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Abstract: This article presents a short overview of modified cements with photocatalytic activity.
First, the types and three main methods of obtaining photoactive cements are presented. The most
frequently used modification method is the incorporation of a photocatalyst into the total mass of
the cement. The second group analyzed is cements obtained by applying a thin layer of photoactive
materials, e.g., paints, enamels, or TiO, suspensions, using various techniques. The third group
is cement mortars with a thick layer of photoactive concrete on the top. In addition, methods for
determining the photoactivity of cement composites, mechanical properties, and physicochemical
parameters of such materials are briefly presented. Finally, examples of investments with the use of
photoactive cements and development prospects are shown.
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1. Introduction

Today, it would be difficult to imagine the image of modern buildings and architecture
without concrete, which is a widely used construction material. Nevertheless, it is not
only the functionality, aesthetics, and durability of buildings that justify the use of this
composite material. Currently, an important argument in favor of its use is its contribution
to the protection of the natural environment [1,2]. Recently, self-cleaning special cements
have become more and more popular, which are the basic component of ecological concrete
products, architectural and facade concrete, and precast concrete products, as well as
construction chemicals and cement mortars. The biggest problem regarding air quality
around large urban areas is that the air exceeds the permissible standards for the content
of NOx, SO,, and other hazardous substances in the air, mainly caused by the rapid
development of the automotive industry. Photoactive cements that break down gaseous
pollutants in an environmentally friendly manner come to the rescue. The photocatalytic
material used for its modification, most often titanium dioxide TiO,, is responsible for the
photoactivity of such cements [1-4]. The addition of nanometric TiO; to cement was first
registered in Japan in the early 1990s [5]. Currently, photocatalytic cements are used on a
large scale in the production of building materials, concrete, and paving stones covering
sidewalks and streets where we walk.

2. Mechanism of Photocatalysis, Types of Photoactive Cements and Their Preparation

(a) Photocatalytic mechanisms of TiOp

Suitable semiconductors are photocatalysts capable of carrying out the photocatalysis
process. The most famous semiconductor in the world is titanium dioxide. The supply of
energy in the form of light to the semiconductor causes the electrons from the base band
to jump to the conduction band, and oxidation and reduction reactions take place in both
bands [1]. The mechanism of photocatalytic oxidation is well understood and generally
comprises four major steps [6-9]:

1) Adsorption of reagents on the surface of the photocatalyst,
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(2) Excitation of the photocatalyst with UV radiation and photo-generation of
e—h+ pairs (photo-inducted electrons and holes),

(©)] Generation of hydroxyl radicals from water molecules adsorbed on the semi-
conductor surface,

(4)  Generated hydroxyl radicals and other structures take part in decomposition of
such compounds as organic compounds, nitrogen oxides and other compounds,

(b) Types of photoactive cements.

In the literature, the most frequently modified types of cement are ordinary Portland
cement (OPC), white cement (WC), and aluminum-calcium cement (CAC); slag and fly ash
are less frequently used binders, because according to Jimenez-Relinque [6], the addition of
ash and slag reduces the efficiency photocatalytic effect of photoactive cement. According
to Jin [7] et al., CAC increases the NOx absorption capacity and shows more permanent
binding of these gases in aluminum-containing phases. Moreover, a relatively new interest
of scientists is polymer-cement composites, which are obtained by mixing various types
of cements with polymers [8,9]. For example, Baltes et al. [8] mixed CAC with polyvinyl
alcohol (previously mixed with glycerol) to obtain a mortar. However, it was found that the
solution does not guarantee resistance to the aggressive environmental conditions affecting
the material; therefore, they additionally created a coating improving the water resistance.
They obtained it by mixing a commercial silica-based enamel with TiO, nanopowder [8].
On the other hand, Zhao et al., for the modification of the polymer-cement coating, used sul-
faluminum cement (SAC), which, compared to Portland cement, is characterized by lower
alkalinity and permeability, and thus better durability [9]. Guo and other researchers [10]
used TiO; nanoparticles mixed with epoxy resin polymers to modify the Portland cement
mortar, which improved the mechanical properties and flowability of the composite.

Generally, the literature provides three technologies for obtaining photoactive ce-
ments, which are presented in the example of the most commonly used metal oxide for
modification—titanium dioxide, TiO; (Table 1, Figure 1). The first and most frequently
used method of modification of cements is the incorporation method, which consists of
making a cement material containing the photocatalyst in its entire mass (Figure 1A). The
second group is cements obtained by the surface treatment method, with a thin layer of
photocatalyst on the outside: we distinguish two variants of this modification, including;:
(I) coating the separation layer; or (II) direct coating of the cement with a thin layer of
photocatalyst (Figure 1B). The third group of photoactive cements is materials obtained by
incorporating the photocatalyst only into the top layer of the composite (surface coatings
with a composite cement surface layer containing the photocatalyst) (Figure 1C).

Table 1. Methods of obtaining photoactive cements.

Type of Method Short Description

Adding a photocatalyst during the manufacture of cement; cement

(A) Incorporation method. replacement by mass with photocatalytic TiO, particles (micro-

or nanosized).

(B) Photocatalyst coating technology—cement coating
with a thin layer of TiO, materials with (I) or without
(IT) a separation layer.

Creating coatings (generally 200 nm thick) by sprinkling with powder,
applying paints, enamels, TiO, suspensions, or special composites, e.g.,
TiO, /ZnAl. The coatings are applied by techniques such as direct
painting on the surface of the cement matrix—by wet coating method; by
immersion, spraying, spray pyrolysis, electrodeposition, or chemical
vapor deposition (CVD).

(C) Addition of the photocatalyst only to the top of the
cement mortar layer.

Addition of TiO; or modified TiO; to the surface layer; lower layer is
unmodified concrete; the top part of concrete consists of cement
with photocatalyst.
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A)
cement + TiO4 or modified TiO,
TiO 5 layer T104 coating
B) separafion layer
+
I cernert I cement or cement + polymer
C)

cemnent + TiO 5 or modified TiO 4

cerment

Figure 1. Scheme of possible methods of cement modification by photocatalysis: (A) incorporation
method, (B) surface treatment method: with (I) and without (II) a separation layer, (C) surface coating
with a composite cement surface layer containing the photocatalyst.

2.1. Obtaining Photoactive Cements by Incorporation Method

(a) Examples of preparation of the cements by intercalation method using TiO,

The first method of obtaining cement composites consists of adding various amounts of
TiO; or replacing a part of the cement in the mixture (cements modified in mass with TiO5)
in the form of a photocatalyst suspension or dry powder and requires only simple mixing of
both materials [11,12]. It is known that heterogeneous photocatalysis is a process that takes
place only on the surface of the material. Therefore, the use of the method of incorporating
the photocatalyst in the entire mass limits the photocatalytic efficiency of such material
because the sun’s rays do not reach the deeper layers of cement [13,14]. On the other hand,
there were reports in the literature about the improvement of the mechanical properties of
cements by additional filling of the pores and the interaction of TiO,-cement components.
Therefore, from the point of view of the durability of the material in a long period of use,
the admixture of a photocatalyst seems to be a better solution [3,8,11]. Moreover, most
of the research work focuses on commercial TiO, as an additive to cement materials. It
is known that both the size of the photocatalyst particles and the type of binder used for
the production of the photoactive cement are responsible for the photocatalytic properties.
Jimenez-Relinque et al. [6] designed photocatalytic cement mortars containing 2% TiO, P25
as an additive per cement mass. The samples were made with the use of various types of
binders: Portland cement, aluminum-calcium cement, blast furnace slag, and fly ash. They
observed that cement mortars had photocatalytic activity, but cement matrices containing
commercial Portland cement and aluminum-lime cement were more active, while ash
and slag mortars turned out to be the least active. On the basis of their research, they
found that the composition of the cement matrix affects the value of the redox potential of
the water phase in the pores and the photoabsorption energy [6]. In turn, Folli et al. [12]
investigated the effect of TiO, photocatalyst particle size on the photocatalytic activity of
cement slurries. They obtained cement samples by dry-mixing fresh Portland white cement
powder with 3.5% commercial microsized m-TiO; and nanosized n-TiOy, both containing
100% anatase. To compare the photocatalytic activity of the obtained cements, they used
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the organic dye degradation test, thodamine B (RhB), under the influence of ultraviolet
radiation. They reported that m-TiO, shows greater efficiency of dye decomposition in
the cement environment, which is probably associated with a greater degree of dispersion
and a larger area for dye adsorption. In addition, another study was carried out at the
University of Milan in Italy, using m-TiO, and n-TiO, powders [15]. The results of these
studies showed that dispersion and distribution are more convenient when using m-TiO,,
as the latter shows a significant tendency to agglomerate and thus works towards reducing
the total reactive surface available for initiating photocatalytic reactions. It was also found
that the use of n-TiO, was more advantageous since the composite had a better ability
to adsorb contaminants that could readily permeate the agglomerates formed. The pros
and cons of such a solution are also presented in Section 2.1. (b). Returning to the binder
effect, Chen and Poon [16] compared the photocatalytic activity of Portland (OPC) and
white (WC) cement, where the amount of additional admixture of photocatalysts (P25 or
anatase) was 5% and 10% of the total cement mass. They noticed that the samples prepared
with WC showed better photocatalytic activity than those prepared with OPC, due to its
gray color caused by metallic additives. This was confirmed by studies conducted by
Guo et al. [17], as they found that the poorer performance of OPC mixtures with nano-TiO,
(2% and 5% by weight of cement) in photocatalytic NOx removal is due to the combination
of stronger light absorption and lower charge separation caused by OPC. Cassar et al. [18]
mixed TiO, with white cement (5% by weight of cement) and compared the photocatalytic
activity of such a cement mortar without the addition of TiO,. They found that WC
without the addition of TiO; also exhibits photocatalytic activity due to the presence of
photocatalytic oxides in its matrix. In turn, Lee et al. [19] obtained photoactive cement
samples via 5% and 10% TiO, replacement by mass of cement. In order to incorporate
the photocatalyst nanoparticles into the cement matrix, they used a preprepared aqueous
suspension of commercial TiO, P25 containing 80% anatase and 20% rutile as an additive
to commercial Portland cement (OPC). They investigated the photocatalytic activity of
the obtained cements containing TiO, nanoparticles in terms of the degradation of NO
and NO; gases. Their main observation was the fact that the photocatalytic activity of the
obtained cement pastes in removing NOx under the influence of UV light was very similar,
while in the absence of UV light, they observed a greater ability to bind NO, than NO by the
cement matrix, which proves that OPC is a binder designed to bind NOX, especially NO,.

