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Abstract 

Nowadays the main problems faced by applied research and industry are towards environmental issues such 

as global warming, carbon footprint, reduction of greenhouse gas emission amongst others. The Kyoto Treaty 

was developed as a result in 1997 to setting the objective for European countries to develop policies and 

technologies in order to meet greenhouse gas reduction requirements. In this light, the asphalt industry 

accordingly implemented measures to facilitate eco-friendly operations. Examples of some of these measures 

include the introduction of the use of Warm Mix Asphalt (WMA) and Reclaimed Asphalt Pavement (RAP) 

which reduce production costs and reduce CO2 emissions. Another initiative used to address environmental 

problems is resource conservation which has made the use, recovery and recycling of resources more practical 

and effective in not only reducing production costs but also in making a regenerative circular economy. An 

example of this initiative is an innovation called End of Waste (EoW) product through which waste is 

converted into a new product and it is proving very practical and effective in recent times. The End of Waste 

(EoW) criteria means recovery and treatment processes under which waste could be converted in a new 

potential product. In particular, according to the European normative the main requirements for a given waste 

- possibly treated by industrial processes - to satisfy the EoW qualification are the following: 

 

a) the substance or object is intended to be used for specific purposes; 

b) there is a market or demand for this substance or object; 

c) the substance or object meets the technical requirements for the specific purposes and complies with the 

existing legislation and standards applicable to the products; 

d) the use of the substance or object will not lead to overall negative impacts on the environment or human 

health (in accordance with the Substance of Very High Concern (SVHC) list) 

 

From this perspective, the reuse of opportunely re-refined exhausted oils from automobile and industrial 

hydraulic applications - that have become unfit for the use for which they were originally intended - completely 

fulfil the circular economy goals. This PhD thesis deals with the conversion of End of Waste Product (EoW) 

in the form of Re-refined Engine Oil Bottom (REOB) obtained from exhausted oil regeneration processes – 

through the addition of recycled industrial waste materials - to high performing bituminous binder suitable for 

use in asphalt mix production. This can save the asphalt industry an even larger amount of resources if it is 

normalized to practice using this new potentially revolutionary binder together with Reclaimed Asphalt 

Pavement (RAP) which reduces the need for virgin aggregates in asphalt mix production. Indeed, in the present 

work asphalt concrete samples have been obtained by using 100 % Reclaimed Asphalt Pavement (RAP) 

aggregates. The asphalt concrete samples thus obtained underwent testing in order to study their behaviour 

with the goal to substitute virgin aggregates that are commonly employed in asphalt pavement. This would 

allow to reach the standards of most of the European countries where RAP is already used in the range of 70-

90%, while up to now in Italy a maximum of 30% of RAP is used in the Hot Mix Asphalt (HMA) and Warm 

Mix Asphalt (WMA). The aged and more brittle bituminous binder that coats the aggregates limits the use of 



 
 

RAP material as it stiffens the resulting asphalt mixtures making the pavements more brittle and sometimes 

more prone to cracking especially at low temperatures. To overcome this problem a rejuvenating agent could 

be used. 
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Chapter 1 

1. Bitumen generalities 

1.1. Hystorical Overview 

Scientists believes that the term bitumen originated in the ancient and sacred Sanskrit language of Hindus in 

India, in which jatu means ‘pitch’ and jatu-krit means ‘pitch creating’. These terms referred to the pitch 

produced by some resinous trees. The historians claimed that the Latin equivalent to be originally gwitu-men 

(‘pertaining to pitch’) and by others to be pixtu-men (‘bubbling pitch’), which was subsequently shortened to 

bitumen before passing via French into English. [1] 

The use of bitumen by human being dates back 180,000 years ago in the El Kowm Basin in Syria, where it 

was used as a hafting material applied to stick flint implements to the handles of various tools. [2]. There are 

several references to bitumen even in the Bible where it is reported as the waterproofing of Noah's arch, of the 

Babel tower or of the cradle of Moses [1,3]. Medical uses were also reported, with bitumen acting as a remedy 

for various illnesses as a disinfectant or as an insecticide [2-4.]. Another historical application was for the 

embalming of mummies by the Egyptians [5]. The ancient uses of natural bitumens continued in those 

inhabited parts of the world where deposits were readily available. In many countries, none of the present 

major uses of bitumen were introduced until the end of the nineteenth century. 

The use of natural bitumen in road construction was first attributed to Nabopolassar, King of Babylon (625–

604 BC): a bitumen-containing mortar cemented both the foundation made of three or more courses of burnt 

bricks and the stone slabs put on top [3]. The use of natural bitumen in road construction started to decay in 

the 1910s with the advent of vacuum distillation which made it possible to obtain artificial bitumen from crude 

oil [6] and nowadays, paving grade bitumen is almost exclusively obtained as the vacuum residue of petroleum 

distillation. 

 

1.2. Bitumen: definition and manufacture 

Nowadays, the term bitumen is used to describe the refined product produced by removing the lighter fractions 

from crude oil during the refining process. Up to the beginning of 20th century bitumen was only recovered 

from natural sources until modern refining technologies became available for its production [7]. Because there 

is still a little bit confusion on the terms bitumen and asphalt, it is important to fix the terminology to distinguish 

them. The term asphalt is used in Europe to identify the mixture obtained from bitumen and aggregates and 

used for road paving, while in North America the term asphalt is used to identify the bitumen itself and the 

term asphalt concrete is used to identify the mixture with aggregates for paving. Moreover, no confusion should 

be made between bitumen and coal derived products such as coal tar or coal tar pitches, which show different 

physical characteristics respect to bitumen. Similarly, bitumen should not be confused with petroleum pitches 

which are often aromatic residues, produced by thermal cracking, coking or oxidation from selected petroleum 

fractions. The composition of petroleum pitches differs significantly from bitumen. Confusion should also be 

avoided between bitumen and natural or lake asphalt such as Trinidad Lake Asphalt, Gilsonite, rock asphalt 
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and Selenice [1], that are unrefined products and not produced by refining of crude oil. They often contain a 

high proportion of mineral matter (up to 37% by weight) and light components, leading to a higher loss of 

mass when heated. In this thesis the term bitumen is used following the European convention and asphalt 

indicates the mixture of bitumen and aggregates. In this respect, during past decades a lot of definitions have 

been proposed and sometimes scientifically incorrect [3,8]. In the current European specifications [9] bitumen 

is currently defined as: “a virtually not volatile, adhesive, and waterproofing material derived from crude oil, 

or present in natural asphalt, which is completely or nearly completely soluble in toluene, and very viscous or 

nearly solid at ambient temperatures”.Nowadays roads paving involves the use of bitumen obtained from 

distillation process of crude oil (petroleum). This is a fossil fuel extracted from the ground that was made 

naturally from decaying plants and animals living millions of years ago [1]. Crude oil sources undergoing 

topping distillation process [10] (see Figure 1) has a strong influence on the bitumen characteristics [11]. 

Depending on the extraction sites, crude oils vary in colour, in viscosity - from water-like to almost solid - and 

chemical composition. From the point of view of the latter, crude oils are complex mixtures of many 

hydrocarbons composed by chains (linear and branched) and rings all differing in molecular weight and 

consequently in boiling range. For this reason, crude oils are such a useful starting point for so many different 

substances. Speaking of which, nowadays, crude oil is separated into various component some of which are 

further chemically or physically changed. Bitumen is one of the components produced from this process. 

The first process in the refining of crude oil is fractional distillation or topping, which physically separates the 

crude oil into streams varying in boiling point. This is carried out in fractionating or distillation columns. 

Figure 1 outline a typical atmospheric and a vacuum distillation plant respectively for crude oil and the long 

residue obtained as sub product. A detailed description of the inside operation of the distillation column as 

well as the various operating procedures can be found in [12]  

Crude oil’s lightest fractions leave the top of the distillation column as vapour; heavier fractions are taken off 

the column as side-streams while the heaviest fractions - also known as long residue - remain as liquids and 

leave the base of the column. The long residue a is complex mixture of high molecular weight hydrocarbons, 

and generally requires further processing before it can be used as a feedstock for the manufacture of bitumen. 

To this respect, the long residue is further distilled in a vacuum distillation column at a temperature of between 

350 and 425 °C and at 10–100 mmHg vacuum pressure – to avoid cracking or thermal decomposition - to 

produce gas oil, distillates fractions and a bottom residue known as short residue (Figure 1 lower panel). Over 

20 different grades bitumen are manufactured starting from the short residue. The viscosity and yield of short 

residue are a function of both the origin of the crude oil, the temperature and pressure in the vacuum column 

during processing, and these vary significantly from crude oil to crude oil. The blend of crude oil processed - 

as well as the column conditions are - adjusted to produce a short residue with a penetration grade of 35–300 

dmm (decimillimetre) 
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Figure 1 Atmospheric distillation (upper panel) (MPA, middle pump-around; TPA, top pump-around) and Vacuum 

distillation (lower panel) (CW, cooling water; MPA, middle pump-around; TPA, top pump-around) [10] 

 

Good crude oils and proper distillation processes can enhance bitumen properties. Generally, heavier crude oil 

gives higher bitumen yields [13]. Therefore, having a complete knowledge on the bitumen characteristics from 

different aspects is of paramount importance. Often by the correct selection of the crude oil feed and operating 

conditions, bitumen with a particular specification can be manufactured directly from the distillation process. 

Indeed, many crude oils produce bitumen suitable for road construction. However, if a more demanding 

bitumen’s physical properties are required, the short residue can be further modified by ‘air blowing’. This is 

an oxidation process that involves passing air through the short residue at temperature between 240 and 320 
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°C (Figure 2). The main effect of blowing is that it converts some of the relatively low molecular weight 

molecules (known as resins) into relatively higher molecular weight ones (known as asphaltenes). The process 

involves oxidation, dehydrogenation and polymerisation of the lighter molecules of the short residue. It has 

been found that all the oxygen taken up can be accounted for by the formation of hydroxyl, carbonyl, acid and 

ester groups; no ether oxygen has been detected, while products like carbon dioxide, water and some light 

hydrocarbons are considered as side products. Besides carbon–oxygen bonds, carbon–carbon bonds are also 

formed. Of the functional groups mentioned, the esters are particularly important because they serve as a link 

up of two different molecules and thus contribute to the formation of material of higher molecular weight. This 

mechanism results (together with the direct formation of carbon–carbon bonds) in an increase in the high 

molecular weight molecule content. Ester formation as well as carbon-carbon bond formation are desired 

reactions; all others are less desirable or even undesirable reactions. As a matter of fact, a decrease of the 

amount of oxygen used for condensation reactions from 60 to 20%, and an increase of oxygen used for side 

reactions from 40 to 80% is observed with an increase of temperature from 150 to 350 °C [10]. 

 

 

Figure 2 Simplified diagram of a bitumen blowing unit (Ex, from; nnf, normally no flow; SR, short residue; TC, 

temperature control; OM, oxygen meter) [10] 

 

1.3. Bitumen chemistry: composition and structure 

1.3.1 Composition 

From a chemical-physics point of view, bitumen can be seen as a viscous viscoelastic liquid (at room 

temperature) which is totally soluble in toluene, substantially non-volatile, and softens gradually 

when heated [14]. It comprises a very great number of molecular species that vary widely in polarity 

and molecular weight [15,16]. Elemental analysis show that bitumen composition is primarily 
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determined by its crude oil source and it is difficult to give a specific geographical generalization 

[17,18] (many suppliers also mix bitumen from different sources as well). This has been shown in a 

wide research by SHRP (Strategic Highway Research: Special Report) [19]. Based on this report, the 

main constituents of bitumen are carbon, which varies from 80 to 88 wt% and hydrogen ranging from 

8 to 11 wt%. In addition, Heteroatoms and transition metal atoms (principally vanadium and nickel) 

are generally presents: sulfur (0 to 9 wt%), nitrogen (0 to 2 wt%), oxygen (0 to 2%), vanadium up to 

2000 ppm, and nickel up to 200 ppm [17,20,21]. A more detailed study on metal content in bitumens, 

in which other metals (like Chromium, Cobalt, Arsenic, Selenium etc…) are detected, is reported in 

[22]. Table 1, shows a typical composition of some bitumens from various sources [23]: 

 
Table 1 Elemental Analysis of bitumen from various sources [23] 

Chemical element Quantity range Average value unit 

Carbon 80.2-84.4 82.8 % w/w 

Hydrogen 9.8-10.8 10.2 % w/w 

Oxygen 0.4-1 0.7 % w/w 

Sulfur 0.9-6.6 3.8 % w/w 

Nitrogen 0.2-1.2 0.7 % w/w 

Nickel 10-139 83 ppm 

Vanadium 7-1590 254 ppm 

Iron 5-147 67 ppm 

Manganese 0.1-3.7 1.1 ppm 

Calcium 1-335 118 ppm 

Magnesium 1-134 26 ppm 

Sodium 6-159 63 ppm 

 

From a molecular point of view, the main compounds of the polar heteroatoms above are: sulphides, 

thiols and sulfoxides, ketones, phenols and carboxylic acids, pyrrolic and pyridinic compounds, and 

most metals form complexes such as metalloporphyrins [21]. Molecular weight distribution analysis 

shows that bitumen is a complex mixture of about 300 to 2000 chemical compounds (medium value 

500–700) making a complete chemical characterization very difficult. 

For this reason, bitumen is generally fractionated by simple methodology - known as SARA 

(Saturate, Aromatic, Resin, Asphaltene) analysis - to know its main characteristics. The SARA 

method is of vital importance because bitumen scientists and technologists usually specify the 

composition of bitumen in terms of the relative content of these fractions. In addition, the SARA 

fractions constituted the basis for all early theories on bitumen/polymer interactions and are still used 

to formulate modern interpretations of the bitumen modification mechanisms [24]. Figure 2 shows a 

schematic SARA procedure [23]: 
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Figure 3 Schematic of the saturates, aromatics, resins and asphaltenes (SARA) chromatographic method [14] 

 

An in-deep description of the SARA methodology can be found in [24, 25]. 

The relative abundance of the SARA fractions allows the bitumen chemical composition to be related 

with its internal structure and some of its macroscopic properties [26]. In a sample of bitumen if the 

concentration of asphaltenes is kept constant and the other components vary it has been observed that: 

a) increasing the aromatics content at a constant saturates-to-resins ratio has little effect on the 

rheology other than a marginal reduction in the shear susceptibility, b) maintaining a constant ratio 

of resins to aromatics and increasing the saturates content softens the bitumen, c) the addition of 

resins hardens the bitumen and reduces the penetration index and shear susceptibility, but increases 

the viscosity. Lin et al [27] has also shown that the rheological properties of bitumen strongly depend 

on the asphaltenes content. At a constant temperature, the viscosity of a bitumen increases as the 

concentration of the asphaltenes blended into the parent maltenes is increased. However, the increase 

in viscosity is substantially greater than would be expected if the asphaltenes were spherical, non-

solvated entities. This suggests that the asphaltenes can interact with each other and/or the solvating 

medium. The marked increase in non-Newtonian behavior as bitumen cools is a consequence of the 

inter-molecular and intra-molecular attractions between asphaltenes and other entities. Under shear, 

these extended associations will deform or even dissociate in a way that is not adequately described 

by classical Newtonian concepts. Consequently, at ambient and intermediate temperatures, it is 

reasonable to conclude that the rheology of bitumen is dominated by the degree of association of 

asphaltene particles and the constitution and structure of bitumens relative amount of other species 

present in the system to stabilize these associations.  
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1.3.1.1 Asphaltenes 

Among the bitumen’s SARA fractions, asphaltenes represent the most important one and are 

connected to the main properties of bitumen. Asphaltenes are the most aromatic of the heaviest 

components of crude oil, are critical to all aspects of petroleum use, including production, 

transportation, refining, upgrading, and heavy-end use in paving and coating materials. Indeed, the 

molecular characterization of asphaltenes is required as well as the detailed understanding of the 

hierarchical colloidal structures of asphaltenes and petroleum. Their percentage can vary from 5 to 

25% and are amorphous brown/black solids at room temperature with particle dimensions between 

5–30 µm, insoluble in n-heptane, but soluble in toluene [28,29]. Asphaltenes contain oxygen, nitrogen, 

sulfur, and heavy metals (V, Ni, etc.) in the form of complexes such as metallo-porphyrins with long 

aliphatic chains (up to 30 carbon atoms), and pyrrolic and pyridinic rings. As demonstrated by UV-

fluorescence spectroscopy [30,31], Fourier Transform Infrared Spectroscopy (FTIR) [31,32], X-ray 

Raman spectroscopy [33], and NMR spectroscopy [30,34, 35], asphaltene molecules consist of fused 

aromatic rings, most probably between 4 to 10 units, together with some aliphatic chains as ring 

substituents. They tend to form small (few nm) stacks stabilized by amphiphilic resins and dispersed 

in the apolar matrix phase of paraffin and aromatic oils (maltene) [25,36]. Furthermore, by using X-

Ray scattering [37] it has been demonstrated that the asphaltenes tend to form clusters organized in 

hierarchical structures of different length scales (up to hundreds of nanometers and even to micro-

scales with the so called “bee-structures” [38]). A more detailed study on the asphaltene nature can 

be found elsewhere [39] 

 

1.3.1.2. Saturates 

The saturated components in bitumen typically are within 0–15%wt. of the overall fractions. From a 

chemical point of view, saturates are complex mixtures of polyalkyl structures in which straight 

chains of paraffin prevail as shown by FTIR measures [32]. Saturated fractions of blown bitumens 

are richer in long-chain paraffins than those of straight-run bitumens [41]. The saturate fraction is a 

mixture of pure aliphatic (linear and cyclic) [25]. As the content of saturates increases a decrease in 

the complex shear modulus and an increase in the phase angle of bitumen is expected because the 

saturate fraction is the lightest part of the maltene phase, whereas the latter is a liquid part of bitumen 

which is complemented with solid asphaltenes [24]. 

 

1.3.1.3 Resins 

Resins are dark brown solid (or semi-solid) compounds characterized by particle sizes of 1–5 nm, 

soluble in n-heptane, and structurally and compositionally similar to asphaltenes, except for a lower 

molar mass [41]. Resins are present in an amount ranging from 30 to 45%wt. and sometimes can be 
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more polar than asphaltenes, but with less condensed aromatic rings [28]. Their polar nature enhances 

the adhesive properties of bitumen, but their principal role is as dispersing agents for the asphaltene 

macromolecular structures and oils, which are mutually insoluble. When bitumen is oxidized, resins 

gain oxygen molecules and the similarity of their structure to asphaltenes is enhanced. The bitumen 

characteristics are determined largely by the resins’ asphaltene ratios [42]. 

 

1.3.1.4 Aromatics 

 

Aromatic oils are dark brown viscous liquids containing low molecular weight aromatic compounds. 

They have a slightly aliphatic carbon skeleton with lightly condensed aromatic rings and a molar 

mass ranging between 300 and 2000 g/mol. Aromatic oils make the highest fraction (40–65%) of 

bitumen. They have a high solvent power relative to high molecular weight hydrocarbons. Together 

with saturated oils, they are considered as the plasticizing agents of bitumen [28]. 

 

1.3.2 Structure 

First investigations on bitumen structure dates back to 1914 when Rosinger suggested a colloidal structure for 

it [43.]. However, only in 1923 Nellensteyn gave a more detailed description of the colloidal structure of 

bitumen [44] even if Errera also published a discussion on the subject the same year [45]. By studying Tyndall 

effect of asphaltenes solutions as well as the Brownian motion of asphaltenes in such solutions and the absence 

of diffusion through membranes Nellensteyn argued that asphaltenes are very close in structure to free carbon 

and form a colloidal suspension within the maltene phase [46]. Later on, Pfeiffer and coworkers developed a 

more detailed theory of the colloidal structure of bitumen - what they called sol and gel bitumens (see figure 

4) - to explain the difference in rheological properties between various type of bitumen [47,48]. Sol bitumens 

exhibited Newtonian behaviour, whereas gel bitumens (generally blown ones) were highly non-Newtonian. 

Between these two extremes, a majority of bitumens was found to have an intermediate behaviour due to a 

mixed “sol–gel” structure (called in fact “gel–sols” or “elastic sols”). In modern terms, the non-Newtonian 

behavior would be described as delayed elasticity together with some nonlinearity in the viscoelastic properties 

[49.]. 
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Figure 4 The original colloidal model: sol and gel bitumens. Reprinted from [47] (courtesy of ACS) 

 

From a structural point of view, the sol type was thought to occur when the asphaltenes micelles were fully 

dispersed and non-interacting (Fig. 4A - [47]). The non-Newtonian behaviour was thought to originate from a 

gel structure due to fully interconnecting asphaltenes micelles (Fig. 4B - [47]). The sol–gel structure consisted 

in the coexistence of sol-type micelles and a gel structure. However, this description proved somewhat 

incorrect since a gel structure would result in a yield stress or a plateau of modulus versus temperature and 

frequency [50-52] which have never been observed for paving grade bitumens [53-55.]. Nevertheless, this 

interpretation was in line with the well-known result that a soft grade differs from a harder grade from the 

same crude oil by higher asphaltenes content and lower aromatics content with almost unchanged resin and 

saturate contents [13].  

An in deep description of the bitumen structural architecture was provided by Teh Fu Yen who gave a 

hierarchical picture as reported in figure 5 
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Figure 5 Yen Model as proposed in 1967 Reprinted from [56] (courtesy of ACS) 

 

The Yen model depicted in figure 5, relates different length scale structures from crystallite to micelle allowing 

an in deep comprehension of the utility of results within a given length scale. However, the uncertainty in the 

most basic issue, asphaltene molecular weight, was enormous. Only ten years ago the issue of asphaltene 

molecular weight was highly debated with only very few who supported the currently accepted value for 

asphaltene molecular weight. Without resolution of this key molecular attribute, structure-function 

relationships are precluded and phenomenology prevails. Fortunately, asphaltene science has progressed 

dramatically in the last 10 years leading to a greater understanding of some topics, some more certainty, while 

others, less so. Each topic will be treated below to provide a general understanding of the corresponding current 

status. Following, to start with a description of the modified Yen model is given. 

 

1.3.2.1. Modified Yen Model 

The modified Yen model (see figure 6) deals with the hierarchical structures, properties and energies 

manifested by asphaltenes and their interaction. The model emphasizes the different asphaltene hierarchical 

structures and show how the hierarchical structures are.  
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Figure 6 Modified Yen model. (Left) The predominant asphaltene molecular architecture has a single, moderately large 

PAH with peripheral alkanes. (Center) Asphaltene molecules form asphaltene nanoaggregates with aggregation numbers 

of∼6 and with a single disordered stack in the interior with peripheral alkane. (Right) Asphaltene nanoaggregates can 

form clusters with aggregation numbers estimated to be ∼8. The modified Yen model provides a framework to treat large 

numbers of diverse asphaltene studies. Reprinted from [57] (courtesy of ACS) 

 

Figure 6 shows the asphaltene molecular architecture from its single polycyclic aromatic hydrocarbon (PAH) 

ring system with peripheral alkane substituents to nanoaggregates with a single, disordered stack of PAHs and 

with aggregation numbers ∼6 (the dimension of nanoaggregates is estimated in about 2 nm and with an 

aggregation energy of few kJ/mol). These nanoaggregates form clusters of nanoaggregates - not much bigger 

than the nanoaggregates itself - with aggregation numbers estimated to be eight. There is some uncertainty 

about the size of the clusters. The smallest type observed is of about 6 nm. Larger clusters can form with a 

length scale of ≥ 10 nm. The cluster’s nanoaggregate binding energy is rather small, and can be strongly 

affected by changing temperature, concentration, and liquid-phase properties. Indeed, asphaltene cluster 

properties have an enormous influence on the rheological behaviour of bitumen. In figure 6, the grey circles 

represent the aromatic core of the asphaltene nanoaggregates, while the crooked lines represent the 

nanoaggregate alkane substituents. The predominant molecular architecture of the Yen model consists of a 

single, large Polyaromatic Hydrocarbon (PAH). The PAH - due to its polarizability - is the primary site of 

intermolecular attraction and therefore molecular aggregation. This interaction increases with the number of 

fused rings and thus is significant for large PAHs structures. In addition, the PAH possesses a degree of charge 

separation primarily associated with the heteroatoms giving rise to dipole-dipole interactions. The energy of 

the dipole-dipole interaction and induced dipole-induced dipole interaction decreases with the separation 

distance as r6 giving rise to a short-range interaction; generally, the PAH structures contains heteroatom such 

as nitrogen in pyrrolic and to a lesser extent pyridinic structures, sulphur in the form of thiofenic rings, and to 

a lesser extent oxygen like phenolic rings. Branched - and straight-chain substituents are present as peripheric 

structures and create steric hindrance, preventing close approach of the attractive PAHs (see Figure 7).  
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Figure 7 Proposed asphaltene molecular structures. These structures are consistent with the many molecular constraints 

that are now known to apply to the asphaltenes. These are the types of molecular structures that dominate asphaltenes. 

Reprinted from [57] (courtesy of ACS) 

 

After several molecules (nano)- aggregate, their alkanes distort to occupy reduced available volume preventing 

additional asphaltene molecules to achieve close approach to the interior PAHs. Thus, additional asphaltene 

molecules form new nanoaggregates of small aggregation numbers and not large nanoaggregates. Critical 

NanoAggregate Concentration (CNAC) is the physico-chemical parameter generally used to evaluate 

asphaltene aggregation. It is defined as the concentration at which further nanoaggregate growth stops. It has 

been observed that asphaltene nanoaggregates are formed when they are placed in toluene in sufficient 

concentration. So, as a matter of fact they do not need resins to form or to be stably suspended. Very similar 

nanoaggregates are observed in crude oils. Nevertheless, in crude oils, resins are present but only the heaviest 

resins participate in the aggregation at a level of ∼15% mass fraction. With such small nanoaggregates and 

relatively small resin fraction, resins do not act as classic surfactants for these asphaltene nanoaggregates. 
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1.3.3. Asphaltene Molecular Architecture 

1.3.3.1. Asphaltene Molecular Weight.  

Asphaltene molecular weight plays a central role in the modern theory of the modified Yen model and thereby 

in the structure architecture of crude oil and bitumen. The information that are nowadays acquired have allowed 

the asphaltene science to not be reduced to a pure phenomenology. About asphaltene molecular weights, only 

ten years ago there was huge uncertainty and controversy. Long-time debates have been made about this topic 

for several reasons. Some debates were focused on the molecular asphaltenes polydispersion, causing 

application of any technique to be somewhat uncertain. Moreover, asphaltenes associate at different 

concentrations with different binding energies. This caused mistakes and limitations in some methods used to 

determine the asphaltene molecular weight. Fortunately, the issue of asphaltene molecular weight is now 

largely resolved. 

1.3.3.2 Molecular Diffusion.  

One of the techniques that have had a decisive role in resolving the asphaltene’s molecular- weight controversy 

was diffusion. Together with mass spectrometry diffusion, this technique is a primary method used to measure 

asphaltene molecular weight, because this technique is not affected – unlike other techniques - by the effects 

of asphaltene aggregation. Time Resolved Fluorescence Depolarization (TRFD). [58-64.] was the first 

molecular diffusion measurements performed on asphaltenes. This technique employs a polarized laser beam 

to induce an excited polarized electronic state on the absorber molecules. As the molecule undergoes rotational 

random walk (rotational diffusion), the polarization direction continuously reorients and decays. The technique 

measures the rotational correlation time that is the time that it takes for the molecule to reorient on the order 

of 1 rad. Molecular size and shape influence the rotational correlation time and particularly, for large 

molecules, internal rotation can yield somewhat shorter correlation times than expected for the molecule as a 

whole. TRFD is necessarily limited to the fraction of asphaltenes with fluorophores that undergoes 

fluorescence following the energy gap law as reported in [65]. By selecting specific excitations and emissions 

the TRFD technique allows sensitive optics to measure very small quantum yield components. In 2002, 

Wargadalam et al. [66] used Taylor dispersion (TD) – a technique sensitive to translational diffusion and not 

rotational one – to measure coal-derived asphaltenes molecular weight. Agreement between TRFD and TD 

data indicates that 1) the fluorescent and nonfluorescent asphaltenes are similar and 2) the TRFD results are 

not distorted from possible internal rotational effects of molecules. Moreover, Freed and co-workers [67,68] 

by using Nuclear Magnetic Resonance spectroscopy (NMR) – which is sensitive to asphaltene with hydrogens 

– have obtained results similar to that of TRFD although the NMR measurements give an average size 

(diameter) of 2.4 nm slightly higher than those from TRFD. However, as stated by the authors, this could be 

ascribed to the presence of some di- and trimer concentrations due to the fact that the NMR measurements 

cannot go to very low concentrations (50 mg/L). Molecular weight measurements have also been made on 

ultra-dilute solutions of asphaltenes through Fluorescence Correlation Spectroscopy (FCS) [69-71] obtaining 

results in close agreement with other diffusion measurements. The good agreement of all four molecular 

diffusion measurements makes it possible to state that asphaltenes are comprised of small molecules. Figure 8 
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shows typical TRFD data for petroleum asphaltenes. As it can be seen from figure 8 the most probable 

molecular weight of asphaltenes is 750 Da.  

 

 

Figure 8 Rotational correlation times of asphaltene molecules as a function of their PAH fluorescence emission wavelength. Also 

shown are two model compounds: solar dye with a molecular weight of 755 Da, and octaethylporphine (OEP) with a molecular weight 

of 535 Da. All correlation times are small, indicating that asphaltene molecules are not large and are comparable to the model 

compounds. The large wavelength dependence of the correlation times indicates that the fluorophore is a major portion of the asphaltene 

molecule; thus, there is one PAH per asphaltene molecule. Readapted from [58]. (courtesy of ACS) 

 

1.3.3.3. Mass Spectrometry  

Mass Spectrometry (MS) naturally provides essential measurements in any study of molecular weight.  

However, at early stages the known methods of MS applied to measure asphaltenes molecular weight have 

given some contradictory results. For example, one of the first MS technique used was field ionization mass 

spectrometry that gave the most probable molecules weight of about 1000 Da. [72]. However, this result was 

not generally accepted due to the problems about fragmentation and about not volatilizing the heaviest 

molecules. Also, some more sophisticated techniques like laser desorption ionization mass spectrometry (LDI-

MS) and matrix-assisted laser desorption ionization (MALDI- MS) encounter some problems in obtaining 

asphaltene molecular weight. A huge problem was for example that different workers obtained very divergent 

results. For example, different research groups [73,74] used LDI on virgin crude oil asphaltenes obtaining 

molecular weight that differ of one order of magnitude, i.e. ∼1000 Da and ∼10 000 Da. The researchers have 

attributed this discrepancy to the asphaltene aggregation due their high concentration in the plasma. This is in 

turn dependent on laser power, sample surface concentration, and even timing of ion collection [75-78] Thus, 

low plasma densities especially at the ion collection times are required to obtain accurate asphaltene molecular 
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weights. Novel LDI experiments that uses two different lasers - an infrared (IR) laser that desorbs the 

asphaltene, and a second ultraviolet (UV) laser that performs the ionization step - have shown that most 

probable asphaltene molecular weights is about 600 Da.  

However, the mass spectrometric method applied to asphaltenes that has had perhaps the greatest scrutiny is 

electrospray ionization Fourier transform ion cyclotron resonance mass spectroscopy (ESI-FT-ICR-MS). [79-

83]. Petroleum asphaltene molecular-weight distributions as measured by ESI-FT-ICR-MS are dominated by 

components in the 400-800 Da range. Moreover, the role of di- and multimers has clearly been delineated by 

ESI-FT-ICR-MS studies [79]. 

1.4. Type, Size and number of Polyaromatic Hydrocarbons (PAHs) in asphaltene molecules.  

1.4.1. Type of Asphaltene PAHs.  

The type of PAHs in asphaltenes was at the heart of past longstanding discussions in the asphaltene literature. 

This discussion has undergone a breakthrough with the incorporation of the Clar representation of PAHs [84] 

with his “Aromatic Sextet” theory. In Clar’s representation, no 2 adjacent fused aromatic rings can both be 

sextets; that is, no two adjacent hexagons can both “have circles” as reported in figure 9. 

 

Figure 9. Clar’s representation of PAHs 

Following the Clar’s theory the carbon-carbon bond lengths in Polyaromatic compounds are not all equal. Pure 

sextet compounds, such as benzene, triphenylene, and hexabenzocoronene, are very stable and have blue 

shifted spectra. Increasing of isolated-double-bond carbon, make PAHs less stable moving towards a red-

shifted optical absorption spectra [84-89]. On the basis of geologic time stability of crude oil’s asphaltene, and 

the stability of sextet carbons, many researchers have proposed that the type of carbons found in asphaltenes 

must be in aromatic-sextet structures and not as isolated-double-bond carbon. The question was experimental 

addressed by the use of X-ray spectroscopy. The choice of this technique was due to the fact that it relies on 

exciting empty valence orbitals from inner electron shells instead on valence shell transitions of optical 

spectroscopy. [90] However, classical X-Ray spectroscopy, although very useful to “discriminate” different 

chemical identity of compounds, for example, sulphide to sulphate (which differs in a 10 eV shift of the 1s-3p 

transition in accordance with the formal oxidation state of sulphur) or nitrogen on the basis of peak energy 

differences for different nitrogen chemical functions, such as pyridinic and pyrrolic nitrogen, which exhibit 

large 1s-π* peak differences [91-93] can be problematic in asphaltene carbon analysis due to the high 

concentration of carbon in asphaltenes skeleton. Indeed, it has been observed non-linear effects due to a too 

much absorption of carbon X-ray bands. On the other hand, X-ray Raman Spectroscopy (XRRS) - due to its 
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energetics – has proven to be most appropriate for analysis of asphaltene carbon [33,94,95]. The simple idea 

is that if a PAH is pure aromatic-sextet carbon, the 1s-π* X-ray absorption line will be narrow. The isolated-

double-bond carbon has a slightly different 1s-π* line position; thus, for compounds with increasing amounts 

of isolated-double-bond carbon, the 1s-π* line width for the PAH will increase. On the contrary, compounds 

with greater aromatic-sextet carbon have smaller line widths. Figure 10 shows the measured asphaltene line of 

about 1.4 eV. Moreover, figure 10 shows that the Clar description of PAHs matches the 1s-π* line width, as 

measured by XRRS for a large number of PAHs.  

 

Figure 10. 1s-π* line width as determined by XRRS versus the ratio of isolated-double-bond carbon to aromatic-sextet 

carbon. Readapted from [94] (courtesy of Elsevier). Sextet carbon but not isolated-double-bond carbon dominates 

asphaltene aromatics. Sextet carbon is known to be more stable and often predominates in pericondensed ring systems. 

[84,85] 

 

Speaking about the size of PAH, direct molecular imaging acquired using Scanning Tunneling Microscopy 

(STM) has provided valuable information [96]. From STM data the bulk of the PAHs have a long axis in the 

range around about 1 nm, which would correspond to roughly 7 fused rings. These results were also supported 

by high-resolution transmission electron microscopy (HRTEM) [97,98] as well as by Raman spectroscopy 

from which spectra it has been deduced that the PAHs are roughly 8 fused rings. [99,100] and by 13C NMR 

Distortionless Enhancement by Polarization Transfer (DEPT) spectroscopy [32,101] from which roughly 27 

carbons per asphaltene aromatic cluster, corresponding to about 7 fused rings has been found. The different 

behaviour of electronic structure of isolated versus fused aromatic rings also led to the use of the optical 

absorption and emission to study the ring size distributions in asphaltenes. The interpretation of asphaltene 

spectra, is based on the study of the factors that govern the energy of PAH absorption, like transition energies 

of the π-electron which are mainly governed by the size of the aromatic ring system, and - maybe the most 

important factor that governs PAH spectral properties - the content of aromatic “sextets” versus the isolated 

double-bond carbon. As stated above asphaltene PAHs are dominated by aromatic-sextet carbon and not 

isolated-double-bond carbon, in accordance with the greater stability of aromatic-sextet carbon. Molecular 

orbital calculations were performed on over 500 candidate asphaltene PAHs to account measured optical 



 

17 

 

properties of asphaltenes [85-89]. Figure 11 shows the results from molecular orbital calculations of PAHs 

with different numbers of fused aromatic rings. As it can be seen the red shift increases numbers of fused 

aromatic rings. Moreover, careful examination of structures in Figure 11 also shows increased red shifts 

associated with a greater fraction of isolated-double-bond carbon.  

 

Figure 11. Molecular orbital theory predicting optical spectra (absorption and emission) applied to large numbers of 

candidate asphaltene PAHs. Reprinted from [87]. (Courtesy of ACS) 

In 2009, Ruiz-Morales and Mullins [89] calculated a hypothetical absorption spectrum of asphaltene starting 

from a presumed PAH distribution in asphaltene molecules as reported in figure 12: 
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Figure 12 Presumed asphaltene PAH distribution used to calculate asphaltene optical absorption spectrum (see Figure 

13) and fluorescence emission spectrum (see Figure 14). This PAH distribution is in accordance with measured molecular-

weight distributions of asphaltenes provided that there is a single PAH per asphaltene molecule. Reprinted from [57]. 

(courtesy of ACS) 

Figure 13 shows a comparison between the experimental and theoretical (calculated) absorption spectra 

obtained by Ruiz-Morales and Mullins using the distribution in figure 12. As it can be seen spectra closely 

match. This make it possible to assert that the PAH distribution in Figure 12 appears reasonable. [89] 
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Figure 13 Experimental spectrum (top) and theoretical spectrum (bottom) for asphaltenes; the theoretical spectrum 

presumes the PAH distribution shown in Figure 12. There is close agreement between the spectral location of the optical 

absorption and the magnitude of the increase in optical absorption in going from the near-infrared to the UV. Reprinted 

from [89]. (Courtesy of ACS) 

Moreover, the authors found that a significantly different PAH distributions than that of Figure 12 do not 

reproduce the proper absorption spectrum for asphaltenes. The authors also used the distribution in figure 12 

to predict the asphaltene fluorescence emission spectrum (see Figure 14) [89] 
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Figure 14 Experimental and theoretical fluorescence emission spectra of asphaltenes.70 The theoretical curve does not 

incorporate line broadening that naturally occurs in solution and is found in the experimental spectrum. The close 

agreement validates the presumed asphaltene PAH distribution shown in Figure 12. Reprinted from [89]. Courtesy of 

(ACS) 

As it can be seen, excellent agreement is obtained (the sharp line nature of the theoretical curve results because 

no solution line broadening is employed for the theoretical spectrum).  

In a preview work Ruiz-Morales, Wu and Mullins, [88] also study the effect of asphaltene aggregation 

and concentration on the absorption spectra. As it can be seen from figure 15 they found that in the range of 

the CNAC and the clustering concentration there is no detectable effect of (nanocolloidal) aggregation on 

asphaltene in the optical absorption spectra. 
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Figure 15 Optical absorption spectra of asphaltenes versus concentration. (Top blue) Spectrum for 0.5 g/L solution for 1 mm path 

length (pl) overlays the spectrum for 0.005 g/L solution for 100 mm pl. (Bottom red) Spectrum for 50 g/L for 1mm pl overlays the 

spectrum for 0.5 g/L for 100 mm pl (minimal differences are attributed to beam walk off in the 100 mm cell). The dilute and 

concentrated solutions exhibit their absorption edge at the visible and NIR spectra, respectively. There is no nonlinearity in the 

absorption spectrum of asphaltenes throughout the visible and NIR spectra range. Reprinted from [88] (courtesy of ACS) 

That is, asphaltene spectra strictly obey the Lambert-Beer law; the absorption spectra do not exhibit any 

appreciable nonlinearities because of aggregation. Consequently, the absorption spectra are (incoherent) sums 

of the absorption spectra of the constituent asphaltene molecules without charge-transfer effects or other 

concentration-dependent electronic phenomena [88]. In another study, Hammami and Ratulowski [102] found 
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that if the asphaltenes phase destabilize, forming flocs, then light scattering can become quite strong, 

contributing to the loss of transmitted light via optical light  

 

1.4.2. Number of PAHs per Asphaltene Molecule.  

Different and somewhat divergent hypotheses have been made on the number of distinct PAHs that are present 

in a single asphaltene molecule. On the basis of bulk decomposition studies some researchers proposed a model 

called “archipelago model” in which PAHs are covalently cross-linked to form the single islands as shown in 

figure 16. 

 

Figure 16 Asphaltene Archipelago structure Reprinted from [103] (courtesy of ACS) 

 

However, decomposition data are easy to misinterpret unless it is performed under very controlled conditions. 

More recent data indicates that the predominant asphaltene molecular architecture has a single PAH; this has 

been termed as “island” model. The island model was firstly supported by TRFD molecular diffusion studies 

[58-64] as it can be seen from figure 17. From the figure 17 it is possible to observe that for island model small 

rotational correlation times characterizes all asphaltenes and there is a large differences of correlation times 

between blue- and red-emitting PAHs. On the contrary, the archipelago model is consistent with large 

rotational correlation times. In addition, because the blue and red fluorophores are cross-linked, they undergo 

rotational diffusion with similar correlation times. Finally, well-controlled gas-phase destructive studies, 

unimolecular decomposition (or equivalently collisionally induced dissociation) have been carried out by the 

Marshall group at Florida State University [104,105] 
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Figure 17 Color-coded pictorial representation of what the TRFD data should look like for the island versus archipelago 

molecular architecture for asphaltenes. All measured TRFD data on asphaltenes support the predominance of the “island 

molecular architecture” for asphaltenes with a single PAH per asphaltene molecule. Reprinted from [57]. (courtesy of 

ACS) 

These studies clearly support the island model as the predominant asphaltene molecular architecture.  
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1.5. Primary Aggregation 

1.5.1. Asphaltene Nanoaggregates.  

It is now established that asphaltenes have a strong tendency to aggregate. However, to come to such a 

conclusion a lot of efforts have been made by researchers to shed light on the details of the aggregation 

processes. In this respect a large number of techniques have been used to investigate asphaltene aggregation, 

techniques that have provided consistent results. In particular, at least at the beginning, X-ray diffraction, 

Small-Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering (SANS) have been employed to 

study the asphaltene aggregation. One of the first studies using SAXS techniques date back to 1968 when 

Dwiggins, Jr. [106], investigated the presence of colloids in crude oil samples using Small Angle X-rays 

Scattering (SAXS). On the basis of the available ultracentrifuge evidence [107-111] concerning colloids nature 

in crude oil which are thought to consist largely of asphaltenic molecules, the author asserts that the absence 

of appreciable scattering intensity for an asphaltenic poor material he analysed, suggested that the colloids 

being seen in the other samples analysed are largely of an asphaltenic nature. Moreover, to gain further 

evidence that the colloids being seen by X-ray scattering are the same as the asphaltenic colloids seen in 

ultracentrifuge experiments, he showed that no appreciable differences in scattering pattern and intensities are 

obtained after a brief ultracentrifugation, through which clays, wax crystals, water and other potential 

interfering molecules could be separated (before appreciable asphaltenic molecules could also separate) [108].  

In 1988, J. C. Ravey et al. [112], made a new study on the asphaltene macrostructure in liquid dispersion 

by using a Small Angle Neutron Scattering (SANS) technique. Among other studies on the topic [113,114], 

this new one was made because, as the authors themselves believe, the Yen proposed structural model 

[115,116] made of stacks of a few aromatic sheets surrounded by some aliphatic chains was developed using 

data collected on solid phase compounds, and may be different from their structure in solution. In the liquid 

phase, there is probably a colloidal polydispersion in both size and shape. Indeed, some of the studies that have 

been made on this topic are often at odds with Yen’s ideas concerning the inference of associated graphite-like 

aromatic sheets. The authors’ choice to use SANS technique to investigate the asphaltene macrostructure in 

solution was made because as they argued, both light scattering and SAXS shows some technical limits which 

can cause problems in data acquiring. The authors presented results of SANS analysis on different kinds of 

asphaltene dispersed samples in different solvents, of which the main one studied was Tetrahydrofuran. To 

reduce the influence of the polydispersity in the asphaltenes liquid dispersion samples, the asphaltenes obtained 

from crude oil were further separated by gel permeation chromatography (GPC) and four other asphaltene 

fractions were obtained (F1, F2, F3, F4). The effects of both concentration and nature of the solvent have been 

studied by preparing different asphaltene liquid dispersions. A definite particles shapes (i.e. spheroid, disk, 

sphere, rods ecc…) model was chosen to fit the experimental intensities of SANS scattering signals. From the 

best fits to the experimental data, the molecular shape parameters, the volume and the ‘molecular weight’ of 

the most likely ‘average’ particle are calculated. The authors found that the best equivalent mean particle which 

can represent each fraction (F1, F2, F3, F4) is composed of disc-like aggregates, although as they observed, a 

very flat spheroid could not be excluded. However, the authors believe that the model choice (disk-like or flat 
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spheroid) does not modify the conclusion that the macrostructure of asphaltenes in solution (Tetrahydrofuran) 

is that of large and very thin sheet-like particles. Moreover, they state whether the particles are size 

polydisperse or not since this result was found for any fraction (F). According to the authors, “hence the 

asphaltenes in solution may be considered as being essentially bidimensional ‘aggregates’ or collections of 

aromatic units”. By studying different crude oil sources, the authors found that although all the corresponding 

asphaltenes have slightly different compositions, they show a similar macrostructure, and the association of 

the elementary asphaltene units gives rise to the same overall morphology. Moreover, according to the authors 

all these results clearly suggest the existence of a colloidal and micellar state for the asphaltene dispersions. 

Finally, they also studied the effects of different asphaltene solvents (tetrahydrofuran, benzene and pyridine) 

on the aggregate size of asphaltene systems, finding that the latter are very sensitive to the chemical nature of 

the liquid medium. Speaking of which, the existence of a correlation between the aggregation rate of ‘smaller 

particles’ and the thermodynamic properties of the solvent were found. Based on the SANS data, the authors 

hypothesized that in the solution state a true thermodynamic equilibrium between ‘primary’ particles and 

reversible aggregates exists, whose equilibrium constantly depends on some properties of the solvent. Data 

also suggest some influence of solvent dielectric constant due to the fact that the larger this constant, the smaller 

the aggregates. No influence at all on aggregate’s thickness was observed but changes in the mean diameter of 

the particles were spotted. In considering the above results the authors highlighted the important problem of 

whether one is dealing with primary particles or with reversible aggregates. From the various effects 

(temperature, concentration, solvent, etc…) they investigated, clear evidence exists that asphaltenes may be 

involved in ‘reversible association’. As an example, they reported the case of the evolution of the heaviest Fl 

fraction, which retrogrades into the lighter F2 fraction a few hours after the fractionation has been performed: 

this important point was repeatedly observed. They concluded that the ‘primary’ particles must be considered 

as a whole set of size polydisperse sheet-like particles, with diameters in the typical range 2-l0 nm, and for 

which the average molecular weights range between 3000 – 30000 u.m.a., the (reversible) association between 

large and small primary particles may be more or less pronounced according to the solvent used, but always 

leads to very flat aggregates. Later on, E. Y. Sheu et al. [117] studied the structure and polydispersity of 

asphaltene colloids by Small Angle Neutron Scattering (SANS) measurements on asphaltene solutions in 

toluene at various temperatures. In this new study, the authors criticized their previous work [118] in which 

they found an elongated shape for asphaltene aggregates in toluene and the one by J. C. Ravey et al. [119] 

which, as seen before, proposed a disk-like model for asphaltene aggregates in tetrahydrofuran. According to 

Sheu and co-workers, the weak point in the previous conclusion was due to the fact that in both studies the 

SANS data were analysed with the assumption that the asphaltene aggregates are monodisperse, while other 

techniques [120] showed that the asphaltene aggregates are highly polydispersed. Therefore, according to the 

authors a rigorous polydispersity treatment of the scattering data to determine structure and size distribution 

of asphaltene colloids is needed. Contrary to the previous works, this SANS data analysis was performed 

including the particle size distribution. The authors started by writing the calculated (or theoretical) intensity 

of the scattered signal for a polydisperse system as [21,121-123]: 
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                                                                 𝐼(𝐪) = 〈𝑁𝑝〉(∆𝜌𝑝)
2

〈𝑉𝑝
2〉〈|𝐹(𝐪)|2〉                                                                (1) 

Where 〈𝑁𝑝〉, 〈𝑉𝑝
2〉 are pre-factors representing respectively the ensembles averages of the particles number 

density and the particle volume and 〈|𝐹(𝑄)|2〉 represents the normalized particle form factor, ∆𝜌𝑝 is the 

particle solvent contrast factor and 𝐪 is the scattering vector defined as: 

                                                                                      𝐪 =
4𝜋

𝜆
sin

𝜃

2
                                                                                 (2) 

Where 𝜆 is the wavelength of the neutrons (or of the X-rays in SAXS) and 𝜃 is the scattering angle measured 

from the direction of the beam in a vertical plane parallel to the beam and passing through an origin inside the 

particle. 

