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SUPERFÍCIES DE PAVIMENTOS ASFÁLTICOS ECOLÓGICAS, FOTOCATALÍTICAS, 

SUPERHIDROFÓBICAS E AUTOLIMPANTES 

RESUMO 

Atualmente, é crescente a preocupação com a poluição do ar, o esgotamento dos recursos naturais e, 

consequentemente com os danos impostos ao meio ambiente. Os pavimentos asfálticos precisam ser 

tecnicamente viáveis do ponto de vista mecânico, apresentar características funcionais adequadas em 

termos de conforto e segurança rodoviária e ser sustentáveis e de custo aceitável. Nesse contexto, o 

objetivo desta tese é desenvolver misturas asfálticas recicladas (ecológicas pela substituição parcial de 

material virgem) e com novas funções através da integração de nano/micropartículas para a camada 

superficial dos pavimentos. A integração de nano/micropartículas proporciona novas capacidades 

(funcionalização) às misturas asfálticas, nomeadamente fotocatalíticas, superhidrofóbicas e 

autolimpantes com um efeito adicional de antienvelhecimento dos ligantes asfálticos. Com o 

desenvolvimento da capacidade fotocatalítica, as misturas asfálticas são capazes de fotodegradar 

poluentes, melhorando assim a qualidade do ar. Sobre a capacidade superhidrofóbica, as misturas 

asfálticas funcionalizadas passam a repelir a água, proporcionando maior segurança rodoviária, 

principalmente em períodos de chuva e temperatura ambiental negativa. Com o efeito autolimpante, as 

misturas asfálticas funcionalizadas conseguem limpar poluentes, como partículas de sujidade, óleo e 

gordura, mitigando a diminuição do atrito devido à presença desses materiais na sua superfície. Para 

tanto, foi realizada uma extensa revisão bibliográfica para fundamentar esta tese de doutoramento. Em 

seguida, as misturas asfálticas foram funcionalizadas através de diferentes métodos de aplicação 

(incorporação em volume, modificação de ligante e revestimento por pulverização) e usando diferentes 

materiais (TiO2, ZnO e Politetrafluoroetileno). As novas propriedades e seus impactos foram analisados 

sob o ponto de vista mecânico, funcional e de funcionalização. As principais conclusões indicam que as 

misturas asfálticas podem ser funcionalizadas por esses materiais a fim de apresentarem novas 

capacidades, apresentando benefícios para o meio ambiente, sociedade, economia e também para o 

desempenho das misturas asfálticas. 

Palavras chave: anti-envelhecimento, efeito autolimpante, mistura asfáltica fotocatalítica, mistura 

asfáltica inteligente, mistura asfáltica superhidrofóbica.  
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ECOLOGICAL, PHOTOCATALYTIC, SUPERHYDROPHOBIC AND SELF-CLEANING ASPHALT PAVEMENT 

SURFACES 

ABSTRACT 

Currently, there is a growing concern with air pollution, the depletion of natural resources, and, 

consequently, with the damage imposed on the environment. Asphalt pavements need to be technically 

viable from a mechanical point of view, present adequate functional characteristics in terms of comfort 

and road safety, be sustainable and at an acceptable cost. In this context, this thesis aims to develop 

recycled asphalt mixtures (ecological through the partial replacement of virgin material) and with new 

functions through the integration of nano/microparticles for the surface layer of asphalt pavements. The 

integration of nano/microparticles provides new capabilities (functionalization) to asphalt mixtures, 

namely photocatalytic, superhydrophobic, and self-cleaning with the additional anti-aging effect of asphalt 

binders. With the development of the photocatalytic capability, the asphalt mixtures are able to 

photodegrade pollutants, and therefore improving the air quality. Regarding the superhydrophobic 

capability, the functionalized asphalt mixtures start to repel the water, providing higher road safety, 

especially in periods of rain and negative environmental temperature. With the self-cleaning effect, the 

functionalized asphalt mixtures are able to clean pollutants, such as dirt particles, oil, and grease, over 

their surface, mitigating the decrease of friction due to the presence of these materials over their surface. 

Therefore, an extensive bibliographic review was carried out to support this doctoral thesis. Then, the 

asphalt mixtures were functionalized using different application methods (volume incorporation, 

modification of binder, and spraying coating) and using different materials (TiO2, ZnO, and 

Polytetrafluoroethylene). The new properties and their impacts were analyzed from mechanical, 

functional, and functionalization point of views. The main conclusions indicate that these materials can 

functionalize the asphalt mixtures to provide them with new capabilities, presenting benefits for the 

environment, society, economy, and for the performance of the asphalt mixtures. 

 

Keywords: anti-aging, photocatalytic asphalt mixture, self-cleaning effect, smart asphalt mixture, 

superhydrophobic asphalt mixture.  
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Chapter 1 – Introduction 

CHAPTER 1 – INTRODUCTION 

The functionalization of materials consists of developing and applying a technique that aims to 

provide them new capabilities or functions. Currently, some methods are being studied from the 

incorporation of nano/microparticles in asphalt mixtures to achieve this goal. Such characteristics are 

mainly related to the surface of the pavements. 

Some application methods and nano/micromaterials were applied to asphalt mixtures as reported 

in the literature to obtain a smart material. However, the functionalization processes need improvements. 

The combination of (nano or micro) materials is rare. The available application methods should be 

compared and evaluated. Mostly, nano/microparticles are applied to provide just one new functionality. 

The essential characteristics are not commonly evaluated. Also, the immobilization of the particles is 

crucial to keep the new functionality working. Other perspectives regarding the use of these techniques 

may be also explored, for example, the (transparent) asphalt binder modification with nanomaterials. 

Finally, the application of new capabilities on recycled asphalt mixtures is uncommon. In this case, the 

functionalization process may provide an ecological and smart material from the beginning of the lifetime. 

Thus, the objective of this doctoral thesis is to develop multifunctional and ecological asphalt mixtures 

fulfilling the technical (mechanical and functional) requirements. 

Asphalt mixtures with photocatalytic properties promotes air purification through the application 

of semiconductor materials. The photocatalytic asphalt pavements degrade organic pollutants, SO2, and 

NOx in the presence of water and oxygen when irradiated by sunlight. Such an effect contributes to air 

cleaning and surface cleaning when adsorbed oils and greases contaminate the pavements. Another 

functionalization process is the development of the superhydrophobic capacity. A superhydrophobic 

asphalt mixture has the ability to repel water and prevent the formation of ice on the surface, which might 

improve road safety. The self-cleaning capacity, associated with the superhydrophobic property, is based 

on the fact that the water drops present a sphere form that can easily roll over the surface carrying dirt 

particles. For road safety, this effect will help removing dirt particles from the surface, avoiding skidding 

problems. The self-cleaning effect also occurs with the photocatalytic capability. In this case, oil and 

greases are photodegraded, cleaning the surface. 

There is also a demand for techniques that are less harmful to the environment worldwide, through 

the signing of the Kyoto Protocol and the holding of the 2015 UN Climate Change Conference (COP21), 

which aimed to limit the increase in global temperature below 2 °C, revised every 5 years from 2020. In 
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the Transport Infrastructure area, it is necessary to appeal to techniques such as recycling to optimize 

resources, avoid the use of natural resources and decrease emissions due to the reduction of raw material 

pre-processing. 

The pavement deterioration is directly related to the ageing of the asphalt bitumen (the binder) 

that occurs due to the combined action of UV and oxidation in the presence of oxygen and high 

temperatures. To mitigate this problem, semiconductors, which absorb and reflect UV light during 

photocatalysis, can be applied to asphalt mixtures. 

The functionalization of asphalt pavements may improve functional characteristics (texture, 

longitudinal and transversal irregularities, friction, noise level, resistance to rolling, light reflection, and 

surface drainage), which are related to safety, comfort, and, more recently, environmental parameters. 

In this context, the functionalization of ecological surface layers of asphalt pavements will bring 

environmental, social, and economic benefits.  

In this doctoral thesis, in order to obtain a multifunctional asphalt mixture, some research 

problems and advances are aimed concerning the combination of nano/micromaterials, comparison 

between application methods, assessment of the essential characteristics and the particles 

immobilization, new potentialities of use of TiO2, and application of new capabilities on recycled asphalt 

mixtures. To fulfil these objectives, first, an extensive literature review was carried out. Then, two types of 

asphalt mixtures were functionalized with TiO2 and ZnO semiconductors (by spraying coating and volume 

incorporation), their new capabilities were analyzed, and their mechanical and functional characteristics 

were also assessed. Furthermore, the semiconductors were applied by asphalt binder modification to 

analyze their impacts on their physicochemical and rheological characteristics and provide anti-aging 

effects (new potentialities). Finally, the recycled asphalt mixtures were designed, assessed, and 

functionalized with TiO2 and PTFE particles in order to improve the photocatalytic and the 

superhydrophobic capabilities aiming the improvement of the particle’s fixation over their surface. 

1.1. Objectives 

The main objective of this thesis is the development of ecological asphalt mixtures, functionalized 

and optimized in terms of their functional characteristics. This design can be achieved through an 

appropriate articulation between recycling techniques (enabling the reduction of raw material) and the 

incorporation of nano/micromaterials to provide them with new properties and the appropriate selection 

of grading. These asphalt mixtures should not only be technically viable, that is, they should be able to 
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withstand traffic and weather conditions, but they should also be improved in terms of surface 

characteristics when used as top layer to increase the ecological character of the pavements and also 

improve road safety. Among these new capabilities, it is intended to develop asphalt mixtures with the 

following functionalities: (i) photocatalytic, to be capable of photodegrading organic pollutants to clean the 

environment. The application of this technique will contribute very positively so that pavements can 

become ideal locations (given its large surface area) for the photodegradation of pollutant gases that are 

systematically emitted by vehicles exhausts; (ii) superhydrophobic to guarantee higher levels of safety 

during periods of rain and low temperatures; and (iii) self-cleaning to avoid skidding problems and facilitate 

water drainability. Also, it is intended to provide anti-aging effects to the asphalt binders with the 

incorporation of semiconductor nanoparticles. Thus, for this thesis, the following specific objectives are 

drawn: 

• To carry out an extensive literature review about photocatalytic asphalt mixtures considering the 

main material application methods (materials, scale, technique of application, among others), test 

methods and analysis, gaps in literature, real scale section experiences, modelling, cost analysis, 

among others; 

• To perform a literature review about superhydrophobic asphalt mixtures regarding the materials 

used, application methods, analysis and literature gaps and results; 

• To review the literature considering other smartness applied on asphalt mixtures and to compare, 

summarize and analyze them; 

• To apply semiconductor materials (TiO2 nanoparticles and/or ZnO microparticles) by spraying on 

different asphalt mixtures (different substrates) and analyze them under chemical and 

morphological, mechanical and functionalization points of view and evaluate the influencing 

parameters; 

• To analyze the mechanical impacts (fatigue, rutting and water sensitivity) of the functionalization 

process and evaluate the impacts of weathering and traffic on photocatalytic efficiency; 

• To evaluate the functional impacts (macro and microtexture and friction) of the functionalized 

asphalt mixtures; 

•  To modify the asphalt binders with TiO2 nanoparticles in order to assess the physicochemical and 

rheological characteristics and anti-aging effects of this application; 

• To design and evaluate the recycled asphalt mixtures using Reclaimed Asphalt Pavement (RAP) 

and Steel Slags (SS) in order to present ecological asphalt pavement layer from the begging of the 

lifetime; 
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• To functionalize the recycled asphalt mixtures (with RAP and SS) in order to obtain an ecological 

and multifunctional material and evaluate them under photocatalytic and superhydrophobic 

capabilities; 

• To analyze the effectiveness of application of different materials (TiO2 and PTFE particles with 

different contents and solvents) on the functionalization process of recycled asphalt mixtures using 

a diluted resin; 

• To evaluate different application methods of nano/microparticles on asphalt mixtures (volume 

incorporation, asphalt binder modification and spraying coating). 

1.2. Thesis Organization 

During the Ph.D. period, different research works were published, allowing and encouraging the 

thesis organization to be written by scientific articles. It is supported by 9 scientific articles published in 

6 international journals (presently, one of them is still under review), 2 indexed conferences and 1 national 

conference. Other publications using results that are not presented in this Ph.D. thesis are described in 

the Parallel Work reported in the last chapter. Thus, this thesis is organized as follows: 

i) Chapter 1 – Introduction 

In the first chapter, the subject under study is introduced, and the thesis objectives and 

organization are presented. 

ii) Chapter 2 – Literature review: photocatalytic asphalt mixtures. 

In the second chapter, a literature review about photocatalytic asphalt mixtures is presented and 

the main findings discussed. This chapter is related to the journal article (Smart, Photocatalytic and Self-

Cleaning Asphalt Mixtures: A Literature Review) published in Coatings (MDPI). In this chapter, it is 

expected to compile and discuss the most important information in literature regarding the photocatalytic 

asphalt mixtures. 

iii) Chapter 3 – Literature review: superhydrophobic asphalt mixtures 

In the third chapter, a literature review about superhydrophobic asphalt mixtures is carried out 

and the main issues are reported. This chapter is related to the document Superhydrophobic Asphalt 

Pavements: Surface Improvement published in EOSAM 2020 (EPJ WEB OF CONFERENCES).  
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The objective is to show the most important information in the literature about the 

superhydrophobic asphalt mixtures. 

iv) Chapter 4 – Literature review: smart asphalt mixtures 

In the fourth chapter, the literature review about other new capabilities applied to asphalt mixture 

is presented and discussed. Currently, with the results of this chapter, a manuscript (Review and analysis 

of advances in functionalized, smart, and multifunctional asphalt mixtures) was submitted to a prestigious 

scientific journal. In this chapter, deicing-anti-icing, self-healing, thermochromic, and latent heat thermal 

energy storage capabilities applied on asphalt mixtures are compared and analyzed concerning future 

perspectives. 

v) Chapter 5 – Development of Photocatalytic and Superhydrophobic Asphalt Mixtures 

In the fifth chapter, the first laboratory research work was carried out considering the application 

of TiO2 and ZnO semiconductor nano/microparticles aqueous solution to the asphalt mixtures to provide 

them with new capabilities. This chapter is related to the journal article (Assessment of photocatalytic, 

superhydrophobic, and self-cleaning properties on hot mix asphalts coated with TiO2 and/or ZnO aqueous 

solutions) published in Construction and Building Materials (Elsevier). The main objective is to set up a 

procedure to develop the photocatalytic, superhydrophobic and self-cleaning capabilities on asphalt 

mixtures. In this procedure, the effect of factors as different materials, mixtures, wearing testing are 

analyzed. 

vi) Chapter 6 – Mechanical impacts and photocatalytic efficiency of asphalt mixtures 

In the sixth chapter, mechanical impacts and photocatalytic efficiency were evaluated when 

semiconductor nanoparticles are applied by two methods: bulk incorporation and spraying coating. This 

chapter is related to the journal article (Photocatalytic asphalt mixtures: Mechanical performance and 

impacts of traffic and weathering abrasion on photocatalytic efficiency) published in Catalysis Today 

(Elsevier).  

vii) Chapter 7 – Functional impacts of functionalized asphalt mixtures 

In the seventh chapter, the functional impacts were assessed when the semiconductors are 

applied by bulk incorporation and spraying coating. This chapter is related to the journal article 

(Photocatalytic asphalt mixtures: semiconductors’ impact in skid resistance and texture) published in 

Road Materials and Pavement Design (Taylor and Francis). The functional characteristics texture and skid 
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resistance are assessed after the functionalization process to check if changes negatively affect road 

safety. 

viii) Chapter 8 – Effects and potentialities of modification of asphalt binders with TiO2 

In the eighth chapter, TiO2 nanoparticles were used to modify two asphalt binders, one used 

currently and another transparent. The work carried out took place during two academic exchange 

mobilities, the first one at the Federal University of Ceará (Brazil) and the second one at the University of 

Antwerp (Belgium). The main objective is to analyze an asphalt binder modified with nano-TiO2 and 

evaluate new potentialities, for example, the use of these nanoparticles in a transparent asphalt binder. 

Thus, the purpose of these research work was to evaluate the effects of the modification of the asphalt 

binders with nano-TiO2 under physicochemical and rheological viewpoints. With the results, two 

documents were published: i) Evaluation of physical and rheological properties of asphalt binder modified 

by nano-TiO2 after aging in Portuguese Road Congress and ii) Physicochemical and Rheological Properties 

of a Transparent Asphalt Binder Modified with Nano-TiO2 in Nanomaterials (MDPI).  

ix) Chapter 9 – Recycled asphalt mixture using steel slags and reclaimed asphalt 

In the ninth chapter, recycled asphalt mixtures were designed and assessed from the mechanical 

and functional points of view. This chapter is related to the document Incorporation of steel slag and 

reclaimed asphalt into pavement surface layers published in Wastes: Solutions, Treatments and 

Opportunities III (Taylor and Francis). This chapter aims to design and characterize recycled asphalt 

mixtures in order to provide them with new capabilities (next chapter). 

x) Chapter 10 – Ecological, photocatalytic, superhydrophobic and self-cleaning asphalt mixtures 

In the tenth chapter, recycled asphalt mixtures were functionalized and assessed using all the 

experience from the previous research works using TiO2 and PTFE particles to improve the photocatalytic, 

self-cleaning and superhydrophobic capabilities and the immobilization of the micro/nanoparticles. These 

results were the last research work carried out; thus, currently, the submission to a scientific international 

journal is being prepared. This chapter reports how the new capabilities were provided to the recycled 

asphalt mixtures aiming the improvement of the smartness and the particle’s immobilization. 

xi) Chapter 11 – Conclusions and parallel and future works 

In the last chapter, the general conclusions are presented, the parallel work is reported, and also 

future work is suggested considering the gaps and the sequence of this research. 
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It is important to mention that the scientific articles were not produced with the same sequence 

presented in the thesis. The literature reviews were submitted or published after most of the other 

research articles. Thus, the literature review includes the main results of these research articles. In order 

to understand better all the organization, the objectives and relationship between the chapters, Figure 1 

and Figure 2 present the schematic representation of this thesis. 

 

Figure 1: Schematic representation of this thesis: part 1 
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Figure 2: Schematic representation of this thesis: part 2 
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CHAPTER 2 – LITERATURE REVIEW: PHOTOCATALYTIC ASPHALT MIXTURES 

This chapter refers to the literature review about photocatalytic asphalt mixtures “Smart, 

Photocatalytic and Self-Cleaning Asphalt Mixtures: A Literature Review” published in Journal Coatings 

(impact factor – if - 2.881). Figure 3 shows its first page. The content of this chapter is included in the 

article, which digital object identifier (DOI) is doi.org/10.3390/coatings9110696. The main objective of 

this chapter is to present the most relevant information on literature considering the application of the 

photocatalytic capability to the asphalt mixtures. The main findings of this chapter support the laboratory 

work carried out in the chapters 5 to 8 and 10 regarding the photocatalytic capability applied to asphalt 

mixtures. 

 

Figure 3: First page of the research work published in Coatings [1] 
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2.1. Introduction 

Since the findings of the photocatalytic capability of semiconductor materials, smart products have 

been gradually inserted in the market during the last three decades [2]. The global market of 

photocatalytic products is growing from $848 million in 2009 to the expected value of $2.9 billion by 

2020 [3]. Nowadays, self-cleaning surfaces based on photocatalytic processes are applied in dissimilar 

areas such as buildings, road paving, vehicle side-view mirrors, lamps, and even in textiles. Among the 

semiconductor materials based on oxides, such as titanium dioxide (TiO2), zinc oxide (ZnO) and tungsten 

oxide (WO3), TiO2 have received the highest attention.  

Fujishima researched the photoelectrolysis of water using a TiO2 electrode during the 1960s [4]. 

Following this revolutionary change in photo-electrochemistry and as a response reaction to the oil crisis 

of the 1970s, his research pointed to innovative methods for hydrogen production using TiO2 

semiconductor material. Nevertheless, due to the need to use ultraviolet (UV) light irradiation (accounting 

for only about 3% of the solar spectrum) for starting the photocatalysis, the H2 production promoted by 

using TiO2 appeared to be unattractive. Then, research has pointed out the investigations of TiO2 to air 

and water-pollutant photodegradation [4]. 

Road pavements must be able to withstand the effects promoted by vehicle traffic and also by the 

climate actions (weathering), ensuring driving conditions meet requirements related to safety, comfort, 

economy, and with low environmental impact on the surrounding ecosystems. Most recent research on 

road pavements is intended to improve the mechanical behavior of asphalt mixtures, but recently the 

functionalization and multifunctional capabilities have become an important topic.  

As described by Han et al. [5], a smart and multifunctional cement/asphalt/polymer concrete is 

a material with properties that differ from conventional concretes, which can react to external stimulus 

complying with those requirements, such as stress and temperature. These properties can be self-healing, 

self-sensing, electrically conductive, electromagnetic, and thermal. A smart and multifunctional material 

is accomplished by proper composition design, special processing, introduction of new functional 

components, or via the modification of the microstructure from the conventional one [5]. In this sense, a 

smart asphalt mixture is a material that holds another property besides ensuring good mechanical and 

superficial performance. 

The smart and multifunctional concretes (by their smartness or function) are classified by its 

smartness, mechanical, electrical, optical, electromagnetic wave/radiation shielding/absorbing, water-
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related, and energy-harvesting functions. The optical functions are light-transmitting, light-emitting, and 

photocatalytic ability [5,6]. 

Heterogeneous photocatalysis mediated by semiconductors has recently attracted significant 

interest due to its efficient capacity to convert solar energy into chemical energy, mainly in applications 

devoted to the field of environmental remediation. Several research studies achieved good and promising 

results related to the degradation of different pollutants emitted by fossil fuels used by road vehicles. Due 

to the huge surface area of photocatalytic road pavements and its vicinity to the exhaust gases from 

automobiles, they are quoted as promising surfaces for the reduction (in the presence of sunlight and 

moisture/O2) of SO2, NOx, COx, HC, soot fouling and other volatile organic compounds (VOCs) present in 

the atmosphere [7–14]. Since in the presence of light irradiation, photocatalytic materials can degrade 

organic pollutants (such as oils and greases) adsorbed to their surface, these materials can also be 

classified as self-cleaning materials, a very important property in road engineering applications, because 

the self-cleaning function can contribute to a significant reduction of car accidents on oil-spilled areas. 

The most important new functions imparted to asphalt mixtures are the photocatalytic and self-

cleaning properties. Therefore, the main goal of this article is to present a review of the functionalization 

processes performed over asphalt mixtures and also the discussion of their most relevant features. Firstly, 

the general characteristics of titanium dioxide semiconductor material and its essential principles of 

photocatalysis will be discussed in Sections 2.2 and 2.3, respectively. Afterward, some applications 

related to civil engineering materials will be presented in Section 2.4. Concerning the particular 

applications for asphalt mixtures, Section 2.5 presents the main materials used and the corresponding 

published topics, application methods and its benefits and limitations, some surface modifications as a 

strategy to improve photocatalytic efficiency such as TiO2 metal doping or coupled semiconductor 

photocatalysts (e.g., g-C3N4–TiO2 or CdS–TiO2 systems), analysis of results from literature, modeling of 

photocatalytic pavements, impact on the essential characteristics of asphalt mixtures and application to 

experimental and real road sections and also their related costs.  

2.2. General Aspects and Characteristics of Titanium Dioxide  

TiO2 is the most widely used semiconductor material in the field of photocatalysis because of its 

great ability to promote the degradation of organic pollutants, superhydrophilicity, chemical stability, long-

term durability, non-toxicity, visible light transparency [15], low cost and availability (0.44% of the 

elemental chemical composition of the Earth’s crust is Ti) whose worldwide reserves are higher than 600 

million tons [16,17]. 



 

 12 

Chapter 2 – Literature Review: Photocatalytic Asphalt Mixtures 

As with different materials, TiO2 is produced in four different geometric/dimensional shapes (0 to 

3). The zero dimensions refer to spherical particles, one dimension is devoted to nanowires, nanorods, 

nanobelts, and nanotubes, the two-dimensional shapes are for nanosheets, and lastly, the 3D shapes 

usually refer to porous nanostructures. Obviously, the selection of the geometric/dimensional shapes 

depends on the ultimate application purposes [18]. TiO2 nano or microspherical particles are mostly 

applied in smart materials. They have a high specific surface area as well as high pore volume and pore 

size, thus increasing organic pollutant adsorption and, consequently, improving the photocatalytic 

efficiency [15,19]. 

TiO2 presents three crystalline phases: anatase, rutile, and brookite. Anatase is the most stable 

crystalline phase, while brookite is uncommon and unstable. Anatase phase can be converted to the rutile 

phase by heating higher than 700 °C. Anatase and rutile crystallize in the tetragonal system while brookite 

presents an orthorhombic form. The structure of the anatase phase shows bipyramid tetragonal symmetry 

with four units per elementary cell, and, for rutile, it is tetragonal, with two formula units per elementary 

cell [20]. Concerning the photocatalytic ability, the literature reports that TiO2 anatase structure is more 

efficient than rutile due to its more exposed structure. Degussa P-25 is the trade name of TiO2 particles 

that are most commonly used in different applications. These particles are composed of about 25% rutile 

and 75% anatase. This phase composition enables the formation of clusters or thin rutile layers onto the 

surface of anatase particles, or the presence of individual rutile and anatase nanoparticles, or even 

heterojunction of the two crystalline phases [21]. The literature refers to the fact that a combination of 

these two phases can improve photocatalytic efficiency when compared to the use of just one phase [22]. 

Regarding TiO2 nanoparticles, there are some features that can influence photocatalytic efficiency, 

namely, their size, specific surface area, exposed surface facets, pore volume and structure as well as 

crystalline phase content [15]. 

Besides the photocatalytic properties, TiO2 presents a superhydrophilic surface under 

photoinduction. A TiO2 surface can change between a less photocatalytic and more superhydrophilic state 

depending on the chemical composition and processing techniques. When this semiconductor material 

is irradiated by UV light, the water adsorbed on the surface of TiO2 spreads, forming a thin film, which is 

related to the reconstruction of hydroxyl groups under UV-light irradiation. Molecular oxygen captures the 

photo-excited electrons and holes diffuse to the TiO2 surface where they can be trapped by surface lattice 

oxygen, as suggested by Nakamura et al. [23].  

 



 

 13 

Chapter 2 – Literature Review: Photocatalytic Asphalt Mixtures 

Hole trapping weakens the energy between the Ti atoms and lattice oxygen. Another adsorbed 

water molecule breaks this bond, forming a new hydroxyl group. The successive dissociative adsorption 

of water induces the trapping of these hydroxyl species leading to the photogeneration of a hydrophilic 

domain (size of about 10 nm). Given the unstable state of this surface, the bound photogenerated hydroxyl 

groups desorb gradually, and the surface returns to its initial state, presenting less hydrophilic 

behavior [11,24]. TiO2 material’s surface with flat or rough texture can exhibit hydrophobic or 

superhydrophobic behavior when coated with hydrophobic materials, for example, some silane 

compounds. Moreover, TiO2 surfaces can also present a superhydrophilic state, which, in general, is 

characterized by a water contact angle less than 5° when irradiated with UV-light [15]. 

2.3. Basic Principles of Photocatalysis 

Photocatalysis is commonly defined as the catalysis of photochemical reactions of adsorbed 

species on the semiconductor’s surface [25].  

Unlike metals that have a continuum of electronic states, semiconductor materials possess an 

electronic structure that is characterized by an empty energy space region where there are no energy 

levels available to promote the recombination of electron-hole (e−/h+) pairs generated by photoactivation 

in the solid semiconductor. The empty energy region is the so-called band gap energy (Eg), which extends 

from the top of the filled valence band (VB) to the bottom of the empty conduction band (CB) of the 

semiconductor material. 

The TiO2 VB mainly consists of oxygen 2p orbitals, whereas the CB is essentially formed by the 3d 

orbitals of the Ti4+ cations [26]. Since photoexcitation (upon light irradiation) occurs via the band gap, the 

generated e−/h+ pairs have enough lifetime, to promote charge transfer to adsorbed species on the 

semiconductor surface (from the solution or from the gas phase in contact) and participate in redox 

processes [26]. The interaction of the photogenerated e−/h+ pairs with chemical species adsorbed to the 

semiconductor surface generally occurs via two main pathways. At the semiconductor surface, the 

electrons can be transferred to acceptor species, thus being reduced (usually the electron acceptor is 

oxygen in an aerated solution); in turn, the holes migrate to the semiconductor surface where they can 

be combined with donor species (e.g., OH−), which become oxidized. Competing with charge transfer to 

the adsorbed species is the phenomenon of electron-hole recombination. The recombination of the 

separated e−/h+ pairs can occur in the bulk of the semiconductor particle or on its surface, releasing 

energy as light or, more frequently, as heat. Obviously, the recombination of the photoexcited e−/h+ pairs 
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are detrimental for the photocatalytic performance and, therefore, this phenomenon should be retarded 

to enable the occurrence of an efficient charge transfer process on the photocatalyst surface. Charge 

carrier trapping can be used as an important mechanism that can be employed to suppress the 

recombination process and increase the lifetime of the separated e−/h+ pairs to participate efficiently in 

redox reactions. The most effective separation of the e−/h+ pair is achieved from the Ti defect states and 

surface Ti–O–Ti sites (or terminal Ti–OH), which can trap the electrons and holes, respectively. In general, 

oxygen vacancies [27], surface Ti3+ [28], Ti interstitial or even ions in the lattice or in the near-surface of 

TiO2 [29] are responsible by the generation of intra-bandgap energy levels, which are of great importance 

in retarding the rate of e−/h+ recombination and simultaneously can enable the absorption of light by TiO2 

catalyst, not only in the ultraviolet, but also in the visible region of the electromagnetic spectrum [30–

32].  

Besides, the e−/h+ pairs can also be trapped by using other strategies comprising the 

semiconductor surface modification. For example, in TiO2 photocatalysis, the addition of transition metals 

(so-called metal doping, for example, iron doping to the semiconductor can change its photocatalytic 

process by altering the semiconductor surface properties [33]. Upon photoexcitation, the electron 

migrates to the metal (covering a small area of the semiconductor surface), getting trapped there, and 

thus, the e−/h+ recombination is blocked. This occurs due to the creation of the so-called Schottky barrier 

that is produced at the metal–semiconductor interface, which acts as an effective electron trap avoiding 

electron-hole recombination and, therefore, increasing the photocatalytic efficiency [34]. 

Despite this, in several cases related to the preparation of some colloidal and polycrystalline 

photocatalysts, ideal semiconductors crystal lattices are not formed. Instead, surface and bulk defects 

occur quite regularly during the photocatalysts preparation process. The nature of surface defect sites 

depends on the semiconductor’s preparation method. A particular example about the role of surface traps 

is the preparation of CdS colloids obtained by the addition of H2S to a cadmium salt solution, which 

generates surface defect sites promoting radiation-less recombination of charge carriers in this 

semiconductor system. Furthermore, if a surface modification is performed by the addition of excess Cd2+ 

ions and with a proper pH adjustment toward a basic solution, then it induces the blocking of charge 

carriers trap sites, which also promotes radiation-less recombination of electron-hole pairs across the 

semiconductor bulk band gap, therefore being detrimental to the photocatalytic performance [34,35].  
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Figure 4 is a schematic representation of photoexcitation in a semiconductor material in which an 

electron is moved from its valence band to the conduction band, provided that light is absorbed with 

energy equal to or higher than the semiconductor’s energy band gap. 

 

Figure 4: Schematic representation of the photo-excitation in a semiconductor material. Adapted from [36] 

 

The general mechanism of photocatalysis using TiO2 under UV light irradiation (wavelength less 

than 385 nm) follows several stages, which can be generically presented as photochemical reactions 

shown by Equations (1) to (4) [36–39]. Initially, an e−/h+ pair is photogenerated by the UV light irradiation 

on the semiconductor material (Equation (1)). Then, the electrons and holes react with oxygen and 

moisture, forming super-oxide ions (O2
−) and hydroxyl (OH*) radicals, respectively, which are highly 

reactive species (Equations (2) and (3), respectively). The O2
− specie reacts with H+, dissociated from 

water, and forms HO2
∗ . From these radicals, pollutant gases such as, for example, NOx, can be degraded, 

according to Equations (5) and (6) [36–39]. For NOx-type gases, the photocatalysis end products are 

essentially water-soluble nitrates, which can react by forming mineral salts that are harmless and very 

soluble in water [40,41]. In this sense, the end products can be easily removed from surfaces by rain or 

by simple washing. The soluble nitrates end products should be analyzed to assess their environmental 

damage. In fact, it is ideally desirable that, after photocatalysis of NOx-type gases, nitrates would be 

produced with a very low concentration, therefore, without harming the environment. 

TiO2  
hv
→ h+ + e− (1) 

e−  +  O2  →  O2
− (2) 

h+  +  OH−  →  OH∗ (3) 

H+  +  O2
−  →  HO2

∗  (4) 

NO + HO2
∗  →  NO2 + OH

∗ (5) 

NO2  +  OH
∗  →  HNO3 (6) 
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Additionally, the TiO2 semiconductor material can also degrade organic compounds through 

dissimilar oxidation reactions that, ideally at the last stage, lead to the formation of carbon dioxide and 

water (Equation (7)). The chemical reaction shown below can be extended to other organic materials such 

as oil and greases [12], for example, and/or bio microorganisms [42]. 

OH∗ + C𝑛O𝑚H(2𝑛−2𝑚+2)  →  C𝑥 O2 + H𝑦 2O (7) 

 

The understanding of the charge carriers’ kinetics and the associated energies of the VB and CB 

can be accessed from different characterization techniques. For example, diffuse reflectance 

spectroscopy studies analyzed in light of the Kubelka–Munk theory are commonly utilized to determine 

the semiconductor’s energy band gap [43,44]. Time-resolved spectroscopy and electron spin resonance 

are applied to monitor the e−/h+ pairs dynamics and to identify the radicals formed upon the transfer of 

the charge carriers [45]. Therefore, these results are essential for understanding the mechanisms 

underlying photocatalysis.  

Figure 5a shows the measured values for diffuse reflectance spectroscopy of TiO2 nanoparticles, TiO2 

nanoparticles milled at 350 rpm, and TiO2 nanoparticles milled with Fe (at 350 rpm) by using the ball-

milling technique. Figure 5b presents the Kubelka–Munk transform, which enables the energy band gap 

calculation of TiO2 particles.  

After acquisition of the TiO2 reflectance curve (reflectance (R) versus wavelength), the Kubelka–

Munk function can be expressed as F(R) = (1 – R)2/2R and the Kubelka–Munk transform is given by [F(R) 

× E]½ in which E corresponds to the incident photon energy (see Figure 5b). Taking the curve shown in 

Figure 5b, the value of the energy band gap was calculated by drawing a line tangent to the curve (drawn 

from the curve’s inflection point) to its intersection point with the energy horizontal axis. Such an 

intersection point corresponds to the Eg value. For this specific case, the Eg value for TiO2 without milling, 

milled with and without Fe powder was 3.0, 2.68, and 2.45 eV, respectively. These results, that is, the 

changes on the TiO2 energy band-gap, showed that the milling process, as well as doping of the 

semiconductor by a transition element (iron), influenced the semiconductor's optoelectronic 

properties [43]. 