(b) Examples of preparation of the cements with modified TiO,

The use of modified titanium dioxide is a procedure aimed at improving photocatalytic
efficiency, reducing production costs, and enhancing the photocatalytic activity of cement
materials obtained by intercalation. J. K. Ratan et al. [13] believe that the use of m-TiO,
reduces the photocatalytic activity of the self-cleaning cement compared to the more
expensive n-TiO,. However, the use of a more active photocatalytic n-TiO; in a photoactive
cement formulation has many advantages, including a larger surface area, a lower band
gap, and a reduced recombination rate, as well as commercial disadvantages. n-TiO,
can cause serious health problems in humans as a result of inhalation of nanoparticles
during the production and use of self-cleaning cement [20]. Moreover, the previously
mentioned obstacle in commercialization of the manufactured product is also its high
cost. The third disadvantage leading to the deterioration of the performance of the self-
cleaning cement is the fact that the n-TiO, shows a greater degree of agglomeration in
the cement matrix. Therefore, in order to overcome the above-mentioned drawbacks of
using n-TiO,, scientists are making considerable efforts to improve the photocatalytic
performance of m-TiO;-based self-cleaning cements, which solves the problems. Summing
up, the research carried out so far on the influence of particle size distribution on the
performance of the cement matrix has not revealed a decisive direction that should be
followed. From the point of view of the distribution of contaminating particles, it would
be more reasonable to use n-TiO,, because it exhibits a more effective decomposition of
nitrogen oxides as well as superhydrophilicity, reducing the contact angle of water and
creating a homogeneous hydrophilic film of the modified substrates [21]. It is also worth
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emphasizing that scientists often look for more economical solutions. For example, J. K.
Ratan et al. [13], in order to increase the activity, proposed introducing a co-adsorbent in the
form of calcined dolomite into the cement matrix, together with m-TiO,. A cement sample
prepared by adding 10% calcined dolomite (sedimentary rock associated with limestone)
to a mixture of 87% clinker and 3% micronized TiO, showed a significant improvement in
photocatalytic activity resulting from increased light energy absorption and methylene blue
adsorption [13]. As mentioned earlier, modified titanium dioxide is increasingly used to
improve the properties of the cement matrix. Similar to the previously described solution,
Saini et al. [4] proposed to obtain self-cleaning cement by uniformly mixing 87% clinker
and 10% calcined dolomite, with the difference that a 3% addition of surface-fluorinated
m-TiO, was used for modification. The self-cleaning cement modified in such a ready state
showed amazing self-cleaning properties and ensured a remarkable degradation of NOx
from the air [4]. Amor et al. applied a 0-20 wt.% of double lamellar hydroxides based
on ZnO, Al,O3, and TiO; for the clinker paste, which also ensured better self-cleaning
properties [22]. On the other hand, Tyukavkina et al. [3] mixed powders of titanium dioxide
obtained from the waste sorbent generated during the treatment of heavy non-ferrous metal
discharges with Portland cement. They showed that the modified TiO, acts as a modifier,
accelerating the cement hydration and hardening processes and acquiring the ability to
self-clean thanks to the photocatalytic activity of the added additive [3]. In the literature,
there is also the use of nitrogen-modified TiO, (TiO,/N) as an additive in the amount of 1,
3, and 5 wt.% to Portland cement [23], modified with carbon and nitrogen (TiO,-N,C) in
the amount of 10 wt.% and 20 wt.% [24] in order to provide photocatalytic properties.

(c) Examples of the preparation of cements with the addition of another type of photocatalyst

In general, titanium dioxide is most often used to impart photocatalytic activity to
cements, which means that its solar-induced photocatalytic efficiency is probably sufficient.
Moreover, the number of literature reports on the use of a different type of photocatalyst is
relatively small and it constitutes a small percentage of research. An interesting solution
proposed by Moreira et al. [25] is the use of red mud (RM) and Nb,Os as an additive in
the amount of 2 wt.%, each in relation to Portland cement. The proposed solution has the
potential to be used in self-cleaning surfaces. Both of the mortars showed the ability to
photodegrade methylene blue. It is also worth emphasizing that red mud is an alkaline
waste material in the process of bauxite enrichment in order to produce alumina [26].
Therefore, its addition to cement is an environmentally friendly method of waste disposal,
consistent with the principles of sustainable development [27]. In studies by Geng et al. [28],
two different BiOBr precursor solutions were used to modify white cement pastes, obtained
by dissolving bismuth(IIl) nitrate(V) - 5H,O in the amount of 1.5% by weight, based on
the weight of the cement in ethylene glycol or nitric acid. The solutions were then added
dropwise to an appropriate amount of water and NaBr. It was found that the microstructure
of the obtained cement slurries was dominant in increasing the photocatalytic activity [28].
A new direction of research has become non-metallic photocatalysts that react to visible
light, which can be used in areas not exposed to sunlight for air purification, such as
underground parking lots and tunnels. In the latest research by Yang et al. [29] for the
modification of Portland cement, the researchers used a suspension of polymeric carbon
nitride (PCN) powder, which was mixed with cement in the weight ratio of PCN to
cement, respectively, 0%, 0.1%, 0.5%, 1%, and 2%. The results of the research on the phase
composition and microstructure of the cement matrix showed that PCN can play the role of
a micro-filler, improving the microstructure, reducing porosity, and hindering the diffusion
of ions and water in cement systems [29].

2.2. Preparation of Photoactive Cements by Surface Modification
(a) Formation of thin TiO; films with/without a separation layer

The second type of modification is the coating of cement mortars with a thin layer
of photocatalyst. According to Wang et al. [30], the use of surface treatment technology
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reduces costs due to the reduced need for a photocatalyst. Additionally, compared to the
incorporation method, the application of surface treatment technology has a wider scope
because it is possible to impart photocatalytic properties to already existing buildings.

However, the solution of enriching the surface of the cement mortar is limited by the
poor adhesion of the photocatalytic material to the substrate, which causes the catalyst
to fall off during use, thus reducing the photocatalytic efficiency [28,31]. A valuable
chemical substance used to prevent the release of TiO, particles from the cement surface
into the environment is SiO,, which exhibits high pozzolanic activity with cement [32,33].
Wang et al. [31] coated the surface of white Portland cement with the prepared SiO, /TiO;
composite by depositing TiO, on SiO; (I) spheres. They found that SiO, improves the
photocatalytic activity to some extent, due to the larger surface for adsorption of pollutants
and the adhesion between the coating and the cement. However, Mendoza et al. [34]
covered the cement surface by a spraying method with four different commercial TiO,
suspensions from Cristal Global and a self-made stable titanium suspension obtained
by hydrolysis in the acid medium of tetraethyl orthosilicate (TEA). In their work, they
proposed an intermediate layer (II) between the photocatalytic coating and the substrate.
They covered the cement first with a TEA suspension, and then they covered the dried
cement samples with the above-mentioned photocatalytic suspensions of TiO,. Their
research showed that the separation layer between the substrate and the coating did not
effectively stabilize TiO,, but good adhesion was observed when jointly applied to TEA,
probably because of the interactions encountered between SiO, and TiO; sols [34].

On the other hand, Guo et al. [35] focused on comparing the effectiveness of the
intercalation method and the method of creating thin films. Concrete samples were obtained
by mixing Portland cement, fly ash, water, and recycled glass in appropriate proportions.
In the case of the nano-TiO; (P25, Degussa) mixing method, 5% by weight of the cement
materials was added to the cement mortar mix. In turn, in the case of the surface treatment
method, they sprayed the n-TiO, suspension in ethanol directly on the concrete surface
and found that the sample obtained with this method was more effective in removing NOx
and was characterized by significant abrasion resistance [35].

(b) Forming thin films with use of modified TiO,

The use of surface treatment technology can be a special approach, increasing the
resistance and durability of cement-based materials in relation to the external environment
affecting them. The solution proposed by Vulic et al. [36], which improves the photochemi-
cally induced self-cleaning properties: dye discoloration and photo-inducted hydrophilicity,
and lowers mortar systems surface roughness, is the coating of cement with a TiO, /ZnAl
suspension based on layered double hydroxides associated with TiO;. Another approach
proposed by Wang et al. [37] is to coat the cement paste with a hydrophobic TiO; coating
obtained in a solvothermal process to obtain a core-shell structure prepared using benzoic
acid as a surfactant. Hydrophobic TiO, showed about 3.6 times the efficiency in removing
organic dye compared to the untreated cement paste. Benzoic acid has a surface bond
formed with TiO,, which leads to the hydrophobicity of TiO,, thanks to which the sur-
face prevents water penetration, supports its durability, and supports the self-cleaning
effect [37].

A promising approach is also to combine the advantages of a superhydrophilic sur-
face (lamellae formed instead of water droplets are able to easily remove decomposed
compounds) with a hydrophobic impregnation, which, on the one hand, protects the sur-
face from the harmful effects of oil contamination. On the other hand, it prevents water
from penetrating into the porous structure of the substrate. Such a solution was pro-
posed by Carrascosa et al. [38] by simply spraying a sol containing titanium nanoparticles,
a silica oligomer ensuring good adhesion to the substrate, and a hydrophobic agent—
polydimethylsiloxane. Due to the effective penetration of the product into the porous
structure of concrete and the formation of a homogeneous and dense coating on the surface,
the prepared silica matrix showed long-term resistance to external conditions. Moreover,
after exposure to sunlight, an underwater superoleophobic effect was noted, which can
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be used to remove oil pollution without the need for detergents [38]. Another interesting
example of the use of modified TiO; is the studies in which Feng and Li [39] covered sam-
ples of Portland cement with a suspension of TiO, /g-C3Ny4 powder in polyethylene glycol
(0.01%, 0.1%, and 1% in mass) with a spraying method for different times (1-3 times). It was
found that the cement slurry with 1% content of TiO, /g-C3Ny in suspension and 3-times
spraying had the best photocatalytic efficiency. Moreover, the thus-obtained cement paste
may be very promising in the large-scale water treatment process, as it showed excellent
degradation efficiency of methylene blue (~98%), even after five cycles [39].

(c) The formation of coatings using a different type of photocatalyst

It is known from the literature that TiO, is the most frequently used semiconductor
particle to produce cements with photocatalytic activity [1]. The advantages of its use are
low cost, chemically stable nature, and no toxicity [40]. However, scientists also started
looking for other photocatalysts that would be active in visible light, as TiO, with a wide
bandgap (3.2 eV) cannot use visible light, as it only absorbs UV light (A < 387 nm). For
example, Zhong et al. [41] covered the surface of white cement with a suspension of carbon
nitride graphite composite, previously mixed with an appropriate amount of nanosilica
(8C3N4-510;), and found an improvement in the activity of the material in visible light.

2.3. Installation of the Photocatalyst Only in the Top Layer of Photoactive Cement
(a) Examples using TiO, and modified TiO,

The third method of obtaining photoactive cements is the addition of a photocatalyst
only to the outer layer of the composite. The method is successful because in most cases it
is not necessary to enrich the entire mass of the cement element with the photocatalyst. It
has been proven that the coating layer made of a composite material with photocatalytic
properties is sufficient to increase the durability of the element and obtain the photocatalytic
effect [33,42,43].

For example, Hernandez-Rodriguez et al. [42] imparted photoactivity by incorporating
Aeroxide TiO, P25 catalyst (Evonik Industries, Essen, Germany) into the one-centimeter
surface layer of cement samples (5 and 10 wt.%). On the basis of the research, they found
that the addition of the photocatalyst does not significantly affect the mechanical properties
of the cement mortar, but it accelerates the setting time. Lee et al. [33] used a photocatalyst
obtained by coating TiO, with SiO,, using the sol-gel method as an additive in the amount
of 4 wt.% for the production of an eight-millimeter top layer of concrete blocks [33]. In turn,
Binas et al. obtained photoactive cement coatings from commercially available powders by
adding 5% w/w and 10% w/w of TiO, photocatalyst with Mn admixture and found that the
greater the addition of the photocatalyst to the coating (higher concentration), the better
the activity [11].

(b) Example using a different type of photocatalyst

A relatively new and worth considering trend is the use of a different type of photocat-
alyst to modify the top layer of cement composites. For example, Huang et al. [44] prepared
a cement mortar with a thin layer of mortar containing the addition of g-C3N4/CoAl-LDH
nanocomposite obtained by co-precipitation. Firstly, they prepared the cement mortar
sample with water/cement/standard sand at the mass ratio of 0.5:1:3. Then, they obtained
a fresh cement paste mixed with 0.25 wt.% g-C3N4/CoAl-LDH (w/c = 0.5), which was
spread on the cut face of prepared mortar with a thickness of around 5 mm. The obtained
cement nanocomposite showed better photocatalytic parameters than pure photocatalyst.

3. Test Methods Used for the Evaluation of the Photocatalytic Activity of Cements

Despite the enormous interest in photocatalytic cements and the materials obtained
from them, a need arose to determine the photocatalytic activity in order to control the qual-
ity and compliance with specifications [45,46]. Currently, there is no standard procedure
for testing and determining the photocatalytic activity of such materials [1]. The freedom of
choice of methods limits and presents a challenge in comparing the photocatalytic activity
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and efficiency of cementitious materials from different sources [47]. Moreover, the existing
standards do not take into account factors influencing the results, such as the surface diver-
sity of photoactive cements, e.g., their roughness, pore structure, and sample size, as well
as differences in experimental conditions, e.g., radiation source and intensity, gas flow rate,
temperature, and relative humidity; this makes it difficult to compare the results [48,49].
Photoactive cements are most often tested for their suitability for specific purposes, includ-
ing tests involving the purification of the surrounding environment—removal of toxic gases
(e.g., NOx, SOx, VOCs) from the air, tests determining the self-cleaning ability (without the
use of manual work and detergents), and antimicrobial activity (Figure 2) [50].

