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Abstract: This study investigated how the surface characteristics of photocatalytic cementitious com-
posites influenced the effectiveness of air purification from nitrogen oxides (NOx), with a particular
focus on the impact of coarse aggregate exposure on the photoactive surface. Air purification effi-
ciency tests were conducted using a custom-developed procedure that simulated NOx concentrations
and UV irradiance typical of autumn and winter conditions in Warsaw, Poland. The findings revealed
that the extent of exposed coarse aggregate on the photoactive surface significantly affected photo-
catalytic efficiency, reducing the overall NO removal rate by up to 50% compared to the reference
value. The use of hydration retarders modified the surface characteristics of the photocatalytic cement
matrix, enhancing its photoactive potential. The observed decline in photocatalytic efficiency in
composites with exposed coarse aggregate was attributed to the coarse aggregate’s limited ability to
retain nanometric photocatalyst particles, which reduced the overall TiO2 content in the composite’s
near-surface layer. Nevertheless, cementitious composites incorporating a first-generation photocata-
lyst exhibited substantial photocatalytic activity, achieving NO removal rates of up to 340 µg/m2·h
for non-exposed variants and up to 175 µg/m2·h for variants with exposed aggregate. These results
demonstrated their functionality even under low-intensity UV-A irradiation (1 W/m2), making them
suitable for environments with limited sunlight exposure.

Keywords: cement composites; concrete; photocatalysis; exposed aggregate; air purification

1. Introduction

Air pollution represents one of the most significant issues connected to urban devel-
opment, as its presence contributes to numerous health, social, and economic problems in
modern society [1]. The sources of specific pollutants vary [2]; however, most persistent
pollutants originate mainly from automotive traffic and industrial mass-scale production
processes. Air pollution consists of different constituents—carbon monoxide (CO), nitrogen
oxides (NOx), sulfur oxides (SOx), near-to-surface ozone (O3), atmospheric aerosols (PM2.5
and PM10), and others.

The concentration of nitrogen oxides (NOx), particularly nitrogen dioxide (NO2), often
exceeds recommended values in urban areas due to the high traffic density and industrial
emissions. According to the World Health Organization (WHO), the recommended maxi-
mum annual average concentration for NO2 is 10 µg/m3, while the short-term 24 h average
should not exceed 25 µg/m3 [1]. However, in many cities, these limits are often surpassed,
with some urban environments registering NO2 levels around 40 µg/m3 on an annual
basis [3]—as reported by the European Environment Agency (EEA), in 2020 in Poland,
chronic exposure to nitrogen dioxide (NO2) was associated with 3400 premature deaths,
38,500 years of life lost, and 101 years of life lost per 100,000 inhabitants [4]. To limit the
number of pollutants in breathable air, several different approaches to the issue have been
implemented over the years, both technology-wise and through legal means. Two specific
approaches to the issue could be highlighted—reducing emissions of specific pollutants
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through technological innovation across various industries (such as car manufacturing and
energy production), along with advancements in chemical, photochemical, and other air
filtration methods.

One of the most popular methods of air purification in closed areas is mechanical
filtration [5]. It involves removing pollutants from the air using filters made of various
materials—glass fibers, synthetic fibers, activated carbon, or others. However, the im-
plementation of such systems in the conditions of the external environment would be
financially non-viable. Photocatalytic technologies could be used to provide a scalable
solution for the issue of the removal of gaseous pollutants from open spaces, one that does
not require any other power supply than solar energy to operate.

Photocatalysis is a phenomenon in which chemical reactions occur under the influence
of specific electromagnetic radiation. The basis of this process is a photocatalyst (nanometric
titanium dioxide or other semiconductors). It is capable of initiating chemical reactions by
absorbing light of a specific wavelength. For this to happen, the wavelength of radiation
must be equal to or higher than the band gap width of the photocatalyst. The band gap
separates the valence band, in which electrons are bound by atoms, from the conduction
band, in which electrons can move freely. When the light of a specific wavelength acts on the
photocatalyst, electrons in the valence band absorb the energy of photons and move to the
conduction band, leaving electron gaps in the valence band. This way, an electron (e−) and a
hole (h+) pair are created. The electron participates mainly in reduction reactions, reducing
the degree of oxidation of chemical compounds, and the resulting hole can contribute to the
oxidation, increasing their oxidation state. The consequence of this process is the formation
of free radicals that react with gaseous components of photoactive pollutants, leading to
their transformation into harmless/less harmful compounds (Equations (1) and (2)):

NO + OH
hV,TiO2→ NO2 + H+ (1)

NO2 + OH
hV,TiO2→ NO−

3 + H+ (2)

In Poland, over one-third of nitrogen dioxide emissions originate from road traffic [6],
so locating photocatalytic composites in close proximity to emission sources (roads or
pavements) could reduce the level of these substances in the air at the exact location of
their emission. Under the influence of UV radiation, hydroxyl radicals are formed on the
surface of the photocatalytic concrete layer, oxidizing nitrogen oxide to nitrogen dioxide.
Then, NO2 from the environment, as well as the one produced in the oxidation process, is
transformed into nitrate ions (NO3

−) by high-energy hydroxyl radicals. The ions formed
in this way, in reaction with water present in the atmosphere or rainwater, form nitric
acid. Then, as a result of the interaction with calcium ions present in the cement matrix,
calcium nitrates and other salts are formed, which are removed from the surface by rainfall,
effectively purifying the air [7].

