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Abstract: The sustainable development of our societies demands strong efforts on scientific and
technological research while informing and educating students and the general population. Air pol-
lution and road safety hazards constitute two main public health problems that are insufficiently
addressed pedagogically. With this work, we aim to contribute to tackeling the problem by present-
ing the results of scientific research on the development of photocatalytic, superhydrophobic, and
self-cleaning recycled asphalt mixtures to achieve an eco-social friendly and smart material able to
mitigate socioenvironmental impacts. The functionalization of asphalt is implemented by spraying
particles’ solutions over a conventional AC 10, then evaluated by dye degradation and wettability.
Firstly, different particles’ solutions (with nano-TiOz and/or micro-PTFE under water, ethyl alcohol,
and dimethyl ketone) were sprayed to select the best solution (BS), which was composed of TiO»-
PTFE (4 g/L each) in ethyl alcohol. Two successive spraying coatings (diluted epoxy resin and BS)
were performed over conventional and recycled AC 10 (with reclaimed asphalt pavement and steel
slags). Their efficiency decreases with the highest resin amounts. The best results were obtained
with 0.25 g resin and BS. For the lowest resin amount, all mixtures achieved superhydrophobicity
and performed similarly regarding wettability.

Keywords: smart asphalt mixtures; photocatalytic asphalt mixtures; superhydrophobic asphalt
mixtures; epoxy resin; functionalization process; smart coatings; sustainable road pavements

1. Introduction

Currently, air pollution is one of the main environmental problems, due to its effects
in diverse domains, for example, the consequences for human health (pulmonary obstruc-
tions, lung cancer, cardiovascular disease (CVD), among others), the intensification of the
greenhouse effect and the occurrence of acid rains. According to the World Health Organ-
ization (WHO), more than 90% of the world population lives in areas where the
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concentration of pollutants exceeds the maximum limits, causing more than 4 million
premature deaths, while nine out of ten breathe very polluted air [1].

Some of the main air pollutants are fine particulate matter, nitrogen oxides (NOx),
nitric oxide (NO) and nitrogen dioxide (NO2), and SOx, compounds of sulfur and oxygen
molecules [2—4]. Sulfur dioxide (SO2) is the predominant SOx form found in the lower at-
mosphere [1]. Both gases are produced in motor vehicles and also industrial processes.
Recently, alternative techniques to improve urban air quality have arisen, such as captur-
ing or reducing pollutants based on photocatalytic materials [5]. Among the photocata-
lysts, titanium dioxide (TiOz) is one of the most studied and applied semiconductors to
functionalize dissimilar materials; it allows the degradation of harmful gases due to the
redox photocatalytic properties when activated by UV radiation [6—8]. Nano-TiO: parti-
cles have been applied on road pavements, especially on asphalt mixtures, for air purifi-
cation, due to the close proximity of the vehicles” exhaust gases [9-11].

There are several methods for functionalizing asphalt mixtures with nano-TiO;,
namely volume incorporation, asphalt binder modification, spreading and spraying coat-
ing. Usually, it is applied by the spraying coating (using a painting gun) since this method
requires fewer nanoparticles, which are placed just over the surface, maximizing the pho-
tocatalytic efficiency. Among the evaluation techniques available to measure the photo-
catalytic efficiency, the most important ones are degradation of (i) gas pollutants (for in-
stance, NOx and SOx) using a reactor and (ii) dyes (for instance, Rhodamine B, Methylene
Blue, and Methylene Orange) under an aqueous solution [8].

Most of the research concerning pavements functionalization was devoted to the im-
pact evaluation of the processes under the mechanical and rheological points of view [12—
14], dope the semiconductor nanoparticles or combination with other materials to increase
the photocatalytic efficiency [15,16], analyze the anti-aging effects [13,17], monitor the air
quality and quantify the degradation of gases in real scale [18,19], and evaluate the NOx
depolluting performance by computational simulation [20].