More specifically 〈|𝐹(𝐪)|2〉 and ∆𝜌𝑝 are defined as follows:  

                                                                      〈|𝐹(𝐪)|2〉 =
∫ 𝑉𝑝

2|𝐹(𝐪)|2𝑑𝑉𝑝
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                                                                   (3) 
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−

𝑏𝑆

𝑉𝑆
)                                                                               (4) 

𝑏𝑝 and 𝑏𝑆 are the coherent scattering lengths of the solvent and of the particle, respectively; namely, they are 

the sum of the scattering length of all the nuclei which constitute this particle also depending on the isotopic 

nature of the nuclei in the molecules, while 𝑉𝑝 and 𝑉𝑆 are the volumes of particle and the solvent molecules. In 

general, by computing each term in equation (1) with a certain number of adjustable parameters, such as the 

particle radius and so on, SANS data from a polydisperse system can be fitted to the measured I(q). Moreover, 

the 〈𝑁𝑝〉 and ∆𝜌𝑝 pre-factors are usually known so the only term involving adjustable parameters is related to 

the structural parameters through 𝑉𝑝 and 𝐹(𝐪). However, as can be argued from equation (4) in the case of 

asphaltene solutions, the contrast term ∆𝜌𝑝, cannot be precisely computed because the detailed molecular 

structure and the constituents of asphaltene molecules are not well known. Therefore, one more adjustable 

parameter is usually required to accommodate the amplitude of the scattering intensity. Grouping all the pre-

factors equation (1) simplifies as: 

                                                                                 𝐼(𝐪) = 𝐴 〈|𝐹(𝐪)|2〉                                                                          (5) 

Where the parameter dependence is embedded in the A factor. SANS data fitting can be achieved through 

equation (5) by assuming different particle shape and particle size distributions. In order to avoid ambiguous 

results that sometimes are obtained by using different models which seems to fit both the experimental data, 

Sheu and co-workers searched for constraints that could be imposed in fitting analysis. In particular, they 

define a justification parameter α as: 

                                                                                   𝛼 =
𝐴

〈𝑁𝑝〉 〈𝑉𝑝
2〉

                                                                                  (6) 

This 𝛼 parameter, is the apparent contrast between aggregates and solvent. In a homogeneous colloid, this 

parameter should be independent of asphaltene concentration at a given temperature if particle size and 

distribution assumed are correct. So, evaluating the functional behaviour of 𝛼 with respect to the asphaltene 
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concentration the authors believe that this parameter could be a good indicator to verify the particle shape and 

size distribution used to fit the SANS data. To verify their hypotheses, the authors prepared two samples, 

named as BL1 and BL2, of asphaltenes at different concentrations in toluene. BL1 sample’s concentration 

spanned from 1 % w/w to 20 % w/w and was analysed in the temperature range between 25 °C and 55 °C. 

BL2 sample’s concentration spanned from 0.5 % w/w to 5 % w/w and was analysed in the temperature range 

between 25 °C and 43 °C. The SANS measures on the BL1 samples were performed just after their preparation, 

while that on the BL2 samples after an aging of 11 days. The effect of aging was observed on SANS data. The 

authors reported this effect by showing two intensity spectra of 1% and 5% of the BL1 and BL2 samples at 25 

°C. They observed that I(q) from BNL2 measurements increase more rapidly toward small q values, but are 

systematically lower than BNL1 for q > 0.03. This means that, as the samples were prepared, a substantial 

number of small particles was dispersed in the solution (such as the BNL1 case), but these gradually aggregated 

to form larger particles at equilibrium (such as in BNL2). According to the authors, a possible justification of 

this phenomenon is that BNL1 samples were actually undergoing kinetic processes toward more stable thermal 

equilibrium during SANS measurements. The investigation of the time dependence of I(q) revealed that the 

thermal equilibrium of BL1 samples is reached after 7 days. Based on this information, since the authors aim 

was to study the structure and polydispersity of asphaltene aggregates in thermal equilibrium and in one phase 

state, their successive analyses were concentrated only on the BNL2 samples that were aged for 11 days. 

Scattering intensity distributions were also recorded as a function of q for three asphaltene concentrations, 

namely 1%, 3% and 5% at 25°C, while I(q) for 1% concentration was investigated at three temperatures, 25 

°C, 35 °C and 45 °C. A sharp scattering was observed in the small q region in both cases. According to the 

authors, this implies the existence of disperse phase of different size colloidal particles whit the largest ones 

as the main contributors of I(q) in the small q region. Moreover, the authors observed that the intensity I(q) in 

the small q region decreases substantially as temperature increases, while it appears nearly temperature 

independent at larger q’s. According to the authors, a possible justification could be accounted to a dissociation 

of larger particles (the main contributors of I(q) in the small q region) as the temperature increases. This can 

be seen as direct evidence that the large particles are aggregates (instead of molecules). However, the authors 

pointed out that since it is visually difficult to evaluate if there is a change of I(q) in the large q region (>0.1 

Å-1) as temperature increases, it is not possible to argue that the small particles (the main contributors in the 

large q region) are molecules or aggregates of strong intermolecular interactions. Finally, the authors analysed 

all of the SANS data through various structural models along with several presumed size distributions. Based 

on the fitting quality and the dependence of the corresponding α value as a function of asphaltene 

concentration, they concluded that the most appropriate model to describe the asphaltene polydisperse system 

in toluene is to consider spherical-like asphaltene particles with a size distribution better described by Schultz 

distribution function, or rather a two-parameter distribution function commonly used for describing polymer 

systems. Moreover, investigating the size distributions of 1% asphaltene solution as a function of temperature 

(25°C; 100°C; 167 °C), the authors observed that the temperature increase induces the distribution to evolve 

from a Schultz-like to a Gaussian-like distribution (see figure 18). 
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Figure 18 Size distributions of 1% asphaltene solution as a function of temperature (dotted: 25°C; solid: 100°C; dashed: 

167 °C). As temperature increases, the distribution evolves from a Schultz-like (right-hand skewness) to a Gaussian-like 

distribution, indicating the dissociation of large particles at higher temperature Reproduce from [117] (courtesy of 

Elsevier) 

Moreover, from figure 18 it can be seen that the right-hand skewness of the Schultz-like distribution is reduced 

as temperature increases and that the particle size gradually evolves to a Gaussian-like distribution. Keeping 

in mind the inverse correlation between q and λ (see eq. 2) (big λ’s low q’s) and that low q’s represent the 

larger particles’ scattering. This indicates that as temperature increases, larger asphaltene particles dissociate 

into smaller ones. The authors also noted that the size distributions for 25 Å < λ ≤ 35 Å vary as temperature 

increases. However, according to them the particles with sizes in this region require a q greater than 0.1 Å-1 to 

resolve. Since the maximum q used was approximately 0.1 Å-1, the size distribution extracted from analyses 

for particles of this size range should not be accounted for. Moreover, as authors stated, the larger particles are 

formed by self-association through some weaker interactions, and are thus easily overcome by dispersion 

energy (entropic energy). Because of their dissociation, the polydispersity is greatly reduced as temperature 

increases. On the other hand, as can be seen from figure 1 the particles with size of ~45 Å (the peak position 

of the distribution) are temperature independent. This indicates that these particles are either in molecular form 

or are aggregates formed by self-association through a much stronger intermolecular attraction force. 

However, despite the good and solid arguments and the clear exposition of the work by Sheu et al., it is 

necessary to highlight that although the authors moves some critics to the work by Ravey et al. [112] as regards 

that their disk-like model for asphaltene aggregates in tetrahydrofuran does not consider polydispersity factors, 

Sheu and co-workers did not propose a counter analysis by investigating the Ravey system applying their 

model, even more so that the Sheu model is solvent dependent. However, to be exact it has to be said that in 

[124] an analysis of SANS data (among other investigation techniques used like surface tension, viscosity, 

dielectric relaxation, conductivity) obtained from samples of different asphaltenes concentration (1%, 2%, 4% 

and 8% w/w) in various toluene/pyridine solvent ratios was performed to study both the structure and 

polydispersity dependence on asphaltene concentration and on solvent mix ratio at 22 ° C. There, the authors 

come to the same conclusion that spherical-like shape particle and Schultz size distribution function represent 

the best fitting model (although they show only fitting curve of the 8% asphaltene in 30/70 solvent mixture 

SANS data, as depicted in figure 19, and no supplementary information data about other samples were 

released), but a study of asphaltenes in pure solvents (i.e. tetrahydrofuran or benzene or other asphaltene 

“good” solvents) different from toluene or toluene mixes has not been investigated. 
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Figure 19 A typical SANS intensity distribution in logarithmic scale. The solid line is the fit assuming the particle to be 

spherical with polydispersity following the Schultz distribution. The case depicted is 8% asphaltene in a toluene/pyridine 

mixture. Reproduced from [124] (courtesy of Elsevier) 

Furthermore, in the above-mentioned paper [124] the SANS analyses showed that the average size of the 

asphaltene aggregates is not concentration dependent, meaning that particle growth is not an energy favourable 

process. On the contrary, the SANS studies on asphaltene aggregation in previous [118] and successive [117] 

works by the same authors showed that the association energy between monomers in an aggregate is quite 

high. To explain the apparent contradiction observed in [124] the authors hypothesized that from the 

thermodynamic point of view, the free-energy term that prevents growth could be the packing constraint as 

indicated also in other papers [125,126]. 

Shape and particle distribution model proposed by Sheu et al. [117] were confirmed by Xu et al. [127] although 

a SAXS technique was used and a different approach was adopted for data analysis. On the contrary to Sheu 

et al., the authors preliminary assumed that the particles are monodisperse and the theoretical scattering curve 

for various shapes, e.g. cylinder, lamella, flat disk of infinitesimal thickness and sphere, was fitted to the 

experimental results of I(q) for the 5% and 15% asphaltene dispersion. According to authors this range of 

concentration was chosen to have reasonable SAXS curve within the instrument q range. Figure 20 depicts the 

fitting results for the 5% asphaltene dispersion. 

 

Figure 20 Smeared SAXS intensity, I(q), for solid asphaltenes and dispersions in toluene, at room temperature, before 

background correction. Reprinted from [127] (courtesy of Elsevier) 
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As it can be seen in Figure 20, the flat disk of R = 113 Å and infinite thickness appears showing the closest 

fit to experimental data but it’s definitely not perfect, suggesting polydispersity. By using a distribution 

function F(r), which in turn is related to the correlation function 𝛾(𝒓) whose trend was evaluated by the 

authors through the Fourier transformation of the I(q) for the 5% and 15% asphaltene dispersion, they were 

able to show that colloidal asphaltene particles in the toluene solution could not be properly described by a 

disk-like model. Moreover, the fact that the main peak in of the F(r) function appears almost symmetrical 

suggests that the particles are essentially spherical. Once the authors have shown that the particle form was 

probably spherical, the size distribution was calculated from the SAXS intensity curve by a numerical 

inversion of the equation: 

                                                                         𝐼(𝒒) = ∫ 𝐷𝑛(𝒓)𝑉𝑝
2(𝒓)𝑃(𝒒, 𝒓)𝑑𝒓

∞

0

                                                         (7) 

by using Vonk’s numerical method [128], where 𝐷𝑛(𝒓) is the numerical distribution function, which is 

proportional to the number of particles defined by the size parameter r in a unit interval. Plotting the 𝐷𝑉(𝒓) 

function which is the distribution function by volume, namely 𝐷𝑉(𝒓) = 𝒓3𝐷𝑛(𝒓) the authors observed, in 

accordance with the data of other researchers [106,117,124,129,130] that the main distribution peak at 33 Å is 

due to the primary asphaltene particles dispersed in toluene. This peak was skewed to the right, similar to a 

Schultz distribution at room temperature. Moreover, a second distribution peak at 𝑟 = 140 Å  for 5% and 𝑟 =

90 Å  for 15%. According to authors, the second peak may be due to coagulated species of the primary 

particles. However, comparing the two peaks the authors observed that the size of such coagulation species 

appears to decrease when the concentration of the dispersion increases from 5 to 15%. A possible explanation 

given by the authors was that the basic assumption, i.e. 𝑆(𝐪) ≅ 1, is not entirely true and even at 5% some 

interparticle correlation occurs. It is then quite feasible that such interparticle correlation establishes itself as 

the second size distribution peak and that the size at this peak, which corresponds to the pair correlation length, 

decreases on increasing the particle concentration. This in turn may indicate a method of characterizing a 

colloidal system that is not entirely free from interparticle correlation, by the behaviour of the second size 

distribution peak. This means that it is almost impossible to rigorously separate 𝑆(𝐪) out of the 𝐼(𝐪) SAXS 

data for real colloidal systems, in which monodispersity is never realized.  

As it can be seen from the studies discussed above, most of them proposed fitting models of the scattering data 

concerning dilute dispersed asphaltene systems. Generally, the asphaltene agglomerates or micelles reported 

have a size of about 2.5-15 nm, depending on the source of the asphaltenes and the solvent. However, as 

reported by Liu et al. [131], engine deposits from asphaltenes or heavy petroleum components may have very 

high asphaltene contents. On the basis of different previous studies [124,132,133] where the asphaltene 

micelles (from various vacuum residue including the Rotawi one analysed by Liu et al.) are polydisperse with 

a micellar diameter of about 6 nm, it is also known [117] that some asphaltenes tend to cluster even at a 

concentration lower than 1% w/w. The authors consider it reasonable to assume that asphaltenes would form 

micellar clusters in the concentration range investigated in their study. Moreover, following the idea of 
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previous studies on the fractal model applied to asphaltene aggregation in solution [134-136] Liu et al. [131], 

proposed that a fractal model could be suitable to analyse the SANS data obtained through Ratawi petroleum 

asphaltenes diluted in toluene in a concentration range from 10% to 80% and aged for two weeks to enable 

thermodynamic equilibrium. SANS data analysis by Liu et al. was performed by modelling the asphaltene 

aggregates as polydisperse fractal objects containing k monodisperse asphaltene micelles as unit particles. On 

the basis of a physico-mathematical discussion as well as the help of mathematical formulas in literature, [137-

142] they proposed a rather complicated formula in which the intensity of scattering is correlated: 1) to the 

average number of the unit particles in a cluster through the parameter S, 2) to the degree of polydispersity of 

the cluster sizes for a given S through the 𝜏 parameter, 3) to the fractal dimension 𝐷𝑓 and 4) to the radius of 

gyration 𝑅1 of the elementary unit particle composing clusters, namely 𝐼(𝑆, 𝜏, 𝐷𝑓 , 𝑅1). 𝑆, 𝜏 and 𝐷𝑓 are the 

adjustable parameters used in the data-fitting. Figure 21 shows the fitting results obtained by Liu et al. [131] 

for the various samples investigated. According to the authors, although different values of 𝐷𝑓 where tested 

for all SANS data, a unique convergence was found for the fitting curves. However, the authors did not specify 

if the same phenomenon happened by varying 𝑆, 𝜏 parameters.  

 

Figure 21 Panel (a) represents the SANS intensity distributions for asphaltenes in toluene from 10 to 80 wt% 

concentration. Symbols are experimental data, and solid lines the fitted curves obtained through S, τ and Df as adjustable 

free parameters. The five curves are shifted trough an arbitrary constant to allow a better visualization. Panel (b) depicts 

the trend of S and 𝐷𝑓 parameters as a function of asphaltene concentration. Panel (c) depicts the trend of τ parameter as 

a function of asphaltene concentration Reproduced from [131] (courtesy of Elsevier) 

As also noted by the authors some limitation of the model arises due to the fact that the modelled system 

consists of clusters formed by the linkage (depending in turn on the interactions between the unit particles) of 

a group of monodisperse unit particles. For example, in the 10% case and at very low q values the agreement 

between data and the calculated 𝐼(𝐪) shows a little discrepancy. Author’s explanation relies on the fact that 
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there are practically no clusters in a 10 wt% solution and most of the micelles (the model’s unit particles) 

remain dispersed. Being that the calculated curve is based on the existence of clusters it is expected to observe 

a discrepancy from the SANS data at this limit. This is particularly true for the low-q region, where the main 

contribution to the 𝐼(𝐪) is given by the large particles. Moreover, the limitation of the model could not led to 

physically significant parameter values in the extreme cases. However, aside from this limitation, authors 

believe that their model is flexible because the fractal dimension and the polydispersity 𝜏 of the cluster are 

explicitly considered in concentration range where cluster formation can happen. According to the authors, the 

nearly constant low values of the S parameter (see figure 21 panel (b)) in the 10% w/w to about 40%w/w 

concentration range means that the asphaltene micelles (the unit particles that form clusters) do not seem to 

form big clusters. On the contrary, as the concentration exceeds the 40 w/w%, large clusters start to form and 

S increases dramatically reaching a maximum value at 60 %w/w. The behaviour of S implies that the micelles 

form fractal clusters rapidly when the concentration exceeds 40 %w/w. At the same time, the fractal dimension 

𝐷𝑓 decreases from ~ 3 (typical of three-dimensional packing) to ~ 1.8 in agreement with the 𝐷𝑓 values obtained 

by Raghunathan et al. [143] through electron paramagnetic resonance (e.p.r), while the polydispersion 

parameter 𝜏 remain almost constant except for 10% w/w case. From a thermodynamic point of view the fact 

that the micelles remain dispersed below 40% w/w means that entropic contribution dominates the free energy 

of the system. As the asphaltene concentration increases more unit particles and small clusters will be created. 

As a consequence, when the concentration exceeds 40% w/w, the inter-micellar interactions overcome the 

entropic energy and start to bring the micelles together to form clusters. Furthermore, as it can be observed 

from panel (b) of figure 21 above the 60% w/w asphaltene concentration the S and 𝐷𝑓 parameter start to 

decrease and increase respectively as if the system becomes dilute again. According to the authors, this 

behaviour can be explained considering that system reaches its maximum packing fraction at 60% w/w. Above 

the 60% w/w the above described behaviour of S and 𝐷𝑓 is attributed to phase inversion (i.e. toluene becomes 

the dispersed phase and asphaltenes become the solvent) commonly observed in surfactant systems [144]. 

Finally, from the constant values of 1.7 ± 0.1 of the 𝜏 polydispersity parameter (panel (c) of figure 21) in the 

40% to 80% concentration range the authors hypothesize that clusters formation is triggered by a Reaction 

Limited Aggregation (RLA) mechanism. Indeed, several studies have shown that the RLA mechanism leads 

to a 𝜏 value of about 1.5. Barré et al. [145] used SAXS and SANS techniques, alongside the Cryo Scanning 

Electron Microscopy (Cryo-SEM) to investigate and better understand the mechanisms of some problems. 

These problems result from asphaltene flocculation and deposition which occurs during industrial crude oil 

production transportation and refining processes such as clogs in the pore pipes in the near wellbore zone, 

giving rise to a huge product reduction. These mechanisms cannot be explained through the basic information 

gained about asphaltene chemical composition and their organic structure studies. For example, if crude oils 

having the same composition can or can’t produce deposits. The systems studied by Barré et al. were: 1) 

asphaltenes or resins in solution with different solvents, 2) several solvents suspensions of asphaltene and resin 

mixtures and 3) crude oils and heaviest fractions without any prior fractionation; the latter point has been 
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investigated only in few studies. The size polydispersity and the weight average molecular weight as a function 

of temperature of these systems was investigated.  

SAXS or SANS data analysis was performed in the “classical” way, namely finding an adequate structural 

model, calculating the scattering curve corresponding to this model and finally fitting the model parameters to 

the experimental data using for instance, a least-square procedure. Moreover, a lognormal size distribution 

function was used to take into account the system polydispersity. Table 2 shows the crude oil investigated and 

their asphaltene chemical composition. 

 
Table 2 Composition of the various asphaltenes which were investigated and the asphaltene concentration in these 

crude oils [145] (Open Access) 

 

Particularly interesting is the author’s statement that several models to shape the particles (spheres, disks or 

ellipsoids) tested for the curve fitting of large q-values data can fit experimental data. According to the authors 

this comparison will probably end the existent debate about the shape of asphaltene molecule [112,130,146].  

Tanaka et al. [147] performed SANS measurements on asphaltenes from different crude oils: a Mexican crude 

oil (Maya), Arabian heavy oil (Khafji), and an Iranian light oil, abbreviated as MY, KF, IL respectively, in 

three different solvents, deuterated Decalin (Dec), 1-methylnaphthalene (1MN) and quinoline (Qui), in a range 

of temperatures up to 350 °C in order to better understand the relationship between asphaltene properties and 

aggregates structures. According to the authors the studies about:1) size and shape of asphaltene aggregates 

from various crude oils, 2) effects of solvent and temperature condition on size and shape of aggregates, and 

3) relationship between molecular structure of asphaltenes and the size and shape of their aggregates are of 

primary importance even beyond basic scientific interest so as to understand industrial crude oil process 

problems such as the large amounts of sludge and sediment due to asphaltene aggregation during visbreaking 

and catalytic hydrocracking [148], due to the flocculation of asphaltenes during processing [149]. Figure 22 

shows the SANS spectra obtained by investigating 5% w/w concentration asphaltene dispersion in deuterated 

Decalin, 1-methylnaphthalene, or quinoline. 
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Figure 22. Plots of log(I) vs log(q) for the 5 wt % asphaltenes from the three different crude oils sources, in Decalin 

(Dec), 1-methylnaphthalene (1MN), and quinoline (Qui) at 25, 150, 300, and 350 °C. Reproduced from [147] (courtesy 

of ACS) 

The data in the region of 0.02 < q < 0.12 Å-1 show the coherent scattering from asphaltene aggregates. With 

scattering data at this q region of coherent scattering, we can get topological information about aggregates 

within the range of ten to several hundred angstroms. With the data at the lower q region, information about 

larger structures can be deduced. Data at a larger q region is incoherent scattering, which is determined only 

by composition of the solutions in the beam path of a neutron, in other words, by concentration of asphaltenes. 

The analysis of size and shape of aggregates in the various solvents was performed by combining information 

from the power-law behaviour in the low q region and nonlinear regression analysis using different particle 

topologies (sphere and ellipsoid) for the form factor 𝐹(𝐪). Moreover, to allow the use of the equation proposed 

to fit the data, a strong assumption that a q-region can be made in which 𝑆(𝐪) factor tends to be 1, although 

said by the authors to be true only at high q-values. According to the authors, to simplify the sample’s 

comparison and to better understand the relationship between the properties of asphaltenes and their 

aggregation phenomena in the solvents, a monodispersity model was applied as a first approximation to gain 

the representative values of the aggregates size. However, as authors themselves recognise, polydispersity 

analysis is also important to understand the distribution of the asphaltene aggregate’s size. Fitting analysis 

results have shown that the shapes of asphaltene aggregates are a prolate ellipsoid with high aspect ratio at low 

temperature and it becomes a sphere with increasing temperature. Depending on their crude oil sources, 

solvents and temperature the size of asphaltene aggregates changes. Among the three asphaltene sources, the 

Mexican (Maya) one, tended to form largest aggregates in any solvents. Moreover, as it can be seen from 

figure 22, Mexican asphaltene sample in Decalin (MY/Dec) shows intensity data - that persists even at 350 °C 

- in the region of 𝐪 < 0.01 Å−1 as opposed to all other samples which do not show signal. The author supposed 

that the neutron scattering in that region is due to a fractal network of asphaltene Mexican asphaltene sample 
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and hypothesized that it may be due to the high coking tendency of Maya asphaltene. As for the two other 

asphaltene types, Khafji asphaltene aggregates show the influence of interparticle interactions, while Iranian 

Light asphaltene precipitates extensively in Decalin at lower temperature owing to its high aromaticity. Later 

on, Tanaka et al. [150] characterized asphaltene aggregates isolated from the three different crude oils studied 

in their previous work [147] as well as the vacuum residua - obtained through vacuum distillation of same 

crude oils - asphaltene aggregates under various conditions through X-ray diffraction (XRD) and Small Angle 

X-ray Scattering (SAXS). Based on the literature data derived from SANS and SAXS studies and from the 

XRD and SAXS results obtained in their work, the authors proposed an hypothetical asphaltene aggregation 

hierarchy – as shown in figure 23 that starts with core aggregates formation, driven mainly by the 𝜋 − 𝜋 

stacking of asphaltene molecules (20 Å in size), which in turn form secondary aggregates that result from 

interactions with media, maltenes, oils, or solvents (50-500 Å) and finally fractal aggregates, that result from 

diffusion - limited cluster aggregation (DLCA) or reaction-limited cluster aggregation (RLCA), independent 

of any media (>1000 Å). 

 
Figure 23 Hypothetical representation of the hierarchy in asphaltene aggregations based on XRD, SAXS, and SANS 

data. Reprinted from [150]. (courtesy of ACS) 

Spiecker et al. [151] by building solubility curves, using vapor pressure osmometry (VPO) and SANS analysed 

the characteristics of asphaltene – from four crude oils (Arab Heavy, B6, Canadon Seco, and Hondo) – and 

their subfractions obtained through dissolution in heptane and toluene mixtures (called heptol). Through 

asphaltene solubility and aggregate size measurements in different solvents (toluene, 1-methylnaphtalene) and 

temperature (25 °C, 80 °C), the authors tried to shed light on the complex mechanisms of asphaltenes 

aggregation. By comparing the data from elemental analysis, VPO, and SANS, the mechanisms that influence 

the solubility and aggregation of asphaltenes in solution were proposed.  

First of all, asphaltenes were isolated from the four crude oil sources, by precipitating them by n-heptane 

solvent. The four samples obtained were denominated “whole” asphaltene to distinguish them from the various 

fraction obtained later on. To determine the solubility profile, the authors prepared asphaltene solutions with 

a concentration of 0.75% w/v or 1 wt% w/v by dissolving the asphaltenes in 15 ml of an heptol solutions of 

different solvent compositions. The various filtrate and precipitates - the latter dissolved in hot methylene 

chloride- contain respectively the more soluble asphaltenes and the less soluble in heptol. Small Angle Neutron 
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Scattering (SANS) was performed on the various samples prepared. Authors also specified that most of the 

SANS measurements were performed on a spectrometer that allows a measure q range extended from 0.0015 

Å−1 to 0.6 Å−1, while the SANS data recorded for the “Whole” Asphaltenes of Hondo crude oil was collected 

on Small-Angle Neutron Diffractometer (SAND) instrument that allows a q range from 0.0035 Å−1 to 2 Å−1, 

although they did not specify if there were some technical reasons for that choice. The Ornstein–Zernike 

formalism was used to describe the correlation between scattering Intensity 𝐼(𝐪), scattering vector q and the 

solute correlation length 𝜉 and the data were fitted through a Lorentzian function using nonlinear least-squares 

regression to determine the aggregate size and shape. Based on the shape of the neutron scattering curves and 

according to the authors it is possible to distinguish between solutions of small aggregates from flocculated 

systems. For example, they described the behaviour of the “Whole” asphaltene sample of B6 crude oil. Figure 

24 depicts the trend of B6 asphaltene sample in various heptol solutions. 

 

 

Figure 24. Logarithmic plot of SANS curves obtained from a solution at 1% w/w of B6 Whole asphaltenes in mixtures of d-heptane 

and d-toluene 25 ◦C. Reproduced from [151]. (courtesy of Elsevier) 

As discussed by the authors, the low-q plateau in pure toluene indicates that the nanoparticle aggregates present 

in the solution are soluble and do not undergo flocculation process. The other solvent mixture curves exhibited 

an intense low-q feature. According to the authors, as the solvent aromaticity reduces, a small fraction of the 

nanoparticle aggregates form microscale “flocs” that retained their solubility in solution. Moreover, the 

absence of a plateau region in the lowest q range suggested that the size of these large flocs is greater than the 

order of 1/qmin (or >1000 Å). The authors also deduced that the floc size must have been smaller than 1.5 μm, 

because all solutions above 55% toluene were soluble to filtration. From the intensity trend shown by the 

various curves in figure 24, it can be guessed that the nanoparticle aggregates were the largest in 55% toluene 

with aggregate size decreasing as the solvent quality became more aromatic. Furthermore, by recording the 

SANS spectra at 80 °C, the authors have shown a decrease of the 𝐼(𝐪) in the low-q region, while after cooling 

down the sample at 25 °C similar scattering intensity reappeared. According to the authors, this could suggest 

that an equilibrium condition is established between the nanoparticle aggregates and microscale aggregates at 

this temperature. Similar to the Whole asphaltenes, the aggregate sizes of the Soluble asphaltenes decreased 
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solvent aromaticity increases, while precipitate asphaltenes showed substantial overlap in scattering intensity 

between large agglomerates and smaller aggregates, and suggested a higher degree of intermolecular 

association than the Whole and Soluble fractions. Correlation length 𝜉 of “Whole” asphaltenes, soluble 

asphaltenes and precipitated asphaltene samples at different heptol concentration were deduced from SANS 

data. Figure 25 shows the trend of correlation length 𝜉 at various heptol concentrations. 

 

 

Figure 25. Correlation lengths determined by SANS of a) “Whole” asphaltenes in heptol: 1 wt%, 25 ◦C. The vertical lines 

represent the solubility limit, b) Soluble asphaltenes in heptol 1 wt%, 25 ◦C and c) Precipitate asphaltenes in heptol 1 

wt%, 25 ◦C. Reproduced from [151]. (courtesy of Elsevier) 

According to the authors, in the soluble region – i.e. from 100% toluene to the solubility limit indicated by 

vertical lines - the increase in correlation length for each of the “Whole” asphaltenes as the solvating power of 

heptol decrease (low percentages of toluene) correlates to an increase of the interaggregate associations. For 

each of the asphaltenes the correlation length increased with decreasing toluene content within the soluble 

regime. The maximum correlation length was near the solubility limit of the Whole asphaltenes. Below the 

solubility limit, precipitation of the largest aggregates lowers the correlation lengths of the asphaltenes, because 

in this region, correlation length is only a measure of the material remaining in solution. As can be seen from 

figure 21, the Soluble asphaltene fraction shows a similar trend as the “Whole” ones, although the correlation 

length is lower. On the contrary, Precipitate asphaltene fraction forms the largest aggregates; it has the highest 

correlation length. An interesting observation can be made about the Hondo and B6 asphaltene Precipitate 

fraction. It can be seen as slight, yet reproducible, decrease in aggregate size (correlation length) for solutions 

in 95% toluene compared to pure toluene. However, further toluene reduction increases the correlation. Similar 

behaviour was reported also by Fenistein et al. [152] for two chemically different asphaltenes dissolved in 

toluene. A possible explanation was put forward to a decrease in the intrinsic viscosity that the heptol solution 

shows below the 15 % v/v of the heptane concentration. Indeed, upon heptane addition, the correlation length 

and so the aggregate size increases again up to the flocculation threshold. From the SANS studies, the authors 
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also proved a cooperative interaction between the Soluble and Precipitate asphaltene fractions. Speaking of 

which they observed that the “Whole” asphaltenes (the show only the case of the Hondo samples) had a lower 

correlation length than that predicted by the hypothetical recombination of the Soluble and Precipitate 

fractions. According to the authors, this suggests a cooperative interaction between the two asphaltene 

fractions. As a result of their investigation, the authors concluded that of four crude oils asphaltenes, Canadon 

Seco forms the largest aggregates in heptol and that due to the high aromaticity of the Canadon Seco 

asphaltenes (low H/C ratio) the most plausible mechanism of aggregation appeared to be the aromatic π–π 

bonding interaction. B6 and Hondo asphaltene aggregates in heptol are smaller than the corresponding 

Canadon Seco and due to their low aromaticity, the aggregation mechanism is likely driven by polar 

interactions. Arab Heavy asphaltenes, possess relatively high aromaticities (low H/C ratios) and formed the 

smallest aggregates. The major difference in the aggregation behaviours of largest Canadon Seco and smallest 

Arab Heavy aggregates, is the ability of the latter to participate in polar and H-bonding interactions. SANS 

data also indicate that the less soluble (more polar) asphaltenes contribute the majority of the species 

responsible for asphaltene aggregation in solution. According to the authors this fraction is the main 

responsible factor behind the problems encountered in crude oil production.  

Later on, Spiecker et al. [153] investigated the effect of the addition of crude oil resins on asphaltene 

aggregation and on the water-oil emulsion formation and stability. First of all, the authors found that resins 

appear to enhance the solubility of the polar and aromatic Precipitate asphaltenes more than the Soluble 

asphaltenes. The latter do not respond as favourably to resins. From SANS data, authors observed that - 

compared to the spectra with no resins added - a decrease in intensity in low q region with increasing resin 

content. According to them, this could indicate that resins were effective at dissolving the larger flocs into non-

interacting aggregates. Figure 26 shows the 𝐼(𝐪) trends of resin isolated from B6 crude oil added at various 

concentration in a Canadon Seco Whole asphaltenes sample.  

 

 

Figure 26. SANS fits using Lorentzian function. Canadon Seco Whole asphaltenes at 25 °C in 60% toluene with: (a) No 

Resins: (b) 0.5 wt.% B6 Resins (c) 2 wt.% B6 Resins (d) 4 wt.% B6 Resins (e) 6 wt.% B6 Resins (f) 10 wt.% B6 Resins. 

Reproduced from [153] (courtesy of Elsevier) 
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Moreover, a drastic reduction of the correlation length 𝜉 from 101 Å in the sample with no added resins to 23 

Å in the sample with 10% resins was noted. The authors suggest two possible effects to explain this result. 

One, which they consider trivial, is that with increasing resin concentration the latter form small aggregate on 

their own and upon mixing to the asphaltene aggregates the average particle size is expected to decrease. On 

the other hand, the solubility measures done by the authors have shown that resins play a role in enhancing 

asphaltene solubility in solution so an asphaltene-resin model interaction seems to be more plausible. Bardon 

et al. arrived at a similar conclusion [154] by comparing the scattering curve of an asphaltene-resin mixture to 

the sum of the scattering intensities from pure samples. Since the sum of the individual scatterers was larger 

than the scattering by the mixture, they concluded that asphaltenes were solvated by resins. According to the 

authors it is not known to what extent the aggregates can be dissociated by resin addition. The presumed 

minimum would be a single asphaltene monomer solvated completely by resins. The authors have also shown 

that resins from different sources may be approximately equal in effectiveness at solvating asphaltenic 

aggregates (see figure 26). Gawrys and Kilpatrick [155] evaluated various mono and polydisperse intra-particle 

structure factor models as applied to the SANS scattering spectra obtained from asphaltenes isolated from the 

four crude oils studied in their previous works [151,153] namely, Arab Heavy, B6, Canadon Seco, and Hondo, 

in mixtures of deuterated solvents like toluene, methanol and heptane. Monodisperse spheres, monodisperse 

oblate cylinders, monodisperse prolate cylinders, polydisperse spheres, polydisperse length oblate cylinders, 

and polydisperse radius oblate cylinders assuming a Schultz distribution function of particle sizes were tested. 

The authors tried three different models to fit the data, namely Guiner approximation [156] from which 𝐼0 

values (i.e. scattering intensity extrapolated to 𝐪 = 0) and the radius of gyration 𝑅𝐺 - the defined as the root 

mean squared distance of all atoms from the centre of mass of the particle – are determined, the small-particle 

mass-fractal model previously discussed and the model based on the introduction of the intraparticle form 

factor 𝐹(𝐪) which we discussed previously. According to the authors, the comparison between the 𝐼0 and 𝑅𝐺 

values obtained from the interparticle model data fitting with those obtained from Guinier suggests that such 

a form factor model is physically reasonable. Moreover, the authors also determined the reduced 𝜒2 values for 

each non-linear least square model fits - for the entire 𝐪 range studied - for the scattering intensity distribution 

to assess the quality of each model respect to the others. Table 3 shows, among the others, the values of 𝐼0 𝑅𝐺 

and 𝜒2 for the various models. 
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Table 3. Comparison of fit parameters obtained from the Guinier approximation small-particle mass-fractal models and 

from various monodisperse and polydisperse form factor models. Reprinted from [155]. (courtesy of Elsevier) 

 

As a result of their investigation the authors concluded that the asphaltene aggregate structure – regardless the 

solute chemistry and solvent properties - is best described by a polydisperse oblate cylinder model. In another 

study, Gawrys et al. [157] investigated the solvation effects within the aggregates of asphaltene samples 

obtained from the same type of crude oil investigated in their previous studies – which we discussed above. 

The notion that asphaltenes entrain solvent or are “swelled” by interactions with the surrounding solvent media 

is known. As an example, Sirota [158] from the analysis of SAXS spectra found a swelling effect of “dry” 

Cold Lake asphaltenes by increasing dilution by 1-methylnaphthalene solvent. Carbognani et al. [159] through 

volumetric swelling studies found that the addition of ~1.5 mL of solvent to 300 mg of dry asphaltenes induces 

an expansion of the packed asphaltene volume from 10% to 70%. Other studies [133,160,161,162] suggested 

that the solvated volume of the asphaltenic aggregates was 1.7-2.7 times the unsolvated or asphaltene volume, 

implying a volumetric entrainment of about 40-60%. In [157] Gawrys et al. observed some discrepancies 

between average aggregate molecular weight values obtained from two different models. According to the 

authors, these discrepancies suggest the necessity to include the solvation effects in the calculations. The 

authors found that the solvent entrainment within the aggregates roughly varied from 30 to 50% (v/v) and was 

consistent with solvation values obtained from viscosity measurements found in the literature. 
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Headen et al. [163] performed small angle neutron scattering (SANS) and Very Small Angle Neutron 

Scattering (V-SANS) experiments on two crude oils. The authors investigated the temperature dependence of 

the size of asphaltene aggregates in their natural crude oil surrounding environment. Moreover, the authors 

have shown that SANS measurements on crude oils give similar sizes, and temperature-dependence of size, to 

those found from SANS measurements of asphaltenes redispersed in deuterated toluene. Data analysis was 

achieved by the fitting of Beaucage functions over two size regimes. Fitting analysis at very low-q have shown 

that the there are two separate species present, namely not all the smaller aggregates are part of the larger 

aggregates and just 2% of asphaltene molecules are in the larger aggregates large-scale.  

Eyssautier et al. [164] compared SANS and SAXS measurements on a large q-scale performed on the same 

dilute asphaltene-toluene solution. The goal of the work was to give insight into a nanoaggregate structure. 

According to the authors SANS and SAXS spectra - reported in figure 27 - superimpose at small q values 

meaning that asphaltenes are homogeneous objects at large length scale. However, in the high q range, the 

spectra differ significantly. This discrepancy can be ascribed to the heterogeneities of asphaltene particles at 

small length scale, which is characteristic of their fine structure. 

 

 

Figure 27. SANS and SAXS spectra of a 5 g/L asphaltene solution in deuterated and normal-toluene respectively. 

Intensities are normalized by the mean contrast term and the asphaltene volume fraction. Reprinted from [164]. (courtesy 

of ACS) 

Direct comparison of neutron and X-ray spectra enables description at high q of a fractal organization made 

from the aggregation of small entities of 16 kDa, exhibiting an internal fine structure. Neutron contrast 

variation experiments enhance the description of this nanoaggregate in terms of core-shell disk organization, 

as depicted in figure 28.  
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Figure 28. Rescaled spectra of (a) SAXS and SANS 100% D (5 g/L in H- and Deuterated (D)-toluene respectively) and 

(b) SANS contrast variation (50 g/L in toluene at various H/D ratios) asphaltene spectra divided by S(q). Reprinted from 

[164]. (courtesy of ACS) 

The nanoaggregates are best described by a disk of total radius of 32 Å with 30% polydispersity and a height 

of 6.7 Å. Composition and density calculations show that the core is a dense and aromatic structure, contrary 

to the shell, which is highly aliphatic. These results show a good agreement with the general view of the Yen 

model. 

However, by considering that the molecular weight of the asphaltene molecule found in literature is around 

750 ± 250 g/mol [64] the nanoaggregate found by Eyssautier et al. [164] accounts for about 20 ± 5 elementary 

molecules, which are in contrast with aggregation numbers – around 8- reported in the literature found by 

different technique like 1H NMR, gravitational gradients and conductimetry measurements [67,165,166]. 

Hoepfner et al. [167] used SANS to study some important items about asphaltene structure and stability of two 

crude oils (Oil A and oil B) - compared to a “model” oil obtained by dispersing a third type asphaltene in 

deuterated toluene - after their n-heptane destabilization. The latter was achieved by adding n-heptane at 

various concentrations and time intervals following the procedure of Maqbool et al. [168]. The instantaneous 

onset precipitation is the concentration of heptane that produces insoluble asphaltenes that can be observed by 

optical microscopy after less than 15 min of mixing. Lower precipitant concentrations will require longer 

destabilization times to detect the asphaltene instability. For Oil A and Oil B and “model” oil, the instantaneous 

onset heptane concentration was 40 %v/v 50 % v/v and 50 % v/v respectively. On the contrary, the authors 

called the destabilization time the time that elapses between mixing an oil with precipitant and performing the 

scattering experiments. Precipitated asphaltenes that can cause significant surface scattering which increases 

the difficulties of analysis of the nanometre-sized asphaltenes were opportunely centrifugated. Fractal structure 

of asphaltenes in crude oil-precipitant systems, structural differences between soluble and insoluble 

asphaltenes, initiation of asphaltene destabilization at dilute precipitant concentrations, and the crude oil 

fraction(s) that causes small-angle scattering of the crude oils were investigated by the authors. According to 
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the latter, due to the statistical fluctuations caused by thermal motion, the soluble asphaltene clusters are in a 

state of complex dynamic equilibrium where different asphaltene nanoaggregates and molecules continuously 

exchange and rearrange. As the precipitant concentrations grows, the highly unstable asphaltenes tend to 

precipitate and the asphaltenes that remain dispersed at the nanometre length scale are the most stable ones 

that also have the smallest fractal clusters. Hoepfner and co-workers also found that – independently from 

heptane concentration - asphaltenes soluble fraction of crude and “model” oil tends to associate into fractal 

clusters that have a characteristic fractal dimension that is smaller compared to that of the insoluble asphaltene 

clusters. Moreover, the observation of fractal dimension changes through transition from soluble to insoluble 

reveals that the structure of the fractal clusters is modified. The last can be ascribed to a change in the packing 

organization of individual asphaltene nanoaggregates. According to the authors, the determination of the 

differences between the interaggregate interactions between soluble versus insoluble asphaltene 

nanoaggregates may potentially provide the microscopic destabilization mechanism of asphaltenes. It has been 

observed that the largest fractal clusters are formed by the most unstable asphaltenes, namely the ones that 

precipitate with the smallest amount of precipitant addition. This asphaltene experience the strongest 

interaggregate attractions (or weakest repulsion) and will tend to associate preferentially with one another due 

to the strong interaggregate attractions. Figure 29 depict a schematic precipitation mechanism as proposed by 

Hoepfner et al. [167] 

 

 

Figure 29. Schematic of the proposed asphaltene precipitation mechanism. 𝑅𝑔
0 and 𝐷𝑓

0 refer to the radius of gyration and 

fractal dimension, respectively, of the asphaltene fractal clusters in the undiluted crude oil. Reprinted from [167]. 

(courtesy of ACS) 

As it can be seen from figure 29, there is not a well-defined phase envelope for asphaltene stability. Moreover, 

the polydisperse nature of asphaltenes allows for destabilization of small fractions of asphaltenes at low 

precipitant concentrations. As a result, the initiation point of asphaltene phase separation as a function 

temperature, pressure or composition is not an easily determinable parameter. This result questions the 

experimental validation and basis of many thermodynamic asphaltene stability models that rely on onset points 

or concentrations.  
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Barré et al. [169] described a methodology to analyse scattering spectra (neutrons or X-rays) without 

assumption on particle shape and - more interestingly - investigating higher concentration ranges of asphaltene 

solutions than those normally discussed in literature. The latter effect is taken into account by considering 

particle interactions factor 𝑆(𝐪) and by manipulating the Zimm equation through a virial expansion. According 

to the authors, the particle interactions – is therefore described by the expansion’s second virial coefficient 𝐴2. 

As a result of their study the authors have shown that the gyration radius 𝑅𝑔 the asphaltene’s aggregate mass 

𝑀𝑤 as well as 𝐴2 are mutually dependent through a single parameter: the mass fractal dimension 𝐷𝑓 of 

aggregates. The robust method proposed by Barré et al. [169] allows to predict viscosity of a solution at any 

given asphaltene concentration, adsorption, relative stability of the emulsion and colloidal stability of hydro-

conversion effluents. 

 

1.5.2. Critical Nanoaggregate Concentration and Aggregation Number  

 

The study of the dynamics of asphaltene aggregation necessarily involves the determination of aggregation as 

a function of the concentration, in particular, in toluene. Fluorescence quenching studies by Goncalves et al. 

have shown that asphaltene aggregation occur at low concentrations, about 50 mg/L. [170]. However, as 

reported by Mullins in [57] the CNAC does not define the onset of aggregation – which can be due to the 

formation of dimers as well - but rather defines the concentration where further growth of the nanoaggregate 

shuts off. First studies that correctly determine the CNAC of asphaltenes in toluene used High-Q ultrasonic 

technique [171,172] that uses the speed of sound u - given by u=(1/Fβ)1/2 where F is the mass density and β 

is the compressibility - as a function of concentration (see Figure 51)  
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Figure 51 CNAC of asphaltenes. (Left two panels) High-Q ultrasonics. (Right two panels) Direct-current (DC) 

conductivity. The break in the ultrasonic-velocity and DC-conductivity curves show the concentration where aggregate 

growth stops, the CNAC. The straight line of the ultrasonic-velocity and DC-conductivity curves above the CNAC 

concentration indicates that the nanoaggregate size is independent of the concentration above CNAC. For two different 

asphaltenes, the CNACs differ somewhat, as shown by consistent high-Q ultrasonics and DC-conductivity data. [172,173] 

(Courtesy of ACS) 

It is worth to notice that the high-Q ultrasonics data show that different asphaltenes have somewhat different 

values of CNAC. These differences have been confirmed by DC conductivity measurements. Indeed, as it can 

be seen from figure 51 both high-Q ultrasonics and DC conductivity show that the CNAC for UG8 asphaltene 

is about 150 mg/L, while for BG5 asphaltene, the CNAC is about 60 mg/L. The significance of these 

differences is not known. Moreover, there is no obvious relation between the asphaltene chemistry and the 

CNAC. In this respect, for example Coal-derived asphaltenes with its much different chemical structure has a 

CNAC determined by high-Q ultrasonics to be 180mg/L, which is close to that of UG8 asphaltene. 