The air purification efficiency of photocatalytic composites depends on their compo-
sition and properties, as well as on the type of semiconductor used, its crystal structure,
particle size, and others [8]. The most common photocatalytic material used in concrete
technology, titanium dioxide, occurs in three polymorphic forms: anatase, rutile, and
brookite. Of these forms, anatase and rutile are the most commonly available. Both of these
differ in terms of the crystal structure and photocatalytic capabilities. Anatase is considered
more active, but composites containing both crystalline forms show a higher photocatalytic
activity than either form alone [9].

To intensify the photocatalytic reactions, both electromagnetic radiation and atmo-
spheric pollutants must come into direct contact with the photocatalyst grain embedded
in the cement matrix. Therefore, the surface properties of the photocatalytic cementitious
composite, as well as the exposure of photocatalytic grains on its external surface, pro-
foundly impact the composite’s overall performance [10–12]. It is also vital to distribute the
photocatalyst evenly within the volume of the composite, as this can affect the uniformity
of the photocatalytic process—an even distribution can provide a larger photoactive surface
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over the same area. The proper dispersion of photocatalyst grains reduces the risk of
particle agglomeration, which negatively affects the photocatalytic efficiency, limiting the
exposure of the photocatalyst to the elements [13–15].

To date, the impact of surface properties on the photocatalytic performance of cemen-
titious photocatalytic composites has been the subject of several research studies. Boonen
and Beldens [16] found that surfaces with exposed coarse aggregate exhibited NO removal
rates comparable to smooth, formwork surfaces but performed up to three times worse
than sawn surfaces. However, no quantitative characteristics of the examined surfaces were
specified. Guo et al. [17] reported no significant changes in the air purification performance
of concrete samples roughened by 500 cycles of abrasion when the photocatalyst was evenly
distributed within the cement matrix. However, in another study [18], they observed that
surface roughness and porosity could significantly impact the photocatalytic efficiency.
Specifically, increased surface roughness enhanced the contact area between pollutants and
the photocatalytic surface, leading to a better degradation of airborne contaminants. Addi-
tionally, higher porosity improved pollutant diffusion into the material, further boosting
the air purification performance.

Yang et al. [19] similarly concluded that roughening the surface structure increased the
pollutant adsorption and contact area, thereby enhancing the air purification performance
of cement-based photocatalytic composites. Zhang et al. [20] highlighted the critical role of
a porous structure, observing a 115% increase in NO removal rates as the porosity of cement-
based composites rose from 26.5% to 61.4%. These findings collectively underscore the
importance of optimizing surface characteristics to maximize the photocatalytic efficiency.

Given the limited research on the impact of coarse aggregate exposure on the photo-
catalytic performance of cement-based materials, the authors decided to further explore
how exposing coarse aggregate on the concrete surface affects its photocatalytic efficiency,
taking into account the quantitative characteristics of the photoactive surface. Exposing
aggregate is a widely used method to roughen concrete surfaces, particularly in pavement
applications, to meet slip resistance requirements. This is typically achieved by delaying
the hydration of the surface, followed by washing off the non-hydrated cement matrix and
fine aggregate.

In addition to improving the slip resistance, this process is believed to enhance the
concrete durability by removing the near-surface cement matrix, which is more porous and
less durable than the deeper concrete layers. This enhancement is particularly beneficial
for improving the freeze–thaw resistance in the presence of salts. However, when a
photocatalyst is embedded in the cement matrix, removing parts of this matrix from the
surface could potentially reduce photocatalytic performance.

This study seeks to evaluate the extent of this reduction and explore whether the
negative impact can be mitigated by other factors associated with aggregate exposure,
such as the increased surface roughness of the cement matrix or greater exposure of the
photocatalyst to the external environment.

2. Materials and Methods
2.1. Materials

Cement CEM II/B-S 42.5 R-NA (compliant with PN-EN 197-1 [21] standard, Ożarów,
Poland) was used to prepare photocatalytic concrete mixes. It had its properties inves-
tigated regarding mechanical performance (acc. to PN-EN 196-1 [22]), initial and final
setting time (acc. to PN-EN 196-3 [23]) specific gravity, and specific surface area (Blaine
method)—Table 1.

Mechanical performance was investigated for cement mortars prepared according to
the aforementioned standard (water-to-cement ratio of 0.50 and a cement-to-fine aggregate
ratio of 3.0). Initial and final setting times were investigated for cement paste of standard
consistency (water-to-cement ratio of 0.256) measured with an automatic Vicat apparatus
(Controls Vicamatic, Milano, Italy). Specific gravity was investigated for cement using
Le Chatelier’s flask according to the aforementioned standard. Its specific surface area
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was measured using the Blain apparatus and correlated to the specific surface area of a
reference cement.

Table 1. The characteristics of the cement used in the study.