These scientific works brought relevant findings considering the photocatalytic pave-
ments. It was found that urban canyons would increase the residence time of NO, decreas-
ing its contact with the photocatalytic surface, increasing the molecule interactions, and
consequently, the photocatalytic efficiency. However, shadow areas reduce photocatalytic
efficiency due to the low solar irradiation [20]. No evident NOx degradation has been ob-
served on a real scale since it is very difficult to evaluate on real depolluting conditions,
i.e, in outdoor environments [19]. Graphitic carbon nitride (g-CsN4)/TiO: presented a
band gap equal to 2.64 eV, while the undoped TiO2 showed 3.25 eV. Photocatalytic asphalt
chip seals reached a NO photocatalytic efficiency of 31% [16]. TiOz/polystyrene-reduced
graphene oxide (TiO2/PS-rGO) retards the thermo-oxidation and UV-aging of asphalt
binders [17]. The photocatalytic efficiency is lower on asphalt mixtures (functionalized by
asphalt binder modification) than on cement matrix materials (functionalized by bulk in-
corporation) due to encapsulation of the nanoparticles by the asphalt binder. In addition,
nano-TiO:z increases the fatigue and aging resistances of asphalt binders [12].

To keep pavement friction on safe levels is one of the transportation engineering
main concerns. The presence of water, ice, and snow over the surface drastically reduces
friction contributing to the increase of road accidents [21-23]. Thus, it is essential to drain
or repel the surface water quickly and remove/avoid ice and snow, which can be per-
formed by promoting the superhydrophobic capability with the application of particles
as TiO2 [24,25] TiO:2 or combined with ZnO [25], SiO2[26], PTFE [27], fluorine polymer
with nano-CaO [28], magnesium-aluminum layered double hydroxides [29], among oth-
ers, over asphalt pavements usually by spraying coating [5,25,27-29]. A superhydropho-
bic surface is characterized by a high-water contact angle (higher than 150°) [22,25,27].

As for the photocatalytic asphalt mixtures, the immobilization of the particles re-
mains a challenge for the spraying coating of superhydrophobic asphalt mixtures. In ad-
dition, this capability must be evaluated in real-scale conditions to test its effectiveness
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[5]. However, there is evidence that superhydrophobic coatings form an impermeable
layer on the material’s surface, preventing water damage [24].

Thus, besides enhancing the asphalt mixture properties, researchers are concerned
with evaluating the functionalization process from different perspectives, increasing the
efficiency, analysis in real scale, enhancement of immobilization process, among others.
However, most studies have focused on the functionalization of a single new function.
The combination of different capabilities, for instance, photocatalytic, superhydrophobic,
and self-cleaning, can result in an improved final product, a multifunctional asphalt mix-
ture. In addition, the application of these capabilities on recycled asphalt separately is rare,
and together as a multifunctional material is nonexistent or unknown. However, it is
strongly recommended as the eco-social friendly dimension of the civil engineering ma-
terial is enhanced and the production cost reduces due to the reduction of raw materials
use [5,30-33].

The main objective of the research work herein reported was to develop the photo-
catalytic, superhydrophobic, and self-cleaning capabilities on asphalt mixtures with im-
proved immobilization (fixation of the particles) and analyze the functionalization process
parameters. To achieve it, different solutions were set to enhance the efficiency and keep
them working as long as possible by an improved immobilization process. In addition,
the effect of the type of asphalt mixture (conventional or recycled with reclaimed asphalt
pavement or steel slags) is analyzed. From the scientific point of view, this study contrib-
utes to the state of the art with the development of eco-social friendly pavements, extend-
ing their sustainability from the construction phase to the service life period with the pos-
sibility to photodegrade air pollutants and reduce road accidents through the superhy-
drophobicity capacity.

Raising awareness and educating students, as well as the general population, on en-
vironment sustainability issues, including the state-of-the art ones that we address in this
paper, requires teachers and educators to have a sound scientific and technical knowledge
on such advanced topics, in order to increase the effectiveness of science and technology
education and the establishment of a sound scientific literacy on sustainability. From the
pedagogical point of view, the study aims to contribute to raising awareness on relevant
public health problems such as air pollution and road safety, to propose solutions with
the dissemination of a comprehensive state of the art focusing on the development of pho-
tocatalytic, superhydrophobic, and self-cleaning capabilities on asphalt. Thus, this paper
it is aimed to convey reliable information and scientific knowledge with rigorous results
that educators can use with correct and up-to-date scientific data including the advances
reported in this work related to the functionalization of asphalt mixtures to mitigate soci-
oenvironmental problems.

