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Abstract: Applications of heterogeneous photocatalytic processes based on semiconductor particles in
cement-based materials have received great attention in recent years to enhance the aesthetic durability
of buildings and reducing global environmental pollution. Amongst all, titanium dioxide (TiO2) is the
most widely used semiconductor particle in structural materials with photocatalytic activity because
of its low cost, chemically stable nature, and absence of toxicity. Utilization of TiO2 in combination
with cement-based materials would plunge the concentration of urban pollutants such as NOx. In fact,
cementitious composites containing TiO2 have already found applications in self-cleaning buildings,
antimicrobial surfaces, and air-purifying structures. This paper aims to present a comprehensive
review on TiO2-based photocatalysis cement technology, its practical applications, and research gaps
for further progression of cementitious materials with photocatalytic activity.

Keywords: self-cleaning surfaces; air purification; antimicrobial surfaces; TiO2; photocatalysis
cementitious materials

1. Introduction

Cement-based materials/composites have been utilized in civil engineering structures for many
centuries and remain the dominant materials in the construction industry. However, in their modern
applications, not only they are applied as structural materials, but they are also used as functional
materials to design and fabricate smart structures [1,2]. Smart materials are engineered materials
capable of representing a unique beneficial response to an external stimuli [3]. Figure 1 shows some
examples of the smart materials and their capabilities. For instance, self-cleaning mortar/concrete is
capable of maintaining the aesthetic characteristics of buildings, such as color, over time even in harsh
urban environments [4,5]. In this regard, nanotechnology is of great importance towards construction
of functional buildings. By addition of nanosized materials to the traditional structural materials, it
would be possible to not only promote the basic properties of cementitious materials but also add
certain functionality to them, including self-cleaning, antimicrobial, and pollution-reducing properties.
On the other hand, the enormous resource of energy from sunlight and the urgent demand for a cleaner
environment have rendered architects and structural engineers to redesign structures in order to
utilize sunlight in combination with functional engineered structural materials to lower energy usage
and environmental pollutants. By being benefited from the privileges of nanotechnology, improved
cementitious materials in terms of durability and strength are achievable, thereby increasing the quality
and longevity of structures as well as lowering the costs of renewing civil infrastructures [6].

After discovering the photocatalytic splitting of water in a titanium oxide (TiO2) anode
photochemical cell by Fujishima and Honda [7] as well as Wrighton et al. [8] in 1970s, the fundamentals
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and applications of photocatalysis have received global attention [9], due to the promising applications
of heterogeneous photocatalysis, in various fields including solar energy, green chemistry, and
environmental remediation [10–14]. It has now been over one decade since photocatalysis was first
utilized in different materials, particularly cement binders, to achieve self-cleaning and, more recently,
depolluting effects [5,7,11]. Surging air pollutants in urban regions has led researchers to utilize
photocatalytic properties in order to eliminate the substances contaminating the atmosphere. In fact,
photocatalysis efficiently contributes to enhancing quality of life.

TiO2, particularly nanosized TiO2 [6], is the most widely used component in photocatalysis
structural materials because of its compatibility with conventional building materials, such as cement,
without deteriorating their performances. It is a semiconductor material that, in traditional applications,
has been used as white pigment [4,11]. It has been reported by various researchers that TiO2 is effectively
able to reduce pollutants such as nitrogen oxides (NOx), aromatics, ammonia, and aldehydes [15–17].
Regarding construction materials, TiO2 is usually incorporated in the concrete bulk; however, it can be
applied to the surface of building materials as coating [4,5,18]. The implementation of photocatalysis
materials in combination with structural materials started in the early 1990s, and photocatalytic paving
blocks and coatings based on hydraulic binders have already been patented by Mitsubishi Materials
Corporation and Italcementi S.p.A [18–23]. The numerous functions of TiO2 as a structural and
functional material has led to its wide applications in both interior and exterior structural materials,
such as cement mortars, paving blocks, and exterior ties, in order to construct smart functional buildings
that have self-cleaning and antimicrobial properties and, more importantly, help to clean the air and
environment [4].
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Figure 1. Smart functions added to the structural materials and their capabilities.

This paper represents a comprehensive review of TiO2-based photocatalysis cementitious materials,
establishing the concepts of self-cleaning buildings, antimicrobial surfaces, and depolluting effects.
Moreover, the properties of photocatalysis cement-based materials in fresh and hardened states, the
influential parameters on the photocatalytic activity, as well as the testing methods to assess the
efficiency of the photocatalysis process will be reviewed. The potential applications of photocatalysis
structural materials and their future directions will be addressed as well.

2. Heterogeneous Photocatalysis Process

A photocatalyst is a compound that facilitates a chemical reaction upon absorption of light and is
generated in the process [18,24]. Many transition metal oxides show photocatalytic activity, that is,
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these substances would act as a photocatalyst and promote oxidation and reduction reactions when
exposed to electromagnetic radiation [21].

The basic heterogeneous photocatalytic process is the activation of a semiconductor photocatalyst
by irradiation [25]. TiO2, ZnO, and CdS are widely used semiconductor materials [26]. Semiconductors
contain a filled conduction band and an empty valence band, which are separated by a band gap of
energy (Eg). By absorbing a proton of energy equal to or larger than Eg, an electron (e−) from the
valence band would be promoted to the conduction band resulting in a hole (h+) in the valence band.
The valence band hole is a strong oxidizing agent and is capable of oxidizing electron donor molecules
adsorbed on the surface, whereas the conduction band electron is a powerful reducing agent and
would reduce acceptor molecules [16,24]. Figure 2 represents the sequential photocatalytic reactions
based on the electronic structure of semiconductors. Reactive oxygen species have the capability to
decompose microbes to CO2 and H2O [27–29].
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Figure 2. Photocatalytic reactions based on the electronic structure of semiconductors.

The efficiency of the photochemical process is a complex function of several factors, in which five
of them are the most influential: (1) effective absorption of sunlight, (2) quick charge separation after
light absorption to prevent electron-hole recombination, (3) product separation from the photocatalyst’s
surface, (4) compatibility between the redox potentials of the valance band hole and conduction band
electron with those of the donor and acceptor species, respectively, and (5) long-term stability of the
photocatalyst [6,17,22,24,25].

Among all the transition metal oxides, TiO2 is the most studied photocatalyst for self-cleaning
cementitious materials because of its low cost, chemical stability and human safety, non-toxicity, and
efficient photocatalytic activity [11,26,30]. Under ambient conditions, TiO2 has three main crystal
structures including anatase (distorted tetragonal crystal structure), rutile (also tetragonal), and brookite
(orthorhombic crystal structure), in which only rutile and anatase are attractive for practical applications
since they are wide band gap semiconductors [17,21,25,31]. In general, anatase is more efficient in
degrading both organic and inorganic pollutants in vapor and/or liquid phases [31,32]. Rutile and
brookite phases are more applicable for the selective oxidation of organic syntheses [15,16,33]. However,
coupling of anatase and rutile phases would increase the photocatalytic activity significantly compared
to each individual component [34].

The band gap of anatase is on the order of 3.2 eV (Figure 3), corresponding to a wavelength
of 388 nm, meaning that its activation needs an irradiation source with wavelength lower than
388 nm, which is in the near-UV region. Therefore, visible light is not sufficiently energetic to induce
photocatalytic activity in anatase [18,21,24]. The high photocatalytic activity of anatase has led to its
extensive applications as photocatalytic coatings on various substrates under low-intensity, near-UV
light [11,35,36]. Figure 4 summarizes the main photocatalytic applications of TiO2 as reported in the
relevant literature.
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Regarding the influential parameters, numerous physico-chemical variables have impacts on
the photocatalytic properties of TiO2, namely particle size, surface area, pore volume, surface
hydroxyl content, and crystallinity degree [15,25,37]. Crystallinity, in particular, is an important
factor contributing to the high photoactivity since the presence of an amorphous phase would facilitate
the recombination of photo-excited electrons and holes [17,32,37,38].
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3. Photocatalysis Cementitious Materials

Photocatalysis cementitious materials have been studied as an alternative to eliminate
environmental pollution through the use of construction materials containing photocatalyst compounds.
Moreover, maintaining the aesthetic characteristics of structures, especially those based on white
cement, was another important pillar to develop photocatalysis cement-based materials [5,18,24].
Figure 5 summarizes the history of photocatalysis cement-based materials. Because of the addition of
TiO2 in the bulk of the structure, it is expected that the concrete technology and the final properties of
the cementitious products would not be affected, meaning that both white and grey cement can be
used without any particular problems [5]. However, organic admixtures and other supplementary
cementitious materials must be selected carefully to not interfere with the photocatalytic activity of the
products [31].Nanomaterials 2019, 9, x FOR PEER REVIEW 6 of 34 
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Figure 5. History of photocatalysis cementitious materials [6,41,42]. (Note: PICADA project: European
project as Photocatalytic Innovative Coverings Applications for Depollution Assessment.)

Utilizing photocatalytic cementitious materials, several buildings have been designed and
constructed since 2000 including a church, Dives in Misericordia, in Italy; music and arts city hall,
Chambéry, in France; police central station, Bordeaux, in France; air France building, Roissy-Charles
de Gaulle Airport, in France; and Saint John’s court in Monaco [22,24,43]. The most common TiO2

applications in cementitious materials are categorized as vertical, horizontal, and tunnel applications.
Figure 6 represents examples of the practical applications of TiO2-based cementitious materials.
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Figure 6. Possible applications of photocatalysis cement-based materials as reported in the literature
(schematic of the photocatalytic concrete from [6]). From left to right: painting of Umberto tunnel
in Rome, Dives in Misericordia church in Rome [41], and pavement blocks on Leien of Antwerp in
Belgium [18].

3.1. Self-Cleaning Surfaces

Self-cleaning is a favorable property in terms of contamination-free surfaces [44–48]. So far, many
different synthesis strategies have been developed to design and fabricate self-cleaning surfaces [49–53].
Such surfaces are able to reduce the costs associated with maintaining the clean appearance of a range
of surfaces in civil infrastructures [6,43]. A great variety of these surfaces for numerous applications
have been commercialized. Regarding the mechanism of self-cleaning, these materials fall into four
main categories [49,54], represented in Figure 7.Nanomaterials 2019, 9, x FOR PEER REVIEW 8 of 34 
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Superhydrophilicity is an important property to achieve self-cleaning functions in materials.
Water droplets can spread out, generating a thin film on superhydrophilic surfaces. By spraying water
onto such surfaces by means of rain or light, water can diffuse into the space between the substrate and
the dust, eliminating the dust [55]. Hydrophilic surfaces have a water contact angle of less than 90◦,
and, in the case of superhydrophilic surfaces, the water contact angle is close to 0◦ [56]. Materials with
photocatalytic activities are the most common substances for hydrophilic surfaces. Figure 8 represents
the possible photocatalytic superhydrophilicity mechanism of TiO2 [55].
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Figure 8. An illustration of the possible photo-induced superhydrophilicity mechanism of TiO2 and its
practical application. The photograph represents a plastic sheet (a) covered with TiO2, representing the
superhydrophilic property, and (b) without TiO2 coating, representing hydrophobic behavior [21].

Among the numerous materials with superhydrophilic properties, TiO2 is one of the most
promising because of its favorable physical and chemical properties. TiO2 can exhibit both photocatalytic
and photo-induced superhydrophilicity properties. TiO2 has been extensively investigated over the
past decade; however, further research is being carried out to identify the exact mechanisms for the
destruction of specific pollutants. Nevertheless, it is difficult to distinguish whether photocatalysis or
photo-induced superhydrophilicity is more important for self-cleaning properties [4,57].

Superhydrophilicity is of great importance in civil structures since it would prolong the aesthetic
durability of the structures. Hydrophilic surfaces with photocatalytic activities are further advantageous
because of their capability to decompose a broad range of organic pollutants, such as aromatics,
surfactants, and dyes [43,58], as well as many compounds available in the stains on the outdoor
surfaces in the presence of oxygen [59].