Flexural
Strength,

MPa

Compressive
Strength,

MPa

Initial
Setting Time,

min

Final Setting
Time,
min

Specific
Gravity,
g/cm3

Specific
Surface Area,

cm2/g

6.8 42.7 210 350 2.99 4830

Vistula river sand 0/2 was used as a fine aggregate, with its properties confirmed
according to various standards—PN-EN 933-1 (granulation) [24], PN-B-06714-46 (alkali-
silica reaction) [25], and PN-EN 1744-1 (organic pollutants content) [26], among others.
The water used in this study met the requirements of PN-EN 1008 [27]. The grain size
distribution curve of the sand is presented in Figure 1.
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Figure 1. The grain size distribution of sand (0/2) used in the study.

A superplasticizer (aqueous polycarboxylate solution) was added to cement mortars
to modify their rheological properties. It met the PN-EN 934-2 standard requirements [28]
and was characterized by electrostatic and steric mechanisms of action.

The coarse aggregate used in the study was basalt aggregate of fraction 4/8, ob-
tained by screening aggregate grains smaller than 4 mm from basalt aggregate fraction
2/8 from Gracze mine, Poland. It is also worth emphasizing that the basalt aggregate
had a dark color, which facilitated digital image analysis of the external surface of the
investigated composites, providing sufficient contrast between coarse aggregate grains and
cement matrix.

Photocatalytic titanium dioxide P25 (Evonik, Shanghai, China), with properties de-
tailed in Table 2, was used as the photocatalyst in this study. The phase composition and
crystallite size were determined via X-ray diffraction (XRD, Bruker-AXS D8 DAVINCI,
Billerica, MA, USA), and the specific surface area of the photocatalyst was measured using
the BET method (ASAP 2020, Micromeritics, Norcross, GA, USA). For XRD analysis, sam-
ples were dried, placed in special steel holders, and properly smoothed. Afterward, the
sample was placed in the measuring magazine and, straight after, in the diffractometer. The
measurement was carried out in the range of 5–65◦ 2θ, with a single step of 0.02◦ 2θ lasting
5 s. Phase identification was performed by comparing the recorded diffractograms with
reference patterns from the COD database using the DIFFRACplus EVA-SEARCH software
(version 7). The sample for BET analysis was prepared under the following conditions:
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degassing at 200 ◦C (<0.1 Pa) for 4 h, with a temperature ramp rate of 10 ◦C/min. The BET
range was set to 0.05 < p/p0 < 0.3, and 13 data points were selected for calculations.

Table 2. Characteristics of photocatalyst (P25) used in the study.

Phase Composition (XRD), % Size of Crystallites (XRD), nm Specific Surface Area
(BET), m2/gRutile Anatase Rutile Anatase

13 87 54 33 53.8 ± 0.2

CHRYSO Deco Lav N10 (CHRYSO, France) setting retarder was used to change the
surface properties of prepared concrete samples.

2.2. Experimental Framework

To introduce variability in the surface area of the exposed photocatalytic cement matrix
on the concrete samples, the authors incorporated one variable related to the aggregate
composition into the experiment—the fine aggregate content. The higher the fine aggregate
content was, the less coarse aggregate was added to the concrete mix. As a result, after
the application of the setting retarder, the surface area of the exposed cement matrix area
increased. In total, eight photocatalytic concrete mixes were prepared—four with exposed
aggregate and four reference series (Table 3). Apart from variations in fine aggregate
content, all other ratios between the mix constituents, including the water-to-cement ratio,
total aggregate content, and cement content, were kept constant. Additionally, the same
amount of photocatalyst, 15 kg/m3, was used in each series. The photocatalyst was added
in powder form during the mixing stage. The amount of superplasticizer varied between
the series to achieve consistency class S1–S2 (according to PN-EN 12350-2 [29]), meeting
the requirements for cement concrete used for road surfaces in Poland.

Table 3. Compositions of concrete mixes per m3 used in the study (m.a.—mass of aggregate).

Unit FA30 FA40 FA50 FA60

Cement kg 420

Water kg 189

Fine aggregate 0/2 kg 581 763 938 1108

Coarse aggregate 4/8 kg 1356 1144 938 739

Photocatalyst TiO2 kg 15

Water-to-cement ratio - 0.45

Cement-to-fine aggregate ratio - 0.72 0.55 0.45 0.38

Fine aggregate 0/2 % m.a. 30 40 50 60

Coarse aggregate 4/8 % m.a. 70 60 50 40

The surface of the samples after coarse aggregate exposure was evaluated in terms
of slip resistance and the areas occupied by coarse aggregate and the cement matrix. By
calculating the areas covered by these phases, a quantitative relationship was established
between the NOx removal rate and the amount of cement matrix covering the external
surface of the composite.

Slip resistance was measured for both reference and exposed aggregate surfaces as a
simplified indicator of surface roughness, a parameter highlighted in the introduction as
critical for optimizing air purification performance. Additionally, the compressive strength
of samples from each composition was tested. While not directly related to air purification
efficiency, this characteristic was assessed to ensure the concretes’ suitability for use as
the upper layer of concrete pavements. It also served to evaluate whether porosity varied
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across the tested series, as mechanical properties are directly influenced by the porous
structure of concrete. The research methodology is summarized in Figure 2.
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2.3. Methods

To create samples with exposed aggregate, sides of the molds were first lined with tape,
and the bottom was coated with a setting retarder. The retarder was applied in two thin
layers and allowed to dry. After drying, the tape was removed, and an anti-adhesive
agent was applied to those surfaces. Two types of molds were used: 140 × 160 × 40 mm
for air purification efficiency and surface roughness tests, and 100 × 100 × 100 mm for
compressive strength tests. Only half of the 140 × 160 × 40 mm samples were treated with
the setting retarder, while the remaining ones served as reference samples in each series
(samples without exposed coarse aggregate).