2. Materials and Methods

In order to achieve the objective of this research, two steps were performed, namely:
(i) the selection of the best solution sprayed over a conventional asphalt mixture and (ii)
immobilization process of the particles by two successive spraying coatings (diluted
epoxy resin and then the best solution, BS) over the conventional and recycled asphalt
mixtures (Figure 1). In the first step, different solutions were prepared using nano-TiO:
and/or micro-PTFE into water, ethyl alcohol, and dimethyl ketone mediums. Then, a con-
ventional asphalt Mixture AC 10 was designed, compacted, cut, and subsequently
sprayed with these different particle’s solutions. The samples were analyzed to select the
best solution (BS). In the second step, the BS was used for a successive spraying process
after the spraying of a diluted resin over the conventional and recycled asphalt mixtures
(composed of 30% of reclaimed asphalt pavement and 30% of steel slags both mixtures
were also designed, compacted and cut before the functionalization). In both steps, the
selection of the BS and immobilization process of the particles were based on the photo-
catalytic efficiency and water contact angle.
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Figure 1. Schematic representation of the research.

2.1. Materials

Three AC 10 asphalt mixtures (Table 1) were adopted for this research: R—is a refer-
ence mix, F—is a mix composed of 30% reclaimed asphalt pavement (RAP), and A—is a
mix composed of 30% of steel slags (SS). The use of recycled aggregates (for example SS
and RAP) provides an ecological asphalt mixture from the beginning of its lifetime as pre-
sented in the section—Introduction. In this specific case, the selection of the SS for the
composition of the asphalt mixture was based on the fact that iron is commonly used to
dope TiO:z and, therefore, increase the photocatalytic efficiency since the nature of aggre-
gates can affect the efficiency, according to previous conclusions [34]. Furthermore, the
use of SS can promote new capabilities, such as self-healing and anti-ice [5]. RAP is the
most common recycled material introduced in asphalt mixtures [35]. A total of 30% of
recycled material is a common content introduced to asphalt mixtures regarding the liter-
ature review and is currently applied even for the composition of road pavements.

Designed by the Marshall method, these mixtures have the same gradation and al-
most the same binder content, of about 5.5%. Table 1 shows their composition, asphalt
binder contents (both calculated by weight), bulk density (BD), maximum bulk density
(MBD), and void content (VC).
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Table 1. Main characteristics of the asphalt mixtures.

Asphalt % % % % % % % Virgin MBD BD VC
Mix 4/10 0/4 Filler RAP0/6 SS0/10 Binder Binder (g/cm? (g/cm3) (%)
R 68 28 4 - - 5.5 5.5 2.428 2305 5.1
F 67 - 3 30 - 5.4 3.5 2.446 2334 4.6
A 42 25 3 - 30 5.4 5.5 2.676 2569 4.0

The particles used in the functionalization process were nano-TiOz and micro-PTFE
with a particle size of 1 um. An epoxy resin with two components was selected:(i) epoxy
resin composed of Bisphenol A, and (ii) cycloaliphatic polyamine adduct. According to
the supplier, for pavement applications, the best mixing proportion is 2/1 in mass. Its main
properties are the density of 1.10 g/cm?3; ideal temperature application between 10 and 30
°C; and adhesion >3 N/mm?; curing period of 24 h. Epoxy resins are commonly used in
road pavements, and they were already tested as a binder in the spreading functionaliza-
tion method [27,36]. In addition, only for superhydrophobic purposes, a similar approach
was carried out using a diluted epoxy resin [27].

2.2. Sample Preparation for the First Step (Selection of Best Solution)

First, different types of solutions were prepared with nano-TiO: and micro-PTFE
with water, ethyl alcohol, and dimethyl ketone using different concentrations. It was im-
possible to prepare aqueous solutions with PTFE since the particles could not be dispersed
into this medium. The solutions were sprayed over the cut asphalt Mixture R (reference)
with 25 x 25 x 15 mm? dimensions to identify the best solution. The spraying ratio was 8
mL/cm? at room temperature. The (functionalized) asphalt mixture samples were named
by an alphanumeric string, which starts by AC 10 to indicate reference asphalt concrete,
the particle used (TiO: and/or PTFE), and then the solvent used (W —water, ETH—ethyl
alcohol, and CET—dimethyl ketone), respectively (Table 2). When both particles, nano-
TiOz, and micro-PTFE, were combined, at the end of the string, the concentration of the
solution was inserted, for example, AC 10 TiO2PTFE-ETH-8g/L. In this case, 4g/L (2 g/L
of nano-TiOz and 2 g/L of micro-PTFE) or 8g/L (4 g/L of nano-TiOz and 4 g/L of micro-
PTFE) was included. In the case of solutions with just one type of particle, the concentra-
tion was 4 g/L. The concentrations selected were according to the literature [9,25].