Interestingly, DC-conductivity measurements show that, for the same crude oil, asphaltenes prepared by n-

pentane precipitation have a significantly higher CNAC by 30% or so in concentration than the corresponding 

asphaltenes prepared by n-heptane precipitation. By using Alternate Current (AC) Sheu et al. obtained similar 

values of CNAC in agreement with high-Q ultrasonics. [174] Also, DC conductivity measures exhibits similar 

CNACs values. [165] The DC-conductivity experiments give an aggregation number of about 6. NMR 

hydrogen index measurements show an aggregation number of about 8. [68]. Motsowfi et al. conducted 

centrifugation studies through a concentration range from the CNAC and show a dramatically increasing of 

sedimentation fraction at the CNAC concentration, proving a significant change in aggregation at this 

concentration (see figure 52) [175] 
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Figure 52 Percent sedimentation of asphaltenes changes dramatically at the CNAC. While the exact concentration of 

CNAC is not so evident here, these experiments provide robust proof that the asphaltene aggregation changes significantly 

in this concentration range. A two-component model, monomer and nanoaggregate, simulates the data. The CNAC for 

BG5 asphaltene is known from high-Q ultrasonics and DC conductivity. Reprinted from [57] (Courtesy of ACS) 

 

For the particular asphaltene shown in Figure 52, the CNAC was about 50 mg/L as result from high-Q 

ultrasonics and DC conductivity 

 

1.5.3. Asphaltene Aggregation Number and Molecular Architecture  

 

The small aggregation numbers observed for asphaltene nanoaggregates are a consequence of the molecular 

architecture of asphaltenes. As discussed in the previous sections, asphaltene molecules are formed by a central 

PAH core, which is polarizable and, thus, the site of intermolecular attraction. 

Moreover, all of the nitrogen atoms present in the asphaltene molecules are distributed in the PAH core [93] 

as pyridinic and pyrrolidynic nitrogen – roughly one per asphaltene molecule – whose chemical nature is 

opposed: the first one is basic while the second one is acidic. In addition, a high contribution to charge 

separation comes from the thiofenic function which represents a significant fraction of sulphur present in the 

asphaltene molecules. 

The central PAH core is therefore the site of polarizability and charge separation. The peripheral alkane chains 

and peripheral fused naphthenic rings yields steric repulsion. However, there must be a balance of attractive 

forces of the PAHs and repulsive forces of the peripheral alkanes. With attractive forces in the molecular 

interior and repulsive forces in the molecular exterior, small aggregation numbers follow. After several 

asphaltene molecules aggregate, a close approach to attractive core is obstructed and additional molecules form 

new nanoaggregates instead to adhere to existing, fully formed nanoaggregates. Molecular modelling based 

on these simple molecular forces gives small aggregation numbers [176]. 

 

1.5.4. surface tension and calorimetry 

Isothermal Titration Calorimetry (ITC) is a widely used technique in biochemistry to study ligand-protein 

interactions [177-179] as well as to measure the changes in enthalpy of a protein solution in a cell following 

injection of small aliquots of ligand from a syringe. It is also used to study the micellar behaviour of surfactants 

in water [180,181]. The advantage of ITC above others is that it allows the determination of both the Critical 
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Micellar Concentration (CMC) and the enthalpy of surfactant micellization in one single experiment. The 

determination of CMC at several temperatures allows the calculation of the free energy and also the entropy, 

giving a complete thermodynamic characterization of surfactant micellization. It has also been applied to the 

study of reversed micelles of AOT in organic solvents [182]. However, Isothermal Titration Calorimetry has 

never had an extended application into crude oil investigation. To our knowledge, the only examples of ITC 

application in the crude oil field are given in different papers by Andersen and co-workers [183-187]. In the 

first work Anderson and Birdi [183] used a microcalorimeter to study the micellization of asphaltenes in 

solution through the determination of heat of dilution of an asphaltene concentrated solution into a pure solvent. 

According to the authors – below the Critical Micelle Concentration (CMC) - the heat evolved upon dilution 

of an asphaltene micelle solution depends upon the total asphaltene concentration of the resulting solution 

through the equation: 

                                                        ∆𝐻𝑇.𝐷. = ∆𝐻𝑀.𝐷. + ∆𝐻𝐷𝑒𝑚. + ∆𝐻𝑀𝑜𝑛.𝐷. + 𝑄                                                       (8) 

where the various terms ∆𝐻𝑇.𝐷., ∆𝐻𝑀.𝐷., ∆𝐻𝐷𝑒𝑚., ∆𝐻𝑀𝑜𝑛.𝐷.stand respectively for Enthalpy variation due to total 

dilution, Enthalpy variation due to micelle dilution, Enthalpy variation due to de-micellization, Enthalpy 

variation due to monomer dilution, while 𝑄 – which can be minimized although has been found to give a minor 

contribution - is a heat caused by external influences such as heat from the stirring, frictional effects during 

liquid injection, as well as minor differences in solvent composition caused by evaporation from the syringe 

tip. On the contrary, above the CMC the following holds: 

                                                                                      ∆𝐻𝑇.𝐷. = ∆𝐻𝑀.𝐷. + 𝑄                                                                   (9) 

as the micelles added to the pure solvent do not dissociate but only their dilution take place. An example of 

ICT typical experiment result is depicted in Figure 30 in which it can be seen that beyond a certain number of 

asphaltene solution injections the heat evolved drops as described above. 

 

Figure 30. Heat of dilution from calorimetric titration of toluene with asphaltenes in solution. Reprinted from [184]. 

Courtesy of ACS 

The change in heat signal as a function of asphaltene concentration has been investigated using two different 

types of analysis generally used in ITC data treatment. In the first one, the cumulated heat evolved is plotted 

against the total concentration after each injection. The curve is then approximated by two linear sections, and 

the intersection of these defines CMC. In the second method the heat/g or mol of asphaltene per injection is 

plotted versus total concentration after injection, and CMC is taken as the point where a significant drop in 
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heat/g is observed. However, the authors’ data analysis did not detect a clear relation between CMC and 

asphaltene composition or any obvious relation in the change in CMC as a function of solvent composition. 

Indeed, as authors themselves noticed, the change in the signal observed during the titration may be interpreted 

as the presence of a CMC in analogy with similar data of surfactant solutions. or as a result of a stepwise 

mechanism where a certain average structure is obtained at a certain concentration level. However, in the 

successive papers [184-187] the authors found that asphaltene aggregation in toluene can occur stepwise in a 

manner similar to polymerization; that supports the model proposed few years earlier by Agrawala and 

Yarranton [188]. More literature can be found about the surface tension measurements to study the self-

association of asphaltenes. Examples are given by the works of Sheu et al. [132] which made a series of surface 

tension measurements - as a function of asphaltene concentration - on a lighter (pentane soluble) asphaltene 

fraction and a heavier (heptane insoluble) asphaltene fraction of a Ratawi crude oil vacuum residue dissolved 

in two organic solvents: pyridine and nitrobenzene. A distinctive discontinuous point was observed for surface 

tension. This points out the existence of a critical concentration- similar to surfactant systems - above which 

self-association occurs. Moreover, in addition to CMC investigation a self-association kinetics was also studied 

by dynamic surface tension measurements. A simple relation to describe the kinetic data through a parameter 

that represents the characteristic rate was established to qualitatively evaluate the association kinetics. 

Rogel et al. [189] determined the critical micelle concentrations (CMC) of four asphaltenes dissolved in 

cyclohexane, tetrahydrofuran (THF), toluene, nitrobenzene and carbon tetrachloride by surface tension 

measurements. The CMC values found ranged from 1 to 30 g/l and depended on the asphaltene and the solvent 

used. These values were empirically correlated to the Flory–Huggins interaction parameter. According to the 

authors, this correlation suggests that higher compatibility between asphaltenes and solvent lead to 

significantly larger CMC in the same solvent. Moreover, the authors tried to find possible correlations among 

the asphaltene structural parameters – obtained through an NMR analysis - and their self-aggregation 

behaviour. The authors highlighted that structural and chemical characteristics of the asphaltenes are correlated 

to their self-aggregation behaviour through the solubility parameter. Furthermore, at the solvent–air interface 

the same asphaltene shows different molecular areas depending on the solvent. According to the authors, this 

can be accounted for by two factors: orientation of molecules at the interface and/or preferential adsorption of 

different molecules. Yarranton et al. [190] investigated the self-association of asphaltenes from Athabasca and 

Cold Lake bitumens in toluene - at temperatures between 50 and 90 °C - and 1,2-dichlorobenzene at 

temperatures between 75 and 130 °C. The association appeared to begin at concentrations below 0.5 kg/m3 

(0.05%). It has been found that aggregates molar mass was constant at concentrations above 10-20 kg/m3 (1-2 

wt %), suggesting that limiting size was reached. The molar mass of these limiting aggregates was measured 

by Vapor Pressure Osmometry (VPO) and it decreased as the temperature and the polarity of the solvent 

increased. The average aggregates molar mass was estimated ranging from 4000 to 10 000 g/mol, while the 

molar mass of an asphaltene “monomer” obtained from VPO measurements has been considered as the value 

at the intercept (at zero concentration) of a plot of measured molar mass versus asphaltene concentration. Its 

value was about 1800 g/mol. The VPO results suggest that asphaltenes form aggregates of 2-6 molecules in 
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aromatic solvents. However, the interfacial tensions measures of asphaltenes in toluene or 1,2-dichlorobenzene 

at concentrations from 0.3 to 100 kg/m3 has shown that it decreases linearly with concentration, indicating that 

no micelles are formed. Hence, the aggregation observed with VPO does not appear to be micellization. Monte 

et al. [191] used surface tension measurements to evaluate molecular weight of asphaltenes - obtained from 

Brazilian and Venezuelan vacuum residue (VR) - starting from the average radii of the asphaltene molecules 

adsorbed at the air–solvent interface and hypothesizing a sphere-like shape as indicated by Sheu [192]. They 

found different molecular areas at the organic solvent–air interface for the same asphaltene, depending on the 

solubility parameter of the solvent. The molecular weight of asphaltenes, as determined by surface tension 

measurements with several aromatic solvents, vary and are dependent upon the nature of the solvent. 

According to the authors as a result of their study it is reasonable to assume that the molecular weights obtained 

in nitrobenzene are the molecular weights of the individual asphaltene particles. 

da Silva Ramos et al. [193] investigated the interfacial and colloidal behaviour of asphaltenes - obtained from 

Brazilian offshore crude oils - by surface tension measurements of pentane insoluble and heptane insoluble 

asphaltenes dissolved in toluene, pyridine and nitrobenzene. As it can be seen from figure 31 (toluene solvent), 

in all cases surface tension measures suggested the occurrence of aggregation phenomena (micelle-like) of 

asphaltenes in each of the solvents studied.  

 

 

Figure 31. Surface Tension trends of: a) heptane insoluble asphaltenes in toluene at 5, 25 and 45 °C and b) pentane 

insoluble asphaltenes in toluene at 5, 25 and 45 °C. Reprinted from [193]. Courtesy of Elsevier 

 

Similar surface and interfacial tension vs. asphaltene concentration curves were obtained for pyridine and 

nitrobenzene as solvents at the three different temperatures. From figure 14, one can observe that the critical 

micelle concentration of asphaltenes in each solvent increase with the temperature increase, revealing the 

exothermic nature of this self-aggregation phenomenon while, as expected, surface tensions decreases. 

However, the authors highlight an anomaly which they weren’t able to explain, namely the behaviour of the 

surface tension of the 5 and 25 °C isotherms at concentration beyond the CMC. The authors also observed that 

in toluene at 25 °C, heptane insoluble asphaltenes were more effective than pentane ones in reducing the 

solution surface tension, while the opposite happened in pyridine. In nitrobenzene, similar surface activities 

for these two asphaltene fractions were observed. Finally, by confronting the data reported in literature the 

authors revealed a lower tendency of asphaltenes used in their study to self-associate. 
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1.5.5. microscopy (optical, AFM, SEM, TEM) 

In 2006 a work by Long et al. [194] shed some light on asphaltene aggregation from a completely new 

perspective. The authors used the single molecule force spectroscopy (SMFS) [195] to investigate the response 

of single asphaltene aggregates under an external pulling force. The experimental force curve obtained by the 

authors were well-fitted by the modified worm-like chain model, indicating that those asphaltene aggregates 

acted like long-chain polymers under pulling by an external force. Acevedo et al. [196] combine freeze 

fracture-transmission electron microscopy (FFTEM) techniques to study four Venezuelan crude oils and their 

corresponding maltenes. In all crude oil samples investigated, the authors observed colloidal particles with 

average diameters in the range of 7-9 nm with maximum diameters of <13 nm and an apparent Gaussian size 

distribution. Moreover, it has been observed that aggregates of 200 nm in length – also present – are easily 

broken down to smaller ones or to primary particles by stirring and/or heating the crude oil. This indicates that 

the binding energy of these aggregates is weak, on the order of kT. Authors also found that a high solvent 

dilution (in benzene, 80 times) of asphaltene samples, even reducing the particle diameter does not dissolve 

the colloids completely. On the other hand, the addition of heptane (up to 3 volumes) leads to an increase in 

diameter. dilution. According to the authors, their experimental observations agree with a previous model for 

the colloidal particle proposed by Gutiérrez et al. [197] that by fractionating a crude oil asphaltene sample in 

a low-soluble and a soluble one - named respectively A1 and A2 fraction – and investigating their chemico-

physical behaviour proposed a colloidal phase behaviour of asphaltene solutions in aromatic solvents; colloids 

formed by the low-soluble fraction A1 dispersed by a soluble asphaltene fraction A2 in the maltene phase. 

Later on, this model was investigated in deeper details by Acevedo et al. [198] by freeze fracture and 

transmission electron microscopy techniques (FF-TEM) on a solution of asphaltenes in resins at different 

temperatures from 25 up to 250 °C. As depicted in figure 32 in this temperature range, the mean particle 

diameters (𝐷𝑝) were found to drop from about 5 to about 3.5 nm. The smallest diameter measured at each 

temperature (𝐷𝑆) reached a constant value of about to 2.5 nm in the range between 100 and 250 °C.  

 

 

Figure 32. Change of particle diameters with temperature, for average (DP), maximum (DM), and minimum (Dm) 

diameters. Diameter errors are estimated at (0.4 nm. Reprinted from [198]. Courtesy of ACS 
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Moreover, as it can be seen from figure 32, all frequencies (𝑓(𝐷)) (i.e. the number of particles with a specific 

diameter) except those of 𝐷𝑆 tend to decrease above some temperatures values showing that diameters 𝐷 >

 𝐷𝑆 correspond to aggregates (Ag).  

 

 

Figure 32. Plot of frequencies against temperature for asphaltenes from Furial crude oil. Reprinted from [198]. Courtesy 

of ACS 

More interesting is the fact that during heating, frequencies of big (B) and smallest (S) diameters particles 

either decrease (big) or increase (S) continuously, while for intermediate (I) diameters maxima were found. 

According to the authors, this suggests that under the experimental conditions, the conversion from 

intermediate to smallest diameter particles is hindered by some energy barrier high enough to produce the 

accumulation of intermediate size diameters. To interpret these observations, the authors proposed a 

consecutive process model, namely: 

                                                           𝐴𝑔(𝐵)
𝑘1
→ 𝐴𝑔(𝐼)

𝑘2
→ 𝐴1𝑀        𝑤ℎ𝑒𝑟𝑒 𝑘1 > 𝑘2                                          (10)         

𝐴𝑔(𝐵) stands for big aggregates, 𝐴𝑔(𝐼) stands for intermediate medium size aggregates and 𝐴1𝑀 stands for 

A1 type molecules fraction, represented by rigid condensed polynuclear systems models with alkyl substituents 

on the molecule periphery. According to the authors, the above results together with many others in the 

literature agree with the colloidal, solubility, and aggregates hypothesis related to A1 and A2 fractions of 

asphaltenes. In 2010 Wang et al. [199] investigated the colloidal interactions between asphaltene (precipitated 

from a Vacuum distillation feed bitumen sample) surfaces in n-heptane / toluene (heptol) mixtures as a function 

of the Φ𝑇 - namely the toluene fraction – parameter by using the atomic force microscopy (AFM) colloidal 

probe technique. Langmuir-Blodgett upstroke technique was used to deposit asphaltenes on silica wafers and 

silica spheres. The authors have shown that the magnitude of the interaction forces between asphaltene surfaces 

can significantly change in function of toluene to heptane ratio. As the experimental results have shown, in 

pure toluene there is a steric long-range repulsion - observed by the authors in a previous study [200] - which 

can be well fitted by the scaling theory of polymer brushes. The steric repulsion is somewhat reduced – 

becoming weakly attractive when Φ𝑇 < 0.2 - as toluene volume fraction gradually decreases from Φ𝑇 = 1 

(pure toluene) to Φ𝑇 = 0 as depicted in figure 33. 
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Figure 33. AFM experimental data for interaction parameter of asphaltene/heptol as a function of ΦT. The inset shows 

the slightly attractive behaviour for Φ𝑇 < 0.2. Solid lines: scaling theory fitting of force curve. Reprinted from [199]. 

Courtesy of ACS 

The attraction in heptane can be fitted by van der Waals forces alone which are thus believed to promote 

asphaltene aggregation, leading to asphaltene precipitation. According to the authors, the results obtained 

provide an insight into interactions that determine asphaltene behaviour in an organic medium and hence in 

crude oils. Essentially similar results were observed by Natarajan et al. [201] 

The authors have shown that the repulsive intermolecular forces between asphaltene surfaces in toluene were 

well-described with the Alexander−de Gennes theory proposed for steric repulsion between polymer layers in 

good solvents [202-205]. Moreover, according to Natarajan et al. the van der Waals attractive forces were 

reported as the driving forces for asphaltene aggregation and flocculation in paraffinic solvents. 

Burya et al. [206] used light-scattering to investigate the Karazhanbas crude oil’s asphaltene colloidal 

properties and the kinetics of aggregation in hydrocarbon toluene-n-heptane solution and, in three different 

samples of crude oils: Swanson River, European SkyBlue, Mars A-12. The authors showed that the aggregation 

of asphaltene particles in hydrocarbon solutions obeys two different kinetics laws: the Diffusion Limited 

Aggregation (DLA) and the Reaction Limited Aggregation (RLA). Moreover, they observed a crossover 

between these two regimes when asphaltene solutions have concentrations slightly higher than the CMC 

threshold and the concentration of the precipitant n-heptane is near the precipitation threshold. According to 

the authors, their data demonstrate a universal behaviour that may be present in other colloidal systems. Crude 

oil samples investigation has shown that Swanson River, European SkyBlue oils own an intrinsic colloidal-

like structure with particles of approximately 0.02 and 1 mm in diameter but the Mars A-12 sample has no 

initial colloidal structure, although – as authors highlighted - for Swanson River, this structure is somehow 

affected by laser radiation. According to the authors the particles observed are asphaltene–resin colloidal 

particles. Moreover, the stability of crude oil systems against induced (by n-heptane) asphaltene aggregation 

has been investigated. As a result, Swanson River crude oils exhibits an extremely slow aggregation process. 

No threshold concentration of the precipitant for this sample has been observed. Fast aggregation was observed 

for European SkyBlue, whose aggregation lasts a short period of time, with the formation of a colloidal 
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structure due stable asphaltene aggregates. Mars A-12 crude oil has no initial colloidal structure but it does 

occur in a solution with 20% n-heptane and remains stable. The addition of more than 60% by volume of 

precipitant breaks the stability of the structure completely and causes the flocculation of particles into huge 

clusters, which cannot be measured by the light scattering method. Finally, by comparing DLS data with oil’s 

SARA fraction, the authors concluded that the oils with high aromatic to saturate ratios have a more stable 

structure and exhibit no slow aggregation, whereas the oil with a much lower ratio is on the edge of stability 

and shows slow aggregation kinetics. 

Confocal Laser Scanning Microscopy (CLSM) was used by Handle et al. [207] to investigate asphaltene 

behaviour in 50/70, 70/100A, 70/100B and PE1005 (a bitumen precursor, namely a vacuum flashed and 

cracked vacuum residuum) bitumen samples as well as the bitumen-aggregate interaction. In their work, 

Handle and co-workers showed that the interpretation of the fluorescent centres in the CLSM as asphaltene 

micelles is not completely correct as reported in a previous work by Bearsley et al [208]. For this reason, by 

fractionating bitumen into its main components (SARA fractions) the authors have shown that, the 

fluorescence capability of the asphaltenes is very low or insignificant Furthermore, the fluorescence analysis 

of fractions showed clearly that the main source of the fluorescent emissions are aromatic fractions. According 

to the authors however, by combining this information with the micelle theory it can be argued that the 

fluorescent signals still originate from asphaltene micelles, but not from the inner core of the asphaltenes 

themselves but from the stabilizing mantle of declining polarity around the asphaltene agglomerates. These 

results have been successfully employed in further investigations regarding microstructure and microstructural 

changes at the ageing of bitumen [209]. Finally, it has been shown that the fluorescent phase was also shown 

to play no detectable role in the interaction between bitumen and mineral aggregates. This indicates a general 

lack of interaction on a structural level. In total, this limits the interaction to the molecules in the matrix, 

indicating that adhesion between minerals and bitumen is mostly based on mechanical phenomenon and 

perhaps to a lesser extent on van der Waals forces [210]. Castillo et al. [211] investigated the aggregation 

behaviour of asphaltenes in toluene as a function of asphaltene concentration by studying the nonlinear optical 

response of the solutions by using the Z-scan technique. The solutions concentration studied by the authors 

ranges from 10 mg/L to 600 mg/L. It has been observed a strong dependence of the two photon absorption 

coefficients (β) for concentrated solutions, in contrast to the low values observed at low concentration. 

According to the authors, this change in (β) occurs as a consequence of aggregation. The results are of 

importance for the study of dark samples like those relevant for crude oils. The authors’ conclusions assert that 

the changes in the nonlinear optical properties of solutions of asphaltenes in toluene as a function of 

concentration can be understood in terms of an aggregation model. Anisimov et al. [212] used Dynamic Light 

Scattering (DLS) to study the effects of resins on the aggregation stability - upon n-heptane addition as 

precipitant- of 0.1 g/L of Romashkinskaya oil (Tatarstan, Russia) asphaltene in toluene. The authors have 

shown that the asphaltene aggregate size follows a power law as a function of time with an exponent α = 0.36 

± 0.04 which is related to the fractal dimension 𝐷𝑓 of asphaltene aggregates as 𝛼 =  
1

(1 + 𝐷𝑓)
 The authors results 

have shown a good agreement with that of Haji Akbari et al. [213] namely that despite a considerable variation 
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of asphaltenes’ origin, the evolution of the interaction forces between the asphaltene clusters with a change in 

the solvent quality seems to be universal. It has been shown that asphaltenes aggregation time decreases 

exponentially as n-heptane concentration increases but grows linearly upon increase of the resin/asphaltene 

ratio. This means that resins serve as inhibitors for asphaltene aggregation, shifting the onset of aggregation. 

However, as noticed by the authors, the dependence of the onset on the concentration of resins tends to saturate. 

Indeed, the onset of aggregation increases upon the addition of resins but only for limited resins’ content. The 

authors also showed that for all the samples studied (with and without resins) the asphaltene aggregation is 

controlled by diffusion-limited kinetics. Finally, they note that the observed character of aggregation of real 

asphaltenes in solution is remarkably similar to that recently found in toluene/heptane mixtures with a single 

compound hexa-tert-butylhexa-perihexabenzocoronene [214] thus confirming the possibility of modelling the 

asphaltene aggregation by well-defined compounds.  

Yarranton et al. [215] investigated various asphaltene-toluene solutions in order to study the size and 

distribution of self-associated asphaltenes – extracted from Peace River bitumen and Athabasca bitumen - 

through a miscellaneous range of techniques. More specifically, the authors used, vapor pressure osmometry 

(VPO), elemental analysis, Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometry, and time-

resolved fluorescence emission spectra measurements, Small Angle X-ray Scattering (SAXS), Dynamic Light 

Scattering (DLS), membrane diffusion, Rayleigh scattering and nanofiltration measurements. Molecular and 

nanoaggregate dimensions were also investigated through a combination of interfacial tension, interfacial 

adsorption, and surface force measurements. As a result of their study, the authors showed that approximately 

90 wt % of the asphaltenes self-associated. Moreover, from ultrahigh resolution spectrometry it has been 

observed that the non-associated asphaltenes are smaller and more aromatic than the associated ones which 

lead to the conclusion that the associating species are larger and less aromatic. VPO measurements revealed 

an average monomer molecular weight of approximately 850 g/mol, while the molecular weight of the 

nanoaggregates was found to span a range of at least 30000 g/mol with an average on the order of 10000 to 

20000 g/mol. On the contrary, SAXS and DLS gave molecular weights 10 times larger. Nanofiltration 

measurements have shown that the physical dimensions of the nanoaggregates were less than 20 nm, while 

Rayleigh scattering have shown average diameters of 5 to 9 nm in disagreement with that obtained by SAXS 

and DLS measurements indicating 14 nm as mean value. Film studies were consistent with the lower molecular 

weights and dimensions and also demonstrated that asphaltene monolayers swell by a factor of 4 in the 

presence of a solvent. The most consistent interpretation of the data is that asphaltenes form a highly 

polydisperse distribution of loosely structured (porous or low fractal dimension) nanoaggregates. However, 

the discrepancy between VPO and SAXS molecular weights remains unresolved. 

Shojaei et al. [216] have studied the asphaltene aggregation kinetics in toluene using dynamic light scattering 

(DLS) technique. Asphaltene was extracted from dead oil – namely an oil that has lost all its dissolved gases 

and volatile components – from the Iranian southern oil fields. Asphaltene-toluene solution were made at a 

concentration of 1 gr/L and then diluted to the desired concentration of 6.25 mg/L and 12.5 mg/L followed by 

an ultrasonication procedure. From the Dynamic Light Scattering measurements, it has been shown that 



 

55 

 

sonication time has some influence in asphaltene aggregation. More specifically, high and low sonication times 

results in monomeric and polymeric forms of asphaltene in solution. Moreover, the authors have shown that 

the relationship between the amount of sonication energy and the particle size is logarithmic. Deconvolution 

technique applied to the DLS spectra obtained from the lower sonication solutions revealed four normal 

distributions, indicating four different clusters in the solution. The authors also evaluated the percentage of 

nano-aggregates for the lower and the higher concentrations of the asphaltene solutions revealing a distribution 

between 8%-41% and 4%-51%, respectively. Finally, the authors proposed a coin model to describe asphaltene 

aggregation kinetics in solution. As it can be seen from figure 34, according to this model it has been assumed 

the asphaltene molecule to be on a coin-shaped plate and forming a π bond with a minimal coinage overlap. 

 

Figure 34. coin model of the asphaltene molecules in solution. Reprinted from [216]. (Courtesy of Elsevier) 

The concentration of each nano-aggregates in equilibrium in solution is calculated according to the fraction of 

its presence and the coin model. The authors used these equilibrium concentrations to calculate the equilibrium 

reaction constants. By combining the coin model and the deconvoluted DLS results the authors have shown 

that the equilibrium constant as well as the diffusion coefficient of the smaller aggregate is higher than the 

larger aggregate. Moreover, they showed that the correlation coefficient between the reaction constant and the 

diffusion coefficient are unique and depend on the nature of the asphaltene. According to the authors, the 

“coin-like” kinetic model together with the DLS data provided a procedure for calculation of concentration 

and equilibrium constant of the nano-aggregates in the asphaltene solution. Abbott and Povey [217] used 

acoustic spectroscopy in the frequency range 2 – 120 MHz to detect the presence of asphaltene aggregates in 

different crude oil and bitumen samples. Fresh toluene and fresh maltene were used as reference samples. By 

comparing the results obtained by ultrasound spectroscopy for crude oil and bitumen samples to that of the 

reference samples, the authors were able to show that aggregation of asphaltenes is taking place in the firsts. 

Indeed, as depicted in figure 19, both aggregate-free toluene and fresh oil maltenes exhibit a power law 

dependence which is a function of the continuous phase, while for the whole fresh oil deviances from the 

normal power law are present, which according to the authors indicates that the fresh crude oil shows clear 

signs of a changing size of the scattering entities. This is also the case when the crude oil is diluted with toluene. 
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Indeed, since the data departs from power law dependence this means that – although dilution occurs, - 

nanoaggregates remain. Moreover, once the diluted fresh crude is stirred sufficiently, the re-suspended 

asphaltene’s spectrum approaches a power law once again. In contrast, the toluene diluted bitumen behaves 

exactly like the toluene in which the asphaltenes are suspended, indicating that in this case no measurable 

excess scattering was occurring. According to the authors, with sufficient information it may in future be 

possible to determine the size of the scattering particles from the acoustic spectrum [218], including the 

changing size of the asphaltene particles during aggregation. 

 

1.5.6. Spectroscopy (NMR, FT-IR, ATR) 

Durand et al. [219] performed some Diffusion Order two dimensional NMR Spectroscopy (1H DOSY NMR) 

experiments to investigate the macrostructure of the asphaltenes extracted from three crude oils: Maya, 

Athabasca and Buzurgan in deuterated toluene at 20 °C, analysing different solutions in the concentration 

range from 0.01% w/w to 15% w/w. As it can be seen from figure 35, asphaltenes from different crude oil 

source exhibit different aggregation behaviours.  

 

 

Figure 35. Relative diffusivities panel a)-c) and diffusion profiles (arbitrary units on the intensity axis) panel d) of 

Buzurgan (a)), Maya (b)) and Athabasca (c)) crude oil asphaltenes [219] (Courtesy of ACS) 

From figure 35d, according to the authors, peaks A and B are associated with nanoaggregates and 

macroaggregates, respectively. As seen, the three different asphaltene fractions show a bimodal distribution of 

aggregates: one diffusing quickly and one diffusing more slowly. The width of the diffusion peaks is due to 

the polydisperse nature of asphaltene molecules. Indeed, they are composed of thousands of molecules with a 

wide range of molecular weights and chemical structures. As the diffusion profiles shows, Athabasca 

asphaltenes are mainly constituted of nanoaggregates (peak A), whereas Buzurgan and Maya asphaltenes are 

more concentrated in macroaggregates (peak B). These differences in aggregation behaviour are due to 

selective affinities of organic compounds for toluene. The main point raised from figure 35 is that the chemical 

behaviour of the three investigated asphaltenes is not the same in toluene-d8, because the aggregation process 

is strongly dependent on intermolecular interactions. Panel a) to c) of the figure 35 shows the influence of the 

asphaltene concentrations on their relative diffusivities (𝐷𝑠𝑎𝑚𝑝𝑙𝑒/𝐷𝑠𝑜𝑙𝑣𝑒𝑛𝑡). A strong and nonlinear dependence 
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of the measured mobility of the solute is noticed on all types of intermolecular interactions: attractive solvent-

solute interactions and attractive solute-solute interactions. In fact, there is a continuous decrease in diffusion 

coefficient beyond 0.5% w/w for Maya and Athabasca asphaltenes and beyond 0.25% w/w for the Buzurgan 

asphaltenes. Below those concentrations, the solutes are isolated enough so that they are not affected by their 

chemical environment. In this range of concentrations, solute-solvent interactions are predominant and 

determine the limiting diffusion coefficient. Buzurgan and Maya asphaltenes show similar self-diffusion in the 

dilute regime, leading to similar sizes, whereas Athabasca asphaltenes diffuse more slowly. As shown in the 

various figures, beyond a given concentration (0.25 or 0.5 wt %, depending upon the origin of the sample), 

there is a semi-dilute regime where more-attractive interactions are involved, leading to an increase in the 

friction of the solute and, as a result, to a decrease in the mobility of the molecules. There are attractive solute-

solute interactions, leading to an aggregation process. For the Buzurgan asphaltenes, both small and large 

aggregates were detected above 3% w/w, whereas the two aggregates were observed at 10% w/w for the Maya 

asphaltenes and at 15% w/w for the Athabasca sample. The presence of two different species—one diffusing 

quickly and one more slowly—suggests a separation of aggregates. At high concentrations, the self-affinity of 

heavy species increases, which causes an aggregation process. Indeed, the local asphaltenes concentration in 

the solution varies. The aggregation of asphaltene molecules leads to a local increase of asphaltene 

concentration, and, consequently, in the vicinity of these aggregates, less asphaltene entities are present and 

the remaining molecules show a higher mobility. Furthermore, the local concentration of toluene in the mixture 

varies: it decreases in the neighbourhood of aggregated asphaltene species while the concentration of solvent 

increases nearby nanoaggregates, leading to an increase of the diffusion properties of these nanoaggregates. 

Asphaltenes are known to exhibit a large polydispersity, in term of size and molecular weight. Finally, as 

highlighted by the authors, the experimental results suggest the plausibility to assume that asphaltene mixtures 

are a continuum of two different types of structure, namely archipelago- and continental. Indeed, according to 

them, the diffusion results seem to indicate that the interactions involved in the solutions are different, 

depending on the repartition between the archipelago-and continental-type asphaltenes in the medium. 

Furthermore, the authors have observed that due to the more favoured π-π interactions continental structures 

are more aggregated with a high tendency to precipitate in toluene. Experimental data have shown that the 

Buzurgan asphaltenes are more continental-like than the other crude oil asphaltenes. On the contrary Athabasca 

asphaltenes have shown a more archipelago-like character. An analogous work was done by da Silva Oliveira 

et al. [220]. The authors used the Nuclear Magnetic Resonance technique to study the relationship between the 

structural type (continental or archipelago) and aggregation properties of three different asphaltenes derived 

from three off-shore Brazilian crude oils. The solutions were prepared dissolving asphaltene samples in a 

solution of 50 mM of Cr(acac)3 in deuterated chloroform. From 1H and 13C NMR spectra, the authors deduced 

that two of the asphaltene samples (Asph_A and asph_C) have around 21% aromatic hydrogens while the 

sample Asph_B contains only 7%. According to the authors, this indicates that these asphaltenes have highly 

condensed aromatic molecules, which suggests a continental-type structure for this sample. Asphaltene 

concentration ranging from 0.01 to 10% in deuterated toluene were used to perform the self-diffusion 
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measurements of the asphaltene aggregates by Diffusion-Ordered NMR Spectroscopy (DOSY). From the 

DOSY, the authors observed that for asphaltenes asph_A and asph_C, the formation of macroaggregates occurs 

only from a concentration of 1%, whereas for asph_B macroaggregates formation starts at concentration of 

0.1%. According to them, this is due to the so-called 𝜋 − 𝜋 stacking interaction, which occurs when the 

structure of the asphaltene is more likely of continental type. For the archipelago model, this interaction is not 

favourable because of the number of side chains and the also smaller amount of fused aromatic rings. The main 

difference that can be highlighted comparing the works of da Silva Oliveira and that of Durand et al. is the 

detection by the first of an intermediary state between the nanoaggregate and macroaggregate states called 

microaggregate (see figure 36).  

 

 
 

Figure 36. Self-diffusion coefficients of the asphaltene aggregates at 8% mass in deuterated toluene. [220] 

 

According to the authors, this intermediary state may be composed of asphaltene molecules forming a middle 

structure between the higher (macroaggregate) and lower molecular size (nanoaggregate). 

Majumdar et al. [221] investigated the solid phase aggregate structure of asphaltenes isolated from a Kuwaiti 

crude oil (UG8) using various Solid-state 1H NMR spectroscopy techniques such as the dipolar filter and 1H 

Back-to-Back (BABA) recoupling Double Quantum correlation (DQ-MAS). These techniques allowed the 

authors to get numerous structural information about the asphaltene aggregation structure. For example, they 

were able to identify skewed π-stacking between the aromatic cores in asphaltenes nanoaggregates, as well as 

that the nanoaggregates form clusters both through alkyl-alkyl interactions and T-shaped interactions. 

Furthermore, the authors deduced that the asphaltene monomers participating in aggregate formation are 

generally larger than simple 3–4 ring polyaromatics (generally peri-condensed of seven or more rings) 

hydrocarbons. This peri-condensed structure results in the shielding of certain aromatic and aliphatic proton 

nuclei, lowering their chemical shifts compared to the expected ones. On the basis of the combined results 

from 𝑇2 relaxation results, the dipolar filter and DQ-MAS experiments, the authors proposed a solid-state 

aggregation model to describe petroleum asphaltenes as presented in figure 37 
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Figure 37. Possible modes of aggregation and molecular interactions among asphaltene monomers. (A) Alkyl-aromatic 

interactions in ‘bay’ or ‘fjord’ type regions, (B) possible interactions and shielding regions in a skewed π-stacking 

conformation of sp2-hybridized aromatic cores molecules, (C) shielding of alkyl groups through intercalation between 

aromatic sheets, (D) an asphaltene cluster, composed of nanoaggregates. The T-shaped interactions likely play only a 

small role and are shown for illustration. Also note that the skewed stacking conformation is one of the three possible 

motifs amenable to shielding of aromatic protons, the others being staggered and twisted hexagonal. Reproduced from 

[221]. Courtesy of Elsevier 

The peri-condensed structure proposed by Majumdar et al. was supported in another study by Wang et al. [222] 

who used the surface-assisted laser desorption ionization mass spectrometry (SALDI-MS) coupled with laser 

desorption laser ionization mass spectrometry (L2-MS) to investigate the asphaltene nanoaggregates from three 

different source materials, namely Coal, Petroleum and Immature Source-Rock. All three types of asphaltenes 

were found to form nanoaggregates with aggregation numbers close to 7. Furthermore, through Molecular 

Dynamics calculations, the authors have shown that π-stacking and alkane steric hindrance play an important 

role in nanoaggregate formation. For example, the authors observed that for Immature Source-Rock 

asphaltenes, due to their large alkane fraction, π-stacking is almost precluded. 

Morozov et al. [223] investigated the dynamics of asphaltene aggregates -isolated from Tatar Republic (Russia) 

heavy oil - dissolved in chloroform in a wide range of concentrations – 20 to 120 g/L - and at temperatures 

from 0 to 55 °C using the Pulsed-Field Gradient NMR technique (PFG-NMR) and a multiexponential function 

to fit the diffusion data. As the authors reported in the 20 g/L to 120 g/L concentration range, a three-parameter 

function well fit the data, meaning a three-component system: small molecules (asphaltene monomers and 

possible aggregates with the lowest aggregation numbers), nanoaggregates, and macroaggregates (clusters). 

Moreover, as expected, the diffusion coefficients of all components grow as the asphaltene concentration 

decreases, whereas the partial weight of the components attributed to the aggregated structures increases with 

the increase of the asphaltene concentration. However, as depicted in figure 38a, below 20 g/L concentration 

(semi-diluted regime) the authors were not able to properly assess components related to the different types of 

aggregates because both a two component and a three-component function showed a well fit behaviour. 
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Figure 38 Panel a): results of two- (black line) and three-component (colour line) fitting used for the simulation of signal 

decay for the samples with high and low concentrations of asphaltenes. Panel b): concentration dependencies of diffusion 

coefficients extracted from two- and three-component fitting of the decays of the signal. “Two-comp fit” denotes the 

second component of two component fitting; black vertical line divides the graph into 1.9−15 g/ L and 15−120 g/L regions 

just for clarity of visual representation. The first component with 𝐷 > 10−9 𝑚2/𝑠 attributed to the smallest species, i.e. 

small molecules (impurities), asphaltene molecules, and aggregates with the lowest aggregation numbers is not shown in 

the Figure. Reprinted from [223]. Courtesy of ACS 

Figure 38b shows two of the three component exponential analysis – in the concentration range from 20 g/L 

to 120 g/L - (the one with D > 10−9 m2/s is not shown (see the caption of figure 38)) characterized by the 

diffusion coefficients which differ by two times or more. The component with characteristic D ≈

 1.1 ×  10−10 ÷ 3.4 ×  10−10 m2/s can be attributed to the nanoaggregates. The slowest component with the 

characteristic D ≈  0.3 × 10−11 ÷ 1.1 × 10−10 m2/s is attributed to the macroaggregates (clusters). As it 

can be seen from the figure 38b at concentrations below 20 g/L the results of two and three-component fitting 

can no longer be discerned and apparent D values come out of their concentration trends (dotted colour lines). 

It happens solely due to a mathematical reason: when the third component of the decay is physically absent 

(i.e., its partial weight is close to zero), the algorithm of the multicomponent analysis provides virtual values 

for the respective component which have no physical meaning. Consequently, for this concentration range 

(<20 g/L) the two-component model provides more reliable data and the diffusion coefficients continue 

following the designated trend. The authors also investigated the effect of the temperature on the asphaltene 

solutions at various concentration: one in the semi-dilute regime (7g/L), one slightly above the “critical” 

concentration (24 g/L) and two at higher concentrations (40 g/L and 120 g/L). According to them, the analysis 

of the echoes decay of samples at 120 g/L is well fitted by a three-component function in the whole range of 

the temperature investigated (0-55 °C). On the contrary, while the solutions in the dilute regime at ambient 

temperature did show no differences between two and three-component fitting, as it can be seen from figure 

39d differences emerges as the temperature is decreased below the 25 °C. Figure 39a clearly shows that for 

the 120 g/L solution aside from temperature value three - the first component related to the smallest diffusing 

species is not shown - separate components with particular diffusion coefficients were clearly resolved. 

Moreover, the D value for every component increases with the temperature increase, and the data can be 

approximated with the straight line in the Arrhenius coordinates. 

A different behaviour is observed in the semi-diluted regime, as reported in figure 39c. At low temperatures 

(0 °C to about 25 °C) the diffusion coefficient distributions can be resolved, namely the components associated 
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with nano- and macroaggregates behave separately. Upon achieving the 25 °C room temperature, the 

macroaggregates component can no longer be properly distinguished. Indeed, as one can see from figure 39c, 

above 25 °C the D values of the macroaggregates become physically meaningless being the product of the 

mathematical fitting procedure: they appear scattered out of any physical trend. 

In turn, the nanoaggregates component drops down and continues the dominant trend which came from the 

macroaggregates component at lower temperatures. Within the temperature range 25−55 °C, both second 

components coming from two- and three-component fittings are close to each other and behave similarly. 

 

 
Figure 39. Panel a) and c) : Temperature dependencies of diffusion coefficients extracted from two- and three-component 

fitting of the echoes decays for 120 g/ L (a) and 7 g/L (c) samples within the temperature range of 0 – 55°C. Panel b) and 

d): results of two- (black line) and three-component (blue line) fitting used for the simulation of signal decay for the 120 

g/L solution (b) and for 7 g/L solution (d) at 0 °C and 55 °C Reprinted from [223(ok)] (Courtesy of ACS) 

The analysis of the data for the 40 g/L sample revealed a similar behaviour as compared to the samples with 

higher concentrations (120 g/L). In the case of the 24 g/L sample the diffusion coefficients behave somehow 

in between: the macroaggregates component behaves like that in Figure 39a whereas the nanoaggregates 

component is very scattered, dropping down like in Figure 39b upon achieving the room temperature. 

Similarly, Kawashima et al. [224] investigated the effects of asphaltene concentration on their aggregate size 

to elucidate the mechanisms leading to the asphaltene aggregation. The author used asphaltenes isolated from 

Khafji, Iranian Light, and Maya crude oils vacuum residue (VR) to prepare deuterated chloroform solutions at 

different concentrations (0.1 g/L to 30 g/L). Diffusion coefficients (D) were determined using Pulsed-Field 

Gradient Spin-Echo 1H NMR. According to the authors, the concentration dependency of the D values supports 

the widely accepted stepwise aggregation mechanism (i.e., monomer < small aggregates < medium-size 

aggregates < large aggregates (precipitate)). Moreover, in the 0.1 - 1 g/L concentration range, the D values 

corresponding to the range of small to medium aggregates were observed, and at higher concentrations (10 

and 30 g/L), only medium aggregates were detected. Östlund et al [225] used PFG-SE NMR to study the self-

https://www.sciencedirect.com/topics/chemistry/self-diffusion
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diffusion of asphaltenes in deuterated toluene in a concentration range from 0.044 % w/w to 5 % w/w. The 

authors have shown that - in the above concentration range - the self-diffusion coefficients D of asphaltenes 

can be well described by a log–normal distribution function with a width 𝜎 around 0.65 and independent of 

the asphaltene concentration in the interval studied. The latter was interpreted by the authors as an evidence of 

the fact that there is a small self-aggregation between molecules in the concentration range studied. Therefore, 

they attributed the strong dependence of the diffusion coefficients to the solution concentration - as depicted 

in figure 40 - to the obstruction effects  

 

 
Figure 40. Median diffusion coefficient 𝐷𝑚 as a function of asphaltene concentration in toluene. The error bars are well 

represented by the size of the squares except at low concentrations where the signal to noise ratio is low. Also included 

in the graph are the theoretical curves displaying the obstruction effects for monodisperse spheres (dashed line) and discs 

with an axial ratio of 20 (full line). Reprinted from [225] (Courtesy of Elsevier) 

The authors tried to explain the trend of 𝐷𝑚 vs concentration by using a monodisperse model for asphaltene 

molecules, and tailoring their shape using the oblate disc geometry with an axial ratio of 20, which is in good 

agreement with that observed in SANS/SAXS experiments. As a comparison term in figure 40, the 

monodisperse spherical model is also shown. However, as the authors themselves highlighted, it can be seen 

that the correlation between experiments and theory is not perfect. According to the authors, this discrepancy 

is due to the fact that there is a large size distribution of asphaltenes, so the monodisperse model is not so 

appropriate to describe this type of systems. However, as they highlighted the extension of the theory to include 

polydisperse particles appears to be nontrivial as reported in [226]. 

Gabrienko et al. [227] used Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) 

spectroscopic imaging approach and the Magnetic Resonance Imaging (MRI) to study - for three crude oil 

samples – the in situ asphaltene aggregation process induced by n-heptane titration. ATR-FTIR spectroscopic 

images shown in figure 41 were created using an integrated absorbance of the band at 1650−1550 cm−1, which 

corresponds to the stretching vibration of aromatic C=C bond. Thus, these images represent the spatial 

distribution of aromatic hydrocarbons (simple and complex).  

 

https://www.sciencedirect.com/topics/chemistry/self-diffusion
https://www.sciencedirect.com/topics/engineering/asphaltenes
https://www.sciencedirect.com/topics/chemistry/toluene
https://www.sciencedirect.com/topics/engineering/lognormal-distribution
https://www.sciencedirect.com/science/article/pii/S0016236101000308#BIB15
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Figure 41. In situ macro-ATR-FTIR spectroscopic images of the crude oils: 1. sample 1, 2. Sample 2, 3 sample 3. The 

first row of images represents crude oil immediately after heptane addition, while The columns show the dynamics of 

asphaltene precipitation at different crude oil/heptane volume ratios (indicated above the columns) and heptane system. 

The imaging area is ca. 610 μm × 530 μm. Reprinted from [227] (Courtesy of ACS) 

As it can be seen from column a) of figure 41, if the amount of precipitant is not sufficient to induce asphaltene 

precipitation, no colour change can be observed after the n-heptane addition. This is better shown in picture 

3a. where the intense blue colour indicates the very low asphaltene concentration, while in figure 1a the green 

colour means that a small quantity of asphaltene has been precipitated after n-heptane addition. This led to the 

conclusion that crude oil sample 3 has a higher stability than the sample 1. On the other hand, if the heptane 

volume added to crude oil is high enough to destabilize asphaltene molecules the red/yellow isolated spots - 

which correspond to a relatively high concentration of complex aromatic hydrocarbons, indicating the 

formation of precipitate particles in particular regions of the measured sample area - followed by bigger 

patterns appear in the images (columns b-d). Furthermore, the authors selected ATR-FTIR spectra from the 

ATR-FTIR spectroscopic imaging in order to study the chemistry of the in situ precipitated asphaltenes. 

Spectra analysis revealed that mixture of various asphaltenes are precipitated by the n-heptane addition with 

the prevalence of some particular components or functional groups in function of the precipitant amount. For 

example, the presence of the oxygen-containing species was observed as major heteroatomic constituents in 

asphaltene molecules precipitated at ratios 1:0.6, 1:2, and 1:3 (and 1:6) for samples 1, 2, and 3, respectively. 