As mentioned before, the TiO2 semiconductor activates the photocatalysis when it is irradiated by 

UV light. However, the sunlight is mostly composed of visible and infrared photons, having a very low UV 

light irradiance, since only about 3%–5% of the solar spectrum comprises the UV range [43]. In this sense, 
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one of the most important concerns reported in literature review to obtain improved photocatalytic 

materials is the doping of TiO2 particles with different materials in order to decrease its Eg to the wavelength 

range of visible light (indicated in Figure 5) or forming localized mid-gap states above the valence 

band [27], thus promoting the degradation of pollutants when subjected to the incidence of photons in 

the visible range [43,46]. As already pointed out, some TiO2 doping approaches have been studied, such 

as, for example, via the utilization of transition metals: Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt; 

and non-metals: N, S, C, B, P, I, F [47] or by chemical doping or physical ion-implantation methods [27]. 

These strategies not only ensure the absorption in the UV range, but also promote the visible-light 

absorption, thus improving the photocatalytic efficiency under natural solar irradiation [48]. 

 

 
Figure 5: Diffuse reflectance spectroscopy of TiO2 nanoparticles (a) and calculation of the TiO2 energy band gap by the 

Kubelka–Munk theory (b) [43] 

 

 

(b) 
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2.4. General Application for Civil Engineering Materials 

Semiconductor materials have been extensively used in many applications from common 

products, such as sunscreens, to advanced and smart materials in the materials science context. The 

literature refers to the use of semiconductors for chemical (paints), automotive (glasses), aerospace 

(sensors), photovoltaic (self-cleaning glasses for the optimization of optical transmission), biomedical 

(functionalization of biomedical prostheses), textile (textiles for treatment of effluents from processing 

tasks), and civil engineering materials (facade tile materials, glass and pavements) mainly devoted to 

environmental and energy-related fields [15,49]. The use of the semiconductor materials can consist of 

the promotion or improvement of some properties, such as self-cleaning, photodegradation of air and 

water-pollutants, anti-fogging, anti-microbial, anti-aging, cooling surfaces, among others. 

In the last few decades, research activity in civil engineering has mainly focused on studying the 

composition and design of more eco-friendly materials due to the natural resources depletion and 

environmental damages caused by this activity sector. For the construction of buildings and road 

pavements, non-renewable sources, i.e., aggregates, cement, and oil products, are required. On the other 

hand, there has been growing motivation for recycling wastes, the life-cycle study of different materials, 

and also their emissions [50,51]. More recently, TiO2 nanoparticles have been incorporated in this sector, 

for example, in the production of more eco-friendly cementitious and asphalt materials, paints, and finally 

glasses, which can be devoted to many purposes, mainly for air-cleaning applications. 

Ohama and Gemert have divided the use of TiO2 semiconductor in construction materials into 3 

different applications: (i) horizontal: concrete pavements, paving block and paving plates, coating systems 

for pavements and roads, roofing tiles, roofing panels, and cement-based tiles; (ii) vertical: indoor and 

outdoor paints, cement-based materials, permanent formworks, masonry blocks, sound-absorbing 

elements for buildings and roof applications, traffic divider elements, street furniture, retaining fair-faced 

elements; and (iii) tunnels: paints and coatings, concrete panels, concrete pavements, ultrathin white 

toppings [52].  

Industrial activities and road traffic are the main causes of pollutant gas emissions such as SO2, 

NOx, and VOCs. For example, in France, the health costs only related to road traffic air pollution represent 

about 0.9%–2.7% of its gross domestic product (GDP) [53]. This type of pollution also reduces the 

appearance and durability of building materials. The use of inorganic photocatalysts, such as TiO2, has 

proven to be relatively cheap and an effective strategy to remove toxic organic compounds and pollutant 
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gases from air and aqueous environments. An important and smart application of the TiO2 photocatalyst 

is concerned with its use in construction and building materials. Moreover, given the building’s large 

surface areas, they can also be used to promote the removal of pollutant gases from the surrounding 

air [54]. 

Cementitious materials, especially those used for outdoor applications, are permanently exposed 

to the action of atmospheric pollutants, microorganisms, and different weather conditions, in which all of 

them can be related to the deterioration and modification of the material properties. In this context, the 

use of TiO2 can contribute to increasing the material life cycle while simultaneously promoting air-

depollution of polluted areas or the depollution of some specific industries [52,55]. Also, the 

photocatalytic mortars can remove soot fouling, which deteriorates the architectural appearance of 

buildings [13]. 

Besides the self-cleaning effect and photodegradation of air pollutants, TiO2 can be applied to 

provide passive cooling on the surface of building facades. Under solar light irradiation, TiO2-coated 

building surfaces become superhydrophilic if subjected to some cooling process, such as spraying water 

droplets on its surface facades, which spread to form a thin film of water covering large areas of the 

building’s facade. It is important to emphasize that the cooling of a warm building surface (typical case 

of summer season) is due to a thermodynamic process, which results from the release of heat due to 

water evaporation when it comes into contact with the building’s warm surface. This smart process for 

cooling down the buildings would decrease the electric energy that is consumed by using conventional 

air conditioning. Regarding the self-cleaning effect, the use of TiO2 can maintain heritage buildings and 

also cleaner facades over time [4,19,49]. For this purpose, the pioneering use of TiO2 in Europe took 

place in the Church Dives in Misericordia, Italy, and in the Music and Arts City Hall in France, which 

ensured that the original color of their facades was preserved [52]. 

Another pioneer application of photocatalysis in the civil engineering area refers to the coating of 

self-cleaning glasses for tunnel lighting in Japan. Uncoated lamps tend to lose brightness due to 

contaminants from vehicle exhaust gases that are adsorbed onto the lamp exterior. Sodium lamp glasses 

coated with TiO2 semiconductor emit enough UV light (~3 mW/cm2) to enable catalytic reactions and 

photodecompose adsorbed contaminants [11]. 

For indoor applications, TiO2 coated ceramic tiles, and mortars are considered to be very effective 

against bacteria [56] and also fungi [57]. The bacteria are killed faster than they can grow on 
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photocatalytic ceramic tiles. This application in hospitals and health centers can be used to reduce the 

spread of infections. Moreover, it can be used for public, commercial, and residential buildings to improve 

the hygienic conditions [56].  

Considering the antifungal application on mortars, Jerónimo et al. evaluated the growth evolution 

of the Cladosporium fungus. They found that after 49 days, in the case of the mortar without TiO2, the 

fungus began to develop while the one with 4% of TiO2, the fungus was still practically germinating [57]. 

The TiO2 semiconductor material has also been applied on (window) glasses for anti-fogging and 

self-cleaning purposes [58,59]. The use of self-cleaning properties on glass windows can save money on 

building maintenance budgets, like cleaning by using conventional methods which is expensive and 

laborious, especially when dealing with high-rise buildings. Its main benefit is the combination of 

hydrophilicity and pollutant photodegradation, which significantly helps the cleaning process [59]. The 

next section presents additional aspects related to the application of TiO2 on asphalt pavements, especially 

those related to de-pollution purposes. 

2.5. Photocatalytic Asphalt Pavements 

Road pavements are ideal places for reducing air pollution due to their large paved surface areas, 

which are in close vicinity with the toxic gases emitted by the vehicles circulating there [60]. Figure 6 

schematizes the operational mechanism of the asphalt mixtures with photocatalytic ability, one of the 

most evaluated characteristics in multifunctional road pavements. 

 

Figure 6: Photocatalytic asphalt mixture from [9] 

 

Photocatalytic surfaces are also considered self-cleaning due to their ability to degrade organic 

pollutants, such as adsorbed oils and greases. In a road safety context, the ability to degrade organic 
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compounds adsorbed on paved surfaces can prevent problems related to vehicle skidding, thus 

contributing positively to the reduction of road accidents [7].  

The number of articles published on topics related to photocatalytic asphalt mixtures has been 

steadily increasing. When looking for the keywords “photocatalytic” and “asphalt mixtures” (using Google 

Scholar), it is possible to observe that the research about this topic rose from 2 to 40 occurrences between 

2006 and 2018, respectively, excluding citations. When carrying out the same analysis but only searching 

the keyword “asphalt mixtures”, it is possible to count the total occurrences of 904 and 3220 for the 

same period, respectively. This number means that in 2018, only 1% of occurrences refer to research 

about the topic of photocatalytic asphalt mixing. On the other hand, for this research topic, the number 

is increased by about 65% when the word “mechanical” is included in “asphalt mixtures”, thus showing 

that the mechanical behavior of asphalt mixtures is the most important issue related to asphalt 

pavements. Moreover, it can be concluded that the research in photocatalysis applied to asphalt mixtures 

is quite innovative and is of great interest to researchers. 

2.5.1. Materials and Techniques for Application of Photocatalytic Effect on Asphalt Mixtures 

Like many other applications in the field of material science, the most important semiconductor 

material in photocatalytic asphalt mixtures also refers to TiO2 [7,61,62]. Meanwhile, the literature also 

presents information regarding the use of other materials, such as ZnO [8] and graphitic carbon nitride 

(g-C3N4) [63,64]. ZnO is also a semiconductor material with a band gap of about 3.3 eV [65,66], while 

g-C3N4 is a new type of non-metal photocatalyst that has a band gap of  ~2.7 eV [63,64,67]. TiO2 is 

commonly used on a nanometer scale (between 6 and 40 nm) [39,68–70]. In photocatalytic asphalt 

mixtures using TiO2, the crystalline phase of anatase [10,68,69,71,72] and the TiO2 nanoparticles P-

25 [7,8,62] are commonly used. Analyzing the photocatalytic capacity applied to asphalt materials, quite 

a few works can be found on conventional asphalt mixtures [7,60], asphalt mixtures with lower production 

temperature (warm mix asphalt) [71], slurry seals [63], fog seals [73], asphalt emulsions [64,74], among 

others. Also, other issues have been studied, such as their application in real context or just small test 

sections [62,69,70,72,74,75], and the computational modeling of the photocatalytic capability of road 

pavements [75,76].  

In order to obtain photocatalytic asphalt mixtures, it is possible to highlight four main techniques 

that can be utilized to apply the semiconductor materials in the asphalt mixtures: (i) spraying 

coating [7,10,40,46,68,71,73], (ii) volume incorporation [7,68,73,77], (iii) bitumen modification [71], 
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and (iv) spreading [68,73,78,79]. Bitumen modification is developed before the manufacture of the 

asphalt mixture. The semiconductor particles are mixed just with the binder. The technique by volume 

incorporation is carried out during the asphalt mixture production where the particles are inserted and 

combined with the aggregates and/or the filler. The spraying coating and the spreading processes are 

applied over the asphalt mixture after its compaction. The first one, that is, the spraying coating, is carried 

out using a spray-painting gun and the second one (spreading process) is carried out by using a specific 

solution that is deposited over the surface like a chip sealing or even using paintbrushes. There are other 

techniques that can be used to functionalize asphalt mixtures, but probably implying a higher degree of 

application difficulty and also leading to a higher cost of implementation in a real context, such as the 

use of the atmospheric plasma-spraying technique [70]. 

Spraying coating is probably the most efficient functionalization technique, and it also uses smaller 

amounts of semiconductor material. However, the immobilization of the semiconductor particles over the 

asphalt mixtures surface is still a major challenge. The second and third functionalization processes, i.e., 

the volume incorporation and bitumen modification, respectively, probably guarantee the best 

immobilization characteristics, but more material needs to be used compared to the other ones. 

Nevertheless, traffic abrasion is required to expose the semiconductor material that is covered by 

bitumen.  

The modification technique improves the aging resistance of asphalt binders mainly due to the 

capability of the semiconductors to reflect and absorb the UV light, which is the most important issue for 

the long-term aging process [71,80–82]. Additionally, TiO2 nanoparticles as bitumen modifier decrease 

the acid component and increase the alkaline component and also the surface-free energy of the asphalt 

binder, leading to improvements in the adhesion between the asphalt binder and the aggregate [83]. 

Regarding the spraying coating technique, the literature reports the application of aqueous 

solutions [7,10,40,71,73] and other ones with emulsions [74], cement and resins [39,78], polymers [84] 

and rubber [69] in order to achieve a better immobilization process. A significant concern that should be 

taken into account when it is desired to obtain photocatalytic aqueous solutions is the dispersion of the 

TiO2 nanoparticles; otherwise, they may agglomerate and, consequently, decrease the photocatalytic 

efficiency. Some authors submitted TiO2 solutions to ultrasonic treatment [46,68] or prepared aqueous 

solutions with a value of zeta potential different from the isoelectric point [7]. 
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 The previous preparation reduces particle agglomeration because of the van der Waals attraction 

forces that should be competing with the Coulomb’s repulsive electrostatic forces [7]. For the preparation 

of the TiO2 aqueous solution, the suggestion is to use a pH equal to 8 [7]. 

To improve the photocatalytic efficiency and the immobilization of the nanoparticles, Leng and Yu 

proposed an interesting spraying technique called Breath Figure (BF). The process consisted in a solution 

with TiO2 nanoparticles mixed with asphalt binder, polymer (polystyrene) and solvent (tetrahydrofuran). 

This process can create porous microstructures in bitumen, thus creating suitable conditions for TiO2 

particles to enter and be deposited inside the pores. The photocatalytic efficiency of the BF asphalt mixture 

was higher than that obtained with the asphalt mixture sprayed with TiO2 aqueous solution before and 

after abrasion condition. The best proportion was 2:1:1 of TiO2, binder, and polymer, respectively, and 

the concentration of all solutes was 120 mg/mL [84]. 

For the case of asphalt mixtures, the application of TiO2 doping by using dissimilar materials, the 

literature reports the its functionalization by La [46], Ce [68,85], Cu and Fe by ultrasonic-assisted sol-

gel [85], N by simple mixing [86], and C [62] and Ag [69]. The authors concluded that TiO2 doped with 

0.5% of La (mol%) [46] and 0.2% of Ce (mass ratio) [68] presented the optimal photocatalytic efficiency. 

Chen et al. mixed TiO2 and urea at a 2:1 ratio in molar proportions [86]. Unfortunately, neither C nor Ag 

content was reported by Fan et al. [62] and Liu et al. [69], respectively. Under visible light, all of these 

treatments were able to degrade pollutants (such as NOx) and improved photocatalytic efficiency because, 

considering the solar spectrum on Earth, visible light irradiance is much higher than UV. Other materials 

have been added to TiO2 in order to improve its photocatalytic efficiency or even to improve another 

capability, such as the superhydrophobic ability. The non-metal g-C3N4 improved the NO degradation [64] 

and ZnO increased the water contact angle of the asphalt mixtures [8] when they are combined with the 

TiO2 semiconductor material. 

Considering the UV light resistance of asphalt binders modified with TiO2 doped with Cu, Fe, and Ce 

(molar mass ratio of [Ti4+/Metal ion] equals to 3/1), Jin et al. [85] concluded that the optimal content of 

these materials is 5% (in the binder mass). Comparing the results obtained, the best performance was 

achieved by using Ce. The photocatalytic efficiency increased by at least 27% for NO and 40% for HC, 

after 90 min of testing, when the TiO2 was doped when compared to the samples with only TiO2. Regarding 

the HC and NO degradation, the best doping materials, presented in ascending order, are Cu, Ce, and 

Fe [85]. 
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2.5.2. Testing, Results Analysis of Photocatalytic Asphalt Mixtures 

In order to evaluate the photocatalytic ability, the literature presents gas degradation tests, such 

as NOx and VOCs, most of them according to the standards ISO 22197-1 and JIS TR Z 0018 [61,68,71], 

and tests of photocatalytic efficiency via the degradation of different organic dyes, such as methylene 

orange (MO) [62], methylene blue (MB) [7,68] and rhodamine B (RhB) [8,9], which use 

spectrophotometric techniques (Figure 7b). Both tests can be used to evaluate the photocatalytic gas 

degradation, considering both air depollution and dye degradation for self-cleaning applications. 

Nevertheless, both tests are clearly related as they are used for measuring the ability of pollutant 

photodegradation.  

Regarding the first test, some gases have been used: some VOCs: HC [85], benzene, toluene, xylene 

and trimethylbenzene [60], SO2 [10] and mainly NO, NO2 or NOx [69,72,84]. Briefly, the gas flow with a 

controlled concentration passes into a chamber where the sample containing the semiconductor material 

resides inside and is subjected to light irradiation (Figure 7a). The gas concentration is monitored at the 

outlet of the system and the photocatalytic efficiency can be further evaluated. It is possible to control 

humidity, temperature, light irradiation (wavelength and power), gas flow rate and concentration, and 

other physical parameters.  

 

 

 

Figure 7: Experimental tests to measure the photocatalytic activity: (a) NOx degradation efficiency (1: lamp for light 
irradiation, 2: quartz window, 3: test specimen, and 4: temperature stabilizer); (b) degradation of an organic dye; (c) 

aqueous solution of an organic dye of different color intensity over time, thus indicating its degradation 

 

Regarding the second test, that is, the organic dye degradation, the asphalt mixture samples under 

study are dipped into a dye’s aqueous solution of known initial concentration. Subsequently, the sample 

already immersed in the dye’s aqueous solution is exposed to light irradiation and, over time, the variation 

in solution concentration is monitored by spectrophotometry (Figure 7b,c). The photocatalytic efficiency 

(a) 

(b) 

(c) 
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can be calculated from detected variations (decrease) in the maximum absorbance values recorded on 

the absorption spectrum by using visible spectroscopy. As before, it is also possible to control light 

irradiation (wavelength and power), the dye’s solution concentration, volume, and pH. 

Figure 8 shows the results related to the two types of tests mentioned previously. For the gas 

degradation (Figure 8a), a plot of gas concentration, in this case, NOx, versus duration (degradation time) 

is presented [61,87]. During the test beginning, the UV light is turned off. After reaching the equilibrium 

condition (after about 1 h 45 min), the UV-light source is turned on. Next, the gas is released, flowing into 

the chamber, and it is observed that the NO gas concentration decreases over time, thus showing a 

photodegradation capability. Actually, after 5 h of testing, the NO gas concentration becomes essentially 

constant, showing a reduction in its concentration of 72 ppb, which is a value that corresponds to about 

18.8% when compared to the initial gas concentration (it was about 390 ppb). After 7 h of testing, the 

gas flow and the UV light source were turned off. 

 
(a) 

 
(b) 

Figure 8: Results of photocatalytic tests: (a) variation (over time) of gas concentration, indicating its photodegradation 

from [61] (b) absorbance variation (over time) of the dye’s aqueous solution, indicating its photodegradation from [7] 
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Figure 8b shows the absorbance spectra of the methylene blue aqueous solution acquired for 

different UV light irradiation times [7]. For the calculation of photocatalytic efficiency, the decrease of the 

maximum absorbance (wavelength equals to 662 nm) is observed. Using the Beer–Lambert law and 

considering that the molecular extinction coefficient and the light path length are constant, the 

concentration and the absorbance are directly proportional (Equation (8)), and the photocatalytic 

efficiency can be calculated from Equation (9). It is observed that the sample’s photocatalytic efficiency 

increases over time of photo-irradiation, because the absorbance of the dye’s aqueous solution decreases 

(or similarly, its concentration decreases over time), thus indicating the occurrence of the 

photodegradation process. In this specific case, the tests were conducted for 480 min. Thus, it is possible 

to present a plot of photocatalytic efficiency versus photo-irradiation time. 

It is also important to emphasize that some details can be carried out to evaluate the photocatalytic 

ability better, thus avoiding some errors or misunderstandings. When the samples are immersed in the 

aqueous dye solution, still without UV light irradiation, a first phenomenon occurs, which is the adsorption 

of the dye onto the sample’s surface. Therefore, it is recommended that samples should be kept in the 

dark until the adsorption–desorption equilibrium is reached [88]. Additionally, due to the granitic nature 

of the aggregates, some photocatalytic efficiency also occurs for blank samples, that is, those that have 

not been modified by the addition of semiconductor material. In order to avoid or even eliminate the side 

effect of exposed aggregates, the side and bottom faces of the samples should be coated with bitumen, 

thus only showing their upper face that is the traditional condition. If this procedure is not performed, this 

must be considered for the results, that is, photocatalytic efficiency for the blank samples [9]. 

𝐴

𝐴0
=
𝐶

𝐶0
 (8) 

Φ (%) =  (
𝐴0 − 𝐴

𝐴0
) × 100 (9) 

 

where A and A0 are the maximum absorbance of the dye’s aqueous solution for a determined 

instant of time, t and for initial time t = 0 h, respectively; meanwhile, C and C0 represent the concentrations 

of the dye’s aqueous solution for the same instants of time mentioned previously and Φ is the 

photocatalytic efficiency. 

In these tests, the source light used to promote the samples irradiation may be only the UV light 

(shorter wavelengths of about 300 nm) [7] or simulation of sunlight spectra [8,9] and also visible light 
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(for example, by using a halogen lamp with a wavelength of 400–800 nm or light-emitting diodes (LEDs) 

in different wavelengths) [46,68,86]. The first option, that is, the use of UV light irradiation takes into 

account only the photocatalytic process activated in this region of the electromagnetic spectrum. The 

irradiation that simulates the sunlight considers real situations of outdoor applications. The last one, i.e., 

the samples irradiation over the visible range of the electromagnetic spectrum, is carried out in order to 

study the effect of semiconductor doping on the photocatalytic efficiency. For example, in order to evaluate 

the photocatalytic efficiency of doped-TiO2 coated asphalt mixtures, Chen et al. used lamps operating in 

different wavelengths, namely 330–420 nm, 430–530 nm (blue LED), 470–570 nm (green LED), and 

590–680 nm (red LED). They have concluded that the N-doped TiO2 asphalt mixture presented a better 

photocatalytic efficiency than the conventional TiO2-coated asphalt mixture. Besides, the photocatalytic 

efficiency decreases with the increase of the wavelength [86]. 

Another technique, proposed by Osborn et al., consists of adding water over the photocatalytic 

surface and, after 5 min, collecting this aqueous solution with a syringe to analyze the number of existing 

nitrates [10,61]. This technique resulted in 48% of the nitrate removal when compared to the standard 

method, that is, the ISO 22197-1 standard. It is a simple procedure that does not require the acquisition 

of asphalt samples from the field.  

The oil/grease degradation could also be analyzed. For example, instead of evaluating the 

photocatalytic efficiency through the degradation of some organic compounds (dyes or soot) [4,14], there 

is the opportunity to evaluate this ability via the degradation of some simple oil/grease compounds that 

can be analyzed by spectrophotometry, for instance. 

The photocatalytic efficiency can be influenced by several factors, such as pollutant flow rate and 

concentration, solar irradiation, humidity, environmental temperature, among others. Due to the action 

of traffic and wind speed on the photocatalytic asphalt mixture, a decrease in its photocatalytic efficiency 

in NOx degradation usually occurs by about 60% and 42%, respectively [72]. An increase of the solar 

irradiation also leads to the concomitant increase in photocatalytic efficiency. The presence of excessive 

water inhibits the photocatalytic reaction as humidity competes with pollutants for adsorption over the 

surface, thus decreasing the photocatalytic efficiency [10,70,72]. On the other hand, the increase of gas 

flow rate decreases the photocatalytic efficiency due to an insufficient photocatalytic reaction under high-

speed gas flow, because it reduces the contact time between the reactants and the catalyst [10,46]. 
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Moreover, the gas concentration also influences the photocatalytic efficiency. The higher the 

concentration, the lower the photocatalytic efficiency [46,69]. Light irradiation with shorter wavelengths 

is more effective than for longer wavelengths [69,70]. A decrease in photocatalytic efficiency when the 

samples are submitted to higher temperatures has also been observed, which can be explained by the 

higher kinetic energy of the molecules, thus accelerating their gasification and reducing the contact of the 

gas with the semiconductor material [69]. Additionally, the dust particles over the asphalt mixtures also 

contribute to reducing the photocatalytic efficiency [77]. Besides the photocatalytic effect, this technology 

promotes a temperature decrease in the urban environment. Due to the color and light reflection, the TiO2 

treatment over the asphalt mixtures surface can reduce their surface temperature. This application can 

mitigate urban heating island (UHI) and building cooling demand [89]. The registered maximum 

temperature decrease, in a summer day, was 5.5 °C for a cool off-white asphalt when compared to the 

conventional asphalt mixture. 

2.5.3. Photocatalytic Asphalt Mixtures Modeling 

Some authors developed models related to the NO degradation promoted by photocatalytic asphalt 

pavements. Equations (10) to (12) describe NO concentration by factors related to the number of vehicles 

per hour (T), relative humidity (H), wind speed (V) in m/s, ambient temperature (TAmbient) in °C and solar 

radiation rate (S) in W/m2 [75]. 

NObefore = 0.96 × T +0.22 × H −1.33 × VAmbient −10.5 × V +0.02 × S (10) 

NOafter = 0.31 × T + 0.06 × H −0.1 × TAmbient − 0.75 × V + 0.0003 × S (11) 

NOreduction = NObefore – NOafter (12) 

 

where NObefore and NOafter correspond to the hourly average of NO (ppb) concentration before and 

after the application of TiO2, respectively and the NOreduction corresponds to the difference between these 

values. The modeling presented a R2 of 0.79 for the untreated samples and 0.67 for the treated ones. As 

there are just a few studies about the photocatalytic efficiency of asphalt mixtures, therefore this must be 

better evaluated. 

Kruschwitz et al. [76] report a 3D simulation of the whole length of photocatalytic asphalt 

pavement, showing similar results between the finite-element simulation technique and the experimental 

measurements of NO vs. time. They present some variables, such as the initial concentration of NO, 

vehicle distribution, NO emission by vehicle, road geometry, solar effects on NO (natural conversion from 
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NO to NO2), and pollution-reducing effects. They also showed uncertainties in the weather condition (for 

example, UV irradiation, wind, and rain) [76]. 

2.5.4. Mechanical and Surface Impacts and Design of Photocatalytic Asphalt Mixtures 

The mechanical characterization of photocatalytic asphalt mixtures has already been carried out. 

By volume incorporation, TiO2 leads to a decrease in moisture resistance, while fatigue and rutting may 

also be affected. A high content of TiO2 (6%) improved the rutting resistance but decreased the fatigue 

resistance, whereas a low content of TiO2 (3%) slightly increased the rutting but maintained the fatigue 

resistance [9]. Furthermore, the functional impact was also evaluated. The functionalization techniques 

by spraying coating using aqueous solution and volume incorporation led to a difference in friction 

between −7% and 3%. The microtexture amplitude parameters were not affected by any functionalization 

technique except the skewness of AC 14 with 6% TiO2 by volume incorporation [90]. 

Wang et al. [79] concluded that the friction and texture depth of the asphalt mixtures decreased 

when the spreading TiO2 coverage rate (by emulsion spreading) is increased. Considering the local 

technical requirements, 550 g/m2 is the maximum coverage rate that respects these parameters. The 

same authors studied the water permeability of the photocatalytic asphalt mixtures. They concluded that 

the covering rate did not affect the water permeability. They recommended 8% TiO2 with a covering rate 

of 400 g/m2.  

A very interesting article was published taking into account the smart asphalt mixture design. 

Analyzing a mortar composed of asphalt binder, filler, and TiO2, Zhang et al. [77] showed that the stiffness 

modulus was not influenced by the TiO2 content. The increase of TiO2 content raises the cone penetration 

values at 60 °C, which can indicate lesser performance of permanent deformation resistance. Analyzing 

the mechanical behavior of the asphalt mixture functionalized by volume incorporation, they concluded 

that the TiO2 content did not affect the water sensitivity and the low-temperature anti-cracking 

performance, but it affects the permanent deformation.  

Considering the maximum value for the deformation, the same authors reported that the 

maximum content of TiO2 that respects the mechanical behavior of the asphalt mixture is 4%. Regarding 

the accumulative decomposition ratio of automobile exhaust degradation, they reported that the best 

content of TiO2 is 3.1% in mass of the aggregates by volume incorporation. Considering the voids content 

of the asphalt mixture, the efficiency increases with the increase of voids content because of the higher 

contact area between automobile exhaust and asphalt mixtures.  
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Considering the compaction, they observed that increasing in the number of gyrations by the 

Superpave Compactor leads to the decrease of the photocatalytic efficiency. They suggest the application 

of an asphalt mixture with high air voids content, for example porous asphalt concrete. Thus, obviously, 

during the service period of the photocatalytic asphalt pavement, the photocatalytic efficiency decreases 

due to the compaction. 

These concerns consist of the design of smart asphalt mixtures taking into account the essential 

parameters (mechanical and superficial performance) and the new capabilities. For coatings by spreading 

or spraying over asphalt mixtures, the functional (superficial) characteristics should be respected. For the 

volume incorporation, besides the functional characteristics, the mechanical performance should be 

assessed. Last but not least, those functionalized by bitumen modification must be evaluated under aging 

resistance, mainly by UV light. Under these circumstances, it is possible to obtain the optimization of the 

new capabilities (in terms of content, covering rate, etc.), respecting the standard requirements for real 

applications. 

2.5.5. Photocatalytic Applications in Real Context or Small Road Sections 

Regarding the application in real scenario context or small test sections, some first approaches 

were performed (Figure 9). Bocci et al. applied a bituminous emulsion containing TiO2 and cement mortar 

made of sand, cement, additives, and TiO2 sprayed over asphalt mixtures onto Highway A14 in Italy. The 

coatings were applied to the right and emergency lanes of the road and their performance was monitored 

for 527 days. The most important variables that contributed to the decrease in emulsion efficiency were 

the low temperatures and rainfall. Its efficiency has been reduced by about 80% in just 100 days. 

The authors concluded that, for tunnel applications, where weathering would be avoided, the best 

alternative should consist of the application of a bituminous emulsion, while, for the case of emergency 

lanes, the best option could fall on the use of cement mortar [74]. 

Meanwhile, Lui et al. applied a composite material (composed by Ag-doped TiO2 nanoparticles 

dispersed in silane-bound rubber powders and dissolved in ethanol) to coat the asphalt mixture surface 

layer of the Wenxing Tunnel in Xiamen, China. According to their study, the results obtained showed that 

when the technology was applied to zones in the middle of the tunnel, a NOx gas uptake of at least 62.4% 

was registered. When this result was compared to that obtained for tunnel exit sites, they found a decrease 

in gas uptake by about 26.3% because of the easier gas exit from the tunnel (i.e., at the tunnel end sites, 

the gas is closer to the outside) [69]. 
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Moreover, Chen and Liu also applied a photocatalytic coating composed of TiO2 nanoparticles 

dispersed in silane on the asphalt mixture of Highway G11 from Tsitsihar to the Nehe River, China. They 

showed a photocatalytic efficiency from 6% to 12% under real scenery of outdoor road traffic [70]. 

Wang et al. [78] spread cement mortars containing TiO2 particles bound by epoxy resin in asphalt 

pavements of a test section at the Institute of Highway Engineering at Aachen, Germany. The authors 

observed that, without using the polishing process, the technology presented a photodegradation capacity 

of about 25.2%, while after 300 min of the polishing task (equivalent to a period of 8–15 years of traffic), 

the samples showed a photocatalytic efficiency of about 10.7%. 

Fan et al. [62] sprayed a C-TiO2 aqueous solution over a 90 m2 section of asphalt road in Sheung 

Shui District, New Territories, Hong Kong. After applying the treatment, they heated the asphalt road 

surface by using an infrared heating lamp in order to immobilize the C-TiO2 nanoparticles and concluded 

that heating treatment was successful. Besides out-of-the-wheel tracks, the nanomaterials remained since 

there is no traffic wearing [62]. 

Another study suggests that the durability (permanence) of TiO2 nanoparticles sprayed over asphalt 

pavement surfaces ranges from 10 to 16 months [61]. Recently, Chen et al. applied a spraying coating 

of N-doped TiO2 (by using a silane coupling reagent) over an asphalt road and showed that the coating’s 

durability kept working during about 13 months [86]. 

 

  
Figure 9: Photocatalytic test sections: (a) by Hassan et al. [10]; (b) by Wang et al. [78] , and (c) by Bocci et al. [74] 

 

The literature points out that the application of photocatalytic treatments on asphalt mixtures is 

still being studied. There are just a few articles published about the analysis in a real context. In fact, 

ensuring the nanoparticles immobilization over surfaces still remains the major problem and challenge 

for researchers. The main and most commonly used application techniques are those that interact with 

the surface: spreading and mainly spraying coating. The others, that is, the bitumen modification and 

(a) 

(b) 
(c) 
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volume incorporation techniques, should be tested since there is a lack of information on these 

approaches under test section or real context applications. 

2.5.6. Cost Analysis 

Regarding the costs, probably between the known four application methods, those that use the 

least amount of semiconductor material and also is more efficient, refers to the spraying coating 

technique. Hassan et al. carried out an economic analysis of a photocatalytic coating of TiO2 aqueous 

solution sprayed over the asphalt pavement surface layer. This solution was composed of anatase phase 

of TiO2 nanoparticles (2% by volume), and it was applied covering 0.05 L/m2. They concluded that the 

photocatalytic coating costs were about USD 2.25 per m2 (in 2012). When compared to the application 

cost around 9 cm asphalt mixture layer, the coating application increased by 11% the initial budget [10]. 

Fan et al. reported that the fabrication cost of the C-TiO2 aqueous solution coating applied by spraying is 

estimated in USD 1–3 per m2 covering about 7 g/m2 (in 2018), but the other costs need to be evaluated 

in further studies. Bocci et al. studied bituminous emulsion containing TiO2 and cement mortar made of 

sand, cement, additives, and TiO2 sprayed over asphalt mixtures. They reported a cost of €6.50 per m2 

(0.067 kg/m2) for the first one and €20 per m2 (1 kg/m2 except for water) for the second one, in 2015.  

As a typical example related to the costs of raw TiO2 nanoparticles, one can highlight the case of 

Evonik Aeroxide P-25, which presents a cost of about USD 45 per kg [91]. Nevertheless, it is well known 

that TiO2 nanoparticles are still quite expensive due to very low industrial production. It is predictable that, 

in the next years, this cost would decrease significantly due to the very high application versatility of TiO2 

nanoparticles. Besides, since these researchers report very small test sections, the application over 

asphalt roads in a real context that covers much larger areas necessarily requires the acquisition of a 

large amount of nanomaterials, thus leading to a decrease in the nanoparticles’ price. Because there is 

a lack of information about the cost analysis, this approach could be evaluated by researchers in further 

studies. 

It can be concluded that photocatalytic road pavements are very important since if they are close 

to the largest emissions, they have a large area, and the pavements are mostly bituminous. As mentioned, 

there are important references related to the functionalization of asphalt mixtures to impart photocatalytic 

function. However, there is still limited experience on this topic, thus the surface immobilization 

techniques of semiconductor materials need further studies. Other aspects also require further 

investigation, such as the application of semiconductor materials in different substrates (asphalt 
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mixtures), the impact of functionalization on the functional and mechanical characteristics, application 

costs, and real application analysis. 