Table 2. Mixture AC 10 (R) sprayed with different solutions.

Mixture TiO:2 (g/L) PTFE (g/L) Solvent
AC10 - - -
AC 10 TiO2-W 4 - water

AC 10 TiO2-ETH 4 ethyl alcohol

AC 10 TiO2-CET 4 dimethyl ketone

AC 10 PTFE-ETH - 4 ethyl alcohol

AC 10 PTFE-CET - 4 dimethyl ketone
AC 10 TiO2PTFE-ETH-4g/L 2 2 ethyl alcohol
AC 10 TiO2PTFE-ETH-8g/L 4 4 ethyl alcohol
AC 10 TiO2PTFE-CET-4g/L 2 2 dimethyl ketone
AC 10 TiO2PTFE-CET-8g/L 4 4 dimethyl ketone
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2.3. Sample Preparation for the Second Step (Immobilization of the Particles)

After selecting the best solution, all the (recycled and conventional) asphalt mixtures
were functionalized through two successive spraying coatings: first, spraying a diluted
resin epoxy and then spraying the BS, respectively (Table 3).

describes all the samples prepared in this step. The epoxy resin was diluted using
butyl acetate with a proportion of 1:1 in mass.

Table 3. Name of the samples for the immobilization of BS.

BS
. . . )

Sample Mixture Diluted Resin (mg/cm?) (mL/em?)
R 0.25g -
R 0.25g-BS 010 8
R 0.5¢g -
R 0.5g-BS 0.20 8

Reference
Rilg 0.40 -
R 1g-BS ‘ 8
R2g -
R 2g-BS 0-80 8
F 0.25g -
F 0.25g-BS 010 8
F0.5g -
0.20
F0.5°B5 with RAP 8
Flg 0.40 )
F 1g-BS ! 8
F2g -
F 2g-BS 080 8
A 0.25g -
A 0.25g-BS 010 8
A 0.5¢g -
A 0.5g-BS _ 020 8
with SS

Alg 0.40 )
A 1g-BS ' 8
A2g .
A 2g-BS 080 8

The cut asphalt mixtures were sprayed with 0.25, 0.50, 1, and 2 g of the diluted resin,
resulting in a covering ratio of 0.1, 0.2, 0.4, and 0.8 mg/cm?2. This very low covering ratio
is explained by the fact that a high covering ratio could lead to the sinking of the particles.
This process was similar to the one used by Arabzadeh et al. [27]. All the experiments
were performed twice, and the average of the results will be presented.

2.4. Photocatalytic Efficiency Test

According to the literature, photocatalytic efficiency was analyzed by Rhodamine B
(RhB) degradation [37,38]. The cut samples were immersed into 30 mL of 5 ppm RhB
aqueous solution. The systems were arranged inside a box, 25 cm below a sunlight simu-
lation lamp with a power intensity of 11 W/m? (acquired by a Quantum Photo Radiometer
HD9021 Delta Padov). Initially, the samples were conditioned in the dark for 3 h, and then
they were exposed to the light for 8 h [9,34,39]. Thus, the initial adsorption and photoca-
talysis were split, and this phenomenon could be analyzed precisely. To avoid the evapo-
ration of RhB solution, which increases the solution concentration, the systems were cov-
ered with a transparent plastic film with less than 10% absorbance and reflectance (be-
tween 292 and 900 nm), allowing almost total transmittance of light to the samples.
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In order to measure the photocatalytic efficiency, the maximum absorption (554 nm)
of the dye was monitored as a function of the time (using a Shimadzu 3101 PC). It was
calculated with Equation 1, according to [9].

® (%) = (A"A A)x 100 (1)

o

where @ is the photocatalytic efficiency, A and Ao represent the maximum absorbance of
RhB (554 nm) solution for time “t” and 0 h after irradiation, respectively.

2.5. Water Contact Angle Test

The samples’ water contact angle (WCA) was performed to evaluate the wettability
of asphalt mixtures and characterize their hydrophilicity/hydrophobicity. The higher the
WCA, the lower the wettability [5,27].