The precipitation of asphaltenes containing mostly nitrogen heteroatoms has occurred when samples 1, 2, and 

3 are diluted with heptane at ratios of 1:1.5 (and 1:3), 1:4, and 1:9, respectively. Moreover, it has been shown 

that nitrogen atoms are in the form of pyrrole and pyridine groups. It has been shown that the less stable 

asphaltenes are that containing oxygen and nitrogen heteroatomic functional groups. NMR imaging was used 

by the authors to study the behaviour of bulk phases formed by aggregated asphaltenes, because ATR-FTIR 

spectroscopic imaging tests a relatively thin layer (1−5 μm) near the bottom of the sample. Figure 42 shows 

NMR imaging pictures describing three different cases investigated, namely excess of n-heptane (panel 1 of 

figure 42) medium n-heptane amount (panel 2 of figure 42) and low amount of n-heptane (panel 3 of figure 

42). 
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Figure 42 Panel 1.: crude oil/n-heptane (volume ratio 1:5). T2 maps of vertical central slices taken during system time evolution. (a) 

(b), and (c) stand for sample 1, 2 and respectively. The red (orange) domains represent oil/n-heptane blend whereas asphaltenes 

suspension is represented by yellow and green, slowly transient into blue during the compaction and formation of deposit. Panel 2: T2-

weighted images of vertical central slices taken during crude oil/n-heptane system evolution: (a) sample 1 (ratio 1:2), (b) sample 2 

(ratio 1:1.2), and (c) sample 3 (ratio 1:1). The red domains represent oil/n-heptane blend (top part of the system); yellow and green 

indicate slow accumulation of settling of asphaltene agglomerates. Blue colour represents the evolution of sediment resulting in deposit 

formation. Panel 3: crude oil/n-heptane (volume ratio 1:0.5). T2-weighted images of vertical central slices taken during system 

evolution. (a), (b) and (c) stand for sample 1, 2 and 3 respectively. The in-time constant red colour and the same T2 profiles during 

experiment demonstrate the stability of the system composition. Reprinted from [227] (courtesy of ACS) 

 

As it can be seen from panel 1 of figure 42 the addition of an excess of n-heptane to the systems induces – 

almost immediately - the formation of two bulk phases (stratification), having remarkably different T2 

spin−spin relaxation times. The upper phase is characterized by a relatively and uniform distribution of long 

T2 relaxation time. According to the authors, this phase is homogeneous and consists of crude oil components 

dissolved in heptane. The lower phase is characterized by possessing shorter T2 relaxation time with slightly 

nonuniform initial distribution. The inhomogeneities of this phase represents the aggregates of asphaltenes that 

form suspension. Panel 2 of figure 42 shows a different behaviour of the system as the n-heptane concentration 

is lowered. Indeed, as it can be seen from the NMR images, the T2 relaxation time within the sample and the 

T2 changes near bottom region - where spin−spin relaxation time becomes shorter compared with other parts 

of the system – indicates that there is a slow formation of a new phase with a diffuse interface near the bottom 

of a sample. Contrary to the previous case, the formation of the interface in the top part of the samples was not 

observed. Additionally, the thickness of the deposit in the near bottom region first increases (interface moves 

upward), but further evolution results in a thickness decrease. During this process, the T2 relaxation time 

uniformly reduces within the bulk of the deposit (T2-profiles are presented in Figure 43). 
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Figure 43 T2 profiles for crude oil/heptane system evolution: panel a) sample 1 (ratio 1:2), panel b) sample 2 (ratio 1:1.2), panel c) 

sample 3 (ratio 1:1). Reprinted from [227] (courtesy of ACS) 

T2 relaxation time for the upper part shifts to slightly higher values indicating changes of composition or/and 

structure of the crude oil within this part. Finally, at a very low n-heptane concentration, (panel c of figure 38) 

no phase separation is observed. Moreover, the corresponding T2 profiles confirm constant and uniform 

distribution of relaxation times over the sample during the week-long period of experiment. Worthy of notice 

is the apparent discrepancy about the onset precipitation by n-heptane adding. As reported by the authors, it 

seems that this differs for the same crude oil sample depending on the method used. For example, the onset of 

asphaltene precipitation observed with ATR-FTIR spectroscopic imaging is: 1:0.6, 1:2 and 1:3 for sample 1, 

2 and 3 respectively. On the contrary, the MRI revealed ratios of: 1:1.5, 1:1.2, 1:1 for sample 1, 2 and 3 

respectively. According to the authors, these apparent discrepancies are due to differences in the two 

experimental methods and conditions used. Indeed, MRI studies the bulk of the sample, while ATR-FTIR 

spectroscopic imaging focuses only on a thin layer (few micrometres) in the vicinity of the measured surface 
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of the ATR crystal, namely at the bottom of a miniature container of crude oil. Therefore, it is expected that 

crude oil or precipitate properties, such as viscosity, rheology, size of agglomerates, density, etc., can influence 

the ability of spectroscopic methods to detect precipitation at the bottom of the container. Moreover, the MRI 

method has lower spatial resolution compared to ATR-FTIR chemical imaging, therefore the size of aggregated 

particles has to be large enough to be detected (basically a separate phase of precipitate should be formed). 

 

1.6 Rheology 

 

Nowadays, from a rheological point of view the bitumen can be separated mainly into three regions: the 

Newtonian at high temperatures, the viscoelastic at intermediate temperatures, and the glassy state at 

lower temperatures. These corresponds to two distinct relaxation mechanisms, each associated to one phase of 

the colloid system. [55,228] A transition - above room temperature - from Newtonian behaviour to viscoelastic 

behaviour (α-relaxation), attributed to the solid phase of the bitumen and a glass transition - in the low 

temperature region - from viscoelastic to glassy elastic behaviour (β-relaxation). This transition as it can be 

seen from figure 43 is due to the liquid phase (maltenes) of the bitumen. 

 

 
Figure 43. DSC thermograms of a bitumen and its SARA fractions. Reprinted from [229] (Courtesy of Taylor and 

Francis) 

 

On the contrary, as reported by Williams et al. [230] for simple and homogeneous glass forming liquids, 

viscoelastic behaviour is found in the glass transition region when the glassy material becomes a Newtonian 

liquid. This results in a single relaxation phenomenon. 

As said above at temperatures higher than 60 °C, bitumen is expected to show a Newtonian fluid behaviour, 

i.e. the zero-shear viscosity and its temperature dependency fully describe the rheological properties of asphalt 

in this region. Storm and co-workers [231] explain the temperature dependence of bitumen zero-shear viscosity 

on the basis of their experimental results from 40 to 300 °C by proposing a modified Roscoe–Brinkman 

equation [232]: 

 

                                                                           𝜂0 = 𝜂0,𝑚 (1 −
𝐾𝜒𝑎𝑠𝑝ℎ

𝜙𝑚
)

−2.5

                                                             (11) 
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Where 𝜂0,𝑚 is the zero-shear viscosity of maltene phase, K is the solvation parameter while 𝜒𝑎𝑠𝑝ℎ is the 

asphaltene mass fraction. The term 
𝐾𝜒𝑎𝑠𝑝ℎ

𝜙𝑚
 describes the thickness of the solvation shell around the dispersed 

asphaltene particles, i.e it represents the volume increase due to the solvation shell, and also takes into account 

compacity effect through the 𝜙𝑚 parameter. It must be pointed out that 𝜙𝑚 is highly sensitive to polydispersity, 

making its theoretical predictions difficult [233-235] 

Equation (11) quantifies the viscosity building role of asphaltenes as well as a concentration-viscosity 

relationship with a limiting compacity 𝜙𝑚. The Roscoe–Brinkman law was shown to well apply to different 

tested bitumens (see figure 44). 

 

 

 
Figure 44. The Roscoe law fitting for various bitumens. Reprinted from [25] (courtesy of Elsevier) 

 

As it can be easily seen equation (11) is not linear in 𝐾𝜒𝑎𝑠𝑝ℎ. This means that hydrodynamic interactions exist 

between asphaltene particles, i.e., the viscosity ‘‘seen’’ by each asphaltene particle is that of the whole 

suspension (resembling a Mean-Field theory). Moreover, as pointed out by various researchers [233-235] 

linearity would indicate a dilute regime where each particle behaves as if no other particle was present. This 

dilute regime is known to be effective for volume fractions of dispersed particles lower than 10%. 

From equation (11), it can be seen that the molecular weight of the components does not appear. This means 

that no direct proportionality between viscosity and molar mass - such as that found in the polymer literature 

[51] - apply to bitumen. However, it does not mean that molar mass has no effect on the viscosity. It affects 

the whole viscosity through its effect on the maltenes viscosity. Then, the shape and chemical nature of the 

molecules would also be important parameters and makes it therefore very unlikely that a unique molecular 

indicator such as an average molecular weight, would be sufficient to explain the variability of maltene 

viscosity among existing bitumens. The main parameters controlling bitumen viscosity are therefore its 

asphaltenes content, its solvation constant and the maltenes viscosity.  

Lowering the temperature, viscoelastic (α-relaxation) and elastic glassy behaviour (β-relaxation) effects 

appear. Several models were proposed to describe the α- and β-relaxation. The more useful for a close analysis 

are those by Verney et al. [236] and Lesueur et al. [54] for α-relaxation model, and that of Christensen and 

Anderson [237] for the β one. These models allow the extraction of the relevant parameters describing the 

transition, i.e., the Newtonian viscosity and a mean relaxation time 𝜏. The relaxation times 𝜏𝛼 and 𝜏𝛽 are related 
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to the viscosity of the material 𝜂0, to the asphaltenes micelle size 𝑎0
3 - as measured by SAXS – and to glassy 

modulus 𝐺𝑔 by [54,228] the following equations: 

 

                                                                             𝜏𝛼 =
𝜂0

𝜎𝛼
=

6𝜋𝜂0𝑎0
3

𝑘𝑇
  ( 𝜎𝛼 =

𝑘𝑇

6𝜋𝑎0
3)                                                 (12) 

                                                                                            𝜏𝛽 =
𝜂0

𝐺𝑔
                                                                                  (13) 

 

Where k is the Boltzmann constant T the temperature and 𝜎𝛼 is the critical stress. 

Equations (12) and (13) can be combined in the following one: 

 

                                                                                   𝜏𝛼 =
6𝜋𝐺𝑔𝑎0

3

𝑘𝑇
𝜏𝛽                                                                            (14) 

 

From this, and using the typical values of the involved parameters, one shows that the α-relaxation time is 

about 6 decades higher than the β-relaxation time, explaining the presence of very long relaxation times above 

the glass transition in bitumen rheology.  

The existence of very large relaxation times remained unclear until the last decade. In the light of the colloidal 

model, long relaxation times occur as a consequence of the presence of asphaltene nanoparticles with a 

dynamic behaviour coupled to the vitrification of the maltenes through equation (12). 

To conclude it can be said that: 1) the bitumen α-relaxation at which viscoelastic effects start to appear is 

associated to the Brownian motion of the asphaltenes micelles and the relaxation time is proportional to the 

bitumen viscosity and the cube of the asphaltenes micelle size. The maltene phase is however also directly 

involved in the phenomenon through the bitumen viscosity and there is therefore a strong coupling between 

the two phases; 2) the β-relaxation, transition from the viscoelastic to the elastic regime, is a consequence of 

the vitrification of the maltene phase and the higher the glass transition temperature, the higher the modulus 

(higher 𝜏𝛽). The asphaltenes still have an influence on the relaxation function, and the higher the asphaltenes 

content, the smaller the relaxation rate. Thus, just like for the α-relaxation, there is again a coupling between 

asphaltenes and maltenes at low temperature as well. 

 

1.7. Molecular simulations of asphaltene behaviour and interaction between asphaltenes and resins 

Studies [41,238,239] have shown that the resin fraction of crude oil stabilizes the asphaltenes. Once the resins 

are removed, the remaining parts of the crude oil can no longer stabilize the asphaltenes and this leads to 

aggregate formation- a phenomenon that is responsible for a significant amount of the problems encountered 

by industries in fractional distillation of crude oil. Resins affect the behaviour of asphaltenes by helping them 

stay in solution. This characteristic is called the ‘peptizing power’ of resins. The origin of this peptizing power 

is still unknown just like the exact nature of asphaltene-resin interactions are still not totally understood [176, 

240]. 

As stated earlier, crude oil can be separated into 4 fractions: Saturates, aromatics, resins and asphaltenes 

(SARA). This is shown in Figure 45. It is believed that the thermodynamic stability of crude oil largely depends 
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on the presence and distribution of resins in the crude oil. Studies [145,241-243] have shown that if both 

asphaltenes and resins are present, resin-asphaltene interactions are preferred over asphaltene-asphaltene 

interactions and that resins are able to penetrate the structure of solid asphaltenes and break the asphaltene-

asphaltene interactions thus facilitating resin-asphaltene interactions. The interplay between asphaltene and 

resin molecules in the formation of petroleum micelles has been a highly debateable topic in recent years and 

molecular simulation techniques have been employed by several researchers in order to characterize the 

interaction between these two groups of molecules using algorithmic tools in a virtual context. The results of 

molecular modelling of asphaltene-resin complexes can also provide reasonable answers about the 

homogenous and heterogenous nature of micelles; a topic which has confronted researchers for decades. 

Molecular simulations also describe π stacking interactions and also the importance of dispersion energy in 

stabilizing stacked asphaltene dimers. Molecular modelling and molecular dynamics are approaches which 

effectively characterize several parameters of molecules in general- a huge number of those molecules being 

biological macromolecules. 

 

 
Figure 45. Snapshots of asphalt molecular models by MD for the arrangement of SARA fractions. Image A was the 

whole arrangement of four fractions, while images B and C were the large asphaltene molecular bending. Image B showed 

the resin molecules inserted into the spaces of bending asphaltenes, and image C also offered the arrangement of resins, 

aromatics, and saturates [244] (Courtesy of ACS) 

 

Molecular modelling is of paramount importance to characterize structures of molecules of interest. In the case 

of asphaltenes and resins, molecular modelling is done using two types of software; Structure elucidation 

programs such as XMOL and SIGNATURE and Molecular simulation programs such as INSIGHT 2 and 

DISCOVER, MAPS and GROMACS. Structure elucidation programs elaborate the structures of molecular 

models of interest indicating the positions of atoms and other moieties of the molecule while molecular 

simulation programs simulate the interactions between molecular models of interest clearly presenting values 

such as bond length, torsion, bond angle, bond distance and binding energy values. However, before molecular 

modelling can be done, analytical base data is gathered by atomic analysis and molecular weight measurements 

in conjuction with molecular analyses of molecules of interest. Molecular mechanics and molecular dynamics 

are simulation techniques which are both contributively essential to simulating the interactions between these 

molecules of interest. Molecular mechanics involves the simulation of of atoms and molecules using specific 

designated force fields and assuming the energies of the molecules are static. This is done by energy 

minimization of the system which takes the molecules to a relaxed state of the lowest possible energy 
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conformation. Molecular dynamics on the other hand is the simulation of the motions, trajectories and 

interactions of molecules within a specific timeframe without depending on force field parameters. 

Due to the difficulties involved in characterizing asphaltenes experimentally, computerized molecular 

simulations offer an effective and powerful tool in characterizing their behaviour. Studies [245] using all atom 

(AA) molecular dynamics simulations have characterized the nanoaggregation of asphaltenes under various 

thermodynamic conditions and in various solvents. All Atom (AA) molecular dynamics simulations are 

atomically detailed and thus are computationally expensive in the sense that they are time consuming and they 

limit the size and scope of studies to be carried out. Due to the computational expense of AA models, interest 

in Coarse-Grain (CG) models has risen in recent studies. This model represents systems in reduced detail, 

simulates longer timescales and larger systems while also generating improved statistics for simulations which 

have a diverse range of applications on molecules of interest [245]. This study used CG models to simulate 

and study asphaltene behaviour, some aspects of which are asphaltene phase behaviour and self-assembly 

processes. The results of their simulations indicated that island-type asphaltenes form nanoaggregates with 

stacked aromatic cores under conditions that promote aromatic attraction. Interestingly, the threshold for 

nanoaggregation appears insensitive to the length of the aliphatic tails that surround the aromatic core. This 

gives further credence to the results of Bhattacharjee et al [246]. Conversely, archipelago asphaltenes do not 

form prototypical nanoaggregates under any simulated conditions, although they do form large aggregates 

under conditions that promote strong attraction between either aromatic or aliphatic sites. These results 

generally agree with the expectations of the Yen-Mullins model [245]. 

Frigerio and Molinari [247] carried out a simulation of model asphaltenes using the MAPS molecular 

modelling platform in order to investigate the structure of asphaltene nanoaggregates and the driving force 

behind their clustering in different solvents. Figure 46 shows the molecular structures of 2 of the asphaltene 

models used in their study. 
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Figure 46. Molecular Structures built for some asphaltene models [247] (courtesy of Elsevier) 

 

Molecular weights of all asphaltene structures are usually produced by the molecular modelling software as 

these values are important in molecular simulation of molecules in order to be able to effectively characterize 

their behaviour during and even after simulation. Probability distribution function (pdf) curves of 

intermolecular distance are also usually plotted in order to simulate and characterize the formation of 

asphaltene clusters obtained in nanoaggregation simulations. C/C distances (all C atoms of the aromatic ring) 

are suitable for this purpose since their number is large and they are located in the extended planar core of the 

asphaltenes. These curves are calculated along the Molecular Dynamics (MD) trajectory and generate peaks 

corresponding to the formation of nanoaggregates derived from trimers, tetramers and so on. This is an 

effective way to characterize asphaltene nanoaggregation. Figure 47 shows a pdf plot while Figure 48 shows 

an asphaltene cluster modelled by the molecular simulation of asphaltenes carried out by Frigerio and Molinari 

[247] 
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Figure 47. pdf plot of model asphaltenes generated along the MD trajectory of molecular simulation [247] (courtesy of 

Elsevier) 

 

 
Figure 48. Asphaltene cluster obtained during molecular modelling [247] (courtesy of Elsevier) 

 

 
Similar nanoaggregate clustering was also reported in literature [248,249] and this gives further credence to 

the data reported by Frigerio and Molinari [247]. Several research groups [246,250-261] have also synthesized 

several families of asphaltene model molecules that mimic the properties of asphaltenes. Some of these 

properties include solubility, interfacial properties, surface forces and molecular dynamics simulations. Figure 

49 shows the snapshots obtained from molecular dynamics simulations of molecules of families of asphaltene 

which mimic asphaltenic properties. 
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Figure 49. Snapshots of molecular configurations of polyaromatic surfactant molecules in toluene after 20 ns simulation 

time [246] (courtesy of ACS) 

 

Bhattacharjee et al [246] studied the effect of asphaltene side-chains on the self-association properties of 

molecules similar to Violanthrone VO-79 in water. This is shown in figure 50. They found that the relationship 

between side-chain length and extent of aggregation is not monotonic. Their results showed that the model 

molecules wth very short (C4) or very long (C16) side chains can form dense aggregates while those with 

intermediate chain lengths (C8 and C12) cannot. This is due to the balance between interactions of polyaromatic 

cores (π – π) on one hand and between a polyaromatic core and an aliphatic chain (π – ϴ) or between aliphatic 

chains (ϴ - ϴ). 
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Figure 50. Snapshots of 24 asphaltene model molecules in water. The molecules in each system are represented by 

different colours. Water molecules have been removed for clarity [255] (courtesy of ACS) 

 

H bonding and charge transfer have been initailly cited as the factors responsible for interactions between 

asphaltenes and resins [21]. Murgich et al however showed that the overall electronic structure of the 

asphaltene molecule is mainly determined by its much larger hydrocarbon skeleton. They therefore stated that 

the number of heteroatoms present in asphaltenes and resins (which is less than 5%) suggest that the 

hydrocarbons are not likely to have a high degree of charge transfer when forming a molecular aggregate. 

Some molecular simulation studies [262,263] have shown that the minimum energy molecular conformations 

of asphaltenes and resins prove that these molecules have almost planar aromatic regions. Asphaltenes and 

resins form parallel stacks in the solid state to maximize the C-C interactions between them and the presence 

of alkyl and cycloalkyl groups in asphaltene and resin molecules contribute to their molecular recognition 

mechanism. Cyclic alkyls and the aromatic planes of asphaltene dimers have also been shown to generate 

around 70% of the total attractive energy of the molecules. The large influence of these carbon atoms on the 

attraction energy is as a result of the strong ring-ring interactions which exist between aromatic molecules 

[263]. It is safe to say that the driving force behind the interaction in micelle formation of model asphaltene-

resin dimers with aromatic regions is the attraction between the aromatic planes. In the case of an asphaltene-

resin trimer or tetramer, the resulting aggregate possesses extra alkyl branches which produce a steric repulsion 
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which in conjunction with van der Waal forces prevent any further aggregation and thus stops the growth of 

the micelle [264,265]. The balance between these attractive and repulsive interactions is very likely to be the 

underlying factor behind the complex colloidal behaviour exhibited by asphaltenes in crude oil.  

Using the simple molecular model described above, Rogel [266] developed an analytical expression for the 

free energy of aggregation of asphaltenes. This analytical expression incorporates 5 contributions due to: (i) 

transfer of polyaromatic rings from the solvent into the aromatic core (ii) mixing of the aliphatic chain with 

the solvent (iii) deformation of the aliphatic chains (iv) steric repulsion produced by the aliphatic chains (v) 

interactions between the aggregate core and the solvent. The analytical expression is: 

 

                                                             ∆𝐺𝑚𝑖𝑐
0 (𝑁, 𝑆ℎ)  =  

(𝜇𝑁
0  −  𝑁𝜇1

0)

𝑁
                                                      (15) 

 

Where 𝜇1
0

 is the standard chemical potential of an asphaltene molecule free in the solvent, 𝜇𝑁
0

 is the standard 

chemical potential of an asphaltene aggregate containing N asphaltene molecules and ∆𝐺𝑚𝑖𝑐
0 (𝑁, 𝑆ℎ) is the 

free energy difference. The main goal of any molecular aggregation model is to evaluate this free energy 

difference. 

There is no doubt about the important role played by resins in asphaltene behaviour and stabilization but there 

are still many questions that baffle researchers about this phenomenon. Molecular simulations, adsorption 

studies and thermodynamic approaches suggested that either the formation of a steric stabilization layer of 

resins prevents the flocculation of asphaltene particles or the resins split the asphaltene aggregates into smaller 

structures to stabilize them [176,240,266]. To explore the mechanism of asphaltene stabilization by resins, 

Rogel developed a thermodynamic approach to describe the formation of asphaltene-resin aggregates. This 

work proposed another analytical expression but this time for the free energy of mixed asphaltene-resin 

aggregates. The development of this expression is based on (i) the transfer of aromatic moieties of resins and 

asphaltenes from the solvent to the aromatic core (ii)the contribution of the formation of aggregate solvent 

interface (iii) steric repulsions among the aliphatic chains at the interface between the aromatic core and the 

shell. The expression goes thus: 

 

                                                𝛥𝐺𝑎𝑔𝑔(𝑁, 𝛼) =  
µ𝑁,𝛼

0   −  𝑁𝛼 µ
𝐴
0  −  𝑁(1 − 𝛼)µ

𝑅
0  

𝑁
                                       (16) 

 

Where µ𝑁,𝛼
0  is the standard chemical potential of a mixed aggregate having N molecules and a composition of 

α while µ𝐴
0   and µ𝑅

0  represent the standard chemical potentials of free asphaltene and resin molecules in the 

solvent. Using this expression, a computational approach was carried out and a new relation for the calculation 

of aggregate size and composition distribution was developed: 

 

                                                     𝑋(𝑁, 𝛼) =  𝑋𝐴1

𝛼𝑁 𝑋𝑅1

(1−𝛼)𝑁𝑒𝑁𝛥𝐺𝑎𝑔𝑔(𝑁,𝛼)                                                    (17) 
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Where 𝑋𝐴1  and 𝑋𝑅1  are the mole fractions of the singly dispersed asphaltene and resin molecules respectively. 

In another thermodynamics study, Morgado et al [267] calculated the binding energies of dimer molecules of 

asphaltenes and resins on the basis of quantum calculations using [268] a density functional theory. The 

binding energy for the asphaltene-asphaltene dimer was calculated to be 56.5 kJ/mol while that of the 

asphaltene-resin dimer was 54.4 kJ/mol and that of the resin-resin dimer was calculated to be 23.8 kJ/mol. 

Morgado et al observed that the binding energies of the asphaltene-asphaltene dimer and asphlatene-resin 

dimer are very similar. They also observed that due to the significantly lower binding energy of the resin-resin 

dimer, the resin molecules interact preferentially with the asphaltene molecules rather than with themselves. 

All these phenomena just go to prove the stabilizing effect resins have on asphaltenes. 

 

 

1.8 Asphaltene-Resin Interaction 

 

One of the key points of the modified Yen model is that it predicts the formation of asphaltene nanoaggregates 

and nanoaggregate clusters without invoking any resin interaction. Thus, the classic view of the “surfactant 

resin” for asphaltene nanoaggregates is incompatible with the modified Yen model. When asphaltene science 

was in its infancy, many researchers have argued that are colloidally suspended in crude oil [47,269], a 

statement that nowadays has proven to be correct. However, it was also stated without demonstration that 

asphaltene colloidal particles are stabilized by resin molecules that acts as surfactant for asphaltenes in crude 

oils. The surfactant role of resins was proposed in similarity with the oil in water emulsion stabilized by 

charged surfactants whose charged colloidal particles repels each other precluding coalescence. However, the 

possible role of resin’s electric charge was left unaddressed. As indicated by Zeng et al. [270] “any stabilizing 

role of resins is unlikely to involve charge because they exhibit less charge than asphaltene”. Moreover, as 

described in the previous sections different techniques have shown that asphaltene stably suspended in toluene 

without resins. In addition, the asphaltene nanoaggregates found in crude oil appear similar to those in toluene 

[271]. However, this not means that there is no interaction between asphaltene and resins. Ultrafiltration studies 

of very asphaltic systems initially found little evidence of asphaltene-resin interaction [272]. A comprehensive 

interpretation of all data from the ultrafiltration experiments on very asphaltic systems indicated that the extent 

of resin interaction with asphaltenes varies with conditions and is on the order of 15% by mass [273]. 

Microcalorimetry results indicate there is an asphaltene resin interaction and that the strength of interaction is 

2-4 kJ/mol and comparable to the asphaltene-asphaltene interaction. [274,275] Other studies have also seen 

effects from resins on asphaltene aggregation. SANS measurements indicate that asphaltene aggregate sizes 

decrease in the presence of resins. [153] These data are also consistent with the finding that the more soluble 

asphaltene fractions are characterized by smaller sized aggregates. [276] The addition of resins to asphaltenes 

in toluene reduced the interfacial activity of the corresponding solutions. [153] The resins might act to bind 

high-energy sites that would otherwise be more available to be active at oil-water interfaces. [153] Other 

measurements also indicate that there are asphaltene-resin interactions, such as the measurement of vapor 

pressure osmometry. [42] Asphaltenes absorb differently onto quartz crystal microbalances dependent upon 
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whether resins are present. [277] There is evidently asphaltene-resin interactions. Nevertheless, the interaction 

is not properly framed within a micelle model. 
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Chapter 2 

2. Recycled materials and by-products as an alternative to non-renewable resources 

Every year, the European Union (EU) produces around 15 million tons of bitumen [1]. Most of this is mixed 

with aggregates to create asphalt concrete for roads paving. Approximately, 90% of all paved roads are 

surfaced with bituminous materials. Annually, the EU produces more than 200 million tons of bituminous 

materials for maintenance operations of the existing asphalt pavements and for paving new transportation 

infrastructures [2]. However, the bitumen used as well as the virgin aggregates are not renewable resources. 

This led the researchers to look for alternative binders (or eco-binders) to reduce the consumption of petroleum 

bitumen and for recycled aggregates to substitute the virgin ones in the asphalt mixture skeleton. On one hand, 

the employment of recycled aggregates is becoming a consolidated practice in the production of asphalt 

concretes especially in terms of RAP material as previously mentioned, and the use of recycled asphalt mixture 

with high or very high content of RAP is becoming feasible [3,4]. On the other hand, the partial substitution 

of neat bitumen with recycled materials and/or by-products is still a challenge. The possible substitutes of neat 

bitumen can either come from recycled materials of non-renewable resources such as REOBs or come from 

renewable resources as wood or vegetable waste oils for instance. The bituminous binders that partially 

consists of the latter products are referred as bio-binders [5,6], which is an eco-friendly alternative for bitumen 

obtained from non-petroleum-based renewable resources. The chemical composition of the majority of these 

alternative binders are similar to those of a traditional bitumen, which includes resins, saturates, aromatics and 

asphaltenes [7]. Regardless of the origin of the bitumen substitutes, i.e. renewable and non-renewable 

resources, the waste and/or recycled products can partially replace neat bitumen. In general, the substitutes can 

be introduced in neat bitumen in four different ways based on the type and quantity of waste materials and/or 

by-products are used, and they are referred as [8]: 

 

i. Bitumen modifier (<10%wt.); 

ii. Bitumen fluxes (7-15%wt.); 

iii. Bitumen extender (25-75%wt.); 

iv. Alternative binders (>75%wt.). 

 

So far, the bitumen modifiers, fluxes and extenders are the most used solutions to add waste materials and/or 

by-products in the bituminous binders for the production of asphalt mixtures. Nonetheless, the use of 

alternative binders to partially and/or completely replace the bitumen in the new asphalt formulations is the 

final goal of the research nowadays inspired by the circular economy concept. Up to date, different alternative 

binders have been studied, including engine oil residue, soybean oil, palm oil, fossil fuel, swine waste, and 

materials from pyrolysis [9]. Different vegetable oils have been investigated in recent times to determine their 

physical and chemical properties and to evaluate their applicability as bio-binders in the pavement industry 

[10-12]. Bio-oils are produced from plant matter and residues, such as municipal wastes, agricultural crops, 

and by-products from agricultural and forestry. Other biomass sources include molasses and rice, sugar, potato 

https://www.eurobitume.eu/bitumen/industry/
https://eapa.org/eapa-asphalt-in-figures-2017/
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starches and corn, gum resins and natural tree, vegetable oils and natural latex rubber, cellulose, lignin, waste 

oil of palm, peanut oil waste, coconut waste, potato starch, canola oil waste, dried sewerage effluent, and others 

[7]. Rauf and Williams [13] have conducted a study about bio-oils. They have produced different bio-oils from 

different sources, i.e. oakwood, switch grass and corn stover, which exhibited similar behaviour of neat 

bitumen. Fini et al [14] produced a bio-oil from swine manure and used it as a partial replacement of bitumen. 

This recycled product was a promising candidate for partial replacement for standard bitumen. In particular, 

this bio-binder will improve the low temperature properties of the petroleum-based binder while reducing 

asphalt pavement construction costs. A Dutch study is testing asphalt roads and cycle paths paved with a 

bitumen-like product made from the natural binder lignin [15]. Lignin is a structural polymer in plants and 

trees that is released as a waste product from a number of industrial processes. The used lignin from various 

sources including different types of paper pulp production and a bio-refinery that produces cellulosic ethanol 

from straw. On the demonstration roads, the material appears to be performing in a similar way to a standard 

bitumen and a slight noise reduction has been observed. In 2018, Yang et al. developed a process to break 

down the organic part of household waste, e.g. food waste, plastic, paper and textiles, to produce a sticky, 

gloopy black liquid that is very similar to bitumen [16]. The bio-bitumen was produced by pyrolysis. By 

changing the processing parameters, such as temperature, processing time and product collection strategy, the 

research team was able to alter the characteristics and quantities of the final bitumen-like substance. 

 

2.1.  The Itelyum Re-Refining used oils Process 

Figure 1 below shows a general scheme of the oil refining process adopted by the Itelyum company in the 

industrial site of Pieve Fissiraga (LO). 

 
Figure 1 Simplified scheme of the mineral oil regeneration of the Itelyum company plant located in Pieve Fissiraga 

(LO) 
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The lube oils that undergoes to the regeneration process are constantly analysed as they arrive to the plant in 

order to check their quality and that all parameters follow in the Italian normative ranges. The oils are mainly 

composed by aliphatic hydrocarbons (mainly C10-40 chain) a small amount of aromatic hydrocarbons, low 

quantity of phenols, organic pollutants (POP’s), organic acids and solvents, metallic ions, inorganic acids and 

water. As it can be seen from figure xxxx, the used lube oil is treated with sodium hydroxide (1% m/m) in 

order to saponify the organic acids and phenols (typically saponification number 11 mg/g). The so treated oil 

undergoes to a pre-Flash treatment in a Colum operating at 140 °C and 350 mmHg pressure. From the top of 

the column a mixture of water and small amount of organic and inorganic molecules is obtained. From the 

bottom of the column instead, a mixture of mainly aliphatic hydrocarbons, aromatic hydrocarbons, organic 

solvents (less percentage), metallic ions, organic salts and a minimum percentage of water is obtained. This 

mixture is sent to decanter tank (first decanter in figure 1) where it remains for two days. Here, after the 

decantation process, a biphasic system is formed. This consists of a top phase composed mainly by 

hydrocarbons and solvents and a minimum percentage of organic and inorganic salts, metal ion and water. 

The bottom phase is composed of organic and inorganic salts, metal ions and a small percentage of aliphatic 

and aromatic hydrocarbons and water. The upper phase is sent to centrifugation process (at about 6000 rpm) 

to obtain a dehydrated hydrocarbon phase (that contain little percentages of organic solvents, organic and 

inorganic salts). The dehydrated hydrocarbon phase is then sent to a second decanter tank to finalize the 

separation of the organic solvents, organic and inorganic salts residua. The centrifuge depot is washed every 

15 minutes with a high-pressure water jet at 110 °C and collected underneath the centrifuge (the sludge cake 

in figure 1). The second thank dehydrated hydrocarbon phase is then sent to a pre-heater furnace at 340 °C 

and to the Thermodeaspahalting colums (TDA) working at 365 °C and 15 mmHg. After the TDA process 

three different oils, a vacuum gas oil and Re-refined Engine Oil Bottom (REOB) (commercialized as viscoflex 

1000 ®) - whose physical aspect is shown in figure 2 - are obtained: 

 

1) Vacuum Gas Oil (VGO) 

2) Spindle lubricating fraction (SLF) 

3) Light lubricating fraction (LLF) 

4) Heavy lubricating fraction (HLF) 

5) Re-refined Engine Oil Bottom (REOB) 
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Figure 2. REOB (Viscoflex 1000®) at 160 °C 

 

The 2-4 TDA fractions undergoes (in turn) to a thermo desiloxanation (TDS) process at 300 °C and 10 bar 

through a catalytic reaction over an alumina (𝛾 − 𝐴𝑙2𝑂3) bed (alumina granules of 1.5-2 mm diameter) in order 

to remove the silica traces (if any as polysiloxanes). The exhausted alumina is collected and subsequently 

disposed. 

After the TDS process each oily fraction is sent to a Hydrofinishing (HDF) column where it is treated with 

gaseous Hydrogen with the aid of a specific (and patented) catalytic bed at 300 °C and 116 bar. After the HDF 

treatment three different oil type are obtained: 80N, 150N, 400N (N stands for neutral). The 80N and 150N 

undergoes daily to a qualitative check and stored in 150 m3 tanks. The 400N fraction undergoes to a dewaxing 

process using the Fundabac technology, that uses a diatomaceous earth (Celite) as filtrating agent. From this 

treatment a 400N deparaffined lube oil is obtained. Exhausted celite is opportunely disposed. 
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2.2. Materials and methods 

2.2.1. Materials 

Various recycled materials and/or by-products were used to define alternative binders intended to fully replace 

neat bitumen for the production of more sustainable asphalt mixtures. The main constituents of alternative 

binders are REOBs that have been modified by specific additives to obtain a material similar to the standard 

bitumen.  

 

2.2.2 REOBs 

 

Two different REOBs were supplied by Itelyum Regeneration s.r.l, Lodi (LO), Italy. The by-products were 

produced in two distinct refinery plants of the same company and are marketed as Viscoflex 1000® (V1) and 

Viscoflex 2000® (V2TQ). The by-product V2 is usually fluxed with low molecular weight oils—in a quantity 

equal to 20 or 30%wt.—to facilitate materials handling. In particular, the fluxed REOB with 20%wt. and 

30%wt. of the low molecular oil are referred to hereafter as V2F (F stands for fluid) and V2D (D stands for 

dense), respectively. The two petroleum-based by-products are viscous liquids at room temperature and are 

obtained by different processes. The V1 is the heavier fraction, obtained in a distillation column working at 

365 °C and 15 mmHg; while the V2 is obtained through a propane de-asphalting process. Table 1 reports the 

main physico-chemical characteristics of both products.  

Table 1. Main physical and chemical characteristics of V1 and V2F. 

Property Standard 
Results 

V1 V2F 

Needle Penetration Test EN 1462 / >500 (0.1 mm) 

Softening Point UNI EN 1427 / <4 °C 

Density at 15 °C ASTM D70 1003 kg/m3 0.975 kg/m3 

Kinematic Viscosity at 100 °C ISO 3104 Not determinable 580 mm2/s 

Kinematic Viscosity at 135 °C ISO 3104 110.0 mm2/s / 

Dynamic Viscosity at 60 °C EN 13702 25.13 Pa s 0.380 Pa s 

Pour Point ASTM D97 > 50 °C / 

Insoluble Matter ASTM D 2042 14% w/w / 

Soluble Matter ASTM D 2042 86.10 % w/w / 

Water Content 
ASTM D6304 

(Procedure C) 
290 mg/kg / 

Sulphur ISO 8754 1.13 % w/w / 

Nitrogen Content ASTM D3228 0.32 % w/w / 

Gasoline Fuel ASTM D3525 < 0.01 % w/w / 

Gasoline Diluent ASTM D322 < 0.1% V/V / 

Diesel Fuel ASTM D3524 < 0.1 % w/w / 

Ash ASTM D482 8.089 % w/w / 

Conradson Carbon Residue ASTM D189 19.2 % w/w / 

TSE Remark ISO 10307-1 
Filtration Time 

exceeds 25 min 
/ 

Saturates 

IP 469 

32.9 % w/w 37.0 % w/w 

Aromatics 0 % w/w 1.6 % w/w 

Polars (I) 19.6 % w/w 18.1 % w/w 

Polars (II) 47.5 % w/w 43.3 % w/w 

Asphaltene IP 143 16.6 % w/w 3.7 % w/w 
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Pensky–Martens Flash Point 
(Closed Cup) Procedure B 

ASTM 
D93/IP34/EN ISO 

2719 
270 °C / 

Cleveland Flash Point (Open 
Cup) 

ASTM D92/EN ISO 
2592 

284 °C 180 °C 

PCB Content EN 12766-3 < 4 mg /kg / 
PCT EN 12766-3 < 10 mg /kg / 

 

With the aim of replacing neat bitumen mainly with REOBs, the two available REOBs were preliminarily 

characterized by the use of spectroscopic analysis in order to identify the possible similarities of these materials 

with a standard 50/70 penetration grade bitumen (Pen 50/70). The Pen 50/70 was considered as the reference 

bituminous binder throughout the present study. The REOBs were firstly characterized through high-resolution 

1H-NMR spectroscopy. In Figure 3, the 1H-NMR spectra of (a) Pen 50/70, (b) V2TQ, (c) V1, (d) V2D, and 

(e) V2F are reported. As can be seen from Figure 3, all samples are characterized by a rich aliphatic part (0.8 

to 2.5 ppm). The areas under the curves for the aliphatic part are of the same order of magnitude for the 50/70 

reference bitumen as well as for all REOBs samples. From this point of view, it can be said that REOBs and 

classic bitumen are very similar., On the other hand, it can be seen from the integral of the aromatic region that 

the various REOBs have a total aromatic content (asphaltene plus aromatic molecules) about one order of 

magnitude lower than Pen 50/70. This is in accordance with the results of the analysis shown in Table 1. 
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Figure 3. 1H-NMR spectra of (a) Pen 50/70 (b) V2TQ, (c) V1, (d) V2D, (e) V2F. 

 

2.2.3 Additives 

The polymers were introduced in the composition of the alternative binders to improve the elastic response of 

the final formulations. The powdered rubber from ELTs was supplied by Ecopneus s.c.p.a. The product is a 

black powder with a maximum size dimension of about 42 μm. Moreover, the introduction of SBS polymer 

has been considered, since this elastomeric polymer is commonly used in the road sector for the production of 

modified bitumens. In this study, the amount of SBS used was limited to a maximum of 2% in order to reduce 

the production costs of the final blends. In addition, it is well-known that SBS polymers work well in 

combination with rubber from ELTs [17,18]. The SBS polymer was supplied by Kraton Polymers LLC. In 

order to improve the adhesion of REOBs to the lithic skeleton, an adhesion promoter (AP) has been employed, 

since it was proven to be effective [19,20]. To modulate the viscosity, various cellulose polysaccharides were 

used as viscosifier: P2, nano-fibrillated cellulose (CNF), and nanocrystalline cellulose (CNC) [21]. 

Additionally, to ensure a good workability of the asphalt mix at high temperatures, waxes with melting points 

of about 100 °C were used, which are commonly used for the production of WMA mixtures [22,23]. In 

particular, Sasobit waxes (Sb) were employed in this study. Some other issues observed during the blend 

preparation and analysis have been solved by the aid of other additives such as pine resins (PR) [24,25], which 

improve the cohesive properties of the REOBs; thickening agents such as Lithium salt (LiS) and nanotubes 

(Nt) have been used to take advantages of their gelling properties (widely employed in industrial grease 

production). The PR, AP, and P2 were supplied by Kimical s.r.l. The lithium salt (LiS) was supplied by Sigma 

Aldrich, while the nanotubes (Nt) were produced in laboratories of the University of Calabria. The nano-

fibrillated cellulose (CNF) was supplied by Nanografi Co. Inc., while nano-crystalline cellulose (CNC) was 

obtained in the laboratories of the University of Calabria from waste papers following the methods reported in 

the reference [26]. All the supplied products were used without any further treatment. The mean cost of the 

blends, considering the various additives’ prices and percentages used in our blend preparation, is about 350–
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400 €/ton. 

2.2.4. Alternative Binders 

The additives that were used allowed for the definition of final alternative binders similar to the traditional 

bitumen used for paving. In total, 18 alternative binders were defined and then characterized at the binder and 

the asphalt mixture levels, which are listed in Table 2. Each alternative binder description consists of all 

materials that were used in quantity greater than 0%. Hence, each line of Table 2 represents the recipe of one 

alternative binder. 

Prior to samples preparation, the various additives underwent thermogravimetric analysis in order to check 

their stability at the high temperature, i.e., 160 °C. No additives showed considerable weight loss and, 

consequently, no additives degradation would occur during mixing process.  

The preparation of alternative binders required the preliminary heating phase of each specific REOB (V1, 

V2TQ, V2F and V2D) at about 160 ± 5 °C. Then, the quantity of the chosen additives was gradually added to 

the warmed REOB (1 g/min). The additives were incorporated at room temperature. All constituents were 

mixed by means of high-shear mixer (IKA model) with an average speed of about 1400–1600 rpm. Each blend 

was mixed at 160 °C for 60 min to guarantee an essentially homogenous sample. 

 

Table 2. Type and percentage of constituent materials of the 18 alternative binders. 

Blend V1 V2TQ V2F V2D PFU Sb SBS AP P2 CNC CNF PR Nt LiS 
B23 CNC - - 60 - 15 10 - 0.3 - 14.7 - - - - 

B26 - - 40 - 10 10 - - 20 - - 40 - - 

B27 - - 60 - 5 10 - - 15 - - 10 - - 

B29 - - 40 - 10 10 - - - - - 40 - - 

B29V1 40 - - - 10 10 - - - - - 40 - - 

B30 - - 40 - - 8 - - 14.9 - - 27 0.1 10 

B26D - - - 40 10 10 - - 20 - - 20 - - 

B27D - - - 60 5 10 - - 15 - - 10 - - 

B29D - - - 40 10 10 - - - - - 40 - - 

B30D - - - 40 - 8 - - 14.9 - - 27 0.1 10 

B26-1 - - 60 - 10 10 1 0.3 8.7 - - 10 - - 

B27-1 - - 60 - 5 10 1 0.3 13.7 - - 10 - - 

B29-1 - - 50 - 10 10 0.5 0.3 - - - 29.2 - - 

B31 - - 60 - 15 10 2 0.3 7.7 - - 5 - - 

B31V1 60 - - - 15 10 2 0.3 7.7 - - 5 - - 

B32 - - 60 - 15 5 - 0.3 - - 14.7 5 - - 

B32V1 60 - - - 15 5 - 0.3 - - 14.7 5 - - 

B33TQ - 60 - - 19.7 13 2 0.3 - - - 5 - - 

 

2.2.5 Asphalt Mixtures 

The asphalt mixes with the alternative binders were produced using RAP aggregates only. The recycled 

aggregates consisted of milled asphalt concrete from existing pavements of highways. The grading distribution 

and the binder content were designed in order to produce a traditional wearing course asphalt mixture. The 

grading distribution of the RAP aggregates met the Italian technical specifications. Based on the aged 

bituminous binder content already present in the recycled aggregates and on previous studies based on 
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Cantabro test (EN 12697-17) [27], the optimum binder content was selected as equal to 2.5% of the total weight 

of aggregates. The innovative asphalt mixtures were compared with samples of a traditional wearing course 

layer made of 90% virgin aggregates and 10% RAP and Pen 50/70, which was considered as a reference mix, 

and a mix consisting of 100% RAP aggregate and Pen 50/70. Moreover, the limits of the Italian technical 

specifications for wearing course layers were considered as reference for comparisons. 

All alternative binders were used for producing 18 different asphalt mixtures. Per each asphalt concrete mix, 

three samples were manufactured. The cylindrical samples had diameter of 100 mm and were 55 mm tall, 

approximately. The correct amount of recycled aggregates and the alternative binders were preliminarily 

heated in an air-forced oven before being mixed and compacted. Per each asphalt mix, 3000 g of RAP 

aggregates were heated at 150 °C for 2 h and 75 g of the prepared blends (i.e., 2.5%wt.) at 150 °C for a 

minimum of 1 h. The samples underwent compaction by means of a gyratory compactor applying 100 gyrations 

at 600 kPa [28].  

2.2.6 Test Methods 

In order to preliminarily assess the feasibility of using alternative binders for road construction materials, the 

18 new binders underwent rheological analysis. Then, the mechanical response of all asphalt mixtures, those 

containing an alternative binder and the reference mixes, were investigated. Since these were binders without 

bitumen as the main constituent, the basic tests were planned with the aim of assessing a possible relationship, 

if any, between the behaviour of binders and that of mixtures as they exist for traditional bituminous materials. 

2.2.7. Rheological Measurements 

A dynamic shear rheometer (SR5000, Rheometric Scientific, Piscataway, NY, USA) was used to perform the 

rheological tests on the various alternative binders. The controlled shear stress rheometer was used in a plate–

plate configuration. Plate tools of 𝜙 = 25 mm diameter were used for testing in the temperature range of 25–

120 °C. The gap was set equal to 2 mm. A Peltier system (±0.1 °C) controlled the test temperature. The 

rheological responses of Pen 50/70 and alternative binders were determined under the kinematics of both 

steady and oscillatory simple shears. In steady-shear experiments, the viscosity of blend samples was 

determined from the ratio of measured shear stress to applied shear rate, as a function of shear rate that varied 

from 1 to 100 s−1. Steady states were previously checked by transient experiments (step-rate test). For all 

samples, it was observed that 10 s was a sufficient scanning time to ensure the steady-state condition. All 

samples showed a Newtonian behaviour in the investigated shear rate range. Dynamic tests were carried out 

in conditions of linear viscoelastic (LVE) region, where measured material features do not depend on the 

amplitude of applied load and are related to materials microstructure only. With the aim of investigating the 

material viscoelastic phase transition, dynamic temperature ramp tests (DTRT) were performed both at 1 Hz 

and temperature rate of 1 °C/min from 25 °C to 120 °C by applying the proper stress values—previously 

determined by stress sweep tests—to guarantee linear viscoelastic conditions at all tested temperatures.  
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2.2.8 Mechanical Analysis 

The resulting 18 asphalt mixtures were subjected to dynamic and static mechanical characterizations. The 

asphalt concrete samples underwent mechanical tests after being cured for a minimum of 24 h. Dynamic tests 

were used to determine the Indirect Tensile Stiffness Modulus (ITSM) at 20 °C of all samples by using a servo-

pneumatic testing machine. The ITSM values were determined according to EN 12697-26 standard [29], in 

the indirect tensile configuration (IT-CY). A pulse loading was applied with a 124 ms rise-time to generate a 

horizontal deformation of 5 ± 2 μm. Two static mechanical characterizations were used to measure the Indirect 

Tensile Strength (ITS) and the Indirect Tensile Strength Ratio (ITSR) of all mixes according to the EN 12697-

23 [30] and EN 12697-12 [31] standards, respectively. The tensile resistance of asphalt concretes was 

determined by applying a compression load with a constant speed rate of 51 mm/min. The ITS test was 

performed at 25 °C. The latest characterization, i.e., the ITSR ratio, aimed to assess the durability of the 

wearing course samples, as it determines the effect of water conditioning. This investigation quantifies the 

ratio between the ITS values of an asphalt mix after water conditioning and those of dry specimen. According 

to standard method A, the samples were saturated while stored in a water bath at 40 °C for three days. 