After preparing the concrete mix, the samples were molded and stored for 24 h
in a curing chamber (temperature 20 ± 2 ◦C, and relative humidity RH ≥ 95%). After
this period, the non-hydrated layer was washed off from 3 of the 6 samples measuring
140 × 160 × 40 mm in each series to expose the coarse aggregate. All samples were then
returned to the curing chamber and cured for an additional 27 days before further testing.

2.3.1. Digital Image Analysis—The Surface Area Occupied by Coarse Aggregate on
Samples with Exposed Aggregate

Each sample was scanned using a ScanSnap SV600 (Ricoh Company, Kawasaki, Japan).
All scans were processed using GIMP software (version 2.10.38) with the goal of obtaining
a binary image. Binarization is a method used to convert color or monochrome images into
binary images, typically achieved through thresholding. This image processing technique
assigns a value of 0 to pixels brighter than the threshold value and a value of 255 to pixels
darker than the threshold, depending on the threshold chosen (Figure 3). The image
analysis determined the percentage of the area occupied by the photocatalytic cement
matrix or coarse aggregate in samples with exposed aggregate.
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2.3.2. Air Purification Efficiency from NOx Pollutants

Air purification tests for nitrogen oxides were conducted following a procedure de-
veloped by the authors based on the ISO 22197-1 standard [30]. The tests were performed
on 140 mm × 160 mm × 40 mm concrete samples, which underwent additional prepa-
ration before being placed in the testing apparatus. The photocatalytic surfaces were
thoroughly cleaned of any external contaminants, including residual anti-adhesive agents
and other impurities.

The first step involved sprinkling the test sample’s surface with distilled water and
scrubbing it clean. The sample was then dried at 60 ◦C for two hours before being placed
in the irradiation chamber for 16 h, with the test surface facing the light source. This was
carried out to decompose organic impurities using UV-A radiation at an irradiance of
10 W/m2. In the final step, the photoactive surface was again cleaned with distilled water
to remove any remaining impurities that had been burned off, followed by another drying
cycle at 60 ◦C for two hours. The air purification efficiency against gaseous pollutants was
tested no sooner than two hours after the last drying cycle. The samples prepared in this
manner were then placed in a glass reaction chamber, with the investigated surface facing
the light source (Figure 4).
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UV-A LED strips (LuxaLight, Eindhoven, The Netherlands, 360 ± 5 nm, 14.4 W/m)
were used as the UV-A light source, while Sun-Like™ TRI-R™ LED strips (Seoul Semicon-
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ductor, Ansan-si, Republic of Korea, 5000 K) served as the visible light source. The UV-A
irradiation from the visible light source on the sample’s surface was 0.0 W/m2, with global
irradiation set to 150 W/m2. The global irradiation of UV-A light was 1.0 W/m2. UV-A
irradiance levels were measured using Delta Ohm pyranometer, covering the 315–400 nm
range. The global irradiation was recorded using a Lambrecht METEO pyranometer,
covering a wavelength range of 285–3000 nm.

During the experiment, the temperature inside the glass reaction chamber was main-
tained at 25 ± 3 ◦C, and the relative humidity was controlled at 40 ± 5%. The gas flow was
kept constant at 2 L/min. Results (NO and NOx concentrations) were quantified using the
Teledyne API T200 chemiluminescence detection analyzer (San Diego, CA, USA).

The test involved several steps to assess the photocatalytic properties of investigated
concretes under three specific lighting conditions: UV-A light only, visible light only,
and mixed conditions (both UV-A and visible light). The irradiance levels of both light
sources were adjusted to simulate typical sunlight conditions observed in Poland during the
autumn/winter season. The initial nitrogen oxide concentration of approximately 100 ppb
was selected to represent average urban pollution levels. The detailed test procedure is
outlined in Figure 5.
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Figure 5. A schematic of the test procedure for air purification from NOx in different irradiation condi-
tions; A—constant flow of 2 L/min of approx. 100 ppb of NO in the reaction chamber; B—reduction
in the concentration of NO due to specific irradiation (visible light, UV-A light, and combined visible
and UV-A light; and C—generated NO2 due to photocatalytic reactions. Based on marked areas (blue
and orange), the amount of both removed NO and generated NO2 per hour per m2 of photocatalytic
surface was calculated.

The amount of NO introduced into the reactor, the amount of NO removed by the
photocatalytic sample, and the NO2 produced during the photocatalytic process for each
radiation cycle were then calculated. This enabled the characterization of each sample’s
air purification potential, expressed as the absolute reduction of NOx in micrograms per
hour per square meter of photocatalytic cement matrix (µg/h × 1/m2) under various
irradiation conditions.