2.6. Conclusions 

Photocatalytic asphalt mixtures behave like smart materials since they present new capabilities 

when subjected to the action of light (optical interaction). Photocatalysis applied in this field is very 

innovative and is of great interest to researchers. This new capability is mainly provided by the presence 

of semiconductor materials, mostly TiO2, usually at the nanometer scale (anatase phase or P-25) and 

applied by using four major methods: spraying coating, bitumen modification, volume incorporation and 

spreading.  

When irradiated by UV light from sunlight, the TiO2 semiconductor material activates the 

photocatalysis process. Nevertheless, the sunlight is composed of only 3%–5% of the UV range light. 

Therefore, many research efforts have been carried out in order to shift the TiO2 absorption energy to the 

visible range of the electromagnetic spectrum; a common strategy consists of using a TiO2-doping process 

with different chemical elements in order to obtain an improvement in the photocatalytic efficiency. Under 

the scope of road pavements, the photocatalytic efficiency can be evaluated by degradation of a harmful 

gas (mainly NOx) and monitoring over time the variation of the concentration of a particular organic dye’s 

aqueous solution (MB, MO or RhB). 

There exist some variables that can influence the photocatalytic efficiency, such as pollutant flow 

rate and concentration, solar irradiation, humidity, and environmental temperature. In general, a high 

concentration of pollutants, high environmental temperature, high relative humidity, high gas flow rate, 

high traffic, and wind speed contribute to decreasing the photocatalytic efficiency. On the other hand, a 

high level of solar irradiation increases photocatalytic efficiency. In addition, the incidence of higher energy 

photons on a semiconductor material becomes more effective than when the incidence occurs with less 

energetic photons (longer wavelengths). Additionally, higher asphalt mixture air voids and cleaner surfaces 

improve the photocatalytic efficiency.  

In order to design a smart asphalt mixture, the researchers must consider the essential 

characteristics (mechanical and superficial) and the new capabilities. They should optimize the new 

capabilities (in terms of content, covering rate, etc.), respecting the standard requirements for real 

applications. Regarding the costs of the application, TiO2 nanoparticles are still quite expensive because 

their industrial production is still quite low. However, it is predicted that the cost will decrease significantly 
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in the next years. Since there is a lack of information about the cost analysis, this approach could be 

evaluated by the researchers in further studies. 

It can be concluded that photocatalytic road pavements are very important since they can be used 

in places where there are high emissions of pollutants (typically in areas with a high density of urban 

mesh), since these modified road structures are characterized by having a high surface area and, 

therefore, present a great potential to effectively promote photocatalytic reactions with the surrounding 

pollutants, thus contributing to the improvement of health conditions of populations that live in those 

urban centers. However, in real contexts (functionalized pavements with great extension, tens or hundreds 

of kilometers) the existing experience on application techniques is unsatisfactory, and some problems 

mostly associated with the surface immobilization of the semiconductor materials need further study.  
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CHAPTER 3 – LITERATURE REVIEW: SUPERHYDROPHOBIC ASPHALT MIXTURES 

This chapter presents the most relevant information on literature considering the application of 

the superhydrophobic capability to asphalt mixtures. It was published in EPJ Web of Conferences 238, 

12012 (2020) “Superhydrophobic Asphalt Pavements: Surface Improvement”. Figure 10 shows its first 

page. The content of this chapter is included in the article, which DOI is the following one: 

10.1051/epjconf/202023812012. The findings of this chapter were mainly used in chapters 5 and 10 

considering the application of nano/microparticles on asphalt mixtures in order to provide 

superhydrophobic capability. 

 

Figure 10: First page of the research work published in EPJ Web of Conferences [92] 
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3.1. Introduction  

The water, snow, and ice over the surface of the road pavements cause time waste, economic 

loss, polluting the environment and daggering passenger safety, and traffic congestion. Also, due to the 

presence of ice/snow over airport roads, flights are canceled, causing personal problems for travelers 

and millions of losses for the airline companies and airports [93]. The conventional method to melt the 

ice/snow over the pavement's surface is spreading salt (mainly chloride salts, for example, NaCl and 

CaCl2) and chemical compounds, which affect the asphalt pavement performance and oxidize vehicles 

and special structures (i.e., bridges), and, at long-term period, it causes environmental problems [94].  

One of the main functional characteristics of road pavements is friction. It expressively reduces 

when there is water or ice on the road surface. Thus, it is essential to drain or repel the surface water 

quickly. Superhydrophobic materials can do it fast, and, by their self-cleaning effect, the dirt particles are 

removed [8,93]. This research work aims to present an overview of superhydrophobic capability applied 

to asphalt mixtures. 

3.2. Superhydrophobic Asphalt Mixtures Using Nano/microparticles 

Wetting is the ability of a liquid (mainly water) to maintain contact with a solid surface, resulting 

from intermolecular interactions. As reported by Wenzel (1936), wettability is described by a 

thermodynamic process. Regarding the hydrophilic surfaces, the process is spontaneous since the wet 

interface free energy is inferior to that of the dry interface. Whereas for hydrophobic surfaces, the process 

is non-spontaneous because the dry interface free energy is lower than that of the wet interface [8,93,95]. 

Furthermore, the wettability is also directly related to the surface roughness. Increases on roughness 

raise the contact angle (CA) between the (water) drop and the material surface; that is, it can improve 

the hydrophobicity [95].  

The superhydrophobic capability is achieved when the CA is higher than 150° [96]. While, 

according to some authors, CA should be lower than 5 or 10° to have a superhydrophilic, or super-

wettable surface [96]. 

Superhydrophobic surfaces are not wetted by water, presenting low surface energy. They are 

usually designed by two methods: i) applying surface treatments with low-surface-energy, and ii) creating 

a rough surface [97].  

about:blank
about:blank
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The benefits of the promotion of this capability for the materials are diverse, providing functions 

such as water-resistant, anti-icing, antibacterial, contaminant-free, self-cleaning, and anticorrosive [96].  

3.3. Application Method 

Some nano/micromaterials (with a grain size between 6 nm and 45 µm) have been applied on 

asphalt mixtures: TiO2, ZnO [8], modified-SiO2 [98], modified fluorine-containing polymer with nano-

CaO [95], Magnesium–Aluminum layered double hydroxides (Mg-Al LDHs) [94], and PTFE [93]. Usually, 

solutions (or dispersions) are prepared containing the nano/microparticles. They are applied by spraying 

over the asphalt mixture surfaces. In some cases, there is just one spraying process or even two. For the 

case of two spraying processes, the binder layer is applied, then the dispersed particles are sprayed over 

the binder layer [8,93]. 

3.4. Analysis 

The superhydrophobic capability is mostly evaluated by optical and electron analysis. The main 

method is by measuring the CA of the water and the surface. As mentioned before, CA must be higher 

than 150° to guarantee the superhydrophobic surface. 

As previously described, the surface should be rough, being essential to the analysis of the 

microtopography of the surface. The surface roughness is usually analysed by optical methods, for 

example, by optical triangulation based-microtopography (Figure 11). In this case, surface parameters 

can be assessed in order to characterize it and compare materials and treatments. 

 

Figure 11: Microtopography of an asphalt mixture 

 

Also, the images by Scanning Electron Microscope (SEM) are essential to understand the 

microtopographic structure of the surface. In Figure 12, the self-cleaning effect is showed by water drops 

carrying the dirt particles that were previously deposited, as the effect of the Lotus Flower [99].  
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A biomimetic approach is developed to provide a self-cleaning effect. Tests to check the feasibility 

are also conducted: friction [93,100], water drop freezing [94], and durability [94,95]. 

 

Figure 12: a) Water drop carrying dirt. Adapted from [99] 

 

3.5. Results on Literature 

Table 1 summarizes the main results in the literature. Most of the research work has used 

nanoparticles. The CA ranges from 150 to 166°, depending on the material and application method.  

Table 1: Superhydrophobic Asphalt Mixtures. 

Material Grain size (nm) Dispersion Medium CA (°) Reference 

TiO2 23 – 28 Water 150  [8] 

Modified- SiO2 20 

Silanes, Water, 

Ethanol, and 

Ammonia 

151  [98] 

TiO2 ZnO 23 – 28, 45000 Water 155  [8] 

Mg-Al LDHs 100 Naphtha 152  [94] 

* * * 157  [100] 

Fluorine polymer with nano-CaO 6 – 20 Water 163  [95] 

PTFE 12000 Acetone** 166  [93] 

*Not described by the authors, **One binder layer composed of epoxy resin dissolved in xylene was 

sprayed before the application of the particles. 
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The highest CA was achieved by using microparticles of PTFE [93]. The superhydrophobic asphalt 

mixtures can present rough surface [94,95], delay water freezing [94,98], decreasing the ice adhesion 

force [94]. Besides, friction was slightly influenced by water and ice [100]. Durability should be further 

explored. 

3.6. Conclusions 

Superhydrophobic coatings containing PTFE, TiO2, TiO2 and ZnO, SiO2, Mg-Al LDHs, and fluorine 

polymer with nano-CaO nano/microparticles have been applied over asphalt mixtures to improve safety. 

They are tested under optical and electron analysis (CA, surface roughness, and SEM images), friction, 

water drop freezing, and durability. Relevant literature results indicate that road can be safer with 

superhydrophobic asphalt mixtures. 
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CHAPTER 4 – LITERATURE REVIEW: SMART ASPHALT MIXTURES  

This chapter presents the literature review about smart asphalt mixtures “Review and analysis of 

advances in functionalized, smart, and multifunctional asphalt mixtures” submitted to a prestigious 

scientific journal. Figure 13 shows its first page. The sections about photocatalysis, superhydrophobicity, 

and self-cleaning were removed as they were already addressed in chapters 2 and 3. In this chapter, only 

the other capabilities were considered. Thus, the main objective of this chapter is to present the most 

relevant information on literature considering the application of several types of capabilities to the asphalt 

mixtures as: deicing/anti-ice, self-healing, thermochromic, and latent heat thermal energy storage. The 

findings of this chapter supported the application of different smartness to asphalt mixtures (techniques, 

materials, and combination of them) and suggest the need of provide multifunctional capabilities to 

asphalt mixtures. They endorsed the project proposal included in 11.2 Parallel Works which will reflect in 

11.3. Future Works. 

 

Figure 13: Manuscript first page submitted to a prestigious scientific journal 
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4.1. Introduction 

The genuine idea of the design of smart and multifunctional cement concrete was first proposed 

in late 1980 by Japanese investigations [5]. After extensive researches about the design, manufacturing, 

characterization, performance, and mechanisms, some sorts of smart and multifunctional cement 

concretes have successfully been employed in a real-scale scenario [5]. For asphalt mixtures, the concept 

is recent, and, in terms of practical experiences (test sections), there are very few 

applications [62,69,70,72,74,75,101–103]. 

According to Han's definition [5], a smart and multifunctional concrete is either an intelligent 

material with different abilities/characteristics from the original ones or is able to react upon external 

stimuli, for example, temperature and stress. This concrete can be composed of cement, asphalt, or 

polymer. These abilities can be classified by the smartness or function: smartness, optical, electrical, 

mechanical, and electromagnetic wave/radiation shielding/absorbing, energy-harvesting, and related to 

water. They are designed through special processing, composition design, introduction of new functional 

materials, or microstructure modification of the original ones [5,6]. 

The design and implementation of asphalt pavements should meet relevant requirements to 

withstanding the actions of road traffic (different mechanical efforts) and weathering, apart from ensuring 

comfortable driving conditions, economy, and safety, as well as causing low environmental damage (e.g., 

low noise levels). The smart and multifunctional capabilities have been applied to asphalt mixtures, 

becoming a significant subject to the road engineering field once the road pavements present a vast 

surface area and can show other benefits that will be addressed in this research work. The literature has 

already shown important results on the functionalization of the asphalt pavements and also the 

development of smart and multifunctional asphalt mixtures, mostly for the top layer [104].  

Previous literature review works generally covered issues related to road infrastructures features, 

as paintings, and flexible and rigid pavements, from the concept of nanotechnology to the results of 

mechanical and multifunctional performance [105–108]. These works concluded that nanomaterials can 

be used to provide new capabilities by improving mechanical properties, and the use of nanoscale tests 

are essential to design these materials. 

This article addresses the main results and discussion of the functionalized, smart, and 

multifunctional asphalt mixtures imparted by different materials. The latest literature reviews have 

approached nanotechnology in Transportation Engineering (namely pavements, bridges, vehicles), 
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differently from this work that discusses the multifunctionality of smart asphalt mixtures. Also, literature 

reviews only refer specifically to photocatalytic asphalt mixtures [1] but not to other new capabilities. 

The purpose of this literature review is to discuss the main capabilities imparted to asphalt 

mixtures, namely deicing/anti-ice, self-healing, thermochromic, and latent heat thermal energy storage. 

Their contextualization, application methods, results, conclusions, and limitations are presented and 

critically discussed. 

4.2. Deicing and Self Ice-Melting Capabilities 

In very cold countries and during the winter, it is usual to observe a rapid formation of ice on the 

pavements' surface, contributing to the reduction of friction and, therefore, resulting in road accidents, 

traffic congestions, and economic losses. To prevent this problem, the road administrations usually use 

deicing solutions or chlorine salt to melt the snow/ice over the pavement surface, requiring high financial 

resources [109,110]. The application of anti-ice or self-ice-melting additives into asphalt mixtures can 

present advantages such as the prevention of traffic jams when compared to conventional methods, 

which are time-consuming processes and require intensive work. Usually, there are two ways to obtain 

an asphalt pavement holding this capability: i) using anti-icing additives as an asphalt binder modifier or 

filler, and ii) using a conductive material as aggregates or fibers.  

4.2.1. Self-Ice-Melting Pavements Using Anti-Icing Additives 

The incorporation of anti-icing additives into asphalt pavements creates an anti-icing liquid layer 

between the ice/snow and the surface, which contributes to slow or avoid the ice formation, facilitating 

the melting process of snow and ice and, consequently, keeping the original friction of asphalt mixtures. 

For this purpose, some additives were applied into asphalt mixtures as asphalt binder modifier or filler, 

such as Potassium Formate (HCOOK) with Styrene-Butadiene-Styrene (SBS) matrix [111]; Mg-Al Cl− 

Layered Double Hydroxide (LDH) [109]; Commercial fillers, such as IceBane (composed by chloride salt 

- CaCl2 and NaCl) [110] and Mafilon (composed by NaCl, SiO2, MgO and CaO) [112]. The most used 

materials were those based on the chloride-based anti-freeze [110,113]. Other options were also 

investigated i) liquids: glycol base fluids and potassium acetate base fluids and ii) solids: urea, Calcium 

Magnesium Acetate (CMA), Sodium Formate (NaF), and Sodium Acetate (NaAc) [114]. 

The tests most used to evaluate this capability are the conductivity tests, ice layer rupture tests 

(shear strength and pullout), and the one that consists in the observation of the melting process after the 
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accumulation of snow, taking into account the thickness of the ice/snow, temperature and melting 

time [110,112,113]. The anti-icing additives as a filler do not require changes in the asphalt mixtures 

design but can negatively affect mechanical properties, as permanent deformation, thermal cracking, and 

water sensitivity resistances. To prevent the damages caused by the introduction of anti-icing additives 

and maintain the mechanical characteristics, 0.3% polyester fibers by the aggregates’ weight can be used. 

Using the content of 6% of anti-icing additives (as filler by the mass of the aggregate), the melting of snow 

over the asphalt pavements was facilitated, and the ice layer's strength was reduced by half [113]. This 

material was already tested on the road, which one year after the application still holds this 

capability [101].  

Regarding the commercial anti-freeze filler IceBane, Liu et al. reported that it is desirable to use 

coarser size of anti-freeze filler (the 0.075 mm sieve size passing rate of 21% was the most efficient). 

They concluded that the anti-freeze filler with large particles dissolved into the water more quickly than 

smaller salt particles [110].  

Ionic salts as anti-icing additives are being used to reduce the ice formation on asphalt surfaces. 

The problem of using these salts is related to their high corrosive power in bridges, buildings, and airports. 

There are regulations about this type of material for airfield asphalt pavements, which can limit its 

use [114]. Also, these salts negatively influence the mechanical characteristics of asphalt mixture and 

harmful to the environment when used in high contents. Therefore, it is essential to evaluate the 

environmental impact of these materials and include the anti-icing additives in designing the asphalt 

mixtures to guarantee adequate mechanical performance. 

4.2.2. Deicing Pavements Using Conductive Materials 

The Joule effect is the physical phenomenon that justifies the incorporation of conductive materials 

into asphalt mixtures to remove the snow and/or prevent ice formation over the pavement surface. This 

effect can be described by the occurrence of an electric current passing through the composite material 

that can generate heat, thus reducing the snow and ice accumulation over the asphalt mixture surface. 

Three conductive materials are being used in asphalt mixtures: i) powders like graphite, aluminum chips, 

and carbon black; ii) fibers, including Carbon Fiber (CF), Steel Fiber (SF), Steel Wool (SW), and Carbon 

Nanofiber (CNF); iii) conductive coarse and fine aggregates such as Steel Slags (SS) [115]. When 

irradiated by microwave radiations, road pavements composed of these materials can melt the ice on 

their surface during the winter more quickly than traditional road pavements (i.e., pavements without 
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conductive materials) [116]. To assess the deicing capability, some properties, such as electrical 

resistivity and thermal conductivity, and the asphalt mixture's behavior when submitted to Microwave 

Heating (MH) were evaluated. 

While the asphalt binder resistivity is around 1011 and 1013 Ωm, the asphalt mixtures resistivity is 

between 107 and 109 Ωm due to the presence of aggregates and air, being classified as insulating 

materials. Adding some materials such as graphite, steel fiber, and CF, the resistivity of the asphalt 

mixture can be reduced to values between 10 and 103 Ωm, thus greatly improving the electrical 

conductivity, as graphite and CF have an electrical resistivity of about 10-6 and 10-5 Ωm, respectively [117]. 

In general, the asphalt mixture's conductivity for the electrical heater would not exceed 100 Ωm [115].  

The volume incorporation of SS into asphalt mixtures for the MH pavement offers a new potential 

for recycling of SS, which mitigate the use of natural raw material and its depletion and increase road 

safety during winter. The SS as an aggregate for deicing asphalt mixture presents other advantages when 

compared to CF, graphite, and steel fibers of wide sources because, for instance, this material is eco-

friendly and low-cost. Nevertheless, it also has limitations; for example, it should be pretreated to avoid 

use during its expansion phase. Moreover, as this material has a high density, it could bring extra costs 

for transport. Gao et al. suggest a SS content between 40 and 60% and the aggregate sizes of 9.5, 2.36, 

and 0.6 mm regarding the promotion of MH, the thermal conductivity, and the surface temperature [116]. 

It is crucial to consider in the design of the asphalt mixtures the effect of shape, size, composition, 

and conductivity of the raw materials besides the final conductive and the mechanical characteristics of 

asphalt mixtures. The average melting speed of snow for asphalt mixtures with SF and SS using MH 

achieves 53.9 and 48.5 g/min, respectively [118]. Although both techniques are feasible to provide this 

capability, the use of fibers is probably more efficient, but the use of SS contributes to recycling materials, 

and it is eco-friendly. 

The use of salt has a negative effect on the performance of asphalt mixtures SF and graphite. 

After performing few freeze-thaw cycles, the saltwater led to an increase in air voids and reduced 

resistance of moisture, compared to distilled water, probably due to the loss of aggregates-binder 

adhesion [117]. It is essential to consider the oxidation of these materials during the design and 

performance of asphalt mixtures. The anti-icing additives can be used combined with CF to obtain good 

mechanical capacities and prevent and facilitate snow/ice formation. The use of the recycled material, 

such as SS, is strongly recommended due to the associated eco-friendly and low-cost benefits.  
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4.3. Self-healing Capability 

For conventional asphalt mixtures, the typical mechanical distresses are fatigue (and temperature) 

cracking, water degradation (moisture damage), and rutting [115]. Self-healing capability aims to assist 

the materials to heal after damage. It is defined as “the ability to substantially return to an initial, proper 

operating state or condition prior exposure to a dynamic environment by making the necessary 

adjustments to restore to normality and/or the ability to resist the formation of irregularities and/or 

defects [119,120]. This capability is also based on biomimetics from the biological systems of wound 

healing in living organisms' skin [121–123]. 

Asphalt binder is a self-healing material. After rest periods, asphalt mixtures are able to recover 

their strength and stiffness by closing the microcracks that open after traffic loading [102]. The cracks 

heal instantly after the load is removed. Two phenomena occur during this process: firstly, viscoelastic 

recovery and then healing in the cracked area. Their difference is that the former is due to the molecules’ 

rearrangement, and the consequence is the wetting and inter-diffusion between the crack faces. The 

following stages explain the self-healing mechanism: i) both faces of a nano-crack are wetted, ii) 

immediate strength gain by interfacial cohesion between the crack faces, and iii) long term strength gain 

due to the diffusion and randomization of molecules from one face to the other [124].  

Improving the self-healing ability of the asphalt mixtures can provide a higher life cycle to the 

pavements. The surface free energy is the most important aspect causing the first cracks to shrink and 

then progressively disappear in asphalt binder with the increase of temperature [125]. Two techniques 

enhance the self-healing in asphalt mixtures: i) heating the asphalt material improved by good electrically 

conductive materials, and ii) adding nanomaterials or healing agents to their composition [102].  

4.3.1. Self-healing Capability by Heating 

With the incorporation of materials like graphite, carbon black filler, carbon and steel fibers, SW 

and slags, and some nanomaterials (carbon nanotubes and nanofibers), the asphalt mixtures improve 

their electrical conductivity. By Induction Heating (IH), the cracks will be repaired, and the raveling effect 

(loss of aggregates) is prevented, self-repairing, preserving, and renewing the asphalt pavements. 

Also, for this purpose, microwaves have been used to heat the asphalt mixtures; although they 

are fast and easy to apply, the high cost and difficulty of controlling heat deepness penetration are the 

main drawbacks of this technique [124]. Besides that, MH increases the temperature of the asphalt 
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binder but not of the aggregates. Consequently, the asphalt mixtures' surface temperature is inferior to 

the asphalt binder temperature when both are submitted to this procedure. Therefore, metallic fibers or 

particles are used to improve the effectiveness of the microwave [126]. IH, based on the electromagnetic 

induction phenomenon, is another possibility to increase the temperature of pavements. It is fast, but it 

is high-cost and has a complex heating mechanism [124]. IH does not heat the asphalt binder or the 

aggregates. The metallic particles are needed to increase the temperature of the asphalt mixture after 

heating [126]. MH heals the cracks better than IH due to the increase in the asphalt binder's 

temperature [126]. 

There is an optimal time to heal an asphalt mixture. The heating should not be too late or too 

early [127]. On one hand, when the heating is early, it is useless because the asphalt mixture heals the 

crack by itself. On the other hand, when it is too late, the healing process is drastically decreased because 

the asphalt binder is aged, and it is not effective on large cracks. Besides that, mechanical damage such 

as rutting or raveling could happen before [126]. 

This property, self-healing, can be measured in binders, mastics, and asphalt mixtures by the 

electrical conductivity, temperature rate after IH, and rate between healed strength/modulus and initial 

strength/modulus and of asphalt mixtures. Factors like achieved temperature influence this property, 

number of cycles of heating, healing time, and the IH's confining pressure. The rest periods are essential 

as well for healing [124]. While the temperature has an exponential relationship with the self-healing 

mechanical property, the healing time has a linear relationship with the self-healing index. Confining 

pressure can accelerate crack healing. Fan et al. concluded that the confining pressure effect on self-

healing capability is relevant for temperatures inferior to 60 °C, and a deeper crack has a greater self-

healing potential than a surface crack [128]. 

The asphalt mastic (in this specific case, crushed sand less than 2 mm, asphalt binder, and SW) 

can be healed several times using IH. The stiffness of asphalt mixture with SW recovered faster with IH's 

application when compared only when it is submitted only to the rest period. The modified asphalt 

mixture's fatigue life was expressively prolonged due only to the heating (135,408 cycles more – H3). 

Figure 14 shows the fatigue recovery of porous asphalt mixture containing SW before and after 

healing [127].  
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H1 and H3 were caused by the rest period and IH, respectively, while H2 is the increase of fatigue 

life due to IH and rest periods. One limitation of the use of this type of material is oxidation (corrosion). 

Contrarily, CF can be used without this problem. 

 

Figure 14: Fatigue life of porous asphalt mixture with 8% steel wool [127] 

 

4.3.2. Self-healing Capability by Adding Nanomaterials or Healing Agents 

Considering this approach, three techniques can be applied in asphalt mixtures to provide self-

healing capability, namely incorporation of: i) microcapsules of high percent maltene oils with a shell; ii) 

ionomers, and ii) nanomaterials. The first one consists of the microencapsulation of high percent maltene 

oils by a shell (usually polymeric). In the asphalt binder (Figure 15a), when a crack achieves the 

microcapsules, the shells break, releasing the healing agent (Figure 15b), and restoring the ratio of 

asphaltene/maltenes (Figure 15c) [129]. This technique has a good recovery ratio and compatibility, 

nevertheless, it works only once and should be applied just for top layers.  
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Figure 15: a) Asphalt with microencapsulation, b) microcapsules are broken by the crack, and c) release of the healing 
agents [130] 

 

Chung et al. tested microcapsules of urea/formaldehyde resin (forming the shell) and solutions of 

Triethylenetetramine (TETA) with only Dimethylphenol (DMP) or with SBS (consisting of the core). The 

microencapsulated asphalt binders showed an increase in the parameter ratio strength upon rest periods 

and original strength. SBS/DMP microcapsules showed a faster self-healing effect than DMP alone [130]. 

Using sunflower oil (core) capsules with cement and epoxy (shell), Garcia et al. concluded that gradually 

during the load cycles, the capsules break, releasing the oil and rejuvenating the asphalt mixture (Figure 

16). One limitation of this technique was the dispersion of the capsules, which was not uniform [131]. 

 

Figure 16: Detail of the sunflower oil coming out [131] 

 

However, high percent maltene oils' microencapsulation requires that these agents have good 

compatibility with the asphalt binder, high stability, good thermal properties during the mix at high 

temperatures (150 to 180 °C). Besides, it needs to be activated at the service temperature of asphalt 

pavement (from -30 to 70 °C) [132]. 
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On one hand, microencapsulation can repair the first cracks of the top layer only once. On the 

other hand, the use of ionomers or nanoparticles can be activated more times because the ductile 

polymer can elastically rebound to its original position and the nanoparticles' movement, respectively.  

The second self-healing technique consists of the application of ionomers, a thermoplastic 

copolymer containing ionic groups (less than 30% mol) in their backbone. The ductile polymers can 

elastically rebind the crack to its original position. They can be recovered multi-times and provide high 

thermal stability and good compatibility, but they blend and are limited to first-stage cracks [124]. Their 

healing process is due to the attraction of the ionic bonds. 

Regarding ionomers' use, the physical ionic clusters crosslinking can present the network structure 

of polymer-modified asphalt [133]. Shi [134] addressed the rheological properties, only, of an asphalt 

binder modified with an ionomer (ethylene and methacrylic acid systems), reporting a best ionomer 

content of 5% [134]. Chen et al. [135] incorporated Ethylene Methyl Acrylate (EMAA), zinc ion, sodium 

ion, and lithium-ion ionomer polymer as an asphalt binder modifier with a content of 3%. Analyzed by T-

peel test, the EMAA asphalt binder presented higher self-healing ability with lower peel force when 

compared to the unmodified samples. This fact was shown by lower values of the destructive forces of 

EMAA asphalt samples since the rupture mainly occurred in the interface tape-asphalt (weak) instead of 

in the asphalt-asphalt (strong). 

Finally, the last one is the incorporation of nanoparticles. The nanoparticles relocate towards the 

crack tip, stimulated by the high surface energy, stopping its propagation and, consequently, healing the 

composite material [132]. Researches assessed different nanomaterials, like rubber, clay, SiO2, and TiO2, 

as modified asphalt binder. In addition to the self-healing capability, these materials can improve the 

adhesion between asphalt binder and aggregate due to their high specific surface area [136] and improve 

water sensitivity and rutting resistances of asphalt mixtures [137].  

Using nanomaterials for self-healing effects, Amin and Esmail [138] modified asphalt binders with 

different contents of nano-SiO2 (from 0% to 5% increasing 0.5%). SEM showed the asphalt mortar flowing 

into micro cracks. By the analysis of the resilient modulus of the asphalt mixtures composed of nano-

SiO2, they concluded that the increase of the nanomaterial content from 0% to 3% enhances the healing 

index from 71% to 89%. Contents higher than 3% will absorb a large volume of binder due to this 

nanomaterial's high specific area, increasing the viscosity of the binder, restricting its mobility, and, 

consequently, interfering the self-healing process. 
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Considering the use of ionomers and nanomaterials to promote self-healing effects, there are few 

research works addressing self-healing effects. Figure 17 presents the self-healing mechanism for these 

materials. In the case of the ionomers, the self-healing effect is carried out by the ionic group 

rearrangement (due to the attractions of ionic bonds). For the nanomaterials, the crack is repaired 

because these materials tend to move to the crack tip led by the high surface energy. 

Self-healing technology was already applied in a highway in the Netherlands, where 400 m of a 

self-healing porous asphalt concrete containing SW fibers to avoid the raveling effect were 

laid [102,103,139]. Research on this highway is still ongoing. Tabakovic and Schlangen [102] referred 

that if the asphalt binder with self-healing agents was two times the conventional asphalt binder's price, 

the Netherlands, for example, would save €90 million per year to extend the lifespan 50% by investing in 

this capability. 

 

Figure 17: Mechanism of the healing effect due to: a) ionomers and b) nanomaterials [133] 

 

Moreover, if pavements’ lifetime is longer by applying the self-healing capability to asphalt 

mixtures, rehabilitation and paving of new roads will be less often carried out, requiring less raw material 

consumption, leading to less emission of CO2 and traffic disruption. 

4.4. Thermochromic Capability 

Thermochromism is a phenomenon of reversible color change in response to a temperature 

change. The thermochromic materials are classified as conjugated oligomers, metallic oxides, leuco dyes, 

among others [140]. In inorganic compounds, the color changes can result from phase transitions and 

 

a) b) 
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variations in the coordination geometry [141], while inorganic compounds can result from reversible 

chemical reactions and molecular rearrangements [142]. 

The application of thermochromic materials in the Civil Engineering field must take into account 

the temperature transition. Vanadium Dioxide (VO2) and vanadate compounds have been intensively 

studied, but their temperature transition is too high for this kind of application, 68 °C for VO2 [141], and 

255 °C for BiVO4, for example [140]. Due to their black color, asphalt binders strongly absorb the energy 

from sunlight. During the summer season, the asphalt pavements' surface temperature may increase up 

to almost 70 °C, impacting their durability due to the acceleration of some distress mechanisms. On the 

other hand, during the winter season, the low temperature of asphalt pavements worsens the low-

temperature cracking phenomenon and also promotes ice formation [143]. Therefore, it is crucial to 

control the asphalt mixtures' temperature by cooling the surface during summer and warming it during 

winter. To achieve this goal, the new thermochromic capability has been applied to asphalt mixtures using 

materials as leuco dyes, like an asphalt binder modifier. 

The reflectivity of asphalt mixtures changes with the introduction of thermochromic materials due 

to the color variation with temperature. This composite material can, at high temperatures, reflect more 

solar energy and, at low temperatures, reflect less solar energy [143]. Besides, during the winter night, 

treatment helps control the surface temperature of the functionalized asphalt mixtures compared to the 

conventional ones, thus mitigating the low-temperature cracking effects [143]. The main goal for 

introducing thermochromic materials is to promote control of the temperature variation and amplitude to 

improve the performance of the asphalt mass since the climate is one of the essential sources that help 

reduce its mechanical performance.  

The properties that can be considered to evaluate this capability are the color change with different 

temperatures combined with color coordinates, physical (penetration, softening point, 

photoluminescence, and reflectance), and rheological properties, besides aging behavior when the 

asphalt binder is modified [142–146]. 

A few studies have been carried out on the application of thermochromic capability in asphalt 

mixtures. Hu and Yu evaluated the use of 10% of black, blue, and red thermochromic powders (leuco 

dyes with a transition temperature of about 31°C) as an asphalt binder modifier to decrease the surface 

temperature of the asphalt binder by changing its color. On the other hand, for high temperatures, the 

maximum reduction in the asphalt binder's surface temperature was 6.6, 2.7, and 4.9 °C for the black, 
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blue, and red asphalt binders, respectively. Moreover, for low temperatures, the thermochromic powders 

increased the maximum surface temperature of about 1 °C [143].  

The asphalt binder modification by thermochromic powders (Figure 18) improves its high-

temperature stability, increases complex modulus, viscosity, and softening point, and decreases the 

phase angle and penetration when compared to conventional asphalt binders’. These materials can also 

extend the Performance Grade (PG) of asphalt binders. The modified asphalt binder with thermochromic 

powder showed better aging resistance after RTFOT, PAV, and UV aging. The best anti-aging properties 

were achieved using the value of 6% of red thermochromic powder [144].   

 

Figure 18: Thermochromic powders (blue, black and red) disactivated under 31 °C (left) and activated above 31 °C 
(right) [144] 

 

Besides the surface temperature, Hu et al. also studied the physical and rheological characteristics 

of the modified asphalt binders with thermochromic powders (black, blue, and red), composed of organic 

mixtures of leuco dye (electron donor), a developer (electron acceptor) and a solvent, all encapsulated by 

trioctanoin. The increase in the reflectance spectra is associated with a reduction of solar absorption on 

the surface. The highest reflectance in visible wavelengths of the electromagnetic spectrum was obtained 

for the blue powder, then for the red, and finally black powders. Also, the thermochromic asphalt binder 

was more reflective than the conventional asphalt binder. The highest reflectance was achieved for the 

black (when disactivated) thermochromic asphalt binder, followed by blue and red thermochromic asphalt 

binders. The authors recommended that the use of these thermochromic powders should be less than 

5–6% (by the mass of asphalt binder) to assure the physical and rheological properties [142].  

Thermochromic powder improves low-temperature cracking behavior and aging resistance. When 

only the anti-aging properties of asphalt binders were considered, the ideal content to achieve the best 

performance was 4%, as Zhang et al. [97] concluded. The results showed higher spectral reflectance for 

higher contents of powder [145]. 
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Considering the results of the reflectance spectra of thermochromic asphalt binders at different 

temperatures, it was possible to develop some equations to simplify the design of these materials for road 

pavements. Maxwell (Eq. 3), Effective Medium Theory (EMT) (Eq. 4), and Mori-Tanaka (Eq. 5) models 

were the best ones evaluated. They are used to predict the effectiveness of reflectance spectra capacity 

of thermochromic asphalt binders [146]. 