& g

environmental clean-up ﬂ antimicrobial
‘“ self-cleaning properties P w1
widy, Tl '{‘?

Py P colored/g .reasv - - ,:-.', - H 2 s
. deposits Ve, [ Mo A
chemicals D  bacteria mould

photoactive cement

z

Figure 2. Schematic diagram of multi-functional photoactive cements (based on [49]).

(a) Photoactive tests used for determining the photocatalytic efficiency by air purification

Test methods for determining the photocatalytic efficiency by removing environmental
pollutants are carried out by reducing the amount of gases, which can be divided according
to the type of pollutant: NOx, SOx, CO, and VOCs (volatile organic compounds), e.g., BTEX
tests (in ppb levels). According to the researchers, the nature of the cement matrix is
particularly suitable for the degradation of gaseous pollutants [4,51].

In the case of determining the photocatalytic performance of photoactive cements, the
most frequently used method is the NOx degradation test under the influence of ultraviolet
radiation. The main reason for the use of the NOx removal test among studies on the
commercialization of photocatalytic cement products is that these gases are produced
in large amounts as byproducts of incomplete combustion of gasoline and fossil fuels,
reducing air quality around highly congested places [1,4,34,46]. Air purification tests are
most often carried out in accordance with ISO 22197-1 [34,52]. According to this method, a
sample with dimensions of 5 cm x 10 cm and a thickness of usually 5 mm is placed in an
inert photoreactor, where it is activated with UV-A radiation of the appropriate intensity.
Moreover, it is exposed to humid (RH = 50% at 25 °C) air and dry NO at a certain time.
Finally, the exhaust gas stream is directed to the NOx chemiluminescent analyzer [45,53,54].
Test parameters in accordance with the ISO 22197-1 standard are given in Table 2 [55].

Commonly used test methods are dynamic and static NOx reduction tests [1]. In a
dynamic test, which is a better reflection of real conditions, NO or both NO and NO, gases
are mixed with air and are then introduced into the sample chamber at a constant flow rate,
in contact with its surface. The resulting gas concentration is measured continuously in real
time in order to compare the input and output gas concentrations [56]. In turn, in the static
method, a certain amount of NO gas is introduced into the photoreactor and recirculated in
a closed circuit, which means that no air exchange takes place during the test; therefore,
it is believed that the dynamic method better represents the real conditions [1]. It is also
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worth noting that the photocatalytic activity of the samples is influenced by the relative
humidity. The increase in humidity causes the NO removal rate to decrease [57,58]; so, to
prevent interfering with the measurement results, the samples are dried before the test in
an oven, for example, at 45 °C for 48 h [56].

Table 2. Parameters of the photocatalytic efficiency test according to ISO 22197-1.

Gas concentration [ppm] 1.0
Gas flow rate [dm3/min] 3.0
Duration of the test 5h
Radiation intensity [mV / cm?] 1
Sample surface [em?] 50

16-24 h of UV irradiation with a power of >1.5
mW /cm? without gas flow
Temperature 25°C
Analytical method NOx chemiluminescence analyzer

Pretreatment of the sample

It is also worth mentioning here the studies by Jimenez-Relinque and Castellote [45],
who proposed a new method for assessing the photocatalytic efficiency of cement mate-
rials based on tetrazolium nitro blueite (NBT). They reported that the NBT indicator is a
promising alternative to the above-described conventional NOx removal method due to its
versatility, low cost, much shorter duration of the in situ test (only 10 min), easily noticeable
color change (from yellow to blue), and applicability test on porous, rough, and colored sur-
faces [1,45]. In addition to NOXx, the pollutants to be removed with photocatalytic cement
mortars are volatile organic compounds (VOCs). To study the efficiency of their removal,
tests were started to quantify the photodegradation of a mixture of VOCs representative
of atmospheric pollution, abbreviated as BTEX (benzene, toluene, ethylbenzene, o, m, p-
xylenes) [1,46]. BTEX tests for the photodegradation of organic compounds are carried out
in accordance with ISO 22197-3 [59] using a specially designed flow reactor with a stirrer
ensuring the same gas concentration in the air. For example, Martinez et al. [60] investigated
the photoactivity of photocatalytic coatings containing 10% (w/w) TiO, in a polymer matrix
applied to Portland cement mortars. They conducted experiments using the following
analysis parameters: in various concentration ranges of BTEX at the inlet (260-2600 ppbV
BTEX), flow rate (0.1-1.5 L /min), with UV-A illumination (6 W/m?), and relative humidity:
0-90% [60]. On the basis of the research, they found that the effectiveness of the photo-
catalytic removal of BTEX depends mainly on the humidity in the absorbent places, the
adsorption capacity of pollutants in these places, and the concentration of pollutants.

(b) Photoactive tests used for determining the self-cleaning properties

Self-cleaning properties obtained by introducing photocatalytic properties into ce-
ments prevent the accumulation of pollutants in the form of visible stains on the external
parts of building structures [4]. This is achieved by exposing the cement surface to sunlight,
which makes the surface hydrophilic due to photons. Self-cleaning cement, generating
reactive oxygen species in the presence of photons, oxidizes available pollutants to wa-
ter, carbon dioxide, and less unpleasant byproducts. The literature [61] shows that TiO,
nanoparticles themselves lose their hydrophilicity as soon as the UV radiation exposure
ceases; however, in combination with SiO, in the cement mortar, the UV activation effect
is extended in the conditions of complete absence of UV radiation (in the dark) [62]. In
addition, the porous structure of the hardened cement is directly designed for the effective
contact of pollutants with the photocatalyst, facilitating photo-oxidation of the pollutants.

In order to test the self-cleaning properties, tests are conducted for the decomposition
of organic dyes, such as rhodamine B [2,38,63-73], methylene blue [22,39,74-79], and methyl
orange [74,80-82]. Malachite green [83] and Congo red [84] are used much less frequently
for tests.

Colorimetric tests are most often carried out in accordance with the Italian standard
UNI 11259, according to which a material is considered photocatalytic if the change in color
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intensity decreases by more than 20% after 4 h and 50% after 24 h of exposure to UV-A light.
Rhodamine B is used as the reference substance, and its degradation is taken as an indica-
tor of the self-cleaning capacity [54]. The method does not require complicated research
equipment; however, the correct assessment of the self-cleaning efficiency is limited by
the rough and uneven surface of the cements, which prevents the even distribution of the
dye [45]. The rhodamine technique is also not suitable for the photocatalytic evaluation of
cements dyed in a similar color to the dye itself, because it is difficult to notice any changes;
moreovetr, it cannot be the main method of photocatalytic evaluation of cements due to
possible interaction with organic admixtures in the products [46]. In connection with the
previously mentioned problems, Jimenez-Relinque and Castellote [49] proposed the use of
a fluorescent terephthalic acid probe, which provides direct monitoring of photocatalytic
oxidation regardless of the specific pollutant, and also enables the examination of colored,
porous, and rough samples. In addition, the test is accurate and fast as it takes approxi-
mately 20 to 40 min to complete. Recently, semi-quantitative methods that use reducing
pigments such as resazurin (Rz) have also been proposed [85-87]. The main advantages
of these methods are low cost, simplicity, speed (the test takes about 20-30 min), and the
possibility of application on colored materials due to the visible color reaction [45]. Another
standardized method used to evaluate the photocatalytic efficiency of decomposition of
organic compounds by photoactive cements is the methylene blue (MB) decomposition
method (ISO 10678). According to some authors, this test is more appropriate for the
assessment of water purification efficiency than for self-purification [45,88,89]. However,
in the case of photoactive cements, this method serves both. On the one hand, in order
to determine the water purification capacity, the test consists of immersing cured cement
samples of appropriate dimensions in a certain amount and concentration of a methylene
blue solution (pH about 6.5). First, the system is left in the solution for 24 h in the dark,
then the sample is irradiated with UV-A radiation for 3 h, and the absorbance is mon-
itored [13,25,65]. On the other hand, it is used to determine the self-cleaning ability of
cement boards on the basis of the disappearance of the MB dye under the influence of
light [4]. Then the cement slab is evenly covered with a specific amount of MB solution
with a specific concentration. Then the coated plate is exposed to UV-A radiation, and
the percentage of dye disappearance is monitored and quantified at regular intervals by
measuring the absorbance of light [4].

In addition, in order to protect construction materials against the multiplication of
microorganisms, photoactive cements have begun to be tested for antimicrobial properties
that may increase their life, strength, and aesthetics [62]. The disinfecting properties of the
self-cleaning cement prevent the growth of pathogenic microorganisms on its surface, thus
increasing its life and aesthetic durability. Moreover, by inhibiting the multiplication of mi-
croorganisms, they protect people against harmful effects on their health [4,90,91]. Exposing
the self-cleaning cement to sunlight generates electron-hole pairs, which in turn generate
reactive oxygen species (ROS), causing photo-oxidation of cell membrane phospholipids
and other cell components in order to inhibit the growth of microorganisms [92-96]. So
far, studies on the assessment of the antimicrobial activity of cementitious materials have
not been standardized [88]. Admittedly, there is an ISO 27447 standard [97], but it does
not take into account the porous structure of photoactive cement materials [88]. This may
be the main reason for a much smaller number of literature reports than in the case of the
previously described methods of assessing photocatalytic activity. Nevertheless, according
to the current state of knowledge, the antimicrobial activity of photoactive cements is
tested against bacteria [4] and fungi (molds) [62]. For example, Saini et al. investigated the
antimicrobial activity of clinker cement panels with a 10% addition of calcined dolomite
and a 3% addition of surface-fluorinated m-TiO, against Gram-positive Bacillus subtilis. It
has been shown that the addition of modified m-TiO, to the cement inhibits the growth
of the bacteria used for the test [4]. Janus et al. [96] showed that the type of photocatalyst
introduced into concrete slabs is a key factor influencing the rate of bacterial removal. The
antibacterial properties of n-TiO, were tested by inactivating Escherichia coli K12. Addition



Materials 2022, 15, 5407

11 of 34

of a photocatalyst in the amount of 10 wt.% led to complete inactivation of bacteria used
for tests under the influence of irradiation with visible light. Commercial n-TiO, P25 and
doped n-TiO; (12 types) were used at different temperatures, i.e., 100, 300, and 600 °C.
Moreover, the doped /modified n-TiO, shows better antimicrobial properties compared
to the commercially available n-TiO,. Hegyi et al. [62], in turn, investigated the ability to
inhibit the growth of Aspergillus niger and Penicillium notatum, which are often found on
building surfaces, both inside and outside buildings, and cause population diseases due to
the release of aflatoxins harmful to health. They investigated the ability of mold inhibition
by cement composites based on white Portland cement with the addition of nano-TiO;.
They found that the concentration of nanoparticles in the amount of 5 wt.% TiO, provides a
better biocidal effect than cement with the addition of 6 wt.%, which was most likely due to
the difficulty of uniformly dispersing a large amount of nanoparticles in the cement matrix.
Moreover, it has been shown that the resistance to mold growth differs depending on its
species, by comparing the behavior of composites with the same nano-TiO, content when
exposed in each of the two contaminating media.