The test protocol developed by the authors differed from the ISO [19] standard for
NO removal efficiency testing. Specifically, a reaction chamber with a greater gap between
the specimen and the cover (60 mm versus 5 mm in ISO) was used, the NO concentration
was reduced from 1 ppm to 0.1 ppm, and lower UV-A irradiation (1.0 W/m2 compared to
ISO’s 10 W/m2) was applied. These modifications aimed to simulate urban environmental
conditions where the photocatalytic composite might serve as a pavement material.
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2.3.3. Slip Resistance and Compressive Strength

The slip resistance test was conducted in accordance with the PN-EN 13036-4 standard [31],
using a slider mounted at the end of a pendulum arm. Before beginning the test, the
pendulum was placed on a stable, flat surface to prevent any movement during testing.
The apparatus was leveled using a vial and adjustment screws, and the pendulum arm was
positioned vertically. The measurement indicator was aligned parallel to the pendulum
arm, ensuring it did not touch the scale plate. Three control measurements were then
performed to properly calibrate the apparatus.

After setup, the test samples were placed on a flat surface beneath the pendulum arm.
The height of the arm was adjusted for each sample so that the contact length between the
rubber slider at the end of the pendulum and the test surface was between 12.5 and 12.7 cm
(Figure 6).

Buildings 2024, 14, 3639 9 of 21 
 

2.3.3. Slip Resistance and Compressive Strength 
The slip resistance test was conducted in accordance with the PN-EN 13036-4 stand-

ard [31], using a slider mounted at the end of a pendulum arm. Before beginning the test, 
the pendulum was placed on a stable, flat surface to prevent any movement during test-
ing. The apparatus was leveled using a vial and adjustment screws, and the pendulum 
arm was positioned vertically. The measurement indicator was aligned parallel to the pen-
dulum arm, ensuring it did not touch the scale plate. Three control measurements were 
then performed to properly calibrate the apparatus. 

After setup, the test samples were placed on a flat surface beneath the pendulum 
arm. The height of the arm was adjusted for each sample so that the contact length be-
tween the rubber slider at the end of the pendulum and the test surface was between 12.5 
and 12.7 cm (Figure 6). 

 
Figure 6. A photograph of a sample with exposed coarse aggregate illustrating the procedure for 
adjusting the sliding path length for the pendulum test. 

Once the height was set, the pendulum arm and measurement indicator were rotated 
counterclockwise until the pendulum arm was secured in the gripping block and the in-
dicator rested on the gripping block arm. To begin the measurement, the pendulum arm 
was released and then caught on its return swing before the rubber slider touched the test 
surface again. The measurement was performed four times on the dry surface of the sam-
ple and then four times on the wet surface. If any result deviated significantly, the meas-
urement was repeated until four consistent results were obtained. A total of eight meas-
urements were conducted for each sample. 

The test results were expressed as the Pendulum Test Value (PTV), which reflects the 
slip resistance of the surface. The higher the PTV (i.e., the greater the difference between 
the initial and final positions of the pendulum arm), the lower the risk of pedestrians slip-
ping on the tested surface. Four slip potential ranges described by PTV could be high-
lighted: high (0–24 PTV), moderate (25–35 PTV), low (36+ PTV), and extremely low (75+ 
PTV) [20]. 

The compressive strength tests were carried out on 100 × 100 × 100 mm samples after 
28 days of curing in accordance with the PN-EN 12390-3 standard [32]. The test was per-
formed using an automatic testing machine, Controls Automax (Milano, Italy). 

3. Results 
3.1. Compressive Strength and Surface Area Covered with Cement Matrix 

For all prepared concrete mixes, standard tests were conducted to evaluate the me-
chanical performance of the cementitious composites (Table 4). The mechanical properties 
were assessed for reference samples from each series (those without exposed aggregate 
on their external surface). 

Figure 6. A photograph of a sample with exposed coarse aggregate illustrating the procedure for
adjusting the sliding path length for the pendulum test.

Once the height was set, the pendulum arm and measurement indicator were rotated
counterclockwise until the pendulum arm was secured in the gripping block and the
indicator rested on the gripping block arm. To begin the measurement, the pendulum
arm was released and then caught on its return swing before the rubber slider touched
the test surface again. The measurement was performed four times on the dry surface of
the sample and then four times on the wet surface. If any result deviated significantly,
the measurement was repeated until four consistent results were obtained. A total of
eight measurements were conducted for each sample.

The test results were expressed as the Pendulum Test Value (PTV), which reflects the
slip resistance of the surface. The higher the PTV (i.e., the greater the difference between the
initial and final positions of the pendulum arm), the lower the risk of pedestrians slipping
on the tested surface. Four slip potential ranges described by PTV could be highlighted:
high (0–24 PTV), moderate (25–35 PTV), low (36+ PTV), and extremely low (75+ PTV) [20].

The compressive strength tests were carried out on 100 × 100 × 100 mm samples
after 28 days of curing in accordance with the PN-EN 12390-3 standard [32]. The test was
performed using an automatic testing machine, Controls Automax (Milano, Italy).

3. Results
3.1. Compressive Strength and Surface Area Covered with Cement Matrix

For all prepared concrete mixes, standard tests were conducted to evaluate the me-
chanical performance of the cementitious composites (Table 4). The mechanical properties
were assessed for reference samples from each series (those without exposed aggregate on
their external surface).
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Table 4. Compressive strength of prepared concrete mixes after 28 days of curing in the curing
chamber.