𝑅𝑚𝑖𝑥 = (1 +
3(𝛼 − 1)Ø

(𝛼 + 2) − (𝛼 − 1)Ø
)𝑅𝑚𝛼 = 

𝑅𝑝

𝑅𝑚
 (13) 

(1 −  Ø)
𝑅𝑚 − 𝑅𝑚𝑖𝑥
𝑅𝑚 + 2𝑅𝑚𝑖𝑥

+ Ø
𝑅𝑝 − 𝑅𝑚𝑖𝑥

𝑅𝑝 + 2𝑅𝑚𝑖𝑥
= 0 (14) 

𝑅𝑚𝑖𝑥 − 𝑅𝑚
𝑅𝑝 − 𝑅𝑚

=
Ø

1 + (1 − Ø)(𝑅𝑝 − 𝑅𝑚)/3𝑅𝑚
 (15) 

 

In the equations above, α, Rm, Rmix Rp, and Ø represent, respectively, powder dimension (μm), 

original asphalt binder reflectance (%), thermochromic asphalt binder reflectance (%), thermochromic 

powder reflectance, and volume fraction of the dispersed powder. 

UHI could also be mitigated controlling the thermochromic asphalt pavement color at high-

temperature conditions. It can be concluded that thermochromic materials can positively affect the 

mixtures' mechanical performance due to the control of their surface temperature and improving aging 

resistance. For this new capability, the literature review shows a very short experience. Thus, there are 

many opportunities to explore this capability, including mechanical performance, cost analysis, among 

others. 

4.5. Latent Heat Thermal Energy Storage (LHTS) Capability 

Phase Change Materials (PCM), under the principle of LHTS, absorb energy in large amounts 

when there is excess and release it when there is deficit. PCM provide a reduction in peak heating and 

cooling loads when applied to materials in different areas [147]. PCM are applied in Civil Engineering, 

mostly in floors, roofs, wallboards, and concrete, to improve building energy efficiency (reducing the 

energy per area needed for heating/cooling). For building applications, PCM increase the thermal comfort 

due to smooth temperature fluctuation at inner spaces, reducing the energy needed by heating/cooling 

equipment, i.e., heaters and air-conditioners. In this way, there are benefits for the environment since 

energy consumption from power station will decrease, resulting in less emissions. 
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When PCM are incorporated into asphalt mixtures, the primary purpose is to prevent rutting [148] 

and avoid thermal cracks or quick temperature change due to the reduction of the magnitude of 

temperature fluctuations [149]. Besides the mechanical component addressed in the researches, another 

goal is to avoid the UHI by controlling the interaction between the asphalt pavement surface and 

environment, being a socioenvironmental goal [150].  

For the design of the LHTS materials, including LHTS asphalt mixtures, it is essential to have at 

least three components: i) appropriate PCM with the desired temperature range of melting point, ii) a 

suitable heat exchange surface, and iii) an appropriate container compatible with the PCM [151]. 

The Differential Scanning Calorimeter (DSC) is the technique most commonly adopted to obtain 

the melting temperature through the phase change enthalpy of the materials [152]. The observation of 

temperature during heating, to calculate the heat and cooling rates, is also relevant to assess this 

capability. 

There are dissimilar types of PCM with different relations between the melting enthalpy and 

melting temperature, as shown in Figure 19a and b [152,153]. Its phase transition can classify this 

material: solid-liquid phase transition, solid-solid phase transition, solid-gas phase transition, liquid-gas 

phase transition [150]. The most used PCM are fatty acids and esters, such as paraffin, salt hydrates, 

and ionic liquids [154]. 

The recommendation for rutting mitigation is using PCM with maximum phase change 

temperature between 3 and 5 °C below the softening point of the asphalt binder. With this limit, there is 

an acceptable trade-off between the amount of PCM and the energy absorbed. The material must not 

store much energy since the reverse process will happen and affect the air temperature, enhancing the 

UHI [148]. 

Silica powder, floating bead, and activated carbon with PCM used as raw materials via the sol-gel 

process can improve the high-temperature stability of asphalt mixtures [155]. Activated carbon with PCM 

has a larger latent heat storage capacity (phase change enthalpy 19 J/g) and proper phase change 

temperature transition (-3 °C). By using 0.3% of unsaturated organic acid and polypropylene as PCM in 

the mass of the asphalt mixture, this material decreases the rising and cooling rate of temperature and 

delays the occurrence time of extreme temperatures [154]. He et al. compared the performance of 

Polyethylene glycol 2.000 as PCM and SiO2 as a matrix in asphalt binders. They concluded that the 
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modified asphalt binder had large phase change enthalpy (38.2 to 117.5 J/g), good chemical 

compatibility, and thermal stability [149].  

 

 

a) b) 

Figure 19: a) Different types of PCM [152] and b) Melting enthalpy versus melting temperature [153] 

 

The PCM (phase change temperature among 40 and 50 °C and latent heat of 150 J/g) were 

used for lowering the temperature and preventing rutting by MeiZhu et al. [148]. These PCM were used 

since the dynamic stability of asphalt mixtures considerably decreases in the range of 48 to 52 °C. In 

this way, it was possible to reduce the temperature increase rate [148].  

Granular-shaped solid-liquid PCM composed of unsaturated organic acid and polypropylene with 

a melting point of 22.1 °C and latent heat of 46.97 J/g were used as aggregate in a proportion of 0.3% 

of the asphalt mixture weight (added in bulk incorporation during the mix). The material decreased the 

temperature rising and cooling rate and delayed the occurrence in time of high temperature [154].  

Manning et al. tested 1.25 and 2.5% paraffin waxes as PCM (by mass of the mixture) with phase 

changes at 6 °C to delay the freezing, decrease the cooling rate and reduce the frozen time [156]. Their 

results showed that this material has the potential to reduce cooling and heating rates. However, they did 

not conclude the effect on the extremely low temperature, and the phase changing the time above 5 h 

was a limitation. Besides that, there was no reduction of the extremely high temperature with the use of 

the PCM. 

Ma et al. tested PCM composed of unsaturated acid, Υ-linolenic acid, β- linolenic acid using SiO2 

as a matrix with phase changing temperature between 8 and 25 °C in a content of 20% (in the mass of 
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the asphalt binder) during the mixture. The results showed that incorporating the PCM in the mixture 

reduced the increasing and cooling rates, improving the low-temperature crack and rutting 

resistance [157].  

After analyzing the mechanical behavior, Ma et al. recommend 0.3% of two types of PCM 

composed of hydrocarbon PCM with porous SiO2 or unsaturated organic acid with polypropylene in the 

weight of asphalt mixture to adjust phase-change temperature meeting the technical requirements of 

roads [158]. 

To avoid the UHI, a solid-liquid phase transition PCM composed of unstable acids and SiO2, 

resulting in latent heat of 95 kJ/kg and temperature of phase-changing of 17 °C, was tested with a 

content of 50% of asphalt binder by weight. The results show an increase in the asphalt mixture's specific 

heat, requiring more energy to change the temperature. With this, it is possible to have cooler roads, 

mitigating UHI [150]. 

For developing the LHTS capability, heating and cooling tests were carried out; however, 

conventional rutting, fatigue, and moisture resistance tests are also essential to design LHTS asphalt 

mixtures. PCM encapsulation could have advantages such as a larger heat transfer area, decrease of the 

PCM reactivity due to the external environment, and control of changes in the volume (expansion or 

retraction) of the storage materials when phase change happens [159].  

The capsule shell prevents interactions between the PCM and the smart material [159], avoiding 

future mechanical problems. Researchers can also study the use of PCM to avoid UHI. 

4.6. Summary  

 

Table 2 summarizes all the capabilities detailed in the new capabilities, their influences, the most 

used materials, and the most important applications. The new capabilities are being investigated to 

enhance the performance of the surface and improve the pavement structural properties. Some of the 

capabilities are interrelated. The capabilities directly related to the socio and/or environmental impacts 

are the photocatalytic, thermochromic, and Latent Heat Thermal Energy Storage (LHTS), while those that 

directly impact mechanical behavior are superhydrophobic, LHTS, self-healing, and thermochromic 

capabilities. Lastly, the ones related to safety are superhydrophobic, self-cleaning, and deicing 
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capabilities. 

 

Table 2: Influences, Benefits, Materials and Mains Applications of the Multifunctional Capabilities 

Capability Direct Influence 
Indirect 

Influence 
Benefits Materials Main application 

Photocatalytic Environmental Social 
Air and surface 

cleaning 
Semiconductors, 

mostly TiO2 

Spraying coating, 
bulk incorporation, 

asphalt binder 
modification, and 

spreading 

Superhydrophobic 
Safety and 
mechanical 

Social and 
economic 

Non-wetting 
pavements and 
better resistance 

PTFE, 
nanoparticulate 

copolymer 
fluoroacrylate with 
CaO, TiO2, and TiO2 

ZnO 

Spraying Coating 

Self-cleaning 
Safety and 

Environmental 
Social and 
economic 

Surface cleaning 
and higher 

friction 

Semiconductors/s
uperhydrophobic 

treatments 

Spraying coating, 
bulk incorporation, 

asphalt binder 
modification, and 

spreading 

Deicing Safety 
Social and 
economic 

Anti-snow/ice 
pavement 

Salts and high 
electrical 
conductor 
materials 

Asphalt binder 
modification bulk 

Incorporation 

Selfhealing Mechanical 

Economic, 

environmental, 

and social 

Crack healing: 

lifetime increase 

High electrical 

conductor 

materials, 

microcapsules, 

nanomaterials, 

ionomers 

Bulk incorporation 

asphalt binder 

modification 

Thermochromic 
Mechanical, 
safety, and 

social 
Economic 

Mitigate UHI or 
temperature 

control sensor 
Leuco dyes 

Asphalt binder 
modification 

LHTS 
Social, 

environmental 
or mechanical 

Financial 

Mitigate UHI or 
control of very 

high/low 
temperatures 

Phase change 
materials 

Bulk incorporation 

 

 

From the review, it is clear that the optimization of some techniques could promote more than a 

single capability. The self-cleaning capability can be treated as the superhydrophobic or photocatalytic 

capabilities. On one hand, on a superhydrophobic surface, the rolling water drops remove the dirt 

particles. On the other hand, on a photocatalytic surface, oils and greases are removed by chemical 

reactions (heterogeneous photocatalysis).  
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A strategy to ensure the thermochromic capability for a longer time is the application of specific 

semiconductor materials in the thermochromic coating since, through their photocatalytic and self-

cleaning capabilities, these materials have the ability to degrade oils and greases, thus eliminating these 

contaminants that block the path of light [160]. Moreover, with the application of high electrically 

conductive materials or nanomaterials, such as carbon nanotubes and nanofibers, it is possible to provide 

both capabilities: self-healing and deicing.  

Thermochromic and LHTS capabilities can also be used to mitigate the UHI phenomenon. A 

photocatalytic coating applied over the surface can prevent this problem, as the treatment usually 

provides a white color (low absorptivity), thus covering the original surface black color (high absorptivity). 

The semiconductors nanomaterials could also provide the self-healing capability when applied by asphalt 

binder modification, as nanoparticles relocate towards the crack tip, stopping its propagation and, 

consequently, healing the composite material. 

4.7. Critical Analysis and Conclusions 

The main goal of this work is to perform a literature review on the smart and multifunctional 

capabilities applied to asphalt mixtures. The detailed and analyzed capabilities were the photocatalytic, 

superhydrophobic, self-cleaning, deicing/anti-ice, self-healing, thermochromic, and Latent Heat Thermal 

Energy Storage (LHTS) ones. In this section, the main conclusions are followed by a critical analysis, 

addressing the life cycle of smart asphalt pavement layers, from raw materials to the end of life, including 

costs: 

• Considering the use of dissimilar materials, the nano/micromaterials incorporated to asphalt 

mixtures to provide new capabilities are semiconductor materials, fibers, microcapsules, and 

powders. Also, it is reported a new potential for the application of recycled materials, for example, 

SS (Steel Slags) from the steel industry.  

• Essential characteristics of asphalt pavements must assured, namelly resistance to traffic loading 

and climate actions, and rolling conditions as comfort and safety, with low impact for the 

environment and low cost. Therefore, besides the tests to evaluate the new capabilities, it is 

fundamental to carry out standard tests to guarantee adequate mechanical and functional 

performance, according to the technical requirements of asphalt mixtures.  

• Regarding the design process of smart and multifunctional asphalt mixtures, different kinds of tests 

can be used to assess and characterize the new capabilities. The advanced material 
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characterization tests recommended are X-ray computed tomography, Scanning Electron 

Microscopy (SEM), Fourier Transform Infrared spectroscopy (FTIR), DSC, Atomic Force Microscopy 

(AFM). In this sense, and complementarily, the development of abrasion techniques, carried out 

on small samples, is an excellent opportunity to investigate the durability of new capabilities (mainly 

the capabilities applied by coating treatments) as well as to test the degree of immobilization of 

nanomaterials on functionalized surfaces. 

• Regarding the methods of application of all the capabilities, they are simple and known by the 

paving industry, i.e., bulk incorporation, spraying coating, spreading, and asphalt binder 

modification.  

• Considering the application of nano/micromaterials, their use on real scale is still a challenge for 

the Paving Industry. This chapter showed some use opportunities, which do not require expensive 

technological improvements. In fact, it is reasonable to state that, very soon, one of the potential 

destinations for the large-scale application of nanomaterials is the road sector, as it can act as a 

great lever to promote the dynamism and economic growth of industries related to the production 

of nanomaterials and nanotechnology use. With large-scale use, it is expected that their price will 

decrease since currently the production is limited, for that reason, the costs are still relatively high. 

There already exists the concern of the transfer technology from the laboratory to real scale roads 

for some capabilities. The application in real scale of the farther developed techniques as 

photocatalytic and self-healing did not imply relevant changes in the asphalt mixture manufacturing 

and paving processes. From these, it can be inferred that transfer technology of the capabilities 

not yet tested on the real scale will be easy and successful. 

• Concerning the studies addressing the life cycle of smart and multifunctional asphalt mixtures, they 

are scarce but are important. Cost analysis is still a lack in the literature for all the capabilities. 

There is just a short economic analysis for a few techniques, for example, for the photocatalytic 

coatings. This evaluation is strongly recommended to guarantee economic feasibility. Furthermore, 

for those capabilities related to environmental benefits, some topics still need to be evaluated, such 

as environmental indicators, pollution reduction level, risk of cancer, biochemical analysis of the 

byproducts, and incorporated in costs analysis. 

• Several researchers have carried out a significant number of works about different capabilities 

about the multifunctional effects of asphalt mixtures, but most of them focused on the application 

of just a single new function. For this reason, the combination of different techniques and/or 
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capabilities can result in the development of a better final product, a multifunctional asphalt 

mixture. 

• Concerning the general design process, further studies should focus on a smart asphalt mixture, 

which must consider the requirements of traffic and weathering (mechanical and functional 

characteristics). It is recommended to design multifunctional asphalt mixtures made up of recycled 

materials and use techniques that cause less environmental damage and low noise. Combining 

these knowledges and techniques, the asphalt mixtures will be eco-friendly and provide several 

benefits of a social, environmental, and financial nature. 

Actually, given the large surface area of paved roads (it may be talking about thousands of square 

kilometers), the functionalization process to provide them with multifunctional capability can deliver a very 

positive contribution to the citizens who utilize those roads, since, besides having a good mechanical 

structure and good surface properties that result from the application of new capabilities, they also bring 

benefits to the environment through, for example, the ability to photodegrade organic compounds 

adsorbed to the road surface or even toxic gases (NOx and SOx) that are exhausted by road vehicles. 
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CHAPTER 5 – DEVELOPMENT OF PHOTOCATALYTIC AND SUPERHYDROPHOBIC ASPHALT MIXTURES  

This chapter refers to the research work about photocatalytic, superhydrophobic and self-cleaning 

asphalt mixtures “Assessment of photocatalytic, superhydrophobic and self-cleaning properties on hot 

mix asphalts coated with TiO2 and/or ZnO aqueous solutions” published in Journal Construction and 

Building Materials (impact factor – if - 6.141). The content of this chapter is included in the article, which 

digital object identifier (DOI) is 10.1016/j.conbuildmat.2018.01.106 (Figure 20). The main objective of 

this chapter was to develop the photocatalytic, superhydrophobic and self-cleaning capabilities on asphalt 

mixtures by spraying TiO2 or/and ZnO aqueous solutions. 

 

Figure 20: First page of the research work published in Construction and Building Materials [8] 
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5.1. Introduction 

Regarding the literature review chapters, it shown that it is relevant to study the effect of the 

asphalt substrates (different asphalt mixtures) on the photocatalytic process. Therefore, the morphologic 

and chemical properties of asphalt bitumens were analyzed after spraying of different semiconductors on 

samples to verify if the use of this technique did not damage the bitumen, in a first stage. In a second 

stage, the photocatalytic efficiency and the wettability of asphalt mixtures were evaluated after spraying 

with aqueous solutions of: TiO2; ZnO; and, a combination of TiO2 and ZnO. To guarantee that the effect 

still occurs after traffic, the asphalt mixture samples were submitted to an abrasion process. Finally, the 

effect of the best aqueous solution on mechanical properties of asphalt mixture samples was assessed. 

5.2. Materials and Methods 

5.2.1 Materials 

In order to develop the research two bitumens were used: Cepsa® 35/50 and Elaster® 13/60, 

from Cepsa company, to compose two asphalt mixtures: AC 14 surf 35/50 and AC 6 surf Elaster 13/60 

respectively. In order to functionalize these materials two semiconductors were used: nano-TiO2 by 

Quimidroga (Aeroxide TiO2 P25: 80% and 20% rutile); and micro-ZnO by Sigma Aldrich. The results of the 

bitumen characterization are presented in Table 3. 

Table 3: Properties of the Bitumens 

Properties 35/50 Elaster Test specification 

Softening point/°C 56 63 ASTM D 36 

Penetration at 25 °C/0.1mm 30 46 ASTM D 5 

Brookfield viscosity at 145 °C/Pa s 0.5607 1.2109 ASTM D 4402 

 

The band gap of the semiconductors was measured by diffuse reflectance and calculated using 

the Kubelka-Munk equation [161,162]. This energy necessary to start the reaction is 3,20 eV for TiO2 and 

3,25 eV for ZnO, corresponding to UV-A light. 

Three aqueous solutions were prepared with: TiO2 nanoparticles (4 g/L); ZnO microparticles (1 

g/L); and TiO2 nanoparticles (4 g/L) + ZnO microparticles (1 g/L). The aim was to improve the 

photocatalytic efficiency by combining semiconductors to decrease the band gap (by doping) to trigger 

the photocatalytic property. All the solutions had pH 8 in order to prevent any negative impact into the 

bitumen and guarantee less aggregate agglomeration of the semiconductors [7]. 
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The asphalt mixes were prepared following the standard EN 13108-1 and their temperatures of 

production and compaction following the bitumen curve viscosity versus temperature. The AC 6 mixture 

is characterized by an uniform granulometry, it is composed mostly by intermediate aggregates (4/6) 

and commercial asphalt bitumen which is modified by SBS. It also has a high volume of voids (10.9%). 

The AC 14 mixture is a conventional asphalt mixture that shows a dense granulometry, is composed by 

conventional asphalt bitumen 35/50 and has low volume of voids (4.7%). Both mixtures are used as 

structural and functional pavement layers but AC 6 has a very limited structural impact. Often it is used 

when improved superficial characteristics are required. The samples were compacted in two geometries: 

cylindrical following Marshall Design that is used to analyze the mechanical impact of the semiconductors; 

and, prismatic slabs by rolling compaction used to be cut and then to analyze the wettability and 

photocatalytic efficiency. The main characteristic of the AC 6 and AC 14 asphalt mixes of the slabs are 

given in the Table 4. 

Table 4: Properties of Asphalt Mix Slabs 

Asphalt 
Mix 

Filler 
(%) 

Fine 
Aggregates 

0/4 (%) 

Intermediate 
Aggregates 

4/6 (%) 

Intermediate 
Aggregates 

4/8 (%) 

Coarse 
Aggregates 
6/14 (%) 

Bitumen 
(%) 

Maximum 
Bulk 

Density 
(g/cm3) 

Voids 
content 
(VC) (%) 

AC 6 
3 25 72 - - 6 2.423 10.9 

AC 14 3 41 - 12 44 5 2.474 4.7 

 

For Marshall samples, used to analyze the mechanical impact of semiconductors, AC 6, 

compacted with 50 blows in each surface, presented a VC of 9.2%, and the AC 14, compacted with 75 

blows in each surface, had a VC of 4.8%. The volume of voids of the mixtures was similar and independent 

of the geometry. 

5.2.2. Sample Preparation 

The method of application of the semiconductors was by spraying an aqueous solution onto the 

surface of the asphalt mixtures. This is the most efficient method when compared with others methods 

such as volume incorporation or bitumen modification [7,60,71]. This method consists of spraying the 

aqueous solution with an atmospheric air compressor at a distance of about 20 cm during 30 s, being 

the speed of the aqueous solution jet set at 100 mL/min, thus leading to coverage rates of around 5 

mg/cm2 to 12.5 mg/cm2. The temperature of the asphalt mixes at spraying was 60°C, which is similar 

to the softening point temperature of both bitumens. 
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In this research, 2 approaches were carried out: analysis of the bitumens sprayed directly with 

the semiconductors; and, analysis of the asphalt mixtures sprayed with the semiconductors. 

The bitumen damage/deterioration caused by the semiconductors was evaluated when applied 

directly onto bitumen samples. A hot drop of bitumen was carefully deposited on a glass microscope slide 

substrate, and spread out with a blade to form a film that covered the glass surface. Then the aqueous 

solutions were applied by spraying. Fourier Transform Infrared Spectroscopy (FTIR) and Atomic Force 

Microscope (AFM) results were compared including samples without treatment for control. The samples 

that were analyzed by FTIR were covered by a plastic film to protect the equipment. 

In order to evaluate the photocatalytic property and efficiency, the solutions were applied in 

prismatic samples (25 x 25 x 15 mm3) cut from slabs. These samples were used to evaluate the water 

contact angle and the photocatalytic efficiency. To evaluate the semiconductors’ fixation, the tests were 

carried out before and after abrasion using a metallic wire brush disc (at 200 RPM) conducting in 3 mass 

loss levels of the samples: 0.25%, 0.50% and 1%. The abrasion was carried out homogeneously over the 

asphalt mixtures’ surface.  

Finally, the best aqueous solution was applied to the asphalt mixes AC 6 surf Elaster 13/60 and 

AC 14 surf 35/50 Marshall samples to evaluate if there is a moisture impact into their mechanical 

properties. The Figure 21 shows the procedure used to prepare the samples for testing. 
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Figure 21: Sample preparation for AFM, FTIR, mechanical impact, water contact angle and photocatalytic efficiency 
measurements 

 

5.2.3. Methods 

5.2.3.1. Atomic Force Microscopy (AFM) 

To study the bitumen surface morphology sprayed with semiconductors, the samples were 

evaluated by AFM. The structures of bitumen observed in this evaluation are: (i) catana phase or bee 

structures (pale lines as peaks and back lines as valleys). This phase could be related with the 

asphaltenes [163–165]; (ii) periphase pale region around the catana phase; (iii) perpetual phase: 

structural matrix.  The samples were scanned over lengths of 5 µm to give a surface area of 25 µm2 using 

the equipment Digital Instruments NanoScope III Atomic Force Microscope. The absence of the catana 

phase could indicate a superficial change in the bitumen, due to the degradation of the asphaltenes [7].  
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5.2.3.2. FTIR 

Fourier Transform Infrared Spectroscopy (FTIR) was performed to analyze the bitumens sprayed 

with semiconductors and the control sample. The FTIR spectrum was recorded on an Avatar 360 FTIR 

system, Nicolet, 4000– 400 cm-1 spectral range, equipped with multi-bounce HATR and diffusion 

reflectance accessories. The semiconductors and bitumens’ spectrums will be presented in Section 5.3.2. 

5.2.3.3. Water Contact Angle (WCA) 

The Water Contact Angle (WCA) test was carried out to evaluate the wettability of asphalt pavement 

and characterize its hidrophylicity/hydrophobicity. To measure this property Cassie-Baxter’s model was 

considered because the water drop would be probably suspended on surface roughness, justified by the 

rough and hydrophobic surface [95]. Using the equipment OCA 15 plus Dataphysics, 3 readings of 5 µL 

water drops were carried out at 3 samples during 30 minutes, at room temperature and relative humidity, 

and the arithmetic mean was calculated. The analysis of variance (ANOVA) and PostHoc statistical test 

were done to evaluate the different parameters and their influence in the Water Contact Angle. 

5.2.3.4. Photocatalytic Efficiency Evaluation 

The new capabilities of materials on test, photocatalytic and self-cleaning, can be evaluated by the 

degradation of a dye [166,167]. It was carried out with the functional asphalt mixes by measuring the 

maximum absorption of Rhodamine B (RhB) (554 nm-1) (using a Shimadzu 3101 PC spectrophotometer) 

with concentration of 5ppm (pH 5) as a function of a light that simulates the sun irradiation (with a power 

intensity of 11 W/m2, measured with a Quantum Photo Radiometer HD9021 Delta Padova) in different 

times. Each sample was immersed in 30mL of RhB aqueous solution distant 25 cm from the light. After 

6h in dark condition (adsorption), the samples were irradiated with a 300 W - OSRAM UltraVitalux lamp. 

In order to avoid the evaporation of RhB solution that can increase the concentration, all the systems 

were closed with a transparent plastic film with at least 90% of transmittance in the wavelength range 

between 292 and 900nm. The photocatalytic efficiency (Equation (16)) was calculated using the Beer–

Lambert law [7]. Also, ANOVA and Post Hoc test were done to evaluate better the photocatalysis results. 

Φ (%) =  (
𝐴𝑜 − 𝐴

𝐴𝑜
) × 100 

(16) 

where Φ is the photocatalytic efficiency; A and A0 represent the maximum absorbance of RhB 

solution for time t and 0 hour, respectively. 



Chapter 5 – Development of Photocatalytic and Superhydrophobic Asphalt Mixtures 

 

 67 

5.2.3.5. Mechanic Impact of Semiconductors 

To analyze the mechanical impact of the functionalized asphalt mixtures, tests of Indirect Tensile 

Strength (ITS) were carried out according to the standard EN 12697-23. Two groups of three samples 

were evaluated with and without TiO2 + ZnO semiconductors after water immersion process. This water 

process was carried out due to different wettability of the materials which could cause different 

mechanical impacts. The parameter Resistance Index (RI), which is the ratio of the difference of the 

resistances of functionalized samples (ITSf) and the not functionalized samples (ITS) to ITS (Equation 

(17)), was calculated.  

𝑅𝐼 =  
𝐼𝑇𝑆𝑓 − 𝐼𝑇𝑆

ITS
 (17) 

 

5.3. Results 

5.3.1. Atomic Force Microscopy (AFM) 

Figure 22 shows the AFM results. The absence of the catana phase could indicate a superficial 

alteration in the bitumen, that is, the degradation of the asphaltenes [7]. The bee structures were 

identified in the bitumen without the presence of semiconductors and after TiO2 and TiO2 + ZnO 

application. The ZnO solution presents an impact on the bitumen surface explained by the absence of the 

structure, indicating a superficial degradation of the bitumens. 
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a) b) 

 

 

c) d) 

 
 e) f) 

  g) h) 
Figure 22: AFM Results: a) Cepsa 35/50; b) Cepsa 35/50 + TiO2; c) Cepsa 35/50 + ZnO; d) Cepsa 35/50 + TiO2 + ZnO; e) 

Elaster 13/60; f) Elaster 13/60 + TiO2; g) Elaster 13/60 + ZnO; h) Elaster 13/60 + TiO2 + ZnO 
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5.3.2. Fourier Transform Infrared Spectroscopy (FTIR)  

Figure 23 shows the FTIR of bitumens with and without semiconductors. In the commercial Elaster 

bitumen when comparing with the bitumen 35/50 an accentuation is noticed in the peaks referring to 

the butadiene: 959.55 cm-1, to the styrene: 684.76 cm-1, both referring to SBS, and the aromatic C-H 

vibration [168]. For both bitumen, peaks 2923.11 and 2860.79 cm-1 are respectively related to the 

vibration of the asymmetric C-H (CH3 and CH2) shift and the symmetrical C-H (CH3 and CH2) stretching. 

Peak 1596.46 cm-1 is related to vibrations of aromatic C=C and C-H elongation and peak 1431.68 cm-1, 

with C-H flexion.  

It is possible to note that the ZnO solution sprayed onto the Elaster bitumen showed higher impact 

on this bitumen, having an impact on the transmittance of the functional groups. Differently from the 

Elaster, the bitumen 35/50 showed little change in its spectrum. 

 

Figure 23: FTIR of 35/50 and Elaster (E) before and after the application of semiconductors 

 

5.3.3. Water Contact Angle Analysis 

Figure 24 shows the results of water contact angle (wettability) of the asphalt mixtures with the 

different treatments and wear levels. The initial contact angle for the mixtures before abrasion was higher 

than after abrasion. Initially, the asphalt mixtures had the aggregates’ surface covered with bitumen, 

resulting in a smooth surface. After, with abrasion, the microtexture of the aggregate appeared. The 
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increase of the water contact after abrasion was probably due to the increase of the aggregates’ 

roughness. But, in order to achieve higher hydrophobicity, the abrasion of the asphalt mixture is not 

recommended. 

In general, after this first moment the result was the opposite. For both mixtures, the higher initial 

contact angle was found for the samples treated with TiO2 and ZnO. The superhydrophobicity, WCA higher 

or equal to 150° was guaranteed for the mixtures AC 14 TiO2, AC 14 TiO2 ZnO and AC 6 TiO2 ZnO. The 

initial WCA is the most important angle because the water drains in a very short time to the roadside. The 

lower WCA was obtained for AC 14 without treatment after 1% of abrasion (108°) and AC 6 without 

neither treatment nor abrasion (102°). After 30 min, it was possible to have WCA equal or higher than 

40° for AC 14 ZnO 0.25% (63°), AC 14 TiO2 ZnO (51°), AC 6 TiO2 0.25% (40°), AC 6 ZnO 0.25% (40°) 

and AC 6 TiO2 ZnO 0.25% (40°). On the other hand, the sample AC 14 without treatment and abrasion 

had the lowest WCA, below 10°. Table 5 summarizes the maximum and minimum results for Water 

Contact Angle. 

An analysis of variance, ANOVA (factors: abrasion, treatment, time, mixture), was carried out to 

determine if there is an interaction effect between the independent variables over the water contact angle 

for a significance level of (1 - α = 0.1). This parameter indicates the risk (%) of concluding that an effect 

exists when there is no actual effect. On the other hand, Mixture (p < 0.001), Time (p < 0.001), Treatment 

(p < 0.001) and Abrasion (p < 0.1) had a significant influence on contact angle measurements. Only the 

interactions of the following variables had a significant effect on the dependent variable results: i) Mixture 

and Treatment (p < 0.001); ii) Mixture and abrasion (p < 0.01); iii) Treatment and Abrasion (p < 0.001); 

iv) Mixture, Time and Treatment (p < 0.01).  

Table 6 shows the ANOVA analysis: Degrees of Freedom (Df), Sums of Squares (SSq), Mean of 

Squares (MSq), Fisher (F value) and p. 
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a) b) 

  
c) d) 

  
e) f) 

  
g) h) 

Figure 24: Water Contact Angle: a) AC 14; b) AC 6; c) AC 14 TiO2; d) AC 6 TiO2; e) AC 14 ZnO; f) AC 6 ZnO; g) AC 14 TiO2 
ZnO; h) AC 6 TiO2 ZnO 
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Table 5: Maximum and Minimum Results for Water Contact Angle 

Mixture Treatment 

Maximum WCA Minimum WCA 

Initial Final Initial Final 

Abrasion 
(%) 

WCA 
(°) 

Abrasion 
(%) 

WCA (°) 
Abrasion 

(%) 
WCA (°) 

Abrasion 
(%) 

WCA (°) 

AC 14 

- 0.25 122 1.00 17 1.00 108 - 9 

TiO2 - 150 0.25 36 1.00 112 - 21 

ZnO 0.25 137 0.25 63 1.00 124 - 26 

TiO2 ZnO - 155 - 51 1.00 121 0.50 28 

AC 6 

- 0.25 120 - 36 - 102 0.50 14 

TiO2 - 143 0.25 40 1.00 129 - 27 

ZnO 0.25 136 0.25 40 - 122 - 23 

TiO2 ZnO - 153 0.25 40 1.00 123 - 12 

 

Table 6: Results of ANOVA for Contact Angle 

Variables F value p  

Mixture 107.8 < 2×10-16 *** 

Time 2248.411 < 2×10-16 *** 

Treatment 90.119 < 2×10-16 *** 

Abrasion 3.245 0.07192 . 

Mixture and Time 0.048 0.82654  

Mixture and Treatment 12.822 3.06E-08 *** 

Time and Treatment 0.726 0.53651  

Mixture and Abrasion 10.022 0.00159 ** 

Time and Abrasion 0.978 0.32284  

Treatment and Abrasion 10.003 1.65×10-6 *** 

Mixture, Time and Treatment 4.821 0.00243 ** 

Mixture, Time and Abrasion 1.546 0.21398  

Mixture, Treatment and Abrasion 0.341 0.71113  

Time, Treatment and Abrasion 1.126 0.3374  

Mixture, Time, Treatment and Abrasion 1.907 0.14902  

. p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001 

 

The Bonferroni Post-Hoc test for a level of significance (1 - α = 0.1) has the following factors: 

Factor 1 - Time: 

The average of the contact angle for time equal to zero were higher when compared to that of 

times equal to 0.3333s (p <0.001). The averages of the contact angle of the times 0.6666 and 0.3333, 

1 and 0.3333, 1 and 0.6666, 2 and 0.6666, 2 and 1, 3 and 1, 3 and 2, 4 and 2, 4 and 3, 5 and 2,5 

and 3, 5 and 4 did not present significant differences in average of contact angle (p > 0.1).  
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For all other times, the difference of the averages of the contact angle were significant (p < 0.1). 

It can be concluded that the initial WCA is the most important. 

Factor 2 - Treatment: 

The average of the WCA measurements of the treated samples were significantly higher when 

compared to the untreated samples (p < 0.001), but the averages of the WCA of the treated samples did 

not differ significantly. Therefore, the hydrophobicity was higher for the treated samples compared to the 

non-treated ones. 

Factor 3 - Abrasion: 

The averages of the WCA measurements of the worn samples were significantly different from the 

average of the samples without abrasion: 0.25% (p < 0.001); 0.5% (p < 0.001) and 1% (p < 0.05). Only 

the WCA averages for the samples with 0.25% and 1% wear level differ significantly (p < 0.05). It can be 

concluded that WCA for consecutive wear levels were similar.  

Factor 4 – Asphalt Mixture: 

The average of WCA measurements of the AC 14 samples was significantly lower than the AC 6 

samples (p < 0.001). 