The equipment OCA 15 plus Dataphysics was used, carrying out 3 readings of 5 uL
water drop at 2 samples for 2 min, at room temperature and relative humidity (Figure 2).

(c) (d)

Figure 2. Water contact angle test: (a,b) OCA 15 plus Dataphysics; (c) detail of the water drop over
the asphalt mixture samples; and (d) detail of the water drop image in the software

3. Results
3.1. Selection of Best Solution
3.1.1. Photocatalytic Efficiency

The photocatalytic efficiency of all the samples tested to support selecting the best
solution is presented in Figure 3. To assist the analysis, it was split according to Figure 4a
particles with ketone; Figure 4b particles with ethyl alcohol; Figure 4c solvents with TiOz;
Figure 4d solvents with TiO2 and PTFE.
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Figure 3. Photocatalytic efficiency of all the samples from the first step (selection of best solution).

A global examination of the results reveals that samples only with PTFE (AC 10
PTFE-ETH and AC 10 PTFE-CET) presented a photocatalytic efficiency 21% higher than
AC 10. The samples with TiO2 showed a photocatalytic efficiency at least 38% higher than
the AC 10 at the end of the test, with the worst-performing results for the sample AC 10
TiO2PTFE-CET-4g/L, which increased the efficiency from 34% to 47%.
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Figure 4. Photocatalytic efficiency of the samples comparing the: (a) particles with ketone; (b) par-
ticles with ethyl alcohol; (c) solvent with TiOz; (d) solvent with TiO2 and PTFE from the first step
(selection of best solution).

When ketone was used (Figure 4a), the highest efficiencies achieved were related to
the use of only TiO2. When the ethyl alcohol was used (Figure 4b), the best treatment was
AC 10 TiO2PTFE-ETH-8g/L, then AC 10 TiO2-ETH and AC 10 TiO2PTFE-ETH-4g/L. The
effect of the solvents on the efficiency of samples with TiO2 in decreasing order of perfor-
mance was ketone followed by ethyl alcohol and water, with almost the same results. For
the combination of the particles, the increase of the photocatalytic efficiency was 5% for
the ethyl alcohol and 15% for the ketone, when the concentration increases from 4 g/L and
8 g/L. It can be seen that the best solutions achieved were TiO2-CET and TiO2-PTFE under
an ethyl alcohol medium with a concentration of 8 g/L (AC 10 TiO2PTFE-ETH-8g/L).

3.1.2. Water Contact Angle (Wettability)

The water contact angle results are presented in Figure 5. Again, to help the analysis
of the results, they were split and illustrated in Figure 6 to better compare the solvents
with TiO: (Figure 6a); PTFE (Figure 6b); TiO2 and PTFE (Figure 6c). Similarly, to compare
the particles’ performance with different mean: ketone (Figure 7a); and ethyl alcohol (Fig-
ure 7b).
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Figure 6. Results of water contact angle comparing the: (a) best solvent with TiOz; (b) best solvent
with PTFE; (c) best solvent with TiO2 and PTFE.

The reference asphalt Mixture AC 10 presented an initial WCA of 117°. All the treated
samples increased the WCA when compared to AC 10. The increase was at least 11% con-
cerning the AC 10 TiO2-CET sample. All functionalized asphalt mixtures presented a su-
perhydrophobic capability (WCA >150°), except those with TiO2-W (145°) and TiO2-CET
(130°), which are over hydrophobic surfaces (120° < WCA < 150°). Thus, the treatments
TiO2-ETH, PTFE-ETH, PTFE-CET, TiO2PTFE-ETH, and TiO2PTFE-CET provided super-
hydrophobic capability.

Regarding the effect of the solvents with TiO: (Figure 6a), ethyl alcohol leads to the
best WCA (153°), followed by water (145°). The worst of them was with ketone (130°), as
already mentioned before. For the PTFE (Figure 6b), both treatments with ketone and
ethyl alcohol presented similar initial results; however, with time, the best of them was
with ketone.

The increase in the concentration of TiO2-PTFE (Figures 6¢c and 7) was more effective
for the samples with ethyl alcohol. For the whole testing, doubling the concentration leads
to a WCA increase of 13% and 2% for ETH and CET samples, respectively.