Series ID Compressive Strength [MPa] Standard Deviation (SD) [MPa]

FA30 50.12 1.08

FA40 43.61 1.36

FA50 46.36 0.66

FA60 37.05 1.23

The results showed that the 28-day compressive strength varied between the series,
with a decreasing trend observed as the fine aggregate content increased, ranging from
50.1 MPa to 37.1 MPa. Based on the acceptance criteria in PN-EN 206 [33], the designed
concretes could be classified into two compressive strength classes: C25/30 (FA60) and
C30/37 (FA40, FA50, and FA30). According to Polish requirements for concrete pavements,
a C30/37 concrete is suitable for use as the upper layer of concrete pavement but only for
local roads with low to medium traffic volumes. The results also indicated that, as the
volume of sand in the aggregate composition increased, the overall porosity of the concrete
increased as well.

Depending on the concrete mix composition, the surface area occupied by the cement
matrix varied (Figure 7). A quasi-linear increase in the cement matrix area was observed as
the fine aggregate content in the mix increased. When the fine aggregate content rose from
30% to 60%, the cement matrix area increased significantly—from an average of 14.1% to
53.5% of the total sample surface area.
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Figure 7. The change in the surface area occupied by the cement matrix dependent on the initial
content of fine aggregate in the concrete mix composition.

The change in the content of coarse aggregate did not influence its homogenous
distribution within the volume of the mix—in all analyzed cases, the coarse aggregate
was distributed evenly on the exposed surface of the composite (Figure 8), with the area it
occupied dependent on the overall content of the coarse aggregate in the mix.
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gate in the composition of concrete mixes: (a) FA30 (30% of fine aggregate); (b) FA40 (40% of fine 
aggregate); (c) FA50 (50% of fine aggregate); and (d) FA60 (60% of fine aggregate). 
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roughness of the analyzed samples. All investigated concrete series were characterized 
with a higher slip resistance in comparison with the reference series (with non-exposed 
coarse aggregate but of the same concrete mix composition)—Figure 9. All analyzed se-
ries, regardless of the additional surface modification, were characterized with a low slip 
potential—a PTV parameter with a higher value than 36. 

Figure 8. Binarized scans of the external surface of samples with exposed coarse aggregate—the
relative area of exposed cement matrix increased alongside the increase in the content of fine aggregate
in the composition of concrete mixes: (a) FA30 (30% of fine aggregate); (b) FA40 (40% of fine aggregate);
(c) FA50 (50% of fine aggregate); and (d) FA60 (60% of fine aggregate).

3.2. Slip Resistance

Exposing coarse aggregate on the surface contributed to an increase in the surface
roughness of the analyzed samples. All investigated concrete series were characterized
with a higher slip resistance in comparison with the reference series (with non-exposed
coarse aggregate but of the same concrete mix composition)—Figure 9. All analyzed
series, regardless of the additional surface modification, were characterized with a low slip
potential—a PTV parameter with a higher value than 36.
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Figure 9. The slip resistance of investigated surfaces (with exposed and non-exposed coarse aggregate)
in both dry and wet conditions.

The change in the test conditions—wetting the external surface of samples—contributed
to a deterioration in slip resistance; however, the reduction in PTV was not significant.
The change in PTV obtained under different surface conditions was greater for series with
exposed aggregate on their surface compared to reference series, approx. four to eight
units lower than for tests conducted in dry conditions. In both conditions (dry and wet), all
concrete series were characterized by a higher slip resistance than reference series.

Depending on the type of photocatalyst used, photocatalytic cementitious composites
are usually characterized by hydrophilic surface properties that enhance their self-cleaning
potential. In the case of the conducted research, although using photocatalytic nano-TiO2
that is characterized by hydrophilic properties, the photoactive surface of composites
provided enough friction to be characterized with sufficient slip resistance, meeting the
most rigorous requirements for pavement concrete.

3.3. Air Purification from NO

The change in concentration of both NO and NOx differed between the analyzed con-
crete series. All investigated reference concrete series (with non-exposed coarse aggregate)
were characterized with a similar air purification efficiency (Figure 10), except for the FA30
series, the photocatalytic performance of which was approx. 30% lower (in the UV-a and
combined light sources conditions) than the rest of the investigated reference series.

Series with exposed coarse aggregate differed significantly in air purification proper-
ties. With the increase in the area of exposed coarse aggregate on the sample’s photocatalytic
surface (the reduction in the area of photocatalytic cement matrix), the efficiency of NO re-
moval decreased (Figure 11). This trend was most visible when carrying out the irradiation
of concrete samples with UV-A and combined light sources (visible light and UV-A). All
samples with exposed coarse aggregate, under all irradiation conditions, were character-
ized by a lower NO removal rate than in the case of appropriate reference series. As an
example, reference series FA50, under UV-A light, was able to remove approx. 338 µg/hm2

of NO, while a series with the same composition but with an exposed aggregate in the same
light conditions was able to remove approx. 162 µg/hm2 of NO. A similar dependency
was observed for all of the analyzed concrete series.
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Figure 10. Air purification efficiency of reference concrete series (with non-exposed aggregate).
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Figure 11. Air purification efficiency of samples from investigated series with exposed
coarse aggregate.