5.3.4. Photocatalytic Efficiency 

Figure 25 shows the results of photocatalysis for the asphalt mixtures. During 6 hours, the 

samples were submerged inside the dye solution in dark condition in order to analyze the adsorption 

without photodegradation reactions. When the adsorption was constant, the light was turned on. After 8h 

of irradiation, the best results for photocatalytic efficiency were achieved for the samples treated with TiO2 

(57%) and TiO2 ZnO (56%) for AC 14 and TiO2 ZnO for AC 6 (49%). The results show that the combination 

of these materials was more efficient for AC 6 due to the increase of 18% on the photocatalytic efficiency 

comparing with the results only with TiO2. AC 14 did not have any impact when combining the 

semiconductors. After abrasion, the worst situation was found for AC 14 treated with ZnO, which show a 

decrease, on average, of 59%. For AC 6, it was a decrease of 48%. The best fixation of semiconductors 

was for AC 6 TiO2, with a decrease of 8% in photocatalytic efficiency comparing with the average of the 

worn samples.  
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a) b) 

  
c) d) 

  
e) f) 

  

g) h) 

Figure 25: Photocatalytic Efficiency: a) AC 14; b) AC 6; c) AC 14 TiO2; d) AC 6 TiO2; e) AC 14 ZnO; f) AC 6 ZnO; g) AC 14 
TiO2 ZnO; h) AC 6 TiO2 ZnO 
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The results after 24 hours of irradiation, done only for the samples before abrasion, show that the 

mixture before treatment has 29% and 36% of photocatalytic efficiency for, respectively, AC 14 and AC 6 

samples. Probably this was caused by a presence of semiconductors in the aggregates exposed due to 

sample cutting. 

It was possible to achieve photocatalytic efficiencies of 79% for AC 14 ZnO, up to 92% for AC 14 

TiO2 ZnO and 57% for AC 6 ZnO, and up to 81% for AC 6 TiO2 ZnO samples. After doping, when the 

semiconductors were combined, the results showed an increase of 8% for AC 14 and 13% for AC 6 

comparing with the samples treated only with TiO2. 

Analyzed by a variance analysis (ANOVA) for a confidence level of (1 - α = 0.1), the results of the 

independent variables Mixture (p < 0.01), Time (p < 0.001), Treatment (p < 0.001) and Abrasion (p < 

0.001) have a significant influence on the measurements of the photocatalytic efficiency. The interactions 

of the following variables had a significant impact on the results of the photocatalysis: i) Mixture and 

Treatment (p < 0.01); ii) Mixture and Abrasion (p < 0.05); iii) Treatment and Abrasion (p < 0.1); iv) Time 

and Abrasion (p < 0.001); v) Mixture and Time (p < 0.1) and vi) Time and Treatment (p < 0.001). The 

interaction between the combinations of three independent variables has a significant influence on the 

measurements of the photocatalytic efficiency (p < 0.1). Table 7 show the ANOVA analysis. 

The Bonferroni Post-Hoc test for a level of significance (1 - α = 0.1) has the following factors: 

Factor 1 - Time: 

The average of the photocatalytic efficiency at 0.5h and 1h did not differ significantly. The average 

of the photocatalytic efficiency at 1h and 2h presented significant differences (p < 0.05). For all the other 

times, the average of photocatalytic efficiency differed significantly with p < 0.01. This means, as 

expected, that the photocatalytic efficiency increases during the time irradiation. 

Factor 2 - Treatment: 

The average of the photocatalytic efficiency between treated samples and non-treated samples 

presented significant differences (p < 0.01), except for the samples treated with ZnO. In addition, the 

average photocatalytic efficiency of samples treated with TiO2 (p < 0.01) and TiO2 ZnO (p < 0.01) differs 

significantly from samples treated with ZnO. It is important to emphasize that the average of the 

photocatalysis results of the samples treated with TiO2 did not differ significantly from the samples treated 

with TiO2 ZnO. The average of the samples treated with ZnO did not differ significantly from the samples 
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without treatment. Therefore, it can be concluded that the use of ZnO did not have any improvement 

separated or combined with TiO2 regarding only the photocatalytic properties.  

Factor 3 - Abrasion: 

The average of the photocatalytic efficiency of the samples before abrasion were significantly 

higher than the one of the samples at 0.5% (p < 0.05) and at 1% (p < 0.001), but not at 0.25%. However, 

the average of photocatalytic efficiency between the worn samples does not differ significantly between 

them. Low levels of abrasion do not effect photocatalytic efficiency. 

Factor 4 – Asphalt Mixture: 

The average of the photocatalytic efficiency of the different bituminous mixtures samples does not 

differ significantly. Therefore, the functionalization, considering the photocatalytic property, does not have 

influence on the different substrates. 

Table 7: Results of ANOVA for Photocatalytic Efficiency 

Variables F value Pr (> F)  

Mixture 10.708 0.001182 ** 

Time 1519.445 < 2×10-16 *** 

Treatment 166.017 < 2×10-16 *** 

Abrasion 133.83 < 2×10-16 . 

Mixture and Time 3.302 0.070131 ** 

Mixture and Treatment 4.899 0.002413 *** 

Time and Treatment 114.958 < 2×10-16 * 

Mixture and Abrasion 5.813 0.016464 *** 

Time and Abrasion 11.384 0.000831 . 

Treatment and Abrasion 2.565 0.054601 . 

Mixture, Time and Treatment 2.317 0.075575 . 

Mixture, Time and Abrasion 3.105 0.078988 . 

Mixture, Treatment and Abrasion 2.112 0.09858 . 

Time, Treatment and Abrasion 2.207 0.087211  

Mixture, Time, Treatment and Abrasion 0.584 0.625899  

. p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001 

 

5.3.5. Mechanic Impact of Semiconductors 

The mechanical impact of the semiconductors on the mixture was assessed trough Indirect Tensile 

Strength after immersing the samples in water. The Resistance Index (RI) was for AC 6, -2.9% and, for 

AC 14, 0.1%.  
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After the semiconductors application, the asphalt mixtures had almost the same performance. 

Therefore, it can be concluded that the best aqueous solution of semiconductors, TiO2 ZnO, applied by 

spraying had no mechanical impact.  

5.4. Conclusions 

This study aimed at developing and assessing photocatalytic, superhydrophobic and self-cleaning 

asphalt mixtures sprayed with TiO2 or/and ZnO aqueous solutions. In the first stage bitumen samples 

were chemically and morphologically assessed in order to analyze if there was any bitumen deterioration 

after the solution spraying. Next, two types of asphalt mixtures functionalized with TiO2 ZnO were assessed 

mechanically through indirect tensile strength after water immersion in order to find out if there were 

mechanical impacts caused by the semiconductors. Finally, the samples were evaluated by Water Angle 

Contact and by photocatalytic efficiency to analyze these new capabilities. Eight conditions of mixtures 

and semiconductors were evaluated: a) AC 14; b) AC 6; c) AC 14 TiO2; d) AC 6 TiO2; e) AC 14 ZnO; f) AC 

6 ZnO; g) AC 14 TiO2 ZnO; h) AC 6 TiO2 ZnO. The results of the experimental activity leaded the following 

conclusions: 

• Based on AFM, ZnO affects the bitumen physical integrity. The bee structure, or catana phase, 

disappeared. This is indicative of bitumen deterioration. The other solutions, with TiO2 and TiO2 

ZnO, maintained the integrity of the bitumen. 

• The FTIR showed on the one hand a high impact of the ZnO solution sprayed on the Elaster 

bitumen, and, on the other hand, little impact on the conventional 35/50 bitumen.  

• The wettability of asphalt pavement and its hidrophylicity/hydrophobicity were evaluated by Water 

Contact Angle (WCA). The initial WCA before abrasion was higher than after. In general, for later 

times the relation was the opposite. The superhydrophobic property was developed for these 

samples: AC 14 TiO2, AC 14 TiO2 ZnO and AC 6 TiO2 ZnO (WCA higher or equal to 150°). Therefore, 

the combination of TiO2 and ZnO was important to achieve the superhydrophobic property. 

• The use of TiO2 aqueous solution sprayed onto the surface of the asphalt mixtures was able to 

promote the photodegradation of an organic pollutant (Rhodamine B dye – RhB). After 24 hours of 

light irradiation, the maximum photocatalytic efficiency (92%) was obtained for samples 

functionalized with TiO2 and doped with ZnO. After 8 hours of irradiation, the worst situation was 

for AC 14 ZnO, which had after abrasion a decrease in average of 59% of the photocatalytic 

efficiency, and the best situation, AC 6 TiO2, which has a decrease in average of 8%. After analysis 
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of Bonferroni Post-Hoc test, the use of ZnO is not recommended to promote the photodegradation 

neither separated nor in combination with TiO2. 

• The semiconductors TiO2 ZnO applied by aqueous solution have no mechanical impact, assessed 

by Indirect Tensile Strength after water immersion. 

The combination of TiO2 with ZnO promoted the photocatalytic superhydrophobic and self-cleaning 

properties, providing the asphalt mixtures with these new capabilities. These functionalized pavement 

surfaces could degrade gases like SO2 and NOx, avoid accidents by removing the small dirt particles which 

are drained with water (lotus effect), degrade oils on the pavement surface and, additionally, it could 

prevent the pore clogging which happens in permeable asphalt mixtures. Great benefits to road safety 

and environment are foreseen with the construction of these layers. 



Chapter 6 – Mechanical Impacts and Photocatalytic Efficiency of Asphalt Mixtures 

 

 79 

CHAPTER 6 – MECHANICAL IMPACTS AND PHOTOCATALYTIC EFFICIENCY OF ASPHALT MIXTURES  

This chapter refers to the research work about photocatalytic, superhydrophobic and self-cleaning 

asphalt mixtures “Photocatalytic asphalt mixtures: Mechanical performance and impacts of traffic and 

weathering abrasion on photocatalytic efficiency” published in Journal Catalysis Today (impact factor – if 

– 6.766) (Figure 26). The main objective of this chapter was to analyze the mechanical impacts of the 

functionalization process and evaluate the impacts of weathering and traffic on photocatalytic efficiency. 

Also, both functionalization processes (spraying coating and volume incorporation) were carried out and 

compared. The content of this chapter is included in the article, which DOI is 

10.1016/j.cattod.2018.07.012. Its graphical abstract is presented in Figure 27. 

 

Figure 26: First page of the research work published in Catalysis Today [9] 
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Figure 27: Graphical Abstract of the paper [9] 

 

6.1. Introduction 

The main goal of this chapter is to assess the immobilization degree of TiO2 nanoparticles by using 

two experimental techniques (spraying coating and bulk incorporation) due to traffic and weathering and 

to analyse the mechanical behaviour of asphalt mixtures functionalized by bulk incorporation. In a first 

phase, the influence of TiO2 nanoparticles on the mechanical properties for the bulk incorporation 

technique was studied due to the possibility of change the mechanical behaviour. Then, for the spraying 

coating, the effects of temperature and spraying rate in the immobilization of the nanomaterials were 

investigated. Lastly, the influence of traffic and water was analysed by applying abrasive wear through a 

rotary brush and simulating rain for both techniques. 

6.2. Materials and Samples Preparation 

In this research AC 14 surf 35/50 asphalt mixtures were formulated by the Marshall Method, 

using 92% of granite aggregates, 3% of limestone filler and 5% of asphalt binder in weight of the mixture, 

aiming 4% of voids content. The binder, Cepsa® 35/50, was characterized by: i) Penetration of 30×10-1 

mm (EN 1426/2015); ii) Brookfield viscosity of 391 cP at 150 °C (EN 13302/2010) and iii) Softening 
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Point of 56 °C (EN 1427/2015). The aggregate composition of the mixtures was: i) limestone filler: 3%; 

ii) 0/4 mm: 41%; iii) 4/8 mm: 12% and iv) 6/14 mm: 44%.  

In order to functionalize the asphalt mixtures, the semiconductor nano-TiO2 by Quimidroga (TiO2 

P25: 80% anatase and 20% rutile) was used. Its purity is higher than 99.5% and the particle size is of 

about 23 to 28 nm [43]. The band gap of TiO2 was 3.20 ± 0.03 eV, corresponding to the region of UV-A 

light. It was calculated using the Kubelka-Munk equation obtained from the diffuse reflectance 

spectrum [161,162]. 

The asphalt mixes were prepared following the standard EN 13108-1. The samples were 

compacted in two geometries: cylindrical to carry out the water sensitivity test (EN 12697-12) and 

prismatic slabs to assess the photocatalytic efficiency and to carry out mechanical characteristics tests, 

such as fatigue resistance (AASTHO TP 8-94), stiffness Modulus (EN 12697-26) and permanent 

deformation resistance (NP 12967-22).  

Two techniques were adopted in order to obtain the photocatalytic asphalt mixtures: spraying 

coating (after compaction) and bulk incorporation (during mix). The first one consisted of spraying at the 

surface of the asphalt sample an aqueous solution of nano-TiO2 (4 g/L) at pH 8 with an atmospheric air 

compressor at a distance of about 20 cm during 30 s, being the speed of the aqueous solution jet set at 

100 mL/min [7,8]. The substrate temperatures during spraying were: room temperature (RT), 60°C 

(both considering an application during the use of the pavements), 100°C and 140°C (both considering 

the application during paving and compaction). Three spraying ratios were evaluated: 4, 8 and 16 

mL/cm2, according to the last studies [7,8,80]. The second technique, by bulk incorporation, consisted 

of partially replacing the filler with 3% and 6% of TiO2 in mass of the bitumen [7], without granulometric 

changes. 

In order to assess the photocatalytic efficiency, small cylindrical samples (3.6 cm diameter and 

1.0 cm height) were drilled from the prismatic slabs and then sprayed with the nano-TiO2 aqueous 

solution, the lateral of the samples was covered with bitumen to eliminate the effect of the granulates cut 

on the photocatalytic efficiency test results.  

The samples were identified by characters representing the type of functionalization, the 

percentage of TiO2, the spraying rate, the temperature, the percentage of abrasion and the water 

simulation. The code of the samples starts by C, BI or SC to indicate the control samples, the 
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functionalized samples by bulk incorporation or the functionalized samples by spraying coating, 

respectively. Initially, the lateral of some samples was not covered with the bitumen. This situation is 

represented by WC (without covering). The samples that were submitted to wearing and water simulation 

are indicated by the percentage of abrasion (e.g. 0.5% means 0.5% of a superficial abrasion) and by W 

(water simulation), respectively. By bulk incorporation, the samples were composed by 3 and 6% of TiO2, 

indicated by 3%T and 6%T, respectively. By spraying coating, the samples were functionalized at 3 rates, 

4, 8 and 16 mL/cm2, indicated by 4R, 8R and 16R. The four temperatures of the asphaltic substrate 

during the spraying: room temperature, 60, 100 and 140 °C, were identified by RT, 60, 100 and 140. 

For example, the sample SC_8R_140_1%_W was functionalized by spraying coating using the rate 8 

mL/cm2 at 140 °C and submitted to 1% of abrasion and also rain simulation. The photocatalytic efficiency 

was evaluated in all samples, however only samples C, BI_3%T and BI_6%T were evaluated through 

mechanical performance. Last studies showed that the Indirect Tensile Strength after water conditioning 

(ITSw) of functionalized samples was not affected by spraying coating [8].  

6.3. Methods  

6.3.1. Water Sensitivity 

In order to analyze the moisture resistance of asphalt mixtures with and without nanoparticles, 

the Indirect Tensile Strength Ratio (ITSR) test was carried out. Following the standard EN 12697-12, two 

groups of each mixture is produced considering their volumetric properties. 

One group of samples was immersed in water at 40 °C during 72 hours, the other one was kept 

out of the conditioning. After this process, all samples were placed in a chamber at 15 °C during 2 hours 

to test them under indirect tensile Strength. The ratio between the wet samples (ITSw) and the dry 

samples (ITSd) was calculated and defined as ITSR. 

6.3.2. Permanent Deformation 

The permanent deformation of the asphalt mixtures was assessed by the Wheel Tracking Test 

(WTT) (EN 12697-22). Therefore, for each mixture, two prismatic slabs (30 × 30 × 4.0 cm3) were tested 

up to 10,000 cycles of a 700 N wheel at 0.44 Hz and 60°C. The curve deformation versus cycle and the 

maximum rutting of the asphalt mixtures with and without TiO2 will be compared.  
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6.3.3. Stiffness Modulus 

This property, used for pavement design, was assessed by the four-point bending test 

configuration (EN 12697-26) for the frequencies 0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 Hz at 20 °C. The graph 

Stiffness versus Frequency (Hz) of the asphalt mixtures with and without TiO2 will be compared. 

6.3.4. Fatigue Test 

This test aimed to measure the capacity of the mixtures to resist to cyclic loading through the four-

point bending test procedure (EN 12697-24). In this test, samples at 20 °C are submitted to sinusoidal 

loading at 10 Hz, in strain control. When the stiffness modulus of the asphalt mixture samples reaches 

half of their initial value, theoretically, fracture occurs and the test stops. The fatigue resistance of the 

sample corresponds to the number of loading cycles at the end of the test. The graph strain level versus 

number of cycles will be presented. 

6.3.5. Photocatalytic Efficiency 

The photocatalytic efficiency tests are based on the measurement of the degradation of 

Rhodamine B (RhB) as a function of time irradiation with an artificial sunlight [7,8]. Therefore, each 

asphalt mixture sample was inserted into a beaker and completely immersed with 20 mL of RhB aqueous 

solution (5 ppm). After 3 h in dark condition (adsorption), the samples were irradiated during 8 h a light 

(300 W - OSRAM UltraVitalux lamp, 11 W/m2 measured by Quantum Photo Radiometer HD9021 Delta 

Padova).  

All the beakers were closed with a transparent plastic film with at least 90% of transmittance in 

the wavelength range between 292 and 900 nm in order to avoid the evaporation of RhB. The 

photocatalytic efficiency (Equation (18)) was calculated using the Beer–Lambert law [7]. For this test, 3 

samples were used and the average of the result will be presented. 

Φ (%) =  (
𝐴𝑜 − 𝐴

𝐴𝑜
) × 100 (18) 

 

where Φ is the photocatalytic efficiency, A and A0 represent the maximum absorbance of RhB (553 nm) 

solution for time “t” and 0 hour after irradiation, respectively, which were measured using a Shimadzu 

3101 PC spectrophotometer. 
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6.3.6. Traffic simulation 

To assess the impact of the traffic wearing, i.e. the semiconductors’ removal by traffic, the tests 

were carried out before and after mechanical abrasion carried out homogeneously over the asphalt 

mixtures’ surface using a metallic wire brush disc (at 450 rpm), conducting in different mass loss 0.5%, 

1%, 2% [8]. 

6.3.7. Rain simulation 

In order to estimate a possible semiconductors’ removal by rain, the samples were submitted a 

water simulation with a flow of 100 mL/min during 5 hours. It was calculated based on the precipitation 

of Portugal, estimating in average one year of rain. 

6.4. Results and Discussions 

6.4.1. Performance of the Asphalt Mixtures 

6.4.1.1. Water sensitivity 

The results of ITS and water sensitivity (ITSR) of the asphalt mixtures composed by TiO2 

incorporated in volume are presented in Figure 28a (3.7% average air voids). The ITS and the ITSR were 

affected by the content of TiO2. The lowest content of TiO2 (BI_3%T) led to lower values of these 

parameters, while the highest content (BI_3%T) led to higher ITS and lower ITSR. It can be concluded 

that the use of TiO2 by bulk incorporation reduces the water resistance. However, all results of ITSR are 

higher than 80%, the minimum value requested for this parameter of the water sensitivity of asphalt 

mixtures in Portugal. 

6.4.1.2. Permanent Deformation 

The permanent deformation test has a high importance in countries with hot climate where this 

phenomenon manifests itself with large significance. The permanent deformation was affected by the 

content of TiO2 (Figure 28b). On the one hand, the lowest content of TiO2 (3%) conducted to a slightly 

higher deformation (7.5 mm) than the conventional mixture (6.8 mm). On the other hand, the highest 

content of TiO2 (6%) conducted to better results of this parameter (4.95 mm), reducing the permanent 

deformation.  
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Figure 28: a) Water Sensitivity; b) Permanent Deformation Results [9] 

 

6.4.1.3. Stiffness Modulus 

The stiffness of the asphalt mixture was also influenced by the content of TiO2 (Figure 29a). While 

the lowest content of TiO2 (3%) conducted to a lower stiffness than the conventional mixture, the highest 

content (6%) conducted to similar stiffness moduli. This performance is in accordance with the results 

found the permanent deformation. 

6.4.1.4. Fatigue Resistance 

Figure 29b presents the fatigue curve (number of cycle versus applied strain) determined for the 

3 asphalt mixtures. Good determination coefficients (R2) were achieved, higher than 0.85. The asphalt 

mixture composed by 3% of nano-TiO2 had the same behaviour as the conventional asphalt mixture, the 

fatigue curves are overlapped. The fatigue resistance of the asphalt mixture was affected only when 6% 

of nano-TiO2 was used, reducing the fatigue resistance under very low strain, as can be seen the higher 

slope. 
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Figure 29: a) Stiffness Modulus; b) Fatigue Resistance [9] 

 

6.4.2. Photocatalytic Efficiency 

6.4.2.1. Evaluation of Substrate Temperature During Application 

Figure 30 illustrates the dependence of the substrate temperatures (RT, 60°C, 100°C and 

140°C) on the photocatalytic efficiency of the samples functionalized with TiO2 by spraying. There was 

no substantial difference in the photocatalytic performance of the samples at different temperatures.  

The results obtained for the samples with lateral surfaces not covered with bitumen (Figure 30a), 

suggest the increase of the photocatalytic efficiency due to the contact of the aggregates with RhB dye 

solution and exposed to light. The same situation, but with the sample’s laterals covered with bitumen 

lead to a decrease of the photocatalytic efficiency (Figure 30b). After covering the laterals of the control 

samples, it decreased 29%. In average, a reduction of 17% was found for the functionalized samples. 

Thus, in order to eliminate the lateral effect of the exposed aggregates, all the experiments were carried 
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out with samples covered with bitumen, except in their superior faces (i.e. the functionalized faces). In 

this sense, the selection of aggregates seems important since their constitution can facilitate the 

photocatalytic process together with TiO2 mainly for oil/grease degradation in order or reduce road 

accidents caused by contamination of these materials.  

 

Figure 30: Photocatalytic Efficiency for Different Temperatures: a) before abrasion and without lateral covering; b) before 

abrasion and with lateral covering; c) after 1% superficial abrasion and rain simulation [9] 
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After the abrasion and weathering processes with 1% of superficial abrasion, this trend was the 

same (Figure 30c). However, in this case there was a decrease of about 10% on the photocatalytic 

efficiency compared to the samples that did not undergo the abrasion process, which probably is related 

to the removal of photocatalytic materials on the coated surfaces. From these results, it can be concluded 

that under the severe abrasion and the rain simulation processes, the functionalization of the pavements 

at room temperature is feasible. Therefore, the spraying technique may be applied at any time of the 

pavement life, including construction and use. Also, the reapplication of the technique is possible after 

the removal of the nanomaterials. 

6.4.2.2. Evaluation of substrate spraying rate 

To evaluate the spraying ratio effect, three rates were selected and applied at room temperature: 

4, 8 and 16 mL/cm2. Prior to abrasion process, the most effective rates were 8 and 16 mL/cm2 which 

lead to a photocatalytic efficiency of about 60% (Figure 31a). Under abrasion of 0.125%, the best rates 

were in ascending order: 4; 8; 16 mL/cm2 (Figure 31b). After rain simulation, also the most effective 

rates were 8 and 16 mL/cm2 (Figure 31c). The other tests were carried out using the intermediate rate 

(8 mL/cm2) due to the similarity under rain simulation and before abrasion. Also, the rate uses half of 

the volume per cm2, being more economic than the rate of 16 mL/cm2.  
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Figure 31: Photocatalytic Efficiency for Different Spraying Rates: a) before abrasion; b) after 0.125% of a superficial abrasion; 

c) after rain simulation [9] 

 

6.4.2.3. Study of the fixation of the nanomaterials 

The study of the fixation was carried out for 6 situations (Figure 32): a) before abrasion; b) after 

water simulation; c) with 0.5% of a superficial abrasion; d) with 0.5% of superficial abrasion and after rain 

simulation; e) with 2% of superficial abrasion; and f) with 2% of superficial abrasion and after rain 

simulation. 
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The photocatalytic efficiency was much higher for the spraying coating than the functionalization 

by bulk incorporation before abrasion (Figure 32a and b). Probably the low efficiency of these samples 

functionalized by bulk incorporation was due to the low content of TiO2 over the surface (i.e. exposed to 

the light) and also because the superficial bitumen film covers the nanoparticles. 

However, after the superficial abrasion, the photocatalytic efficiency of the sprayed samples 

decreases in opposition to the bulk incorporation process (Figure 32c-f). For example, the photocatalytic 

efficiency of BI_3%T increased from 32% (Figure 32a) to about 40% and 55% with 0.5% and 2% of 

abrasion, respectively (Figure 32c and e). For the BI_6%T, it was registered an increase of 4% and 41% 

under the same levels of abrasion. After the abrasion, the TiO2 applied by the spraying technique was 

removed from the surface while by bulk incorporation it is more exposed. This effect is more important 

for higher levels of abrasion. In view of this, it is essential to evaluate the impact of the abrasion on 

photocatalytic materials which will be submitted to this process in their lifetime.  

Contrarily to the expectations, which were the achievement of better results for higher percentages 

of nano-TiO2, for bulk incorporation, the highest photocatalytic efficiency was found for the samples with 

lower content of TiO2 (BI_3%T). A possible explanation is that higher percentages can result in 

photocatalytic particle’s agglomeration, thereby decreasing its surface area and consequently the 

photocatalytic efficiency. Additionally, the photocatalytic efficiency was not affected under rain simulation 

(Figure 32b, d and f). Also, the spraying coating technique leads to a very high photocatalytic efficiency, 

including under the rain simulation. However, when this process is preceded by abrasion, the TiO2 

nanoparticles are removed leading to lower efficiency. Therefore, the impact of rain simulation is very 

reduced since it did not remove the particles.  

In practice, road pavements are submitted to traffic abrasion mostly the wheel tracks and also by 

weathering. The other areas of the traffic lanes and also the shoulders are mostly submitted to weathering. 

Taking into account the low impact on photocatalytic efficiency of the rain, it is expected a high 

performance of both techniques on field since the area submitted to the abrasion is significantly lower 

than the total area of the pavement. 
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Figure 32: Photocatalytic Efficiency: a) before abrasion; b) after rain simulation; c) after 0.5% of a superficial abrasion; d) 

after 0.5% of a superficial abrasion and rain simulation; e) after 2% of superficial abrasion; f) after 2% of superficial abrasion 

and rain simulation [9] 

 

6.5. Conclusions 

The aim of this research was the analysis of the impact of photocatalytic asphalt mixtures 

functionalized by bulk incorporation on mechanical performance and by both bulk incorporation and 

spraying coating on photocatalytic efficiency considering the following factors: application temperature, 

traffic (wearing) and climate (weathering). Based on the results of this research, the following conclusions 

can be drawn: 
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• The mechanical impact of the bulk incorporation of nano-TiO2 was mostly affected only in the 

moisture sensitivity. This property was reduced but respected the limit by the Portuguese 

specification for top layer asphalt mixtures. On one hand, the higher content of TiO2 (6%) improved 

the permanent deformation, had similar results of stiffness modulus and reduced the fatigue 

resistance under very low strain, when compared with the conventional mixture. On the other hand, 

the lower content of nano-TiO2 (3%) had a slightly higher permanent deformation, conducted to a 

lower stiffness, but remained the fatigue resistance, when compared with the conventional mixture. 

• The granitic nature of the aggregates provided an increase of the photocatalytic efficiency. Thus, 

the selection of aggregates is important since it can improve the photocatalytic process together 

with TiO2.  

• The temperature of the substrate had no influence on the photocatalytic results before the abrasion 

process and after the high abrasive wearing conducted in this research. Therefore, the coating 

technique can be used at the construction or paving phase and also at any time of the pavement’s 

use. 

• The most effective spraying rates were 8 and 16 mL/cm2 before the abrasion and after water 

simulation. Under abrasion of 0.125%, the best rates were in ascending order 4 mL/cm2 < 8 

mL/cm2 < 16 mL/cm2. 

• The photocatalytic efficiency was much higher for the spraying coating than the functionalization 

by bulk incorporation before abrasion. The low efficiency by bulk incorporation was probably due 

to the low content of TiO2 over the surface of samples.  

• Only under water simulation, the photocatalytic efficiency was not affected. The spraying coating 

has a very high photocatalytic efficiency including after this process.  

• After abrasion, the photocatalytic efficiency of sprayed samples was highly reduced, while for bulk 

incorporation samples it increased with the level of abrasion.  

• The rain simulation in combination with abrasion washes the surface, removing the nanoparticles 

which were not immobilized.  

In this work the main methodological issue was the simulation of the traffic wearing through an 

abrasion process. For big samples there are some recognized wearing techniques, however for small 

samples a traffic wearing procedure needs to be developed and validated. Nevertheless, the procedure 

adopted for this study seemed adequate and provided good results.  
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With these results seems acceptable to forecast a good performance of the photocatalytic road 

surfaces on field. The surface of road pavements is submitted to traffic wearing mostly in the wheel tracks. 

It represents a reduced percentage of the total area of the surface. In view of the low effect of rain on the 

photocatalytic efficiency, it is expected a good performance of the spraying coating technique, less 

expensive. The ideal solution would be the combination of both techniques, with negligible impact on 

mechanical performance, however it requires a cost-benefit analysis.  
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CHAPTER 7 – FUNCTIONAL IMPACTS OF FUNCTIONALIZED ASPHALT MIXTURES  

This chapter refers to the research work about photocatalytic, superhydrophobic and self-cleaning 

asphalt mixtures “Photocatalytic asphalt mixtures: semiconductors’ impact in skid resistance and texture” 

published in Journal Road Materials and Pavement Design (impact factor – if – 3.792) (Figure 33). The 

main goal of the Chapter 7 was to analyze the functional impacts of the functionalization process. Also, 

both functionalization processes (spraying coating and volume incorporation) were carried out and 

compared here. The content of this chapter is included in the article, which DOI 

10.1080/14680629.2019.1624398. 

  

Figure 33: First page of the research work published in Catalysis Today 
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7.1. Introduction 

This chapter aimed to analyze the impact of the semiconductors on functional characteristics, 

such as skid resistance and texture. For this, two asphalt mixtures AC 6 and AC 14 were evaluated. Both 

were functionalized by spraying coating and one of them, AC 14, was also functionalized by bulk 

incorporation. Macrotexture, microtexture and skid resistance tests were carried out. 

7.2. Materials and Methods  

7.2.1. Materials 

In this research, two asphalt mixtures were evaluated: AC 14 Surf 35/50 and AC 6 Surf Elaster 

13/60, composed of 5% and 6% of binder, respectively. The aggregate composition of the mixtures was:  

• AC 6 - limestone filler, 3%; 0/4 mm, 25% and 4/6 mm, 72%;  

• AC 14 - limestone filler, 3%; 0/4 mm, 41%; 4/8 mm, 12% and 6/14mm, 44%.  

 

The photocatalytic and self-cleaning properties were provided to the asphalt mixtures by spraying 

for AC 14 and AC 6; and bulk incorporation for AC 14. By spraying, an aqueous solution of nano-TiO2 (4 

g/L) and/or micro-ZnO (1 g/L) with pH 8 was sprayed over the AC 6 and AC 14 mixtures at 60 °C, 

covering the rate of 5 mg/cm2 to 12.5 mg/cm2. By bulk incorporation, the functionalization was achieved 

by partially replacing the filler with 3% and 6% of TiO2 in mass of the bitumen, resulting in 2.84% and 

2.68% of limestone filler respectively. This procedure was the same as those carried out on the last 

researches [8,9]. The designation of the conventional asphalt mixtures was AC 14 and AC 6. For those 

ones functionalized by bulk incorporation, it was AC 14 3% and AC 14 6% considering the content of TiO2, 

3 and 6%, respectively. Finally, those ones functionalized by spraying coating were named AC 14 TiO2, 

AC 14 ZnO, AC 14 TiO2 ZnO, AC 6 TiO2, AC 6 ZnO, AC 6 TiO2 ZnO, considering each treatment over the 

asphalt mixtures. 

Table 8 identifies the mixtures selected for this research, how the semiconductors were applied, 

the Maximum Bulk Density (MBD) and the Void Content (VC) of the mixes. 
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Table 8: Properties of Asphalt Mixes 

Asphalt mix Semicondutors Technique MBD (g/cm3) VC (%) 

AC 6 TiO2 and/or ZnO Spraying 2.423 10.9 

AC 14 TiO2 and/or ZnO Spraying 2.426 4.4 

AC 14 3% 3% TiO2 Bulk incorporation 2.377 3.8 

AC 14 6% 6% TiO2 Bulk incorporation 2.356 4.4 

 

7.2.2. Methods 

The tests selected were skid resistance, microtexture, and macrotexture. Skid resistance and 

microtexture tests were carried out in all the mixtures. The macrotexture was assessed only in the 

mixtures without semiconductors and also in the mixtures functionalized by bulk incorporation since the 

application of the nano/micromaterials by spraying coating does not affect the macrotexture due to their 

very lower scale. All the tests were carried out before abrasion. 

7.2.2.1. Macrotexture 

To measure the macrotexture of the asphalt mixtures, profiles of their surfaces were acquired by 

a device equipped with a laser, and the Mean Profile Depth was calculated. This device allows determining 

with precision profiles of slabs with a surface of 25x25 cm2, recording x, y, and z positions. It can acquire 

profiles every 0.2 mm with a vertical resolution up to 0.01 mm. The MPD was calculated in each profile 

for a 10 cm baseline. The baseline of the profiles is divided by half of the length, and the average of their 

two peak heights is used to calculate the MPD (Equation (19)).  

MPD =
1st Peak +  2nd peak

2
− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 (19) 

 

7.2.2.2. Skid resistance 

To access the skid resistance of the mixtures before and after the application of the 

semiconductors, Pendulum tests were carried out (EN 13036-4). This test is one of the most popular 

procedures to determine skid resistance and is widely used to analyse small samples of asphalt mixtures 

in the laboratory and also highway pavements in some situations. For highways, this test is still used due 

to the low cost and ease of operation [169].  
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7.2.2.3. Microtexture 

To measure the microtexture, an optical microtopographer was used. With large measuring range, 

high versatility, robustness and reliability, good accuracy and resolution, the MICROTOP.06.MFC 

microtopographer (Figure 34) was used to inspect a wide range of surface types [170], including asphalt 

mixtures [171]. The system is based on discreet active triangulation. Basically, in this sensor, a beam of 

light shines on the surface at some angle, and the reflected light is collected at another angle.  

 

Figure 34: The MICROTOP.06.MFC [170] 

 

The surface is scanned by an oblique light beam. The incident light is collimated and focused. A 

small, diffraction limited, bright spot is thus projected onto the surface. The bright spot is imaged both 

perpendicularly and specularly onto electronic photosensitive detection systems to assess its lateral 

position. The point-by-point scanning of the sample is carried out by the movement of a precision XYZ 

displacement on a rectangular array separated by distances down to 1.25 μm. By triangulation sensing 

of the reflected light at each scanning position, a full 3D inspection of the sample is achieved.  

7.2.3. Testing set up and analysis 

The macrotexture of each mixture was calculated by averaging the MPD of all profiles. The skid 

resistance test was carried out in wet and dry conditions at five different temperatures, resulting in 100 

Pendulum tests. For the wet procedure, the water and the pavement were conditioned at the same 

temperature, which made possible the control of the system’s temperature. This procedure was carried 

out to analyse whether the presence of the semiconductors could change skid resistance. 