When the particles were combined, the initial WCA was similar (155°), except for AC
10 TiO2-PTFE-CET-4g/L, slightly less (151°). Nevertheless, considering the whole testing
duration, it is clear that samples with higher WCA were the AC 10 TiO2PTFE-ETH-8g/L.
The WCA average, from 0 to 120 s, increased 36% when compared to the reference sample.
Until 20 s, this functionalized asphalt mixture showed a WCA of 145°, a much better per-
formance than all the other samples along this testing time.

For the same solvent (Figure 7), solutions with TiO: and PTFE with a concentration
of 8 g/L delivered the highest WCA. While the results for the solutions with ketone were
similar, except for TiO2-CET (the worst of them), for those with ethyl alcohol, they were
dispersed over time.

As the treatment designated by TiO2PTFE-ETH-8g/L was the best considering the
WCA and the second one regarding photocatalysis, it was adopted as the BS to proceed
with the functionalization process. The selection criteria could be based on photocatalytic
efficiency. However, the treatment with the best photocatalytic efficiency (AC TiO2-CET)
presented the worst WCA.
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Figure 7. Results of water contact angle (analysis of the particles) comparing the: (a) best particles
with ketone, and (b) best particles with ethyl alcohol.

3.2. Immobilization of BS on Recycled and Conventional Asphalt Mixtures

In this section, the photocatalytic efficiency, the water angle contact, and the effect of
the asphalt mixture on wettability are addressed. For the analysis, the recycled and con-
ventional asphalt mixtures were sprayed with two consecutive spraying coatings, specif-
ically with the best solution (BS), TiIO2PTFE-ETH-8g/L, after applying a diluted resin also

by spraying.

3.2.1. Photocatalytic Efficiency

Figures 8-10 show the results of the photocatalytic efficiency of the mixtures with
resin and BS. In general, it can be seen that the spraying of the diluted resin decreased the
photocatalytic efficiency. The samples with the highest photocatalytic efficiency are those
with the least amount of resin, namely with 0.25 g and 0.5 g for all the mixtures (R-0.25g-
BS and R-0.50g-BS for the Mixture R, F-0.25g-BS and F-0.25g for the Mixtures F, and A-
0.25g-BS and A-0.50g for Mixture A). Nevertheless, the best performance was achieved by
all mixtures characterized by 0.25g-BS.

The samples with 1 g and 2 g had the poorest photocatalytic performance. The ad-
sorption of the pollutant (in this specific case, RhB molecules) after 3 h could help explain-
ing the lower performance. For all the samples with resin (with or without BS), the ad-
sorption decreased 7% on average. It represents a reduction of 3% compared to the results
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without resin (see Figure 4d) and an average reduction of all results of the photocatalytic
efficiency from 50% (without resin) to 28% (with resin) after 8 h of irradiation. Another
explanation for the performance described could be the fact that the particles can sink into

the resin. These assumptions must be further investigated.
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Figure 8. Results of photocatalytic efficiency of the Mixture R with resin and BS.
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Figure 9. Results of photocatalytic efficiency of the Mixture F with resin and BS.
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Figure 10. Results of photocatalytic efficiency of the Mixture A with resin and BS.
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3.2.2. Water Contact Angle (Wettability)

Figure 11 shows the water contact angle with the time of the asphalt Mixtures R (ref-
erence), F (with 30% of RAP), and A (with 30% of SS). It can be seen that the wettability of
Mixtures F and R is similar, while Mixture A is much more hydrophobic, with a WCA 16°
superior.
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Figure 11. Results of water contact angle for the mixtures without treatment (R —reference, F—with
30% of RAP, and A—with 30% of SS).

Concerning Mixture R, the spraying of the resin decreases the WCA (Figure 12a). The
worst WCA was achieved with 2 g, while the best one with 0.25 g. When the mixture was
functionalized with BS (Figure 12b), the WCA increased for the samples with 0.25, 0.50,
and 1 g of resin. Still, the superhydrophobic capability was achieved only for the first two
treatments.
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Figure 12. Results of water contact angle for Mixture R: (a) with resin, and (b) resin+BS.

In the case of Mixture F, the spraying of the resin also decreased the WCA with the
resin quantity (Figure 13a). When the mixture was functionalized with BS, the WCA in-
creased for the samples with 0.25, 0.50, and 1 g (Figure 13b). Similarly to Mixture R, the
superhydrophobic capability was achieved for the samples with 0.25 and 0.50 g.