Providing more hydroxyl radicals on the surface of TiO2 through superhydrophilicity would
lead to higher efficiency of degradation of organic substances [60]. Moreover, the transition between
hydrophilicity to hydrophobicity is possible due to the adsorption of organic compounds on the film
surface; therefore, a more efficient photocatalytic decomposition of these organic contaminants would
result in maintaining the superhydrophilicity of the surface [61]. Thus, the simultaneous effects of
photocatalysis and superhydrophilicity will assure that the self-cleaning behavior of TiO2 films would
be preserved [62].
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3.2. Antimicrobial Surfaces

Growing concerns for human health and quality of life have led to the implementation of
nanoparticle photocatalysts in civil structures to fabricate self-disinfecting surfaces, mostly for public
places that need a high level of hygiene, such as in hospitals, schools, public transportation, and so
on [4,6,63]. The self-disinfecting property of semiconductor particles such as TiO2 and ZnO mainly
is due to their photocatalytic activities. Figure 9 illustrates the photocatalytic process occurring on
the self-disinfecting surfaces. In ceramic and building industries, there is a growing interest for the
photo-induced antimicrobial effect of TiO2, particularly for microbiologically sensitive environments
such as medical facilities. As relevant studies reveal [11,36], installing photocatalytic tiles in indoor
furnishing not only reduced the amount of bacteria on the wall surface to a negligible level, but it also
decreased the amount of bacteria in the air significantly. Moreover, the photo-induced antimicrobial
activity of TiO2 can also be applied to control biological growth on the concrete surface [4]. Growth
of biofilm on concrete surfaces would lead to the loss of aesthetic appearance of the buildings and
deteriorate the durability of concrete structures [64,65]. As reported by Linkous et al. [66], coated
cement substrate with a dispersion of 10 wt% TiO2 powder would decrease the algae growth by 66%
as compared to an unprotected cement surface. According to them, by addition of 1.0 wt% of a noble
metal, such as Pt or Ir, to the photocatalyst, an 87% reduction in algae growth was observed.
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The effectiveness of antimicrobial nanoparticle photocatalysts is limited to the environment,
meaning that there must be sufficient irradiation with a required wavelength (388 nm UV light for
TiO2). As an alternative, doping of TiO2 to decrease its band gap would result in the activation of the
photocatalytic process by visible light, which will promote indoor photocatalytic activity. It has been
reported that doping of TiO2 with noble metals (i.e., Ag, Ni, Pt, Au, Cu, Rh, Pd), oxides (i.e., ZnO,
WO3, SiO3, CrO3), or nonmetals (i.e., C, N, S, P) would be effective [6]. However, doping of nano-TiO2

with noble metals is expensive [68]. Thus, substituting TiO2 with other photocatalyst nanoparticles
with better antimicrobial activities, such as ZnO [69], could be considered as a viable alternative.

3.3. Air-Purifying Surfaces

Air pollution due to nitrogen oxides (NOx) is a dramatic issue that contributes to exacerbating
quality of life, especially in large urban areas [70–72]. NOx together with sulfur oxides (SOx) are
the main chemical compounds responsible for acid rain and photochemical smog [22,73]. Indoor air
pollution from substances including NOx, which, in atmospheric chemistry, is the sum of nitric oxide
(NO) and nitrogen dioxide (NO2), carbon oxides (i.e., CO and CO2), and volatile organic compounds
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(VOCs), not only threatens human health but also seriously affects plant regular metabolism [73].
Amongst all, NOx are the most problematic pollutants. NO is considered the primary pollutant, which
is mainly introduced into the atmosphere directly from high-temperature combustion in transport and
industrial activities, whereas NO2 is considered as a secondary pollutant since it is mostly formed in
the atmosphere due to the interaction between NO with O2 or O3, and/or sunlight [73,74].

Photocatalysts are capable of decomposing various numbers of oxides and organic compound
pollutants that cause health and environmental problems. The governing decomposition
mechanism involves the generation of radicals due to the irradiation to the photocatalyst substance,
and subsequently converting pollutants into harmless compounds [40,75,76]. The accepted
reaction mechanism for the photocatalytic conversion of NOx compounds is represented in
Equations (1)–(3) [4,42,77,78]. NO3

− is harmless in small quantities and would be washed away
by water droplets [77,79]. Figure 10 shows the photocatalytic reaction to eliminate NOx pollutants by
photocatalysis concrete pavements.

NO + HO2• → NO2 + OH•; (1)

NO + OH• → NO2 + H+; (2)

NO2 + OH• → NO3
- + H+. (3)

Similarly, purification of SO2 is as follows [31,42,80]:

SO2 + OH• → HSO3; (4)

HSO3 + SO2→ SO3; (5)

SO3 + H2O→ H2SO4; (6)

HSO3 + HO• → H2SO4. (7)

The first report on photocatalytic decomposition of pollutants based on TiO2 was published in
1977, in which the capability of the photocatalytic process to degrade cyanide into a harmless product
in wastewater was reported [81]. In recent years, the removal of organic and inorganic contaminants
in air through the photocatalytic process has been explored extensively owing to the potential of
photocatalysts to purify air in offices, buildings, homes, schools, and so on [82]. Amongst the most
used technologies for NOx remediation [83,84], photocatalytic degradation of NOx has become a
valid alternative in recent decades, confirmed by tremendous scientific attempts [78,82,85–93] and the
continuous growth of commercial products available in the market, which are mainly cements and
paints containing TiO2 [19,43]. According to laboratory evaluations, a typical pattern of NOx removal
by the photocatalytic paving blocks is represented in Figure 11. Photocatalysts, such as TiO2, can
be easily implemented in cementitious materials and paints, thereby creating air-purifying surfaces
in a broad range of structures and infrastructures including pavement blocks [42,94,95], filters and
membranes for indoor/outdoor air purification, and so on [72,75].

Concrete pavement and external building surfaces are ideal for incorporating photocatalytic
materials since their flat configurations would ease the exposure of the photocatalyst to sunlight [95].
In photocatalytic cements, the formed NO3

− reacts with calcium in the cement to form a water-soluble
salt, calcium nitrate, which can be removed by rainwater easily. Efficient elimination of air pollutants
with concentrations in the range of 0.1–10 ppm is possible by means of such photocatalytic cementitious
materials [57]. Many laboratory studies have been conducted to demonstrate the depolluting effect
of photocatalytic cement-based materials for eliminating VOCs, NOx, CO, toluene, lead, and SO2,
which could be found in detail in [77,78,80,93,96–105]. Moreover, Etxeberria et al. [106] explored the
impact of dust and oil accumulation on the efficiency of concrete surfaces with photocatalytic activity
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in removal of NOx. They reported that dust accumulation would result in partial loss of efficiency
in removing NOx for TiO2-coated concrete, while for the samples in which TiO2 was included in the
concrete, severe loss of efficiency was observed. Oil impregnation also led to the complete loss of
photocatalytic efficiency for concrete containing TiO2, whereas for TiO2-coated concrete, the initial NOx

removal capacity showed 80%–90% decrease because the TiO2-coated concrete had better accessibility
to UV light.
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4. Properties of Photocatalysis Cementitious Materials

4.1. Microstructure

The mechanical properties of TiO2-based cementitious materials strongly rely on the hydration
products and microstructure of cement composites [31]. It has been demonstrated that in particular
circumstances—including high pH, the presence of non-indifferent electrolytes such as Ca2+, and
high ionic activity, which are typical conditions within the cement paste—both nano- and microsized
TiO2 particles represent great tendency towards agglomeration because of the ion–ion correlation
phenomena [107–110] that are similar to calcium silicate hydrate (C-S-H) particles in cement [111,112].
However, the structure of particle clusters containing C-S-H gel is completely different from those of TiO2

agglomerate [107]. Comparing nano- and microsized titania particles, microsized TiO2 aggregates are
smaller and have larger pores and a better dispersion than nano-TiO2 [113]. Chemical surface treatments
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of micro- and nano-TiO2 with phosphorous and potassium, aimed at enhancing and controlling the
crystal growth and facilitating dispersion in aqueous systems, carried out by Folli et al. [107], revealed
small, deflocculated, and highly dispersed agglomerates for micro-TiO2, whereas for nano-TiO2, large,
flocculated agglomerates with weak dispersions were observed. In Figure 12, the models of TiO2-b
ased cement composites are represented showing the agglomeration/dispersion features.
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According to such experimental evidence, the photocatalytic activity of cementitious materials
is a function of the accessible surface area in the hardened cement structure rather than the specific
surface area of nano-TiO2 [114,115]. For instance, large molecules, such as rhodamine B (RhB) with an
average molecule diameter of 1.6 nm [116], can penetrate into the nano-TiO2 clusters (pore size around
8 nm) with difficulty, whereas it would be easy to access micro-TiO2 clusters [107,113]. The smaller
and well-dispersed micro-TiO2 clusters on the surface of the cement specimens, together with their
macropores, could be more efficient than larger and poorly dispersed nano-TiO2 clusters in terms of
offering a larger accessible surface area for adsorption and, subsequently, reaction of large molecules
such as rhodamine B. Notwithstanding, smaller molecules, such as gaseous NOx with dimensions of
100–200 pm, can penetrate easily into both nano- and micro-TiO2 clusters and have access to a higher
surface area in both catalysts [113]. In such circumstances, the higher specific surface area of nanosized
TiO2 is an indicator for its high photocatalytic capability for NOx degradation.

The alkaline environment of both hydraulic binders (i.e., cement and hydraulic lime) and
nonhydraulic binders (i.e., gypsum and lime) does affect the photocatalytic activity of TiO2. These
binders are typically porous at the micro- and nanoscale. These pores are where TiO2 usually would be
placed, acting as a further aggregate or nanofiller. The unbounded hydration products in the material
porosities would be able to be adsorbed on the TiO2 surface and, therefore, reduce the available surface
area of the photocatalyst. Moreover, an increase in electron-hole recombination could also occur on
adsorbed species [117,118]. Furthermore, by material aging, the alkaline materials would be carbonated
and, therefore, induce a solid volume increase of higher than 10%, resulting in a decline in capillary
absorption and precipitation of calcium carbonate [119,120]. These precipitates would intercept the
active sites of the photocatalyst and decrease the photocatalytic efficiency of TiO2, for shielding effects in
particular [4]. The situation would be exacerbated by the accumulation of contaminants on the surfaces
exposed to the environment [21]. Hence, preserving the long-term efficiency of the photocatalytic
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activity within an alkaline environment of cementitious materials would be challenging. Figure 13
represents the shielding effect in young and aged cement matrixes.
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Now, the question arises on how the incorporated photocatalyst would affect the microstructure
of the binder. Lackhoff et al. [117] and Li et al. [121] emphasized that TiO2 has pozzolanic activity,
supported by an observed acceleration in cement hydration by Li et al. [121], while Lackhoff et al. [117]
had no validating data. By a reduction in the setting time and final porosity of TiO2-based photocatalytic
cementitious materials, Nazari and Riahi [122] supported the idea of the pozzolanic activity of TiO2,
whereas Chen and Poon [4] rejected any pozzolanic activity of TiO2 since no mass change was observed
for TiO2 during cement hydration, suggesting the inert behavior of the titania nanopowder. Thus, the
pozzolanic activity of TiO2 still needs further pioneering work.

As mentioned before, TiO2 would affect the pore structure of the cement paste as well.
Zhang et al. [123] revealed that by addition of 1, 3, and 5 wt.% nano-TiO2, the most probable
pore diameters after 28 days corresponded to 84, 53, and 47 nm respectively, while the pore diameter
of the cement paste was 103 nm before addition of nano-TiO2. Moreover, by increasing the nano-TiO2

content, the accumulative pore volume decreased. Other researchers [124–128] reported a decreasing
trend in the total specific pore volume by increasing the nano-TiO2 content. Li et al. [129] demonstrated
that nano-TiO2 would enhance the compactness of cementitious composites and reduce their porosity
from 9.045% to 6.96%. Likewise, Salman et al. [130] observed that the nano-TiO2 is capable of filling
the pores within the cement matrix, reducing the size of calcium hydrate crystals, and densifying the
microstructure of the cementitious composites [126].

4.2. Fresh State Properties

4.2.1. Hydration Process

As mentioned before, there are some contradictions related to the pozzolanic activity of TiO2 and the
way it impacts on the hydration process of the cement matrix. Various researchers reported promotion in
the hydration process of the cement paste, indicating the pozzolanic activity of TiO2 [125,127,129–133],
while there are some reports on the inert nature of it [107,134]. According to Chen et al. [135]
and Zhang et al. [123], an acceleration in cement hydration and an increase in the intensity of CH
(calcium hydroxide) were observed, supporting the idea of TiO2 pozzolanic activity. Moreover,
Jayapalan et al. [136] found that the incorporation of 10 wt.% nano-TiO2 with particle sizes of 15–25
nm in the cement matrix led to maximum promotion in the cement hydration process. Nevertheless,
an agreement has not been reached yet on the reason of promoting the cement hydration by nano-TiO2.
Recently, it has been claimed that nano-TiO2 is capable of enhancing the rate and the peak of cement
hydration due to its nucleation and particle-filling effects without participation in the hydration
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process [137–139]. As Lawrence et al. [140] revealed, nano-TiO2 could act as a nucleus in the cement
matrix to accelerate the formation of C-S-H gel.