The microtexture of the surfaces of each asphalt mixture slab was acquired in 9 selected squares 

with 1 cm2. In each square, a silicone cast was applied to have a high-fidelity replica of the microtexture. 

1. Interchangeable light sources; 2. Vibration isolation stand; 3. 

Neutral density filter; 4. Beam steering system; 5. Incidence 

angle control motorised system; 6. Incidence optics; 7. Normal 

observation optics; 8 and 10. Beam splitters; 9. Interference 

filter; 11. Normal photosensitive detection system; 12. 

Photodetector; 13. Video camera and illuminator; 14. Specular 

observation optics; 15. Interference filter; 16. Specular 

photosensitive detection system; 17. Sample support and 

motorised positioning system; 18. Data acquisition and control 

system; 19. Microcomputer 
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This material is composed of white liquid silica rubber and a catalyst that allows the hardening in some 

minutes. Its removal is easy and non-invasive. In total, 90 silicone casts were done to carry out the 

microtopography measurement within an area of 4 mm2. This procedure was carried out due to the colour 

of the asphalt mixtures, naturally black, which affects the measurements due to light diffusion during the 

acquisition. With the use of the white silicone replicas, this measurement problem is prevented since the 

diffusion of the red light (632.8nm) into the silicone replica is low [172]. Also, it is clean and avoids the 

placement of large slabs of asphalt mixtures into the device. 

The main roughness parameters calculated were: Arithmetic Mean Deviation of the Surface (Sa), 

Root-mean-square Deviation of the Surface (Sq), Total Height of the Surface (St), Maximum Peak Height 

of the Surface (Sp), Maximum Valley Depth of the Surface (Sv), Ten-point Height roughness of the Surface 

(Sz), Skewness (Ssk), Kurtosis (Sku). The parameters Sa and Sq were used to quantify significant 

deviations of textures. The symmetry of peaks and valleys of the surface about the average surface is 

established for Ssk = 0: normal distribution, that is, symmetry about the average line; Ssk < 0: 

predominance of valleys (negative texture); and Ssk > 0: indicates a higher number of peaks (positive 

texture). The Kurtosis (Sku) characterizes the presence of extremely deep valleys/high peaks for Sku = 

3: normal distribution; Sku > 3: extremely deep valleys/high peaks; and Sku < 3: lack of them.  

Analysis of variance (ANOVA), considering as factors mixture and treatment, was carried out to 

determine whether there was an interaction effect between the independent variables (Sa, Sq, St, Sp, Sv, 

Sz, Ssk and Sku) over the parameters for a significance level of (1 - α = 0.1). Bonferroni Post-Hoc analysis 

was also carried out to find patterns between subgroups by testing if there was a significant difference in 

the average of the parameters between samples. Figure 35 shows the flow chart of this study in order to 

facilitate understanding. 



Chapter 7 – Functional Impacts of Functionalized Asphalt Mixtures 

 

 99 

 

Figure 35: Flow Chart of this Study 

 

7.3. Results 

7.3.1. Macrotexture 

Table 9 shows the macrotexture results. Explained by their formulation, the AC 6 was 21% rougher 

than the AC 14. The functionalization by bulk incorporation did not affect the macrotexture of the asphalt 

mixtures greatly. Both mixtures with TiO2, independently to the content of nanomaterial, had similar MPD. 

However, when compared with the control mixture (AC14), the incorporation of TiO2 seems to have 

affected the surface by smoothing it on average 7%.  

Table 9: Macrotexture Results 

Mixture MPD (mm) 

AC 6 0.85 

AC 14 0.70 

AC 14 3% 0.66 

AC 14 6% 0.64 
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7.3.2. Skid resistance 

Figure 36 shows the skid resistance versus temperature and Table 10 shows the linear regression 

fit parameters for each material (results in Pendulum Test Value – PTV).  

 

 

Figure 36: Results of Pendulum Test: a) Dry Condition and b) Wet Condition 

 

In dry condition, the skid resistance of functionalized asphalt mixtures was similar to those without 

treatment. The AC 6 showed PTV values 2% lower than the AC 14, except for the lowest temperature. At 

the lowest temperature (10 °C), the surface got probably wet by water that condensed during the 

conditioning procedure, reducing the PTV value to those similar to the wet condition. Due to this, the 

results of the lowest temperature were removed from the linear trends for the dry condition. Moreover, R2 

values were lower than 0.35, indicating a low sensitivity of PTV to temperature variation.  

 

a) 

b) 
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In wet condition, the application of semiconductors on AC 14 did not have a pronounced impact 

on skid resistance. Furthermore, the trend lines of the AC 6 almost overlapped, except for AC 6 TiO2. For 

both mixtures, after spraying, the minimum and maximum differences in PTV ranged between -6% (TiO2 

at 29 ºC) and 3% (ZnO at 36 ºC and TiO2 ZnO at 43 ºC). For bulk incorporation, the minimum and 

maximum differences in PTV were -7% (AC 14 3% at 22 ºC) and 2% (AC 14 6% at 38 ºC).  

Table 10: Linear Trend Equations for Skid Resistance 

Mixture 
Dry Surface Wet Surface 

Linear Trend Equation R2 Linear Trend Equation R2 

AC 6 PTV = -0.015T + 80.591 0.015 PTV = -0.296T + 57.405 0.907 

AC 6 TiO2 PTV = -0.137T + 85.900 0.302 PTV = -0.208T + 52.838 0.813 

AC 6 ZnO PTV = 0.043T + 79.261 0.027 PTV = -0.305T + 57.490 0.958 

AC 6 TiO2 ZnO PTV = -0.025T + 81.246 0.011 PTV = -0.259T + 55.974 0.937 

AC 14 PTV = 0.059T + 80.074 0.302 PTV = -0.277T + 67.182 0.978 

AC 14 TiO2 PTV = -0.114T + 86.779 0.111 PTV = -0.233T + 63.555 0.958 

AC 14 ZnO PTV = -0.132T + 88.084 0.299 PTV = -0.149T + 62.891 0.921 

AC 14 TiO2 ZnO PTV = -0.089T + 84.458 0.228 PTV = -0.211T + 64.341 0.879 

AC 14 3% PTV = 0.043T + 80.189 0.053 PTV = -0.238T + 62.923 0.857 

AC 14 6% PTV = -0.027T + 81.439 0.020 PTV = -0.193T + 61.021 0.936 

PTV = Pendulum Test Value for Skid Resistance and T = temperature (°C) 

 

To summarize, for the spraying technique the maximum absolute difference was 6%, 

corresponding to a decrease from 48 to 45 PTV. For bulk incorporation, the maximum absolute difference 

was 7%, corresponding to a decrease from 61 to 57 PTV. The AC 6 mixture had on average a skid 

resistance 16% lower than the AC 14 mixture. This result indicates that skid resistance is higher for 

mixtures with higher nominal maximum aggregate size, according to results for asphalt concretes [173].  

A linear trend of PTV and temperature was established with R2 higher than 0.80, nevertheless 

lower for the AC 6 mixture. The skid resistance decreased with temperature which is according to 

literature results for conventional mixtures [174].  

Considering all conditions, the linear trend of PTV and temperature (T) for the AC 14 and AC 6 

resulted in Equations (20) and (21) with R2 equals to 0,766 and 0.833, respectively. The lower slope of 

the AC 14 (-0.224) compared to the AC 6 (-0.268) shows that AC 6 was more sensitive to temperature. 
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The factor type of surface proved to be important when the pavement was wet. Also, the functionalized 

mixtures were less sensitive to the temperature than control mixtures, reporting a lower slope, except for 

AC 6 ZnO. 

𝑃𝑇𝑉𝐴𝐶14 = – 0.224𝑇 + 63.195 (20) 

𝑃𝑇𝑉𝐴𝐶6  = – 0.268𝑇 + 55.937 
(21) 

 

In conclusion, there is no change of skid resistance with temperature after the addition of the 

semiconductors when applied by spraying an aqueous solution or bulk incorporation. AC 6 was less 

influenced by the semiconductors when sprayed, which may have resulted from the higher porosity of 

the mixture. Also, either in dry or wet condition, the semiconductors did not cause a high impact in the 

skid resistance of the asphalt mixtures. This is important since the promotion of the new capacity did not 

cause a big impact on the most important functional characteristic of the pavement surfaces analysed. 

7.3.3. Microtexture 

Figure 37 shows the results of the microtexture assessment for the following parameters: Sa, Sq 

(both related to surface deviations), St (total height of the surface), Sp (maximum peak height of the 

surface), Sv (maximum valley depth of the surface) and Sz (ten-point height of the surface). In Figure 38 

are shown the results of Ssk (symmetry) and Sku (presence of extremely deep valleys/high peaks).  

The results of the roughness parameters are characterized by a large dispersion. In general, the 

results of AC 6 were more dispersed than the ones of AC 14. As the aggregates are smaller for AC 6, it 

may have influenced the sampling process.  

For symmetry, the results show a normal distribution for most of the materials (Sku = 3, included 

between the first and third quartiles), except for AC 14 TiO2, AC 14 TiO2 ZnO and AC 14 6%. These three 

mixture combinations have the first quartile higher than 3, identifying extremely deep valleys/high peaks. 

Regarding the skewness (Ssk), the mixtures had the first quartile higher than 0, excluding AC 14 6% and 

AC 6 TiO2, indicating only positive values, thus all of them conducting to a positive microtexture, and AC 

14 6% and AC 6 TiO2, with a negative first quartile and positive third quartile (normal distribution). 
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Figure 37: Microtexture Results: a) Sa, b) Sq, c) St, d) Sp, e) Sv and f) Sz 

 

The analysis of the factors influencing the microtexture parameters by ANOVA shows, on the one 

hand, that the independent variable Mixture had a significant influence on Sa, Sq, Sp, St and Sz (p < 0.1). 

On the other hand, the variable Treatment had a significant effect only on skewness (Ssk). The interaction 

of Mixture and Treatment variables had no significant effect on the dependent variables results.  

a) b) 

c) d) 

e) f) 



Chapter 7 – Functional Impacts of Functionalized Asphalt Mixtures 

 

 104 

 

Figure 38: Microtexture Results: a) Ssk and b) Sku 

 

The Bonferroni Post-Hoc test for a level of significance (1 - α = 0.1) was carried out as well. The 

averages of Sa, Sq, St, Sp, Sz for the AC 6 samples were significantly higher than for the AC 14 samples 

(p < 0.1). Moreover, AC 6 microtexture deviation was higher (> Sa and Sq) and was characterized by 

higher total height (> St), peaks (> Sp), valleys (> Sv) and ten-point heights (> Sz) than AC 14.  

Therefore, the mixture with smaller aggregate size provided the roughest microtexture. However, 

it did not correspond to the mixture with the highest skid resistance. This relationship could be a 

consequence of the larger contact area offered by the AC14.  

For the different treatments, the PostHoc test carried out showed just one difference on the 

average of the independent variables. The average of the skewness (Ssk) for the AC 14 6% was 

significantly lower than for the AC 14 (p < 0.1).  

As final remarks, the asphalt mixture type was a significant factor for the microtexture 

characterization, and the functionalization had a low impact in this characteristic.  

7.4. Conclusions 

This research aimed to analyse the skid resistance and the texture of different asphalt mixtures 

after functionalization by spraying and bulk incorporation. This is one of the first researches contributing 

to the analysis of the functional characteristics, namely macro/microtexture and skid resistance, of 

functionalized asphalt mixtures. 

 When new capabilities are developed, it is important to assess these characteristics to guarantee 

road safety. The results of the experimental activity led to the following conclusions: 

a) b) 
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• For the macrotexture, the AC 6 was 21% rougher than the AC 14, that bulk incorporation of TiO2, 

may have slightly smoothed the surface.  

• For skid resistance, in the dry condition, the asphalt mixtures had similar skid resistance 

independently of the temperature.  

• For skid resistance, in wet condition, the surface type and temperature showed to be important 

factors. AC 6 had a PTV 16% lower than the AC 14 mixture and was also more sensitive to 

temperature changes, indicating that skid resistance is higher for mixtures with higher nominal 

maximum aggregate size and lower temperatures.  

• Also in wet condition, the functionalization by spraying conducted to a difference in PTV between -

6% (TiO2 at 29 ºC) and 3% (ZnO at 36 ºC and TiO2 ZnO at 43 ºC). By bulk incorporation, this interval 

was between -7% (AC 14 3% at 22 ºC) and 2% (AC 14 6% at 38 ºC). Therefore, the maximum 

absolute difference was 7%, corresponding to a decrease of 4 PTV.  

• For microtexture, only Sa, Sq, Sp, St, and Sz had a significant influence the asphalt from the 

mixture type with significantly higher averages for the AC 6. AC 6 also had more dispersed 

microtexture, higher peaks and ten-point heights than AC 14. It can be justified by the microtexture 

assessment for AC 14, which was carried out also over fine aggregates bonded with a binder, 

conducting to a smoother surface. Only the average of the parameter Ssk of the AC 14 6% was 

significantly lower than the AC 14 samples (p < 0.1).  

In conclusion, in general, the treatments did not affect the amplitude parameters of microtexture. 

Thereby, the functionalization had a low impact on skid resistance and texture, allowing the application 

of the semiconductors by bulk incorporation and spraying. Road safety is in this way assured for the study 

conditions. 

Although the goals of this research were achieved, it is important to carry out this kind of analysis 

in more and larger samples, since the microtexture is a very small surface area and skid resistance could 

be measured with other techniques. In addition, the next step of this research is the assessment of texture 

and skid resistance after abrasion. 
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CHAPTER 8 – EFFECTS AND POTENTIALITIES OF MODIFICATION OF ASPHALT BINDERS WITH TiO2  

8.1. Contextualization 

This chapter aims to present the effects and potentialities of the modification of asphalt binders 

with nano-TiO2. During the Ph.D. course, it was possible to study abroad for academic exchange mobility 

in two Universities: Federal University of Ceará, Brazil, and University of Antwerp, Belgium. The first 

period, in Brazil, was in June 2018, and the second one, in Belgium, was between October/2019 and 

January/2020. 

In Brazil, the asphalt binder Elaster was modified with different contents of nano-TiO2 and was 

physically and rheologically characterized. The second academic exchange mobility period was carried 

out to analyze photocatalytic asphalt mixtures using a transparent binder and modified with nano-TiO2. In 

this chapter, the nanomodification was performed using a transparent binder for the characterization 

under physicochemical and rheological approaches.  

Two scientific publications were produced: one in a Portuguese conference and another in a 

scientific journal. The results from work carried out in Brazil were published in the most important 

Portuguese conference about road pavements: Portuguese Road Congress (Congresso Rodoviário 

Português, in the Portuguese language) in 2019 (Figure 39a).  

The results from the mobility in Belgium have been published in the scientific journal 

Nanomaterials from MDPI (if - 5.076). So, the second section of this chapter refers to the work about 

modification of transparent asphalt binder with TiO2 “Physicochemical and Rheological Properties of a 

Transparent Asphalt Binder Modified with Nano-TiO2. Figure 39b shows its first page. The content of this 

chapter is included in the article, which DOI is doi.org/10.3390/nano10112152.  

Thus, this chapter was divided into two sections: 8.2. Study of the anti-aging effect of TiO2 on asphalt 

binder (work carried out in Brazil) and 8.3. Study of color-less asphalt binder modified with TiO2 (work 

carried out in Belgium).  
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Figure 39: Publications in a) Portuguese Road Congress and b) Nanomaterials 

 

8.2. Study of anti-aging effect of TiO2 on asphalt binder 

8.2.1. Introduction 

This section aims to evaluate the anti-aging effects of an asphalt binder modified with the TiO2 

semiconductor on a nanometric scale. The binder was modified by the semiconductor in different 

percentages, and its physical and rheological characteristics were evaluated. 

8.2.2. Materials and Methods 

The materials used in this research were the commercial asphalt binder Elaster modified by SBS 

and the semiconductor TiO2 in a nanometer scale. The asphalt binder was modified with three contents 

of nanoparticles of TiO2 by mass, i.e., 0.25%, 0.5%, and 2%. Then, it was compared with the reference 

asphalt binder, named 0%. The modification was carried out with the asphalt binder at 150 °C for 30 

minutes by a low-shear mixer at 1500 RPM. 

 

a) b) 
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For the characterization of the material after modification, tests of penetration (ASTM D5), viscosity 

(ASTM D4402), softening point (ASTM D36) and rheology (by the complex modulus through the DSR – 

Dynamic Shear Rheometer) (ASTM D7175) were carried out. Then, after short-term aging by RTFOT 

(ASTM D2872), the mass loss was registered. Also, after RTFOT, the asphalt binder was evaluated under 

penetration, viscosity, softening point, and rheology. 

The residue aged by RTFOT was subjected to the PAV aging process (ASTM D6521), being 

characterized only by the complex modulus. Figure 40 presents the schematic representation of the 

methodology adopted to study the aging of the modified binder. 

 

Figure 40: Schematic Representation of the Methodology of this section 

 

RTFOT aging is intended to simulate short-term aging by applying compressed air (4 L/min) over 

an asphalt binder film subjected to a high temperature of 163 °C for 75 minutes. In turn, the PAV aims 

to simulate the long-term aging of the asphalt binder. The binder is subjected to 100 °C and a pressure 

of 2.1 MPa for 22 h.  
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8.2.3. Results and Discussion 

Table 11 shows the results obtained and, in the following subsections, they are further explored. 

Table 11: Results of penetration, softening point, and mass loss 

Binder 

Penetration (10-1 mm) Softening Point (°C) 

Mass Loss (%) Before 

RTFOT 
After RTFOT 

Before 

RTFOT 

After 

RTFOT 

0% 40 27 65 85 0.57 

0.25% 39 29 71 78 0.53 

0.50% 39 29 71 77 0.50 

2% 39 27 72 78 0.48 

 

8.2.3.1. Penetration 

Figure 41 shows the results of the penetration tests before and after aging through the RTFOT. 

After the modification, the binders with nano-TiO2 showed practically equal values, but 4.3% lower than 

the reference binder 0%. After aging, the binder samples 0% and 2% showed similar values, and the 

modified binder samples 0.25% and 0.5% too. However, the latter samples showed an increase in 

penetration of up to 10% compared to the reference binder. 

 

Figure 41: Penetration Results before and after aging by RTFOT 
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8.2.3.2. Softening Point 

Figure 42 illustrates the softening point results before and after aging by RTFOT. The binder, when 

modified by nano-TiO2 showed an increase in the softening point of up to 10% when compared to the 

reference binder. An inverse performance is observed after RTFOT; that is, the softening point of the 

modified binders showed a decrease of up to 9% concerning the reference binder. 

 

Figure 42: Softening point results before and after aging by RTFOT 

 

Thus, based on the results of penetration and softening point, it can be concluded that the 

modified binders have better characteristics before the aging process, as the softening point increases. 

After short-term aging (RTFOT), the modification resulted in an anti-aging contribution, decreasing the 

softening point. 

8.2.3.3. Mass Loss 

Figure 43 shows the results of mass loss in the RTFOT test. It appears that there was a decrease 

in mass loss with the modification of the asphalt binder by nano-TiO2. In general, with the percentage of 

TiO2 increase, there was a gradual decrease in mass loss. It can also be concluded that the incorporation 

of the semiconductor has an anti-aging effect during the mixing and paving processes of asphalt mixtures 

(short term aging). 
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Figure 43: Results of mass loss after aging by RTFOT 

  

8.2.3.4. Viscosity 

Figure 44 illustrates the viscosity results before and after aging by RTFOT. Before the aging 

process, at temperatures between 135 °C and 150 °C, the 0.25% and 0.5% binders presented viscosities 

similar to that obtained for the reference 0% binder, while the 2% binder presented an increase in this 

parameter by up to 20%, depending on the temperature. At 177 °C, the binder 0.5% maintained the 

viscosity, and the binders 0.25% and 2% showed an increase of 14% and 16%, respectively, when 

compared to the reference binder. Finally, at 190 °C, the binders showed similar viscosity. In summary, 

with increasing the temperature, there is a convergence of the viscosity between the asphalt binders. 

After RTFOT, up to the temperature of 177 °C, the binder modified with 0.25% TiO2 showed a 

viscosity up to 10% lower than that of the reference binder. The 0.5% binder showed similar viscosity and 

the 2% up to 16% higher. At 190 °C, the 0.25% binder showed viscosity similar to the reference binder, 

while the others showed 14% higher viscosity. It can be concluded from the results of viscosity that, at 

high temperatures of manufacture and compaction, only the 0.25% binder had some anti-aging capacity. 
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Figure 44: Viscosity results: before RTFOT (left) and after RTFOT (right) 

 

8.2.3.5. Rheology 

Figure 45 shows the results of the complex modulus before and after the RTFOT aging process 

and Figure 46 after the PAV and a detail of all evaluated situations. Before RTFOT, the binders showed 

similar complex modulus values. After RTFOT, the modified binders showed an increase in the complex 

modulus at low temperatures, but at high temperatures, the opposite occurred. 

After aging by PAV, performed only at high temperatures, it can be seen that the modified binders 

have a lower value of complex modulus compared to the reference binder, showing the most significant 

difference in moduli between the three test conditions (Figure 46 right). This test method could not be 

performed at low temperatures due to the high stiffness of the binder, due to limitations of the plate 

geometries and the rheometer used (lower than 40 °C temperatures, the asphalt binder samples unstick 

from the plates of 8 mm). Thus, it is concluded again that the modification of the asphalt binder by nano-

TiO2 has an anti-aging effect when this rheological property is considered, with the best percentage of 

modification being 0.25%. 
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Figure 45: Complex modulus results before RTFOT (left) and after RTFOT (right) 

 

  

Figure 46: Results of complex modulus after PAV (left) and with the enlarged image of all situations evaluated (right) 

 

8.2.4. Conclusions 

This section aimed to evaluate the anti-aging effect of TiO2 in an asphalt binder by conventional 

laboratory methods, namely, RTFOT in the short term and PAV in the long term. A commercial binder 

was modified by nano-TiO2 with three different percentages and later subjected to physical and rheological 

tests. The following conclusions from this study are reported: 

• After modification, the nano-TiO2 provided maintenance of the penetration value when compared 

to the reference binder. After RTFOT, the 0.25% and 0.5% modified binders showed an increase in 

penetration, while the modified binder with 2% kept the penetration value. Thus, lower contents of 

TiO2 can reduce this parameter. 

aging 
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• For the softening point, the addition of nano-TiO2 led to an increase in this parameter of up to 10%. 

After submission to RTFOT, the softening point of the modified binders decreased by up to 9%; that 

is, they became less stiff. 

• The increase of the percentage of TiO2 led to a gradual decrease in mass loss. 

• From the three previous tests, it can be concluded that the binders modified by nano-TiO2 showed 

a positive effect on aging at short term. 

• For the viscosity parameter, there was evidence an anti-aging effect only for the binder 0.25% at 

high temperatures. 

• Before the RTFOT, the modified binders maintained the modulus value in relation to the reference 

binder from the rheological test. After RTFOT, at low temperatures, they showed an increase in the 

complex modulus. After the PAV, all modified binders showed a lower modulus than the reference 

binder. 

• The best modification percentage among those evaluated was 0.25% of TiO2, presenting the best 

results according to the penetration, viscosity, and rheology tests. 

Briefly, nano-TiO2 showed some anti-aging effect in the investigated asphalt binder, which can 

mitigate problems caused by increased stiffness. Thus, the incorporation of this material into asphalt 

mixtures would provide an environmental and sustainable gain extending the road lifetimes. Thus, the 

next phase of this investigation will address aging in the UV chamber to analyze this ability after radiation 

in order to consolidate the modification of asphalt binder using nano-TiO2 for anti-aging effects. 

8.3. Study of color-less asphalt binder modified with TiO2 

8.3.1. Introduction 

Transparent binder is used to substitute conventional black asphalt binder and to provide light-

colored pavements, whereas nano-TiO2 has the potential to promote photocatalytic and self-cleaning 

properties. Together, these materials provide multifunction effects and benefits when the pavement is 

submitted to high solar irradiation. 

For specific applications, it is important to control the light absorption and thermal energy storage 

in asphalt pavements, which can be carried out by the application of light-colored pavements [175]. Light 

and heat are essential influencing factors for asphalt pavements. Firstly, it is well known that they are 

essential keys for the asphalt binder aging, causing damage to asphalt roads [176,177]. The absence of 

light profoundly affects the visibility conditions, decreasing safety [175]. In contrast, a large amount of 
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heating can increase the Urban Heat Island (UHI) effect in urban areas [150]. The conventional black 

color of asphalt pavements absorbs light and stores a large amount of thermal energy. 

The literature presents a small number of studies addressing the use of the transparent binder. 

For example, Bocci et al. (2012) produced a light-colored asphalt mixture with conventional aggregates, 

lime filler, light-colored binder, and TiO2 powder (1% by aggregate weight). The coefficient of reflection 

related to night visibility and the luminance of this technology were much higher than those from the 

conventional asphalt mixture [175]. Bocci E. and Bocci M. (2014) continued their research on this 

subject, showing that light-colored dense-graded mixtures have similar mechanical properties when 

compared to the conventional asphalt mixture. They concluded that the light-colored asphalt pavement 

presented very high photometric properties even after five months from the traffic opening [178]. Sengoz 

et al. (2017) investigated the rheological properties of transparent binder in comparison to a traditional 

black bitumen. They concluded that the transparent and the traditional black bitumen had a similar 

performance [177]. 

The use of these two materials together would combine their benefits into one single product: an 

asphalt pavement capable to photodegrade pollutants and avoid the UHI. The main objective of this 

research is to analyze the physicochemical and rheological properties of a transparent binder modified 

with nano-TiO2 (0.5%, 3.0%, 6.0%, and 10.0%) for the understanding of its limitations and definition of 

suitable destinations. For this, its physical (conventional), rheological, and chemical properties were 

assessed and compared to those of a conventional asphalt binder and a commercial PMB. 

8.3.2. Materials  

8.3.2.1. Binders 

In this research, the transparent binder Kromatis 50/70 from Total (Rives-en-Seine, France) was 

used. According to the supplier, this light-colored synthetic binder presents properties similar to other 

bitumens. It is produced with hydrocarbon resins and low content of asphaltenes, which are removed and 

replaced with new elastomeric polymers [179]. A conventional 50/70 bitumen and a polymer-modified 

binder (PMB) (SBS-modified bitumen) were also used in this study. These reference binders were named 

as N50/70 and PMBTS, respectively. 
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8.3.2.2. TiO2 Nanoparticles 

The semiconductor selected to provide multifunctional properties was the nano-TiO2 by 

Quimidroga (Aeroxide TiO2 P25) (Barcelona, Spain). Its main properties are 80% anatase and 20% rutile 

crystalline phases, purity > 99.5%, and particle size about 23 to 28 nm. 

8.3.2.3. Sample Preparation 

The nanoparticles were incorporated into the binder (at 150 °C for 30 min in a low shear mixer 

with a rotational speed of 1500 RPM) with four different contents: 0.5, 3.0, 6.0 and 10.0% (in the mass 

of the binder) with a similar modification procedure adopted in the literature review [80,180–182]. The 

particles were placed when the low shear mixer was working, homogenizing the binder already heated to 

150 °C. All safety precautions were taken, considering personal protective equipment, engineering 

control (ventilated enclosures), and hygiene, among other things. 

The samples were named by the modification content: 0.5%, 3.0%, 6.0% and 10.0%. With the 

introduction of nano-TiO2, the color of the binder changes from dark brown (0%) to light yellow (10.0%), 

see Figure 47. One blend was prepared for each content. Regarding the performed tests, the number of 

replicates respected the requirements mentioned in the relevant European standard. 

8.3.3. Methods 

Different tests were carried out, such as penetration, softening point, Dynamic Shear Rheometer 

(DSR) tests (complex modulus, Linear Amplitude Sweep—LAS, Multiple Stress Creep Recovery—MSCR), 

Dynamic viscosity and Fourier Transform Infrared (FTIR) spectroscopy, in order to determine 

conventional, rheological and chemical properties. Figure 47 presents the schematic summary of the 

preparation and characterization methodology adopted in this chapter.  
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Figure 47: Schematic representation of this research 

 

8.3.3.1. Penetration and Softening Point 

Penetration and softening point were tested according to EN 1426/2015 and EN 1427/2015, 

respectively. They indicate the basic properties of asphalt binders. 

8.3.3.2. Dynamic Viscosity 

A dynamic viscosity test was carried out following the EN 13302/2010 standard, but only for the 

transparent binders (with and without nano-TiO2). The objective was to evaluate the workability of the 

binders according to Superpave specifications. The highest allowed viscosity to respect the workability is 

3 × 103 cP (or 3 Pa·s) at 135 °C [182,183]. 
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8.3.3.3. Viscoelastic Behavior 

The viscoelastic behavior of the binders was assessed using the Dynamic Shear Rheometer (DSR). 

The DSR used in this study is an Anton Paar MCR 500 (Graz, Austria). For temperature ranges from 0 

°C to +40 °C and from +40 °C to +80 °C, the 8 mm and 25 mm plate geometries were used, 

accordingly, as described in EN 14770:2012. For each temperature step (increments of 10 °C), 

frequency sweep tests were performed (0.1–10 Hz) on two replicates per binder sample, within the linear 

viscoelastic region (LVER) of the binders. The data were further analyzed using the RHEA™ software (v2.0, 

Abatech, Blooming Glen, PA, USA) [184]. The shifting of the data was performed using the Gordon and 

Shaw procedure [185]. The phase angle and complex modulus master curves are presented in their 

original format, without fitting any mathematical or mechanical models.  

Black diagrams (complex modulus versus phase angle) aim to identify discrepancies of the 

rheological data, breakdown of time-temperature equivalence, and thermo-rheological simplicity [186]. A 

smooth curve indicates time–temperature equivalence, a typical response of unmodified binders. On the 

other hand, discontinuities indicate the presence of high wax content bitumen, highly polymer modified 

bitumen, or a highly asphaltene structured binder [23]. Additionally, it is possible to notice whether there 

are different dominances when the binder is a composite [186]. This phenomenon happens, for example, 

when the complex modulus trend changes with the increase of the phase angle, a phenomenon known 

as curling. 

8.3.3.4. Fatigue Resistance (LAS Test) 

To evaluate the fatigue resistance of bituminous binders, the Linear Amplitude Sweep (LAS) test 

was performed. This test is an accelerated method that uses the DSR (8 mm parallel plate geometry at 

15 °C), which consists of two steps: (i) firstly, a frequency sweep test, and (ii) secondly, an amplitude 

sweep test, as described in AASHTO TP 101-14. The frequency sweep test (0.2–30 Hz) is used to define 

the undamaged properties and fatigue law parameters, at a strain level of 0.1%. A linear amplitude sweep 

test is performed at 10 Hz, and the strain amplitude is linearly increased over 3000 cycles, from 1% to 

30%.  

The Viscoelastic Continuum Damage (VECD) theory is used to determine the parameters A and B 

of the fatigue law (Equation (22)) [187], in order to determine the fatigue life (Nf). The failure point is 

determined as the point when the product of the complex modulus (G*) and phase angle (δ) sine is 
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reduced by 35% from its initial value. Both the fatigue curves and the Nf for strain levels (𝛾) equal to 2.5% 

and 5%, related to a strong and weak pavement [188], respectively, will be presented. 

𝑁𝑓 = 𝐴 𝛾𝐵 (22) 

 

8.3.3.5. Rutting Resistance Indicator (MSCR Test) 

The Multiple Stress Creep Recovery (MSCR) was performed using the DSR together with the 25 

mm plate and 1 mm gap, as described in EN 16659:2015. The test was performed at 50 °C, at two 

different stress levels (0.1 and 3.2 kPa) over ten load cycles. Each cycle consists of 1 s loading followed 

by 9 s of a recovery period, from which two parameters are obtained: (i) the non-recoverable creep 

compliance Jnr (Pa−1), which is the ratio between the residual strain and the stress applied; and (ii) the 

recovery R (%), showing proportionally how much strain the sample recovers at the end of the cycle. R 

(%) can be used to identify the presence of polymer modifications in the asphalt binders.  

8.3.3.6. FTIR 

Chemical characterization of binders has received attention in the literature as it can present 

functional groups related to the crude oil origin, the polymer modification, and the degree of 

oxidation [189–194]. Since this chapter aims to analyze the chemical characteristics of the transparent 

binder modified with nano-TiO2, three approaches were carried out: (i) identification of FTIR peaks; (ii) 

establishment of a possible relationship between the TiO2 modification level and related chemical groups; 

and (iii) comparison of standard indices with reference binders used in this study. 

The Thermo Scientific Nicolet iS10 Fourier Transform Infrared (FTIR) spectrometer (Waltham, MA, 

USA) is equipped with an Attenuated Total Reflectance (ATR) fixture and a Smart Orbit Sampling 

Accessory. The average spectra were obtained after the acquisition of the spectra, 32 repetitive scans in 

the range 400 cm−1 to 4000 cm−1 with a resolution of 4 cm−1 were performed to deliver an average 

spectrum. A hot droplet of each binder was placed on the crystal, and its respective spectrum was 

measured.  

The chemical structure of the binders was analyzed using indices, I, from the obtained FTIR 

spectrum [195]. Each I (Equation (23)) is calculated by the ratio of the peak area of the identified band 

by the total area (Equation (24)) of the spectrum.  
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𝐼𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐺𝑟𝑜𝑢𝑝 =
𝐴𝑖
𝛴𝐴

 (23) 

𝛴A = A1700  + A1600  + A1460  + A1376  + A1030  + A864  + A818  + A743

+ A724  + A(2953,   2923,   2862) 
(24) 

 

where 𝐴𝑖 𝑖𝑠 the peak area of the specific functional group. The areas defined by the introduced 

baselines and the part of the spectrum were calculated using a specific software Origin. Each peak is 

attributed to a functional group remaining unaffected during service life, but also to groups responsible 

for aging or polymer presence [189,191]. When it comes to the groups responsible for TiO2, 

echoing [196–198] in the region below 1000 cm−1, several peaks are ascribed to TiO2 presence. Previous 

researchers have demonstrated that the peak around 657 cm−1 is attributed to Ti-O-Ti stretching vibration, 

whereas the peak around 590 cm−1 is due to the vibration of Ti-O-O. A broader band of wavenumbers was 

calculated around these peaks in order to capture their increase by elevating the TiO2 modification level. 

It should be noted that a horizontal baseline coinciding with the X-axis was used for the calculation of this 

area. RI (Equation (25)) was calculated in order to check the relative increase of TiO2 modification. 

𝐼TI−O+Ti−O−O is the index of each binder, and ITI-O+Ti-O-O0% is the index of the transparent base binder (0%). 

RI = 
𝐼TI−O+Ti−O−O−𝐼TI−O+Ti−O−O0%

𝐼TI−O+Ti−O−O0%
 % (25) 

 

More specifically, for asphalt binders, the sulfoxide, carbonyl, aromatic, aliphatic, branched 

aliphatic, long chains, polybutadiene, and polystyrene indices were calculated. Sulfoxide and carbonyl 

indices are both related to aging.  