160
150
140
130
120
110
100

90

80

Water Contact Angle (°)

160

140

120

100

Water Contact Angle (°)

80

20

20

-.. -----
e __ ===9
.
20 60 80 100 120
Time (s)

40

@)

==& =< F-025g

e F-0.50g

F-1g

F-2g

= =@ == F-0.25g-BS

Time (s)

(b)

100

120

@ F-0.50g-BS

F-1g-BS

F-2g-BS



Sustainability 2022, 14, 573

16 of 20

Figure 13. Results of water contact angle for Mixture F: (a) with resin, and (b) resin+BS.

At last, for Mixture A, the wettability results of the mixtures with resin only and with
BS (Figure 14) were similar to those of Mixtures R and F, even though only the mixture
treated with 0.25 g of resin developed the superhydrophobic capability.
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Figure 14. Results of water contact angle for Mixture A: (a) with resin, and (b) resin+BS.

3.2.3. Effect of the Asphalt Mixture on Photocatalysis and Wettability after Functionali-
zation Process

Regarding the effect of the asphalt mixture on the new capabilities, some topics
should be addressed, namely: (i) amount of resin without and with BS on photocatalysis
and wettability, (ii) photocatalytic efficiency at the end of the test and wettability during
the test and at the beginning, (iii) and wettability before functionalization.

For the photocatalysis, while the reference mixture presented an average 37% of effi-
ciency before the functionalization (with only resin for all contents), the recycled asphalt
mixtures, A and F, had 26% and 25%, respectively. After the BS, the results were 33%,
27%, and 23% for R, F, and A, respectively. In conclusion, the reference mixture performed
better than the recycled mixes. This performance may be explained by the composition of
the aggregates, which can affect the efficiency, according to previous conclusions [34]. In
addition, the adsorption (after 3 h of darkness) is higher for the reference mixture than the
recycled mixtures (8% for R, 7% for F, and 6% for A on average for all results with and
without BS). Higher adsorption represents a higher amount of dye over the surface of the
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mixture and, consequently, over the semiconductor, degrading it more easily. These facts
probably contributed to the best photocatalytic results, coming from the successive spray-
ing coatings (0.25 g of resin and BS; 43% for R, 39% for F, and 32% for A at the end of the
test). In summary, for photocatalysis, Mixture A was less effective than the other mixtures,
but the conventional Mixture R presented the best photocatalytic results.

Concerning the wettability, before the application of resin and resin with BS, the as-
phalt mixture with SS (A) was much more hydrophobic than the other ones, without re-
cycled materials (R) and also with RAP (F). The composition and nature of the aggregates
can also explain this fact. According to previous research, SS, which compose 30% of A, is
rougher than the conventional aggregates (4/10 and 0/4) and RAP [40]. In addition, their
2D form is rounder than the other aggregates [40]. These characteristics of the SS probably
offered a rougher surface after the compaction for A than the other mixtures, increasing
the intensity of surface energy and consequently enhancing the hydrophobicity. However,
microsurface analysis, such as SEM, must be performed to confirm this hypothesis. After
the successive spraying coatings, all asphalt mixtures, conventional or recycled with RAP
and SS, can be used to develop a superhydrophobic surface (WCA > 150). Differently,
from the expected, the asphalt mixture with F was more effective than Mixture A after
the functionalization by the diluted resin and the BS. One hypothesis that can be consid-
ered is that the treatment filled the microsurface of A. However, again this fact should be
better analyzed by microsurface analysis.

As presented in the section—Introduction, the use of recycled aggregate is highly
recommended to provide an ecological asphalt mixture from the beginning of its lifetime.
Moreover, SS have been used to introduce new capabilities to asphalt mixtures, such as
self-healing and anti-ice by increasing the thermal and electrical conductivities, activated
by induction or microwave heating [5,41,42]. These properties are enhanced due to the
high amount of iron from the composition of the SS. In this specific research, it was also
concluded that the introduction of aggregates with iron in their composition did not in-
crease the photocatalytic efficiency, differently from expected. These new potentialities
(self-healing and anti-ice) and the assessment of adverse effects will be studied in further
research works.