Based on performed tests, the NOx selectivity index of investigated photocatalytic
surfaces during conducted tests was calculated according to Equation (3), linking the mass
of the removed NO with the mass of the generated NO2 during the photocatalytic process
in different light conditions (Figure 12).

S = 1 − generated NO2
removed NO

[−] (3)
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Figure 12. NOx selectivity of investigated photocatalytic concretes in different irradiation conditions
(reference series with non-exposed aggregate presented with full colors, and series with exposed
coarse aggregate presented dashed with the color of the appropriate reference series).

In all investigated concrete series, the average selectivity of the photocatalytic process
did not fall under 0.7—significantly more mass of NO was removed from the air than
the generated NO2 in the process. The high selectivity observed with the first-generation
photocatalyst (P25) could be attributed to the relatively low irradiation intensity of the UV-
A light source used in this study. It is worth noting that all series with exposed aggregate
were characterized by a lower selectivity (by approx. 10% compared to relevant reference
series), especially in the case of UV-A and combined light conditions.

4. Discussion

The photocatalytic performance of cement composite modified by nano-TiO2 additives
is dependent on multiple properties, both of the photocatalyst itself [34,35] and surface
properties of the composite [36], as well as the external conditions in which photocatalytic
reactions occur [37]. In the case of the conducted study, the authors decided to use a
first-generation photocatalytic additive, active mostly in the UV part of the light spectrum
and commonly used in the construction industry.

The removal rate of all analyzed concretes with exposed coarse aggregate was lower
than in the case of reference series of the same composition. Usually, the cement matrix
is considered to be the medium in which nanoparticulate photocatalytic materials are
dispersed. Several different methods of its introduction into cementitious composites
have been established over the years, including the use of microsphere carrier grains [38],
aerogels [39], or coatings [17].

A trend was observed, linking the efficiency of the photocatalytic removal of NO
with the area of the sample occupied by the photocatalytic cement matrix (Figure 13).
The concrete series with the largest area of exposed coarse aggregate exhibited the lowest
air purification potential. Conversely, as the exposed aggregate area decreased and the
photocatalytic cement matrix area increased, the NO removal rates rose linearly. While the
nano-TiO2 used in the study had minimal activity in the visible light spectrum, notable
differences in photocatalytic performance for the analyzed concrete series were observed
under UV-A and combined UV-A/visible light conditions.
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Figure 13. The removal rate of NO in different light irradiation conditions dependent on the surface
of the cement matrix on samples with different amounts of exposed coarse aggregate.

The efficiency of nitrogen oxide decomposition was selected as the dependent variable
for regression analysis. Using the least-squares method, two linear regression equations
were obtained, (4) and (5), corresponding to combined UV-A and visible light (4), and
visible light alone (5), respectively.

NORRUVA+VIS = 1.22·AECM + 108.6 (4)

NORRVIS = 0.15·AECM + 19.2 (5)

where:

NORRUVA+VIS—NO removal rate (combined light), µg/hm2;
NORRVIS—NO removal rate (visible light), µg/hm2;
AECM—area of exposed cement matrix on the surface of specimen, %.

The coefficient of determination, R2, was 0.54 for model (4) and 0.18 for model (5). The
analysis of variance (ANOVA) for both equations indicated that the area occupied by the
cement matrix did not significantly affect the air purification efficiency under visible light
(Equation (5)), with p >> 0.05, while it had a significant effect (p << 0.05) under combined
light. The moderate fit of model (4) to the experimental results suggested the presence
of another unidentified variable significantly influencing the air purification efficiency.
Additionally, the presence of a non-zero intercept in Equation (4) led to the hypothesis that
exposed coarse aggregate grains might be covered with photocatalyst particles that were
not washed away and remained adsorbed on their surface. Both of these hypotheses were
set to be verified.

First, the hypothetical removal rate for concrete samples with exposed aggregate was
calculated. These values were determined under the assumption that the sample was
covered solely by the exposed cement matrix, without any exposed aggregate, and were
compared to the average results obtained for reference samples. A steady increase in the
calculated hypothetical performance of the exposed cement matrix was observed as the
sand content in the analyzed concretes decreased (Figure 14), suggesting that both the
area of the exposed cement matrix and its composition significantly influenced the air
purification performance.
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Figure 14. Hypothetical NO removal rate of roughened cement matrix on samples with exposed
coarse aggregate if cement matrix constituted the entire sample’s external surface compared with
average values for all reference series.

In previous research by the authors [8], the influence of the cement mortar composition
on photocatalytic performance was examined. The cement-to-sand ratio was identified
as one of the most statistically significant factors among the investigated variables. In
this study, successive concrete series were characterized by varying fine aggregate content
while maintaining a consistent cement content across the series; as a result, the cement-
to-fine aggregate ratio varied (from 0.72 for the FA30 series to 0.38 for the FA60 series).
This variability may have contributed to changes in the photocatalytic performance of the
exposed cement matrix. However, the extent of these changes, particularly in the FA30 and
FA40 series, suggests an additional phenomenon affecting the composite’s photocatalytic
properties, one not directly linked to the varying properties of the exposed cement matrix
across different concrete series.

