + 1 wt %
A, wherein the value for the color change exceeded 70%. The obtained data are promising
because most of the rhodamine B was removed in the first, active phase of the de-coloration
process, which corresponds to the prevention of contaminant agglomeration on the surface.

In the first active stage of the de-coloration of rhodamine B, there was a clearly visible
trend of color reduction. Increasing the concentration of rutile from 0 wt % to 5 wt %
in TiO,-modified concrete samples caused an increased degradation of rhodamine B on
the surface, due to the photocatalytic reaction. In the case of samples containing anatase,
the highest percentage of discoloration was observed for the concrete supplemented with
2.5 wt % of anatase. A similar effect for anatase-modified and rutile-modified samples was
noticeable after 48 h and 7 days. Regarding the samples with a 5 wt % addition of TiO,
for both single-phase samples and a mixture of rutile and anatase, the most significant
self-cleaning performance was obtained for the 4 wt % A + 1 wt % R sample (75.85%). The
results clearly show the synergistic effect of self-cleaning performance between the two
incorporated anatase and rutile phases.

A relatively low degree of discoloration was observed for 2.5 wt % A + 2.5 wt % R
samples. This may result from the measurement method being one that does not consider
the samples’ topography: roughness and porosity. The sample containing an equilib-
rium mixture of rutile and anatase (2.5 wt %) had the highest open pore content (14.7%)
(Figure S1 in the Supplementary Materials).

3.3. Reduction of NOx

In this paper, the self-cleaning performance of lightweight concrete modified with
nanophase TiO, was tested. The influence of titanium dioxide concentrations and the ratio
of anatase-rutile polymorphs on NOy reduction was studied. The obtained results are
shown in Figure 8.

A significant improvement in the photocatalytic properties of samples modified with
titanium dioxide in comparison to the control sample was noted. With an increase in rutile
content, the degree of NOx reduction increases (Figure 9a). The same dependence was
not observed in the case of materials containing anatase, while the highest NO, reduction
degree was noted in the case of the sample containing 2.5 wt % of anatase (Figure 9b).
These observations are consistent with the results obtained for the analysis of self-cleaning
performance, wherein the percentage of discoloration was highest in the sample containing
2.5 wt % of anatase. Taking into account all the studied materials, it must be noted that the
best NOy reduction performance was recorded in the case of the 2.5 wt % A + 2.5 wt % R
sample (5.7%). The results of NOy reduction in samples with the addition of anatase-rutile
polymorphs are shown in Figure 9c.
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Figure 9. Effectiveness of TiO,-modified concrete samples in NOy removal: (a) specimens with rutile
addition; (b) specimens with anatase addition; (c) specimens with a 5 wt % addition of TiO;.

The majority of the authors have noted that anatase has higher photocatalytic activity
than rutile [68,69]. However, the results presented in this paper show that the photocatalytic
ability regarding self-cleaning and NOy reduction is better for materials with the addition
of rutile. This may be due to the fact that the rutile used in the research was doped with
nitrogen. This observation corresponds to the results from Padmanabahan’s research [69],
which show that the chemical modification of TiO, by doping with non-metals such as N
can improve the visible light response in TiO,, thereby driving photocatalysis.

Moreover, the poor NOy reduction properties observed for 1 wt % of anatase and
rutile are in agreement with the results obtained by Folli et al. [83]. The authors noted that
satisfactory photocatalytic performance can be achieved using 3-5 wt % of titanium dioxide.

4. Conclusions

In this work, the photocatalytic reduction of NOy, self-cleaning performance, and an-
timicrobial properties of nano TiO,-modified lightweight concrete was studied. Lightweight
concrete without the addition of nanometric titanium dioxide, as well as anatase-modified
lightweight concrete, rutile-modified lightweight concrete, and anatase-rutile-modified
lightweight concrete were tested. Based on the obtained results, the following conclusions
can be drawn:

1.  The addition of titanium dioxide to lightweight concrete leads to significant improve-
ments in its self-cleaning performance, NOx reduction, and antimicrobial properties.

2. The photocatalytic ability regarding self-cleaning and NOy reduction is better in the
concrete with the rutile addition compared to the concrete with the anatase addition
because the rutile used in this research was doped with nitrogen.

3. The experimental results show a synergistic effect of the polymorphic phases of
TiO; containing rutile-anatase, but not in every proportion. The best NOy reduction
properties for the equilibrium (2.5 wt %) mixture of anatase and rutile were noted
when the sample reached the highest value. These results also correspond to the
microbial resistance test results, wherein the best antifungal and anti-algal properties
simultaneously were obtained for the 2.5 wt % A + 2.5 wt % R sample. The synergy
between the two phases is not well understood; nonetheless, these are very promising
results that require further detailed research.

4. The utilization of the combined polymorphs of titanium dioxide in cementitious

products can be environmentally beneficial; however, in order to ensure the effective
application of such composites, a future comprehensive examination of the mechanical
properties of lightweight concrete with the addition of TiO; is necessary.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/buildings13071736/s1, Figure S1: Comparison of the results for
the open-pore content of the TiO,-modified concrete samples.
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