Successively, the samples were removed, dried, and conditioned at 25 °C in a climate chamber to further 

undergo ITS testing. The two static characterizations applied a load until failure; hence, two samples were 

used to evaluate the average ITS values, while the third specimen of each asphalt mix was used to determine 

the corresponding ITSR value. Before being tested, all samples were kept in a climate chamber at the test 

temperature for at least 4 h. 

2.3 Results and Discussion 

2.3.1. Rheological Analysis 

Figure 4 shows the results of the DTRT obtained from the blends B26-1, B27-1, B29-1, and B32V1. Among 

all alternative binders, these four blends were selected because they exhibit good rheological and mechanical 

responses, as can be seen by comparing the DTRT of our blends with that of a 50/70 bitumen reported in Figure 

5. The remaining blends that were prepared show good rheological behaviour, but they do not behave as 

expected from a mechanical point of view. The DTRT of virgin REOBs (V2F, V1, V2D, V2TQ) are reported 

in Figure 5. Figures 4 and 5 shows that alternative binders strongly enhance the rheological properties of both 

REOBs and bitumen. Moreover, by comparing the DTRT of the alternative binders—even those reported in 

the Supplementary Information—with that of an SBS-modified bitumen (PmB) reported in Figure 6, it can be 

concluded that the alternative binders resemble the behaviour of a polymer-modified bitumen.  
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Figure 4. Dynamic Temperature Ramp Test (DTRT) of (a) blend 26-1, (b) blend 29-1, (c) blend 27-1, (d) blend 32V1. 
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Figure 5. Dynamic Temperature Ramp Test of (a) V2F, (b) V2D, (c) V1, (d) V2TQ, (e) Pen 50/70. 

 

Figure 6. Dynamic Temperature Ramp Test of an SBS-modified bitumen (Pen 50/70 + 3% SBS). 

2.3.2. Mechanical Analysis 

The dynamic mechanical characterization of the asphalt mixtures manufactured with the 18 alternative binders 

and Pen 50/70 is reported in Figure 7. The asphalt mixes exhibit high variability in the ITSM results, which 

can be ascribed to the constituent materials used. The mixture with B23CNC shows the lowest stiffness 

modulus, while the mixture containing B29D has the highest stiffness. In general, the asphalt mixes containing 

the V2D show higher stiffness than the corresponding asphalt concrete mixtures with V2F. The higher presence 
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of low-molecular-weight oil in the alternative binders lead to soften the final materials as expected. Hence, the 

type of REOB affects the final ITSM values. Additionally, the combination of specific additives permits 

alternatively increasing or decreasing the stiffness modulus of the corresponding asphalt mixture. In fact, the 

B33TQ mix has lower ITSM value than the B29D asphalt concrete. In general, the minimum ITSM values at 

20 °C of a traditional wearing course layer made with virgin materials only are 3000 MPa and 3500 MPa for 

samples produced with unmodified and polymer-modified bitumens, respectively. Previous studies on the 

reference mix that contains 10% of RAP and Pen 50/70 have assessed an average ITSM value equal to 5500 

MPa at 20 °C, which can be used for comparing the stiffness modulus of the innovative asphalt mixtures with 

the alternative binders. Among all tested asphalt materials, the mixtures manufactured with B26-1, B27, B27-

1, B31, B31V1, B32, and B32V1 have similar stiffness to the reference mixture that mainly contains virgin 

materials. Most of the recycled asphalt mixtures with alternative binders have higher stiffness than the samples 

of the reference mix, which can be mainly related to the presence of RAP and to the addition of PR. In general, 

the use of recycled aggregates has been found to stiffen the final asphalt concretes; indeed, the mixture with 

100% RAP and Pen 50/70 is stiffer than the reference one. The introduction of PR in the bituminous binders 

improve the cohesion properties, which turn in higher ITSM values. Indeed, the alternative binders with a high 

content of PR are very stiff. However, the use of asphalt mixtures with a very high stiffness is disadvantageous, 

as the resulting asphalt pavement may be more prone to fatigue and thermal cracking. 
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Figure 8 shows the indirect tensile resistance of the innovative asphalt mixtures produced with RAP and 

alternative binders. The Italian technical specifications require a minimum ITS value equal to 0.72 or 0.95 

MPa for asphalt concrete with unmodified and polymer-modified bitumens, respectively. Almost all innovative 

mixtures meet the requirement; only the innovative mixtures with B23CNC, B27-1, and B29-1 show 

insufficient tensile resistance. The recycled mix with Pen 50/70 exhibits the highest tensile resistance. For 

bituminous materials, the tensile resistance and stiffness values are directly related to each other, and this 

correlation is also confirmed in the present study. The innovative asphalt mixes with the highest ITSM values 

exhibit the highest ITS results. However, the ITS values close to or higher than 2.0 MPa may reflect a very 

high stiffness, which may turn into brittle asphalt pavements. As a consequence, the Italian technical 

specifications limit the tensile resistance of the asphalt mixes, and the ITS values of the asphalt mixtures with 

neat and polymer-modified bitumen have to be lower than 1.60 and 1.90 MPa, respectively. In this regard, the 

samples manufactured with B26, B26D, B26-1, B27, B27-1, B29V1, B29-1, B30, B30D, B31, B32, and 

B32V1 meet the required specifications for mixtures with unmodified bituminous binders. These innovative 
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mixes have a similar response to the reference mix with virgin materials, as their ITS values are equal to 1.2 

MPa on average. 

 

 

 

 

 

The results of measuring the water susceptibility for the innovative asphalt mixtures are reported in Figure 9. 

The type of REOB significantly affect the resistance of asphalt concrete, as the use of V1 decreases the water 

damage resistance of the mixes when compared to the corresponding mixtures with one of the V2s. The 

minimum ITSR value required by the Italian technical specifications is about 90% when unmodified bitumens 

are used. Among the innovative asphalt mixtures, almost all mixes that contain V2F (except for B26 and 

B23CNC) and the mixtures made with B33TQ, B29D, B30D, and B32V1 show good resistance against water 

damage, or they do not even show any water susceptibility, as the ITSR results are greater than 100%. This 

behaviour can be ascribed to the presence of a very high quantity of RAP aggregates. The abovementioned 

asphalt concrete mixes behave similarly to the reference mix mainly produced with virgin aggregates. On the 

other hand, the ITS value of the 100% RAP mix with Pen 50/70 is considerably reduced after water 

conditioning, and its ITSR ratio is about 89%. 
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Among all analysed asphalt mixtures, those containing the blends B26-1, B27, B27-1, B31, B32, and B32 V1 

exhibit good mechanical properties in terms of stiffness, tensile resistance, and water susceptibility. Although 

the results obtained with the alternative binders are promising, further specific rheological and mechanical 

tests have to be carried out in order to assess the feasibility and the durability of these road materials that do 

not contain standard bitumen. For instance, testing fatigue (mechanical), ageing susceptibility (rheological and 

mechanical), and low-temperature behaviour of the final alternative binders and asphalt mix will be crucial to 

establish the performances of these innovative asphalt products. In particular, the ageing tendency of the 

alternative binders, and consequently of asphalt concrete, has to be evaluated, since an aged material is used, 

i.e., REOB. Some of the abovementioned tests are ongoing and are showing promising results. 

2.4. Conclusions 

In this work, the potential reuse of waste products that were opportunely treated to produce new possible 

petroleum-based binders starting from REOBs is proposed. In addition, the use of 100% recycled aggregates 

(RAP) together with alternative binders can represent a good alternative to the current use of virgin materials 

at the binder and asphalt mixture levels. During this study, rheological and mechanical tests were carried out 

9 



 

114 

 

to preliminarily assess the mechanical properties of these innovative binders. From a rheological point of view, 

the alternative binders exhibit similar behaviour to polymer-modified bitumen (3%wt. of SBS). The type of 

REOB, the chosen additives, and the combination of constituent materials are found to be crucial to the final 

responses of the innovative petroleum-based binders and asphalt mixes. In particular, the introduction of low-

molecular-weight oils by REOB products softens the resulting alternative binders and, consequently, the 

asphalt mixtures, resulting in lower ITSM and ITS values. In addition, the use of recycled mixture with 100% 

of RAP and alternative binders confers good water damage resistance to the corresponding asphalt mix. In 

general, various eco-friendly asphalt mixtures show promising results in terms of stiffness, tensile resistance, 

and water susceptibility. In detail, among all tested materials, the asphalt concretes that contained the 

alternative binders B26-1, B27, B27-1, B31, B32, and B32V1 meet the requirements of the Italian technical 

specifications for wearing course samples produced with virgin materials. Hence, these innovative mixtures 

satisfy the basic mechanical performances. However, limited recipe adjustment may allow the stiffness 

reduction of the abovementioned asphalt mixtures without compromising the cohesion and water sensitivity 

of the final road materials. Even though the results of the present study are promising, they represent a 

preliminary evaluation of the performances of the alternative binders, and further rheological and mechanical 

analyses are necessary. In particular, the durability of the asphalt concrete has to be investigated, considering 

the natural ageing process of petroleum-based product and the use of an aged material for the production of 

the alternative binders (i.e., REOB). The determination of eco-friendly road materials is still ongoing, and the 

responses of the low-temperature DTRT and fatigue tests are under investigation. 
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Abstract: Recent studies have worked towards addressing environmental issues such as global
warming and greenhouse gas emissions due to the increasing awareness of the depletion of natural
resources. The asphalt industry is seeking to implement measures to reduce its carbon footprint and to
promote sustainable operations. The reuse of several wastes and by-products is an example of a more
eco-friendly activity that fulfils the circular economy principle. Among all possible solutions, the road
pavement sector encourages, on one hand, the use of recycled materials as a partial replacement of
the virgin lithic skeleton; on the other hand, it promotes the use of recycled materials to substituting
for a portion of the petroleum bituminous binder. This study aims to use Re-refined Engine Oil
Bottoms (REOBs) as a main substitute and additives from various industrial by-products as a full
replacement for virgin bitumen, producing high-performing alternative binders. The REOBs have
been improved by utilizing additives in an attempt to improve their specific properties and thus to
bridge the gap between REOBs and traditional bituminous binders. An even larger amount of virgin
and non-renewable resources can be saved using these new potential alternative binders together
with the RAP aggregates. Thus, the reduction in the use of virgin materials is applied at the binder
and the asphalt mixture levels. Rheological, spectroscopic, thermogravimetric, and mechanical
analysis were used to characterize the properties, composition, and characteristics of the REOBs,
REOB-modified binders, and asphalt mixes. Thanks to the rheological investigations of possible
alternative binders, 18 blends were selected, since they behaved like an SBS-modified bitumen, and
then they were used for producing the corresponding asphalt mixtures. The preliminary mechanical
analysis of the asphalt mixtures shows that six mixes have promising responses in terms of stiffness,
tensile resistance, and water susceptibility. Nevertheless, the high variability of recycled materials
and by-products has to be taken into consideration during the definition of alternative binders and
recycled asphalt mixtures. In fact, this study highlights the crucial effects of the chemical composition
of the constituents and their compatibility on the behaviour of the final product. This preliminary
study represents a first attempt to define alternative binders, which can be used in combination with
recycled aggregates for producing more sustainable road materials. However, further analysis is
necessary in order to assess the durability and the ageing tendency of the materials.

Keywords: circular economy; waste materials; REOB; alternative binders; asphalt mixture

1. Introduction

An ever-increasing pressure for resources conservation and environmental
protection—e.g., CO2 reduction [1]—has led to a systemic change in the use and recovery
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of resources towards a clear transition to a regenerative circular economy [2,3]. This has
been done by creating a closed-loop system, minimizing the use of resource inputs and
the creation of wastes, pollution, and carbon emissions [3]. New potential pathways in
innovation and investment, reducing wastes and promoting the continual use of resources,
have therefore been proposed [4,5]. Considering this aspect, waste ceases to be waste and
acquires the status of End of Waste product (EoW). The End of Waste (EoW) criteria include
recovery and treatment processes under which waste could be converted in a new potential
product. In particular, according to the European standards [6], the main requirements
to satisfy the EoW criteria for a given waste (possibly treated by industrial processes)
are: (a) the substance or object is intended to be used for specific purposes; (b) there is
a market or demand for this substance or object; (c) the substance or object meets the
technical requirements for the specific purposes and complies with the existing legislation
and standards applicable to the products; (d) the use of the substance or object will not
lead to overall negative impacts on the environment or human health (in accordance with
the Substance of Very High Concern (SVHC) list [7]).

From this perspective, the reuse of re-refined exhausted oils from vehicles and indus-
trial hydraulic applications [4,5] that have become unfit for the use for which they were
originally intended completely fulfils circular economy goals. In the view of a circular
economy and considering the opportunity to reduce as much as possible the extraction of
crude oil, a study has been started between universities and industries [8–11] that aims
to produce new potential alternative binders (or eco-binders) by using recycled materials
and/or by-products. In detail, the present research used Re-refined Engine Oil Bottoms
(REOBs) to obtain suitable petroleum-based binders, enhancing the properties of these
by-products, which are mainly used as bitumen-like product or bituminous membrane
additive. The physical properties of the REOBs were enhanced by using a set of synthetic
and/or natural additives such as powdered rubber from End-of-Life Tyres (ELTs) or other
waste polymers [12], cellulose from waste paper or from olive pomace wastes, other suit-
able wastes or industrial by-products, and cheap chemical products. The incorporation of
additives into REOBs aims to create alternative binders that could be used for producing as-
phalt concretes whose mechanical properties satisfy the technical requirements. Moreover,
Reclaimed Asphalt Pavement (RAP) aggregates were used to obtain the asphalt concrete
samples that underwent testing in order to study their behaviour with the goal of substi-
tuting the virgin aggregates, which are commonly employed in asphalt pavement. This
would allow for meeting the standards of many European countries where RAP is already
re-introduced in Hot Mix Asphalt (HMA) and Warm Mix Asphalt (WMA) mixes in the
range of 70–90% by the total weight of available RAP material [13]. In Italy, an average RAP
content of 20–30%wt. is usually introduced in WMA and HMA mixes, alternatively [13,14].
The aged and more brittle bituminous binder that coats the recycled aggregates limits the
use of RAP material, as it stiffens the final asphalt mixtures, making the pavements more
brittle and sometimes more prone to cracking, especially at low temperatures. To overcome
this problem, a rejuvenating agent could be used [15,16].

Every year, the European Union (EU) produces around 15 million tons of bitumen [17].
Most of this amount is mixed with aggregates to create asphalt concrete for roads paving.
Approximately 90% of all paved roads are surfaced with bituminous materials. Annually,
the EU produces more than 200 million tons of bituminous materials for maintenance
operations on the existing asphalt pavements and for paving new transportation infras-
tructure [18]. However, the bitumen used and the virgin aggregates are non-renewable
resources. This has led researchers to look for alternative binders (or eco-binders) to reduce
the consumption of petroleum bitumen and for recycled aggregates to substitute the virgin
ones in the asphalt mixture skeleton. On one hand, the employment of recycled aggregates
is becoming a consolidated practice in the production of asphalt concretes, especially in
terms of RAP material as previously mentioned, and the use of recycled asphalt mixture
with high or very high content of RAP is becoming feasible [19,20]. On the other hand,
the partial substitution of neat bitumen with recycled materials and/or by-products is
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still a challenge. The possible substitutes for neat bitumen can either come from recycled
materials from non-renewable resources such as REOBs or come from renewable resources
such as wood or vegetable waste oils. The bituminous binders that partially consist of
the latter products are referred as bio-binders [21,22], which are an eco-friendly alterna-
tive to bitumen obtained from non-petroleum-based renewable resources. The chemical
composition of the majority of these alternative binders is similar to that of a traditional
bitumen, which includes resins, saturates, aromatics, and asphaltenes [23]. Regardless of
the origin of the bitumen substitutes, i.e., renewable or non-renewable resources, the waste
and/or recycled products can partially replace neat bitumen. In general, substitutes can
be introduced in neat bitumen in four different ways based on the type and quantity of
waste materials and/or by-products used, and they are referred to as [24]: (a) Bitumen
modifier (<10%wt.); (b) Bitumen fluxes (7–15%wt.); (c) Bitumen extender (25–75%wt.);
(d) Alternative binders (>75%wt.). Currently, the bitumen modifiers, fluxes, and extenders
are the most-used solutions to add waste materials and/or by-products to bituminous
binders for the production of asphalt mixtures. Nonetheless, the use of alternative binders
to partially and/or completely replace the bitumen in new asphalt formulations is the final
goal of the current research inspired by the circular economy concept. Up to date, several
different alternative binders have been studied, including engine oil residue, soybean oil,
palm oil, fossil fuel, swine waste, and materials from pyrolysis [25]. Different vegetable oils
have been investigated in recent times to determine their physical and chemical properties
and to evaluate their applicability as bio-binders in the pavement industry [26–28]. Bio-oils
are produced from plant matter and residues, such as municipal wastes, agricultural crops,
and by-products from agriculture and forestry. Other biomass sources include molasses,
rice, sugar, potato starches, corn, gum resins and natural tree resins, vegetable oils, natural
latex rubber, cellulose, lignin, palm oil waste, peanut oil waste, coconut waste, potato
starch, canola oil waste, dried sewerage effluent, and others [29]. Rauf and Williams [23]
have conducted a study about bio-oils. They have produced different bio-oils from different
sources, i.e., oakwood, switch grass, and corn stover, which exhibited similar behaviour
to neat bitumen. Fini et al. [30] produced bio-oil from swine manure and used it as a
partial replacement of bitumen. This recycled product was a promising candidate for
partial replacement for standard bitumen. In particular, this bio-binder would improve
the low-temperature properties of a petroleum-based binder while reducing asphalt pave-
ment construction costs. A Dutch study tested asphalt roads and cycle paths paved with
a bitumen-like product made from the natural binder lignin [31]. Lignin is a structural
polymer in plants and trees that is released as a waste product from a number of industrial
processes. The used lignin came from various sources including different types of paper
pulp production and a bio-refinery that produces cellulosic ethanol from straw. On the
demonstration roads, the material appeared to be performing in a similar way to a stan-
dard bitumen, and a slight noise reduction was observed. In 2018, Yang et al. developed a
process to break down the organic parts of household waste, e.g., food waste, plastic, paper,
and textiles, to produce a sticky, gloopy black liquid that is very similar to bitumen [32].
The bio-bitumen was produced by pyrolysis. By changing the processing parameters,
such as temperature, processing time, and product collection strategy, the research team
was able to alter the characteristics and quantities of the final bitumen-like substance. In
conclusion, this preliminary study on alternative binders tried to fulfil circular economy
goals by identifying suitable additives, coming from recycled materials and industrial
by-products, in order to modify REOBs and to achieve the minimum rheo-mechanical
performance required for bituminous binders and mixtures. Thus, the new alternative
binders underwent rheological and mechanical analysis to measure some of the parameters
required for road construction materials. Nevertheless, beyond this preliminary research,
additional investigations are needed in order to fully characterize the rheo-mechanical
performances and durability of the binders and the corresponding asphalt mix.
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2. Materials

Various recycled materials and/or by-products were used to define alternative binders
intended to fully replace neat bitumen for the production of more sustainable asphalt
mixtures. The main constituents of alternative binders are REOBs that have been modified
by specific additives to obtain a material similar to the standard bitumen.

2.1. REOBs

Two different REOBs were supplied by Itelyum Regeneration s.r.l, Lodi (LO), Italy.
The by-products were produced in two distinct refinery plants of the same company and
are marketed as Viscoflex 1000® (V1) and Viscoflex 2000® (V2TQ). The by-product V2 is
usually fluxed with low molecular weight oils—in a quantity equal to 20 or 30%wt.—to
facilitate materials handling. In particular, the fluxed REOB with 20%wt. and 30%wt.
of the low molecular oil are referred to hereafter as V2F (F stands for fluid) and V2D (D
stands for dense), respectively. The two petroleum-based by-products are viscous liquids
at room temperature and are obtained by different processes. The V1 is the heavier fraction,
obtained in a distillation column working at 365 ◦C and 15 mmHg; while the V2 is obtained
through a propane de-asphalting process. Table 1 reports the main physico-chemical
characteristics of both products.

Table 1. Main physical and chemical characteristics of V1 and V2F.

Property Standard
Results

V1 V2F

Needle Penetration Test EN 1462 / >500 (0.1 mm)

Softening Point UNI EN 1427 / <4 ◦C

Density at 15 ◦C ASTM D70 1003 kg/m3 0.975 kg/m3

Kinematic Viscosity at 100 ◦C ISO 3104 Not determinable 580 mm2/s

Kinematic Viscosity at 135 ◦C ISO 3104 110.0 mm2/s /

Dynamic Viscosity at 60 ◦C EN 13702 25.13 Pa s 0.380 Pa s

Pour Point ASTM D97 >50 ◦C /

Insoluble Matter ASTM D 2042 14% w/w /

Soluble Matter ASTM D 2042 86.10% w/w /

Water Content ASTM D6304
(Procedure C) 290 mg/kg /

Sulphur ISO 8754 1.13% w/w /

Nitrogen Content ASTM D3228 0.32% w/w /

Gasoline Fuel ASTM D3525 <0.01% w/w /

Gasoline Diluent ASTM D322 <0.1% v/v /

Diesel Fuel ASTM D3524 <0.1% w/w /

Ash ASTM D482 8.089% w/w /

Conradson Carbon Residue ASTM D189 19.2% w/w /

TSE Remark ISO 10307-1 Filtration Time
exceeds 25 min /

Saturates

IP 469

32.9% w/w 37.0% w/w

Aromatics 0% w/w 1.6% w/w

Polars (I) 19.6% w/w 18.1% w/w

Polars (II) 47.5% w/w 43.3% w/w
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Table 1. Cont.

Property Standard
Results

V1 V2F

Asphaltene IP 143 16.6% w/w 3.7% w/w

Pensky–Martens Flash Point
(Closed Cup) Procedure B

ASTM
D93/IP34/EN

ISO 2719
270 ◦C /

Cleveland Flash Point
(Open Cup)

ASTM D92/EN
ISO 2592 284 ◦C 180 ◦C

PCB Content EN 12766-3 <4 mg /kg /

PCT EN 12766-3 <10 mg /kg /

With the aim of replacing neat bitumen mainly with REOBs, the two available REOBs
were preliminarily characterized by the use of spectroscopic analysis in order to identify the
possible similarities of these materials with a standard 50/70 penetration grade bitumen
(Pen 50/70). The Pen 50/70 was considered as the reference bituminous binder throughout
the present study. The REOBs were firstly characterized through high-resolution 1H-NMR
spectroscopy. In Figure 1, the 1H-NMR spectra of (a) Pen 50/70, (b) V2TQ, (c) V1, (d) V2D,
and (e) V2F are reported. As can be seen from Figure 1, all samples are characterized by a
rich aliphatic part (0.8 to 2.5 ppm). The areas under the curves for the aliphatic part are
of the same order of magnitude for the 50/70 reference bitumen as well as for all REOBs
samples. From this point of view, it can be said that REOBs and classic bitumen are very
similar., On the other hand, it can be seen from the integral of the aromatic region that the
various REOBs have a total aromatic content (asphaltene plus aromatic molecules) about
one order of magnitude lower than Pen 50/70. This is in accordance with the results of the
analysis shown in Table 1.

2.2. Additives

The polymers were introduced in the composition of the alternative binders to im-
prove the elastic response of the final formulations. The powdered rubber from ELTs
was supplied by Ecopneus s.c.p.a. The product is a black powder with a maximum size
dimension of about 42 µm. Moreover, the introduction of SBS polymer has been considered,
since this elastomeric polymer is commonly used in the road sector for the production of
modified bitumens. In this study, the amount of SBS used was limited to a maximum of 2%
in order to reduce the production costs of the final blends. In addition, it is well-known that
SBS polymers work well in combination with rubber from ELTs [12,33]. The SBS polymer
was supplied by Kraton Polymers LLC. In order to improve the adhesion of REOBs to the
lithic skeleton, an adhesion promoter (AP) has been employed, since it was proven to be
effective [34,35]. To modulate the viscosity, various cellulose polysaccharides were used as
viscosifier: P2, nano-fibrillated cellulose (CNF), and nanocrystalline cellulose (CNC) [36].
Additionally, to ensure a good workability of the asphalt mix at high temperatures, waxes
with melting points of about 100 ◦C were used, which are commonly used for the pro-
duction of WMA mixtures [37,38]. In particular, Sasobit waxes (Sb) were employed in
this study. Some other issues observed during the blend preparation and analysis have
been solved by the aid of other additives such as pine resins (PR) [29,39], which improve
the cohesive properties of the REOBs; thickening agents such as Lithium salt (LiS) and
nanotubes (Nt) have been used to take advantages of their gelling properties (widely
employed in industrial grease production). The PR, AP, and P2 were supplied by Kimical
s.r.l. The lithium salt (LiS) was supplied by Sigma Aldrich, while the nanotubes (Nt) were
produced in laboratories of the University of Calabria. The nano-fibrillated cellulose (CNF)
was supplied by Nanografi Co. Inc., while nano-crystalline cellulose (CNC) was obtained
in the laboratories of the University of Calabria from waste papers following the methods
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reported in the reference [40]. All the supplied products were used without any further
treatment. The mean cost of the blends, considering the various additives’ prices and
percentages used in our blend preparation, is about 350–400 €/ton.
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2.3. Alternative Binders

The additives that were used allowed for the definition of final alternative binders
similar to the traditional bitumen used for paving. In total, 18 alternative binders were
defined and then characterized at the binder and the asphalt mixture levels, which are
listed in Table 2. Each alternative binder description consists of all materials that were
used in quantity greater than 0%. Hence, each line of Table 2 represents the recipe of one
alternative binder.

Prior to samples preparation, the various additives underwent thermogravimetric
analysis in order to check their stability at the high temperature, i.e., 160 ◦C. No additives
showed considerable weight loss and, consequently, no additives degradation would occur
during mixing process.

The preparation of alternative binders required the preliminary heating phase of each
specific REOB (V1, V2TQ, V2F and V2D) at about 160 ± 5 ◦C. Then, the quantity of the
chosen additives was gradually added to the warmed REOB (1 g/min). The additives were
incorporated at room temperature. All constituents were mixed by means of high-shear
mixer (IKA model) with an average speed of about 1400–1600 rpm. Each blend was mixed
at 160 ◦C for 60 min to guarantee an essentially homogenous sample.
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Table 2. Type and percentage of constituent materials of the 18 alternative binders.

Blend V1 V2TQV2F V2D PFU Sb SBS AP P2 CNC CNF PR Nt LiS

B23
CNC - - 60 - 15 10 - 0.3 - 14.7 - - - -

B26 - - 40 - 10 10 - - 20 - - 40 - -

B27 - - 60 - 5 10 - - 15 - - 10 - -

B29 - - 40 - 10 10 - - - - - 40 - -

B29V1 40 - - - 10 10 - - - - - 40 - -

B30 - - 40 - - 8 - - 14.9 - - 27 0.1 10

B26D - - - 40 10 10 - - 20 - - 20 - -

B27D - - - 60 5 10 - - 15 - - 10 - -

B29D - - - 40 10 10 - - - - - 40 - -

B30D - - - 40 - 8 - - 14.9 - - 27 0.1 10

B26-1 - - 60 - 10 10 1 0.3 8.7 - - 10 - -

B27-1 - - 60 - 5 10 1 0.3 13.7 - - 10 - -

B29-1 - - 50 - 10 10 0.5 0.3 - - - 29.2 - -

B31 - - 60 - 15 10 2 0.3 7.7 - - 5 - -

B31V1 60 - - - 15 10 2 0.3 7.7 - - 5 - -

B32 - - 60 - 15 5 - 0.3 - - 14.7 5 - -

B32V1 60 - - - 15 5 - 0.3 - - 14.7 5 - -

B33TQ - 60 - - 19.7 13 2 0.3 - - - 5 - -

2.4. Asphalt Mixtures

The asphalt mixes with the alternative binders were produced using RAP aggregates
only. The recycled aggregates consisted of milled asphalt concrete from existing pavements
of highways. The grading distribution and the binder content were designed in order to
produce a traditional wearing course asphalt mixture. The grading distribution of the
RAP aggregates met the Italian technical specifications. Based on the aged bituminous
binder content already present in the recycled aggregates and on previous studies based on
Cantabro test (EN 12697-17) [41], the optimum binder content was selected as equal to 2.5%
of the total weight of aggregates. The innovative asphalt mixtures were compared with
samples of a traditional wearing course layer made of 90% virgin aggregates and 10% RAP
and Pen 50/70, which was considered as a reference mix, and a mix consisting of 100%
RAP aggregate and Pen 50/70. Moreover, the limits of the Italian technical specifications
for wearing course layers were considered as reference for comparisons.

All alternative binders were used for producing 18 different asphalt mixtures. Per
each asphalt concrete mix, three samples were manufactured. The cylindrical samples had
diameter of 100 mm and were 55 mm tall, approximately. The correct amount of recycled
aggregates and the alternative binders were preliminarily heated in an air-forced oven
before being mixed and compacted. Per each asphalt mix, 3000 g of RAP aggregates were
heated at 150 ◦C for 2 h and 75 g of the prepared blends (i.e., 2.5%wt.) at 150 ◦C for a
minimum of 1 h. The samples underwent compaction by means of a gyratory compactor
applying 100 gyrations at 600 kPa [42].

3. Test Methods

In order to preliminarily assess the feasibility of using alternative binders for road
construction materials, the 18 new binders underwent rheological analysis. Then, the
mechanical response of all asphalt mixtures, those containing an alternative binder and the
reference mixes, were investigated. Since these were binders without bitumen as the main
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constituent, the basic tests were planned with the aim of assessing a possible relationship,
if any, between the behaviour of binders and that of mixtures as they exist for traditional
bituminous materials.

3.1. Rheological Measurements

A dynamic shear rheometer (SR5000, Rheometric Scientific, Piscataway, NY, USA) was
used to perform the rheological tests on the various alternative binders. The controlled
shear stress rheometer was used in a plate–plate configuration. Plate tools of φ = 25 mm
diameter were used for testing in the temperature range of 25–120 ◦C. The gap was set
equal to 2 mm. A Peltier system (±0.1 ◦C) controlled the test temperature. The rheological
responses of Pen 50/70 and alternative binders were determined under the kinematics
of both steady and oscillatory simple shears. In steady-shear experiments, the viscosity
of blend samples was determined from the ratio of measured shear stress to applied
shear rate, as a function of shear rate that varied from 1 to 100 s−1. Steady states were
previously checked by transient experiments (step-rate test). For all samples, it was
observed that 10 s was a sufficient scanning time to ensure the steady-state condition. All
samples showed a Newtonian behaviour in the investigated shear rate range. Dynamic
tests were carried out in conditions of linear viscoelastic (LVE) region, where measured
material features do not depend on the amplitude of applied load and are related to
materials microstructure only. With the aim of investigating the material viscoelastic phase
transition, dynamic temperature ramp tests (DTRT) were performed both at 1 Hz and
temperature rate of 1 ◦C/min from 25 ◦C to 120 ◦C by applying the proper stress values—
previously determined by stress sweep tests—to guarantee linear viscoelastic conditions at
all tested temperatures.

3.2. Mechanical Analysis

The resulting 18 asphalt mixtures were subjected to dynamic and static mechanical
characterizations. The asphalt concrete samples underwent mechanical tests after being
cured for a minimum of 24 h. Dynamic tests were used to determine the Indirect Tensile
Stiffness Modulus (ITSM) at 20 ◦C of all samples by using a servo-pneumatic testing
machine. The ITSM values were determined according to EN 12697-26 standard [43], in the
indirect tensile configuration (IT-CY). A pulse loading was applied with a 124 ms rise-time
to generate a horizontal deformation of 5 ± 2 µm. Two static mechanical characterizations
were used to measure the Indirect Tensile Strength (ITS) and the Indirect Tensile Strength
Ratio (ITSR) of all mixes according to the EN 12697-23 [44] and EN 12697-12 [45] standards,
respectively. The tensile resistance of asphalt concretes was determined by applying a
compression load with a constant speed rate of 51 mm/min. The ITS test was performed
at 25 ◦C. The latest characterization, i.e., the ITSR ratio, aimed to assess the durability
of the wearing course samples, as it determines the effect of water conditioning. This
investigation quantifies the ratio between the ITS values of an asphalt mix after water
conditioning and those of dry specimen. According to standard method A, the samples
were saturated while stored in a water bath at 40 ◦C for three days. Successively, the
samples were removed, dried, and conditioned at 25 ◦C in a climate chamber to further
undergo ITS testing. The two static characterizations applied a load until failure; hence,
two samples were used to evaluate the average ITS values, while the third specimen of
each asphalt mix was used to determine the corresponding ITSR value. Before being tested,
all samples were kept in a climate chamber at the test temperature for at least 4 h.

4. Results and Discussion
4.1. Rheological Analysis

Figure 2 shows the results of the DTRT obtained from the blends B26-1, B27-1, B29-
1, and B32V1. Among all alternative binders, these four blends were selected because
they exhibit good rheological and mechanical responses, as can be seen by comparing the
DTRT of our blends with that of a 50/70 bitumen reported in Figure 3. The remaining
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blends that were prepared show good rheological behaviour, but they do not behave as
expected from a mechanical point of view (the DTRT of the other blends can be found in the
Supplementary Information Figure S1). The DTRT of virgin REOBs (V2F, V1, V2D, V2TQ)
are reported in Figure 3. Figures 2 and 3 shows that alternative binders strongly enhance
the rheological properties of both REOBs and bitumen. Moreover, by comparing the DTRT
of the alternative binders—even those reported in the Supplementary Information—with
that of an SBS-modified bitumen (PmB) reported in Figure 4, it can be concluded that the
alternative binders resemble the behaviour of a polymer-modified bitumen.
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4.2. Mechanical Analysis

The dynamic mechanical characterization of the asphalt mixtures manufactured with
the 18 alternative binders and Pen 50/70 is reported in Figure 5. The asphalt mixes exhibit
high variability in the ITSM results, which can be ascribed to the constituent materials
used. The mixture with B23CNC shows the lowest stiffness modulus, while the mixture
containing B29D has the highest stiffness. In general, the asphalt mixes containing the
V2D show higher stiffness than the corresponding asphalt concrete mixtures with V2F.



Molecules 2021, 26, 7269 15 of 20

The higher presence of low-molecular-weight oil in the alternative binders lead to soften
the final materials as expected. Hence, the type of REOB affects the final ITSM values.
Additionally, the combination of specific additives permits alternatively increasing or
decreasing the stiffness modulus of the corresponding asphalt mixture. In fact, the B33TQ
mix has lower ITSM value than the B29D asphalt concrete. In general, the minimum ITSM
values at 20 ◦C of a traditional wearing course layer made with virgin materials only are
3000 MPa and 3500 MPa for samples produced with unmodified and polymer-modified
bitumens, respectively. Previous studies on the reference mix that contains 10% of RAP
and Pen 50/70 have assessed an average ITSM value equal to 5500 MPa at 20 ◦C, which
can be used for comparing the stiffness modulus of the innovative asphalt mixtures with
the alternative binders. Among all tested asphalt materials, the mixtures manufactured
with B26-1, B27, B27-1, B31, B31V1, B32, and B32V1 have similar stiffness to the reference
mixture that mainly contains virgin materials. Most of the recycled asphalt mixtures with
alternative binders have higher stiffness than the samples of the reference mix, which can
be mainly related to the presence of RAP and to the addition of PR. In general, the use
of recycled aggregates has been found to stiffen the final asphalt concretes; indeed, the
mixture with 100% RAP and Pen 50/70 is stiffer than the reference one. The introduction of
PR in the bituminous binders improve the cohesion properties, which turn in higher ITSM
values. Indeed, the alternative binders with a high content of PR are very stiff. However,
the use of asphalt mixtures with a very high stiffness is disadvantageous, as the resulting
asphalt pavement may be more prone to fatigue and thermal cracking.
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Figure 6 shows the indirect tensile resistance of the innovative asphalt mixtures
produced with RAP and alternative binders. The Italian technical specifications require
a minimum ITS value equal to 0.72 or 0.95 MPa for asphalt concrete with unmodified
and polymer-modified bitumens, respectively. Almost all innovative mixtures meet the
requirement; only the innovative mixtures with B23CNC, B27-1, and B29-1 show insufficient
tensile resistance. The recycled mix with Pen 50/70 exhibits the highest tensile resistance.
For bituminous materials, the tensile resistance and stiffness values are directly related
to each other, and this correlation is also confirmed in the present study. The innovative
asphalt mixes with the highest ITSM values exhibit the highest ITS results. However, the
ITS values close to or higher than 2.0 MPa may reflect a very high stiffness, which may turn
into brittle asphalt pavements. As a consequence, the Italian technical specifications limit
the tensile resistance of the asphalt mixes, and the ITS values of the asphalt mixtures with
neat and polymer-modified bitumen have to be lower than 1.60 and 1.90 MPa, respectively.
In this regard, the samples manufactured with B26, B26D, B26-1, B27, B27-1, B29V1, B29-
1, B30, B30D, B31, B32, and B32V1 meet the required specifications for mixtures with
unmodified bituminous binders. These innovative mixes have a similar response to the
reference mix with virgin materials, as their ITS values are equal to 1.2 MPa on average.
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concrete, as the use of V1 decreases the water damage resistance of the mixes when
compared to the corresponding mixtures with one of the V2s. The minimum ITSR value
required by the Italian technical specifications is about 90% when unmodified bitumens are
used. Among the innovative asphalt mixtures, almost all mixes that contain V2F (except
for B26 and B23CNC) and the mixtures made with B33TQ, B29D, B30D, and B32V1 show
good resistance against water damage, or they do not even show any water susceptibility,
as the ITSR results are greater than 100%. This behaviour can be ascribed to the presence
of a very high quantity of RAP aggregates. The abovementioned asphalt concrete mixes
behave similarly to the reference mix mainly produced with virgin aggregates. On the
other hand, the ITS value of the 100% RAP mix with Pen 50/70 is considerably reduced
after water conditioning, and its ITSR ratio is about 89%.
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Among all analysed asphalt mixtures, those containing the blends B26-1, B27, B27-1,
B31, B32, and B32 V1 exhibit good mechanical properties in terms of stiffness, tensile resis-
tance, and water susceptibility. Although the results obtained with the alternative binders
are promising, further specific rheological and mechanical tests have to be carried out in
order to assess the feasibility and the durability of these road materials that do not contain
standard bitumen. For instance, testing fatigue (mechanical), ageing susceptibility (rheo-
logical and mechanical), and low-temperature behaviour of the final alternative binders
and asphalt mix will be crucial to establish the performances of these innovative asphalt
products. In particular, the ageing tendency of the alternative binders, and consequently of
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asphalt concrete, has to be evaluated, since an aged material is used, i.e., REOB. Some of
the abovementioned tests are ongoing and are showing promising results.

5. Conclusions

In this work, the potential reuse of waste products that were opportunely treated
to produce new possible petroleum-based binders starting from REOBs is proposed. In
addition, the use of 100% recycled aggregates (RAP) together with alternative binders
can represent a good alternative to the current use of virgin materials at the binder and
asphalt mixture levels. During this study, rheological and mechanical tests were carried
out to preliminarily assess the mechanical properties of these innovative binders. From
a rheological point of view, the alternative binders exhibit similar behaviour to polymer-
modified bitumen (3%wt. of SBS). The type of REOB, the chosen additives, and the
combination of constituent materials are found to be crucial to the final responses of the
innovative petroleum-based binders and asphalt mixes. In particular, the introduction of
low-molecular-weight oils by REOB products softens the resulting alternative binders and,
consequently, the asphalt mixtures, resulting in lower ITSM and ITS values. In addition,
the use of recycled mixture with 100% of RAP and alternative binders confers good water
damage resistance to the corresponding asphalt mix. In general, various eco-friendly
asphalt mixtures show promising results in terms of stiffness, tensile resistance, and water
susceptibility. In detail, among all tested materials, the asphalt concretes that contained the
alternative binders B26-1, B27, B27-1, B31, B32, and B32V1 meet the requirements of the
Italian technical specifications for wearing course samples produced with virgin materials.
Hence, these innovative mixtures satisfy the basic mechanical performances. However,
limited recipe adjustment may allow the stiffness reduction of the abovementioned as-
phalt mixtures without compromising the cohesion and water sensitivity of the final road
materials. Even though the results of the present study are promising, they represent a pre-
liminary evaluation of the performances of the alternative binders, and further rheological
and mechanical analyses are necessary. In particular, the durability of the asphalt concrete
has to be investigated, considering the natural ageing process of petroleum-based product
and the use of an aged material for the production of the alternative binders (i.e., REOB).
The determination of eco-friendly road materials is still ongoing, and the responses of the
low-temperature DTRT and fatigue tests are under investigation.

Supplementary Materials: The following are available online. Figure S1: Dynamic Temperature
Ramp Test of B26 V2000F; Figure S2: Dynamic Temperature Ramp Test of B26 V2000D; Figure S3:
Dynamic Temperature Ramp Test of B27 V2000D; Figure S4: Dynamic Temperature Ramp Test of B27
V2000F; Figure S5: Dynamic Temperature Ramp Test of B29 V1000; Figure S6: Dynamic Temperature
Ramp Test of B29 V2000D; Figure S7: Dynamic Temperature Ramp Test of B29 V2000F; Figure S8:
Dynamic Temperature Ramp Test of B30 V2000D; Figure S9: Temperature Ramp Test of B30 V2000F;
Figure S10: Dynamic Temperature Ramp Test of B31 V2000F; Figure S11: Dynamic Temperature
Ramp Test of B31 V1000; Figure S12: Dynamic Temperature Ramp Test of B32; Figure S13: Dynamic
Temperature Ramp Test of B33.
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A recently proposed molecular-field approach, based on the formulation of an approximate, analytical orienta-
tional partition function to describe the thermodynamic properties of D2h thermotropic biaxial nematics
governed by fully attractive orientational interactions (G. Celebre, J. Mol. Liq. 209 (2015) 104–114), has now
been extended to treat also the partially repulsive regime of orientational interactions. This has been made by
the implementation of a Minimax algorithm to locate the stationary, stable points of the Helmholtz Free Energy
for the studied systems. The developed tool paved the way to new interesting (and intriguing) scenarios,
allowing us to virtually explore a wide range of cases, where the features determining the existence of possible
stable biaxial nematic mesophaseswere basically dictated by the geometric parameters characterizing the single
D2h mesogenic particles. Many cases have been revisited to validate the method (starting from the pioneering
work of Straley), and also new simulated and experimental (goethite) cases have been addressed. Particular at-
tention has been paid to the physical meaning of the two biaxiality parameters (called γ and λ), weighting the
biaxial extra-terms in the molecular-field expression of the mean-torque potential. Moreover, an explicit math-
ematical relation has been found between the parameter λ, ruling the dominant biaxial interaction, and the ratio
of the biaxial-to-uniaxial and uniaxial-to-isotropic transition temperatures, whereas a substantial uncorrelation
amongst the transition temperatures TNB-NU and the other biaxiality parameter, γ, has been verified.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The dream of every physical chemist (especially in the research field
of innovative materials) is probably to find a certain way to linkmolecu-
lar and macroscopic properties, in order to design/predict materials
endowed with specific interesting features, starting from the physico-
chemical characteristics of the constituent molecules. This is the reason
why the physical chemists often work alongside organic chemists, able
to synthesize new molecules, so giving concreteness to some possible
good idea about new/smartmaterials. Unfortunately, due tomany differ-
ent reasons, it is usually a very complicated (when not impossible) prob-
lem to predict exactly in whichway the molecular properties transfer to
the macroscopic piece of material. This is particularly true in the field of
liquid crystals (see, for example, [1]) and, especially, in the case of ther-
motropic biaxial nematics (an exhaustive survey on this topic can be
found in [2] and refs. therein). The latter represents an elusive state of
matter for which the efforts to create and isolate it, starting from seem-
ingly suitable constituentmolecules (i.e., moleculeswith the presumably

required structural/geometrical/symmetry features, the simplest ones
being hard rectangular D2h blocks [3]), often (almost always) failed (at
least, until today). In spite of this, the studies, both experimental and the-
oretical, about this topic continue, because there are still many things to
understand and it is well-known that also the failures often help in un-
derstanding. Computer simulation techniques (see, e.g., chap. 6 of [2]
and refs. therein) and molecular field models (see, e.g., chap. 3 of [2]
and refs. therein), in particular, are the most common theoretical ap-
proaches to treat these systems. The latter are appealing due to their con-
ceptual simplicity (even though the mathematical details and the
calculations are often rather complicated and difficult to understand for
non-specialists); anyway, a cost to be paid for their simplicity is that
often, in the models, ad hoc phenomenological parameters are intro-
duced, whose molecular meaning (or, at least, a possible interpretation
of them at a molecular level) remains usually quite obscure. This is the
case of the γ and λ biaxiality parameters, appearing in the formulation
of the orientational (or mean-torque) potential U for D2h particles (pos-
sibly giving rise to D2h biaxial nematic mesophases), within the frame
of purely quadrupolar molecular interactions [4–6]:

U ¼ −u0 q∙Q þ γ q∙Bþ b∙Qð Þ þ λ b∙Bð Þf g ð1Þ
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In this expression, u0 is a positive parameter useful to scale the abso-
lute temperature T, and the q and b tensors are defined as follows:

q ¼ ez⨂ez−
1
3
I ð2Þ

b ¼ ex⨂ex−ey⨂ey ð3Þ

where I is the identity tensor and {ex, ey, ez} are the orthonormal unit
vectors of the molecular symmetry axes. Moreover, the following rela-
tions hold:

Q ¼〈q〉¼ S eZ⨂eZ−
1
3
I

� �
þ 1
3
P eX⨂eX−eY⨂eYð Þ ð4Þ

B ¼〈b〉¼ D eZ⨂eZ−
1
3
I

� �
þ 1
3
C eX⨂eX−eY⨂eYð Þ ð5Þ

where {eX, eY, eZ} is the triad of unit vectors representing the laboratory
Principal Axis System (PAS) shared by Q and B tensors, and the order
parameters S, D, P, C are so defined:

S ¼ 1
2〈3 cos2θZ;z−1〉 ð6Þ

D ¼ 3
2〈 cos2θZ;x− cos2θZ;y

� �
〉 ð7Þ

P ¼ 3
2〈 cos2θX;z− cos2θY;z

� �
〉 ð8Þ

C ¼ 3
2〈 cos2θX;x− cos2θX;y

� �
− cos2θY;x− cos2θY ;y
� �

〉 ð9Þ

where the uppercase subscripts denote the axes of the PAS of the Lab,
whereas the lowercase subscripts indicate the axes of the molecular
PAS. All four order parameters S, D, P and C (with −1/2≤S≤1; −
(1−S)≤D≤(1−S); −(1−S)≤P≤(1−S) and −3≤C≤3)) are nonzero
in the biaxial phase, whereas only the order parameters S and D survive
in the uniaxial nematic mesophase [2]. The potential U given in Eq. (1)
is, essentially, an extension of that proposed by Maier-Saupe [7],
through the addition of the terms in γ and λ. It must be emphasized
that, following this model, the orientational intermolecular interactions
promoting the alignment of the particles side by side are globally attrac-
tive; anyway, these interactions are fully attractivewhenλ ≥ γ2whereas
they are partially repulsivewhen λ N 0AND λ b γ2 AND λ− |2γ | + 1 N 0
(see [8] for more details); moreover, to avoid redundancies, the γ and λ
values are chosen within a so-called “essential triangle”, where 0 ≤ γ
≤ 1/2 and 0 ≤ λ ≤ 1/3 (formore explanations about the essential triangle,
see [6,9] and refs. therein). Even though, as said above, the molecular
nature of γ and λ is rather unspecified, a way can be tried to link their
values to expressionswhere the geometry of themolecules (crudely de-
scribed as hard parallelepipeds of length L, breadth B and thickness
(width)W; see Scheme 1) appears.