The external layer of cementitious composites typically exhibits distinct property
differences compared to interior layers due to variations in the pore network characteris-
tics [40,41]. These differences arise mainly from the surface’s exposure to environmental
factors during binder hydration. Additionally, microcracking from shrinkage stresses can
further increase the surface layer porosity. The increased capillary pore content directly
impacts the composite’s durability [42,43], as pores provide pathways for aggressive agents
like water, carbon dioxide, chloride ions, and sulfates, which can lead to deterioration.

In photocatalytic composites, an increased near-surface porosity enhances the likeli-
hood of contact between the photocatalyst and airborne pollutants while also expanding
the photoactive area by allowing the external environment to access photocatalyst grains
through the pore network. Removing this more porous external layer results in a dual effect
on photocatalytic performance: a reduction due to the lower surface area for photocatalysis
(since a higher-porosity layer is replaced by a lower-porosity one) and an increase from
exposing more photocatalyst grains (as hydration products are removed from their surface).
Previous studies have reported that nano-TiO2 can act as nucleation sites in cementitious
composites [44,45]. Due to its nanoscale diameter, hydration products crystallize on the
outer surface of the photocatalytic modifier, effectively limiting its exposure to the external
environment. By applying a hydration retarder, a portion of these products can be washed
away, exposing the modifier to external conditions and thereby increasing the photoactive
surface area once the modifier grains are only partially covered with hydration products
(Figure 15).
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Assuming a homogeneous distribution of the photocatalyst within the composite and
a consistent procedure for exposing the composite’s inner layer, any changes in photocat-
alytic performance should be comparable between samples, as the intensity of the surface
modification remained consistent across series. In this modification, nano-TiO2 grains were
uniformly dispersed within the cement paste, which coated both fine and coarse aggregates
in the composite. As hydration advanced, an interlayer of hydration products adhered
to the aggregate grains, forming a stable bond between the composite’s different phases.
However, as the hydration retarder was applied and some non-hydrated cement paste was
removed, the hydrated residuals and exposed nano-TiO2 grains became immobilized on
the exposed coarse aggregate surface (see Figure 16). This effect contributed to an increase
in the composite’s overall photoactive area beyond that of the exposed cement matrix.

Although nano-TiO2 grains were detected on the coarse aggregate surface, the air
purification performance of samples with exposed aggregate remained lower than that of
the reference samples. Additionally, the system exhibited a decreased selectivity in photo-
catalytic reactions, indicating that the contact time between pollutants and photocatalytic
grains was reduced. This shift in reaction dynamics favored the photocatalytic production
of nitrogen dioxide (NO2) over nitrate ions (NO3

−). The aforementioned phenomena are
closely linked to a reduction in near-surface porosity within the exposed cement matrix,
which may influence the accessibility of active sites on the photocatalytic grains and subse-
quently alter the reaction pathways. The decrease in porosity could limit the adsorption
and diffusion of pollutants [46], impacting the overall efficiency and selectivity of the
photocatalytic process.

When the outer layer of the non-hydrated photocatalytic cement matrix was washed
away, only a portion of the original TiO2 on the element’s external surface remained
immobilized on the exposed coarse aggregate. Together, these two factors—a reduc-
tion in the photocatalytic cement matrix area and a lower TiO2 concentration on the
exposed coarse aggregate than that in the washed-away cement matrix—contributed to
the overall reduced photocatalytic efficiency in the modified concrete series. To counteract
this effect, a well-established method of pre-soaking coarse aggregate in a TiO2 solution
could be applied [47,48]. Using this technique would allow for a higher concentration of
the photocatalytic modifier on the exposed aggregate surface compared to the modifier
content in the cement matrix, thereby enhancing the photocatalytic performance of the
cementitious composite.
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5. Conclusions

The surface properties of photocatalytic cementitious composites have a statistically
significant influence on the air purification performance of the composite. In the conducted
research, a specific type of surface modification was investigated—the exposure of coarse
aggregate with the use of a hydration retarder admixture applied on the photoactive surface
of the composite during sample molding. Based on the laboratory results and their analysis,
the following points were found:

• Exposed coarse aggregate can act as a carrier for photocatalytic nano modifiers, effec-
tively immobilizing nanoparticles on its exposed external surface;

• The photocatalytic performance of cementitious composites is significantly impacted
by the characteristics of the photoactive surface, including its roughness and exposure
of photocatalyst grains to external conditions;

• Photocatalytic concretes with exposed coarse aggregate were characterized with a
lower photocatalytic efficiency—this effect can be overcome through additional tech-
nological steps, which would increase the amount of TiO2 grains immobilized on the
surface of the aggregate (soaking coarse aggregate in TiO2 solution prior to concrete
mix preparation, etc.);

• Exposing the coarse aggregate contributed to an increase in the slip resistance of
modified cementitious composites;

• A significant photocatalytic performance of cementitious composites modified by
a first-generation photocatalyst (P25) was observed in the low UV-a irradiation
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conditions (1 W/m2), simulating the autumn/winter conditions in Central and
Northern Europe.

Based on these findings, future designs of photocatalytic concrete composites could
benefit from targeted surface modifications that balance nanoparticle immobilization, slip
resistance, and environmental resilience. Optimizing the method of TiO2 application, such
as through aggregate pre-treatment, could be a key focus, paving the way for high-efficiency
photocatalytic surfaces that perform reliably across varied climates and lighting conditions.
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