It is also worth emphasizing here that soot is an important problem, as it settles on
the surface of the building and reduces its aesthetic value. Therefore, scientists determine
the efficiency of soot removal from the surface of cement mortar samples [98-103]. For
example, Smits et al. [100] investigated the soot removal capacity of cement mortar samples
coated with coatings containing four different types of TiO; titanium dioxide: P25, P90,
Hombikat, and E-UYV, i.e., stone treatment, a product of Eoxolit based on the company’s
PK-20 Precheza surrounded by nanosilica. To measure the effectiveness, they used two
so far non-standardized methods of optical detection, including a colorimetric method
that uses the sample’s light absorbance to calculate the degradation of soot, and a method
that uses digital image processing to determine the area of soot coverage by measuring
its gray. The advantages of these methods are low cost and the ability to analyze many
samples simultaneously. Both methods were supplemented with gas chromatography
(GC) measurements in a closed chamber in order to detect the resulting degradation
products; the evidence of complete mineralization of the carbon black was the presence of
one oxidation product—COs,. It was confirmed that the sample of mortar containing the
titanium photocatalyst P25 had the best soot removal efficiency.

(c) Photoactive tests used for determining the antimicrobial activity

In order to protect construction materials against the multiplication of microorganisms,
photoactive cements have begun to be tested for antimicrobial properties that may increase
their life, strength, and aesthetics [61]. The disinfecting properties of the self-cleaning
cement prevent the growth of pathogenic microorganisms on its surface, thus increasing its
life and aesthetic durability. Moreover, by inhibiting the multiplication of microorganisms,
they protect people against harmful effects on their health [4,90,91].

Exposing the self-cleaning cement to sunlight generates electron-hole pairs, which in
turn generate reactive oxygen species (ROS), causing photo-oxidation of cell membrane
phospholipids and other cell components in order to inhibit the growth of microorgan-
isms [92-96]. So far, studies on the assessment of the antimicrobial activity of cementitious
materials have not been standardized [88]. Admittedly, there is an ISO 27447 standard [97],
but it does not take into account the porous structure of photoactive cement materials [88].
This may be the main reason for a much smaller number of literature reports than in the case
of the previously described methods for assessing photocatalytic activity. Nevertheless, ac-
cording to the current state of knowledge, the antimicrobial activity of photoactive cements
is tested against bacteria [4] and fungi (molds) [61]. For example, Saini et al. investigated
the antimicrobial activity of clinker cement panels with a 10% addition of calcined dolomite
and a 3% addition of surface-fluorinated m-TiO; against Gram-positive Bacillus subtilis. It
has been shown that the addition of modified m-TiO; to the cement inhibits the growth of
the bacteria used for the test [4].

Janus et al. [96] showed that the type of photocatalyst introduced into concrete slabs is
a key factor influencing the rate of bacterial removal. The antibacterial properties of n-TiO,



Materials 2022, 15, 5407

12 of 34

were tested by inactivating Escherichia coli K12. Addition of a photocatalyst in the amount
of 10 wt.% led to complete inactivation of bacteria used for tests under the influence of
irradiation with visible light. Commercial n-TiO, P25 and doped n-TiO; (12 types) were
used at different temperatures, i.e., 100, 300, and 600 °C. Moreover, the doped /modified n-
TiO, shows better antimicrobial properties compared to the commercially available n-TiO,.

In turn, Hegyi et al. [62] investigated the ability to inhibit the growth of Aspergillus
niger and Penicillium notatum, which are often found on building surfaces, both inside and
outside buildings, and cause population diseases due to the release of aflatoxins harmful to
health. They investigated the ability of mold inhibition by cement composites based on
white Portland cement with the addition of n-TiO,. They found that the concentration of
nanoparticles in the amount of 5 wt.% TiO, provides a better biocidal effect than cement
with the addition of 6 wt.%, which was most likely due to the difficulty of uniformly
dispersing a large amount of nanoparticles in the cement matrix. Moreover, it has been
shown that the resistance to mold growth differs depending on its species, by comparing
the behavior of composites with the same nano-TiO; content when exposed in each of the
two contaminating media.

4. Results of Mechanical Properties of Modified Cement Mortars

There are many literature reports on the excellent properties of cement materials, such
as air purification [3,7,16,17,19,23,24,104,105], self-cleaning [6,8,12,25,32,37-40,106], and
self-sterilization [4,62,103]. However, despite many advantages, the wide application of
photocatalytic technology in civil engineering practice is still limited [28]. For the wide
use of photoactive cements, which are the basic component of photocatalytic concretes
used as functional materials, they must be assessed in terms of their mechanical properties,
performance, and durability during use [34].

The process influencing the mechanical properties of cements is hydration and its
products, as well as the microstructural structure of the obtained composite (modification
of the distribution and size of pores) [1]. It was found that the key parameter improving
the performance of cement-based materials is the addition of an appropriate dose of
nanomaterials [107]. Research by Nazari and Riahi [107] was conducted on the heat of
hydration, cement mixtures obtained by partially replacing the binder with nano-Al,O3
at the level of 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.%. They showed that the addition
of nano-Al,O3 to cement slurries accelerates the hydration process at an early age. The
highest rate of heat release released during the hydration process was observed for the
mixture containing 3% nano-Al,O3.

Moreover, the addition of a photocatalyst to cement material may affect its worka-
bility, setting time, resistance to compression, bending, tearing, abrasion, hardness, hy-
drophilicity, etc. [107-111]. In the work of Barbhuiya et al. [112], they focused more on the
microstructural properties of cementitious slurries with the addition of nano-Al,Os. They
found that the microstructure of the cement-based material becomes very dense with the
addition of 2% and 4% nano-Al,O3, due to the formation of larger portlandite crystals. The
shift of the band in the water-related FTIR spectrum in the cement-based material with the
increase of the nano-Al,O3 dose has a lower frequency. High surface activity of modified
cements 1 wt.%, 2 wt.% nano-TiO, /S,C [113] was found, because the hydration products
were deposited on the surface of nanocomposite particles, forming conglomerates with
them, sealing the microstructure of the cement matrix. The results of research by Meng
et al. [114] showed that after replacing cement with nano-TiO,, the strength of cement
mortar at a young age increased significantly, probably due to an increase in hydration
products. However, in later centuries, a decrease in workability and strength was noted, so
it was concluded that the main cause of the increased strength at an early age may have
been a change and decrease in the testicular function index.

4.1. Effect of Additives on Fresh Properties of Cement-Based Composite Materials—Results

(a) Effect on the workability of modified cement
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An important issue concerning the use of photocatalysts in construction materials is
the influence of the added additive on the mechanical and operational properties of cemen-
titious substrates. Studies in this area have shown that the introduction of a photocatalyst
affects the properties of fresh cement mortar, and the introduction of nanoparticles has a
physicochemical effect [115,116].

The most often noticeable thing when preparing a mortar is to increase the amount
of water needed to obtain a standard consistency [34]. Thus, the first drawback of using
cement composites, which may limit the wide application by engineers, is the reduction of
workability by using TiO, in the mixture. A certain trend has been noticed so far. It has been
reported that the greater the amount of titanium nanoparticles, the worse the workability
of cement composites [115]. This was observed both in simple mixtures of cement slags
and in composites with the addition of slag [115]. For example, Jimenez-Relinque et al. [6]
found that the addition of 2 wt.% TiO; causes a decrease in workability in the case of
mortars prepared from various types of binders: OPC, CAC, fly ash, or slag. The tendency
of the workability to decrease with the increase of TiO, dose (from 0.5 to 5%) in simple
cement mortars was also observed by other researchers [116-122]. Moreover, in the case of
composites mixed with slag, a decrease in workability was also noticed with increasing
TiO, dose (e.g., 5%, 10%) [123]. This may be related to the larger specific surface area
of the TiO, particles, which needs more water to wet the cement particles. The studies
of Sorathiya et al. [124] indicate that replacing the cement with a maximum of 1.0 wt.%
TiO, does not significantly affect the fluidity of the cement mortar [114,124]. Sometimes
it is necessary to add a superplasticizer [123,125] to help modify the uniform strength of
cement mortar with nano-TiO; (NT), e.g., the addition of 0.5 wt.% of a naphthalene-based
superplasticizer with a 25% water reduction coefficient [123].

(b) Effect on the initial and final setting time of modified cement

Measurements of the initial and final setting time of ordinary cement slurries and
cement slurries with various additives of nanoparticles are carried out in accordance with
PN-EN 196-3; 2016—Cement testing methods—Part 3: Determination of setting times and
volume stability [126]. Studies by Essawa and Abd Elhaleem [106] showed that the addition
of 5%, 7%, and 10% NT to a sulfate-resistant cement mixed with microsilica (MS) shortened
the initial and final setting times compared to composites containing only appendix MS.
Changes were also noticed in the workability of mortars; with an increase in the NT dose,
the amount of water needed to obtain the desired consistency decreased, which is directly
related to the smaller specific surface area of NT particles.

The tendencies of acceleration of the initial and final binding time with the increase
of NT content were also observed by other researchers [116,127-131]. Referring to the
theory, TiO, nanoparticles, although chemically inert to cement components, can provide
additional space for hydrated precipitation products due to their high surface area to
volume ratio. Thus, they can also change the kinetics of the hydration reaction and thus the
setting time [129,131].

Wang et al. [130] showed that the addition of NT reduces the initial setting time by
about 40 min, from 190 min for cement without NT addition to about 150 min for cement
with 5 wt% TiO,. On the other hand, Janus et al. [104] reported that the addition of an
intermediate from the production of titanium white with the sulfate method, in the amount
of 1 and 3 wt.% modified at 300 °C slightly increases the initial and final setting time
compared to unmodified cement, on average by 30 min initially and the final one by about
50 min. On the other hand, for TiO, modified at 600 °C, the initial one was on average
40 min longer, and the final one was about 70 min longer. It has also been found that
the initial and final setting times are related to the size of the anatase crystals, and the
presence of larger crystals delays the setting time significantly. This was probably due to
the adsorption of water on the surface of anatase crystals [132].

(c) Effect on hydration process of modified cement
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As mentioned earlier, the acceleration of the initial and final setting time of cement
with nanoadditives compared to the use of a pure binder is closely related to the catalysis
of the cement hydration reaction. When water is added to cement, complex hydration
reactions take place with the release of heat. Scientists adhere to the principle that adding
nanomaterials to cement is a way to improve its performance by modifying the hydration
process [116,131], accelerating it and creating a microstructure. The changes in the hydration
process are due to the small size of the incorporated nanoparticles, their large specific
surface area, and high reactivity [35]. The reason for promoting the hydration of cement
by nano-TiO, has been partially resolved by scientists. For example, the research on the
hydration of cement slurries and mortars with the addition of TiO,, carried out by Chen,
Kou, and Poon [128], showed that the introduced additive significantly accelerated the
formation rate of cement binder hydration products due to the increase in the rate of heat
release and the storage function of products (filler effect additives) [33]. Moreover, the
introduced TiO, was inert and stable during the process [129].

As mentioned earlier, the visible effect in improving the hydration of cement mortar
is the amount of heat released [33,122]. Ming-Hong Zhang emphasizes the dependence
of the increase in the heat of hydration of cement for pastes in which 1-6 wt.% of TiO,
nanoparticles was added. With the increase in the dose of TiO, the rate of cement hydration
increased regardless of whether the slag was added to the mortar or not. However, in
the case of mortar with the addition of 50 wt.% slag, the rate of heat released during the
reaction was about 4 times lower than that of the pure mixture [122].

After loading TiO, into various types of binders, an acceleration of the hydration
rate and microstructure changes were observed [35], which was the main reason for the
change of physical and mechanical properties of cement-based materials. Yuenyong-
suwan et al. [132] proposed that the TiO; crystal phase may be a key factor contributing to
cement hydration. They found that rutile-rich TiO, (containing 20% anatase and 80% rutile,
or 50% anatase and 50% rutile) did not accelerate cement hydration, while anatase-rich
TiO, (containing 80% anatase and 20% rutile) did. Anatase TiO, could promote cement
hydration, according to the important role of potential heterogeneous nucleation sites for
hydration products and the grain boundary region with dense nuclei.