The expressions, based on the modellization of excluded-volume
interactions [10,11], can be written as follows:

λ ¼
L B−Wð Þ2
h i

2 B W2 þ L2
� �

þW B2 þ L2
� �� �

− L W2 þ B2
� �

þ 6LBW
� �h i ð10Þ

γ ¼
L2−WB

� �
B−Wð Þ

2 B W2 þ L2
� �

þW B2 þ L2
� �� �

− L W2 þ B2
� �

þ 6LBW
� �h i ð11Þ

Note that in Eqs. (10) and (11) the Straley convention [3] L N B N W
(Scheme 1) has been used, unlike ref. [10], where the Authors call L the
longest molecular axis and B (instead ofW) the shortest one. The γ and

λ values predicted by Eqs. (10) and (11) for D2h particles fall into the
partially repulsive orientational regime (see above). This fact has an im-
portant implication about the theoretical search of stationary points of
the Helmholtz Free Energy F for the studied systems. As a matter of
fact, for fully attractive orientational interactions, the stable points of the
phase canbe foundbyminimizing Fas a function of the four order param-
eters at each temperature. This has been already done by one of the Au-
thors for a number of cases of study [12], by means of a recently
suggested approachwhere the use of an analytical, effective (even though
approximate) orientational partition function made it possible to carry
out, very quickly and easily, a large set of reliable simulations of different
systems and scenarios. For partially repulsive orientational interactions,
on the contrary, a Minimax algorithm for the search of equilibrium states
of the free energy is required [8,5,13,14]. In the present work, the previ-
ously presented approach [12] has been then upgraded by the implemen-
tation of the Minimax algorithm (where, thanks to the analytical form of
the partition function, given in Eqs. (15)–(19) of ref. [12], the derivatives
∂F
∂S ,

∂F
∂D ,

∂F
∂P and ∂F

∂C ð∂F∂S ¼ 0; ∂F∂D ¼ 0; ∂F∂P ¼ 0; ∂F∂C ¼ 0Þ can be calculated ana-
lytically and instantaneously; for more technical details about the imple-
mented algorithm, see Appendix A, where its flow-chart is shown). The
new code is now able to treat also the partially repulsive cases, and this
allowed us to explore a series of γ and λ values, virtually corresponding
to different geometries of particles described as hard rectangular blocks.
In the following sections, we will discuss a large set of our tests and the
corresponding results. All the calculations of this study have been carried
out byMathematica 11 [29].

2. Sampling the partially repulsive region of the essential triangle

2.1. The “Straley” trajectory

In Fig. 1, the partially repulsive region of the essential triangle (in
white) is shown, where the internal points, representing the tested
cases, correspond to (λ,γ) couples of coordinates obtained by Eqs.
(10) and (11) according to different choices of L, B and W molecular
dimensions.

First of all, to test the reliability of our approach, we walked the
“Straley trajectory” (corresponding to the black points in Fig. 1), in
order to compare our results with those given in [3]. In that work,

Scheme1. Schematic representation of theD2h particle as a hard rectangular box of length
L, breadth B and thickness (width) W.
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following the conceptual line of Onsager's theory for a gas of hard rods
[15], and some seminal ideas of Alben and Shih [16,17], a molecular
field model of interaction was suggested, involving the mutually ex-
cluded volumes (and, consequently, the dimensions L, B and W) of
pairs of D2h hard block particles characterized by different orientations.
At the end of the work, a phase diagram was shown (fig. 2 of [3]), for
blocks of varying breadth B, very similar to that we have found by
using our model (see Fig. 2).

2.2. ComparisonswithMonte Carlo computer simulations: investigating the
“aspect ratio difference”

It is clear, from the previous section, that the shape anisotropy is a
key requirement for the emergence of orientational biaxiality from par-
tially repulsive interactions.

Often, especially in computer simulations [18,19], the shape anisot-
ropy is quantified by the so-called aspect ratio difference ν, defined as
[18–20,3]:

ν ¼ L
B
−

B
W

ð12Þ

Several aspect ratio differences, corresponding to the cases treated
in [18,19] and represented by the red triangles and the blue crosses
shown in Fig. 1, have been investigated by us. In particular, the red tri-
angles of Fig. 1 sample the region lying between L/W N 9 and 2.6 b B/
W b 3.73, where there is the highest possibility to find a biaxial nematic
phase (on the basis of the salient features of the phase diagram given in
fig. 2 of ref. [19]). By our approach, we obtained the phase diagram
shown in Fig. 3, where the biaxial nematic phase clearly emerges, as ex-
pected, in the regions predicted by the MC simulations; moreover, the
width of the range of thermodynamic stability of the uniaxial region in-
creases, as expected, with the aspect ratio difference. About the blue
cross symbols shown in Fig. 1, our results regarding the three crosses
at λ N 0.07 agree with Monte Carlo computer simulations [see ref. 18
and its Supplementary Information] in finding biaxial ordering of the
phase in some interval of temperature. Vice versa, unlike the MC simu-
lated results, we have found phase biaxiality, as expected, also for the
blue cross at λ=0.07 (see also the correspondingmolecular shape rep-
resented in Fig. 1). It seems very strange thatMC simulations fail in find-
ing biaxiality in that point: in our opinion, this could be due to some
kind of computational anomaly in that specific simulated case. On the
contrary, both the approaches (the MC and the present one) indicate
the absence of phase biaxiality for the point represented by the blue
cross at λ ~ 0.02.

Fig. 1. Different points, investigated by our approach, in the partially repulsive region (in
white) of the essential triangle (the fully attractive region, exhaustively explored in ref.
[12], is also shown in pink). In the figure: (a) the black circles (●) represent the points
described in the Straley work [3] (see Section 2.1 of this work); (b) the red triangles ( )
sample the region lying between L/W N 9 and 2.6 b B/W b 3.73, where, following MC
computer simulations [19], it is predicted to have the highest possibility to find a biaxial
nematic phase (see Section 2.2); (c) the blue crosses ( ) compare with the MC
simulations carried out in [18] (see Section 2.2); (d) the green squares ( ) compare
with the Molecular Field studies carried out in [13] (see Section 2.3); (e) the yellow
square ( ) is the goethite point (see Section 2.4); (f) the circled crosses (⊗) represent
14 new treated cases to investigate the dependence of the transition temperature TNB-NU
on λ and γ (see Section 2.5). The shapes of particles corresponding to some points are
also shown.

Fig. 2. Phase diagram (à la Straley) versus β−1=(kBT/u0) forD2hhard block particles in the
regime of partially repulsive orientational interactions. The plot is obtained from the black
point data of Fig. 1: the dimension Bwas changed, whereasW= 1 and L= 10 were kept
fixed. The Isotropic (I), Uniaxial Nematic (NU) and Biaxial Nematic (NB) regions are shown
(note that the B scale is logarithmic, as in ref. [3]).

Fig. 3. Phase diagram versus β−1∝T, obtained from the red triangle data of Fig. 1. In
particular, different aspect ratios ν have been explored in the region comprised
between L/W N 9 and 2.6 b B/W b 3.73 (by changing the dimension L N 9, whereas W =
1 and B = 3.25 were kept fixed), corresponding to the zone where the highest
possibility to find a biaxial nematic phase is predicted by MC computer simulations [19]
(see text for more details). The Isotropic (I), Uniaxial Nematic (NU) and Biaxial Nematic
(NB) regions are also clearly labelled in the figure (note that the L scale is logarithmic
and increases downwards).
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2.3. Comparisons with a well-established numerical molecular field
approach [13]

Another important test of our methodology has been carried out by
comparing our results with those obtained by Bisi, Romano and Virga
(BRV) in ref. [13], based on aMF approachwhere the Z partition function
and its derivatives with respect to the order parameters are numerically
evaluated (see Eqs. (18)–(20) of ref. [13]). In that work, the Authors de-
cided to investigate, in particular, two points (called G and R; see fig. 2
of [13]) in the partially repulsive region of the essential triangle: the stud-
ied cases are represented by the green squares in our Fig. 1. For the point
G, characterized by λ=1/18 ≅ 0.056 and γ=1/3 ≅ 0.33 (virtually corre-
sponding to a parallelepiped of dimensions L=12.2, B=3 andW=1),
the behavior of the order parameters S,D, P, C vs the reduced temperature
Tred = T/TNU-I obtained by our approach is shown in Fig. 4.

The trends of the order parameters are very similar to those shown in
figs. 3-6 of ref. [13] (note that, in [13], the ensemble average of theWigner
functions are used as order parameters, the relations being the following:

S=〈R00
2 〉; D ¼

ffiffiffi
6

p
〈R2

02〉; P ¼
ffiffiffi
6

p
〈R2

20〉; C=6〈R22
2 〉); moreover,

the transition temperature TNB-NU, occurring at Tred = 0.38, is perfectly
reproduced by us. Only the value of our C order parameter, for Tred →
0, is underestimated, but we are aware of this flaw suffered by our
model, due to the approximations adopted in obtaining the closed, an-
alytical form of the orientational Partition Function (about this, the
reader is referred to [12] for more details regarding the mathematical
derivation). Also the so-called uniaxial rebound phenomenon [13] at
the nematic biaxial transition is observed for our D order parameter
(see Fig. 5), even though the magnitude of the effect is less enhanced
than in ref. [13]. About the point R of [13], represented by the green

square on the left in our Fig. 1 (characterized by λ ¼ ð76− 2
ffiffi
3

p
3 Þ≅0:012

andγ ¼ ð
ffiffi
3

p
3 −

5
12Þ≅0:160 and virtually corresponding to a parallelepiped

of dimensions L=8.6, B=1.6 andW=1) the order parameter profiles
are shown in Fig. 6. Also in this case, the order parameters calculated by
us show trends similar to those reported in [13], and the values of TNB-NU
once again match very well (0.08 in this work, against 0.089 for the
study [13]). The good agreement of our results with the results pro-
duced by a different MF approach corroborated the reliability of our
method, so that we proceeded by addressing new cases never treated
before.

2.4. Investigation of a virtual mesophase composed of goethite-shaped
particles

Mineral liquid crystals (MLCs) ([21] and refs. therein) and, in partic-
ular, biaxial phases inMLC [22–24], have recently received considerable
attention since, unlike thermotropic biaxial phases (still debated), there
are experimental unquestionable evidences of the existence of biaxial
orientational ordering [22]. Actually, the MLCs are made by colloidal
particles dispersed in a surrounding liquid (technically speaking, they
are colloidal suspensions [25,26]); then, they should be called colloidal
LC and should be classified as lyotropic phases [24]. Nonetheless, the
geometric features of board-like colloidal particles, as goethite [25,26],
play a decisive role in generating or not the biaxiality of the phase [22,
23]; so, we decided to study by our method a virtual mesophase com-
posed of particles characterized exactly by the same molecular dimen-
sions exhibited by the goethite [23], namely: L = 254 nm, B = 83 nm
and W = 28 nm (a similar conceptual approach has been used in [27],
to study the phase stability of a fluid of hard board-like particles by
using density functional theory). This case is represented by the point

Fig. 4. The behavior of order parameters S, D, P and C as a function of the reduced
temperature Tred, = T/TNU-I for D2h hard block particles in the regime of partially
repulsive orientational interactions, when λ = 1/18 and γ = 1/3 (point G of ref. [13]).

Fig. 5. The observed phenomenon of uniaxial rebound at the nematic biaxial transition [13]
for the D order parameter of the λ = 1/18 and γ = 1/3 treated case (see text for more
details).

Fig. 6. The behavior of order parameters S, D, P and C as a function of the reduced

temperature Tred for λ ¼ ð76− 2
ffiffi
3

p
3 Þ and γ ¼ ð

ffiffi
3

p
3 −

5
12Þ (point R of ref. [13]).
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given as a yellow square in Fig. 1, whose biaxiality parameters λ and γ,
calculated by Eqs. (10) and (11), are, respectively, 0.082 and 0.366. The
order parameters corresponding to this virtual goethite-mesophase are
shown in Fig. 7. Interestingly, the existence of both uniaxial and biaxial
nematic regions is predicted by our calculations, even though the L/B
and B/W dimension ratios of goethite are not far from those charac-
terizing the so-called dual-shape [18] (or self-dual [3,28]) situation,
where L/B ≈ B/W (≈ 3 for goethite) and the aspect ratio difference ν is
≈0 (corresponding to the so-called Landau point, shown in the figures),
so that a direct transition NB-I should be detected. Actually, this is what
is observed experimentally [22], even though it should not forgotten
that the real system is a lyotropic nematic mesophase (and not a ther-
motropic one).

2.5. Systematic exploration of the dependence of the transition temperature
TNB-NU on λ and γ: 14 new treated cases

It is known [6] that the dominant biaxial contribution for a mean-
torque potential U written as in Eq. (1), is that ruled by λ with respect

to that depending onγ. On the other hand, herewehave away to directly
relate the λ parameter to the shape of the particles composing the
mesophase; then, by a systematic investigation of these relations, we
canhope tofind a direct, quantitative relation between the shape features
of themesogenic particles and the onset of the phase biaxiality, going be-
yond the intuitive deductions that it is possible and reasonable to formu-
late. To do this, we decided to treat many cases (represented by the
circled crosses in Fig. 1) covering in practice all the still unexplored par-
tially repulsive region. First of all, we treated four cases (on the extreme
left in the Fig. 1) all corresponding to a very small λ value (~0.005) and
a variable γ going from ~0.145 to ~0.46. The shapes representing the par-
ticles predicted for these cases are shown in Fig. 8(a).

It is interesting to observe that, for this fixed very small value of λ,
the breadth B and thicknessW of the particle are really tinywith respect
to L and become even more negligible as the parameter γ increases, till
the particle becomes a sort of noodlewhen γ ~0.46. This means that the
already slight biaxial anisometric features of the particles decrease and
are finally lost as γ increases. Actually, our calculations do not predict
the existence of stable biaxial nematic regions for virtual mesophases
formed by such particles. The things start to change by increasing λ:

Fig. 9. The relative flatness B/L of the particle increases with λ.

Fig. 8. The shapes of particles corresponding to the circled crossed points of Fig. 1, characterized by: (a) λ ~0.005 andγ going from ~0.145 to ~0.46; (b) λ ~0.015 andγ going from ~0.24 to
~0.43; (c) λ ~0.025 and γ going from ~0.27 to ~0.40; (d) λ~0.04 and γ going from ~0.35 to ~0.40.

Fig. 7. The behavior of order parameters S, D, P and C as a function of the reduced
temperature Tred, for D2h hard block units representing goethite particles in the regime
of partially repulsive orientational interactions (λ = 0.082 and γ = 0.366).
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concerning the three circled crosses at λ ~0.015 and γ going from ~ 0.24
to ~ 0.43 (Fig. 8(b)), the biaxial nematic phase emerges for values of the
transition temperature TNB-NU of about 0.1 (in Tred units); moreover, also
in these cases there is a clear trend of the relative thickness W/L of the
particle to decrease by increasing γ. Three more points were investigat-
ed for λ ~0.025 and γ going from ~0.27 to ~0.40 (see Fig. 8(c) for the
shapes): the biaxial phase appears for values of TNB-NU of about 0.16–
0.18 TNU-I, and a significantly decrease ofW/L vs γ is still evident, where-
as the relative breadth B/L of the particle is no longer negligible. This be-
havior is even more evident also for the two points at λ ~0.04 and γ
~0.35 and γ ~ 0.40 (Fig. 8(d)), where the flatness of the particle become

significant and the biaxial phase occurs for values of
TNB−NU
TNU−I

of about 0.26–

0.29. Finally, two more points at (λ ~0.05, γ ~0.38) and (λ ~0.06, γ
~0.37) were investigated: the NB-NU phase transition was predicted
for values of Tred of, respectively, about 0.36 and 0.43. What described
above allowed us to conclude that, on the whole, a λ value sufficiently
large (≳0.01) basically means a significant flatness B/L of the particle
and good possibilities to virtually observe the existence of the biaxial
nematic phase when partially repulsive orientational interactions are
involved (see Fig. 9, where the behavior of the relative flatness of the
mesogenic particle vs λ, for a arbitrarily fixed L/W = 10 ratio, is
shown; the figure has been obtained from Eq. (10), by inverting the
monotonic functional dependence).

On the contrary, large γ values are basically representative of very
thin particles, where W/L≲0.1. Since, following our convention (see
Scheme 1), the B geometric parameter (i.e., the molecular flatness) is

more important than W in dictating the phase biaxiality, then λ con-
firms to be more important than γ as dominant biaxial parameter,
also for partially repulsive orientational interactions, as already found

for fully attractive interactions [6]. Now, if we plot the values of
TNB−NU
TNU−I

versus λ for the cases just discussed above, we obtain the behavior
shown Fig. 10, where it is immediate to recognize a perfect linear de-

pendence of the transition temperature
TNB−NU
TNU−I

on λ.

The best fitting of the points (reported in the red inset of Fig. 10) is
indeed given by the linear expression of Eq. (13):

TNB−NU

TNU−I
¼ 7:1535 λ−0:0013 ð13Þ

Since the intercept of Eq. (13) is basically 0,we can interestingly con-
clude that, for partially repulsive orientational interactions of D2h hard

block particles,
TNB−NU
TNU−I

is simply directly proportional to λ; i.e.:

TNB−NU

TNU−I
∝λ ð14Þ

The results reported in Eqs. (13)–(14) confirm, in a quantitativeway
and for partially repulsive orientational interactions, what only qualita-
tively suggested in [6] for fully attractive orientational interactions. In
our knowledge, these outcomes have never been recognized before in
this quantitative form. On passing to the other biaxiality parameter, if

we plot the
TNB−NU
TNU−I

values against γ, we obtain a distribution represented

by the randomly scattered points shown in Fig. 11, where it is evident
that there is no correlation (then, no physical relationship) amongst
theNB-NU transition temperatures and this specific biaxial contribution.
Also in this case, our result is similar to that qualitatively suggested for
fully attractive orientational interactions in [6].

3. Conclusions

In this work, on the basis of a recently proposed molecular-field ap-
proach making use of a closed approximate form of the orientational
Partition Function [12], we implemented the Minimax algorithm [8,5,
13,14] within an in-house Mathematica 11 [29] computer code, in
order to carry out statistical thermodynamics simulations of virtual
thermotropic biaxial nematics in the regime of partially repulsive orien-
tational interactions. Many tests have been carried out to validate the
reliability of the present upgraded code, with excellent results. This
allowed us to extensively investigate biaxial systems constituted by
board-like D2h particles. In particular, we were interested in shedding
more light on the physical meaning of the γ and λ biaxiality parameters
(weighting the biaxial extra-terms in the expression of the mean-
torque potential) and their relationships, at a molecular level, with the
geometrical parameters of the mesogenic particles. A significant, un-
equivocal correlation between the λ parameter and the relative flatness
B/L of themesogenicmolecules emerged, whereas γ seems to bemainly
related to the relative thicknessW/L of the particles. Then, since themo-
lecular flatness is more important than the thickness as a possible cause
of phase biaxiality, λ confirmed to be dominantwith respect γ in induc-
ing the biaxial ordering, also for partially repulsive orientational interac-
tions, as already recognized for fully attractive interactions [6]. Finally,
last but not least, an explicit, quantitative linear dependence between
the ratio of theNB-NU and theNU-I transition temperatures and theλ pa-
rameter has been found, whereas no physical dependence amongst the
transition temperatures TNB-NU and the γ biaxiality parameter has been
detected.
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Appendix A. Research and Classification of Helmoltz Free Energy (F)
critical points in the Partially Repulsive Region of the Essential
Triangle
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ABSTRACT
Tuning the rheological properties of bitumens is extremely important
for applicative purposes. This can be achieved by the use of chem-
ical additives tuning the asphaltene-asphaltene and asphaltene-mal-
tene interactions. We propose the use of an epoxy-resin to give
more rigid and thermally stable bitumens on the basis of its ten-
dency to form polymeric networks which would bridge asphaltene
clusters. Rheometry confirmed this hypothesis and showed that a
load of epoxy-resin as low as 0.1% gives the highest rigidity. Atomic
Force Microscopy highlighted the structural changes at the basis of
the observed effects.

The small amount of epoxy resin needed and its low-cost are ele-
ments deserving monitoring.

KEYWORDS
bitumen; additives; AFM;
rheometry; epoxy-resin;
asphaltene

1. Introduction

The use of asphalt for road pavement is well known throughout the world. Chemically,
this material is made of macro-meter sized inorganic particles (93-96% w/w) hold
together by an organic plastic binding agent, the bitumen, which confers to the overall
asphalt the desired properties of plasticity, rigidity and stability. It is possible to improve
these characteristics by the use of opportune additives interfering to the microstructure
generally characterized by nano-meter sized aggregates of polar molecules (asphaltenes)
organized in hierarchical structures1, stabilized by resins and dispersed in an apolar
phase of paraffins and aromatic oils2,3. For example, an additive tuning the red-ox state
of the polar molecules can hinder oxidation-induced degradation, an adhesion promo-
tion (acting on the inorganic/organic interfacial tension) can better disperse the inor-
ganic particles among the bitumen matrix, an amphiphilic additive like lecithin can help
in stabilizing the asphaltene clusters avoiding ageing4. In this ambit, we have recently
observed that some additives can form a polymeric network (e.g. poly phosphoric acid)
increasing the rigidity5.
For this reason, in the light of the recent progresses in the field of intermolecular

self-assembly in amphiphile-based and complex systems6, we wanted to use a unique
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additive to synergically stabilize the asphaltene clusters through strong additive-cluster
chemical bonds and to form a polymeric network through additive reticulation. A soy-
bean oil opportunely epoxidized has been therefore chosen as prototypal high-availabil-
ity and low-cost additive fulfilling the desired requirements: its chemical structure
suggests both strong chemical binding with asphaltenes and possibility to polymerize/
reticulate. This strategy will turn out to be successful opening new possibilities in the
realization of bitumens with desired properties.

2. Experimental part

2.1. Materials

The bitumen, kindly supplied by Loprete Costruzioni Stradali - Terranova Sappo
Minulio - Calabria - Italy, had penetration grade, measured by the usual standardized
procedure (ASTM D946)7, (50/70). By the S.A.R.A. method8, the concentrations (w/w %)
of the four different portions (Saturates, Aromatics, Resins and Asphaltenes)9 were found
to be 3.8, 51.3, 21.5 and 23.4 respectively. The asphaltenes amount is typical of 50/70
grade bitumens.
The additive was an epoxidized soybean oil (EPOXOL D65) supplied by FACI S.p.a.

(Carasco (GE) - Italy)
For the preparation of additive-containing bitumens, the epoxidized soy oil was added

to a fully flowing hot bitumen (150± 10 �C) at a desired content and stirred at
500–700 rpm by a mechanical stirrer (IKA RW20, K€onigswinter, Germany) for 30min at
the same temperature to allow homogenization. After that, cooling down was allowed.
Additive was also added, in various amounts, to bitumens aged through the Rolling

Thin-Film Oven Test (RTFOT) method according to ASTM D2872-04, where aging is
carried out by heating a moving film of bitumen in an oven for 85min at 163 �C. In
this article, time aging was lengthened up to 225min to emphasize aging effect.

2.2. Rheological Tests

The complex shear modulus G� ¼ G0 þ i G00 was measured in the regime of small-
amplitude oscillatory shear at 1Hz as a function of temperature (temperature controlled
by a Peltier element, uncertainty ±0.1 �C) by dynamic stress-controlled rheometer (SR5,
Rheometric Scientific, Piscataway, NJ, USA) equipped with a parallel plate geometry
(gap 2mm, diameter 25mm). Conditions were chosen after preliminary stress-sweep
tests to guarantee linear viscoelastic conditions in all measurements. The real and
imaginary parts define the in-phase (storage, measure of the reversible elastic energy)
and the out-of-phase (loss, irreversible viscous dissipation of the mechanical energy)
moduli, respectively. Their ratio is related to the phase angle d according to tan d ¼
G00/G0.

2.3. AFM

Atomic Force Microscopy (AFM) was carried out by a Nanoscope VIII, Bruker micro-
scope operating in tapping mode (150kHz). When the tip is brought close to the
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surface, the vibration of the cantilever is influenced by the tip–sample interaction: shifts
in the phase angle of vibration of the cantilever, implying energy dissipation in the tip-
sample ensemble, are due to the specific mechanical properties of the sample. Cantilever
with nominal tip radius of curvature 10 nm were used. Both topographic and phase
images were recorded and they usually match.

3. Results and discussion

3.1. Rheology

The temperature dependence of the G0 and G00 measured at 1Hz (shown in Fig. 1a) can
give several information. It can be seen that when temperature is increased all the sam-
ples are progressively softened (see the progressive decrease of G0). At a certain point
G0 drops causing divergence in tan d. It must be noted that in this temperature range
both G0 and G00 have a decreasing trend since the explored temperature window is on
the high temperature side of the glass transition expected for these materials (�-4 �C 1).
In these conditions G00>G0 so it can be concluded that the samples behave as pseudo-
plastic fluids.
From these rheological curves we have extracted:

1. the value of G0 at 50 �C (G0 @50 �C). This can be seen as an indicator of the
mechanical property (rigidity) of the material under usage conditions;
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2. the temperature at which G0 drops (T�), which is the temperature at which the
thermal motion is high enough to completely destroy the bitumen structure so
that no elastic energy storage under mechanical stress is any more possible.

The values of T� and G0@50 �C are reported in Figure 1b. All the values change
according to the additive amount.
Let’s focus attention on the neat 50/70 bitumen (upper panels in Fig. 1). It can be

noted that the addition of epoxidized soybean oil in small amounts (�0.1% wt/wt) gives
already increased rigidity. This also, confers to the bitumen increased thermal stability
at higher temperatures, as resulting from the increased T� value of the sample with
0.1% wt/wt additive. Chemical arguments lead to the hypothesis that the epoxy-resin
can bind asphaltenes through their polar functional groups. So, the increased overall
rigidity and resistance to heating are consequence of the polymeric networks that
epoxy-resins are expected to form and bridge the asphaltene clusters. An amount of
epoxy-resin higher than that needed to saturate all the asphaltene polar functional
groups and to form the polymeric network exert a detriment effect destabilizing the net-
work so a drop in rigidity and T� takes place at additive content high enough (2% wt/
wt in pristine bitumens). To test this hypothesis, the same experiments were carried out
also on bitumens artificially aged through Rolling Thin-Film Oven Test (RTFOT,
according to ASTM D2872-04, see experimental part), hereafter labeled as "aged" bitu-
mens. After aging, asphaltene clusters are richer in polar functional groups thus offering
more sites for additive binding. Therefore the additive was added in various amounts to
such aged bitumens and the results are also reported in Figure 1 for comparison (lower
panels). First of all, aged samples are obviously stiffer: T� values of aged bitumens are
shifted to higher temperatures with respect to those of pristine 50/70 bitumens contain-
ing the same amount of additive. This is the result of the aging effect and the same con-
sideration can be made by looking at G0@50 �C: the value is higher for aged bitumens
than for pristine bitumens. Interestingly, it can be seen that also for aged samples a
maximum exists, both for G0@50 �C and T�, but it is located at higher additive con-
tents: the maximum in T� takes place at additive content of 1% wt/wt and the max-
imum in G0@50 �C takes place at additive content of 2.5% wt/wt. This confirms that the
aging process, causing an increase in the number of polar chemical groups in asphal-
tenes, allows an increased number of additive molecules to bind asphaltenes thus further
reinforcing the overall structure. As a result, the maximum in rigidity and T� occurs at
higher additive content and the materials are generally more rigid and more resistant to
temperature increase. Similarly to pristine bitumens, also in aged bitumens at additive
amount higher enough a drop in G0@50 �C and T� takes place.
It deserves to be noticed that in pristine 50/70 bitumens maxima in T� and G0@50 �C

are located at the same additive content, where in aged bitumens the two maxima are
located at different additive contents. This comes from the different slope of G0 vs. tem-
perature of the various aged samples (see Fig. 1a lower panel). Indeed, the sample at 1%
wt/wt shows a discrete (but not the highest) rigidity at 50 �C but the best resistance to
temperature increase. This causes the crossing of the curve belonging to 1% wt/wt com-
position with those belonging to 2% and 2.5% wt/wt. The crossing point has been
marked in Figure 1 by a pointing arrow.
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The additive therefore affects the bitumen rigidity differently according to the num-
ber of oxidized (aged) asphaltenes and this is consistent with our hypothesis of a net-
work built by the additive and bridging the asphaltene molecules via direct interactions
involving the polar groups.

3.2. Atomic Force Microscopy (AFM)

Atomic Force Microscopy has been used to analyze the topographical structure of the
samples. Representative phase images are shown in Figure 2. In the unaged 50/70 bitu-
men (left panel) elongated clusters of 2 lm, with a rippled interior conferring the typical
"bee" structure10 dispersed in a quite uniform matrix, can be clearly seen. These aggre-
gates are made of asphaltene clusters at different levels of aggregation, in accordance
with a recent investigation1. In phase images darker regions are characterized by a lower
rigidity. Asphaltene clusters shows the highest rigidity tuned accordingly to the rippled
interior structure and the peripheral regions. The continuous medium (the so-called
maltene) shows the lowest rigidity. By addition of additive at low content (see additive
0.1% panel) the size of asphaltene clusters is lowered and the bee structure reduced: this

Figure 2. representative AFM phase images of the sample under investigation. For each sample the
topographic and phase images usually match.
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is a strong evidence of the fact that the epoxy-resin influences the morphology and
structure of asphaltene clusters. Moreover, asphaltene clusters appear more rigid (see
phase image) and forming a network. Taking into account for the fact that asphaltene
clusters, usually of nano-meter size, form hierarchical self-assembled aggregates from
nano- to meso- to micro- scale1, the observed behavior means that the epoxy-resin is
able to modify the aggregation pattern at the micro scale. A direct interaction between
the epoxy-resin and the asphaltene clusters is therefore confirmed. At higher addition
of additive (additive 2%) the asphaltene clusters rigidity looks decreased, the asphaltene
"bee" structure is completely lost, the size of the clusters is further reduced and their
"dilution" in maltene is observed. As a consequence, at this epoxy-resin amount, the
overall rigidity is reduced. This behavior is in full accordance with the rheological data.
As for the aged bitumens (right panel), the neat bitumen shows already abundance of

rigid asphaltene clusters as a consequence of the RTFOT aging procedure. The additive
therefore exerts its effect by making asphaltene clusters even more rigid (see additive
1% panel) thus increasing the overall rigidity: in this situation an interplay of effects in
rigidity (G0) and resistance to temperature (T�) characterize the samples, as a conse-
quence of the fact that the additive affects the bitumen rigidity differently according to
the number of oxidized (aged) asphaltenes (see discussion of rheological data). At
higher additive content (see additive 3% panel), again, a lowering of asphaltene rigidity
is observed. This is self-consistent with the unaged samples and again confirms rheo-
logical data.

4. Conclusions

We showed that an epoxidized soybean oil (epoxy-resin) can be used as additive to
increase the rigidity in bitumens. This takes place thanks to the direct interactions
between the epoxy-resin and the asphaltene clusters jointly to the inherent epoxy-resin
tendency to form polymeric network. Rheological properties of bitumens containing
various additive amounts showed that the optimal load of epoxy-resin is around 0.1%
wt/wt: at this amount, maxima in rigidity (G0 at 50 �C) and resistance to temperature
(temperature at which the bitumen starts flowing, T�) take place. Amount of additive
higher than this has a detrimental effect as a consequence of the saturation of the
asphaltene sites available for additive binding and their consequent dilution effect into
the maltene phase which destructures the overall structure. Atomic Force Microscopy
highlighted the additive effect to the asphaltene clusters which even lose their classical
"bee" structure with a parallel increase in rigidity and formation of a network. The
mechanism is confirmed by performing the additivation to bitumens which were previ-
ously aged by the Rolling Thin-Film Oven Test (RTFOT) method: aged bitumens, hav-
ing more numerous polar functional groups, offer an increased number of sites for
additive binding so they require a higher amount of epoxy-resin to maximize the rigid-
ity (1% wt/wt) and resistance to temperature (2.5% wt/wt). The small amount of needed
additive (less than half of the amount typically required in traditional additivation of
50/70 bitumens) and its low-cost are elements to be monitored for the future design of
high-performances bitumens.
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Abstract: This synthesis explores the state-of-the-knowledge and state-of-the-practice regarding the
latest updates on polymer-modified bitumens (PmBs). The information in this study was gathered
from a thorough review of the latest papers in the literatures related to modified bituminous materials,
technologies, and advances. For this purpose, the paper is presented in two principle sections. In the
first part, the bitumen itself is investigated in terms of chemical structure and microstructural systems.
In the second part, the paper focuses on bitumen modification from different aspects for assessing
the effectiveness of the introduced additives and polymers for enhancing the engineering properties
of bitumen in both paving and industrial applications. In conclusion, the knowledge obtained in this
study has revealed the importance of the chemical composition of base bitumen for its modification.
It can be declared that while some polymers/additives can improve one or some aspects of neat
bitumen properties, they can lead to compatibility problems in storage and production. In this respect,
several studies showed the effectiveness of waxes for improving the compatibility of polymers with
bitumen in addition to some benefits regarding warm mix asphalt (WMA) production.

Keywords: polymer-modified bitumens (PmBs); chemical structure; microstructural systems;
spectroscopy; compatibility

1. Introduction

1.1. Bitumen Functionality

According to the European specification (EN 12597), bitumen is defined as a virtually involatile,
adhesive, and waterproofing material derived from crude oil, or present in natural asphalt, which
is completely or nearly completely soluble in toluene, and very viscous or nearly solid at ambient
temperatures [1]. It is well-accepted that the original characteristics of bitumen are highly dependent
on its production and processing procedure, as well as bitumen crude oil characteristics [2]. Good crude
oils and proper distillation processes can enhance bitumen properties. Generally, heavier crude oil
gives higher bitumen yields [3]. Therefore, having a complete knowledge on the bitumen characteristics
from different aspects is of paramount importance. This knowledge proves to be more important
when, for some bitumen applications, some difficulties such as discontinuity in phase, mal-dispersion,
and instability with polymers/additives make it challenging in the production and application of
bituminous materials.
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From a commercial point of view bitumen is a low-cost thermoplastic material that has been
widely used in roofing and pavement application, paving mixtures, and industrial products for a
long time. In both paving and industrial applications, the bitumen should be resistant to climate and
more demanding traffic loads, for which reason rheological properties play a key role in different
aspects [4–6]. From a functional point of view, the bitumen has to be fluid enough at high temperature
(≈160 ◦C) to be pumpable and workable to allow for a homogeneous coating of aggregate upon
mixing. Moreover, it has to be stiff enough at high temperatures to resist rutting (according to the
local temperatures, ≈60 ◦C). Finally, it must remain soft and elastic enough at low temperatures to
resist thermal cracking [4]. All the mentioned requirements are almost opposite, and most of the
available neat bitumens would not provide all the needed characteristics together. Moreover, in some
applications, the performance of conventional neat bitumens may not be satisfactory considering
the required engineering properties because it is brittle in a cold environment and softens readily
in a warm environment. This limited performance temperature range is the main drawback to neat
bitumen, limiting its use for both roofing and road paving applications. In addition, as the traffic speed
and load has dramatically increased, unplanned overloading has notably shortened the life of asphalt
pavements, increasing its costs of maintenance and risks to users. Hence in order to enhance the
performance properties of neat bitumen, to date, a variety of additives have been introduced and some
have been used successfully for many applications. Modifiers and additives have been used to boost
bitumen performance include: polymers, chemical modifiers, extenders, oxidants and antioxidants,
hydrocarbons, and anti-stripping additives. The following sections are dedicated to the discussion
about bitumen chemistry composition in order to describe the main features and mainly to describe
the additives used over the last few decades of research, providing a comprehensive and in-depth
coverage of the science and technology of bitumen modifiers.

1.2. Bitumen Chemistry

From a chemical point of view, bitumen is defined as a viscous viscoelastic liquid (at room
temperature) consisting essentially of hydrocarbons and their derivatives, which is totally soluble
in toluene, substantially non-volatile, and softens gradually when heated [7]. It comprises a very
great number of molecular species that vary widely in polarity and molecular weight [8,9]. Elemental
analysis show that bitumen composition is primarily determined by its crude oil source and it is
difficult to give a specific geographical generalization [10,11] (many suppliers also mix bitumen from
different sources as well). This has been shown in a wide research by SHRP (Strategic Highway
Research: Special Report) [12]. Based on this report, the main constituents of bitumen are carbon,
which varies from 80 to 88 wt% and hydrogen ranging from 8 to 11 wt%. In addition, Heteroatoms and
transition metal atoms (principally vanadium and nickel) are generally presents: sulfur (0 to 9 wt%),
nitrogen (0 to 2 wt%), oxygen (0 to 2%), vanadium up to 2000 ppm, and nickel up to 200 ppm [10,13,14].

From a molecular point of view, the main compounds of the polar heteroatoms above are:
sulphides, thiols and sulfoxides, ketones, phenols and carboxylic acids, pyrrolic and pyridinic
compounds, and most metals form complexes such as metalloporphyrins [14]. Molecular weight
distribution analysis shows that bitumen is a complex mixture of about 300 to 2000 chemical
compounds (medium value 500–700) making a complete chemical characterization very difficult.
For this reason, bitumen is generally fractionated by simpler methodologies, which allow two principal
constituents to be identified:

I Asphaltenes
II Malthenes (also called petrolenes)

Maltenes are then classified into saturate, aromatic, and resin, which together with asphaltene
are known as the bitumen SARA (Saturate, Aromatic, Resin, Asphaltene) fraction. The relative
abundance of the SARA fractions allows the bitumen chemical composition to be related with its
internal structure and some of its macroscopic properties [15]. However, it should be noted that
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changes in experimental conditions (especially eluent nature) significantly affect the proportion of
every bitumen fraction [10,16]. It is, therefore, important to specify the experimental setup condition
for comparing the various chemical compositions of bitumen, even though they show some common
features and overall properties that remain substantially unchanged.

1.2.1. Asphaltenes

Asphaltenes, whose percentage in bitumen varies from 5 to 25% are amorphous brown/black
solids at room temperature with particle dimensions between 5–30 µm, insoluble in n-heptane,
but soluble in toluene [17,18]. Asphaltene contains oxygen, nitrogen, sulfur, and heavy metals (V, Ni,
etc.) in the form of complexes such as metallo-porphyrins with long aliphatic chains (up to 30 carbon
atoms), and pyrrolic and pyridinic rings. As demonstrated by UV-fluorescence spectroscopy [19,20],
Fourier transform infrared spectroscopy (FTIR) [20,21], X-ray raman spectroscopy [22], and NMR
spectroscopy [20,23,24], asphaltene molecules consists of fused aromatic rings, most probably between
4 to 10 units, together with some aliphatic chains as ring substituents, as shown in Figure 1.
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Figure 1. Asphaltene hypothetical structure: (a) Archipelago structure, and (b) continent structure
(reprinted from [25,26] with the permission of the American Chemical Society and OnePetro).

Owing to the presence of many condensed aromatic rings, asphaltenes form an almost
planar structure that can associate by π–π bonding interaction to form graphite like structures
(see Figure 2) [21,27].
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Figure 2. Monomeric, dimeric, trimeric, and tetrameric structure of a Venezuelian asphaltene molecule
(reprinted from [28] with permission of the American Chemical Society).

X-ray diffraction spectra of solid asphaltenes [29–31] have shown two main peaks: one amorphous
at a 2θ = 19◦, mainly due to the aliphatic structures of the molecules, and a very wide diffraction peak
at 2θ = 26◦, corresponding to the Bragg angle scattering of the (0,0,2) planes of graphite, meaning that
the graphite-like crystals of asphaltene aggregates are very small [4]. As reported by Yen et al. [30]
based on the half-width of the diffraction peak, they estimate the graphite-like structure size in the
order of 2–5 nm with an average of five-unit sheets (see Figure 3).
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Chemical Society).

Asphaltene aggregation is still maintained in solvent, where they associate to form the so-called
“micelles” [14,32–35] whose size is principally determined by the solvent nature, asphaltene content,
and temperature [28,29,35]. Asphaltene graphite-like stacking of the molecules has as consequences a
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high degree of electron delocalization, giving an overall negative charge [27,36] a permanent electrical
charge [37], and a dielectric constant between 5 and 7 [38–40]. Finally, asphaltene association also
has particular effects on the rheological behavior of bitumen [41–43]. A more detailed study on the
asphaltene nature can be found in [44].

1.2.2. Saturates

The saturated components in bitumen typically are within 0–15 wt% of the overall fraction.
From a chemical point of view, saturates are complex mixtures of polyalkyl structures in which straight
chain paraffins prevail as shown by FTIR measures [21]. Saturated fractions from blown bitumen are
richer in long-chain paraffins than those from straight-run bitumen [45]. The saturate fraction is a
mixture of pure aliphatics (linear and cyclic) [4]. As the content of saturates increases a decrease in the
complex shear modulus and an increase in the phase angle of bitumen is expected because the saturate
fraction is the lightest part of the maltenes, whereas the latter are a liquid part of bitumen which is
complemented with solid asphaltenes [45,46].

1.2.3. Resins

Resins are dark brown solid (or semi-solid) compounds characterized by particle sizes of 1–5
nm, soluble in n-heptane, and structurally and compositionally similar to asphaltenes, except for a
lower molar mass [47]. Resins are present in an amount ranging from 30 to 45 wt% and sometimes
can be more polar than asphaltenes, but with less condensed aromatic rings [17]. Their polar nature
enhances the adhesive properties of bitumen, but their principal role is as dispersing agents for the
asphaltene macromolecular structures and oils, which are mutually insoluble. When bitumen is
oxidized, resins gain oxygen molecules and the similarity of their structure to asphaltenes is enhanced.
The bitumen characteristics are determined largely by the resins’ asphaltene ratios [48].

1.2.4. Aromatics

Aromatic oils are dark brown viscous liquids containing low molecular weight aromatic
compounds. They have a slightly aliphatic carbon skeleton with lightly condensed aromatic rings and
a molar mass ranging between 300 and 2000 g/mol. Aromatic oils make the highest fraction (40–65%)
of bitumen. They have a high solvent power relative to high molecular weight hydrocarbons. Together
with saturated oils they are considered as the plasticizing agents of bitumen [17].

2. Bitumen Polymers

Polymers are macromolecules synthesized through chemical reaction between smaller molecules
(monomers) to form long chains. The physical properties of the resulting polymer are determined by
the chemical structure of the monomers and by their sequence inside the polymer. A combination of
two different monomers that can be in a random or block arrangement gives a so-called copolymer.
Polymers include a broad range of modifiers with elastomers and plastomers being the most
commonly-used types. Polymer-modified bitumens (PmBs) are produced by the mechanical mixing
or chemical reactions of a bitumen and one or more polymer in a percentage usually ranging from
3% to 10%, relatively to the weight of bitumen. In the first case, the mixtures are said to be simple,
because no chemical reactions occur between the two partners in the system. In this case, the polymer
is considered as a filler which gives specific properties to the mixture. In the second case, the mixtures
are said to be complex, because chemical reactions or some other interaction occurs between the two
partners in the system [49].

Modified bitumens are characterized as a two-phase system: bituminous, prevalently as
asphaltenic matrix, and polymeric matrix, which has been investigated from two different points
of view.: (1) the complex interaction mechanism between bitumen and additive and (2) the
influence of different type of bitumen modifiers aiming to study the rheological performance
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characteristics, temperature sensitivity, morphology, thermal behavior storage stability, and aging of
the resulting PmBs.

From a bitumen/polymer interaction mechanism point of view, according to Polacco et al. [50],
polymer modification results in a thermodynamically unstable but kinetically stable system in
which the polymer is partially swollen by the light bitumen components (maltenes) and can swell
up to nine times its initial volume [51]. Competing for bitumen’s light fractions, polymers tend
to induce the micelles aggregation of the asphaltenes or to increase their degree of association,
according to the nature of the original bitumen. At high temperatures, a relatively low viscosity
of the melted micro-heterogeneous polymer-modified bitumen allows the substances with similar
structure and polarity to form their domains: the swollen polymers and the asphaltenes. However,
the thermodynamic instability of this system induces a phase separation (or sedimentation) under
the influence of the gravitational field. Therefore, associated asphaltene micelles can settle to the
bottom of the blend during static hot storage. According to this mechanism, the degree of phase
separation of polymer modified binders can be influenced by storage conditions such as temperature
and time. As shown by Lu et al., the phase separation will mainly be governed by the nature of the base
bitumen and the characteristics and content of the polymer [8]. To date, different types of additives
and polymers have been used for bitumen modification [52]. Table 1 summarizes the most common
types of additives used as bitumen modifiers.

Table 1. Examples of additives used to modify bitumen (reconstructed from [52] with the permission
of Thomas Telford).

Type of Modifier Examples Abbreviation

thermoplastic elastomers Styrene–butadiene elastomer SBE
Styrene–butadiene–styrene elastomer (linear or radial) SBS

Styrene–ISOPRENE–STYRENE elastomer SIS
Styrene–ethylene–butadiene–Styrene elastomer

Ethylene-propylene-diene terpolymer SEBS

Isobutene–isoprene random copolymer IIR
Polyisobutene PIB
Polybutadiene PBD
Polyisoprene PI

latex Natural rubber NR
thermoplastic polymers Ethylene–vinyl acetate EVA

Ethylene–methyl acrylate EMA
Ethylene–butyl acrylate EBA
Atactic polypropylene APP

Polyethylene PE
Polypropylene PP

Polyvinyl chloride PVC
Polystyrene PS

thermosetting polymers Epoxy resin
Polyurethane resin PU

Acrylic resin
Phenolic resin

chemical modifiers Organometallic compounds
Sulfur S

Phosphoric acid, polyphosphoric acid PA, PPA
Sulfonic acid, sulfuric acid

Carboxylic anhydrides or acid esters
Dibenzoyl peroxide

Silanes
Organic or inorganic sulfides

Urea
recycled materials Crumb rubber, plastics

fibers Lignin
Cellulose

Alumino-magnesium silicate
Glass fibers

Asbestos
Polyester

Polypropylene PP
adhesion improvers Organic amines

Amides
anti-oxidants Phenols

Organo-zinc or organo-lead compounds
natural asphalts Trinidad Lake Asphalt LA

Gilsonite
Rock asphalt
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In Table 2 are summarized the most common used modifiers found in the literature, which are
discussed in this paper.

Table 2. Different categories of polymers mainly used in bitumen modification.

Thermoplastics Polymers (see Section 2.1)

Polyethylene (PE)
Polypropylene (PP)

Ethylene-Vinyl-Acetate (EVA)
PVC
EBA

Thermoplastic Elastomers (see Section 2.2) Styrene-Butadiene-Styrenhe-Block copolymers (SBS)
Styrene-Isoprene-Styrene-Block copolymers (SIS)

Thermosets (see Section 2.3)

Epoxy resin
Polyurethane resin

Acrylic resin
Phenolic resin

Natural and Synthetic Rubbers (see Section 2.4)

Styrene-Butadiene rubber (SBR)
Natural rubber
Polydiolefins

Reclaimed Tire rubber

Bitumen Chemical Modifier (see Section 3)

Sulphur (S)
Polyphosphoric acid (PPA)

Reactive Polymers
Maleic Anhydride (MAH)
Nanocomposite Modifiers

Warm Mix Asphalt methodology (see Section 4)

Each of these groups associate with different pros and cons as a bitumen additive. In addition
to the large group of polymers, other bitumen modifiers, such as polyphosphoric acid (PPA), sulfur,
maleic anhydride, and different kinds of clays, have been introduced and experienced, in this respect,
some success.