Despite the evidence collected by researchers approving the positive impacts of nano-TiO2 on
cement hydration, Kurihara et al. [132] published a report stating that implementation of nano-TiO2 in
the cement matrix reduced the precipitation of CH, which led to a decrease in the cement hydration
degree since the effect of nano-TiO2 on the cement matrix could vary regarding the type of cement
matrix, water/cement ratio, nano-TiO2 content, nano-TiO2 size and type [115], and dispersion degree.

4.2.2. Setting Time and Workability

Incorporation of nano-TiO2 would affect the setting time of the cement paste noticeably.
Chen et al. [134], Soleymani et al. [127], and Zhang et al. [123] reported that, by inclusion of nano-TiO2,
the initial setting time would be shortened since the incorporation of nano-TiO2, with a high specific
surface area, in the cement matrix would increase the viscosity of the paste and, consequently, negatively
impact the workability of cementitious composites containing nano-TiO2.

According to the relevant literature, the workability of the cement composites containing nano-TiO2

would decrease by increasing the dosage of nano-TiO2 [135,141–143], mostly due to the small size
effect and high specific surface area. However, there are some reports which reveal that the addition of
nano-TiO2 would deteriorate the workability of the cementitious composites only in typical conditions,
meaning that under some special circumstances, nano-TiO2 would not impact the workability of the
cement negatively [128,144–146]. For instance, applying nano-TiO2 to black rice husk ash mortars
increased the fluidity of the mortars [144], while for nonhydraulic binders, such as lime stone,
there was no evident change [128]. For lightweight, natural hydraulic lime (NHL)-based mortar,
Giosuè et al. [147] observed a deteriorating impact of TiO2 addition on the workability of NHL-based
mortar with expanded glass and expanded silicate since in the presence of fine TiO2 particles, more
water would be required to wet the surface, as well as particles tend to agglomerate.

4.3. Hardened State Properties

4.3.1. Compressive Strength

As reported by various researchers, the addition of nano-TiO2 would enhance the compressive
strength of the cement structure, mainly because of the filling effect, and would reduce the porosity
of the cement composites [124–126,129,144,148–151]. Salemi et al. [150] reported that by addition of
2 wt.% nano-TiO2 to cement, the compressive strength of the cement composites increased by 27%
as compared to those cement composites without TiO2. They found that the hydration rate of the
TiO2-based cement composite was higher, whereas the porosity was lower than the control cement
sample without nano-TiO2, meaning that a more compact structure with improved compressive
strength would be achieved through addition of nano-TiO2 to the cement. Similarly, Zhang et al. [129]
revealed that by addition of nano-TiO2, the porosity of the cementitious composites would be reduced
resulting in an increase in the compressive strength of the composite. Han et al. [149] stated that by
addition of SiO2-coated TiO2 to the cement, both short-term and long-term strength of the cement
composite would be promoted since the SiO2 coating would better disperse TiO2 nano-particles in
water because of the more negative charges on the surface of the SiO2-coated TiO2. Moreover, the SiO2

coating can control the size of CH crystals and also would react with them to form hydration products.
Furthermore, SiO2 inhibits crack propagation, owing to its nanocore effect; therefore, incorporation
of SiO2-coated TiO2 will significantly improve the mechanical properties of the cement composites.
Figure 14 reveals the influence of SiO2-coated TiO2 on the cement composites.
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Various numbers of parameters would affect the impact of nano-TiO2 on the compressive
strength of cementitious composites including the nano-TiO2 dosage [130,131,152–154], nano-TiO2

size [113,134,155], and water/cement ratio [156]. As relevant researches revealed, the optimal dosage
of nano-TiO2 directly relies on the agglomeration degree of the particles [150,157]. Regarding the
impact of the size of nano-TiO2 on the mechanical properties of cement, Li et al. [155] explored the
impact of 10 and 15 nm TiO2. They reported that both incorporated sizes of TiO2 promoted the
28-day compressive strength of the cement composite; however, the promotion obtained by 10 nm
TiO2 was greater than that of 15 nm TiO2, which was related to the nucleation effect. The number
of nucleating sites for 10 nm TiO2 was higher, while the required energy for the formation of each
nucleating site was lower; thus, 10 nm TiO2 would lead to further enhancement in the compressive
strength of the cement composite rather than 15 nm TiO2 [155]. Notwithstanding, self-aggregation
of nano-TiO2 particles could conversely affect the mechanical properties of cementitious composites,
which was more probable when finer nano-TiO2 particles were incorporated [158]. Nevertheless, some
researchers reported that nano-TiO2 is not able to improve the mechanical properties of cementitious
composites [144], and more strictly, it deteriorated the cement properties after 28 days due to the
restriction of C2S hydration [143,157]. As reported by Li [30], addition of 10% TiO2 resulted in 12%
reduction in the 28-day compressive strength of engineered cementitious composites (ECCs), owing to
agglomeration of nano-TiO2 particles, which acted as flaws within the cement paste. Nevertheless,
inclusion of nano-TiO2 would promote both the tensile and flexural strengths of ECC [30]. Therefore,
more pioneering works are still required in order to clarify the influence of nano-TiO2 on the mechanical
properties of cementitious composites.

4.3.2. Flexural Strength

Similar to the compressive strength, enhancement in the flexural strength, which is an
indicator of cement toughness, of TiO2-based cement composites has been reported by several
researchers [30,122,124–126,129,149,151], and the following reasons have been discussed.

(1) Nucleation effect—owing to the high surface activity of nano-TiO2 particles, the hydration
products of the cement paste would precipitate on the surface of these particles and continue to grow,
forming conglomerations containing nano-particles as nucleus. This means that the nano-TiO2 particles
dispersed in the cement matrix would promote the compactness and microstructure of the cement
composites [149,159,160].

(2) Nanocore effect—due to the capability of the nano-TiO2 particles to deflect microcrack
propagation, which is called the nanocore effect (Figure 14), these particles would have a toughening
effect on the cement matrix [149].

4.3.3. Shrinkage

Regarding the occurrence of cracks in the cementitious composites, shrinkage of the cement
matrix is of significant importance, which results from the particle size distribution and characteristics
of the hydration products [160,161]. Several reports revealed that the inclusion of nano-TiO2 results
in a decrease in the microstrain of the cement matrix, meaning that the antishrinkage property of
the cement matrix would be improved [162,163]. However, the opposite result has been obtained by
Kurihara et al. [132]. They reported that, by incorporation of nano-TiO2 into the cement matrix, the
shrinkage property of the cementitious composites increased, which may be due to the reduction in
CH crystal size. A third pattern was also observed for the shrinkage of nano-TiO2-based cementitious
composites, in which at the early stage, up to 6 days after preparing of the samples, shrinkage would
increase, but in the range of 6 days to one month, the shrinkage of the cement composite would
decrease [123,162]. The observed pattern was related to the promotion of cement hydration in the early
stages and, later on, a decline in the contact angle and refinement of the pore structure of the cement
matrix resulting from the addition of nano-TiO2 to the cement paste. A decline in the contact angle
of cement particles would result in hydrophilicity of the cement paste (Figure 15) [123]. However, it



Nanomaterials 2019, 9, 1444 16 of 33

is not clear yet which mechanism (i.e., reduction in the CH crystal size limiting the growth space of
CH and thereby increasing the shrinkage of the cement matrix, or reducing in the contact angle of the
cement particles and refining the pore structure of the cement) is the dominant factor under different
conditions, meaning that more research is required in this regard.Nanomaterials 2019, 9, x FOR PEER REVIEW 17 of 34 
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5. Influential Parameters on Photocatalysis Efficiency

The mix design for photocatalytic cementitious materials, particularly in the case of white cement,
is based on two fundamental pillars:

(1) The aesthetic appearance or surface finish and
(2) The strength or structural sustainability.
This means that material selection needs careful consideration in order to achieve a delicate

balance between the mixture components and to guarantee the rheological behavior of the mixture [5].
Materials selection and processing, which include mixing/dispersion, molding, and curing, are

the most crucial parameters affecting performance and final properties of TiO2-based photocatalytic
cementitious materials [31]. Figure 16 summarizes the main influential parameters on the efficiency of
TiO2-based photocatalytic cementitious materials, as well as the main steps and the main methods
used by researchers to incorporate and disperse nano-TiO2 within the cement matrix.

Regarding TiO2 selection, type, size, and the specific surface area of the particles are of great
importance. Considering the process parameters and characteristics of the cement binder, various
parameters would impact the performance of TiO2-based photocatalytic cement/concrete composites.
Additionally, the environmental conditions are of great importance, as well since these conditions are the
dominant factors that determine the long-term efficiency of the TiO2-based photocatalytic construction
materials. The following sections will discuss the process parameters, material characteristics, and the
environmental parameters in more detail.

5.1. Process Parameters

Mixing/dispersion methods of TiO2 particles in cement matrix are one of the important steps in
preparation of photocatalytic cementitious composites, particularly for nano-sized TiO2, and they have
a significant impact on the uniformity and the properties of the end-use products [6,31].
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Similar to other nanoparticles, the nanosized particles and high surface energy facilitate the
agglomeration of TiO2 nanoparticles in the cement matrix. Moreover, it is difficult to detach these
agglomerates because of the high cohesion [164]. Therefore, applying an appropriate method to
disperse the TiO2 particles within the cementitious matrix is one of the great challenges for researchers,
since uniform dispersion of nano-TiO2 in the cement matrix during the processing of photocatalytic
cementitious materials is a difficult task [165].
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Considering the dispersion methods, some innovative approaches have been utilized by
researchers to disperse nano-TiO2 in the cement matrix, including ultrasonic dispersion [125,170] and
water-reducing admixtures (i.e., plasticizers and superplasticizers) [129,149]. Yang et al. [125] dispersed
TiO2 in water using ultrasonic waves. They reported that TiO2 nano-particles were well dispersed in
water because ultrasonic cavitation led to the formation of microjets and consequently de-aggregated the
nano-TiO2 aggregates. Figure 17 shows a schematic diagram of the ultrasonic dispersion of nano-TiO2.
Notwithstanding, ultrasonic techniques are expensive and would increase the total cost of preparing
the photocatalysis cementitious materials based on nano-TiO2. As an alternative, water-reducing
admixtures have been utilized to disperse nanoparticles within cement matrix. Li et al. [129]
dispersed small amounts of nano-TiO2 in water by using water-reducing admixtures under stirring.
Pérez-Nicolás et al. [171] used polycarboxylate-based superplasticizers to optimize the NOx removal
efficiency of cement and air lime mortars coated by titania and iron/vanadium-doped titania. They
observed that inclusion of polycarboxylate-based superplasticizers would prevent agglomeration
of the both nano-TiO2 and doped nano-TiO2 particles, while naphthalene sulfonate formaldehyde
polycondensate would lead to the formation of large agglomerates of nanoparticles. Han et al. [149]
reported that by surface treatment (e.g., SiO2-coated nano-TiO2), dispersion of nano-TiO2 in solution
would be enhanced, since the interface of TiO2 modified by SiO2 can form Ti-O-Si bonds, resulting in
more negative charge of nano-TiO2 particles and, hence, better dispersion of nanoparticles within the
cement matrix.
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On the other hand, molding methods and curing conditions can affect the porosity of TiO2-
implemented cementitious materials and cement hydration [124,126,129–131,134,135,150–153,172].

5.2. Cement Parameters

Conducting various research towards the influential cement parameters on the efficiency
of photocatalytic cement-based materials, a number of parameters has been reported in the
relevant literature, which is related to the cement matrix pore structure, binder type, and cement
surface roughness.

5.2.1. Type of Binder

As many researchers revealed [167,173–175], the chemical nature of the binder would affect
the photocatalytic activity of nano-TiO2 in construction materials. In an early attempt, Chen and
Poon [114] reported a lower photocatalytic activity of ordinary Portland cement (OPC), compared to
white cement, because of its metallic components. Jimenez-Relinque et al. [167] explored the effect of
binder type on the photocatalytic efficiency of TiO2-based photocatalytic cement. They reported that
the composition of the binder played an important role in the redox potential values of the aqueous
phase in the pores. Also, their observations pointed out that addition of slag and fly ash would affect
the photocatalytic activity negatively [167]. Their observations were further supported by findings by
Andersson et al. [175]. They reported that the redox potentials of different binders were 139, –377, 106,
and 131 mV for ordinary Portland cement (OPC), blast furnace slag (SC), fly ash (FAC), and calcium
aluminate (CAC), respectively. This was due to the fact that in the OPC binder, most of the iron
content (in the form of Fe3+) had potentials in the range of +100 to +200 mV [176], while SC contained
a little iron, and the chemically reduced S would deactivate the electrochemically active species in
high pH conditions. In another study carried out by Lee et al. [168], the photocatalytic oxidation
and the binding capacity of cement containing TiO2 nanoparticles under exposure to NO and NO2

gas were explored. They found that the photocatalytic efficiencies in the removal of both gases were
almost similar; however, the initial binding of NO took place at a faster rate for the pastes with higher
water/cement ratios, which was due to the higher surface area. Also, in the absence of UV light, a
greater binding of NO2 gas than NO gas to the cement matrix was observed, indicating the inherent
capability of the OPC binder to bind NOx, particularly NO2.