Pimenta Teixeira et al. [133] showed that high temperature (40 °C and 60 °C) facili-
tated the hydration of cement slurry containing TiO, nanoparticles. In the work of Wang
et al. [130], TiO, nanoparticles were added to cement mortars in the amount of 1 to 5%
by weight and were subjected to reduced temperatures of 0, 5, 10, and 20 °C. XRD tests
carried out on ordinary cement paste and paste with 2 wt. TiO, nanoparticles at various
curing temperatures at the age of 28 days showed that despite temperature changes, TiO,
nanoparticles did not participate in cement hydration, but only provided additional space
for the attachment of hydration products such as calcium hydroxide (CH), C-S-H gels, and
ettringite. Moreover, the intensity of the respective CH, C-5-H, and ettringite diffraction
peaked in the cement slurry containing 2 wt. TiO; nanoparticles increased compared to
the peaks in the XRD spectrum of conventional cementitious paste, showing the role of
TiO, in accelerating the hydration process. It is also worth mentioning that as the curing
temperature decreased, the amount of CH and CSH gels decreased, and the corresponding
diffraction peaks decreased in intensity.

Moreover, the cement hydration process is influenced not only by the amount of
the added additive, but also by its surface to volume ratio. For example, Liu et al. [134]
characterized the effect of various TiO, powders and nanotubes on the hydration process
of cement grout. For this purpose, cement pastes, each containing 1 wt.% of the mass
of cement micro-TiO; (m-TiO,), nano-TiO; (n-TiO,) particles, or TiO, (TNT) nanotubes
obtained by the hydrothermal method with a BET surface of 196 m?/g were used. The
results obtained by X-ray diffraction (XRD) indicated that the TNT-reinforced cement paste
contained the maximum amount of hydration products (Ca(OH),) after 1 and 28 days of
curing. This was probably due to the distinct, hollow tubular structure of TNT compared
to n-TiO, (45-55 m?/ g) and m-TiO, (10.89 m?/ g), which provides more locations and
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nucleation sites for the formation of hydration products, which, in addition, enables the
production of more products.

Wang et al. [31] found that the addition of TiO, to cement 0.01%, 0.05%, and 0.10% in
the form of TiO, anatase hydrosol, respectively, delayed cement hydration at a young age
because positively charged TiO; particles carrying the COOH functional group tended to
absorb on the surface of cement grains, and the growth of hydration products hindered the
exchange of water and ions; what is more, this poisoned the nucleation sites.

Different admixtures may have different effects on cement hydration behavior and
microstructure formation due to their different characteristics [106,134,135]. Recent studies
by Goyal et al. [105] comparing the effects of nano-TiO, (NT) and nano-ZnO (NZ) on the
hydration behavior of Portland cement have shown that NT accelerates hydration while NZ
delays it. Based on the results of tests obtained with the XRD technique of two compared
mortars, irrigated by 7 (the XRD spectrum shows the formation of CH and residual C3S and
C5S) and 28 days (the XRD spectrum shows the formation of CH), it was shown that in the
case of the addition of 2% NT, a significant amount of calcium hydroxide Ca(OH), (CH) is
formed, whereas in the presence of 2% NZ, a small amount of CH is formed. The delaying
effect of NZ is due to the formation of amorphous zinc hydroxide [136,137]. Moreover, it
was previously proven that the delaying effect of the amphoteric effect of ZnO is due to
the fact that it affects the products of hydration by reacting with CH to form CaZn;(OH); -
2H,0, which covers the surface of the cement particles [137]. Thermogravimetric analysis
confirmed the information that NT provides more nucleation sites for hydration, which
in turn speeds up the process [135]. Moreover, the SEM analysis of the mortar without
nano-additive (Figure 3A) shows the formation of CH at the cement grain boundary with
the formation of fine CSH and a few coarse-grained non-hydrated cement grains. In the
case of cement with 2% NZ (Figure 3B), CH formation occurs at the cement grain boundary
with very fine CSH formation, and compared to cement with 2% NZ (Figure 3C), a greater
amount of hydration products was observed [105]. Moreover, they compared the hydration
heat of cement mortars without nano-additive and 1%, 1.5%, and 2% NT or NZ addition
at 25 °C and 35 °C. The results showed that on the calorimetric curve in the case of NT
addition, the peak associated with hydration of silicate phases appeared much faster and
increased with increasing temperature when compared to the case of pure cement. On the
other hand, in the case of NZ, the hydration delay rate was significant and had little effect
on the temperature. The delay rate also increased with an increase in NZ doses, while in
the case of HT, rehydration occurred with an increase in the dose and temperature [105].

Zhu et al. [109] reported that the addition of 0.04% MXene with a multi-layer structure
improved the early hydration of the cement-based material as well as the early strength. Its
operation was to ensure the regular distribution of ettringite in the node and the formation
of a network connection structure in the process of crystal growth. However, it has been
found that the multilayer structure is not able to fully improve the mechanical properties.

The same research group reported that hydrated calcium silicate (C-S-H) gel formation
is enhanced when delaminated MXene (Ti3C,) is mixed with cement grout. The introduced
additive increases the amount of hydration products, thanks to which the structure of the
hydrated cements was denser, especially when the additive was 0.01% by weight. Moreover,
calorimetric studies showed that delaminated MXene inhibited the early hydration process,
and after about 10-13 h, the exothermic heat of hydration was faster compared to the
control sample. It was concluded that the reason for the variability in the hydration rate
was due to the layered structure of MXene, which caused the water to be absorbed through
the interstices between the MXene layers, which led to a reduction in water quantity and
the possibility of participating in the hydration process. Finally, it is worth emphasizing
that this type of nanomaterial favored cement hydration, but had no effect on the hydration
products, i.e., its role was to fill and nucleate.

The addition of a different type of photocatalyst to the cement hydration process was
also investigated by Liu et al. [135]. Based on XRD and hydration heat results, it was found
that adding Bi,WOg bismuth tungstate to the cement mix hardly influences the hydration
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process due to its inert properties. The optimal dose of 3D hierarchical Bi;WO4 was 15 wt%.
Still, when dosage was increased to beyond 15%, the hydration process was deterred and
hydration heat decreased.

Figure 3. SEM photos of samples after 7 days of curing—(A) control sample, (B) cement sample with
2% nano-TiOy, (C) cement sample with 2% nano-ZnO [105] (RightsLink for Elsevier).

On the other hand, loading the cement paste (0%, 0.1%, 0.5%, 1%, and 2 wt.%) with
polymeric carbon nitride (PCN) suspension and maintaining hydration at various doses
was studied by Yang et al. [29]. The results of the research reported that the inclusion
of PCN particles may promote the early hydration of tricalcium silicate and result in a
shortening of the setting time of cement mixtures, as evidenced by the increase in the heat
of hydration. However, after about 48 h of irrigation, the heat of hydration decreased along
with the increase in the amount of PCN. The reference paste showed the highest 68 h heat
of hydration of about 259.67 ]/ g, then this value dropped to about 253.46 ] /g and 250.68 ] /g
with 0.5% and 2% PCN addition, respectively, which indicates that the hydration of the
clinker at a later date can be lowered by adding PCN. Moreover, it has been reported that
PCN particles can play the role of both micro-fillers, improving the microstructure and
reducing porosity, and can hinder the diffusion of ions and water in cement systems.

4.2. Effect of Additives on the Properties of Hardened-Cement-Based Composite Materials—Results

Photoactive cement composites must also meet the mechanical requirements for build-
ing materials. In order to determine the mechanical properties of cements, many tests are
performed, such as, for example, bending and compressive strength tests according to
PN-EN 196-1: 2016—Cement testing methods—Part I: Determination of strength [138].

The previous chapter mentioned the work of Wang et al. [130], where titanium nanopar-
ticles were added to cement mortars in the amount of 1 to 5 wt.% and were subjected to
reduced temperatures of 0, 5, 10, and 20 °C. The bending and compressive strength tests
carried out after 3, 7, 28, and 56 days of hardening showed that despite the temperature
changes, a rapid increase in both the compressive strength and the bending strength was
observed with the increase in the amount of nano-titanium oxide to 2 wt.%. On the other
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hand, with higher titanium oxide contents (3-5 wt.%), the growth rate slowed down. The
influence of TiO; nanoparticles on the mortar strength was very clear. As is known, it is
closely related to the amount, uniformity, and density of the hydrated product, mainly
hydrated calcium silicate (C-S-H) gels, from the hydration of tricalcium silicate (C3S) and di-
calcium silicate (C3S). A positive effect of pore filler in C-5-H gels was observed; moreover,
thanks to a large specific surface, TiO, nanoparticles can act as a core for the precipitation
of hydration products [139]. In addition, the formation of bonds between each other and
C-5-H gels, correspondingly improves strength. It was found that the lowered tempera-
ture negatively affects the mechanical parameters as it slows down the hydration process,
mainly due to a delay in the production of C-S-H gels. It is also visible from the point of
view of microstructural changes. In the case of the cement-based mortar, the pore volume
differed between the mortar without TiO, and the mortar with TiO,. Four types of pores
were distinguished in the starting material: harmless pores (<20 nm), less harmful pores
(20-50 nm), harmful pores (50—200 nm), and multiharm pores (>200 nm). Up to 2 weights
of the % of titanium added to the cement matrix increased the compressive strength. At
the same time, for a sample with 2 wt.%, the overall porosity decreased by 12.1%, 11.5%,
10.1%, and 7.3% at 20 °C, 10 °C, 5 °C, and 0 °C, respectively. There was also an increase in
the volume of harmless and non-harmful pores, as well as a decrease in harmful pores and
multiharm pores. The cement-based mortar showed a decrease in mechanical strength as
the additive content increased, but the reduction was relatively small. This was explained
by the appearance of a set of low-malignant pores combined with the disappearance of
high-damage pores. The reason why the mechanical strength decreased so significantly
in the case of low temperatures was the increased number of harmful and high-damage
pores and the reduction of the volume of harmless and less harmful pores, which proves
the negative influence of low temperature on the development of the pore structure.

Simultaneously with the increase in the amount of TiO, nanoparticles used in the
mixture, the porosity decreases. Bautista-Gutierrez and his team [140] and Lucas et al. [14]
confirm the possibility of reducing the total porosity through changes taking place at the
microstructural level as a result of the addition of TiO, nanoparticles [14,34,139]. Moreover,
the use of larger amounts of nanoparticles reduces the compressive and bending strength of
concrete [140]. Singh et al. [141] confirm this position as a consequence of the heterogeneous
dispersion of nanoparticles in the cement matrix, recommending the incorporation method
with ultrasonic dispersion [111]. Moreover, the excess of nano-TiO; is often the cause of
some internal defects that reduce the durability of the material [34,142]. In Tyukavkina
et al. [3], in order to evenly distribute the particles in the volume of the cement matrix, the
titanium dioxide powders were subjected to ultrasonic dispersion in a saturated solution
of limestone, and also in the presence of surfactants, such as sodium hexametaphosphate
in the amount of 0.1% of the cement mass. It was found that the optimal content of the
additive dispersed in the limestone solution was 1 wt.%, as it was characterized by the
maximum strength. The preheat treatment conditions of the powder do not significantly
affect the strength of the cement. The strength of the cement stone was found to increase by
22% (drying at 75 °C) and 25% with the addition of TiO; (drying at 250 °C).