4. Conclusions

The main objective of this work was to present the process of development of photo-
catalytic, superhydrophobic, and self-cleaning capabilities on asphalt mixtures with im-
proved immobilization (fixation of the particles) and to analyze the functionalization pro-
cess parameters. From the scientific point of view, this study contributes to the develop-
ment of eco-social friendly pavements. From the pedagogical point of view, it contributes
to raising awareness on relevant public health problems such as air pollution and road
safety and presenting innovative solutions to tackle them. For this, solutions composed of
different solutes (particles) and solvents were used to select the best solution (BS) regard-
ing photocatalytic efficiency and superhydrophobicity. In addition, recycled and conven-
tional asphalt mixtures were functionalized using two consecutive spraying coatings: (i)
the first one with a diluted resin and (ii) the second one with the BS. This second step
aimed to improve the immobilization process of the particles over the surface of the as-
phalt mixtures. From the results, the following conclusions are drawn:

e  For photocatalysis, the best solutions evaluated in this research were TiO2-CET and
TiO2-PTFE under an ethyl alcohol medium with a concentration of 8 g/L (AC 10
TiO2PTFE-ETH-8g/L). The treatments TiO2-ETH, PTFE-ETH, PTFE-CET, TiO2PTFE-
ETH, and TiO2PTFE-CET provided superhydrophobic capability.

e  Concerning both capabilities, the treatment TIO2PTFE-ETH-8g/L was the best con-
sidering the WCA and the second one regarding photocatalysis; therefore it was se-
lected as the best solution.
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e  The spraying of the diluted resin decreased the photocatalytic efficiency. The highest
results were with 0.25g-BS for all the asphalt mixtures. The spraying of the resin re-
duces the WCA. The superhydrophobic capability was achieved for the samples with
0.25 and 0.50 g with BS for R and F mixtures. Mixture A achieved the superhydro-
phobic capability only for 0.25 g of resin.

e Recycled and conventional asphalt mixtures were functionalized with superhydro-
phobic capability. The asphalt mixture with reclaimed asphalt pavement was more
effective than the mixture with steel slags after the functionalization by the diluted
resin and the BS. For the photocatalysis, the Mixture A was also less effective than
these ones. The conventional Mixture R presented the best photocatalytic results. For
the lowest resin amount, all the mixtures achieved superhydrophobicity and per-
formed similarly regarding wettability.

In general, it can be concluded that using successive spraying of a diluted resin and
spraying with particles can provide the superhydrophobic capability for low amounts of
resin (less than 0.50 g). The photocatalytic capability decreased with the use of the resin.
The highest the use of resin, the lowest the photocatalytic efficiency. The best results were
for 0.25 g of resin with BS. However, more studies are essential to explain the results and
consequently to improve them. One hypothesis is that the particles can sink in the thick
layers of resin losing their effectiveness for the new capabilities.

Multifunctional and smart recycled asphalt mixtures can be included in the domain
of clean technology and, in this circumstance, contribute to the transition to a new sus-
tainable model “Green Recovery”. In addition, this work showed that the civil engineer-
ing field is an important potential destination for applying nanomaterials on a large scale,
which can promote the dynamism of the nanomaterial industry. Further, the introduction
of recycled materials in asphalt mixtures is strongly recommended since their incorpora-
tion increases the sustainability of road pavements from the beginning of the lifetime even
before the service life period. This work also showed that this theme analyzed under a
sustainability perspective is relevant in pedagogical terms, once it brings great contribu-
tions to human health and road safety and should be included in the education of our
youngsters and in life-long learning because the society and the environment need actions
to mitigate the problems related to road accidents and air pollution.

The next steps of this research from the scientific point of view will be: (i) microsur-
face analysis in order to confirm the hypothesis that the nano/microparticles sink into the
resin layer; (ii) gas degradation (namely NOx and SO2) in order to evaluate the photocata-
lytic efficiency of the functionalized asphalt mixtures under the air purification perspec-
tive; (iii) assessment of the friction under different conditions (namely, iced, wet and dry)
to confirm the contribution of the particles to the mitigation of road safety problems; (iv)
submission of wearing (abrasion) in the functionalized asphalt mixtures in order to verify
the particles” immobilization; and (v) evaluation of new potentialities of the use of steel
slags (SS) (namely, self-healing and anti-ice) and the assessment of its adverse effects.
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