Regarding the colored mortars containing pigments, different results have been reported. Some
researchers stated that addition of iron oxides as pigment would deteriorate the photocatalytic activity
of the mortar due to the interaction between the TiO2 and pigment [177,178], while others revealed
the doping mechanism of TiO2 by iron oxides, thus enhancing the photocatalytic activity of the
mortar [179,180]. Laplaza et al. [173] explored the photocatalytic activity of colored mortar containing
iron-based pigments. They reported that the type and content of pigment would influence the
photocatalytic activity of the colored mortar. The Fe/Ti ratio is a key parameter that determines the
possibility of electron transfer between the conduction band of iron-based pigment and the cement
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mortar. This electron transfer could inhibit electron-hole recombination and higher radical formation,
which upgrade the photocatalytic activity of the mortar.

5.2.2. Roughness

There are a few reports regarding the effect of surface roughness on the efficiency of photocatalytic
cementitious materials. As Jimenez-Relinque et al. [167] reported, for OPC, AFC, CAC, and SC binders
with fine, medium, and rough surfaces, the average surface areas for medium and rough specimens
were, respectively, 1.26 and 1.18 times higher than that of the fine specimen area. With the results
obtained, it was observed that the NOx removal efficiency increased with the roughness of the surface
for all binder types. For the degradation of organic dyes, medium-roughness binders had the highest
efficiency, while the rough samples had the lowest efficiency. To explain the reason for such evidence,
for the self-cleaning property it is expected that all the exposed surface area has been stained with
organic dye; therefore, the specimen having the most exposed area (specimen with medium roughness)
is the most active one. For too rough samples, a uniform distribution of dye on the mortar surface
is difficult to achieve, which might be the reason for the lowest self-cleaning efficiency of the rough
specimens. Regarding NOx removal, the gas is able to reach more of the specimen with a more open
roughness. For medium-roughness specimens, only part of their surface area is effective for NOx

degradation because of their close roughness. Therefore, rough cement samples are more efficient in
NOx removal, followed by medium-roughness samples and then fine cement samples. In another
attempt, Hot et al. [181] explored the impact of roughness on the photocatalytic activity of functional
coatings. They reported that when TiO2 is applied to the surface, a rougher surface would allow a
higher content of TiO2 to be incorporated. However, the highest photocatalytic activity was recorded
for the surface with moderate roughness and limited content of TiO2, since some of the particles were
inaccessible for light in too rough surfaces. Moreover, more TiO2 content on the too rough surfaces
cannot necessarily guarantee more photocatalytic activity due to the lack of direct interaction between
TiO2 particles, pollutants, and light.

5.2.3. Cement Pore Structure

As mentioned by various researchers [31,99,167], a higher pore structure does not necessarily imply
a higher photoactivity. For instance, pores larger than 1 µm (pores of air) and smaller than 0.05 µm
would render a decreasing trend versus the degradation of NOx and organic dyes [167]. However,
Sugrañez et al. [182] reported that for the same type of cement but different sand type, cement/sand
ratio, and water/cement ratio, the photocatalytic efficiency for NOx removal relied on the macroporosity
of the mortars. Similarly, Lucas et al. [169] observed that the photocatalytic activity would be promoted
by increasing the porosity; however, there is no prevalence of pores less than 0.1 mm since small pores
obstruct the diffusion of pollutants into the cementitious matrix. Ramirez et al. [183] also confirmed that
a higher porosity of the substrate would enhance the efficiency of TiO2-coated cementitious materials
for removal of toluene. Chen and Poon [114] reported a decrease in the photocatalytic activity of
OPC containing TiO2 for NOx conversion by increasing the curing time, which was attributed to the
capillary pores being occupied by the hydration products and made it difficult for the pollutants and
photons of light to diffuse the photocatalyst surface. The calcium-silicate-hydrate (C-S-H) gel, which is
the main product of cement hydration, can form a dense coating on the surface of TiO2 and occupy the
active sites on the surface of TiO2, deteriorating the photocatalytic efficiency. In recently published
reports by Yang et al. [79,184], they examined the efficiency of supported TiO2 on quartz sand in
degradation of environmental pollutants. They observed that Ti-O-Si chemical linkages were formed,
and TiO2 particles formed uniform layers on the surface of the quartz sand. These modified TiO2

particles represented an enhanced binding force between aggregates and cement hydrates, leading
to a photocatalytic efficiency towards degradation of NOx three times higher as compared to that
of conventional dispersion of TiO2 in mortars. In another attempt, Yang et al. [185] studied the
photocatalytic efficiency of porous cement composites containing TiO2 for elimination of gaseous
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benzene. They reported that more porosity in the cement substrate was beneficial for dispersion of
TiO2 particles, owing to the loose network pores of the needle-like hydration products, while in cement
substrates with less porosity, the probability of agglomeration of TiO2 particles would increase. Hence,
the specific surface area and the pore size distribution of the cement substrate should be optimized to
achieve the highest photocatalytic efficiency. Giosuè et al. [147] studied the photocatalytic efficiency of
lightweight hydraulic lime-based finishing mortar, containing expanded glass and expanded silicate
as lightweight aggregates, for NOx removal. Their findings revealed that using a natural hydraulic
lime binder would increase the total porosity of the mortar up to 10% compared to ordinary cement
binder. Moreover, the expanded glass would also add 5% more porosity to the natural hydraulic lime
binder. From the results of NOx removal efficiency obtained, natural hydraulic lime binder containing
expanded glass revealed the highest NOx conversion rate since the natural hydraulic lime binder had
a higher number of large pores, while the ordinary cement binder had a higher number of small pores,
meaning that in the natural hydraulic lime-based mortars, the gel pore content was lower. More of the
hydration gel product present in the ordinary cement binder would result in a higher occupation of
active sites of the TiO2.

5.3. Environmental Parameters Influencing the Photocatalytic Efficiency over Time

One of the most important aspect of photocatalytic functional construction materials is retaining
their photocatalytic efficiency over time for both photodegredation of air pollutants and self-cleaning
characteristics. There are a number of researchers exploring the long-term photocatalytic efficiency of
concrete paving blocks and self-cleaning surfaces in in-site applications, in which most of them reported
a decrease in the photocatalytic performance of the TiO2/cement composites [186–190]. In general,
after an interval of four months, the photocatalytic efficiency of TiO2-based cementitious materials
decreased significantly for both TiO2 coatings and TiO2 implemented in concrete bulk [191,192]. As
mentioned before, by aging the photocatalytic concrete, the photocatalytic efficiency for the removal
of air pollutants would decrease as a result of carbonation of the cement matrix, as well as partial
deactivation of the active sites on the TiO2 surface, due to the adsorption of pollutants. Moreover,
for TiO2-coated concrete components, degradation of the coating and reduction in its thickness over
time would lead to more decline in the photocatalytic performance [188]. Nevertheless, as Boonen
and Beeldens [186] reported, by washing the surface, the original photocatalytic efficiency would be
regained, while Diamanti et al. [188] reported only 70% of the initial photocatalytic efficiency was
restored after accelerated cleaning. As Witkowski et al. [187] reported, at a low UV intensity (70 w), no
significant difference between the performances of the samples with different levels of cleanliness was
observed; however, after cleaning the sample surfaces and applying a more intense UV source (300 w),
significant NO abatement was observed.

On the other hand, there are a number of parameters that affect the photocatalytic performance of
TiO2/cement composites for real in-site applications. Relative humidity is one of the key parameters
affecting the photocatalytic activity of construction materials, which has been indicated through various
in-site researches. Too high relative humidity will decrease the photocatalytic efficiency because
water would be absorbed on the surface of the photocatalyst and prevent the photodegradation of the
pollutants [186]. However, the initial NOx concentration is also influential, as reported by [193]. When
the NO concentrations were 400 and 1000 ppb, no significant effect of humidity on the NO removal
was observed. Sanabria [194] reported that a relative humidity in the range of 40%–70% would not
deteriorate the NO photodegradation rate. Nevertheless, Bengtsson and Castellote [195] observed
a reduction in NO oxidation in a relative humidity above 40%. Moreover, since the photocatalytic
performance of TiO2-based cementitious materials relies on direct contact between the air pollutants
and the active sites of the photocatalyst, wind, street configuration, and pollution sources could
impact the photocatalytic performance of cementitious materials for outdoor applications [186]. Most
importantly, the UV irradiation source and intensity directly impact the ability of the photocatalysis
cementitious materials to degrade the air pollutants. This could pose another challenge for retaining
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the photocatalytic efficiency of TiO2/cement composites over time, especially in countries with a low
UV index [187].

To investigate the self-cleaning property of the photocatalytic concrete over time, an analysis of
the self-cleaning performance of the Jubilee Church in Italy after 16 years by [189] revealed that, despite
the fact that TiO2 was still active in the surface of the concrete, the appearance of the concrete was
underperforming. As a result of this research, the author concluded that the designers need to carefully
consider the way that rainwater washes the building materials in the case of using self-cleaning surfaces,
since rainwater not only can cause diffuse stains on the surfaces but also can restrict the material’s
performance. The latter can be seen in the case of Jubilee Church, where the abrasive effect of rainwater
on the spherical surface has led to an increase in the surface roughness and, therefore, an increase in
the bond between the dust particles and the concrete. The research performed by Cardellicchio [189]
also revealed that the chemical composition and abrasive effect of pozzolanic dust can also jeopardize
the self-cleaning property of TiO2/cement composites over time, which must be considered for the
countries with volcanic soil and/or with frequent occurrence of desert dust.

To promote the long-term photocatalytic performance of TiO2/cement composites, increasing the
active sites on the surface of the photocatalyst to improve the absorption of air pollutants onto the
photocatalyst surface and controlling the partial deactivation of photocatalyst active sites by cement
hydration products are considered as viable alternatives. As such, using a TiO2 carrier such as zeolite
fly ash bead [196], using photocatalytic-expanded shale (PES) and photocatalytic-exposed aggregate
concrete (PEAC) [191], inclusion of highly porous carbon black [197], controlling the pore structure of
the cement during hydration [182], and designing macro air voids within the cement matrix [198] have
been developed.

6. Assessment Techniques to Evaluate Photocatalytic Efficiency

Similar to other technologies, photocatalysis technology in cementitious materials needs to be
reported in terms of qualifying and quantifying parameters in order to clarify the efficiency and
workability of this innovative, functional, cement-based material. As Zhong and Haghighat [40]
revealed, scientists have developed their own testing methods to assess the depolluting effect of
a variety of photocatalytic materials [40], and yet there is no agreement on the most appropriate
evaluation method [199]. Similarly, there is no worldwide standard to evaluate the self-cleaning
property; however other available standards, which are strictly related to this property, are often
used by researchers [26]. For photocatalytic cementitious materials, several test methods have been
developed based on (i) type of pollutants (e.g., NOx, organics, etc.) and (ii) type of cement matrix
(e.g., composition, physical and chemical properties, etc.). Figure 18 summarizes the main evaluation
techniques for photocatalytic cementitious materials [18].
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6.1. NOx Tests

NOx test series include four main categories, namely the NOx flow-through test, dynamic method,
static method, and Photocatalytic Innovative Coverings Applications for Depollution Assessment
(PICADA) project method [18]. The NOx flow-through method is a test in which the air purification
performance of the photocatalytic material is assessed. This test method is in accordance to the Japanese
standard JIS TR Z 0018, “Photocatalytic materials—Air purification test procedure”, in which part 1 is
dedicated to the removal of nitric oxide [200]. By conducting this test method, the efficiency of the
photocatalytic material would be obtained based on the measured output concentration of the sample
and the concentration of NO3

− in the water in which the sample is immersed [200]. The dynamic
and static test methods are commonly applied to evaluate the photocatalytic capability of inorganic
materials to reduce the NOx concentration [201]. All the above-mentioned test methods are capable of
being adapted for VOCs as well [18]. In the European project PICADA, the photo-conversion of NOx

is monitored over time by means of a large testing chamber with a certain surface of photocatalytic
materials at its wall [86]. In the recently published study by Jimenez-Relinque and Castellote [199],
they used nitroblue tetrazolium (NBT) ink to assess the photocatalytic efficiency in high-alkaline
environments, such as cementitious materials, as the first attempt to develop a monitoring method
based on the NBT for the photocatalytic performance of construction materials. They reported that
NBT ink is a promising alternative to conventional NOx removal test methods because of its low cost,
applicability to the porous, rough, and colored surfaces, less required time, in situ assessment of the
photocatalytic activity, and its simplicity.