2.1. Thermoplastics Polymers

Polyolefinic plastomers, also known as thermoplastics, whose category includes: Polyethylene
(PE), polypropylene (PP), ethylene vinyl acetate (EVA), ethylene butyl acrylate (EBA), and polyvinyl
chloride (PVC). Polyethylene which can be found in in three forms; low-density polyethylene (LDPE),
high-density polyethylene (HDPE), and linear low-density polyethylene (LLDPE) are the most common
plastomers. The use of plastomers as polymers to obtain PmBs arose as a consequence of the high costs
of the styrenic polymers and the degradation phenomena due to their unsaturations. On the contrary,
polyolefinic plastomers have a low cost and high availability presenting also higher stability than
styrenic ones. Polyolefin polymers addition generally increases the bitumen stiffness and a good rutting
resistance [53,54]. For these reasons plastomers play a leading role in PmBs in which they represent
about 15% of the reference market. Reclaimed polyethylene is recovered from low-density domestic
waste PE carry bags. Punith and Veeraragavan investigated an 80/100 paving-grade bitumen with
different PE ratios [55]. The blends were tested using Hamburg wheel track tests, resilient modulus
tests, an indirect tensile test, and an unconfined dynamic creep test. The results analysis showed that the
PE-modified asphalt mixtures exhibited better performance characteristics than conventional mixtures.
Even though polyethylene and polypropylene are the most common plastomers used, their non-polar
nature results in compatibility problems with bitumen also sharpened by their tendency to crystallize
which deeply restricts the interaction with bitumen [4,56]. In addition to compatibility problems of
thermoplastics, these kinds of polymers also failed to increase the bitumen elasticity [53]. In an attempt
to avoid the problems of compatibility and crystallization, other kinds of thermoplastics have been
introduced. Principally, these modified polymers are obtained by inserting acetate groups, producing
ethylene vinyl acetate (EVA) with vinyl acetate group content higher than 14%, ethylene methyl
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acrylate (EMA), and ethylene butyl acrylate (EBA). Esters groups of these polymers have the double
advantage of increasing the polarity and reducing their crystallization tendency, disrupting the closely
packed crystalline microstructure [50]. Both factors increase the bitumen compatibility and storage
stability of the blend. In general, relative to the compatibility of plastomers with the bituminous
matrix, it is believed that the higher the ester fraction is, a lower crystallinity is achieved. However, the
crystallinity degree must be carefully balanced. If the crystallinity degree is to low, the lattice formed
tends to be disrupted early after the crystals are interlocked with the bituminous fraction. In the EVA
case, the optimal crystallinity degree is obtained using vinyl-acetate percentage ranging from 14% to
28%. However, despite the enhanced properties obtained by using EVA and other similar polymers,
like compatibility, the problem of elastic recovery of polymer-added bitumen still remains [50,53,57].
Furthermore, the glass transition temperature of EVA which is dependent on the acetate content is not
low enough to improve significantly the low-temperature properties of bitumen [58]. In this respect,
Ameri et al. demonstrated that bitumen resistance to low-temperatures cracking can be increased by
an amount of added EVA ranging between 2% to 4%, whereas it is decreased adding about 6% of
EVA [59].

2.2. Thermoplastic Elastomers Modified Bitumen

Thermoplastic elastomers can resist permanent deformation over stretching, and elastically
recovers once the load is removed [53,60]. Generally, thermoplastic elastomers used as modifiers
are block copolymers of mono- or di-olefins. As mono-olefin unit the styrene molecule is
used as mesomer, whereas as diolefin the butadiene or isoprene unit are normally used.
The corresponding elastomers are called styrene butadiene styrene (SBS), styrene isoprene styrene
(SIS), styrene-ethylene/butylene-styrene (SEBS).

Thermoplastic elastomer structure is generally linear and is characterized by weak inter-chain
linkage. However, radial SBS copolymer are widely used as a bitumen modifier. Figure 4 represents
the linear and radial SBS structures.
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As can be seen in Figure 4 the linear polymer is characterized by two polystyrenic blocks linked to
a two-polybutadiene block, while in the radial structure polystyrene blocks make a radial configuration
around the polybutadiene block. This structure distinction is decisive because it characterizes the final
performances of the blend. It has been noted that radial structure offers a higher system stability and
a better redistribution of the elastic and viscous components of bitumen. The elastic and sturdiness
feature of styrenic elastomers are due to a three-dimensional lattice formed by the physical interlocking
of the molecules. The three-dimensional vertexes of the lattice are formed by polystyrenic blocks,
which form separated domains in a rubber matrix formed by polybutadiene units. A schematic
representation is shown in Figure 5.
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Polystyrenic blocks are responsible for the sturdiness of the polymers while polybutadiene blocks
give elasticity. At temperatures above the glass transition of polystyrene (Tg = 100 ◦C) the latter softens
with a consequent weakness of the PS domains. This allows an easier bitumen treatment. Upon cooling
to room temperature, styrenic blocks reaggregate to re-form rigid domains restoring sturdiness and
elasticity. Once SBS polymer is added, some interactions happen between the bitumen and SBS.
Polystyrene blocks swell by absorbing light components of bitumen, which causes the hardening of
the bitumen [63,64].

The repeatedly reported excellent properties, relatively good dispersibility in bitumen (dependent
on the base bitumen composition), and acceptable cost have made SBS popular as a bitumen modifier.
Many studies showed that the addition of SBS to the bitumen increases the softening point, decreases
the penetration slightly, lessens the thermal susceptibility, increases the viscosity and decreases the
Frass breaking point. It has also been observed that SBS moderates the increasing of stiffness due to
the oxidation process simulated by short and long-term aging maintaining almost unaltered virgin
bitumen properties also following RTFOT (Running Thin Film Oven Test) treatments.

The SBS concentration plays a fundamental role in polymer-added bitumen properties. Bitumen
modification can be done by adding up to 7% of elastomers and, in some cases, different polymers
can be used contemporarily. For soft and medium modifications polymer quantities are less than 4.5%
(about 3% for soft modification and 4.2% for medium modification). For hard modifications added
quantities are higher than 5%, while at low concentrations, SBS is dispersed as a discrete phase in
bitumen, increasing the SBS concentration results in a phase inversion and two interlocked continuous
phases are obtained: the bitumen rich phase and SBS rich phase typically shown in Figure 6. The latter
is characterized by two sub-phases: one formed by a swollen polybutadiene matrix and polystyrene
domains [63].

In spite of many proven benefits regarding the use of SBS copolymers for bitumen modification,
they are still far from perfect. For example, the compatibility between bitumen and SBS is not always
that good and storage instability of SBS modified bitumen was reported even for bitumens containing
a low quantity of polymer [66–68]. In other words, the same level of compatibility may not be obtained
with different base bitumen as in the example shown in Figure 7. In this respect, Airey has observed
a competition between thermoplastic elastomers and asphaltenes to absorb the light components of
bitumen in SBS/bitumen blends [64]. An insufficient amount of light components induces phase
separation in modified bitumen. It was also noted that to produce a compatible and stable SBS
modified bitumen a high aromatic content in the latter could be helpful [69]. In this respect, it has been
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observed that an improvement in compatibility between SBS and some bitumens with low aromatic
content could be achieved by the addition of aromatic oils [65]. However, too high an aromatic content
(70–80%) in modified bitumen can lead to swelling and anti-plasticization (i.e., an increase in its glass
transition temperature) of some polystyrene blocks [70], which is not good for the resulting properties
of the modified bitumen. Lu et al. concluded that for the bitumens containing 50–60% of aromatic
components, blends with linear SBS provide greater stability than those with radial SBS copolymer [71].Appl. Sci. 2019, 9, x FOR PEER REVIEW  10 of 35 
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In addition to polymer chemical structure and concentration, it has been shown that the molecular
weight of the polymer is also of paramount importance to bitumen/polymer compatibility. It has been
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shown that, an increase in molecular weight decreases entropy and blend stability. In this respect,
linear and radial SBSs with similar S/B ratios were used by Lu et al. to study their respective blend
stability. It has been observed that the use of the linear SBS produces a higher-stability blend than the
radial one. This was ascribed to the lower molecular weight of the linear SBS used than the branched
one. However, as Polacco et al. declares it is doubtful that a significant difference would have been
observed if the linear and branched copolymers had similar molecular weights due to differences in
molecular structure [46].

2.3. Thermosets

Thermosetting plastics (TP)—two liquid compounds (resin and hardener) — are first blended
together and then with the bitumen a few seconds before application as surface coating/surface
dressing (main use) or before mixing with aggregates for the production of hot asphalts (occasional
use) [72]. Thermosetting plastics are polymers that turn into a solid state while heated or impose
hardness. Before hardening, TP molecules have a linear structure, the same as thermoplastics molecules,
but the size of their molecules is significantly smaller. TP molecules are chemically active. They contain
either double (unsaturated) bonds or other chemically active groups. Therefore, under certain
conditions (at heating, irradiation, or adding hardeners) thermosetting molecules react with each other
and form a continuous network. Epoxy, phenol-formaldehyde, carbamide, polyester, silicone, and other
resins belong to TP [73]. It has been shown that when epoxy thermosets polymers are blended with
bitumen the modified bitumen displays the properties of the epoxy rather than those of the bitumen [74].
Since the epoxy bitumen presents the properties of the thermosetting polymer, the available time to
use the modified bitumen is limited and is determined to a great extent by the mixing temperature.
The higher the temperature, the shorter is the time of use. After producing, the thermosetting bitumen
begins to ‘cure’ and increase its strength (hardens) once it is applied. The curing time is according to
ambient temperatures. The higher the ambient temperature, the longer is the curing time. Once curing
is completed, future temperature increase, which would soften the conventional bitumen, does not
affect the hardness of the thermosetting bitumen at all. The completely cured bitumen is designated as
an elastic material having no viscous behavior. Even though the PmBs with thermosetting plastics have
relatively high adhesion to the mineral particles and great strength they are not common for paving
applications. This is because firstly, when entering these polymers, owing to the imposed hardening,
the technological properties of PmB are almost immediately deteriorated; secondly, the rigidity of the
PmB is increased at low temperatures, which results in increased thermal sensitivity; thirdly, the use of
TP complicates the system and raises its price; and finally, the effectiveness of thermosetting plastics
appears usually at their large quantities in bitumen (more than 10 wt%). Asphalt mixtures produced
with thermosetting polymer-modified bitumen have excellent adhesive ability, excellent resistance to
deformation, excellent fatigue performance, and high stiffness modulus.

2.4. Natural and Synthetic Rubber

2.4.1. Natural Rubber

Natural rubber polymer could be easily synthesized through the chemical reaction of isoprene
molecules. The resulting compound, the cis-1,4-polyisoprene with a chemical formula of (C5H8)n with
high molecular weight is analogous to natural rubber [75,76]. In each repeated unit of polyisoprene,
the double bond presence makes the polymer easily undergo a vulcanization process. This consists in
the addition of sulfur to change the properties of natural rubber into a thermoset [77]. From a physical
point of view, the presence of complex molecular chains of polyisoprene gives natural rubber a large
elasticity and resilience characteristics [78]. For practical application of natural rubber, vulcanization is
needed. However, in this process rubber creates disulfide bonds between chains, limiting its degree of
freedom and the chains speedily tighten. Thus, the rubber is harder and less extensible because of an
increasing in elastic force [79].
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Natural rubber latex has been applied in the bitumen industry for over 30 years and is perceived to
have potential for improving bitumen binder performance by improving thermal sensitivity, flexibility,
stability, and stripping. In terms of thermal sensitivity, while at low temperatures it helps to dissipate
the developed stress, preventing asphalt concrete cracking, at high temperatures it acts as a membrane,
controls the asphalt flow, enhancing shear resistance [80]. In addition, its inherent elastomer properties
proved that natural rubber latex has great potential for improving the long-term pavement performance
of asphalt concrete [81].

It has been found that rubberizing asphalt concrete not only increases the rut resistance, but also
enhances fatigue life with the increase in resilient modulus [82,83]. In addition to improving the
mechanical and performance properties of asphalt concrete, in a study using both the Marshall method
and a gyratory compacter it has been shown that natural rubber decreases the optimum binder content
in asphalt concretes, increasing its density and stability [84]. From another point of view, liquid natural
rubber (LNR) was found to be more efficient than latex for the aim of modifying bitumen binders.
This is mainly because LNR blends easier with a binder, which results in a homogeneous binder [85].
In this form, natural rubber has more benefits compared to its conventional form, and the properties of
the blend are comparable to those produced with synthetic rubbers.

Despite the benefits regarding the use of natural rubber in bitumen binder modification, there are
some drawbacks that limit its use on a large industrial scale. Natural rubber is a highly valuable
biomaterial compared to other biopolymers, hence natural rubber has been commercialized into
synthetic rubber. This is mainly because of the huge difference between the available produced amount
and the demand. From another point of view, even if several studies showed some benefits about the
bitumen binders modified with natural rubbers for paving applications, there are still some doubts
regarding to asphalt concrete performance and mechanical properties throughout the performance
temperature range [86,87].

2.4.2. Synthetic Rubber

Synthetic rubber is a man-made rubber which is produced in manufacturing plants by
synthesizing it from petroleum and other minerals. Synthetic rubber is basically a polymer or an
artificial polymer. It has the property of undergoing elastic stretch ability or deformation under
stress, but can also return to its previous size without permanent deformation. Styrene butadiene
rubber (SBR), polyisoprene, and polybutadiene, polychloroprene, and tire rubber are some of the
synthetic rubbers commonly used today. From the mentioned categories, synthetic rubber obtained
from end-of-life tires (ELTs) are common for producing rubberized bitumen binders for both paving
and industrial application. To date many studies have investigated synthetic rubbers from different
points of view. From these studies, it can be concluded that many factors can influence the performance
and mechanical properties of rubberized binders including: the size and content of rubber [88–90],
the chemical structure [91,92], particles surface properties (ambient granulating or cryogenically
crushed tire rubber) [93], blend production method and temperature [94,95].

Among the aforementioned factors, probably the most important one is the optimum percentage
of rubber in the binder. Many research works have been conducted comparing the performance and
mechanical properties of mixtures containing different amounts of rubber. However, it greatly depends
on the application method (dry or wet), when it is used in asphalt mixtures and the characteristics
of the base binder. Regarding rubberized bitumen, ASTM D6114 defines asphalt rubber (rubberized
bitumen) as material consisting of the virgin binder and a minimum of 15% crumb rubber (by the
weight of total blend) [96]. In addition, many studies concluded that while a low rubber content,
around 4% (to the weight of bitumen), has almost no effect, or at least no significant effects on the
performance and mechanical properties of the binder, more than 20% was found to be unsuitable.
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3. Bitumen Chemical Modifiers

Systematic investigation of mechanical, rheological, and aging properties, temperature
sensitivity, morphology, and thermal behavior of different PmBs has shown some advantages and
drawbacks [6,97–111]. First of all, it has been shown that polymer modification improves some of the
properties of bitumen, such as better elastic recovery, higher cracking resistance at low temperatures,
and higher rutting resistance at high temperatures [96,97,102]. Secondly, some drawbacks have been
observed, such as thermal instability and PmB’s phase separation problems [68,79]. The first attempts
to overcome the PmB’s drawbacks were started in the early 1990s, when Giavarini et al. claimed that
PmBs could be stabilized by adding polyphosphoric acid (PPA) [112]. They also believe that PPA
could help to improve storage stability of polypropylene-modified bitumens by changing the bitumen
structure from sol to gel. From then, various attempts have been made to remove the drawbacks of the
PmBs. In addition to physical blends of bitumens and polymers, another way to improve the binder
properties is through chemical modification, which uses the chemical agent as an additive to modify
the characteristics of pure bitumen.

To date many chemical agents have been introduced for the target of bitumen modification, such as:
organo-metallic compounds [113,114], sulfur (S) [66,115–121], polyphosphoric acid (PPA) [122–124],
sulfonic acid [125], carboxylic anhydrides [126–128], silanes [129,130], thiourea dioxide [131],
nanocomposite-modified bitumen [132–140], and reactive polymers [141–155]. However, from the
above-mentioned chemical compounds only a few of them have been used practically. Sulfur
(S), polyphosphoric acid (PPA), reactive polymers, maleic anhydride (MAH), and polymer/clay
or polymer/layered silicate (PLS) nanocomposites are the most common chemical agents.

3.1. Sulfur Modifier

The early applications of sulfur as a modifier involve its use in large quantities without other
materials, such as polymers [115,116]. Some commercial products, named as “sulfur extended
bitumen” (e.g., Shell Thiopave®, Shell Brands International AG, Baar, Switzerland [52]) are obtained
using this methodology, in which many parameters should be considered. Among the factors that
control the reaction between sulfur and bitumen, the mixing temperature plays a determinant role.
Below 140 ◦C sulfur can be incorporated into the bitumen molecules or can form hydrogen sulfide
via dehydrogenation reaction. Higher temperatures allow C–S bond formation promoting a dynamic
vulcanization of bitumen. It induces bridge formation within aromatic and naphthenic components
modifying the chemical composition and colloidal structure of bitumen. Some authors also suggested
that sulfur could self-polymerize when added to the binder [156]. However, nowadays, sulfur is added
in very small quantities to bitumen where the polymers are the main modifiers. Some studies [120,121]
have also shown that sulfur vulcanization made the PmBs more susceptible to oxidative aging and
concluded that it is not a good idea to use sulfur as a sole additional modifier.

The first studies that used a small quantity of sulfur to increase the polymer/bitumen interaction
date from the early 1970s when Petrossi proposed a method for preparing a rubber-modified bitumen.
He blends bitumen with rubber (natural or synthetic) at 145 to 185 ◦C and after slightly reducing
the temperature (125 to 160 ◦C) added 0.3 to 0.9% (by the weight of rubber) of sulfur. A free-radical
vulcanization accelerator is also added to aid vulcanization [157]. Later on, Maldonado [158] proposed
a different procedure starting with the preparation of a homogeneous PmB by stirring bitumen and
SBS for 2 h at 130 to 230 ◦C and then adding 0.1 to 3 w/w% of sulfur and stirring for another 20–60 min.
However, the exact reaction of sulfur-polymer-bitumen system is not completely clear. It was supposed
that sulfur crosslinks the polymer molecules and links polymer and bitumen through sulfide and/or
polysulfide chemical bonds. This assumption comes from the well-known process of vulcanization of
unsaturated rubbers.

Further investigation on this topic was carried out by Wen et al. [117,118]. They prepared a
low-viscosity homogeneous bitumen/SBS/sulfur blend by heating it to a temperature of 120 ◦C.
This limits the occurrence of reactions between bitumen and sulfur or the vulcanization of SBS. Finally,
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an increase in the temperature in the range of 150 to 180 ◦C allow these reactions to start. Possible
evidence of this fact is that, unlike the two binary systems, an increase of the torque to maintain a
constant rpm for the ternary bitumen/SBS/sulfur blend was necessary. The authors also hypothesized
a vulcanization of both the unsaturated rubber and the functionalized bitumen components by the aid
of sulfur, which creates interconnections between the polymer and bitumen. It has been claimed that
these connections increase blend storage-stability by linking the polymer with the bitumen components
through covalent chemical bonds. Later, Martınez-Estrada et al. [159] reported more indirect evidence
for vulcanization. In this study a detailed rheological characterization of bitumen/SBS/sulfur and
bitumen/SB/sulfur blends was performed. The importance of the homogeneity of the blend before
sulfur addition has been also highlighted. In this respect a fast vulcanization, and consequently
a useless material, could be observed if a too early sulfur addition is carried out. An appropriate
sulfur bridge distribution is also important for a good chemical compatibility. To avoid freezing the
blend’s morphology at an earlier stage, good polymer dispersion and swelling must be achieved
before network formation. Finally, the risk of gelation must be avoided. An “anti-gelling” adjuvant
with the formula R-X, where R is a C2–50 monovalent organic radical and X is an acidic function
(carboxylic, sulfonic, phosphoric) has been used. Other solutions were proposed by Chevillard et al.
and Ho et al. [160,161].

Many studies have shown that the use of sulfur as modifier improves the properties of some
PmBs. In this respect it has been shown that sulfur enhances the storage stability, the elasticity,
the deformation resistance, and some rheological properties of the PmBs [66,119,162]. From the
rheological point of view, PmBs added with sulfur show a “more elastic” behavior compared
to the ones without sulfur [66,118,163]. However, the use of sulfur as a chemical modifier has
shown some drawbacks. First of all, the reaction of sulfur with polymer modifiers is based on
the chemical reactions between sulfur and the double bonds of the polymer, so the use of sulfur is
limited to PmBs modified by unsaturated polymers. The risk of obtaining nonhomogeneous PmBs
during the polymer and sulfur addition into bitumen, is due to the difficulty of distributing the
sulfur throughout the mixture. Moreover, local over-vulcanization of the polymer was detected.
Replacing elemental sulfur with a more bitumen soluble polysulfide like di-hydrocarbyl polysulfide,
represents a possible solution to this problem [164]. However, the emission of the hazardous health
gas hydrogen sulfide during preparation of the bitumen/polymer mixes is the main drawback
to the use of elemental sulfur. Hydrogen sulfide could be generated during sulfur vulcanization
through the abstraction of hydrogen atoms in both bitumen and polymer modifiers, especially
at high temperatures [165–167]. Some researchers argued that the gaseous emission is relatively
small and most manufacturers know how to deal with the associated risks and dangers. The use of
other sulfur-based agents as alternatives to elemental sulfur was introduced to eliminate, or at least
reduce, such emissions. Compounds like benzothiazole sulfonamides, di-thiocarbamates, thiuram
sulfates, morpholine sulfates, and caprolactam sulfates. Zinc mercaptobenzothiazole, zinc oxide, and
dithiodimorpholine, as well as compositions without elemental sulfur, such as mercaptobenzothiazole,
zinc oxide, mixed polythiomorpholine zinc 2-mercaptobenzothiazole, and dithiodimorpholine, were
reported [168–170]. Nevertheless, the undesired formation of hazardous hydrogen sulfide has been
observed also using this sulfur source. Shell Oil Company [171] used a disulfide that does not release
sulfur at high temperature mixing. It has been claimed that the disulfide, instead of a conventional
source of free sulfur, enhances compatibility between the polymer and bitumen. Diaryl disulfides
were firstly proposed. However, all these additives are so expensive that they have not, in general,
been used commercially. Finally, the poor recyclability of sulfur PmBs is another problem with sulfur
vulcanization. All these drawbacks limit the application of sulfur vulcanization in PmB.

3.2. PPA-Based Techniques

Among the different acids that can be used to improve bitumen properties through chemical
modification, polyphosphoric acid (PPA) has been studied in numerous papers and patent
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publications [172–185]. From a chemical point of view PPA is an oligomer of phosphoric acid (H3PO4),
with no free water, which may have more than 10 repeating units [122].

The bitumen modification of PPA appears to be a complex physico chemical process, and the
resulting properties may be strongly dependent on the bitumen nature. The difficult investigation of
the reactions between the bitumen molecules and PPA is due to the large number of molecules with
different chemical structures and their possible interactions. In this respect, an NMR investigation has
shown that PPA tends to revert to orthophosphoric acid after mixing with bitumen [123]. Orange et
al. claim that PPA neutralizes polar interactions between the asphaltene molecules, by protonation of
basic sites or through esterification [186]. Co-polymerization, alkyl aromatization of saturates, and so
on are other classes of reactions that have been proposed. A more detailed description can be found
in [4,122,186]. From a thermal and rheological point of view bitumen/PPA blends [185–188] have
shown an increased high-temperature performance with no significant changes in the low-temperature
ones. It has been also found that PPA can improve the storage stability of PmBs. Giavarini et al. [112]
used three ethylene–propylene copolymers of different molecular weights (MWs) and crystallinity to
modify four different bitumens. In all cases, at a minimum amount of 3 %wt. of PPA added polymer
segregation showed a remarkable reduction.

However, it should be noted that this improvement could be dependent on many factors,
like polymer type and the quantity of PPA, as shown recently by Zhang and Hu [189].

3.3. Reactive Polymer Modifiers

Reactive polymers, also known as reactive ethylene terpolymers (RET) because of their
ethylene-based structure, are polymer-based compounds grafted with reactive groups derived from,
glycidyl methacrylate (GMA), acrylic acid, etc. The use of these types of polymer has been introduced
to increase the compatibility between polyolefin (e.g., PE, PP, etc.) and bitumen by creating covalent
linkages. Polymer grafting is a good solution and often simple to realize because it involves a
single-step melt process. However, a possible drawback is the uncontrolled and undesired crosslinking
of unsaturated polymers because of the radical mechanism of the grafting. Therefore, saturated
polymers, such as styrene-ethylene-butylene-styrene (SEBS), PE, PP, etc., are more suitable for
this process.

Owing to acrylic functionalization, the use of reactive polymers showed some advantages,
like increased polarity and reactivity. However, higher costs compared to the other types of polymers
and gelation problems due to the rather high number of reactive groups on a single macromolecule
are the mainly-reported disadvantages that have been observed. To overcame these drawbacks,
the amount of RET that could be used is around 2 to 2.5% and, in many cases, is even lower than
1% by weight [143]. Owing to these problems RETs are not ideal as bitumen modifiers, because
the overall effect on the performances can be quite poor [143,190,191]. Therefore, their use could
be mainly for increasing the compatibility between bitumen and other polyolefins, as shown by
Yeh et al [144]. In this respect, using differential scanning calorimetry (DSC), they demonstrated
an improvement in the bitumen/polymer interactions relative to unfunctionalized PP. Recently,
two poly(ethylenebutylacrylate-glycidylmethacrylate), known as Elvaloy®AM and Elvaloy®4170
(produced by DuPont, Wilmington, DE, USA), were blended with neat bitumen in order to study the
blend storage stability [192]. After high-temperature storage a complete homogeneity of all the samples
was observed. This indicates the use of RET basically guarantees the storage stability, although under
severe conditions of temperature and storage time another study has shown the instability of the
blend [193]. Low-density polyethylene (LDPE) was used to compare the storage stability properties of
blends prepared by using LDPE before and after grafting with GMA [148]. As can be observed from
Figure 8 the use of GMA-grafted LDPE shows a higher stabilizing effect than LDPE.
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Finally, a particular mention goes to silicon-based polymers like polyoxyalkylene with reactive
silicon groups which form siloxane bonds by the silanol condensation reaction [194].

3.4. Maleic Anhydride

Maleic anhydride (MAH) is an unsaturated cyclic (five atom ring) compound with molecular
formula C4H2O3. It has been widely used as a bitumen modifier and bitumen-polymer compatibilizer.
MAH-bitumen interaction is characterized by complex mechanisms (copolymerization with bitumen
molecules [126] or Diels-Alder reactions [195,196]). Nevertheless, it has been shown that meaningful
physical properties change of bitumen are induced by MAH. In this respect Nadkarni et al. [197]
studied a bitumen containing different amounts of MAH in terms of dynamic mechanical analysis
(DMA), melt viscosity, and softening point. The results have shown that the chemical modification
of bitumen with MAH improves the cracking resistance at low temperature and cohesive strength at
high temperature.

Chemical reactions between MAH and bitumens were also investigated by comparing the effects
of MAH and the related di-acids and anhydrides such as succinic anhydrides (SAH). The results of
FTIR and gas chromatography-mass spectroscopy analysis showed the presence of two acid groups
(-COOH) for both MAH and SAH. This leads to the conclusion that the two anhydrides undergo ring
opening to give the corresponding di-acid. Moreover, in the case of MAH, the disappearance of the
double IR bond signal was noticed. This fact could be explained by its reaction (or coordination) with
bitumen molecules [126].

From another point of view, several studies have shown that the rheological properties of the
blends obtained by adding to a bitumen MAH, SAH and different di-acids follow the order: MAH >
SAH ~ dicarboxylic acids > monocarboxylic acid.

These results suggest the hypotheses that the two carboxylic acid groups are able to link two
bitumen molecules. The better result obtained by adding MAH to the bitumen was hypothesized to be
due to the double bond of MAH that interacts by coordination or other bonding mechanism to the
bitumen molecules creating an additional linking. However, a recent study has shown controversial
results about the MAH-bitumen reaction. In this respect, new FTIR analysis has shown that the IR band
due to the MAH ring was retained during the MAH-bitumen reaction [127]. This observation, leads to
the hypotheses that both Diels–Alder and π–π charge-transfer mechanism are involved instead of a ring
opening process. The π–π charge-transfer process was possible because of the polynuclear aromatic
nature of asphaltenes which act as donors in the charge-transfer processes. However, although the
high reactivity of MAH could be used to improve the bitumen properties by promoting its interactions
with polymers, this high reactivity raises drawbacks related to its handling and storage. A solution
to these problems is achieved by synthesizing a polymer–MAH in advance and then modifying the
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bitumen with this modified polymer, namely creating a reactive polymer (see Section 3.3). However,
a further purification step is needed to eliminate unreacted MAH monomers, increasing the costs.

Recently Becker et al. [198], compared storage stability of PmBs prepared using SBS, SEBS, and two
commercial SEBS-grafted MAH with different MAH content. SEBS-grafted MAH showed the best
storage stability, although it did not improve significantly the rheological behavior of the binder.

3.5. Nanocomposite Modifiers

Polymer/layered silicate nanocomposite (PLS) (aka polymer/clay nanocomposites) has been,
and are still, widely used in polymer science research. Layered silicate can improve the polymer
properties, such as mechanical properties, heat resistance, decreasing gas permeability and
flammability, and increasing biodegradability [199–201]. The most commonly used silicates for
preparation of PLS nanocomposites are hectorite (Mx(Mg6-xLix)Si8O20(OH)4) and montmorillonite
(MMT; Mx(Al4-xMgx)Si8O20(OH)4) that belong to the same general family of phyllosilicates. As shown
in Figure 9 they have a crystal structure made up of layers composed of two tetrahedrally-coordinated
silicon atoms fused to an edge-shared octahedral sheet of either aluminum or magnesium hydroxide.
The layer thickness is around 1 nm, and the lateral dimensions of these layers may vary from 30 nm to
several microns or larger, depending on the particular layered silicate.
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Due to the hydrophilic nature of layered silicates, it is very difficult to disperse them into polymer
matrix and in most cases separation into two discrete phases takes place. The most common way to
overcome this problem is to replace the interlayer cations (Na+, K+, etc.) with cationic surfactants,
such as alkyl ammonium or phosphonium, preferably with long alkyl chains. The surfactants have
a double role: (1) reducing the surface energy of the inorganic host and (2) improving the wetting
characteristics of the polymer matrix. Additionally, their functional groups can react with the polymer
matrix, and in some cases initiate the polymerization of monomers to improve the strength of the
interface between the inorganic and the polymer matrix [202,203]. Increasing interactions between the
polymer and the layered silicate in PLS nanocomposites led to the dispersion at the nanometer level of
organic and inorganic phases. As a result, nanocomposites exhibit unique properties not shared by
their micro counterparts or conventionally-filled polymers.

Furthermore, depending on the strength of interfacial interactions between the polymer matrix
and layered silicate, three different types of PLS nanocomposites are thermodynamically achievable
(see Figure 10):
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I Intercalated nanocomposites: these are obtained by the insertion of few molecular layers of
polymer into the layered silicate structure. From the crystallographic point of view this insertion
occurs in a regular way.

II Flocculated nanocomposites: conceptually, this is the same as intercalated nanocomposites.
However, silicate layers are sometimes flocculated due to hydroxylated edge–edge interaction of
the silicate layers.

III Exfoliated nanocomposites: in these compounds the individual clay layers are separated in a
continuous polymer matrix by an average distance that depends on clay loading.
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The preparative methods of PLS can be divided into three main groups according to the starting
materials and processing techniques. 1) From solution: the layered silicate is first swollen in a solvent
of the polymer, such as water, chloroform, or toluene. When the polymer and layered silicate solutions
are mixed, the polymer chains intercalate and displace the solvent within the interlayer of the silicate.
Upon solvent removal, the intercalated structure remains, resulting in PLS nanocomposite. 2) In situ
polymerization: the layered silicate is swollen within the liquid monomer or a monomer solution so
the polymer formation can occur between the intercalated sheets. Polymerization can be initiated
either by heat or radiation, by the diffusion of a suitable initiator, or by an organic initiator or catalyst
fixed through cation exchange inside the interlayer before the swelling step. 3) Melt intercalation
method: this involves an annealing process, statically or under shear, of a mixture of the polymer and
an organically-modified layer silicate (OMLS) above the softening point of the polymer. This method
has great advantages over the other two. First, it is environmentally benign due to the absence of
organic solvents. Second, it is compatible with current industrial process. The melt intercalation
method allows the use of polymers which were previously not suitable for in situ polymerization or
solution intercalation.

In several studies, clays were used as compatibilizer agents in polymer blends. In this respect,
clay localizes at the interfacial bitumen-polymer region reducing the interfacial tension. As a
consequence, the “minor phase-dispersed” particles lose the typical rounded shape they possess
in the pure polymer blends, and a finer dispersion is obtained [204–213]. Based on this fact, the studies
have been focused mainly on their effects on the compatibility between bitumen and polymers. As
the results have shown a considerable increase in the bitumen/polymer compatibility, it has been
suggested that using ternary bitumen/polymer/clay (BPC) systems, the PmB’s performances may be
improved. In particular it has been claimed that the use of PLS in PmBs has mainly two effects: (1)
improving the aging resistance of PmB with barrier properties of the dispersed clay platelets and (2)
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enhancing the storage stability of PmB by decreasing the density difference between polymer modifiers
and bitumen [68].

The Bitumen–Polymer–Clay Ternary System

Among the three preparatory methods of PLS described above, melt intercalation is the one that
can be easily applied to bitumen modification due to its compatibility with current industrial processes
and with all types of thermoplastic polymers. Bitumen, polymer, and clay can be mixed in a single step
known as physical mix (PM) (see Figure 11). Otherwise, two consecutive steps could be employed:
(1) nano-composite preparation and (2) addition to a bitumen. Globally, the process is known as
master batch (MB). The use of one (PM) or the other (MB) method is very important and can give
different results.
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These two methods were applied and studied in different research works, in which different
polymers and clays were reported for the production of bitumen/polymer/composites (BPC). SBS and
kaolinite [132], SBS and organobentonite [214], poly(styrene-b-ethylene-b-butene-b-styrene) (SEBS)
and kaolinite [133], and LDPE or EPDM and silica [134] were the primary compounds which have
been studied. In all the previously reported cases, different ratios of polymer-clay nanocomposites
were firstly prepared and successively added to bitumen. Storage stability, blend morphology,
and mechanical and rheological properties of the BPCs were characterized. Tube tests to evaluate the
storage stability of the blend were made. In all cases, storage stability was observed. To justify these
results, it has been hypothesized that clays tend to reduce the density gap between the polymer rich
phase (PRP) and bitumen asphaltene rich phase (ARP) by locating themselves preferentially in the
PRP phase. However, this was not directly supported by experimental evidence.

In this respect, the recorded values of softening points are certainly consistent with this
interpretation being considered as evidence. Ouyang et al. [133] lists the softening points of the
top and bottom sections of the tube test for the bitumen/SEBS/kaolinite mixes (see Table 3).

As can be seen from Table 3, for a given SEBS content, the ∆S parameter whose magnitude is
indicative of the blend stability (higher magnitude equals lower stability), decreases as clay content
increases. Moreover, for the sample of 4% SEBS this difference become negative indicating that the
Polymer Rich Phase (PRP) migrates toward the bottom of the tube. At high clay contents, negative
values for the ∆S were obtained. This could be explained by considering that the polymeric rich phases
become heavier than the asphaltenic rich phase (ARP). A balance of PRP and ARP densities obtained
at well-defined clay amounts, inducing a storage stability. An LDPE-modified bitumen also has shown
a similar effect [134]. However, storage stability is not simply due to a decrease in density difference
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between the PRP and ARP phases. Several studies have shown that compatibility between bitumen
and polymer also plays a fundamental role [215]. Therefore, the improved storage stability can be
ascribed mainly to two factors: decrease in density difference between the PRP and ARP phases and,
to a greater extent, to a real bitumen/polymer compatibilizing effect. Furthermore, the preparation
procedure also plays an important role. As can be seen from Table 3, the only mix found unstable
during the high-temperature storage was prepared using the PM method. This, in accordance with the
idea that the clay resides preferentially in the PRP leads to a conclusion that only with a pre-formed
nanocomposite storage stabilization could it be achieved.

Table 3. SEBS/KC-modified bitumen storage stabilities at high-temperature (from Table 4 of [133] with
the permission of Elsevier).

Formulation S (◦C)

SEBS %(w/w) SEBS/KC (w/w) Top (St) Bottom (Sb) ∆S

3 100/0 53.0 50.0 3.0
3 100/50 52.5 52.8 −0.3
4 100/0 57.0 53.8 3.2
4 100/10 56.5 50.8 5.7
4 100/30 55.0 52.0 3.0
4 100/50 55.5 55.8 −0.3
4 100/50 a 59.0 52.0 7.0
4 100/70 52 52.5 −0.5
5 100/0 70.5 58.0 12.5
5 100/50 57.0 58.0 −1.0
6 100/0 85.0 67.5 17.5
6 100/50 59 60.5 −0.5

a Mix prepared using PM. ∆S = St − Sb.

This point was confirmed by other researchers who studied different systems, such as a
styrene-butadiene rubber (SBR) with a palygorskite- and organo-modified palygorskite clays [216].
This paper studied the storage stability of the blends and the importance of the preparation procedure.
Polacco et al. [136] investigated the internal structure and nanocomposite nature of the blends. In this
research a neat bitumen (NB) and SBS were modified with OMMT (Cloisite 20A, referred to simply as
20A) through melt mixing, obtaining two blends of bitumen/clay and polymer/clay: (1) SBS/20A,
(2) NB/20A. Ternary blends were then prepared using both PM and MB methods: (3) NB/SBS/20A
PM, and (4) NB/SBS/20A MB. Figure 12 reports the X-ray diffractometry (XRD) characterization,
which was performed on virgin materials (bitumen, polymer, and clay) and blends. A comparison
between the binary blend NB/20A and the 20A alone shows that the clay’s interlayer spacing almost
doubled. This was attributed to bitumen intercalation. A partial exfoliation of the stacks can also be
seen. Moreover, storage tests showed the absence of phase separation, confirming a high degree of
interaction between NB and 20A.

As shown by the XRD pattern, intercalated nanocomposites were also obtained in the SBS/20A
binary blends. The interlayer spacing was found to be independent of the clay quantity, but it was lower
than that of NB/20A blends. This suggests that the clay had higher compatibility with the bitumen
compared to the polymer. Regarding ternary blends, XRD patterns show that both mixing processes
(PM, MB) give intercalation with interlayer spacing equal to that obtained by mixing bitumen and clay
without the polymer. This may indicate that the degree of intercalation is substantially determined
by the bitumen molecules and is independent of the mixing sequence. This could be explained by
considering that the polymer chains are present in a very small amount compared to the bitumen
molecules and they interact with a limited amount of clay stacks. Therefore, polymer chains, even if
already intercalated between some of the clay platelets, are not expected to inhibit the interactions
between clay and the small and abundant bitumen molecules. On the contrary, the ability of the
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polymer molecules to intercalate the clay stacks is strongly influenced by the mixing sequence. Finally,
once the clay-polymer interactions are established, bitumen molecules are not necessarily expected to
substitute the polymer chains in clay interlayers. For these reasons the similarity in the XRD spectra
does not necessarily mean a similarity in the internal structure of PM and MB mixes.
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From a morphological point of view, Figure 13 shows three different systems: (a) the binary
NB/SBS blend, (b) NB/SBS/clay PM blend, and (c) NB/SBS/clay MB blend. As can be seen NB/SBS
blend is characterized by a biphasic morphology, which results in high-temperature storage instability.
The NB/SBS/clay PM blend still shows a biphasic pattern, but the smaller microdomains indicate
an improved compatibility and stability of the system. A further improvement of the morphology is
observed for the NB/SBS/clay MB blend, which has the canonical aspect of a perfectly compatible
PmB pattern. In addition, Figure 13a,b show the important role of clay, which favors the contact
between the polymer chains and those bitumen molecules that would otherwise be confined in the
ARP. Clays acts as the substrate where polymer and asphaltene molecules come into contact, reducing
the differences in composition between the PRP and ARP phases.

Later, Sureshkumar et al. [217,218] prepared different PmBs using EVA as a polymer and studied
the effect of two different organoclays: 20A and another OMMT known as Dellite 43B (namely referred
to as 43B). Figure 14 shows the fluorescence microscopy images of the blends studied.
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Elsevier).
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The pictures show results similar to those described for SBS. However, clay 43B has a
compatibilizing effect less pronounced than 20A. The differences observed among the blends prepared
using PM or MB are reflected in the macroscopic behavior. Rheological tests have shown an
improvement in thermo-mechanical properties of the ternary blend prepared using MB. Therefore,
the MB procedure is preferable to the PM since it guarantees better homogeneity, stability, and mixture
performance. However, the PM has the advantage of being simpler from a practical point of view
because it involves a single step using classic paving equipment.

4. PmBs in Warm Mix Asphalt (WMA) Technology

A new kind of polymer-modified bitumen technology has been introduced in recent years.
It combines the classic ones (PmB) with the warm mix asphalt technique (WMA). One of the
methodologies employed to shift from hot mix asphalts to warm ones is based on the use of waxes.
This is due to the fact that above their melting temperature, they act as plasticizers, while at low
temperatures they crystallize and act as fillers [4,219,220]. While the PmB is well consolidated the
WMA is relatively new, but rapidly growing, due to its economic and environmental advantages.
Compared with classic hot mix asphalts (HMA), warm mix ones, in general, are characterized
by lower fuel consumption and costs, lower production of greenhouse gases, fumes, and odors,
which improve the environmental impact and working conditions, extension of haul distances,
and good workability during laying and compaction [219]. Although naturally present as constitutive
components of all crude oil products [221,222] and studied in the technical literature, where bitumen
wax content [223–225], crystallization properties [226], chemical structure [227,228], and influences
on bitumen and bitumen mixture properties [220,223,229–234] were analyzed, waxes affect the
binder performances. For example, wax melting can soften bitumen at high service temperature,
reducing rutting resistance of the pavement, while at low temperatures wax crystallization can
increase stiffness and sensitivity to fatigue and thermal cracking [219,223,234]. Nowadays there is an
increase development about warm polymer modified bitumen which can maintain the advantages
of both technologies (WMA and PMB) although this is not an easy task because waxes used as
warm modifiers reduce the high temperature viscosity while increasing the low temperature stiffness
and polymers do basically the contrary [219]; simply adding the two modifiers does not guarantee
the enhancement of bitumen properties like those obtained by adding single ones. For example,
a ternary mixture bitumen/polymer/wax has significantly different properties (like viscoelasticity)
from those predictable by superposing the effect of wax and polymer only and the final warm effect
and performances of the binder will be determined by the interactions between the three components.
Scientific studies on this ternary mixture are still limited. Edwards et al. [235] for example, studied the
addition of paraffinic waxes to a polymer-modified mastic bitumen, showing that a 4% wax addition
improves workability of the mastic bitumen without affecting its performances. Kim et al. [236,237]
studied the artificial long- and short-term aging of a PmB mixed with wax additives. Other
studies analyzed the properties and pavement performance, compacting temperatures, long-term
performance [238], fatigue characteristics [4], thermo-mechanical properties [239], and viscosity and
rheological properties [240]. Rossi et al. [219] conducted a preliminary investigation by mixing
bitumen, SBS, and three typologies of wax chosen among the three categories: paraffinic (obtained by
Fischer-Tropsch process), partially oxidized and maleic anhydride functionalized. By morphological
and calorimetric analyses and solubility tests they were able to characterize blend behavior related
to wax type. In particular, they found that paraffinic waxes preferentially reside in the polymer-rich
phase and slightly enhance the bitumen polymer compatibility. Partial oxidation tends to aggregate
with the asphaltene rich phase reducing compatibility with the polymer, while functionalized wax,
although not clear where they are located, has a considerable compatibilizing effect strongly altering
the colloidal equilibrium of the bitumen polymer blend.
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5. Concluding Remarks

This paper summarizes the findings obtained from an extensive literature review focused on
the basic aspects related to different types of bitumens, processing technologies and polymers,
chemical and nanocomposite-modified bitumen characterizations’ pros and cons, as well as identifying
corresponding areas of study for future perspectives. The comprehensive review implies that the
relative abundance of the bitumen SARA fractions results in significant differences in bitumen chemical
composition and further mechanical properties. It is evident that different types of processing of crude
oil result in bitumens with different chemical compositions. This also has a great influence on the
compatibility with any polymer through polymer modification.

The author believes that the widespread use of the PmB technologies within the road pavement
industry is advisable considering the genuine shortcomings of neat bitumens and the heavy-duty
pavements of current transportation networks.

The review conducted on the different kinds of PmBs can be concluded as the follows:

• While plastomer-modified bitumens are suitable for improving the permanent deformation
resistance of the bituminous compounds and asphalt concrete mixtures over high stresses,
the absence of elasticity at low temperature limited the application of these bitumins.

• The field recorded data, as well as experimental works, showed that plastomer-modified
bitumens, such as polyethylene and polypropylene, are the most common plastomers resulting in
compatibility problems. This is due to their non-polar chemical nature.

• Despite the thermal and aging stability of plastomer-modified bitumens due to the absence of
double bonds, the main problem resides in the stability of the blend (polymer + bitumen) during
storage and difficulties to disperse them homogenously in the bitumen matrix.

• Thermoplastic elastomer copolymers, owing to their elastic component, are usually more effective
than plastomers for bitumen modification in pavement applications. The modification ranges
from low-modified containing 3% polymer to a high level with polymer content of 7%.

• Bitumen modification via styrene butadiene styrene (SBS) as the most commonly used elastomer
has numerous benefits, including the improved thermal susceptibility, increased softening point,
and slight decrease of penetration value at 25 ◦C. In addition, it has been observed that SBS can
moderate the increase of stiffness due to oxidation processes.

• Bitumens modified with thermosetting polymers show a high elasticity and no viscous behavior.
Asphalt mixtures produced with thermosetting polymer-modified bitumen have excellent
adhesive ability, excellent resistance to deformation, excellent fatigue performance, and high
stiffness modulus. Even though the PmBs with thermosetting plastics have relatively high
adhesion to the mineral particles and high strength they are not common for paving applications.
This is because the technological properties of PmB are almost immediately deteriorated by these
polymers due to their hardening properties; secondly, the rigidity of the PmB is increased at low
temperatures, which results in increased thermal sensitivity; thirdly, the use of TP complicates the
system and raises its price; and, finally, the effectiveness of thermosetting plastics usually appears
due to their large quantities in bitumen (more than 10 wt%)

• Natural rubber latex has potential for improving bitumen binder performance by enhancing
the thermal sensitivity, flexibility, stability, and stripping. In addition, its inherent elastomeric
properties proved its high potential in improving long-term pavement performance of asphalt
concrete by increasing rutting resistance, fatigue life, etc. Natural rubber also decreases the
optimum binder content in asphalt concretes, increasing its density and stability. However,
natural rubber is a highly valuable biomaterial compared to other biopolymers, hence natural
rubber has been commercialized into synthetic rubber. This is mainly because of the very large
difference between the available produced amount and the demand. Still, there are some doubts
regarding asphalt concrete performance and mechanical properties throughout the performance
temperature range
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• The synthetic rubber/bitumen system was investigated from a different point of view. It can
be concluded that many factors can influence the performance and mechanical properties of
rubberized binders including: the size and content of rubber, the chemical structure, particles
surface properties (ambient granulating or cryogenically crushed tire rubber), blend production
method, and temperature. A low content of rubber, around 4% (to the weight of bitumen) has
almost no effect, or at least no significant effects, on the performance and mechanical properties
of the binder, while more than 20% was found to be unsuitable.