Other scientists also investigated the effect of the amount of nanoadditives introduced
on the mechanical properties of cement mortars and concretes. Feng et al. [143] found that
at room temperature the microstructure of the cement paste became denser, the number of
microcracks and defects decreased with the inclusion of 0.1-1.5 wt.% of TiO, nanoparticles,
and the best dispersion and improvement in flexural strength were observed for the
dose of 1 wt.%. Moreover, they identified three types of nanomodification mechanisms
induced by nano-TiO; in the cement matrix. First, it acted as activating nuclei, producing
needle-shaped hydration products that fill the micropores. Second, the formation of a
homogeneous, dense calcium silicate hydrate (CSH) gel was facilitated. Third, the particles
aided in the permanent distribution of the hydration products throughout the cement
matrix [143]. Chunping et al. [144] report an improvement in the mechanical strength of
high-performance concrete and a reduction in capillary porosity of concrete by adding 1%
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TiO; nanoparticles. Mohseni et al. found that the introduction of TiO,, Al,O3, or SiO,
nanoparticles in the amount of 1, 3, and 5 wt.% of the binder increased the compressive
strength of the self-compacting mortar containing a complementary cement additive—25%
addition of fly ash in relation to the total mass of the mixture at ambient temperature, and
with the increase in TiO; content, the compressive strength also showed an increasing trend
and reached its peak on day 90 [145]. On the other hand, the addition of up to 4% of TiO,
particles increases the compressive strength of self-compacting concrete, while above 4%
causes the opposite effect due to the limited growth space of hydration products [142].
A similar trend was observed by Zhao et al. [146], where the compressive strength after
adding 10 wt.% TiO; to the cement matrix decreased by 12%. In addition, some authors
have observed a higher increase in compressive strength at a younger age (1, 3, and 7 days)
than at an older age (28 days). For example, according to Meng et al. [123], the addition of
5% and 10% nano-TiO, P25 improved the strength after 1 day by 46% and 47%, respectively,
but after 28 days, a reduction of 6% and 9% was observed, respectively, compared to
the control sample. In the case of modification of the cement mix in the amount of 10
wt.% of the slag powder, the compressive strength after 28 days increased by 15% and 7%,
respectively. It is also worth mentioning the dependence noticed in studies where different
amounts of water were used in relation to the binder and different doses of TiO,. With a
water to binder ratio (w/b) of 0.5 at a dose of 5 wt.%, an increase in compressive strength
was observed at a young age, and a decrease was observed after 28 days. In turn, the 10%
additive increased compressive strength after 1 and 7 days, but decreased it after 3 and 28
days. Overall, at the ratio w/b = 0.4, an increase in compressive strength was observed
with the increase in the content of TiO, nanoparticles, and in the case of w/b = 0.5 and 0.6,
an opposite trend was observed [33,115].

Ma et al. [147] investigated the effect of nano-TiO; (NT) on the strength of hardened
mortars. The bending and tensile strength of cement-based materials with different doses
of TiO; was tested. The results showed that the tensile and flexural strength increased
with increasing NT content to 3 wt.%. The addition of 3% NT improved the compressive
strength by 19.2% [148]. In turn, the influence of TiO; particle size has also been identified by
scientists. This cement paste, which contained 5 nm particles, showed a better compressive
strength compared to the size of 25 nm. The optimal value was obtained for an NT size of
5 nm at 0.5 wt.%, with a water/cement ratio of 0.3. This mixture showed an 18.7% increase
in compressive strength after 7 days and a 24.35% increase after 28 days [149].

When testing new photocatalytic cement materials, the mechanical properties were
often assessed on the basis of bending strength values. In order to present the trends
in the effects, a table with the results of several studies is briefly attached (Table 3). In
order to obtain comparative results, in each case, the effect of the analysis of the reference
material and the material are shown with an exemplary dose of photocatalysts of various
types, but the main focus is on TiO,. First of all, TiO, photocatalyst added a relatively
small amount, on average up to 4% by weight. It increased the bending strength of
cementitious materials. The addition of blast furnace slag, epoxy resin, and fly ash to the
cement mixture had a positive effect. The mechanical properties measured in flexural
strength varied with the photocatalyst used, but typically improved from about 10% to
as much as about 40% after 28 days of curing. Overall, however, the increase did not
exceed 13-27% after 28 days or 13-31% after 90 days. The exception is 365 days, where
Hernandez et al. [42] recorded an average decrease in flexural strength ranging from about
9 to 13%. Based on the literature, optimal levels of nano-TiO; replacement are 1-4 wt.%.
The improvement of the properties of nanocomposites was also achieved by combining
the advantages of the individual properties of TiO; (self-cleaning and bactericidal) and
Si0; (important mechanical properties). The use of 3% TiO,-SiO; improves the bending
strength of powdered concrete by 74.9%, while 5% improves the bending strength by
87% [150]. In total, 3 wt.% addition TiO,-5iO; of the nanocomposite has improved the
mechanophysical properties thanks to the increased CSH and compact microstructure, and
on the other hand, it has bactericidal properties [69]. The nanocomposite modifies the
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cement hydration properties more effectively due to the better dispersion of nano-TiO,
in the nanoparticles TiO,-5iO; and the pozzolanic effect of SiO, on the surface of the
nanoparticles core/coating, and also advantageously reduces the pore volume [151]. The
use of TiO,-SiO, nanocomposite with a specific surface area greater than 300 m? /g allows
the reduction of the amount of additive by 0.1 wt.% up to 0.5 wt.%. Moreover, it was found
that the optimal temperature of the nanocomposite calcination was 800 °C, thanks to the
demonstration of maximum photocatalytic activity, reduced porosity, water absorption,
and abrasive losses. The increase in the compressive strength of the cement paste after
1 day of hardening is 26-29%, after 3 days 42—49%, after 28 days 38-41%, after 180 days

20-26%. [152].

Table 3. Flexural strength of different types of building materials.

Flexural Strength (MPa)

Photocatalytic
Author and Used Building Material Age (Days) Exemplary Dose Sample—Descripi’ion of the V:
Photocatalytic Material (wt.%) Change or Value of the RSeaftl;eIl‘se
Bending Strength Respective P
Dose
Wang et al. [130]
n-TiO, (10-25 nm, Cement mortar 56 1,2,3 12.3,13.8,13.6 10.7
200 m?/g)
narl\:([)e-?igoezt élo_[é(l)ﬂm) Cement paste, cement + fly i?lgﬁg 1 increasing bendinog strength by 9.99
39.91 m?/g ash 20 wt.% ball milling 37.74%
Han et al. [151] Reactive concrete powder,
nano-SiO; coated by TiO, w/c=03 28 1,35 9.60,12.45, 14.38 6.69
Hernandez [42] White and grey cement 28 G-8.21 (5%) §.29 (10%) G=9.05
. . 5,10 W-8.7017.53 W =8.65
Aeroxide TiO, P25 mortar o o
w/cin layer 1.3 265 G-11.20 (5%) 10.91 (10%) G=1226
W-10.691 10.32 W =12.01
3 7.71 6.17
Yang et al. [153] slag paste activated with
TIOL (20100 nam) o 7 0.5 12.46 10
2 atkalt 28 17.32 12.58
Zhang et al. [122]n-TI02 Concrete 28 1 n-TiOy: 6.02 n-SiOy: 5.69 5.46
-010;
Nazari i Riahi [118] Cement mortar. 1 wt.% increase in bending strength to
nano-TiO; (15 nm) superplasticizer ;N /e - 5 4 28 1-5 4 wt.%, the highest value after 42
155 m? /g perp ’ o 28 days
Nazari i Riahi [129] Concrete with 15, 30.45.60 28 14 up to 3 wt.% TiO, and 45 wt.% 4.2
nano-TiO; (15 nm) wt.% replacement with blast 90 slag bending strength increased 5.6
furnace slag 0.1 12.05
Feng et al. [143] _ 0.5 12.45
nano-TiO, (20-50 nm) Cement paste, w/c = 04 28 1 12.48 1153
5 12.30
Cement and lime-cement
mortars show a loss of bending
Lucas et al. [14] P25 (85% Cement, cement-lime, strengthom addition to more
natase, 15% rutile) m, or m-lim, 28 0.5-5 than 1 wt.%; the gypsum plaster 8.0
ana as(e23,1 nn:) utre gypsum, ;éﬁw ¢ ’ showed a 60% reduction in '
strength at 0.5% wt., which
indicates a greater difficulty for
incorporation of nanoparticles
0,1,3 or 5wt.%.
Guo et al. [10] Cement mortar modified with 7 28 in admixture increase with increasing dose 8.8
nano-TiO, (100 nm) epoxy resin TiO; ! with pure epoxy and curing period 9.5
resin
Ma et al. [147] 3 iner with increasing d 2.82
smoky nano-TiO, Cement mortar and concrete 28 1-5 Ct ezse £ dc casing cose 4 4.42
50 m2/g 90 up to 4 wt.% and curing perio 6.28
Rahim and Nair [154] Cement mortar partially Atf t;,-r ig ja_y;i gf h; rd::{)}lr}fltcgl
nano-TiO,, nano-Al, O3 replaced by fly ash and blast 28 2,3,4,5,6 W7o nano 2,0 WL 7o AlaJ3, 9.0

or nano-Si0,

furnace slag

and nano-SiO,, an increase in
flexural strength was observed
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Table 3. Cont.
Flexural Strength (MPa)
Auth d Used Photocatalytic
uthor and Use i1di ; Exemplary Dose Sample—Description of the
Photocatalytic Material Building Material Age (Days) (wt.%) C}li’ange or Vallile of the Rseferelllce
Bending Strength Respective ample
Dose

Sikora et al. [69]

TiO, P25 (21 nm)

n-SiO, TiO, P25: 7.0
mSiO, /TiO, Cement mortar 28 3 n-Si0,: 7.0 7.1

(mesoporous silica
nanospheres modified
with titanium dioxide)

Ng et al. [116]
TiO, (15 nm) NT
Fe,03 (2040 nm) NF
SiO, (20-30 nm) NS

Cerro-Prada et al. [80]
TiO, /100% Anataz
(20-30 nm)

mSiOz /TiOZ: 7.3

The increase is 19%, 11%, and
10%, respectively, in the NS, NT, = NS- circa

Cement mortar with an and NF samples compared to 48
admixture of 30 wt.% fly 28 13,5 the control sample. The optimal NT-4.9
ash w/b = 0.485 dose is 3 wt.% for each additive NF- circa
in terms of mechanical 44
properties

For samples with cement
replacement, in the early and
middle age of the mortar (2, 7,

and 28), slightly reduced

strength is obtained for the
substitute content of nano-TiO,
of 0.1%, 0.5%, and 1%. By

0.1,0.2,0.5, replacing TiO; in cement with
Cement mortar 1,7,28,90 1.—w1thout and . 0.2%, however, a shght 180]
with replacement improvement in bending
of cement strength (13.7%) is achieved in

the long term. In the case of the
mortar prepared with the
addition of TiO, without
cement replacement, no
improvement can be clearly
observed for the TiO, content of
0.20/0, 0.50/0, and 1%

A positive effect on the mechanical properties is also caused by the doping of TiO,
with non-metals such as nitrogen, carbon, or sulfur. Compressive strength of the mortar
with a content of 2.0 wt.% TiO, /S,C after 28 days increased by 75% compared to the control
sample. In turn, the bending strength of such a mortar increased by 44% after 28 days [113].
In the studies by Janus et al. [23], the doping of titanium dioxide with nitrogen improved
both the compressive and bending strength in the case of 1-5 wt.%, and this increase
decreased with the increase of the dose of modified TiO, (Figure 4).

In recent years, other types of photocatalysts have become increasingly popular in
many modifications. Zhu et al. [109], after adding 0.01 wt. of delaminated MXene (TizC,),
noted an increase in compressive strength by 20.2%, 45.2%, 32.6%, and 27.8%, respectively,
compared to the control sample after 1, 3, 7, and 28 days. On the other hand, when the
dosing of the MXene content increased from 0.01 wt.%. to 0.07 wt.%, the compressive
strength was adversely reduced. Moreira et al. [25] noted a slight decrease in compressive
strength after 28 days of curing, only as a result of replacing the 2% weight of cement with
Nb,Os5 or red mug. Another example of an alternative to replacing nanotitanium oxide is
the addition of polymeric carbon nitride. The compressive strength of the mortar increased
to 0.5 wt.%. With a further increase in the dose of PCN to 1% and 2%, the compressive
strength of PCN-modified pastes decreased to 30.8 MPa and 26.0 MPa after 3 days and
65.7 MPa and 60.1 MPa after 28 days, which can be attributed to increasing volume of
harmful pores and porosity of the cement matrix. With the increase in the maturing age
from 1 day to 28 days, a drastic increase in the photocatalytic efficiency of PCN-modified
pastes was observed at higher doses of PCN (>1% of cement). The paste with the addition
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of 2% showed the highest photocatalytic efficiency of NOx removal after 28 days, by 122.5%
higher than the paste added 2% in 1 day [29].

compressive strength [MPa] flexural strength [MPa]

5

CEM |+ 1%TiO2/N

6.5

5
CEM 1+ 3%TiO2/N CEM 1+ 5%TiO2/N CEM |+ 1%TiO2/N CEM I+ 3%TiO2/N CEM |+ 5%TiO2/N

(a) (b)

Figure 4. (a) Compressive and (b) flexural strength of cement mortar with the addition of 1, 3, and
5 wt.% of photocatalyst TiO,/N. In the red line, the compressive strength (53 MPa) and flexural
strength (6.92 MPa) of control sample are presented [23].