Temperature, relative humidity [79,184], and contact time (surface, flow velocity, height of the
air flow over the sample, etc.) would impact the results of the tests. Generally, the efficiency of
the photocatalytic process towards NOx removal is promoted in the case of a longer contact time
(i.e., larger surface, lower velocity, and higher turbulence), higher temperature, and lower relative
humidity [18,100].

6.2. Benzene, Toluene, Ethylbenzene, and Xylene (BTEX) Tests

BTEX test series refer to those test methods that quantify the efficiency of the photocatalysis process
in the destruction of hydrocarbon molecules including benzene, toluene, ethylbenzene, and xylene
(BTEX). This test category was developed as part of the PICADA project [99,202]. The foundation
of these test methods is to measure the photodegradation of organic compounds in air at ppb levels
at the surface of the photocatalysis cementitious materials by means of a specially designed stirred
flow reactor. The use of an actively mixed flow reactor would guarantee the uniform concentration
of the reactants at the surface of the photocatalyst material [18]. This test method determines the
photocatalytic activity in terms of the specific degradation rate, normalized for ultraviolet irradiation of
1000 µW cm−2. The obtained results would be reported as catalytic activity, expressed in (µg m−2 h−1)/
(µg m−3), which is equal to m h−1, for BTEX standard mixtures [18,40].

6.3. Colorimetric Tests

As part of the PICADA project, specific colorimetric tests on cement-based materials have
been developed to evaluate the dye degradation and, therefore, the self-cleaning performance
of photocatalytic structural materials [202]. So far, rhodamine B and methylene blue dyes have
been examined [167]. Discoloration of the organic pigment, usually rhodamine B, on the TiO2

photocatalyst in the cement matrix is considered as evidence for photocatalytic activity (TiO2-sensitised
photoreaction) [113]. Nevertheless, the rhodamine B test method is not applicable for porous, rough,
and colored materials since, in the case of porous/rough surfaces, uniform spreading of the dye is
impossible, and in the case of red-colored materials, the red color of the dye is not altered [199].
Jimenez-Relinque and Casstellote [203] suggested the application of a terephthalic acid fluorescence
probe to quantitatively assess the generation rate of hydroxyl radicals, and thus the photocatalytic
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activity, which is a time-saving method with high accuracy. Semiquantitative methods, including
utilization of reduction dyes such as resazurin (Rz) with a sacrificial electron donor, were also
explored, in which their main merits were low cost, simplicity, and their applicability to the colored
materials [204,205].

Evidently, the abovementioned test methods reveal the necessity of developing accurate and
suitable assessment techniques that could be adapted for construction materials. The available standard
methods are not capable of evaluating the photocatalytic performance of highly porous materials
and/or cement, in particular for the photodegredation of NOx by cementitious materials, since the
surface conditions of cementitious materials are not considered in such standard methods [206].
Likewise, a similar inaccuracy could be observed for colorimetric tests for the evaluation of the
self-cleaning property in cementitious materials, which was mentioned before. For instance, some of
the standard methods to test for the performance of air purification of the semiconductor photocatalysts
are inapplicable for porous materials because of the high flow rates. Similarly, measurements of CO2

in the test method evaluating the removal of acetaldehyde is not straightforward for cementitious
materials because there is high adsorption and reaction capabilities of cement with CO2 [199,206].
Thus, such differences in the experimental and material conditions stated in the standard methods and
in the reported researches, including the irradiation source and intensity, surface roughness, cement
pore structure, relative humidity, temperature, gas flow rate, initial concentration of the contaminants,
and the sample size, will make it difficult to compare the obtained experimental results in order
to investigate the photocatalytic efficiency and workability of a particular structural material [195].
Furthermore, incorrect assumption of the conventional test methods for removal of air pollutants (i.e., a
given photocatalyst would deactivate all the pollutants equally) will lead to biased results with respect
to the photocatalytic efficiency of a specific given material [199]. Ultimately, most of these standard
test methods do use expensive laboratory equipment and are time-consuming.

7. Challenges and Future Prospects

Development of functional structural materials with superior photocatalytic activities is of great
importance in terms of socioeconomic impacts and maintaining the environment, which undoubtedly
represents significant technological and design challenges. Promotion of visible-light-responsive
photocatalysts, leading to the effective utilization of sunlight, would be a key technological achievement
in the field of photocatalysis structural materials [6,21]. As mentioned before, doping of TiO2 to
decrease its band gap, allowing the activation of the photocatalytic process by visible light, is an active
area of research [207].

Additionally, to broaden the practical applications of photocatalysis building materials, their
efficiency and workability must be enhanced. In this regard, one of the promising alternatives is
to improve the specific surface area of the photocatalysts [40,149]. Indeed, long-term efficiency of
photocatalytic structural materials still remains as a challenge, requiring more pioneering works to
(1) reduce electron-hole recombination, (2) increase the active sites on the surface of the photocatalyst,
(3) control the dispersion of TiO2 within the cement matrix in order to achieve the optimize cluster size
and porosity and to ensure maximum photocatalytic activity for both large dyes and small gaseous
molecules, (4) introduce more efficient photocatalysts by coupling anatase and rutile phases, and
(5) improve the cement pore structure by controlling cement hydration. Besides, further research is
still required to adequately determine the decomposition performance of air contaminants and the
durability of the photocatalyst itself. More importantly, full investigation of the generated by-products
during the photocatalytic reaction, and their possible adverse health impacts, need careful study [21,40].

On the other hand, the impacts of photocatalyst addition on the cement composite microstructure
and the long-term durability of concrete structures is another active area of research. Undoubtedly,
the energy consumption would determine the future prospects of photocatalysis building materials.
Moreover, coupling photocatalysis cement technology with other newborn cement technologies is a
crucial part of commercialization. For instance, one of the active areas of research in the field of 3D



Nanomaterials 2019, 9, 1444 24 of 33

structural printing is to introduce functional cementitious materials to the printing process and to
optimize the process parameters based on the incorporated multifunctional cementitious materials [208].
Investigating the efficiency of TiO2 addition to other sustainable, environmentally friendly cementitious
materials such as magnesium phosphate cement [209], cementitious materials based on the carbonation
of fly ash, slags, and so on [210,211] could be considered as another environmental remediation for
construction industry. Undoubtedly, by eliminating the present challenges, commercialization of such
multifunctional structural materials would not be unattainable in near future.

8. Conclusions

Recent developments in the field of TiO2-based cementitious materials have been reviewed
comprehensively. The fundamental photocatalytic oxidation process and the so-called semiconductor
photocatalyst materials were discussed. Moreover, the mechanisms of self-cleaning, self-disinfecting,
and depolluting effects of photocatalysis materials were described in detail. Afterwards, photocatalysis
technology in the cementitious materials, relevant photochemical reactions, a critical review of the
conducted research in this field, the properties of photocatalytic building materials in both fresh and
hardened states, as well as assessment techniques were represented.

Apparently, the environmentally friendly technology of functional cementitious materials, with
the capabilities to restore the aesthetic appearance of civil engineering structures and also to purify
the air, is of great interest, especially in urban areas where the level of air pollutants has reached
to concerning levels. Moreover, since civil engineering structures are a country’s largest economic
investment, prolonging the aesthetic durability of these structures is of great importance. In this regard,
photocatalysis cementitious materials are the superior choice to reduce the costs associated with the
repair and maintenance of building facades. However, to accelerate the progress of commercialization
of photocatalytic structural materials, conducting more pioneering works in order to resolve the
existing technological challenges is necessary. The foremost hurdles include the development of
visible-light-activating photocatalysts, improving the efficiency of photocatalysts for absorption of
air pollutants, preserving the long-term efficiency of photocatalytic activity, and, more importantly,
minimizing the formation of harmful by-products during photochemical reactions.
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friendly material. In Proceedings of the 5th International Conference Contemporary Achievements in
Civil Engineering, Subotica, Serbia, 21 April 2017; Volume 21, pp. 395–404.

42. Sikkema, J.K.; Alleman, J.E.; Cackler, T.; Taylor, P.C.; Bai, B.; Ong, S.-K.; Gopalakrishnan, K. Photocatalytic
Pavements. Climate Change, Energy, Sustainability and Pavements; Springer: Berlin, Germany, 2014; pp. 275–307.

43. Ohama, Y.; Van Gemert, D. Application of Titanium Dioxide Photocatalysis to Construction Materials: State-of-the-art
Report of the RILEM Technical Committee 194-TDP; Springer Science & Business Media: Dordrecht, The
Netherlands, 2011.

44. Quéré, D. Wetting and roughness. Annu. Rev. Mater. Res. 2008, 38, 71–99. [CrossRef]
45. Liu, K.; Yao, X.; Jiang, L. Recent developments in bio-inspired special wettability. Chem. Soc. Rev. 2010, 39,

3240–3255. [CrossRef] [PubMed]
46. Bhushan, B.; Jung, Y.C. Natural and biomimetic artificial surfaces for superhydrophobicity, self-cleaning, low

adhesion, and drag reduction. Prog. Mater. Sci. 2011, 56, 1–108. [CrossRef]
47. Genzer, J.; Marmur, A. Biological and synthetic self-cleaning surfaces. Mrs Bull. 2008, 33, 742–746. [CrossRef]
48. Genzer, J.; Efimenko, K. Recent developments in superhydrophobic surfaces and their relevance to marine

fouling: A review. Biofouling 2006, 22, 339–360. [CrossRef] [PubMed]
49. Daoud, W.A. Self-Cleaning Materials and Surfaces: A Nanotechnology Approach; John Wiley & Sons: Hoboken,

NJ, USA, 2013.
50. Quéré, D.; Reyssat, M. Non-adhesive lotus and other hydrophobic materials. Philos. Trans. R. Soc. Lond. A

Math. Phys. Eng. Sci. 2008, 366, 1539–1556. [CrossRef]
51. Liu, K.; Jiang, L. Bio-inspired design of multiscale structures for function integration. Nano Today 2011, 6,

155–175. [CrossRef]
52. Ganesh, V.A.; Raut, H.K.; Nair, A.S.; Ramakrishna, S. A review on self-cleaning coatings. J. Mater. Chem.

2011, 21, 16304–16322. [CrossRef]
53. Yao, X.; Song, Y.; Jiang, L. Applications of bio-inspired special wettable surfaces. Adv. Mater. 2011, 23,

719–734. [CrossRef]
54. Liu, K.; Jiang, L. Bio-inspired self-cleaning surfaces. Annu. Rev. Mater. Res. 2012, 42, 231–263. [CrossRef]
55. Liu, K.; Cao, M.; Fujishima, A.; Jiang, L. Bio-inspired titanium dioxide materials with special wettability and

their applications. Chem. Rev. 2014, 114, 10044–10094. [CrossRef] [PubMed]
56. Ragesh, P.; Ganesh, V.A.; Nair, S.V.; Nair, A.S. A review on ‘self-cleaning and multifunctional materials’. J.