They were calculated considering the following method: (i) aromatic index: A1600/𝛴A; (ii) aliphatic 

index: (A1460 + A1376)/𝛴A; (iii) branched index: A1360/(A1460 + A1376); (iv) long chain index: A724/(A1460 + A1376); (v) 

carbonyl index: A1700/𝛴A; (vi) sulphoxide index: A1030/𝛴A; (vii) polybutadiene index: A966/𝛴A; and (viii) 

polystyrene index: A699/𝛴A. 

Aromatic, aliphatic, branched aliphatic, and long chains are the structural groups of asphalt 

binders. Polybutadiene and polystyrene are associated with SBS modified binders. For details concerning 

the determination of standard indices related to oxidative aging of the binder, the reader is referred to the 
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protocol described in [195]. Briefly, a common practice in this processing method is to introduce 

tangential baselines defined by limits around certain peaks [199]. 

8.3.4. Results and Discussions 

8.3.4.1. Penetration and Softening Point 

Figure 48 and Figure 49 show the resulting penetration and softening point of the studied binders. 

When compared to the transparent base binder, the inclusion of 0.5%, 3.0% and 6.0% TiO2 nano-

modification decreased the penetration from 49 to 47, 45, and 47 × 10−1 mm, respectively. For 10.0% 

TiO2, it increased to 53 × 10−1 mm, which is similar to the N50/70 results. When compared to the PMBTS, 

all the penetration results were higher. Therefore, the penetration values of the Kromatis binder were 

between the conventional and the PMB binders. For the softening point, the results of the transparent 

binders were around 59 °C. The increase of the TiO2 content gradually increased the softening point by 

about 4 °C. The transparent binders had a softening point again between those of the conventional and 

the PMB binders. 

Comparing these results to those obtained by Sengoz et al. (2017) for the same binder from the 

same supplier, they showed that the penetration and softening points were 55 × 10−1 mm and 56 

°C [177]. Thus, in this research, the transparent base binder had a lower penetration but a higher 

softening point [177]. It can be concluded that the transparent binders had results between those of the 

conventional and the PMB binders, but closer to those of the conventional one. The incorporation of nano-

TiO2 gradually increased the softening point. For the penetration, the results were lower until 6.0%, but 

higher for 10.0%. 
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Figure 48: Penetration results of the binders of this study 

 

 
Figure 49: Softening point results of the binders of this study 

 

8.3.4.2. Dynamic Viscosity 

The dynamic viscosity, determined only for the transparent binders, is shown in Figure 50. The 

introduction of nano-TiO2 increased dynamic viscosity. At 135 °C, the viscosity increased from 1 × 103 cP 

(for the base binder) to 2.3 × 103 cP (for the 10.0%). Additionally, all the binders had a viscosity lower 

than 3 × 103 cP, considered as the recommended maximum viscosity criterion under Superpave to 

guarantee proper binder pumping in the asphalt plant during production [200]. If this value is higher than 

3 × 103 cP, excessive energy is needed for the mixing and compaction of asphalt mixtures [183].  
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Figure 50: Dynamic viscosity results of the binders of this study 

 

It can be concluded that all the modified transparent binders using the contents of nano-TiO2 

studied (from 0 to 10.0%) are feasible with respect to their workability. It is also interesting that the 10.0% 

TiO2 appears to have the highest energy requirements as its viscosity is close to the Superpave threshold. 

Thus, from an economic point of view, it would be favorable to target lower TiO2 levels. 

In addition, the comparison of the results to those from the literature reveals that a higher viscosity 

was reached (1 × 103 cP). For example, Sengoz et al. (2017) presented 788 cP in dynamic viscosity for 

the same transparent binder [177]. 

8.3.4.3. Viscoelastic Behavior 

The complex modulus and phase angle master curves are presented in Figure 51a and b. The 

addition of TiO2 slightly alters the viscoelastic behavior of the transparent binder, leading to a simultaneous 

small increase of modulus and a decrease of the phase angle. The N50/70 shows a simple viscoelastic 

behavior with the phase angle gradually approaching the viscous asymptote of 90° at elevated 

temperatures, a typical response of an unmodified binder. Concerning the complex modulus, the N50/70 

shows similar values to the PMBTS at frequencies above 10 Hz. At low frequencies (related to high 

temperature), N50/70 shows the lowest complex modulus compared to other binders, which was an 

expected observation, since the modulus of those binders is greatly influenced by the polymer 

modification. 
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Figure 51: (a) Complex modulus and (b) phase angle master curves of the binders of this study 

 

Comparing the transparent binder with the PMBTS, it can be seen that the complex modulus is 

similar at lower frequencies, while the PMBTS demonstrates a lower modulus at frequencies above 0.01 

Hz. Looking at the phase angle, both reveal the presence of elastomeric modification, which is visible by 

the drop of the phase angle at a low reduced frequency. For the PMBTS, the dominance of the polymeric 

a) 

b) 
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phase starts below 1 Hz and shows at a steady plateau stage of 60°. On the other hand, the dominance 

of the polymeric phase for the transparent binders starts after 0.01 Hz (which can be translated that the 

polymer network is “active” at higher temperatures compared to the PMBTS), showing a significant drop 

of the phase angle and then gradually approaching the viscous asymptote of 90°. 

The last part shows that the polymer network is no longer dominant. Those distinct differences 

can be attributed to the difference between the base binders as well as the compatibility between base 

and polymer [201]. Another possibility is the thermal history of the binders, which can significantly 

influence the rheological behavior of elastomeric binders, as demonstrated by Soenen et al. [202]. 

The black diagram (Figure 52) shows the combined effect of complex modulus and phase angle 

for the different binders. The N50/70 binder presents a conventional black diagram curve. Therefore, it 

is smooth, and the complex modulus decreases while the phase angle increases. The presence of a 

polymer can be seen by the shift of the curve towards a lower phase angle (higher elastic behavior) [186]. 

More specifically, for the PMBTS, the plateau near 60° (at a temperature of 58 °C) can indicate that the 

polymer forms a continuous elastic network when dissolved in bitumen, making it a polymer-dominant 

phase. 

The shape of the curve of the transparent binders is different from the reference ones, showing 

three distinctive regions: (i) from 108 to 5 × 105 Pa, the complex modulus decreases with the increase of 

the phase angle; (ii) from 5 × 105 to 5 × 104 Pa, the complex modulus decreases when the phase angle 

increases; and (iii) from 5 × 104 Pa, with the same pattern to that of the first region, including the shape. 

This viscoelastic response indicates an alternation of dominance between the materials that compose the 

transparent binders, as also observed in the phase angle master curve. Additionally, transparent binders 

seem to be more elastic than N50/70, with a partial shift towards the left. The addition of TiO2 seems to 

have a small, rather insignificant, effect on the viscoelasticity of the transparent binder. Based on the 

observations of the master curves and black diagram, the addition of TiO2 up to 10.0% seems not to 

introduce any noticeable effect on the structure of the transparent binders.  
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Figure 52: Black diagram of the evaluated reference and transparent binders 

 

8.3.4.4. Fatigue Resistance (LAS Test) 

The fatigue curves of each binder are presented in Figure 53 and the corresponding parameters are 

further elaborated in  

Table 12. The PMBTS shows the highest fatigue resistance among the binder samples, while the 

transparent base binder and the N50/70 showed similar results. The addition of TiO2 seems to harm the 

fatigue life of the transparent binder, except for the 0.5% dosage, where it shows a slightly improved 

fatigue life. In more detail, the addition of TiO2 leads to a proportional decrease of the slope (parameter 

B), while no clear trend is evident on the effect of TiO2 on the intercept (parameter A). 

For all the binders, from the lowest to the highest fatigue performance considering the applied 

strain of 2.5% (representative strain level of a “weak” pavement structure), the progressive sequence is 

10.0% < 6.0% < N50/70 < 3.0% < 0% < 0.5% < PMBTS. For the applied strain of 5% (representative strain 

level of a “strong” pavement structure), the progressive sequence is 10.0% < 6.0% < 3.0% < N50/70 < 

0% < 0.5% < PMBTS. High contents of nano-TiO2 slightly reduced the binder fatigue resistance. 

Additionally, higher differences are found for an applied strain level of 5%, related to the strong pavement 

structures. 
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Figure 53: LAS Test: Nf versus applied strain 

 
Table 12: LAS test results 

Binder 
Parameter 

A B Nf 2.5% Nf 5% 

0% 21348 −2.9 1486 198 

0.5% 23946 −3.0 1568 199 

3.0% 22578 −3.0 1453 182 

6.0% 20724 −3.1 1241 148 

10.0% 22942 −3.3 1160 121 

N50/70 16303 −2.8 1308 194 

PMBTS 338013 −3.7 11631 909 

 

8.3.4.5. Rutting Resistance Indicator (MSCR Test) 

The MSCR test was introduced as a test to evaluate the resistance to permanent deformation 

(rutting) as well as a tool to evaluate the quality of polymer modified binders [203,204]. Generally, a 

combination of high recovery (R) and low non-recoverable compliance (Jnr) indicates a good quality PMB 

that can be used in high traffic pavements, as described in AASHTO M332. Such limits that distinguish 

between the acceptance levels for different traffic levels have not been established by the EN 16659. 

Therefore, a comparative evaluation of the rutting resistance of the binders in this study is presented.  
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The MSCR test results are presented in Table 13. Considering the %R, the transparent binders 

exhibit a recovery between the reference binders (higher than N50/70 but lower than PMBTS), but with 

values closer to PMBTS. At a stress level of 100 Pa, while the conventional binder N50/70 demonstrates 

recovery of only 9.0%, the transparent binders show at least 63.6% and the PMBTS 82.1%. 

Table 13: MSCR test results 

Binder 
Parameter 

Jnr,100 (kPa−1) Jnr,3200 (kPa−1) R100 (%) R3200 (%) 

0% 0.2 0.2 64.8 63.2 

0.5% 0.2 0.2 63.6 62.3 

3.0% 0.2 0.2 65.5 63.8 

6.0% 0.1 0.1 69.9 64.4 

10.0% 0.1 0.1 73.1 65.8 

N50/70 0.6 0.6 9.0 6.0 

PMBTS 0.0 0.0 82.1 85.7 

Kromatis 50/70 from [177] 1.8 2.3 27.6 16.6 

 

The incorporation of nano-TiO2 increased the R100 for the contents 6.0% and 10.0% when 

compared to 0%. The contents 0.5% and 3.0% had similar R100 to 0%. For R3200, the transparent binders 

had similar results, from 63.2% to 65.8%, for 0% and 10.0% TiO2 addition respectively. 

Regarding the Jnr values, again, the transparent binders show an intermediate behavior between 

the reference binders N50/70 and PMBTS. The incorporation of nano-TiO2 decreased the Jnr (100 and 

3200 Pa−1) for the contents 3.0%, 6.0% and 10.0% when compared to 0%. As can be expected, the content 

0.5% had a similar Jnr to 0% (transparent base binder). 

Sengoz et al. (2017) analyzed the same Kromatis 50/70 from the same supplier. They indicated 

values of R% between the N50/70 and PMBTS as well, 27.6% and 16.6% for 100 Pa and 3200 Pa, 

respectively [177]. Nevertheless, their results are closer to the N50/70 than the PMBTS. Considering 

Jnr, the results from Sengoz et al. (2017) are much higher than those obtained in this research for all 

the binders (base, modified, and reference ones). 

It can be concluded that the transparent binders present better rutting resistance than the 

conventional N50/70 with higher recovery and lower non-recoverable creep compliance. This fact was 

expected, since the transparent binder contains elastomeric polymers. However, the transparent binders 
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presented lower rutting resistance than the PMBTS. The incorporation of nano-TiO2 can increase the 

rutting resistance for high contents (mainly 6.0% and 10.0%). 

8.3.4.6. FTIR Peak Identification 

The FTIR spectra (absorbance versus wavelength) of the (TiO2-modified) transparent binders, the 

reference binders, and the pure TiO2 are shown in Figure 54. Peaks at 2953 cm−1 and 2862 cm−1 are 

associated with stretching vibrations of sp3 C-H in aliphatic chains, as asymmetric and symmetric 

stretches, respectively. Peaks at 1460 cm−1 are characteristic of bending vibrations of methylene groups 

(-(CH2)n). The peak at 1375 cm−1 is attributed to the bending of methyl groups (-CH3), which is related to 

aliphatic branched bands. The long-chain band can be seen at 724 cm−1, associated with the rocking 

motion of -CH2 groups in an aliphatic chain. The peak at 1700 cm−1 is related to the stretching of carbonyl 

band C=O typical of carboxylic acids [205], being one of the most important peaks for the asphalt binder 

aging [206–208]. 

Stretching absorptions of C=C bond in aromatic rings occur at the peaks at 1600 cm−1. The peaks 

that appear between 910 cm−1 and 699 cm−1 can be analyzed carefully to show ortho-, meta- and para-

disubstituted rings presented in aromatic compounds and are associated with out-of-plane C-H bending 

vibrations in this structure. Due to the complex composition of the asphalt binders, all these compounds 

may be presented in the analyzed samples. For example, the pair 743 cm−1 and 699 cm−1 can match with 

monosubstituted rings; a single peak at 743 cm−1 may be associated with 1,2-disubstituted rings; peaks 

at 864 cm−1, 783 cm−1, and 699 cm−1 may be attributed to 1,3- disubstituted rings; and finally, the pair 

864 cm−1 and 814 cm−1 can match to 1,4-disubstituted rings [206–208]. 
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Figure 54: FTIR spectra of the binders of this study 

 

The peaks at 966 cm−1 and 699 cm−1 may still correspond to the bending out-of-plane of C-H of 

trans-alkenes (from polybutadiene) and C-H out-of-plane bending in monoalkylated aromatics (from 

polystyrene) associated with SBS. The peak at 910 cm−1 can also show terminal-alkenes [206]. The peak 

at 1375 cm−1 may be associated with the asymmetric stretch of sulfonyl chlorides S=O bond. While the 

peaks at 1310 cm−1 and 1152 cm−1 are typical of respectively asymmetric and symmetric stretches of 

sulfones S=O bonds [209]. At 1030 cm−1, there is the other peak directly related to asphalt binder aging, 

the stretch of sulfoxide S=O bond [206–208]. The peak 1242 cm−1 can be linked to the asymmetric 

stretching vibration of sulfate esters [209]. 

For the transparent binders, the peak 434 cm−1 represents a stretching vibration of metal oxides 

(M-O) bond (M can be Si, Mn, V, Ni, and others) [210–213]. This peak (434 cm−1) is also attributed to 

stretch absorptions of Ti-O bond [214], and the increase in this peak area in the TiO2-modified transparent 

binders may indicate the proper incorporation of the semiconductor in the asphalt binder. 
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8.3.4.7. Relationship between the TiO2 Modification Level and the Chemical Responsible 

Figure 55 shows the graph RI versus % TiO2. It can also be seen that the addition of nano-TiO2 

increases the relative increase RI (from TiO2 related vibration area). A linear correlation of the nano-TiO2 

percentage and the RI can be found. To some extent, this shift of the spectra with the addition of nano-

TiO2 is to be expected, as the vibrations become more evident when the binder is more diluted. The high 

correlation coefficient (R2 = 0.99) of the increase of this index with the modification level (Figure 55) 

confirms the assumption that nano-TiO2 can be used as a marker in bituminous blends [215,216]. This 

analysis can be used in order to assess the presence of TiO2 and quantify its incorporation as a binder 

modifier. 

 
Figure 55: Correlation of the nano-TiO2 modification level with the increase of the TiO2-related index 

 

8.3.4.8. Relationship between the TiO2 Modification Level and the Chemical Responsible 

The results of FTIR are presented in Figure 56 in terms of oxygen- and polymer-related indices. 

The chemical indices sulfoxide, carbonyl, polybutadiene, polystyrene, aromatic, aliphatic, branched 

aliphatic, and long chains are presented in terms of their normalized intensity. This study confirms that 

the initial sulfoxide and carbonyl levels of nano-TiO2-modified are similar to the reference unmodified 

binder N50/70 and the SBS-modified PMBTS. This observation gives rise to the assumption that the 

presence of nano-TiO2 does not introduce new functionalities in sulfoxide- or carbonyl-related groups such 
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as esters, carboxylic acids, and ketones. Furthermore, the modification of the binder with nano-TiO2, 

according to other studies [82,217], can reduce the long-term oxidation performance due to its capability 

to reflect and absorb UltraViolet (UV) light during photocatalysis. It is also initially chemically neutral for 

the polar carbonyl groups. 

 
Figure 56: FTIR indices of the nano-TiO2-modified, base and reference binders 

 

A detailed observation of the two aging-related indices implies that, although of similar magnitude, 

slightly higher indices can be found compared to the two reference binders N50/70 and PMBTS. This 

fact can be explained to be the result of the different initial sulfur content for the sulfoxide index. In other 

words, the origin of the crude oils of the binders is different, and this has a clear implication for the S=O-

containing groups. When examining the slightly higher carbonyl index of the nano-TiO2-modified binders, 

one can highlight two important points. Firstly, the binder used for modification with nano-TiO2 was 

different from the unmodified reference binder, and transparent binders show a carbonyl index of the 

same magnitude.  

The level of modification seems to have a negligible effect on the initial carbonyl index. That is, 

the increased carbonyl level can be attributed to the binder used as the base for modification and not the 

nano-TiO2 addition itself. Following the explanation provided for the higher carbonyl increase of nano-TiO2-

modified binders, the same line of thought can be followed for the slightly lower aromatic, branched 

aliphatic, and long chains indices and the higher aliphatic index compared to the reference binders. 
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In parallel, as the introduction of elastomeric polymers produces the binder selected as the base 

for TiO2 modification, the polymer-related indices were evaluated. A comparison of the polybutadiene and 

polystyrene indices reveals that the binder used for modification (transparent base binder) is highly 

modified compared to the SBS modified reference binder PMBTS. For the binder N50/70, these indices 

are not applicable. 

In contrast to the rheological parameters, the transparent binders did not show intermediate 

behavior between the reference binders N50/70 and PMBTS. They showed higher indices for sulfoxides, 

carbonyl, polybutadiene, polystyrene, and aliphatic but lower for aromatic, branched aliphatic and long 

chains. Their long chains were null. Moreover, the TiO2 modification seems to have little effect on the 

indices, except for the polystyrene and aliphatic indices. The polystyrene index decreases, and the 

aliphatic index increases with the increase of nano-TiO2. 

8.2.5. Conclusions 

A transparent binder modified with nano-TiO2 was characterized with respect to its 

physicochemical and rheological properties in this chapter. This is useful for specific applications, such 

as tunnels, calming traffic areas, among others, as the nano-TiO2 provides to the pavement a 

photocatalytic function and better visibility. Modified transparent binders, with 0.5%, 3.0%, 6.0%, and 

10.0% of nano-TiO2, were compared to the transparent base binder and two commercial asphalt binders 

(conventional and PMB). 

Based on the results, the transparent binders (base and modified) performed similarly to the 

conventional binder and PMB, being workable in terms of their viscosity. The transparent binders clearly 

revealed the presence of an elastomeric modification, indicating polymer modification, and suggested an 

alternation of elastic/viscous behavior between the materials that compose the transparent binders. 

The incorporation of nano-TiO2 gradually increased the softening point and decreased the 

penetration by up to 6.0% of modification, causing no substantial changes in the Complex Modulus of the 

transparent binder. There is no evidence that the addition of TiO2 up to 10.0% significantly affects the 

structure or visco-elastic behavior of the chemical indices, except for the polystyrene and aliphatic indices, 

of either of the transparent binders. Additionally, the addition of TiO2 would reduce the fatigue life of 

asphalt pavements using the transparent binder. On the contrary, it would increase the rutting resistance 

for high contents. 
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Transparent binders with TiO2 give promising results, based on their conventional, rheological, and 

chemical performance. On the one hand, the best percentage for the addition of TiO2, based on the 

results, without compromising the performance of the transparent binder, was 0.5% with respect to fatigue 

resistance. On the other hand, 10.0% nano-TiO2 was the best with respect to permanent deformation. 

Although the objectives of this research were achieved, it is essential to carry out this analysis on 

more samples, as limited numbers were used. The next steps of this research are to evaluate the light-

colored and photocatalytic pavements considering the properties of color and photocatalysis and analyze 

the aging performance of the transparent binders with nano-TiO2. Another topic that must be assessed is 

the analysis of the total life cycle cost (including environmental impact/benefits). 
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CHAPTER 9 –RECYCLED ASPHALT MIXTURE USING STEEL SLAGS AND RECLAIMED ASPHALT  

This chapter refers to the research work about photocatalytic, superhydrophobic and self-cleaning 

asphalt mixtures “Recycled Asphalt Mixtures Composed of Steel Slags (SS) and Reclaimed Asphalt 

Pavement (RAP) for Surface Layers” published in conference Wastes in 2019. The content of this chapter 

is included in this publication which the digital object identifier doi is 10.1201/9780429289798-72 

(Figure 57). The main objective of this chapter was to design the recycled asphalt mixtures and evaluate 

them under mechanical and functional point of view to be latter functionalized and assessed regarding 

the photocatalytic and superhydrophobic capabilities in the chapter 10. 

  

Figure 57: First page of the research work published in Wastes [51] 
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9.1. Introduction 

Currently, it is undeniable to say that there is an increasing concern about natural resources 

depletion and environmental damages. In Paving Industry, most used raw materials, generally, come 

from non-renewable sources, i.e. aggregates and oil products, which are used as binders. On the other 

hand, there has been growing motivation for recycling wastes by incorporating them into asphalt mixtures. 

With this it is possible to obtain more ecological pavements, guaranteeing greater sustainability. In this 

context, the potential of some wastes has been studied: Steel Slags (SS), Construction and Demolition 

(C&D) waste, tire rubber and some types of recycled polymers. 

The main recycled waste incorporated in asphalt mixtures refers to the milled material from 

deteriorated asphalt pavement, which is called Reclaimed Asphalt Pavement (RAP). This material has 

already been studied in several replacement ratios in asphalt mixtures, and under different techniques of 

production, such as hot, warm and cold asphalt mixtures with or without additives. Its incorporation 

presents results which are even better than the ones found for conventional asphalt mixtures, while 

offering some benefits, for example, economical due to the use of aggregates and binder from RAP [218]. 

In the United States, the most recycled material is RAP, with more than 80 million tons per year, 

representing of about twice the other fourth most recycled wastes: paper, glass, plastic, and 

aluminum [219]. When discarded improperly, it can cause damages to the environment. With its use as 

a recycled material, it is possible to save money with the transport of virgin materials to the worksite, 

since RAP can be found on the roads to be paved around the urban perimeter, where quarries are often 

not located. 

For the aged asphalt binder presented in RAP, its incorporation can provide more stiffness to the 

asphalt mixtures. On one hand, this can improve permanent deformation resistance, on the other hand, 

its use can decrease fatigue cracking resistance [220]. 

Other wastes from different sources have already been incorporated in the Paving Industry. It is 

worth mentioning the use of slags, the by-product of the Steel Industry. This residue has already been 

incorporated into asphalt mixtures, from base courses to surface layers. Generally, there are two types of 

slags produced by the industry: i) blast furnace: obtained directly from blast furnace; (ii) steel: resulting 

from the production of steel, obtained in electric furnaces and in oxygen converters.  
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Some of its limitations are associated with its high density, causing higher transport costs, its high 

water absorption, which can increase the binder content, and its high expansion, requiring a curing period 

before the incorporation [221]. 

Due to its metallic material content, mainly iron oxide (Fe2O3), the SS present high electrical and 

thermal conductivity. Thus, asphalt pavements composed of this material, when irradiated by 

microwaves, can melt easier snow on its surface during the winter when compared to conventional asphalt 

pavements. Therefore, it can be portrayed as a new function of asphalt mixture, since this property is not 

considered as an essential one [116]. 

The literature points out that most of the researches are about the mechanical characterization of 

recycled asphalt mixtures, but not the functional (superficial) characterization (mainly taking into account 

the use of SS). Thus, this chapter aims to analyze the technical viability of the use of RAP and SS for the 

composition of asphalt mixtures for the surface layer of road pavements.  

9.2. Materials 

9.2.1. Aggregates and Bitumen 

In order to design the asphalt mixtures, two granite aggregates (fine aggregate 0/4 mm and course 

aggregate 4/10 mm), filler, RAP 0/6 mm and SS 0/10 were used. Their main properties are presented 

in Table 14.  

Table 14: Main properties of the natural and recycled aggregates 

Aggregate 
Particles 
density 
(g/cm3) 

Water absorption (%) 
Micro-deval 

abrasion loss (%) 
Los angeles 
abrasion (%) 

Binder 
(%) 

4/10 2.63 0.9 15 30 - 

0/4 2.67 0.5 - - - 

Filler 2.71 - - - - 

RAP 0/6 2.55 1.0 - - 6.7 

SS 0/10 3.38 2.4 11 25 - 

 

The Form 2D, Sphericity, Angularity, and Surface Texture were characterized by Digital Image 

Processing (DIP) technique using Aggregate Image Measurement System (AIMS) (Table 15) [222,223]. 

By Their Form 2D, the aggregates 4/10, 0/4 and RAP were classified as elongated, while SS and filler 

were characterized as semicircular and semi-elongated respectively. All the coarse aggregates were 
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characterized as moderate sphericity by the parameter sphericity. Considering the angularity, all the 

aggregates were sub-rounded. The surface texture of the materials was smooth for 4/10 and RAP and 

low rough for SS. Regarding all these parameters, it is possible to mark that the best aggregate 

characteristics is for SS. 

The binder used was a commercial one named Elaster 13/60 provided by Cepsa®. The modified 

bitumen was classified as 35/50 by penetration grade. The bitumen was characterized by (i) penetration of 

50×10−1 mm (EN 1426/2015); (ii) Brookfield viscosity of 349 cP at 180 °C (EN 13302/2010); (iii) Softening 

Point of 64 °C (EN 1427/2015).  

Table 15: Form, sphericity, angularity and texture characterization. 

Property Aggregate Average Classification 

Form 2D 

(fine) 

4/10 8.0 Elongated 

0/4 8.4 Elongated 

RAP 8.1 Elongated 

SS 7.9 Semi-circular 

Filler 8.3 Semi-elongated 

Sphericity 

(coarse) 

4/10 0.764 Moderate sphericity 

RAP 0.737 Moderate sphericity 

SS 0.771 Moderate sphericity 

Angularity 

(fine and coarse) 

4/10 3619.0 Sub-rounded 

0/4 3911.4 Sub-rounded 

RAP 3825.5 Sub-rounded 

SS 3554.1 Sub-rounded 

Filler 2466.3 Sub-rounded 

Surface Texture 

(coarse) 

4/10 175.3 Smooth 

RAP 202.7 Smooth 

SS 345.4 Low roughness 

 

9.2.2. Asphalt Mixtures 

Three asphalt mixtures were designed by Marshall design method: i) R: reference mixture, ii) F: 

recycled mixture with 30% of RAP, iii) A: recycled mixture with 30% of SS. The asphalt mixtures have the 

same gradation and almost the same content of binder, of about 5.5%. Table 16: shows the composition 
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of the asphalt mixtures, binder contents, Bulk Density (BD), Maximum Bulk Density (MBD) and Void 

Content (VC). 

Table 16: Asphalt mix composition and volumetric properties 

Asphalt 
Mix 

% 
4/10 

% 
0/4 

% 
Filler 

% 
RAP 
0/6 

% SS 
0/10 

% 
binder 

% virgin 
binder 

MBD (g/cm3) BD (g/cm3) VC (%) 

R 68 28 4 - - 5.5 5.5 2.428 2.305 5.1 

F 67 - 3 30 - 5.4 3.5 2.446 2.334 4.6 

A 42 25 3 - 30 5.4 5.5 2.676 2.569 4.0 

 

9.3. Methods 

9.3.1. Mechanical Characterization 

In order to characterize the asphalt mixture from a mechanical point of view, water sensitivity, 

permanent deformation, stiffness modulus, and fatigue resistance were assessed. The water sensitivity 

was evaluated by Indirect Tensile Strength Ratio (ITSR) test (EN 12697-12). The ratio between the wet 

samples (ITSw) and the dry samples (ITS) was calculated and defined as ITSR. The permanent 

deformation resistance of the asphalt mixtures was assessed by the Wheel Tracking Test (WTT) (EN 

12697-22). The deformation curve versus cycle and the maximum rutting of the asphalt mixtures will be 

compared. For the stiffness modulus, the asphalt mixtures were assessed by the four-point bending test 

configuration (EN 12697-26) for different frequencies and temperatures. The master curve stiffness 

versus frequency (Hz) will be compared at 20 °C. Considering the fatigue resistance (EN 12697-24), the 

samples at 20 °C are submitted to sinusoidal loading at 10 Hz, in strain control mode of loading. The 

relationship between the strain level versus the number of cycles will be presented. 

9.3.2. Superficial Characterization 

In order to characterize superficial properties of the asphalt mixtures, Mean Profile Depth (MPD), 

British Pendulum, sound absorption, and mechanical impedance tests were carried out. The same 

samples of WTT were used to characterize superficial properties. The macrotexture was assessed by 

MPD. Profiles of 25×25 cm2 surface were acquired by a device equipped with a laser, and the MPD was 

calculated (ISO 13473-1:2019). The device can acquire profiles every 0.2 mm with a vertical resolution 

up to 0.01 mm. The baseline of the profiles is divided by half of the length, and the average of their two 
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peak heights is used to calculate the MPD. To access the friction, British Pendulum test was carried out 

(EN 13036-4). 

Related to tire-road noise, for sound absorption, a self-made impedance tube with 80 mm of 

diameter utilizing the two-microphone arrangement was used [224]. A graph of absorption versus 

frequency (between 500 and 2000 Hz) will be presented. For mechanical impedance, damping is a 

measure for determining the capacity of the structure to dissipate energy. An accelerometer was bonded 

to the specimen and it was submitted to a hammer impact in the opposite side. The Graph damping 

versus frequency (Hz) will be presented. The configuration for the last two tests of noise indicators can 

be seen on Freitas et al. (2014). 

9.4. Results 

The asphalt mixtures were mechanically characterized by water sensitivity, permanent 

deformation and fatigue resistance tests. The results of the water sensitivity test are shown in Table 17. 

On the one hand, the ITS of the recycled asphalt mixtures increased by 44% and 34% for those ones 

composed of RAP (F) and SS (A), respectively. The ITSw also increased, 37% and 35% for the same 

mixtures, respectively. On the other hand, the ITSR (water sensitivity) maintained for A but decreased 5% 

for F. All the asphalt mixtures respected the minimum value of ITSR (80%) required for Portuguese asphalt 

mixtures for the top layer of road pavements. 

For the permanent deformation (Figure 58a), at the end of the test, R, F, and A mixtures respected 

the maximum value considering the Portuguese requirements (20 mm) and deformed 1.86, 1.93 and 

2.00 mm. The recycled asphalt mixtures had similar behavior. F and R mixtures, respectively, deformed 

4% and 8% more than the conventional AC 10. It can be concluded that the asphalt mixtures had a similar 

behavior considering the permanent deformation. 

Regarding the results of the master curve of stiffness modulus at 20 °C (Figure 58b), R (reference 

mixture), F (composed of 30% of RAP) and A (composed of 30% of SS) had values between 201 and 

10,192 MPa, 858 and 14,504 MPa, 251 and 12,143 MPa, respectively. Thus, considering the low 

frequencies, on the one hand, A mixture had similar moduli when compared to R. On the other hand, F 

mixture had stiffness modulus of about 4 times higher than R for the lowest frequency. At high 

frequencies, the stiffness moduli of R and A were similar and the difference between the results of F and 

R was lower than that one found at low frequencies. F had stiffness modulus about 1.4 times higher than 

R for the highest frequency. In general, A and R had similar results, and F had higher values. Probably 
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this resulted from the aged binder of the RAP that composed F. Its content was 1.9%. For the fatigue 

resistance (Figure 58c), the strain for N = 106 cycles was 339×10-6, 262×10-6 and 317×10-6 for R, F, and 

A, respectively. A and R had similar curves and F presented lower results. It can be concluded by the 

mechanical results that the asphalt mixture that used SS as aggregate (A) presented superior mechanical 

results. Probably, this fact is related to the use of the aged binder from RAP provided higher stiffness for 

the mixture, contributing to lower fatigue resistance and higher stiffness modulus. 

Table 17: Water sensitivity results 

Asphalt Mix 
% RAP 
0/6 

% SS 
0/10 

VC (%) 
ITS 

(MPa) 
ITSw (MPa) 

ITSR 
(%) 

R - - 5.1 1.47 1.35 92 

F 30 - 4.6 2.12 1.84 87 

A - 30 4.0 1.97 1.82 92 

 

Also, the asphalt mixtures were superficially characterized by sound absorption and mechanical 

impedance, macrotexture and friction. Considering the assessments related to tire-road noise, mechanical 

impedance, and sound absorption, the results are presented in Figure 58d. For sound absorption, the 

average value was 0.18, 0.16 and 0.20 for R, F, and A, respectively. Although the asphalt mixtures did 

not have a peak of maximum sound absorption within the interest frequencies, the best absorption was 

for A and the worst was for F. For damping, the investigated asphalt mixtures had 2 peaks. The first one 

was between 418 and 550 Hz and the second one was from 1,770 to 2,125 Hz. The same trend for 

sound absorption was reported. The best damping was found for A and the worst one for F. 

For the macrotexture characterization, MPD was carried out and for friction characterization, the 

British Pendulum Test was used (Table 18). Analyzing the macrotexture, the mixture A had a macrotexture 

of about 17% smoother than the other mixtures.  

Regarding friction, A had 7% lower PTV and F had a similar PTV when compared to that of the R. 

Considering the superficial analysis, the best results for macrotexture and friction of the recycled asphalt 

mixtures is for F (30% RAP), but, considering the noise indicators, sound absorption and mechanical 

impedance, mixture A (30% SS) presented the best results. 
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Figure 58: a) Permanent Deformation, b) Dynamic Modulus, c) Fatigue and d) Absorption and Damping 

 
Table 18: Macrotexture and friction results 

Asphalt Mix MPD (mm) British Pendulum Value (PTV) 

R 1.3 61 

F 1.3 60 

A 1.1 57 

 

9.5. Conclusions 

This research aimed to analyze the viability of the use of RAP and SS in the composition of asphalt 

mixtures for surface layers. Three asphalt mixtures were designed, and mechanically and superficially 

characterized: without wastes (R), with 30% of RAP (F) and with 30 % of SS (A). Based on the results of 

this research, the following conclusions can be drawn: 

• ITS and ITSw of the recycled asphalt mixtures increased when compared to the conventional 

mixture, R. The water sensitivity of the asphalt mixtures was similar. All the asphalt mixtures had 

similar permanent deformation as well. In general, A and R had similar results of stiffness modulus, 

and F was stiffer. A and R had a similar fatigue curve and F had lower fatigue resistance. Probably, 
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these results were due to the aged binder of RAP that composes F. Stiffer binder conducted to a 

stiffer asphalt mixture and to lower fatigue resistance. 

• Regarding the surface characterization, the best absorption and mechanical impedance found was 

for A and the worst was for F. F and R had the same value of MPD (macrotexture). The mixture A 

had smoother macrotexture if compared to R and F. Regarding the friction results, the asphalt 

mixtures had similar PTV values. 