4.3. Influence of Introduced Additives on Carbonation of Cement Materials

The inevitable, very slow, natural process of carbonation may lead to changes in the
microstructure of the cement paste and in the composition of the pore solution, which may
affect the performance properties of TiO,-modified cement materials. Proper information
on structures constructed of such materials is obtained after several weeks or months, when
carbonation changes the surface (Table 4) [155,156].

Rao et al. [155] applied self-compacting mortars containing 30 wt.% addition of fly ash.
Water absorption after 28 days was found to increase with the addition of both nano-5iO,
(NS) and nano-TiO, (NT) compared to the reference mortars (1:1-6.2% and 1:2-4.1%). NS
blends showed higher water absorption values by immersion regardless of the degree
of incorporation. This was directly related to the difficulty in dispersing nanosilica, as
a result of which there is a likelihood of a less dense and homogeneous microstructure
with greater porosity available for water, which was also evident in the reduction in
mechanical strength. High-density mortars contain 0.5 wt.%, 0.75 wt.%, and 1 wt.%. NT
is associated with the lower porosity available to water, which is also the main path for
CO;, penetration. These samples showed no carbonation effect after 91 days of exposure in
an accelerated carbonation chamber, and their compressive strength increased with age
and decreased with the addition ratio of nanomaterials [155]. In general, mortars with a
higher sand content (1:2) showed reduced resistance to carbonation and water absorption,
which was consistent with the previous research by Huang et al. [157], which showed
that CO, gas penetrates the concrete surface through the sand-cement gap [157]. This
means that increasing the volume of sand in concrete also increases CO, penetration [158].
Duan et al. [156] noted an improvement in carbonation resistance by 77%, 62%, and 42% for
fluidized bed fly ash geopolymer paste samples containing 1%, 3%, and 5% NT, respectively,
after 180 days of exposure.
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Table 4. Examples of research on the effect of carbonation of photocatalytic cement mortars.

Time of Exposure to

Author Material Conditions Photocataloy st Conditions in the Results
Dose (wt.%)
Chamber
At 14, 28, 56, and 1: 1 blends with 0.5 wt.%,
91 days, 0.75 wt.%, and 1 wt.%. NT
the samples were and 0.75% NS show total
Mortars with taken from the resistance to carbonation.
the addition of 54 1% CO 0.5; 0.75, 1% chamber, broken into Mixtures with nano-TiO,
Raoetal. 30 wt.% fly ash, RH = 66 N 520} nano-TiO; (NT) or four parts, and the generally showed a lower
[155] binder: sand T= 53 130 CO 0.75%, 1.5%, 3% depth of carbonation carbonation depth than
ratio 1:1 and B nano-Si0, (NS) was measured using blends with nano-SiO,.
1:2 the colorimetric Similarly, mortars from the 1:
method (with 0.1% 1 family showed a lower
phenolphthalein depth of carbonation than the
content) mortars from the 1: 2 family.
At 3,7,28,90,and 180
Geopolymer days, the Fiep th of The improvement of the
paste based on carbonation was . .
resistance to carbonation was
fly ash 20% COg, measured along the
Duan et al. . : o o ' observed only after 28 days,
activated in an RH =65 £+ 5% 1, 3, 5% n-TiO, exposed surface of the
[156] . ° . . after 180 days, the sample
alkaline T=24+5°C split specimens 40 mm . .
. .. . . with 1% TiO, showed the
sodium silicate long at 12 points using hichest resistance
solution the phenolphthalein &
spray test
No significant carbonation
was observed after 28 days,
. . N despite the detection of
Addition of P25 in Determme(.i witha 1% Ca(OH); by thermal analysis.
solution of .
Hernandez Cement mortar Normal the amount of 5 henolphthalein in Carbonation was more
et al. [42] carbonation and 10 wt.% in the P P significant after 365 days,
ethanol after 28 days .
surface layer and 365 davs although mortars with/
y without an additive of TiO,
were affected to the same
extent.
An increase in the depth of
carbonation with an increase
in the w/c proportion, the
After 3 days of . . addition of titanium dioxide
. Determined with a . . .
curing, the solution of caused a slight increase in the
. . Cement mortar samples were P25 addition in the  phenolphthalein with depth Of. carl:fonatlon, .for
Diamanti moved to the . o example, in mixtures with a
w/c=0.52 or . amount of 2.5 and a concentration of 1%
etal. [159] carbonation . w/c of 0.69, after 70 days of
w/c=0.69 5 wt.% in ethanol after
room: 4% CO,, 28 davs and 70 davs in exposure, the average depth
RH = 65% }; r point y of carbonation increased from
T=20°C out pomnts about 9 mm to 11 mm and 11,

5 mm in concrete with content
of 2.5 and 5% compared to
cement TiO;.

Recent scientific studies have shown a positive effect on composite materials subjected
to accelerated hardening [50]. Moreover, the influence of the carbonation process on
cement composites is often considered both in terms of the induced structural changes and
mechanical strength. It is known that TiO, nanoparticles promote the uptake of CO, during
accelerated carbonation, which helps to reduce porosity, and this in turn improves the
microstructure of cement composites. Moreover, in addition to increasing the absorption of
CO; and improving the microstructure, this process also improves the properties of cement
materials, e.g., compressive strength and durability. Moro et al. [160] tested samples of
cement mortars with different percentages of nano-TiO; (0, 0.5, 1, 2 wt.%) subjected to CO,
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(CC) and normal (NC) curing. XRD tests showed that CC-cured as opposed to NC-cured
samples showed a significant degree of carbonation of calcium hydroxide (CH). The SEM
analysis showed the microstructure densification due to the formation of calcium carbonate,
with a higher molar volume than calcium hydroxide, while the samples with the addition
of nano-TiO, showed a more significant microstructure densification than those without.
Compressive strength tests showed that for CC samples, the optimal percentage of nano-
TiO; (in terms of compressive strength) is lower than for normally cured samples (Figure 5).
Moreover, the samples subjected to CC showed higher compressive strength regardless of
the applied dose. The higher the percentage of nano-TiO;, the lower the initial porosity
prior to the CC process, and therefore the lower the maximum potential improvement in
compressive strength. This is important, as carbonation is also responsible for reducing
porosity. In addition, a high reduction in porosity at a very young age may result in
retention of hydration due to the lack of space for the growth of hydration products [160].
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Figure 5. Change in compressive strength of normally and CO,-hardened cement pastes depending
on the used dose of nano-TiO, [160] (RightsLink for Elsevier).

Researchers believe that changes caused by carbonation affect not only the durability
of the material, but also its photocatalytic activity. Moreover, the amount of literature
examining the effect of CO; sequestration on changes in photocatalytic efficiency is small.
On the one hand, researchers observed reduced photocatalytic activity due to carbonation
on laboratory mortars, which was attributed to clogging of surface pores and, consequently,
screening of exposed TiO, by carbonate deposits [161,162]. Diamanti and other researchers
found that the addition of 2.5 and 5 wt.% TiO2 accelerated the carbonation process; more-
over, a slight increase in the depth of carbonation was noted with an increase in the water:
binder ratio (w/c = 0.52 and w/c = 0.69). For the samples cured with CO; for 28 and
70 days, a decrease in the final Rhodamine B precoloration was observed in all cases;
however, it was still above 50%. A lower decrease in photoactivity after 70 days was noted
for samples with higher content of TiO, [73]. In recent studies, Moro et al. [50] compared
the self-cleaning ability of cement mortars cured conventionally and in a CO, environment
at an early age with the addition of NT in the amount of 0.5, 1, and 2 wt.%. It was found
that the self-cleaning activity increased with the dose increase, and the use of slag cement in
the amount of 30 wt.% and curing with CO; had a synergistic effect on cement slurries with
nano-TiO; in terms of reducing the porosity of the surface of the cement paste, positively
influencing self-cleaning. The authors recommend a combination of the use of slag cement
and CO; hardening to produce photocatalytic cement composites with a lower percentage
of nanoparticles up to 2 wt.%.
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4.4. Influence of TiO, on Abrasion Resistance

One of the most common forms of degradation of concrete structures is surface abra-
sion, which can compromise the safety of the structure and increase repair and maintenance
costs. In order to minimize maintenance problems and to increase the usability of the struc-
ture, it is important that the structure is abrasion-resistant. This is closely related to the
compressive strength of the abrasion surface. The influence of the presence of TiO; in
concrete on the abrasion resistance was investigated by Li et al. [121]. It was observed
that the abrasion resistance of concrete containing nanoparticles increased with increasing
compressive strength, and the relationship turned out to be linear [33]. Measurements were
made after 28 days of curing in a standard humid room at 20 °C. The test results showed
that the abrasion resistance of concretes containing nanoparticles improved significantly.
Abrasion resistance of concrete containing 1 wt.% of nano-TiO; increased by 180% for
the area ratio. However, the effectiveness of TiO, in increasing the abrasion resistance
increased with the decrease in the photocatalyst content (5 wt.% < 3 wt.% < 1 wt.%). The
abrasion resistance tests are especially important in the case of methods for depositing
TiO, particles on the surface of products. In Guo et al. [35], in order to assess the abrasion
resistance of samples sprayed with TiO; (suspension in ethanol) and mixed with 5% n-TiO,
P25 (Degussa), an abrasive action simulating severe abrasion conditions for pedestrians
was applied. After 500-fold abrasion exposure, the SEM-EDX results showed that for the
samples obtained by intercalation, the TiO; content in the surface layer decreased from
2.8 wt.% to 2.0 wt.%. As for the SP sprayed samples, a significantly greater loss of TiO,
particles was observed, dropping from 37.5 wt.% to 12.2 wt.%. However, the results showed
that the TiO; content remaining on the surface of the samples sprayed with the slurry was
still significantly higher than on the surface of the samples obtained by intercalation. The
SP samples retained a much higher NOx removal efficiency than the samples mixed with
5% P25. It is also worth mentioning that the SP samples also showed a higher NOx removal
rate before the abrasion test under different test conditions such as the following: using
different flow rates, as well as initial NO concentrations, different intensity of UV radiation,
different light sources (five types) as well as relative humidity, where the peak value of
NOx degradation occurred at the relative humidity reaching the peak of 25% [35].

Hassan et al. [43] assessed the abrasion and wear resistance of a cement coating
(w/c =0.6) containing 3% or 5% TiO, with a thickness of 10 mm applied to a concrete
(substrate) layer using two types of test: accelerated load test (LWT) and rotary abrasion
(RA). The measured rut depth with the wheel load tester (LWT) was minimal (less than
1 mm), indicating that the wear resistance of the surface was not affected by the application
of the coating. Based on the results of the EDS analysis, it was found that the relative con-
centration of Ti on the used samples did not change significantly compared to the original
samples, which was reflected in the photocatalytic activity tests. Namely, consumption
of the samples with 5% TiO; slightly decreased the NO removal efficiency of the coating
from 26.9% to 22.4% for the RA samples and 23.4% for the LWT samples. In contrast, the
consumption of the samples with 3% TiO, slightly improved the NO removal efficiency
from 18.0% to 21.4% for the RA samples and 24.8% for the LWT samples.