Mater. Chem. A 2014, 2, 14773–14797. [CrossRef]

http://dx.doi.org/10.1021/jp962702+
http://dx.doi.org/10.1002/adsc.200600435
http://dx.doi.org/10.1002/1521-3773(20020802)41:15&lt;2811::AID-ANIE2811&gt;3.0.CO;2-
http://dx.doi.org/10.1016/S0013-4686(00)00620-4
http://dx.doi.org/10.1016/1010-6030(96)04328-6
http://dx.doi.org/10.1023/A:1017948330363
http://dx.doi.org/10.1023/A:1004560129347
http://dx.doi.org/10.1016/j.rser.2016.05.018
http://dx.doi.org/10.1016/j.buildenv.2015.01.033
http://dx.doi.org/10.1146/annurev.matsci.38.060407.132434
http://dx.doi.org/10.1039/b917112f
http://www.ncbi.nlm.nih.gov/pubmed/20589267
http://dx.doi.org/10.1016/j.pmatsci.2010.04.003
http://dx.doi.org/10.1557/mrs2008.159
http://dx.doi.org/10.1080/08927010600980223
http://www.ncbi.nlm.nih.gov/pubmed/17110357
http://dx.doi.org/10.1098/rsta.2007.2171
http://dx.doi.org/10.1016/j.nantod.2011.02.002
http://dx.doi.org/10.1039/c1jm12523k
http://dx.doi.org/10.1002/adma.201002689
http://dx.doi.org/10.1146/annurev-matsci-070511-155046
http://dx.doi.org/10.1021/cr4006796
http://www.ncbi.nlm.nih.gov/pubmed/24956456
http://dx.doi.org/10.1039/C4TA02542C


Nanomaterials 2019, 9, 1444 27 of 33

57. Fujishima, A.; Zhang, X.; Tryk, D.A. TiO2 photocatalysis and related surface phenomena. Surf. Sci. Rep.
2008, 63, 515–582. [CrossRef]

58. Parkin, I.P.; Palgrave, R.G. Self-cleaning coatings. J. Mater. Chem. 2005, 15, 1689–1695. [CrossRef]
59. Koch, K.; Barthlott, W. Superhydrophobic and superhydrophilic plant surfaces: An inspiration for biomimetic

materials. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2009, 367, 1487–1509. [CrossRef]
60. Schwarz, P.F.; Turro, N.J.; Bossmann, S.H.; Braun, A.M.; Wahab, A.-M.A.A.; Duerr, H. A new method to

determine the generation of hydroxyl radicals in illuminated TiO2 suspensions. J. Phys. Chem. B 1997, 101,
7127–7134. [CrossRef]

61. Guan, K. Relationship between photocatalytic activity, hydrophilicity and self-cleaning effect of TiO2/SiO2

films. Surf. Coat. Technol. 2005, 191, 155–160. [CrossRef]
62. Banerjee, S.; Dionysiou, D.D.; Pillai, S.C. Self-cleaning applications of TiO2 by photo-induced hydrophilicity

and photocatalysis. Appl. Catal. B Environ. 2015, 176, 396–428. [CrossRef]
63. Sikora, P.; Augustyniak, A.; Cendrowski, K.; Nawrotek, P.; Mijowska, E. Antimicrobial Activity of Al2O3,

CuO, Fe3O4, and ZnO Nanoparticles in Scope of Their Further Application in Cement-Based Building
Materials. Nanomaterials 2018, 8, 212. [CrossRef]

64. Dubosc, A.; Escadeillas, G.; Blanc, P. Characterization of biological stains on external concrete walls and
influence of concrete as underlying material. Cem. Concr. Res. 2001, 31, 1613–1617. [CrossRef]

65. Kurth, J.C.; Giannantonio, D.J.; Allain, F.; Sobecky, P.A.; Kurtis, K.E. Mitigating biofilm growth through the
modification of concrete design and practice. In Proceedings of the International RILEM Symposium on
Photocatalysis, Environment and Construction Materials, Florence, Italy, 8–9 October 2007; pp. 8–9.

66. Linkous, C.A.; Carter, G.J.; Locuson, D.B.; Ouellette, A.J.; Slattery, D.K.; Smitha, L.A. Photocatalytic inhibition
of algae growth using TiO2, WO3, and cocatalyst modifications. Environ. Sci. Technol. 2000, 34, 4754–4758.
[CrossRef]

67. Jalvo, B.; Faraldos, M.; Bahamonde, A.; Rosal, R. Antimicrobial and antibiofilm efficacy of self-cleaning
surfaces functionalized by TiO2 photocatalytic nanoparticles against Staphylococcus aureus and Pseudomonas
putida. J. Hazard. Mater. 2017, 340, 160–170. [CrossRef]

68. Pavlatou, E.; Chrysagis, K.; Zoikis–Karathanasis, A.; Rasmussen, J.B.; Rasmussen, A.; Leisner, P. SelfClean:
Novel Self-cleaning, anti-bacterial coatings, preventing disease transmission on everyday touched surfaces.
Industrial Technologies, Athens, Greece, 2014.

69. Loh, K.; Gaylarde, C.; Shirakawa, M. Photocatalytic activity of ZnO and TiO2 ‘nanoparticles’ for use in
cement mixes. Constr. Build. Mater. 2018, 167, 853–859. [CrossRef]

70. Nath, R.K.; Zain, M.; Kadhum, A.A.H. Photocatalysis—A novel approach for solving various environmental
and disinfection problems: A brief review. J. Appl. Sci. Res. 2012, 8, 4147–4155.

71. Delnavaz, M.; Ayati, B.; Ganjidoust, H.; Sanjabi, S. Application of concrete surfaces as novel substrate for
immobilization of TiO2 nano powder in photocatalytic treatment of phenolic water. J. Environ. Health Sci. Eng.
2015, 13, 58. [CrossRef]

72. Chen, J.; Poon, C.-S. Photocatalytic activity of titanium dioxide modified concrete materials–Influence of
utilizing recycled glass cullets as aggregates. J. Environ. Manag. 2009, 90, 3436–3442. [CrossRef]

73. Seinfeld, J.H.; Pandis, S.N. Atmospheric Chemistry and Physics: From Air Pollution to Climate Change; John Wiley
& Sons: Hoboken, NJ, USA, 2012.

74. Cotton, F.A.; Wilkinson, G. Advanced Inorganic Chemistry; Wiley: New York, NY, USA, 1988.
75. Ballari, M.M.; Hunger, M.; Hüsken, G.; Brouwers, H. NOx photocatalytic degradation employing concrete

pavement containing titanium dioxide. Appl. Catal. B Environ. 2010, 95, 245–254. [CrossRef]
76. Hunger, M.; Brouwers, H.; Ballari, M.d.L.M. Photocatalytic degradation ability of cementitious materials: A

modeling approach. In Proceedings of the 1st International Conference on Microstructure Related Durability
of Cementitious Composites, Nanjing, China, 13–15 October 2008.

77. Hüsken, G.; Hunger, M.; Brouwers, H. Experimental study of photocatalytic concrete products for air
purification. Build. Environ. 2009, 44, 2463–2474. [CrossRef]

78. Dalton, J.S.; Janes, P.; Jones, N.; Nicholson, J.; Hallam, K.; Allen, G. Photocatalytic oxidation of NOx gases
using TiO2: A surface spectroscopic approach. Environ. Pollut. 2002, 120, 415–422. [CrossRef]

79. Yang, L.; Hakki, A.; Wang, F.; Macphee, D.E. Photocatalyst efficiencies in concrete technology: The effect of
photocatalyst placement. Appl. Catal. B Environ. 2018, 222, 200–208. [CrossRef]

http://dx.doi.org/10.1016/j.surfrep.2008.10.001
http://dx.doi.org/10.1039/b412803f
http://dx.doi.org/10.1098/rsta.2009.0022
http://dx.doi.org/10.1021/jp971315c
http://dx.doi.org/10.1016/j.surfcoat.2004.02.022
http://dx.doi.org/10.1016/j.apcatb.2015.03.058
http://dx.doi.org/10.3390/nano8040212
http://dx.doi.org/10.1016/S0008-8846(01)00613-5
http://dx.doi.org/10.1021/es001080+
http://dx.doi.org/10.1016/j.jhazmat.2017.07.005
http://dx.doi.org/10.1016/j.conbuildmat.2018.02.103
http://dx.doi.org/10.1186/s40201-015-0214-y
http://dx.doi.org/10.1016/j.jenvman.2009.05.029
http://dx.doi.org/10.1016/j.apcatb.2010.01.002
http://dx.doi.org/10.1016/j.buildenv.2009.04.010
http://dx.doi.org/10.1016/S0269-7491(02)00107-0
http://dx.doi.org/10.1016/j.apcatb.2017.10.013


Nanomaterials 2019, 9, 1444 28 of 33

80. Zhao, Y.; Han, J.; Shao, Y.; Feng, Y. Simultaneous SO2 and NO removal from flue gas based on TiO2

photocatalytic oxidation. Environ. Technol. 2009, 30, 1555–1563. [CrossRef]
81. Frank, S.N.; Bard, A.J. Heterogeneous photocatalytic oxidation of cyanide ion in aqueous solutions at

titanium dioxide powder. J. Am. Chem. Soc. 1977, 99, 303–304. [CrossRef]
82. Zhao, J.; Yang, X. Photocatalytic oxidation for indoor air purification: A literature review. Build. Environ.

2003, 38, 645–654. [CrossRef]
83. Gangwal, S.; Howe, G.; Spivey, J.; Silveston, P.; Hudgins, R.; Metzinger, J. Low-temperature carbon-based

process for flue-gas cleanup. Environ. Prog. 1993, 12, 128–132. [CrossRef]
84. Hoekman, S.K.; Robbins, C. Review of the effects of biodiesel on NOx emissions. Fuel Process. Technol. 2012,

96, 237–249. [CrossRef]
85. Mills, A.; Le Hunte, S. An overview of semiconductor photocatalysis. J. Photochem. Photobiol. A Chem. 1997,

108, 1–35. [CrossRef]
86. Beeldens, A. Air purification by road materials: Results of the test project in Antwerp. In Proceedings of the

International RILEM Symposium on Photocatalysis, Environment and Construction Materials, Florence,
Italy, 8–9 October 2007; pp. 8–9.

87. Chen, D.H.; Li, K.; Yuan, R. Photocatalytic coating on road pavements/structures for NOx abatement. Lamar
University Report, Beaumont, Texas, USA, 2007; 1–17.

88. Chen, S.; Cao, G. Study on the photocatalytic oxidation of NO2–ions using TiO2 beads as a photocatalyst.
Desalination 2006, 194, 127–134. [CrossRef]

89. Devahasdin, S.; Fan, C., Jr.; Li, K.; Chen, D.H. TiO2 photocatalytic oxidation of nitric oxide: Transient behavior
and reaction kinetics. J. Photochem. Photobiol. A Chem. 2003, 156, 161–170. [CrossRef]

90. Guerrini, G.L.; Peccati, E. Photocatalytic cementitious roads for depollution. In Proceedings of the
International RILEM Symposium on Photocatalysis, Environment and Construction Materials, Florence,
Italy, 8–9 October 2007; pp. 179–186.

91. Ichiura, H.; Kitaoka, T.; Tanaka, H. Photocatalytic oxidation of NOx using composite sheets containing TiO2

and a metal compound. Chemosphere 2003, 51, 855–860. [CrossRef]
92. Kawakami, M.; Furumura, T.; Tokushige, H. NOx removal effects and physical properties of cement

mortar incorporating titanium dioxide powder. In Proceedings of the International RILEM Symposium on
Photocatalysis, Environment and Construction Materials, Florence, Italy, 8–9 October 2007; pp. 8–9.

93. Poon, C.; Cheung, E. NO removal efficiency of photocatalytic paving blocks prepared with recycled materials.
Constr. Build. Mater. 2007, 21, 1746–1753. [CrossRef]

94. Boonen, E.; Beeldens, A. Recent photocatalytic applications for air purification in Belgium. Coatings 2014, 4,
553–573. [CrossRef]

95. Sikkema, J.K. Photocatalytic Degradation of NOx by Concrete Pavement Containing TiO2. Iowa State
University Dissertation, Graduate Theses and Dissertations, Iowa State University, Ames, Iowa, USA, 2013.
[CrossRef]

96. Peral, J.; Ollis, D.F. Heterogeneous photocatalytic oxidation of gas-phase organics for air purification: Acetone,
1-butanol, butyraldehyde, formaldehyde, and m-xylene oxidation. J. Catal. 1992, 136, 554–565. [CrossRef]

97. Obee, T.N.; Brown, R.T. TiO2 photocatalysis for indoor air applications: Effects of humidity and trace
contaminant levels on the oxidation rates of formaldehyde, toluene, and 1,3-butadiene. Environ. Sci. Technol.
1995, 29, 1223–1231. [CrossRef]

98. Hwang, S.; Lee, M.C.; Choi, W. Highly enhanced photocatalytic oxidation of CO on titania deposited with Pt
nanoparticles: Kinetics and mechanism. Appl. Catal. B: Environ. 2003, 48, 49–63. [CrossRef]

99. Strini, A.; Cassese, S.; Schiavi, L. Measurement of benzene, toluene, ethylbenzene and o-xylene gas phase
photodegradation by titanium dioxide dispersed in cementitious materials using a mixed flow reactor. Appl.
Catal. B: Environ. 2005, 61, 90–97. [CrossRef]

100. Demeestere, K.; Dewulf, J.; De Witte, B.; Beeldens, A.; Van Langenhove, H. Heterogeneous photocatalytic
removal of toluene from air on building materials enriched with TiO2. Build. Environ. 2008, 43, 406–414.
[CrossRef]

101. Murruni, L.; Conde, F.; Leyva, G.; Litter, M.I. Photocatalytic reduction of Pb (II) over TiO2: New insights on
the effect of different electron donors. Appl. Catal. B: Environ. 2008, 84, 563–569. [CrossRef]