Considering mechanical results, the best asphalt mixture was A (30% SS). Regarding the 

superficial analysis, the best macrotexture and friction results of the recycled asphalt mixtures was for F 

(30% RAP), but, considering the noise indicators, sound absorption and mechanical impedance, the best 

one was A. Thus, probably, mix A tends to be more resistant and quieter than F, but F tends to be safer 

than A. The aggregate characteristics of SS contributed to better mechanical results comparing to those 

ones observed for F. The use of SS did not impact the asphalt mixture properties significantly, differently 

of the use of RAP that conducted to lower fatigue resistance. Some superficial benefits were observed 

with the use of SS considering the noise indicators. By the fact that the recycled asphalt mixtures 

respected the characterization requirements, it can be concluded that SS and RAP can be used in asphalt 

mixtures for surface layers.  
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CHAPTER 10 – ECOLOGICAL, PHOTOCATALYTIC, SUPERHYDROPHOBIC AND SELF-CLEANING 

ASPHALT MIXTURES 

10.1. Introduction 

The main objective of this chapter was to improve the photocatalytic, superhydrophobic and self-

cleaning capabilities of the functionalized asphalt mixtures with better results of immobilization (fixation 

of the particles). To achieve it, different types of solutions were set to enhance the efficiency and keep 

them working as long as possible by an improved immobilization process. Also, the effect of the type of 

asphalt mixture (conventional or recycled with reclaimed asphalt pavement or steel slags) is analyzed. 

In the previous chapters of functionalization and evaluation of new capabilities, a simple method 

of an aqueous solution was carried out. A solution was prepared with water and semiconductor particles 

(TiO2 and/ZnO) and was sprayed over the asphalt mixture samples. Other methods were evaluated, 

namely the volume incorporation and the asphalt binder modification, however it was concluded that the 

initial photocatalytic results are much better when the spraying coating is applied. In Chapter 6, it was 

detailed that: “The photocatalytic efficiency was much higher for the spraying coating than the 

functionalization by bulk incorporation before abrasion. The low efficiency by bulk incorporation was 

probably due to the low content of TiO2 over the surface of samples”. This application method needs 

improvements considering the immobilization process. Also, in order to guarantee better results of 

superhydrophobicity, other particles need to be added to the solution. This fact was explained in Chapter 

5: “Therefore, the combination of TiO2 and ZnO was important to achieve the superhydrophobic property”. 

Thus, it is important the combination of particles to guarantee the superhydrophobicity. 

The asphalt mixture AC 10 was selected to continue this process since it is a mixture between the 

AC 6 and the AC 14. The first one is more adequate for top layers with good functional characteristics, 

but it does not present good mechanical behavior. AC 14 is a mixture with higher structural capacity, but 

it is not the most adequate mixture to top layers due to the high nominal size of aggregates. This fact was 

explained in chapter 5. Also, the best photocatalytic results were achieved for AC 14 (92% for the TiO2 

ZnO) when compared to the AC 6 (81% for AC 6 TiO2 ZnO) after 24 h of irradiation. Also, the 

superhydrophobicity was achieved for AC 14 TiO2, AC 14 TiO2 ZnO and AC 6 TiO2 ZnO.  

Reported in the Chapter 9, the AC 10 was designed, and recycled (Steel Slags - SS - and Reclaimed 

Asphalt Pavement - RAP) materials were introduced into it. RAP is the most common recycled material 
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applied into asphalt mixtures. With the introduction of RAP, it is possible to mitigate the use of virgin 

material (aggregates and asphalt binder). Regarding the use of SS, it was used in order to analyze the 

introduction of iron from their composition on the photocatalytic capability. Iron is commonly used in 

order to improve the photocatalysis [33,43]. Also, it was notice in the Chapter 4 that the introduction of 

this recycled material, besides the ecological component, it is possible to provide new capabilities to the 

asphalt mixtures by the increase in the electrical conductivity, namely deicing/anti-icing and self-healing. 

Certainly, it is necessary the submission of induction heating or even microwaves in order to activate this 

new functionality. Thus, with the use of both recycled materials, the asphalt mixtures are ecological from 

the begging of the process (mixture and paving), during the service time with the photodegradation of air 

pollutants when the semicondutors are applied and to the end of lifetime with less impact to the 

environment. 

10.2. Materials and Methods 

In this Chapter, the recycled asphalt mixtures from the last chapter (Chapter 9) were functionalized 

using TiO2 nanoparticles and/or PTFE microparticles. For this, two steps were carried out: i) selection of 

the best solutions and ii) analysis of an immobilization process of the particles. First, some solutions were 

prepared using these particles and different types of solvents with different concentrations. They were 

applied over the surface of the reference mixture, which was analyzed under photocatalytic efficiency and 

water contact angle to select the best solution (BS) to spray. To improve the immobilization process, two 

consecutive spraying coatings were carried out. The first one was performed with an epoxy resin diluted 

using butyl acetate and the second one with the BS previously selected. For this, tests of Rhodamine B 

degradation and water contact angle were carried out in order to analyze the photocatalysis and the 

wettability (to check the superhydrophobicity), respectively. 

10.2.1. Materials 

The asphalt mixtures submitted to functionalization were already described in Chapter 9: R 

(reference), F (with 30% RAP), and A (with 30% steel slags). The particles used were nano-TiO2 and micro-

PTFE with a particle size of 1 μm. 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 density of 1.10 g/cm3; 

ideal temperature application between 10 and 30 °C; and adhesion > 3 N/mm²; curing period of 24h. 

Epoxy resins are commonly used in road pavements and it was already tested as binder for the application 
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method spreading [39,39]. Also, a similar approach was carried out by Arabzadeh et al. [225] using a 

diluted epoxy resin but only for superhydrophobic purposes.  

10.2.3. Sample Preparation for the first step (selection of best solution) 

The method of application of the particles was by spraying solutions over the surface of the asphalt 

mixture R (reference). First, different types of solutions were prepared with nano-TiO2 and micro-PTFE 

with water, ethyl alcohol, and dimethyl ketone using different concentrations. It was impossible to prepare 

aqueous solutions with PTFE since the particles cannot be dispersed into this medium. The solutions 

were sprayed over the cut asphalt mixture R (reference) with 25 x 25 x 15 mm3 dimensions to identify 

the best solution. The spraying process was the same as explained in Chapter 6, with a spraying ratio of 

8 mL/cm2 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 (TiO2 

and/or PTFE), and then the solvent used (W – water, ETH – ethyl alcohol, and CET – dimethyl ketone), 

respectively (Table 19). When both particles, nano-TiO2 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-TiO2 and 2 g/L of micro-PTFE) or 8g/L (4 g/L of nano-TiO2 and 4 g/L of micro-

PTFE) was included. In the case of solutions with just one type of particles, the concentration was 4 g/L. 

The concentrations selected were according to the previous works carried out in this thesis (Chapter 5, 6 

and 7) and also to the literature [7]. 

Table 19: Mixture AC 10 (R) sprayed with different solutions. 

Mixture TiO2 (g/L) PTFE (g/L) Solvent 

AC 10 - - - 

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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10.2.4. Sample Preparation for the second step (immobilization of the particles) 

After the selection of the best solution, all the (recycled and conventional) asphalt mixtures were 

functionalized through two successive spraying coatings: first, spraying of a diluted resin epoxy and then 

spraying of the BS. Table 20 describes all the samples prepared in this step. 

Table 20: Name of the samples for the immobilization of BS. 

Sample Mixture Diluted Resin (mg/cm2) 
BS 

(mL/cm2) 

R 0.25g Reference 0.10 - 

R 0.25g-BS Reference 0.10 8 

R 0.5g Reference 0.20 - 

R 0.5g-BS Reference 0.20 8 

R 1g Reference 0.40 - 

R 1g-BS Reference 0.40 8 

R 2g Reference 0.80 - 

R 2g-BS Reference 0.80 8 

F 0.25g with RAP 0.10 - 

F 0.25g-BS with RAP 0.10 8 

F 0.5g with RAP 0.20 - 

F 0.5g-BS with RAP 0.20 8 

F 1g with RAP 0.40 - 

F 1g-BS with RAP 0.40 8 

F 2g with RAP 0.80 - 

F 2g-BS with RAP 0.80 8 

A 0.25g with SS 0.10 - 

A 0.25g-BS with SS 0.10 8 

A 0.5g with SS 0.20 - 

A 0.5g-BS with SS 0.20 8 

A 1g with SS 0.40 - 

A 1g-BS with SS 0.40 8 

A 2g with SS 0.80 - 

A 2g-BS with SS 0.80 8 

 

The epoxy resin was diluted using butyl acetate with a proportion of 1:1 in mass. 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/cm2. 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 that one used by Arabzadeh et 
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al. [225]. In both steps, the selection of the BS and immobilization process of the particles was based on 

the photocatalytic efficiency and the water contact angle. For all tests carried out here, 2 asphalt mixture 

samples were functionalized and evaluated. 

10.2.5. Photocatalytic Efficiency Test 

The photocatalytic efficiency test was carried out using the same protocol and equipment exposed 

in Chapter 5. Nevertheless, in this case, it was carried out with 3 hours of dark condition (adsorption 

period) and 8 hours of irradiation (photocatalytic evaluation). With this change, tests are now faster than 

that one from the Chapter 5. In this chapter, it was noticed that the adsorption was stable after 3 hours 

of dark solution, being enough to split both phenomena. Moreover, 8 hours is enough to analyze the 

photocatalytic efficiency with details (as carried out in Chapter 6). 

10.2.6. Water Contact Angle Test 

The water contact angle test was carried out using the same protocol and equipment described 

in Chapter 5. The only difference was the total time of the test; in this case, it was only 2 minutes. The 

most important angles are the initial ones as explained in Chapter 5 “The initial WCA is the most important 

angle because the water drains in a very short time to the roadside”; thus 2 minutes is enough to analyze 

with details. 

10.3. Results and Discussions 

10.3.1. Selection of Best Solution 

All photocatalytic results concerning the selection of the best solution are presented in Figure 59. 

To assist the analysis, they were split according to a) particles with ketone; b) particles with ethyl alcohol; 

c) solvents with TiO2; d) solvents with TiO2 and PTFE, as shown in Figure 60. 

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% (38% increase), when at least TiO2 is used.  

 



Chapter 10 – Ecological, Photocatalytic, Superhydrophobic and Self-cleaning Asphalt Mixtures 

 

 149 

When ketone was used (Figure 60a), the highest efficiencies achieved were related to the used of 

only TiO2. When the ethyl alcohol was used (Figure 60b), 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 solvent on efficiency of 

samples with TiO2 in decreasing order of performance were 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 

4g/L and 8 g/L. 

 

Figure 59: a) Photocatalytic Efficiency of all the samples from the first step (selection of best solution)  

 

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). 
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Figure 60: Photocatalytic Efficiency of the samples comparing the: a) particles with ketone; b) particles with ethyl alcohol; c) 
solvent with TiO2; d) solvent with TiO2 and PTFE from the first step (selection of best solution) 

 

The water contact angle results are presented in Figure 61. Again, to help the results analysis, 

they were split and presented in Figure 62 to better compare the solvents with a) TiO2; b) PTFE; c) TiO2 

and PTFE. Similarly, to compare the particles performance with different mean: a) ketone, and b) ethyl 

alcohol, the results are rearranged in Figure 63. 
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The increase in the concentration of TiO2-PTFE (Figure 62c and Figure 63) was more effective on 

the ethyl alcohol. For the whole testing, doubling the concentration leads to an increase of the WCA of 

13% and 2% for ETH and CET, respectively. 

When the particles were combined, the initial WCA was similar (155°), except for AC 10 TIO2-

PTFE-CET-4g/L, that was slightly less (151°). Nevertheless, taking into account the whole testing duration, 

it is clear that samples with higher WCA were the AC 10 TIO2PTFE-ETH-8g/L. The average of WCA from 

0 to 120s increase 36% when compared to the reference sample. This functionalized asphalt mixture 

showed a WCA at 20 s, and a better performance than all the other samples, that dropped the WCA to at 

least 131°, along this testing time. As explained before, the best results are represented by the highest 

initial WCAs, 

For the same solvent (Figure 63), solutions with TiO2 and PTFE and 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 ethyl alcohol, the results were dispersed over time.  

 

Figure 61: Results of Water Contact Angle of all the samples from the first step (selection of best solution) 
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Figure 62: Results of Water Contact Angle comparing the: a) best solvent with TiO2; b) best solvent with PTFE; c) best solvent 
with TiO2 and PTFE 

 

 

Figure 63: Results of Water Contact Angle (analysis of the particles) comparing the: a) best particles with cetone, and b) best 
particles with ethyl alcohol. 
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10.3.2. Immobilization of BS on Recycled and Conventional Asphalt Mixtures 

In this section, the (recycled and conventional) asphalt mixtures were sprayed with 2 consecutive 

spraying coatings. Figure 64 to 64 show the results of the photocatalytic efficiency of the recycled and 

conventional asphalt mixtures with the spraying of the Best Solution (BS), TIO2PTFE-ETH-8g/L, after the 

application of a diluted resin also by spraying. 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 mixture F, and A-0.25g-BS and A-0.50g for 

the mixture A). 

The samples with 1 g and 2 g had the poorest photocatalytic performance. This fact can be 

explained by the adsorption of the pollutant (in this specific case, RhB) to the surface of the asphalt 

mixtures. The adsorption after 3 hours for all the samples with resin (and or without BS) was 7% in 

average. When compared to the previous ones without resin, a reduction of 3% was found. When the 

photocatalytic efficiency is compared with the samples without resin, there is a reduction from 49% to 

28% in average. The highest results were with 0.25g-BS for all the asphalt mixtures. Another reason could 

be the fact that the particles can sink into the resin. These assumptions must be further investigated. 

 

Figure 64: Results of Photocatalytic Efficiency of the mixture R with resin and BS 
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Figure 65: Results of Photocatalytic Efficiency of the mixture F with resin and BS 

 

 

Figure 66: Results of Photocatalytic Efficiency of the mixture A with resin and BS 
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Figure 67: Results of Water Contact Angle for the mixtures without treatment (R – Reference, F – with 30% of RAP, and A – 
with 30% of SS)  

 

Figure 68 shows the results of mixture R with resin only (Figure 68a) and with resin and BS (Figure 

68b). The spraying of the resin decreases the WCA. The worst WCA was with 2 g, while the best one was 

with 0.25 g. When the mixture was functionalized with BS, the WCA increased for the samples with 0.25, 

0.50, and 2 g. The superhydrophobic capability was achieved for the samples with 0.25 and 0.50 g of 

resin. 

  

Figure 68: Results of Water Contact Angle for mixture R: a) with resin, and b) resin+BS 
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Figure 69: Results of Water Contact Angle for mixture F: a) with resin, and b) resin+BS 

 

The results of wettability of the mixture A with resin only and with BS are presented in Figure 70. 

The pattern was similar to the previous mixtures (R and F). The main difference was in the only mixture 

that presented a superhydrophobic capability was the one treated with 0.25 g of resin. 

Regarding the effect of the asphalt mixture (conventional or recycled), both situations can be used 

in order to have a superhydrophobic surface. The asphalt mixture with RAP (F) was more effective than 

the mixture with SS (A) after the functionalization by the diluted resin and the BS. As seen, before this 

process, the mixture with SS was better than those ones without recycled materials and also with RAP. 

For the photocatalysis, also the mixture A was less effective than these ones. The conventional mixture R 

presented the best photocatalytic results. 

  

Figure 70: Results of Water Contact Angle for mixture A: a) with resin, and b) resin+BS 
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conventional asphalt mixtures were functionalized using a method that consisted of two consecutive 

spraying coatings: i) the first one with a diluted resin and ii) the second one with the BS. This second step 

was aimed at improving the immobilization process of the particles over the surface of the asphalt 

mixtures. From the results, the following conclusions are drawn:  

• The samples with TiO2 presented a photocatalytic efficiency at least 38% higher than the AC 10 at 

the end of the test. 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). The treatments TiO2-

ETH, PTFE-ETH, PTFE-CET, TiO2PTFE-ETH, and TiO2PTFE-CET provided superhydrophobic 

capability.  

• Concerning both capabilities, the treatment TIO2PTFE-ETH-8g/L was the best considering the WCA 

and the second one regarding the photocatalysis, therefore it was selected as BS. 

• 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 decreases the WCA. The 

wettability of mixtures F and R are similar (115°), but mixture A is much more hydrophobic mixture 

(131°). F presented an initial WCA of 115° while A showed 131°. The superhydrophobic capability 

was achieved for the samples with 0.25 and 0.50 g with BS for R and F mixtures. The mixture A 

achieved the superhydrophobic capability only for 0.25 g of resin. 

• Recycled and conventional asphalt mixtures were functionalized with superhydrophobic 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, also 

the mixture A was less effective than these ones. The conventional mixture R presented the best 

photocatalytic results. 

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. Another is related 

to the adsorption period.  
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The next step of this result is to analyze better the thickness of the resin and the particles coverage 

over the surface by SEM. It is essential the analysis of both perspectives (photocatalytic and 

superhydrophobic capabilities) after a wearing process. Moreover, the analysis of friction under different 

conditions (dry, wet and icy) will be carried out. 
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CHAPTER 11 – CONCLUSIONS AND PARALLEL AND FUTURE WORKS 

11.1. Conclusions 

The main objective of this thesis was to develop an ecological, photocatalytic, superhydrophobic 

and self-cleaning asphalt pavement surface. The specific objectives were related to the revision of the 

new capabilities applied to asphalt mixtures, use different nano/microparticles, analysis of the essential 

characteristics (mechanical and functional) after functionalization, assessment of new potentialities of the 

use of TiO2 by asphalt binder modification, design of recycled asphalt mixture to functionalize them with 

new capabilities, and evaluation of the immobilization processes. All these relevant specific objectives 

were accomplished and contributed to achieve the main goal of this thesis, which was also reached 

regarding the development of an ecological asphalt mixture with multifunctional capabilities.  

Therefore, this research work presented many results (from literature reviews and laboratory work) 

considering the application of new capabilities to asphalt mixtures and provides several conclusions and 

recommendations (for future works) that will be discussed in this chapter.  

The work developed in the scope of smart and multifunctional road pavements can be included in 

the domain of clean technology (e.g., photocatalytic pavements that promote the environmental 

depollution of NOx-type gases emitted as vehicle exhaust gases). In this context, it contributes to 

materializing the transition to a novel socio-economic model known as “Green Recovery” that is 

environmentally friendly, sustainable, and inclusive. This model is a very important path toward economic 

and employment recovery, a vision to which many countries are strongly committed.  

To fulfill the objectives of this doctoral thesis, an extensive literature review was carried out 

considering the application of new capabilities (functionalization) to the asphalt mixtures. Then, different 

types of asphalt mixtures (conventional AC 6 and AC 14, and conventional and recycled AC 10 with steel 

slags and reclaimed asphalt pavement) were functionalized to provide them with photocatalytic, 

superhydrophobic and self-cleaning capabilities by using micro/nanoparticles of TiO2, ZnO, and PTFE. 

Also, it was aimed to improve the anti-aging effects of asphalt binder by using TiO2 nanoparticles. 

In general, according to the literature review, multifunctional road pavements can deliver a very 

positive contribution to the citizens who utilize those roads, bringing benefits to the environment and to 

the road performance. Several types of new capabilities have been applied to asphalt mixtures, namely 

photocatalytic, superhydrophobic, self-cleaning, deicing/anti-ice, self-healing, thermochromic, and Latent 
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Heat Thermal Energy Storage (LHTS). 

The development of photocatalytic road pavements is relevant since they can degrade pollutants 

where there are high traffic emissions, contributing to the air cleaning and improving the health conditions 

of populations that live in urban centers. This new capability is mainly provided by semiconductor 

materials, mostly TiO2, usually at the nanometer scale (anatase phase or P-25) and applied by using four 

significant methods: spraying coating, bitumen modification, volume incorporation, and spreading.  

Regarding the superhydrophobic capability, the most used materials to functionalize asphalt 

mixtures are PTFE, TiO2, TiO2 and ZnO, SiO2, Mg-Al LDHs, and fluorine polymer with nano-CaO 

nano/microparticles. With this application, the road pavements can be safer during periods of rain and 

cold weather. 

Considering the application of nano/micromaterials, their use on a real scale is still a challenge 

for the Paving Industry. This thesis showed some use opportunities, which do not require expensive 

technological improvements. In fact, it is reasonable to state that, very soon, one of the potential 

destinations for the large-scale application of nanomaterials is the road sector, as it can act as a great 

lever to promote the dynamism and economic growth of industries related to the production of 

nanomaterials and nanotechnology use.  

Next are presented the main conclusions achieved in the scope the laboratory work carried out to 

achieve the specific objectives of this doctoral thesis. 

The superhydrophobic capability (WCA higher or equal to 150°) was achieved using TiO2, TiO2 

ZnO, PTFE, and TiO2 PTFE. The combination of particles improves this parameter and can also provide 

other capabilities, for example, photocatalytic capability and self-cleaning effects.  

For the photocatalytic efficiency, the use of TiO2 aqueous solution sprayed onto the surface of the 

asphalt mixtures was able to promote the photodegradation of an organic pollutant (Rhodamine B dye). 

After 24 hours of light irradiation, the maximum photocatalytic efficiency (92%) was obtained for samples 

functionalized with TiO2 and ZnO.  

Considering mechanical impacts, the semiconductors TiO2 ZnO applied by aqueous solution have 

no mechanical impact, assessed by Indirect Tensile Strength after water immersion. The mechanical 

impact of the bulk incorporation of nano-TiO2 was mostly reflected on the increase of moisture sensitivity 
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(lower Indirect Tensile Strength values after water conditioning). On the one hand, the higher content of 

TiO2 (6%) improved the permanent deformation, did not affect stiffness modulus, and reduced the fatigue 

resistance under very low strain when compared with the conventional mixture. On the other hand, the 

lower content of nano-TiO2 (3%) had a slightly higher permanent deformation, conducted to a lower 

stiffness, and kept the fatigue resistance when compared with a conventional mixture. 

The photocatalytic efficiency was much higher for the spraying coating technique than for the 

functionalization by bulk incorporation, before abrasion. The low efficiency by bulk incorporation was 

probably due to the low content of TiO2 over the surface of samples. After abrasion, the photocatalytic 

efficiency of sprayed samples was highly reduced, while for bulk incorporation samples, it increased with 

the level of abrasion. The rain simulation in combination with abrasion washes the surface, removing the 

nanoparticles which were not immobilized.  

Concerning the functional characteristics, bulk incorporation of TiO2 may have slightly smoothed 

the surface. The functionalization by spraying and bulk incorporation presents a maximum absolute 

difference of PTV of 7%, corresponding to a decrease of 4 PTV. The treatments did not affect the amplitude 

parameters of microtexture. Thereby, the functionalization had a low impact on skid resistance and 

texture, allowing the application of the semiconductors by bulk incorporation and spraying. Road safety 

is in this way assured for the study conditions. 

In this thesis, nano-TiO2 was used to modify Elaster and transparent asphalt binders Taking into 

account the effect on Elaster modification, it is beneficial at short term as it revealed anti-aging capability. 

This can mitigate problems caused by increased stiffness. The increase of the percentage of TiO2 led to 

a gradual decrease of mass loss. Regarding the viscosity, low content of TiO2 of 0.25% conducted to anti-

aging effect for Elaster. The next phase of this investigation will address aging in the UV chamber to 

assess the anti-aging effects under this perspective and consolidate this study. For both asphalt binders, 

in general, the incorporation of nano-TiO2 gradually increased the softening point and decreased the 

penetration depending on the asphalt binder type. For the transparent asphalt binder, the use of nano-

TiO2 did not lead to substantial changes in the Complex Modulus. In addition, nano-TiO2 would reduce the 

fatigue life but increase the rutting resistance for high contents. 

Considering the mechanical and functional behavior of the recycled asphalt mixtures, the asphalt 

mixture with 30% of steel slags performed generally better. Regarding the surface characteristics, the best 

macrotexture and friction results of the recycled asphalt mixtures was for that one with 30% of reclaimed 
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asphalt pavement, but, considering the noise indicators, sound absorption, and mechanical impedance, 

the best one was with 30% of steel slags. Thus, mix with steel slags tends to be more resistant and quieter 

than with reclaimed asphalt pavement, but this one tends to be safer than that one.  

Regarding the functionalization method of a successive spraying coating, the use of a diluted resin 

can be used to immobilize the nano/microparticles. Still, it must be used in a very low mass/volume of 

spraying (less than 0.50 g). Using 0.25 g of diluted resin and a solution with TiO2 and PTFE under an 

ethyl alcohol medium, it was possible to achieve the superhydrophobic capability and the highest results 

of photocatalytic efficiency. Nevertheless, the use of resin decreased the photocatalytic efficiency, and 

some aspects of adsorption, particles sinking, among others, must be evaluated. 

The best asphalt mixture analysed was the functionalized AC 10 without recycled materials. 

However, considering sustainable gains the incorporation of these materials and the new capabilities of 

photocatalysis and superhydrophobicity, the asphalt mixture with reclaimed asphalt pavement is one 

alternative. Moreover, and if new potentialities (self-healing and anti-ice/de-icing) are desired, the mixture 

with steel slags can be used. 

11.2. Parallel Works 

During the Ph.D. course, some parallel works were carried out at the Centre for Territory, 

Environment and Construction (CTAC) from the Civil Engineering Department, the Center of Physics, and 

with the collaboration of both research centers from the University of Minho. Several scientific articles 

were published, and others are still under evaluation. In this section, the main contributions by the author 

of this thesis are detailed. 

Figure 71a shows the first article written by the author. The work carried out aimed at studying 

the physicochemical and rheological impacts of the asphalt binder modified with nano/micro TiO2 and 

micro-ZnO. This article motivated the author to further research the modification of asphalt binders with 

semiconductor particles (results in Chapter 8). 

Figure 71b shows the research work published in Applied Acoustics. In this specific case, the 

author of this thesis contributed to perform the noise tests in the road pavements. This knowledge 

transposed to Chapter 9 where noise tests (sound absorption and mechanical impedance) were used to 

assess the environment contribution of the surfaces studied. 



Chapter 11 – Conclusions and Parallel and Future Works 

 

 163 

  

Figure 71: The first page of the research work published in: a) Road Materials and Pavement 

Design [80], and b) Applied Acoustics [226] 

 

Another research work was published in Construction and Building Materials: Surface 

rehabilitation of Portland cement concrete (PCC) pavements using single or double surface dressings with 

soft bitumen, conventional or modified emulsions (doi.org/10.1016/j.conbuildmat.2021.122611) 

(Figure 72). It aimed to develop different surface dressings using several asphalt binders (emulsions or 

bitumen). The author of this thesis contributed to the design of the research, laboratory testing, and 

writing. It contributed to a deeper knowledge on asphalt emulsions, their evaluation and application on 

road pavements. 

a) b) 
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Figure 72: First page of the research work published in Construction and Building Materials [227] 

 

Other scientific articles were prepared mainly at the Physics Department, however they were not 

already published, such as i) The step-by-step to obtain the Kubelka-Munk function and its use for the 

calculation of band gap (S. Landi Jr., I. Rocha Segundo, E. Freitas, J. Carneiro); ii) Photocatalytic 

performance of different textiles coated with TiO2-RGO system for degradation of crude petroleum under 

similar simulation of solar irradiation (S. Landi Jr, D. Silva, F. Fernandes, E. S. Nunes, V. Teixeira , J. A 

Moreto, I. Rocha Segundo, J. O. Carneiro). Also, combining both knowledges (Civil Engineering and 

Physics), a new collaboration was started aiming at applying TiO2 nanoparticles over 3D printed mortars 

to obtain a multifunctional material. The author of this thesis has transferred his knowledge about the 

functionalization process and its evaluation to develop these innovative smart mortars, not yet presented 

in the literature. The resulting manuscript “Preliminary Study on the Photocatalytic Efficiency of 3D seg-

Printed Cementitious Mortars” (B. Zahabizadeh, I. Rocha Segundo, J. Pereira, E. Freitas, A. Camões, C. 

Tavares, V. Teixeira, M. Costa, V. Cunha, and J. Carneiro) is under assessment. 

From another knowledge level (high school), with the assistance of the author of this thesis, three 

students from Maia High School developed the project Greenway. With this collaboration, two awards 

were obtained: i) honorable mention in the 16th Edition of the Ilídio Pinho Foundation Award and ii) second 
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place in the FCT NOVA Challenge Award. This small project aimed to develop an asphalt pavement layer 

that contributes to reduction of several current environmental problems, incorporating recycled materials 

such as tire rubber, recycled polymers (namely, SBS and High-density Polyethylene), and glass spheres. 

In addition, the surface of the layer was optimized in terms of texture to reflect light, enhancing the 

reduction of public electricity.  

During the academic exchange mobility to the University of Antwerp, a project proposal was 

approved: Photocatalytic Asphalt Pavements for the Port of Antwerp (PAPPoA): a feasibility study. It aims 

to investigate the effects of traffic on photocatalytic efficiency, determine possible effects on traffic safety 

(skid resistance) and develop an in-situ test setup to measure the NOx reduction. Different types of doped 

TiO2 will be used to decrease its band gap, which improves the photocatalytic efficiency. Then, a real-life 

test case will be built in the Port of Antwerp if the results will be feasible. This project presents a budget 

of 108 K€ funded by the Industrial Research Fund (IOF) - technology concept exploration, and the name 

of the author of this thesis and his advisors are project members. 

Under the IC&DT Projects in all Scientific Domains from FCT, the project NanoAir – Nanomaterials 

Applied on Innovative Road Pavements for Air-Cleaning was approved and started in March 2021. It 

presents a budget of 250 K€, and main researchers are the advisors of this thesis. The main objective of 

this project is to develop a durable and efficient photocatalytic coating over an asphalt pavement, using 

a cheap and validated method to assess its environmental performance and determine the actual impacts 

in terms of society, environment and economy. It seeks to fill the literature gaps: evaluation of efficiency 

and durability of photocatalytic asphalt mixtures, considering whether positive benefits exist at the end of 

the pavement's service life in global terms of economic, environmental, and social gains using a simple 

and low-cost analysis method. In this case, the author of this thesis contributed to the written part of this 

project proposal and expects to participate as a researcher. 

Also, under IC&DT Projects in all Scientific Domains from FCT, the author of this thesis has more 

recently contributed to the writing of the project proposal MicroCoolPav – Coaxial Microfibers incorporated 

within Phase Change Materials for Cool Pavements. It is an exploratory project and presents a budget of 

50 K€. Three different research centers are involved, Center of Physics, Institute for Sustainability and 

Innovation in Structural Engineering (ISISE from Department of Civil Engineering of UMinho), and Centre 

for Textile Science and Technology (2C2T - from Textile Department of UMinho). The supervisors of this 

proposal and the author of this thesis are involved. The main objective of this proposal is to produce 
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coaxial fibers containing PCMs, via the wet-spinning method to be subsequently incorporated into asphalt 

mixtures to provide them with LHTS (Latent Heat Thermal Energy Storage) capability. It is expected that 

the asphalt mixtures produced to have a thermoregulation ability superior to non-functionalized samples 

to mitigate UHI effects. 

11.3. Future Works 

To continue the activities developed under the scope of the research projects already mentioned 

and new projects, next research needs are listed: 

i) Doping of TiO2: since the TiO2 activates under UV light, it becomes essential for outdoor applications 

because the light source (sunlight) is mostly composed of visible and infrared photons. Different 

light wavelengths should be used: visible, UV, and solar simulation to evaluate the doping of the 

semiconductor material; 

ii) Immobilization analysis of TiO2 spray coating by using different application methods: the particles 

should be fixed (immobilized) as much as possible to keep their high photocatalytic efficiency. 

Different binders and application methods considering the spraying coating can be studied, as the 

use of asphalt emulsion and electrostatic painting. Also, reliable abrasion tests must be applied on 

the treated samples to evaluate the fixation/immobilization of the particles; 

iii) Analysis of gas degradation in laboratory-scale: probably this is the most important future work. 

Different gases (NO2, NOX, SO2, and even VOCs) can be used in order to analyze the photocatalytic 

performance considering the gas degradation; 

iv) Evaluation of influencing parameters of the gas degradation: it is suggested to evaluate the following 

ones: application rate, the intensity of UV light, relative humidity of the air, flow of pollutants, among 

others; 

v) Analysis of gas degradation on a real scale: another question to be solved is how to evaluate the 

photocatalytic efficiency under real scale. Active and passive methods of the analysis of air quality 

can be used;  

vi) Real scale application of photocatalytic asphalt mixture: In order to evaluate the technical feasibility 

of the photocatalytic asphalt pavements, the construction of a real scale section becomes essential; 

vii) Global impacts of photocatalysis: all the impacts of the photocatalytic asphalt pavements must be 

evaluated, for example, their leachate, the economic, life cycle, and health aspects; 

viii) Degradation of oils and greases and analysis of the friction: Photocatalytic and self-cleaning asphalt 

mixtures have the ability to degrade organic compounds such as oils and fats adsorbed on their 
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surface. Thus, in order to assess whether there is improvement in this matter, it is important to 

check the self-cleaning capacity of the materials through the degradation of oils and to analyze the 

friction of the asphalt mixtures before and after the contamination by these materials; 

ix) Mechanical characterization of superhydrophobic asphalt mixtures under ice and thawing and/or 

wetting only the surface: since the water is repelled from the surface of the pavements, maybe the 

mechanical properties will be improved; 

x) Analysis of the UV light aging of photocatalytic asphalt mixtures: since the UV light is absorbed and 

reflected during the photocatalysis, the asphalt binder will be protected, decreasing the aging 

process; 

xi) Application of different types of nano/micromaterials to asphalt pavements: regarding the fact that 

the use of nanomaterials is a promising subject in different areas, the use of different 

nano/micromaterials to asphalt mixtures is also relevant; 

xii) Application of different smartness to asphalt pavements: several researchers have carried out a 

significant number of works about different capabilities about the multifunctional effects of asphalt 

mixtures, but most of them focused on the application of just a single new function. For this reason, 

the combination of different techniques and/or capabilities can result in the development of a 

better final product. A multifunctional asphalt mixture is desired since asphalt pavements represent 

an enormous area and they are built where people live including new capabilities, such as deicing 

and self-ice-melting, self-healing, thermochromic, latent heat thermal energy storage (LHTS);  

xiii) Potentialities of the steel slags should be studied considering the new capabilities (de-icing/anti-

ice and self-healing);  

xiv) Cost analysis of the application of different types of functionalization processes: as it is essential to 

prove their economic feasibility; 

xv) Conditioning of asphalt binders modified with TiO2 using UV aging to consolidate the modification 

of asphalt binder using nano-TiO2 for anti-aging effects; 

xvi) The asphalt mixtures functionalized with diluted resin and particles solution will be evaluated by 

SEM in order to analyze the thickness of the resin and the particles coverage. The photocatalytic 

and wettability tests will be repeated after a wearing process. Furthermore, they will be assessed 

under different conditions (dry, wet and icy). 
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