5. Examples of Investments with the Use of Photoactive Composite Materials

Photocatalytic cement products are increasingly used in the construction sector. The
development of innovative, sustainable technologies for the improvement of the environ-
ment is undoubtedly an absolute need of the whole world. The use of the phenomenon of
photocatalysis in the production of building materials is particularly advantageous from
an ecological point of view; what is more, it fits well with the principles of sustainable
construction. Many studies have shown that the skillful use of a photocatalyst makes sur-
faces capable of removing various hazardous and toxic compounds from the surrounding
atmosphere, as well as making them capable of self-cleaning. They are also beneficial
because nowadays it is difficult to limit transport and communication, which are the main
source of pollution. Moreover, paved surfaces (such as highways, roads, runways, car
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parks, and sidewalks) typically account for 30 to 60% of developed urban areas, so they are
the widest possible surface for the distribution of photocatalysts. In addition, they can be
transformed during periodic maintenance or repair work. As mentioned in the introduction,
Japan was the first country to introduce photoactive cement to the market [155,163,164].
Then, it also found its application in Europe [33,165]. Mitsubishi Materials Corporation
and Italcementi S.p.A [33] have a patent for the production of paving stones from cement
containing titanium dioxide. It is also worth mentioning the Japanese company TOTO
Inc., a pioneer in the production of self-cleaning tiles based on TiO,, which, according to
researchers Fujishima and Zhang [166], had been used in more than 5000 buildings in Japan
by 2003. Moreover, the company’s report shows that after about 5 years, buildings covered
with glass with TiO, admixture remain clean for up to 20 years, while buildings covered
with ordinary glass require general cleaning [163].

Examples of buildings using photocatalyst technology are presented below. The wide
range of applications includes vertical elements such as panels and facade cladding, as
well as horizontal elements such as concrete walkways. The photocatalytic properties
in concrete are ensured by the addition of a nanometric catalyst to the cement matrix.
However, it is also worth mentioning here the research focusing on the transformation
of the product from a laboratory scale to the real scale, which must take into account
many parameters determining the final efficiency of the obtained material in removing
environmental pollutants [33]. It is influenced by many environmental factors, such as
latitude, temperature, humidity, type of soil, amount of rain, the way in which rainwater
washes the building, wind speed, its direction, UV wavelength range, etc. [33,167-170].

In addition, it is a key requirement that the new products retain the long-lasting effect
of self-cleaning and degradation of atmospheric pollutants, and ensure continuous contact
of the photocatalyst with gaseous pollutants, especially in the case of materials exposed to
abrasion and dirt. Researchers Boonen and Beeldens [165] performed laboratory and pilot
scale studies. Overall, the photocatalytic concrete samples were found to be active, and the
NOx reduction efficiency increased with longer contact time, lower relative humidity, and
higher incident light intensity. The results obtained on the laboratory scale were converted
to the real scale. In the years 2004-2005, parking lanes in the streets of the Belgian city
of Antwerp were built of 10,000 m? of pavement blocks (Figure 6). TiO, was used only
in the wearing course of concrete cubes. Multiple measurements have confirmed their
effectiveness after more than 5 years of using the cubes in the field. A reduction in efficiency
was observed due to the deposition of nitrate on the surface; however, the original efficiency
could be regained by cleaning the surface [165]. A similar relationship was also noticed
in studies conducted on a street in Bergamo, Italy [171]. Namely, the NOx reduction was
significantly higher on the days when the paving stones were cleaned; however, compared
to the unmodified section of the asphalt road, the NOx reduction values for the two-layer
photocatalytic concrete paving stone were as high as 60%.

Figure 6. View of a parking lane with a photocatalytic paving stone in Antwerp [165].

Also in Poland, the first pavements and bicycle paths were made of photocatalytic
cobblestones, among others in Zielona Gora, Nowa 561, Chorula, and Boguchwata [52]. The
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research group of Witkowski [52] and others investigated the durability of the photocatalytic
properties of pavement blocks removed from the bicycle path located on the main street in
Zielona Gora. The results showed that the ability to reduce NOx concentration in the air
was strongly dependent on the UV light source. Contrary to the studies by Boonen and
Beeldens [165], the purity level of the photoactive surface did not significantly affect the
NO reduction result. However, it was found that the main factor influencing the efficiency
is the source of UV radiation. After cleaning the sample and using a more intense UV light
source (300 W), a 45% reduction of NO was observed [52].

Implementation efforts aimed at demonstrating the usefulness of photocatalytic build-
ing materials were also undertaken in Belgium [165]. In this case, during the 2011 renova-
tion, a coating of photocatalytic cement materials approximately 100 m long was applied to
the side walls and roof of the Leopold II Tunnel in Brussels (Figure 7). Special lighting emit-
ting UV light was used to activate the photocatalysis reaction. The results of measurements
carried out during the field campaign did not show a significant reduction in pollution due
to the deactivation of the photocatalytic surface by dust and soot, too low irradiation, and
too high wind speed [169,170]. A similar solution was used to activate the photocatalysis
mechanism earlier in the “Umberto I” road tunnel in Rome, 350 m long (2007), where
photocatalytic cement paints applied by spraying were used for renovation—gray to a
height of 1.80 m and white above (Figure 7). The results of the measurement campaign of
nitrogen oxides concentration measurements showed a reduction of NO by 25% and NO,
by 19% [172].

Figure 7. Tunnels after renovation: Leopold II tunnel in Brussels (left) [165] and “Umberto I” in
Rome (right) [172] (RightsLink for Elsevier).

Air pollution caused by excessive NOx emissions is a serious problem not only in
tunnels, but also near roads and heavy traffic areas, and is a particular problem for people
who spend a lot of time in these places. Thus, field tests were conducted not only for tunnels,
but also for horizontal applications. Witkowski et al. [167] presented the results of field
studies on the use of photocatalytic cobblestones in Warsaw to reduce NOx pollution. The
studies on a larger scale were preceded by laboratory experiments in which the effectiveness
of NOx reduction was proven in accordance with the UNI 11247 standard [173]. The test
area was located at the Daszyniskiego roundabout in Warsaw (Poland) and next to the
office building. Concentrations of NO, NO,, and NOx were measured on a pavement
with conventional concrete paving stones and on a photocatalytic paving stone (catalyst
embedded only in a five-millimeter surface layer) both 400 mm above the pavement surface.
The mean daily reduction was 31%, which was above the threshold for the target’s large-
scale use (15%) [167]. An important step was the researchers proposing an innovative
research method that used light conditions and gas flow that most faithfully reflected real
conditions. Moreover, the test configuration [51,167] reduced the negative influence of
wind and insufficient concentration of pollutants, as in Folli et al. [174]. In Denmark, on the
central street of Copenhagen, near the Central Station, one hundred meters of pavement is
made of unmodified concrete blocks and the other is made of 100 m of modified titanium
dioxide. Annual measurements showed a low value (below 40 ppb) of the average daily
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NO concentration in the paved area with concrete elements containing TiO,. In addition,
some seasonal variability was recorded. Namely, as the relative humidity increased, the
conversion of NO decreased as a result of competition between water and NO for catalytic
sites. On the other hand, with increasing temperature, NO conversion increased due to the
greater diffusivity of gaseous pollutants towards the photocatalytic surface. NO reduction
peaked greater than 45% at the summer solstice.

Testing of the photocatalytic material in real conditions was also carried out by Ballari
and Brouwers [175]. The NOx concentration was measured on a street in Hengelo, the
Netherlands, with a concrete pavement containing TiO, and a control street depending
on the weather conditions. Overall, the NOx concentration was 19% lower compared to
the unmodified system. However, when only in the afternoons or under conditions of
high irradiation and low relative humidity, this value was 28% or 45% lower, respectively,
than the control route. Under ideal weather conditions, the NOx removal efficiency was
maximum 45%. The proposed solutions are promising techniques for reducing the number
of air pollutants, especially in locations with high levels of pollution, such as busy canyon
streets or road tunnels.

Field studies by Huang et al. [176] suggested that in rush hours, even higher deNOx ef-
ficiency was achieved over pavements coated with carbon nitride/TiO, composite graphite
hydrosol (gC3N4/TiO;). Moreover, the NO removal rate was found to be 70.7% in the
morning and afternoon, i.e., under conditions of weak solar radiation.

In addition to the ability to clean the air, an important issue is also to ensure the
durability of the aesthetics of the building through the decomposition of organic and
inorganic pollutants deposited on the surfaces of building materials. This is extremely
important for white cement buildings. In terms of aesthetic durability, experimental studies
have shown that the maintenance of white or colored (in the case of a colored matrix) color
is not affected by the amount of nanoparticle addition. TiO, particles are characterized by
a high degree of whiteness, but their relatively even weight distribution does not affect the
possibility of dyeing with conventional pigments. After dyeing the composite mass, no
time loss was observed due to the photocatalytic activity of TiO, nanoparticles [115].

The self-cleaning of concrete surfaces results from the photocatalytic and superhy-
drophilic properties of nanocrystalline titanium dioxide. A prime example of the use of
self-cleaning concrete is the church designed by Richard Meier, “Dives in Misericordia”
in Rome, commissioned in 2003 [168]. It was found that during the six years of monitor-
ing, only a slight difference was observed between the outer and inner white walls [33].
However, in 2018, Cardellicchio [168] reports an accelerated decomposition of external
walls manifested by black spots all over the concrete. Despite the lack of self-cleaning
properties, the case study made it possible to test the durability and effectiveness of this
specific application of TiO, under real-world conditions. Despite the poor appearance of
the structure and the present surface condition, the results of chemical analysis confirmed
the presence of titanium dioxide in the form of anatase particles [168]. Studies have shown
that the necessary hydrophilic effect is limited by two main factors. The first is related to
the composition of pozzolana dust in Rome, which cannot be oxidized, and its combination
with the products of erosion creates a patina that inactivates the surface even more. The
second is the abrasive action of rainwater on the spherical surface, which increases the
surface roughness of the concrete and thus increases the bonding of rain dust particles
with the concrete. Researchers highlight the fact that, due to the chemical composition
and abrasive action of pozzolana dust, the self-cleaning properties of nanostructured ti-
tanium particles may be at risk in countries where the soil is predominantly volcanic or
where desert ash precipitation is frequent. These environmental factors may increase the
frequency of washing for the maintenance of concrete panels, detracting from the aesthetic,
economic, and environmental benefits of using a self-cleaning material [168].
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6. Conclusions and Future Prospects

1. The presented research shows that the prepared concretes show photocatalytic activity
and can clean the air, e.g., removing nitrogen oxides or volatile organic compounds.
What is more, they have the ability to degrade soot and microorganisms, maintaining
the lasting appearance of the building during its use.

2. Photoactive cements used in the production of concrete products are mainly activated
by UV radiation; scientists tried to find a photocatalyst active in visible light. Addi-
tional studies are needed to demonstrate durability in the field of photocatalysts other
than TiO,.

3. The procedure for introducing the photocatalytic active ingredient influences the
surface concentration of the catalytic active sites, giving preference to the surface
coating method over the bulk application of mortar when discussing only the pho-
tocatalytic efficiency, but without changing the nature of the active sites. However,
the introduction of the active phase of the catalyst to the mass, even with a lower but
still acceptable photocatalytic activity, results in a more stable system in terms of me-
chanical properties of the surface and CSH distribution. Given the need to balance the
different photocatalyst performance requirements with the expected overall product
yields, the incorporation of the active catalyst phase into the bulk appears to be more
promising for sustainable long-term applications.

However, based on the literature, it was found that the surface coating method in
the production of photocatalytic materials has a greater range, thanks to the possibility of
renovating existing buildings. Although the prices of commercial specialty cements are
much higher than the unmodified ones, they offset the costs so that renovation is much less
frequent than with the use of ordinary materials.

4. The issue that cannot be ignored in the research is the place, terrain conditions, and
climate where the photocatalytic building, road, pavement, etc. will be located.

5. The presented research has shown that when designing a photocatalytic mortar, the
type of binder, final texture, and microstructure of the material should be carefully
selected to meet the performance requirements. Research is also needed to check the
performance of the technology in the field.
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