102. Auvinen, J.; Wirtanen, L. The influence of photocatalytic interior paints on indoor air quality. Atmos. Environ.
2008, 42, 4101–4112. [CrossRef]

http://dx.doi.org/10.1080/09593330903313786
http://dx.doi.org/10.1021/ja00443a081
http://dx.doi.org/10.1016/S0360-1323(02)00212-3
http://dx.doi.org/10.1002/ep.670120210
http://dx.doi.org/10.1016/j.fuproc.2011.12.036
http://dx.doi.org/10.1016/S1010-6030(97)00118-4
http://dx.doi.org/10.1016/j.desal.2005.11.006
http://dx.doi.org/10.1016/S1010-6030(03)00005-4
http://dx.doi.org/10.1016/S0045-6535(03)00049-3
http://dx.doi.org/10.1016/j.conbuildmat.2006.05.018
http://dx.doi.org/10.3390/coatings4030553
http://dx.doi.org/10.31274/etd-180810-1864
http://dx.doi.org/10.1016/0021-9517(92)90085-V
http://dx.doi.org/10.1021/es00005a013
http://dx.doi.org/10.1016/S0926-3373(03)00162-0
http://dx.doi.org/10.1016/j.apcatb.2005.04.009
http://dx.doi.org/10.1016/j.buildenv.2007.01.016
http://dx.doi.org/10.1016/j.apcatb.2008.05.012
http://dx.doi.org/10.1016/j.atmosenv.2008.01.031


Nanomaterials 2019, 9, 1444 29 of 33

103. Langridge, J.M.; Gustafsson, R.J.; Griffiths, P.T.; Cox, R.A.; Lambert, R.M.; Jones, R.L. Solar driven nitrous
acid formation on building material surfaces containing titanium dioxide: A concern for air quality in urban
areas? Atmos. Environ. 2009, 43, 5128–5131. [CrossRef]

104. Laufs, S.; Burgeth, G.; Duttlinger, W.; Kurtenbach, R.; Maban, M.; Thomas, C.; Wiesen, P.; Kleffmann, J.
Conversion of nitrogen oxides on commercial photocatalytic dispersion paints. Atmos. Environ. 2010, 44,
2341–2349. [CrossRef]

105. Geiss, O.; Cacho, C.; Barrero-Moreno, J.; Kotzias, D. Photocatalytic degradation of organic paint
constituents-formation of carbonyls. Build. Environ. 2012, 48, 107–112. [CrossRef]

106. Etxeberria, M.; Guo, M.-Z.; Maury-Ramirez, A.; Poon, C.S. Influence of dust and oil accumulation on
effectiveness of photocatalytic concrete surfaces. J. Environ. Eng. 2017, 143, 04017040. [CrossRef]

107. Folli, A.; Pochard, I.; Nonat, A.; Jakobsen, U.H.; Shepherd, A.M.; Macphee, D.E. Engineering photocatalytic
cements: Understanding TiO2 surface chemistry to control and modulate photocatalytic performances. J. Am.
Ceram. Soc. 2010, 93, 3360–3369. [CrossRef]

108. Labbez, C.; Jonsson, B.; Skarba, M.; Borkovec, M. Ion−ion correlation and charge reversal at titrating solid
interfaces. Langmuir 2009, 25, 7209–7213. [CrossRef] [PubMed]

109. Jönsson, B.; Wennerström, H. Ion–ion correlations in liquid dispersions. J. Adhes. 2004, 80, 339–364. [CrossRef]
110. Mange, F.; Couchot, P.; Foissy, A.; Pierre, A. Effects of sodium and calcium ions on the aggregation of titanium

dioxide, at high pH, in aqueous dispersions. J. Colloid Interface Sci. 1993, 159, 58–67. [CrossRef]
111. Jönsson, B.; Nonat, A.; Labbez, C.; Cabane, B.; Wennerström, H. Controlling the cohesion of cement paste.

Langmuir 2005, 21, 9211–9221. [CrossRef]
112. Labbez, C.; Nonat, A.; Pochard, I.; Jönsson, B. Experimental and theoretical evidence of overcharging of

calcium silicate hydrate. J. Colloid Interface Sci. 2007, 309, 303–307. [CrossRef] [PubMed]
113. Folli, A.; Pade, C.; Hansen, T.B.; De Marco, T.; Macphee, D.E. TiO2 photocatalysis in cementitious systems:

Insights into self-cleaning and depollution chemistry. Cem. Concr. Res. 2012, 42, 539–548. [CrossRef]
114. Chen, J.; Poon, C.-S. Photocatalytic cementitious materials: Influence of the microstructure of cement paste

on photocatalytic pollution degradation. Environ. Sci. Technol. 2009, 43, 8948–8952. [CrossRef]
115. Rhee, I.; Lee, J.-S.; Kim, J.B.; Kim, J.-H. Nitrogen Oxides Mitigation Efficiency of Cementitious Materials

Incorporated with TiO2. Materials 2018, 11, 877. [CrossRef] [PubMed]
116. Hou, C.-H.; Wang, X.; Liang, C.; Yiacoumi, S.; Tsouris, C.; Dai, S. Molecular-sieving capabilities of mesoporous

carbon membranes. J. Phys. Chem. B 2008, 112, 8563–8570. [CrossRef]
117. Lackhoff, M.; Prieto, X.; Nestle, N.; Dehn, F.; Niessner, R. Photocatalytic activity of semiconductor-modified

cement—Influence of semiconductor type and cement ageing. Appl. Catal. B: Environ. 2003, 43, 205–216.
[CrossRef]

118. Kwon, J.M.; Kim, Y.H.; Song, B.K.; Yeom, S.H.; Kim, B.S.; Im, J.B. Novel immobilization of titanium dioxide
(TiO2) on the fluidizing carrier and its application to the degradation of azo-dye. J. Hazard. Mater. 2006, 134,
230–236. [CrossRef] [PubMed]

119. De Ceukelaire, L.; Van Nieuwenburg, D. Accelerated carbonation of a blast-furnace cement concrete.
Cem. Concr. Res. 1993, 23, 442–452. [CrossRef]

120. Castellote, M.; Fernandez, L.; Andrade, C.; Alonso, C. Chemical changes and phase analysis of OPC pastes
carbonated at different CO2 concentrations. Mater. Struct. 2009, 42, 515–525. [CrossRef]

121. Li, H.; Zhang, M.-H.; Ou, J.-P. Flexural fatigue performance of concrete containing nano-particles for
pavement. Int. J. Fatigue 2007, 29, 1292–1301. [CrossRef]

122. Nazari, A.; Riahi, S. The effects of TiO2 nanoparticles on properties of binary blended concrete. J. Compos.
Mater. 2011, 45, 1181–1188. [CrossRef]

123. Zhang, R.; Cheng, X.; Hou, P.; Ye, Z. Influences of nano-TiO2 on the properties of cement-based materials:
Hydration and drying shrinkage. Constr. Build. Mater. 2015, 81, 35–41. [CrossRef]

124. Rahim, A.; Nair, S.R. Influence of Nano-Materials in High Strength Concrete. J. Chem. Pharm. Sci. ISSN 2016,
974, 2115.

125. Yang, L.; Jia, Z.; Zhang, Y.; Dai, J. Effects of nano-TiO2 on strength, shrinkage and microstructure of alkali
activated slag pastes. Cem. Concr. Compos. 2015, 57, 1–7. [CrossRef]

126. Ma, B.; Li, H.; Mei, J.; Li, X.; Chen, F. Effects of Nano-TiO2 on the toughness and durability of cement-based
material. Adv. Mater. Sci. Eng. 2015, 2015, 1–10.

http://dx.doi.org/10.1016/j.atmosenv.2009.06.046
http://dx.doi.org/10.1016/j.atmosenv.2010.03.038
http://dx.doi.org/10.1016/j.buildenv.2011.08.021
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001239
http://dx.doi.org/10.1111/j.1551-2916.2010.03838.x
http://dx.doi.org/10.1021/la900853e
http://www.ncbi.nlm.nih.gov/pubmed/19514750
http://dx.doi.org/10.1080/00218460490465551
http://dx.doi.org/10.1006/jcis.1993.1297
http://dx.doi.org/10.1021/la051048z
http://dx.doi.org/10.1016/j.jcis.2007.02.048
http://www.ncbi.nlm.nih.gov/pubmed/17346727
http://dx.doi.org/10.1016/j.cemconres.2011.12.001
http://dx.doi.org/10.1021/es902359s
http://dx.doi.org/10.3390/ma11060877
http://www.ncbi.nlm.nih.gov/pubmed/29882935
http://dx.doi.org/10.1021/jp8006427
http://dx.doi.org/10.1016/S0926-3373(02)00303-X
http://dx.doi.org/10.1016/j.jhazmat.2005.11.024
http://www.ncbi.nlm.nih.gov/pubmed/16359789
http://dx.doi.org/10.1016/0008-8846(93)90109-M
http://dx.doi.org/10.1617/s11527-008-9399-1
http://dx.doi.org/10.1016/j.ijfatigue.2006.10.004
http://dx.doi.org/10.1177/0021998310378910
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.003
http://dx.doi.org/10.1016/j.cemconcomp.2014.11.009


Nanomaterials 2019, 9, 1444 30 of 33

127. Soleymani, F. Assessments of the effects of limewater on water permeability of TiO2 nanoparticles binary
blended palm oil clinker aggregate-based concrete. J. Am. Sci. 2012, 8, 698–702.

128. Fawzy, Y.A. Effect of Nano-Titanium on Properties of Concrete Made with Various Cement Types. J. Am. Sci.
2016, 12, 116–126.

129. Li, Z.; Han, B.; Yu, X.; Dong, S.; Zhang, L.; Dong, X.; Ou, J. Effect of nano-titanium dioxide on mechanical
and electrical properties and microstructure of reactive powder concrete. Mater. Res. Express 2017, 4, 095008.
[CrossRef]

130. Salman, M.M.; Eweed, K.M.; Hameed, A.M. Influence of partial replacement TiO2 nanoparticles on the
compressive and flexural strength of ordinary cement mortar. Al-Nahrain J. Eng. Sci. 2016, 19, 265–270.

131. Aslani, F. Nanoparticles in self-compacting concrete—A review. Mag. Concr. Res. 2015, 67, 1084–1100.
[CrossRef]

132. Kurihara, R.; Maruyama, I. Influences of nano-TiO2 particles on alteration of microstructure of hardened
cement. Tech. Paper 2016, 38, 219–224.

133. Murata, Y. Air purifying pavement: Development of photocatalytic concrete blocks. J. Aots 1999, 4, 227–230.
134. Chen, J.; Kou, S.-C.; Poon, C.-S. Hydration and properties of nano-TiO2 blended cement composites. Cem.

Concr. Compos. 2012, 34, 642–649. [CrossRef]
135. Jalal, M.; Fathi, M.; Farzad, M. Effects of fly ash and TiO2 nanoparticles on rheological, mechanical,

microstructural and thermal properties of high strength self compacting concrete. Mech. Mater. 2013, 61,
11–27. [CrossRef]

136. Jayapalan, A.; Lee, B.; Kurtis, K. Effect of nano-sized titanium dioxide on early age hydration of Portland
cement. In Nanotechnology in Construction 3; Springer: Berlin/Heidelberg, Germany, 2009; pp. 267–273.

137. Wang, D.; Zhang, W.; Ruan, Y.; Yu, X.; Han, B. Enhancements and mechanisms of nanoparticles on wear
resistance and chloride penetration resistance of reactive powder concrete. Constr. Build. Mater. 2018, 189,
487–497. [CrossRef]

138. Nochaiya, T.; Chaipanich, A. Behavior of multi-walled carbon nanotubes on the porosity and microstructure
of cement-based materials. Appl. Surf. Sci. 2011, 257, 1941–1945. [CrossRef]

139. Liu, J.; Li, Q.; Xu, S. Influence of nanoparticles on fluidity and mechanical properties of cement mortar.
Constr. Build. Mater. 2015, 101, 892–901. [CrossRef]

140. Lawrence, P.; Cyr, M.; Ringot, E. Mineral admixtures in mortars: Effect of inert materials on short-term
hydration. Cem. Concr. Res. 2003, 33, 1939–1947. [CrossRef]

141. Zapata, L.; Portela, G.; Suárez, O.; Carrasquillo, O. Rheological performance and compressive strength of
superplasticized cementitious mixtures with micro/nano-SiO2 additions. Constr. Build. Mater. 2013, 41,
708–716. [CrossRef]

142. Mukharjee, B.B.; Barai, S.V. Influence of nano-silica on the properties of recycled aggregate concrete.
Constr. Build. Mater. 2014, 55, 29–37. [CrossRef]

143. Meng, T.; Yu, Y.; Qian, X.; Zhan, S.; Qian, K. Effect of nano-TiO2 on the mechanical properties of cement
mortar. Constr. Build. Mater. 2012, 29, 241–245. [CrossRef]

144. Noorvand, H.; Ali, A.A.A.; Demirboga, R.; Farzadnia, N.; Noorvand, H. Incorporation of nano TiO2 in black
rice husk ash mortars. Constr. Build. Mater. 2013, 47, 1350–1361. [CrossRef]

145. Zhao, S.; Sun, W. Nano-mechanical behavior of a green ultra-high performance concrete. Constr. Build. Mater.
2014, 63, 150–160. [CrossRef]

146. Bastami, M.; Baghbadrani, M.; Aslani, F. Performance of nano-Silica modified high strength concrete at
elevated temperatures. Constr. Build. Mater. 2014, 36, 330–347. [CrossRef]

147. Giosuè, C.; Yu, Q.; Ruello, M.; Tittarelli, F.; Brouwers, H. Effect of pore structure on the performance of
photocatalytic lightweight lime-based finishing mortar. Constr. Build. Mater. 2018, 171, 232–242. [CrossRef]

148. Shekari, A.; Razzaghi, M. Influence of nano particles on durability and mechanical properties of high
performance concrete. Procedia Eng. 2011, 14, 3036–3041. [CrossRef]

149. Han, B.; Li, Z.; Zhang, L.; Zeng, S.; Yu, X.; Han, B.; Ou, J. Reactive powder concrete reinforced with nano
SiO2-coated TiO2. Constr. Build. Mater. 2017, 148, 104–112. [CrossRef]

150. Salemi, N.; Behfarnia, K.; Zaree, S. Effect of Nanoparticles on Frost Durability of Concrete. Asian J. Civ. Eng.
(BHRC) 2014, 15, 411–420.

http://dx.doi.org/10.1088/2053-1591/aa87db
http://dx.doi.org/10.1680/macr.14.00381
http://dx.doi.org/10.1016/j.cemconcomp.2012.02.009
http://dx.doi.org/10.1016/j.mechmat.2013.01.010
http://dx.doi.org/10.1016/j.conbuildmat.2018.09.041
http://dx.doi.org/10.1016/j.apsusc.2010.09.030
http://dx.doi.org/10.1016/j.conbuildmat.2015.10.149
http://dx.doi.org/10.1016/S0008-8846(03)00183-2
http://dx.doi.org/10.1016/j.conbuildmat.2012.12.025
http://dx.doi.org/10.1016/j.conbuildmat.2014.01.003
http://dx.doi.org/10.1016/j.conbuildmat.2011.10.047
http://dx.doi.org/10.1016/j.conbuildmat.2013.06.066
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.029
http://dx.doi.org/10.1016/j.conbuildmat.2014.06.026
http://dx.doi.org/10.1016/j.conbuildmat.2018.03.106
http://dx.doi.org/10.1016/j.proeng.2011.07.382
http://dx.doi.org/10.1016/j.conbuildmat.2017.05.065


Nanomaterials 2019, 9, 1444 31 of 33

151. Feng, L.C.; Gong, C.W.; Wu, Y.P.; Feng, D.C.; Xie, N. The study on mechanical properties and microstructure of
cement paste with nano-TiO2. In Advanced Materials Research; Trans Tech Publ: Switzerland, 2013; pp. 477–481.
[CrossRef]

152. Nazari, A.; Riahi, S. TiO2 nanoparticles effects on physical, thermal and mechanical properties of self
compacting concrete with ground granulated blast furnace slag as binder. Energy Build. 2011, 43, 995–1002.
[CrossRef]

153. Nazari, A.; Riahi, S. The effect of TiO2 nanoparticles on water permeability and thermal and mechanical
properties of high strength self-compacting concrete. Mater. Sci. Eng. A 2010, 528, 756–763. [CrossRef]

154. Turcry, P.; Loukili, A. A study of plastic shrinkage of self-compacting concrete. In 3rd International RILEM
Symposium on Self-Compacting Concrete; RILEM Publications: Reykjavik, Iceland, 2003; pp. 576–585.

155. Li, Z.; Wang, J.; Li, Y.; Yu, X.; Han, B. Investigating size effect of anatase phase nano TiO2 on the property of
cement-based composites. Mater. Res. Express 2018, 5, 085034. [CrossRef]

156. Lee, B.Y.; Jayapalan, A.R.; Kurtis, K.E. Effects of nano-TiO2 on properties of cement-based materials.
Mag. Concr. Res. 2013, 65, 1293–1302. [CrossRef]

157. Behfarnia, K.; Azarkeivan, A.; Keivan, A. The effects of TiO2 and ZnO nanoparticles on physical and
mechanical properties of normal concrete. Asian J. Civ. Eng. 2013, 14, 517–531.

158. Sanchez, F.; Sobolev, K. Nanotechnology in concrete–a review. Constr. Build. Mater. 2010, 24, 2060–2071.
[CrossRef]

159. Han, B.; Wang, Y.; Dong, S.; Zhang, L.; Ding, S.; Yu, X.; Ou, J. Smart concretes and structures: A review.
J. Intell. Mater. Syst. Struct. 2015, 26, 1303–1345. [CrossRef]

160. Jiang, S.; Zhou, D.; Zhang, L.; Ouyang, J.; Yu, X.; Cui, X.; Han, B. Comparison of compressive strength and
electrical resistivity of cementitious composites with different nano-and micro-fillers. Arch. Civ. Mech. Eng.
2018, 18, 60–68. [CrossRef]

161. Aly, T.; Sanjayan, J. Mechanism of early age shrinkage of concretes. Mater. Struct. 2009, 42, 461. [CrossRef]
162. Collins, F.; Sanjayan, J. Effect of pore size distribution on drying shrinking of alkali-activated slag concrete.

Cem. Concr. Res. 2000, 30, 1401–1406. [CrossRef]
163. Palacios, M.; Puertas, F. Effect of shrinkage-reducing admixtures on the properties of alkali-activated slag

mortars and pastes. Cem. Concr. Res. 2007, 37, 691–702. [CrossRef]
164. Reches, Y. Nanoparticles as concrete additives: Review and perspectives. Constr. Build. Mater. 2018, 175,

483–495. [CrossRef]
165. Li, H.; Xiao, H.-G.; Yuan, J.; Ou, J. Microstructure of cement mortar with nano-particles. Compos. Part B: Eng.

2004, 35, 185–189. [CrossRef]
166. Wang, D.; Zheng, Q.; Ouyang, J.; Yu, X.; Han, B. Influences of curing period on mechanical properties of

reactive powder concrete incorporating nanoparticles. Mater. Res. Express 2018, 6, 025023. [CrossRef]
167. Jimenez-Relinque, E.; Rodriguez-Garcia, J.; Castillo, A.; Castellote, M. Characteristics and efficiency of

photocatalytic cementitious materials: Type of binder, roughness and microstructure. Cem. Concr. Res. 2015,
71, 124–131. [CrossRef]

168. Lee, B.Y.; Jayapalan, A.R.; Bergin, M.H.; Kurtis, K.E. Photocatalytic cement exposed to nitrogen oxides: Effect
of oxidation and binding. Cem. Concr. Res. 2014, 60, 30–36. [CrossRef]

169. Lucas, S.; Ferreira, V.; de Aguiar, J.B. Incorporation of titanium dioxide nanoparticles in mortars—Influence
of microstructure in the hardened state properties and photocatalytic activity. Cem. Concr. Res. 2013, 43,
112–120. [CrossRef]

170. Kaboorani, A.; Riedl, B.; Blanchet, P. Ultrasonication technique: A method for dispersing nanoclay in wood
adhesives. J. Nanomater. 2013, 2013, 3. [CrossRef]

171. Pérez-Nicolás, M.; Plank, J.; Ruiz-Izuriaga, D.; Navarro-Blasco, I.; Fernandez, J.; Alvarez, J.I. Photocatalytically
active coatings for cement and air lime mortars: Enhancement of the activity by incorporation of
superplasticizers. Constr. Build. Mater. 2018, 162, 628–648. [CrossRef]

172. Nazari, A.; Riahi, S. The effects of TiO2 nanoparticles on flexural damage of self-compacting concrete. Int. J.
Damage Mech. 2011, 20, 1049–1072. [CrossRef]

173. Laplaza, A.; Jimenez-Relinque, E.; Campos, J.; Castellote, M. Photocatalytic behavior of colored mortars
containing TiO2 and iron oxide based pigments. Constr. Build. Mater. 2017, 144, 300–310. [CrossRef]

174. Jimenez-Relinque, E.; Llorente, I.; Castellote, M. TiO2 cement-based materials: Understanding optical
properties and electronic band structure of complex matrices. Catal. Today 2017, 287, 203–209. [CrossRef]

http://dx.doi.org/10.4028/www.scientific.net/AMR.629.477
http://dx.doi.org/10.1016/j.enbuild.2010.12.025
http://dx.doi.org/10.1016/j.msea.2010.09.074
http://dx.doi.org/10.1088/2053-1591/aad4e3
http://dx.doi.org/10.1680/macr.13.00131
http://dx.doi.org/10.1016/j.conbuildmat.2010.03.014
http://dx.doi.org/10.1177/1045389X15586452
http://dx.doi.org/10.1016/j.acme.2017.05.010
http://dx.doi.org/10.1617/s11527-008-9394-6
http://dx.doi.org/10.1016/S0008-8846(00)00327-6
http://dx.doi.org/10.1016/j.cemconres.2006.11.021
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.214
http://dx.doi.org/10.1016/S1359-8368(03)00052-0
http://dx.doi.org/10.1088/2053-1591/aaed8b
http://dx.doi.org/10.1016/j.cemconres.2015.02.003
http://dx.doi.org/10.1016/j.cemconres.2014.03.003
http://dx.doi.org/10.1016/j.cemconres.2012.09.007
http://dx.doi.org/10.1155/2013/341897
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.087
http://dx.doi.org/10.1177/1056789510385262
http://dx.doi.org/10.1016/j.conbuildmat.2017.03.146
http://dx.doi.org/10.1016/j.cattod.2016.11.015


Nanomaterials 2019, 9, 1444 32 of 33

175. Andersson, K.; Allard, B.; Bengtsson, M.; Magnusson, B. Chemical composition of cement pore solutions.
Cem. Concr. Res. 1989, 19, 327–332. [CrossRef]

176. Glasser, F. Fundamental aspects of cement solidification and stabilisation. J. Hazard. Mater. 1997, 52, 151–170.
[CrossRef]

177. Guo, M.-Z.; Poon, C.-S. Photocatalytic NO removal of concrete surface layers intermixed with TiO2.
Build. Environ. 2013, 70, 102–109. [CrossRef]

178. Diamanti, M.V.; Del Curto, B.; Ormellese, M.; Pedeferri, M. Photocatalytic and self-cleaning activity of
colored mortars containing TiO2. Constr. Build. Mater. 2013, 46, 167–174. [CrossRef]

179. Wu, W.; Jiang, C.; Roy, V.A. Recent progress in magnetic iron oxide–semiconductor composite nanomaterials
as promising photocatalysts. Nanoscale 2015, 7, 38–58. [CrossRef]

180. Cong, Y.; Zhang, J.; Chen, F.; Anpo, M.; He, D. Preparation, photocatalytic activity, and mechanism of
nano-TiO2 co-doped with nitrogen and iron (III). J. Phys. Chem. C 2007, 111, 10618–10623. [CrossRef]

181. Hot, J.; Topalov, J.; Ringot, E.; Bertron, A. Investigation on Parameters Affecting the Effectiveness of
Photocatalytic Functional Coatings to Degrade NO: TiO2 Amount on Surface, Illumination, and Substrate
Roughness. Int. J. Photoenergy 2017, 2017, 1–14. [CrossRef]

182. Sugrañez, R.; Álvarez, J.; Cruz-Yusta, M.; Mármol, I.; Morales, J.; Vila, J.; Sánchez, L. Enhanced photocatalytic
degradation of NOx gases by regulating the microstructure of mortar cement modified with titanium dioxide.
Build. Environ. 2013, 69, 55–63. [CrossRef]

183. Ramirez, A.M.; Demeestere, K.; De Belie, N.; Mäntylä, T.; Levänen, E. Titanium dioxide coated cementitious
materials for air purifying purposes: Preparation, characterization and toluene removal potential.
Build. Environ. 2010, 45, 832–838. [CrossRef]

184. Yang, L.; Hakki, A.; Zheng, L.; Jones, M.R.; Wang, F.; Macphee, D.E. Photocatalytic concrete for NOx
abatement: Supported TiO2 efficiencies and impacts. Cem. Concr. Res. 2019, 116, 57–64. [CrossRef]

185. Yang, L.; Wang, F.; Shu, C.; Liu, P.; Zhang, W.; Hu, S. TiO2/porous cementitious composites: Influences of
porosities and TiO2 loading levels on photocatalytic degradation of gaseous benzene. Constr. Build. Mater.
2017, 150, 774–780. [CrossRef]

186. Boonen, E.; Beeldens, A. Photocatalytic roads: From lab tests to real scale applications. Eur. Transp. Res. Rev.
2013, 5, 79–89. [CrossRef]

187. Witkowski, H.; Jackiewicz-Rek, W.; Chilmon, K.; Jarosławski, J.; Tryfon-Bojarska, A.; Gąsiński, A. Air
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