• In spite of the proven advantages regarding the use of polymers in bitumen modification systems,
several research works showed the difficulties regarding the incompatibility with the bitumen.
Phase separation could occur in such modified bitumen.

• Several research works showed that the stability of the PmBs is highly dependent on the asphaltene
and aromatic content of base bitumen: the less asphaltene, the more stable the modified compound
that can be expected. However, polymer chemical structure and reactivity are also of paramount
importance in bitumen/polymer system compatibility.

• Various solutions to remove drawbacks to currently used polymer modifiers, among which the
use of chemical modifiers received great attention, have been employed in the last few decades.
These solutions overcome some disadvantages of PmBs, but most cause some new problems.
Thus, more research needs to be carried out in the future to solve these problems and find new
ways to modify bitumen effectively and cheaply.

• Finally, few research works showed the effectiveness of waxes in improving some of the
characteristics of base bitumens and modified bitumens. In addition, the presence of a determined
amount of wax could improve the polymer compatibility.

Considering the variety of the conclusions, especially regarding the bitumen chemical
characteristics and related engineering properties, further studies are required to be able to fully
integrate the aspects related to bitumen functionality and obtain conclusions concerning many
challenges on this topic.
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Abstract: This review aims to explore the state of the knowledge and the state-of-the-art regarding
bitumen rejuvenation. In particular, attention was paid to clear things up about the rejuvenator
mechanism of action. Frequently, the terms rejuvenator and flux oil, or oil (i.e., softening agent) are
used as if they were synonymous. According to our knowledge, these two terms refer to substances
producing different modifications to the aged bitumen: they can decrease the viscosity (softening
agents), or, in addition to this, restore the original microstructure (real rejuvenators). In order to
deal with the argument in its entirety, the bitumen is investigated in terms of chemical structure
and microstructural features. Proper investigating tools are, therefore, needed to distinguish the
different mechanisms of action of the various types of bitumen, so attention is focused on recent
research and the use of different investigation techniques to distinguish between various additives.
Methods based on organic synthesis can also be used to prepare ad-hoc rejuvenating molecules
with higher performances. The interplay of chemical interaction, structural changes and overall
effect of the additive is then presented in terms of the modern concepts of complex systems, which
furnishes valid arguments to suggest X-ray scattering and Nuclear Magnetic Resonance relaxometry
experiments as vanguard and forefront tools to study bitumen. Far from being a standard review,
this work represents a critical analysis of the state-of-the-art taking into account for the molecular
basis at the origin of the observed behavior. Furnishing a novel viewpoint for the study of bitumen
based on the concepts of the complex systems in physics, it constitutes a novel approach for the study
of these systems.

Keywords: Bitumen; rejuvenator; oils; flux agents; physical chemistry techniques; structure; RAP

1. Introduction to Bitumen and Ageing

Asphalts are well-known materials used for road pavement throughout the world. They are
heterogeneous systems where one phase is constituted by macro-meter sized inorganic particles
called aggregates, and the other one is the binding agent (bitumen). The latter, in turn, is a micro
heterogeneous complex viscous fluid constituted by nano-meter sized aggregates of polar molecules
(asphaltenes) hierarchically organized with different levels of aggregations [1], and dispersed in a
more apolar continuous phase of saturated paraffins, aromatic oils and resins called maltene [2,3].
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Asphalts are, therefore, biphasic systems, with the predominant phase (93–96%, w/w) made by the
macro-meter sized inorganic aggregates (size from microns to millimeters) hold together by small
amounts of binding bitumen which constitutes the second phase. Although the bitumen constitutes the
minor part of the asphalt, it however plays the most important role, giving consistency to the overall
material, which is necessary for practical purposes: even slight changes in the bitumen will affect the
overall properties of asphalt. Even the usability of asphalt can be traced back to the properties of its
bitumen. This work will focus the attention on bitumen as a key ingredient in asphalt. Where necessary,
however, some extensions will cover asphalt and related aspects. The aggression of chemicals normally
presents in the environment, or ageing can oxidize some of the organic components in the bitumen
so that the increase in polar functional groups can cause immobilization of an excessive number of
macromolecules and ultimately bitumen embrittlement and asphalt cracks. Other processes causing
ageing are loss of volatiles and changes in a molecular organization driven by the spontaneous tendency
to reach a stable (equilibrium) thermodynamic state, which obviously depends on the conditions [4].
As a consequence of the mentioned processes taking place in bitumen, the final asphalt is susceptible
to fracturing or cracking in thermal or mechanical stresses. Ageing of bitumen, therefore, constitutes a
serious problem. Aged asphalt can be re-used in mixtures with new binders, answering the economic
need for low-cost production and fully facing obvious environmental concerns. Therefore, recent
research has been focused on reclaimed asphalt pavements (RAPs), which really are environmentally
friendly alternatives and constitute an economically viable way to afford the costs of binder and
aggregates. However, their use is still limited (less than 20% in the new mixtures), due to their
low rheological performances (high stiffness and low stress relaxation ability [5] which can cause
unexpected premature failure [6]. To overcome these problems, opportune actions must be taken to
improve the mechanical and chemical properties of aged bitumen or RAP/bitumen mixtures. The
addition of opportune additives is certainly one of the most effective. For example, a compound able to
tune the red-ox state of the polar molecules contained in the bitumen can avoid the degrading process.
The restoring of a favorable asphaltene/maltene relative ratio by providing more maltene is another
solution, since the viscosity of bitumen is related to the fraction of asphaltene [7]. Another strategy
can be directed to the stabilization of the supramolecular aggregates mainly made by asphaltene
formed in the maltene phase [8,9] acting on their interfacial tension and consequently better dispersing
them. In all these cases, a rejuvenator is usually dealt with. With this work, the recent studies carried
out in this field will be highlighted in order to shed light on the possible mechanisms of actions
of a rejuvenator and to furnish a panoramic view considering both theoretical considerations and
applicative aspects. This works will show the state-of-the-art in the use of rejuvenators in bitumen,
taking care to highlight also some applications to the rejuvenation of recycled asphalt for a more
complete view of the problematics. Differently from standard review papers, this work, prior to
presenting all the state-of-the-art works dealing with rejuvenators (Section 4), it proposes a clear, new
and marked distinction between different “rejuvenators” according to their effect and influence at
the microscopic length-scale individuating techniques and methods of analysis for their distinction
(Section 3 “mechanisms of ageing and rejuvenating” and sub-paragraphs). Then, the work will show
methods for the synthesis of ever more performing rejuvenators (Section 5) and suggest vanguard
techniques of investigation (Section 6).

2. Methods for Bitumen Characterizations

The characteristics of bitumen are not trivial at all: it is an organic high-viscosity viscoelastic
binding agent which is itself a composite system constituted by nano-meter sized aggregates of polar
molecules (asphaltenes) dispersed in a more apolar continuous phase of saturated paraffins, aromatic
oils and resins called maltene [2,3]. Usually, these fractions can be determined by the so-called S.A.R.A.
determination (Saturates, Aromatics, Resins and Asphaltenes) [10]. In this method, the sample of
bitumen is dissolved in peroxide-free tetrahydrofuran solvent (usually to reach a 2% (w/v) solution).
Saturated components of the sample are developed in n-heptane solvent while the aromatics in a 4:1
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mixture of toluene and n-heptane. Afterwards, the rods are dipped into a third tank, (usually 95 to 5%
mixture of dichloromethane and methanol). This organic medium proved suitable to develop the resin
fraction, whereas, the asphaltene fraction is left on the lower end of the rods. However, it must also be
pointed out that asphaltenes are not classified using their molecular structure, but they are defined
traditionally on the basis of the procedure required to extract them from heavy oils [11]. Bitumen are a
not well-defined mixture of constituents so different methods of analysis exist where solvents are added
to bitumen to determine its chemical properties. For example, Zenke [12] offered a method for not
only determining the number of maltenes and asphaltenes of bitumen, but also distinguishing light-,
middle-, and high-solubility of asphaltenes. However, for an effective study, the general viewpoint of
their overall assembly becomes more important than the detailed chemical speciation of the various
molecules involved. Based on this, a testing method for determination of the quality of bitumen, called
“simplified laboratory method”, was developed in order to gain fast and easy information. S.A.R.A.
determination and the attempts by Zenke are examples of this approach to gain chemical information.
Bitumen are also regarded in terms of their performances, for which a rheological description of the
materials is often given. Empirical approaches are always followed to determine the performances
within a chosen temperature range [13,14] for convenient use [15,16]. Due to the general description of
the bitumen performances in rheological terms (penetration index, softening point, ductility, viscosity),
and due to the need of quick, easy and low-cost methods to characterize the bitumen, the lack of
detailed knowledge of the supramolecular assembly characterizing the bitumen structure at the
various levels of complexity caused the fact that a rational correlation of the bitumen structure with
its performances is actually missing. Attempts at more sophisticated investigative tools are present.
Scattering experiments, and in particular X-ray scattering ones, would be advisable to probe the
structure from the Å to the meso-scale. As a matter of fact, remarkable attempts have been made since
the ‘60s [17], but the bitumen complex organization has hindered the development of such structural
study in details. The structural investigation has been, therefore, generally carried out by Atomic Force
Microscopy (AFM) [18], by Confocal Laser Scanning Microscopy [19], by Optical Microscopy [20], and
Fluorescence Microscopy [21], but all these methods were used to probe the micro-scale (not going
deeper to the nano-scale) and the surface. Attempts at gaining information on the nano-scale structure
of the bulk have been limited, and the results remained quite hypothetical [22]. Even the “colloidal
structure” is just empirically derived by the contents of aromatics, resins, asphaltenes and saturates [23].
This is probably due, in our opinion, to the always-urgent need of improving performances for
applicative purposes so that basic research, highlighting the specific intermolecular interactions and
the molecular organization at the base of the observed behavior has been sometimes overlooked.
Therefore, there is still a lack of information on how many additives affect the supra-molecular structure
and the distribution of aggregates within the bituminous colloidal network and how this can reflect
on the overall material properties. This makes the relationship between molecular interactions and
the final material structure/properties (which is ultimately the final objective of physical chemistry)
still quite vague. This problem was already faced recognizing that bitumen are characterized by
intermolecular associations at different length-scales: asphaltene molecules are aggregated to form
stacks by self-interactions and these aggregates are stabilized by polar resins, due to their amphiphilic
chemical nature and the overall structures are then dispersed in a paraffin-like apolar matrix. These
characteristics render the material a truly complex system, so an approach based on the complex
systems theory is, therefore, necessary foreseeing different levels of complexity, each of them potentially
showing emerging properties arising from the opportune organization of the molecules. It has been, in
fact, recently highlighted that asphaltenes tend to form stacks of about 18 Å, organized at higher levels
of complexity in anisotropic aggregates of about 200 Å × 28 Å, which, again, are assembled to form
micrometer-size elongated aggregates characterized by the so-called “bee-structure” [24]. However,
asphaltenes are unable to create a continuous network [25]. These recent findings opened the door to a
better comprehension of the bitumen structure from X-ray scattering data, making this technique a
method of election [26] for the structural investigation of such systems. In this context, it was shown
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that the influence of additives is exerted by their preferential localization in the maltene phase or close
to the asphaltene clusters, depending on the additive chemical characteristics, thus, finally affecting the
overall rheological properties. An additive can play, therefore, important roles: it can exert its effect
at the inorganic/organic interface, or, at a lower level of complexity, within the maltene/asphaltene
aggregates, whereas, a redox additive works at the chemical state of the single polar molecules, i.e.,
at an even lower level of complexity. Another mechanism exerted by the additive is the formation
of a network inside the maltene giving elasticity to the bitumen [27] or a simple change of physical
phase transition with fluxing at a higher temperature while conferring rigidity at lower ones [28]. The
so-called “antistripping agents” act by stabilization of eventual supramolecular asphaltene aggregates
in the maltene phase [8,9]. As regards the additive chemical nature, selected polymers have been used
(low-density polyethylene, ethylene-vinyl-acetate, SBS-polyphosphoric acid (PPA), Elvaloy, etc.) [29], as
well as smaller molecules falling in the categories of organosilane and phospholipids [30] or paraffinic
synthetic waxes, derivate of fatty amines and surfactants [31], antioxidants [32], etc. Once introduced
the chemical and the structural characteristics of a bitumen, the next paragraphs will highlight the
modifications taking place during ageing and how the original state can be restored by the introduction
of the concept of rejuvenator.

3. Mechanisms of Ageing and Rejuvenating

3.1. Ageing

Due to the ageing process of bitumen and its corresponding increase in viscosity, the stiffness of
asphalt pavement increases during its lifetime. The general, zero-order, description of aging is given in
terms of an overall mechanism where some of the maltene medium is transformed into the asphaltene
phase, resulting in higher asphaltene and lower maltene contents. This leads to a higher viscosity and
lower ductility, due to the stronger polar-polar interactions between asphaltenes. In simpler words,
“when the asphaltene micelles are not sufficiently mobile to flow past one another under the applied
stress, the resistance of asphalt binder to cracking or fracture is decreased” as beautifully depicted
by J. Petersen [4]. However, ageing is a more complex process involving different sub-mechanisms
usually taking place in different time-scales. It can already take place during asphalt construction
through volatilization of light components in the maltene. Then, long-term aging occurs in the field as
a consequence of different processes:

1. Oxidative, due to changes in composition through a reaction between bitumen constituents and
atmospheric oxygen;

2. Evaporative, due to the evaporation of low-molecular weight components in the maltene. These
compounds have higher vapor pressure and are somehow volatile so they can escape the maltene
phase causing not only a change of its composition, but also an overall reduction of its amount in
the bitumen;

3. Structural ageing, by a chemical reaction between molecular components causing polymerization
with consequent formation of a structure within the bitumen (thixotropy) [33].

The processes involved are schematically depicted in Figure 1.
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3.2. Rejuvenation

A rejuvenator has been defined as that agent capable of restoring the original rheological properties
of a bitumen. Therefore, it is assumed that the primary action of a rejuvenator should be to bring the
bitumen to lower stiffness and viscosity and higher ductility. Despite the above description of bitumen
ageing showing different and somehow interconnected mechanisms, taking place, simultaneously, the
very first action to restore the original bitumen rheological properties is to shift back the ratio between
solid asphaltenes and fluid maltenes to higher maltene contents. However, a rheological rejuvenating
agent can exert its action in different sub-mechanisms (see the schematic diagram of Figure 1):

1. Softening (usually called fluxing) agent: flux oil, lube stock, slurry oil, etc. can lower the viscosity
of the aged binder;

2. Real rejuvenator: it helps to restore the physical and chemical properties [33].

As it will be seen (see Section 4), literature does not make a clear distinction among the types of
mechanism exerted by the specific rejuvenator: this name is usually given to any king of additive, which
allows a certain restoring of the original rheological properties, no matter the effective mechanism
involved. Instead, we are keen on making a clear distinction: given the aim of this contribution to go
deeper into the details and to make clear all the aspects involved, it will be now defined a rheological
rejuvenator as any type of additive causing a certain restoring of the rheological characteristics.
In the specific, if the rejuvenator is also able to restore even the bitumen inner structure, then it
will be defined as a real rejuvenator. If, on the other hand, the rheological rejuvenator makes the
bitumen more ductile and less viscous/brittle by simply furnishing oily components to maltene without
restoring the original complex structure (hierarchical structures of asphaltenes), then it will be called
as softening (more often fluxing) agent. It can be seen that in this distinction, the term “rheological
rejuvenator” has a more general sense and is associated with the concept of “rejuvenator” usually
present in the literature. For this reason, in the following, when simply naming “rejuvenator” it will be
referred to rheological rejuvenator, to resemble the classical meaning of rejuvenator usually adopted.
Instead, when dealing with real rejuvenator effect, the terminology “real rejuvenator” will be stressed.
Rheological rejuvenators are, however, usually based on oils: lubricating oil extracts and extender
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oils. They contain an adequate amount of maltene constituents, naphthenic or polar aromatic fractions,
which re-balance the composition of the aged binder in favour of such compounds or those usually
lost during construction and service. Rejuvenator must fulfil two requirements:

1. They should have a high proportion of aromatics, which are necessary to keep the
asphaltenes dispersed;

2. They should contain a low content of saturates, which are highly incompatible with the asphaltenes.

3.2.1. Down to the Nano-Scale

Of course, the effectiveness of a rejuvenation action depends on the uniform dispersion of
the rejuvenator within the bitumen. In fact, after its mixing with aged bitumen and the obvious
homogenization, diffusional processes taking place at longer times and shorter length-scales must
complete the job. This aspect was first faced by Lee et al. in 1983 [34] who mixed a dye with the
rejuvenator to estimate the homogenization of the overall product by visual inspection. The authors
concluded that mechanical mixing could give a uniform distribution of the rejuvenators within the
bitumen. However, our perplexity holds in the fact that visual inspection cannot probe the uniformity
of dispersion at the sub-micro scale, which instead is the final goal of an efficient mixing allowing
complete rejuvenator action. According to a work by Carpenter and Wolosick [35] published few
years before, the diffusion of a rejuvenator into an aged binder is a complex, multi-step mechanism
consisting of four steps (the curious reader is redirected to the reading of that article for details), but
basically the requirement of a complete homogenization of the rejuvenator down to the nano-scale
was already pointed out. However, their results were later confirmed by Noureldin and Wood [36],
and Huang et al. [37]. The complete homogenization, down to the sub-micro scale cannot happen
without being diffusion-driven and diffusion-limited—a dynamical process whose rate is given by the
viscosity of the medium. This indeed, has been shown by Karlsson and Isacsson [38], who highlighted
that the diffusion rate is governed by the viscosity of the maltene phase rather than the viscosity of
the recycled binder as a whole, an aspect which was somehow observed previously by Oliver [39]
who had suggested that the diffusion could be sped up by diluent oil fractions addition and/or raising
the temperatures.

3.2.2. Distinguishing Softening Agents and Real Rejuvenators

From the point of view of the physical performances, softening (fluxing) and real rejuvenating,
which constitute two different mechanisms, can be distinguished experimentally. Whereas, the stiffness
or rigidity of a bitumen, usually empirically determined by simplified and fast methods generally
by immediate techniques developed for characterizing mechanical and rheological properties and
used especially in the field of engineering [40], the distinction of the two effects of fluxing and real
rejuvenating needs the exploitation of methods with a substantial physical basis. In this ambit,
small amplitude oscillatory rheometry is a useful technique using specific specimen geometries and
mathematical interpretation of the data to achieve physical quantities: the complex modulus G*. G* is
a measure of the total energy required to deform the specimen and is defined as:

|G∗|2 = (G′)2 + (G′′ )2 (1)

where G′ is the elastic modulus (or storage modulus), a measure of the energy stored in the material
during oscillation, and G” is the viscous modulus (or loss modulus), a measure of the energy dissipated
as heat. Martin Radenberg et al. [41] highlighted the difference between a “rejuvenating” (here
associated with our conception of real rejuvenating) effect and a “fluxing” agent from a rheological
perspective using the so-called black diagrams, which depict the magnitude of the complex modulus
G* versus the phase angle (δ, defined as tan δ = G”/G′) obtained from the dynamic tests. In black
diagrams, frequency and temperature are eliminated. This method was previously suggested by Airey
and Brown [42] to assess and compare the rheological properties of bitumen. The characterization of
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the two different actions of rejuvenator has been recently carried out by NMR. Although bitumen is a
complex material, ambitious studies are facing structural characterization by probing relaxation times.
Application of Low-Field NMR has been used for the determination of physical properties of petroleum
fractions [43,44], and the Inverse Laplace Transform (ILT) analysis of the NMR echo signal decay
gives the T2 relaxation time which can be connected to different domains characterized by different
rigidities [45]. The chemical reasoning for this lies on the molecular constraint, causing dynamic
hindrance and lowering T2, an effect that can be considered quite general and already found also in
different systems [46]. These attempts have given interesting and encouraging results, which deserve to
be tailored. We support efforts in this direction since the comprehension of the microscopic/molecular
processes at the basis of the observed behavior of a material is of fundamental importance for the
improvement of materials characteristics in specific applications.

4. The State-Of-The-Art

4.1. General Requirements

As a general requirement, additives should be non-hazardous and stable over a wide range of
temperatures, from production to application. In addition, they must not experience any exudation or
evaporation, in order to ensure good performance over the designed lifetime of the asphalt pavement.
Further specific requirements depend on the local country specification. Bocci et al. for example [47],
focus on the use of a specific bio-based rejuvenator to produce asphalt concrete using a high amount
of RAP without scarifying the mix performance and complying with the Italian specifications. In
particular, the paper presents the results from a trial section on a highway connecting Ancona to
Perugia, in the center of Italy.

In any case the use of “forbidden” chemicals should not be the goal of the work: for example,
Tine et al. [48] take care in clarifying that the additives they studied in their work (a liquid process
oil with a typical viscosity at 40 ◦C of 700 mm2/s) conform to all current Registration, Evaluation,
Authorisation and restriction of Chemicals, (REACH) and Polycyclic Aromatic Hydrocarbons (PAHs)
limits. Another additive they used (a tall oil distillate originating from pine trees) is “not classified as
dangerous according to Directive 67/548/EEC and its amendments and according to EU legislation”.
In our opinion, any work should clarify the environmental/safety/legal issues connected to the
additives presented.

In this sense, Król et al. [49], and Somé et al. [50] show that the addition of some particular
bio-additives has a large potential application as reversible fluxing agents in bitumen industry, RAP
technology and Warm Mix Asphalt (WMA). They used vegetable oil produced using various raw
materials (Rapeseed oils, Soybean oil, Sunflower oil, Linseed oil, etc.) and combined in bituminous
binders generally as a modifier/additive (up to 10%). Interestingly, not only they used vegetable oils,
but they also perform chemical action to prepare other additives (they use methyl esters of fatty acid
obtained by transesterification of vegetable oils). The aspect of a couple the use of raw/cheap materials
with chemical actions to increase their performances is intriguing and promising. The chemical actions
that can be performed for the optimization of additive performances will be discussed in Section 5.

The rejuvenating benefits can be utilized to allow for higher RAP addition using traditional
hot mix asphalt (HMA) configuration or in the warm mix asphalt (WMA) technology since the
additives, changing the viscosity of the binder, allow for the lowering of the asphalt mixture production
temperature. Critical issue related to the application of the additive fluxing of the bitumen is the final
viscosity of the bitumen and stiffness of the mixture placed in the pavement. In fact, while fluxing is
desired during mixture production, placement and compaction, it is no longer appreciated once the
road is open to traffic. Considering the examples of Król et al. [49], and Somé et al. [50], the suitability
criterion for vegetable oils and the corresponding methyl esters for obtaining environment-friendly
bitumen fluxes is their reactivity to the oxypolymerization reaction, which raises the viscosity of the
stock, thus, contributing to its hardening and drying. The efficiency of polymerization depends on the
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number of double bonds and their position in the aliphatic chain of fatty acid. Oxypolymerization
of the fatty acids present in the vegetable stocks is a multistage process and leads to the crosslinking
of their structural units. The principle of using additives susceptible to oxypolimerization has been
recently exploited for preparing additives, increasing the bitumen viscosity [51].

This paragraph, from the next sub-paragraph on, is devoted to showing the works involving
rejuvenators as additives in bitumen. Some applications to the rejuvenation of partly recycled asphalt
will also be shown for a more complete view of the problematics also because for practical uses
sometimes rejuvenation must be exerted on recycled asphalt (RAP, reclaimed asphalt pavement). They
have been grouped according to the experimental methods that can be used for the rejuvenation
evaluation. In addition, particular care has been taken in using the same names and formalisms used
by the various Authors, for a better comparison with the original works.

4.2. Rejuvenation Probed by IR

Zargar et al. in 2012 [52] explored the possibility of using a waste cooking oil (WCO) as rejuvenator
in the aged bitumen, in order to reduce the expense of highway renovation. They added various
amounts of a WCO mainly composed by Oleic acid (C18:2n9c, 43.7%), Palmitic acid (C16:0, 38.4%) and
Linoleic acid (C18:2n6c, 11.4%) to an aged bitumen monitoring the changes in standard parameters like
penetration index, softening point, Brookfield viscosity and dynamic shear viscosity. The comparison
among pristine, aged and rejuvenated bitumen gave self-consistent results furnishing clear clues: the
aged bitumen, which is stiffer than the virgin one as result of oxidation processes, can be substantially
driven to the performances typical of the virgin bitumen by progressive addition of waste cooking
oil. The restoring of the virgin performances takes place at WCO content of 3%, but they can even
be improved (n penetration index, softening point and viscosity) by further addition of WCO up to
5%. See, for example, Figure 2 where the penetration value versus various rejuvenator amounts is
reported. These results were interpreted at the molecular basis with the aid of Fourier transform
infrared spectroscopy (FT-IR) which probes the amount of oxidized functional groups, and specifically
C=O and S=O. The increase of polar functional group signal intensity, and specifically C=O and S=O
ones, in FT-IR spectra when the bitumen is aged correlates with its stiffness increase. This suggests that
the loss in bitumen performances is due to the oxidation process. Even, this increase correlates with an
increase in asphaltenes fraction, i.e., the most polar component of the bitumen. On the other hand,
the addition of WCO implies a substantial restoring of the pristine C=O and S=O signal, together
with the pristine asphaltene/maltene ratio, although the process seems not to be complete/quantitative.
Typical IR spectra, together with the most important band attributions, are reported in Figure 3. In
conclusion, WCO appears to have a rejuvenating effect because it reduces the oxidation (asphaltene
content) compared to an aged bitumen, even if it is not capable of restoring the correct ratio maltene
asphaltenes. However, it is interesting to point out that the rejuvenated bitumen has less tendency
to ageing compared to original bitumen and has lower volatility than the virgin bitumen reasonably,
due to the lower volatility of bio-oil as a consequence of its high content in saturated hydrocarbons.
Unfortunately, the Authors do not give details on the FT-IR experiments.
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To avoid FT-IR artefacts, due to differences in the optical path (different thickness of samples) or in
experimental procedures, Nayak and Sahoo [53] wisely consider the relative amount of ketonic bond
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This criterion of using a relative intensity was proposed by De la Roche et al. [54], but the use of
the relative area is consistent with the consideration by Lamontagne et al. [55].

In any case, Nayak and Sahoo studied the rejuvenating effect of two different types of oils (the
pongamia oil and a composite castor oil made of 70% castor oil and 30% coke-oven gas condensate).
The results confirm the clues by Zargar et al. showing an increase of the C=O relative signal when the
bitumen is aged. Moreover, they found that the C=O relative signal slightly tends to decrease when
the composite oil is added, but more markedly increases when pongamia oil is added. The reason lies
in the fact that the ketone group is present in pongamia oil itself, and therefore, it is not necessarily due
to ageing process. This result should be interpreted as an invitation in being prudent when performing
FT-IR experiments and when interpreting its results.

4.3. Thermal Stability Helps in Probing Rejuvenation

By monitoring viscoelasticity, creep and response, FT-IR, Thermogravimetric Analysis (TGA)
and Differential Scanning Calorimetry (DSC), Nayak and Sahoo proved that successful rejuvenation
takes place when these oils are added to the bitumen. It is interesting to notice that both oils have
good thermostability performances. The virgin binder showed a visible mass loss at temperatures
below 200 ◦C; instead, all the rejuvenated binders along with aged binder showed significant mass
loss beyond 200 ◦C, but such temperatures are much higher than those typically adopted in hot mix
asphalt preparation, rendering this difference not significant for practical purposes.

Also, Elkashef et al. [56] used thermal stability analysis to evaluate the effect of rejuvenating soybean
oil on reclaimed asphalt pavement (RAP). Acknowledging the importance of studying thermal stability
of rejuvenated binders to assure that eventual loss of rejuvenating additive (typically characterized
by low molecular mass) does not modify asphalt performance, they carried out thermogravimetric
analysis on the RAP, on the blend made by RAP and the pristine bitumen (PG58-28), and finally, on the
mixture formed by RAP, soybean oil (12%) and the pristine bitumen. Coupled to Thermogravimetry
(TG), an FT-IR spectrometric investigation on the gases produced by heating was also carried out. The
Authors’ results obtained by Thermogravimetry (TG) can be summarized in Table 1.
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Table 1. TG results of the studied asphalt binders (reprinted from Reference [56] with the permission
of Springer Nature).

Sample IDT (◦C) Char Yield (%) Residue (%)

RAP 316 30 7
RAP + PG58-28 309 26 6

RAP + 12% Mod PG58-28 309 26 6

This table shows the Initial Decomposition Temperature (IDT), defined as the temperature where
2% mass loss occurs; the char yield percentage is the mass remaining at the temperature of 550 ◦C,
and the percentage residue is the remaining percentage of asphalt material at the end of the analysis.
From this table it is clear that the RAP binder shows the highest thermal stability, confirming that the
stiffness is due to asphaltene amount that is more thermally stable, whereas, the other two binders
show the same behavior, having an IDT few degrees lower. Elkashef et al. also compared the spectra
(at a temperature of 390 ◦C) of the gases evolved from the three different binders, taking into account
for the blank constituted by the bare soybean oil. It turned out that the spectrum of the binder
containing the rejuvenator shows a relatively intense peak typical of the rejuvenator itself. Although
this observation can be thought as trivial, a pseudo-quantitative analysis, carried out at different
temperatures by normalizing the FT-IR spectra at the same C-H stretching peak height (2930 cm−1),
allowed the Authors to conclude that FT-IR spectrometry can be used as a tool to probe the rate of mass
loss of the rejuvenator. In fact, a higher mass loss triggered by a temperature increase implies higher
relative intensities of the characteristic functional groups of the rejuvenator itself (C=O stretching at
1736 cm−1 and the two C-O stretching at 1015 and 1153 cm−1).

4.4. Rejuvenation May Be Uncorrelated with IR Functional Groups: Need of Chromatography

Cavalli et al. [57] found an interesting aspect. In fact, these Authors pointed out that, despite
the addition of rejuvenators, the bitumen physico-chemical oxidation did not reverse: mechanical
changes were not caused by chemical changes at functional groups level, but by a rearrangement
of polar/nonpolar components. They took into account for three different commercial bio-based
rejuvenators: a natural seed oil (called rejuvenator “A”), a cashew nut shell oil (called rejuvenator “B”)
and a rejuvenator based on tall oil (rejuvenator “C”). After highlighting by FT-IR that rejuvenator
A and C have a rather similar chemical nature (see Figure 5 which reports the FT-IR spectra of the
bare three rejuvenators), they performed FT-IR spectra on samples of RAP containing 5% of each
rejuvenating and compared them to the spectrum of a virgin bitumen 50/70. The results are shown in
Figure 6: the peaks corresponding to the ageing of binders, due to oxidation do not disappear although
rejuvenators were added to the RAP binder. Chemical structures of RAP +5% C and RAP +5% A were
found to be similar, suggesting that the chemical effect of rejuvenator C and A on RAP binder is similar.

The Authors also determined the chemical ageing index (CAI). This is given by the sum of
carbonyl index (CI) and sulfoxide index (SI) defined, as suggested in Marsac et al. [58], as the area of
the carbonyl and sulphoxide signal, respectively, normalized, to the peaks related to the asymmetric
vibration of CH2 and CH3 (around 1455 cm−1) and to the symmetric deformation vibration of CH3

(around 1376 cm−1) as the latter areas do not change significantly. It must be noted that here the
Authors use the same indices as Nayak and Sahoo, by considering the area of the FT-IR signals (and
not the bare intensities) and normalizing them to signals related to the C-H functional group since they
are expected to be hardly sensitive to the chemical environment.

By using these indices, the Authors found that the unaged binders RAP + 5% A and RAP + 5% C
have a higher CAI index than the plain RAP. Most probably due to the fact that seed oil and tall oil
themselves contain carboxylic groups C=O, they found the same clues derived by Nayak and Sahoo
who found that the ketone group is present in their rejuvenator (pongamia oil) itself.
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Elkashef et al. [59] also used the FT-IR-ATR analysis to explore the effect of soybean-derived
rejuvenator on two different kinds of performance grade bitumen. The types of bitumen, PG 64-28
and PG 58-28, were aged by Rolling Thin Film Oven Test (RTFOT, similar but slightly different in
parameters values from TFOT technique) and pressure-aging-vessel (PAV) methods, and then they
were doped with 0.75% of soybean-derived rejuvenator.

Figure 7a shows the increase in the carbonyl index with ageing. The soybean additive does not
influence the ageing behavior of the binder. Regarding the sulfoxide index, (shown in Figure 7b) it
increases with the aging of PG 58-28. On the contrary, it decreases dramatically to the last step of
PG 64-28 ageing (PAV). The drop is also present for the aged doped binder. Ageing was probed by
FT-IR-ATR in both the control and modified asphalt binders. As a result, the carbonyl and sulfoxide
functional groups increase with ageing. The time evolution of these two functional groups, leads to the
conclusion that the modification does not cause any significant influence on the ageing behavior of the
asphalt binders. Cavalli et al. also investigated the molecular size distribution with Gel Permeation
Chromatography (GPC) in order to evaluate if the rejuvenator modified molecular properties of RAP
binder. They used two kinds of detector: one is the refractive index (RI) detector, and the second one is
a variable wavelength detector with UV signal (UV). From RI detector, RAP + 5% A and RAP + 5% C
(see Figure 8) displayed a shift from the large to the middle size as compared to RAP binder.
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Figure 8. GPC spectra with UV (left) and RI-signals (right) of the RAP binder and the RAP binder
with rejuvenator A, B and C (5% by mass of RAP binder each) (reprinted from Reference [57] with the
permission of Elsevier).

Comparing the FT-IR spectra and the results obtained with GPC they hypothesized the presence
of an ether group (C-O-C) in the RAP modified with A and C, whereas, from UV detector a shift
towards the smaller molecular sizes has been observed in RAP + 5% B. In summary rejuvenators could
partially change the molecular size distribution of the RAP binders.



Appl. Sci. 2019, 9, 4316 14 of 44

The idea of combining FT-IR to obtain information on functional groups and GPC test to obtain
information on molecular weight distribution was also exploited by Zhu et al. [60] who studied the
effect of a bio-rejuvenator made by a by-product in cotton-oil production and dibutyl phthalate (7.5 wt%
in the bio-rejuvenator) as plasticizer. In fact, they carried out a comparison between the FT-IR spectra
of pure bio-rejuvenator; pristine bitumen; bitumen aged by Thin Film Oven Test (TFOT - 5 h, 163 ◦C)
followed by a pressure-aging-vessel (PAV) test (aging temperature in the PAV test 90 ◦C, pressure
2.1 MPa, duration of the test 20 h); PAV was added with 5% or 10% bio-rejuvenator. Moreover, they
carried out FT-IR spectra on an asphalt modified with styrene-butadiene-styrene (SBS); SBS-modified
PAV, and 5% or 10% bio-rejuvenator on SBS-modified PAV. The peak-area intensity of the oxygenated
groups (CO and SO) was used to probe the degree of aging and rejuvenation of the asphalt. Here, again,
the Authors calculated the Ico and the Iso indexes. As expected, for pristine bitumen and SBS-modified
asphalt, the carbonyl and sulfoxide indexes increase after aging. As it can be seen by a perusal of
Figure 9, both indexes decrease with the addition of the bio-rejuvenator.
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However, the carbonyl and sulfoxide indexes of the PAV-aged asphalt cannot be restored to their
original levels. The Authors applied the GPC to the system under consideration to shed light on the
effect of the rejuvenator on the molecular size distribution. The chromatogram reported in Figure 10a
shows that the dw/dlogM versus Mw (weight-average molecular weight) curves for the bio-rejuvenator.
Mw of the bio-rejuvenator is about 1000 g/mol, and the narrow and sharp peak indicates that the
molecular-distribution dispersity of the bio-rejuvenator is low.

Figure 10b shows that the PAV-aging process causes a decrease in the low and medium-weight
molecular content of the pristine bitumen while increasing its high-weight molecular content. Adding
the rejuvenator helps in improving the properties of the PAV-aged bitumen by increasing the
medium-weight molecular content and decreasing the low-weight molecular content. Figure 10c
shows a similar phenomenon with the single-peak in the PAV-aged SBS-modified asphalt splitting
into two peaks after bio-rejuvenation. In order to characterize the molecular mass distribution, the
Authors used analysis of polydispersity, defined as the Mw-to-Mn ratio (Mw, weight average molecular
weight; Mn, number-average molecular weight). The results are reported in Figure 11. Both Mw
and polydispersity of the virgin asphalt were found to increase after PAV ageing, due to the various
chemical reactions in the asphalt/polymer. On the other hand, the values of the PAV-aged virgin and
SBS-modified bitumen show that the rejuvenation effect can be primarily attributed to the changes in
the molecular polydispersity of the asphalt.
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Figure 11. GPC Mw and PD results of virgin, aged, and bio-rejuvenated asphalt (for bio-rejuvenator:
Mw = 861, PD = 1.0082) (reprinted from Reference [60] with the permission of Elsevier).

Conversely, for the PAV-aged SBS-modified asphalt, Mw decreases with the increase in the dosage
of the bio-rejuvenator from 0 to 10%. Both the 5% and 10%-bio-rejuvenated asphalt exhibit lower PDs
than the PAV-aged SBS-modified asphalt. However, there is no clear difference between the Mw values
of the 5% and 10%-bio-rejuvenated asphalt.
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In order to understand the role played by the rejuvenator on the RAP bitumen, Elkashef et al. [61]
used the GC-MS (Gas Chromatography-Mass Spectroscopy). They considered a rejuvenator produced
from soybean oil, but they did not furnish further details. First, they analyzed the pure rejuvenator:
its total ion chromatogram (see Figure 12a) shows five distinct and well-resolved peaks. The pure
rejuvenator was then subjected to RTFOT-aging and PAV-aging following the same protocol as that
used for asphalt binders aging to assess the chemical stability of the rejuvenator with aging. The total
ion chromatogram for the RTFOT-aged and PAV-aged rejuvenator samples are shown in Figure 12
(panels b and c, respectively): they clearly show that the aged rejuvenator gives the same peaks at the
same retention times and with similar relative intensity as the unaged rejuvenator. This indicates that
the chemical composition of the rejuvenator is preserved during aging.
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Figure 12. Total ion chromatogram for the used rejuvenator (a), the RTFOT-aged rejuvenator (b) and the
pressure-aging-vessel (PAV)-aged rejuvenator (c) (reprinted from Reference [61] with the permission
of Elsevier).

Subsequently, they submitted rejuvenated RAP (unaged, RTFOT-aged and PAV-aged) to pyrolysis
to analyze the evolved gases using Gas Chromatography coupled with Mass Spectrometry (GC-MS)
(see Figure 13). The total ion chromatogram of the unaged rejuvenated binder shows the rejuvenator’s
peaks in addition to other smaller peaks attributed to the binder itself. However, the structure of the
rejuvenator added to the binder appears to change with aging.

It is, therefore, clear that the rejuvenator interacts with the RAP binder, with the consequent
structure modification of the rejuvenator itself. Strikingly, the two peaks at 17.3 and 17.4 min are
reduced in intensity with aging, and they entirely disappear in the PAV-aged binder.
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Figure 13. Total ion chromatogram for (a) unaged, (b) RTFOT-aged and (c) PAV-aged rejuvenated RAP
(reprinted from Reference [61] with the permission of Elsevier).

4.5. Images Techniques as Useful Complementary Tools

Mokhtari et al. [62] have exploited the potential of FT-IR to investigate the effect of two different
rejuvenators: a petroleum oil (called “A”), and a product derived from refined tall oil (called “B”).
Rejuvenator “A” was added to 15% or 30% by weight on PAV, while the rejuvenator “B” was added
to 10% or 20% by weight on PAV. These two dosage rates are the lower and upper limits of each
rejuvenator type. Once the spectra were acquired, in order to determine if the use of the rejuvenators
minimizes the oxidation, the Ico and Iso indices were calculated although the normalization seems to us
to take place only over the C-H signal at 1459 cm−1. As expected, PAV-aged samples show an increase
in the Iso value, as well as in the Ico index.

On the contrary, by perusal of Figure 14 it can be seen that both rejuvenators at both concentrations
show a significant decrease in Iso values, while the decrease with respect to the Ico index is moderate.
However, both additives have proved to be effective in counteracting the oxidation of the carbonyl
groups, as well as the sulfoxide groups. The Authors also thought to compare the FT-IR results
with a Cryo-Scanning Electron Microscopy (Cryo-SEM) investigation for evaluating fracture surface
properties of rejuvenator-restored through a digital image processing technique to quantify cracks
developed on the fractured surface, due to the aging process. The choice of this technique comes
from the Authors’ consideration that the evaluation of the microstructural assessment of asphalt with
SEM would not be confident, due to presence of volatile components in asphalt and its susceptibility
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to electron beam damage. Instead, the use of Cryo attachment to SEM, implying a lowering of the
samples’ temperature well below the glass point, allows observing samples with greater beam and
lower temperature sensitivity. They have acquired images with varying magnifications in different
parts of the samples, to indicate the fracture surface characteristics of each sample. It is possible to
notice that the asphalt sample has a rough and fractured surface with many fragments, due to the high
stiffness caused by the aging process. Rejuvenator “A” makes the fracture surface of aged asphalt
smoother with some remaining minor cracks or fragments. However, no further improvement of the
surface texture can be observed when rejuvenator “A” amount was increased from 15 to 30%. Even
adding rejuvenator “B” (10%) makes the fracture surface smoother, although at a minor extent, since
significant amounts of fragments still holds. Instead, increasing the rejuvenator “B” amount from 10 to
20%, results in a significant improvement of the surface.
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(reprinted from Reference [62] with the permission of Elsevier).

An interesting aspect can be found in the work of Mokhtari et al., who notes that in order to
identify the length and the gravity of the cracks, a digital analysis of the images was carried out using
an edge detection technique. Briefly, various algorithms developed using MATLAB software DIP
image toolbox were used to generate fracture models, including the crack propagation throughout the
samples. Comparison with real samples allowed the selection of the best algorithm and a Fracture
Index (F.I.) was defined in order to quantify the fracture capability of aged and restored asphalt samples.

As expected, as it can be seen from Figure 15, PAV-aged asphalt has the highest F.I., confirming
more pronounced brittleness of the aged asphalt with respect to the aged asphalt with rejuvenators.
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Figure 15 shows that the addition of 10% of the rejuvenator “B” could not significantly soften the
aged asphalt. However, although 10% of the rejuvenator “B” was not completely effective in softening
the PAV-aged asphalt, 20% of that rejuvenator shows the highest efficiency in preventing undesirable
cracks at low temperatures. Moreover, both A-15% and A-30% asphalts were soft enough to prevent
surface fractures.

Other authors have also focused their attention on the use of image techniques to better understand
the structural changes induced by the use of rejuvenators. Indeed, Yu et al. [5] have used the AFM
technique to analyze the materials’ surface morphology. They have investigated two types of bitumen
which are called by the Authors as asphalt binders, named AAD (PG 58–28) and ABD (PG 58–10), and
two types of rejuvenators: one comes from fast and convenience food frying oil, here named WV oil,
the other is an aromatic extract containing approximately 75% of aromatic oil and resin compounds
with small amount of saturate oil. AFM images are shown in Figure 16.

The two virgin binders displayed different morphologies: virgin ABD has a dispersed phase
with flake-like structures (with an average size of fewer than 2 µm in diameter) spreading over a
smooth matrix continuous phase; virgin AAD, instead, clearly shows the elliptical domains with
“bee-structures” (with axes of a few microns). The Authors attribute these differences to the chemical
composition of the two samples, in particular, worth of note is the high wax content of the bitumen
AAD (1.94%) with respect to the ABD bitumen (0.81%). Upon aging, in ABD, the size of the flake-like
microstructures decreased while the quantity increased; on the other hand, in AAD, the “bee-structures”
are still present with no obvious morphological changes. The addition of the aromatic extract in the aged
ABD bitumen, instead, produces marked changes, giving elliptical domains with “bee-structures” at
the middle of the domains. On the other hand, the use of the aromatic extract in the aged bitumen AAD
gives smaller-sized “bee-structures”. Even, the less noticeable contrast between the ‘bee-structures’
and the matrix suggests that the amplitude of the undulated “bee-structures” is smaller than that of
the virgin and aged ones. On the contrary, the addition of WV oil in both aged binders do not produce
a significant morphological modification.

The Authors conclude that the addition of the rejuvenator can cause big morphological changes,
even bigger than those coming from the aging; however, this behavior is not general, depending on
the specific rejuvenator. This because the asphalt binders’ effect depends on its chemical behavior,
and therefore, on the complicated molecular interactions which can establish with the other chemical
species in the bitumen (and also the eventual inorganic particles). This is generally true for any additive.
This conclusion is in accordance with the clues of a recent paper by Calandra et al. [1] which highlights
the physical and chemical reasons for this. In this work, the Authors carried out a deep structural
investigation by X-ray scattering on bare and additivated bitumen and found that asphaltene clusters
hierarchically self-assemble to form aggregates at various levels of complexity, with different sizes up
to the micrometer-sized domains dispersed in the maltene, and hold up by interactions of different
strengths. The eventual presence of an additive triggers the formation of further intermolecular
interaction in competition with those responsible for this self-assembly, causing a change of the size
and shape of these aggregates.

The potential of the AFM has been exploited by Kuang et al. [23] to discriminate the effect of
Dodecyl Benzene Sulfonic Acid (DBSA) as a solubilizer together with conventional rejuvenator (a
blend of fluid catalytic cracking slurry—FCC—and bitumen with penetration of 70 grade) in two
different aged (TFOT and PAV) bitumen.
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Figure 16. Topographic images of virgin (top row), aged (2nd row), aromatic extract (3rd row), and
WV oil rejuvenated (4th row) ABD (left, 20 × 20 µm2) and AAD (right, 40 × 40 µm2) measured at room
temperature (~20 ◦C). The colour scales range over 10 nm and 60 nm for ABD and AAD based samples,
respectively (reprinted from Reference [5] with the permission of Elsevier).

Kuang et al. compared first the effect of aging on the virgin bitumen, whose clues are reported in
Figure 17. This figure shows the AFM images of virgin bitumen, Thin Film Oven Test (TFOT) aged
bitumen and PAV aged bitumen. The Authors have observed that the aging of the bitumen leads
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to a change in the colloidal structure, and differently from Yu et al., an increase in the size of the
bee-structures (see Figure 17). Then, they compared the effect of adding the conventional rejuvenating
(CR) and the solubilised rejuvenating (SR) on the aged bitumen TFOT and PAV. The comparison in
TFOT-aged bitumen and PAV-aged bitumen are reported in Figure 17. They found that in any case the
surface of both TFOT and PAV bitumen become smoother with the introduction of CR or SR. However,
in the case of TFOT there is no evident difference between the effect of CR and SR showing that, in this
case, DBSA does not affect much the surface smoothing action exerted by the rejuvenator. On the other
hand, an evident effect can be detected in the case of PAV. By inspection of Figure 18 (lower panel) and
comparison with Figure 17, it is possible to notice how the addition of CR on the aged PAV bitumen
does not bring marked morphological changes, just a slight reduction in the size of the bee-structures.
On the contrary, the addition of SR helps asphaltenes of PAV aged bitumen to be re-dispersed, and this
contributes to the performance improvement.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 21 of 44 

(CR) and the solubilised rejuvenating (SR) on the aged bitumen TFOT and PAV. The comparison in 
TFOT-aged bitumen and PAV-aged bitumen are reported in Figure 17. They found that in any case 
the surface of both TFOT and PAV bitumen become smoother with the introduction of CR or SR. 
However, in the case of TFOT there is no evident difference between the effect of CR and SR showing 
that, in this case, DBSA does not affect much the surface smoothing action exerted by the rejuvenator. 
On the other hand, an evident effect can be detected in the case of PAV. By inspection of Figure 18 
(lower panel) and comparison with Figure 17, it is possible to notice how the addition of CR on the 
aged PAV bitumen does not bring marked morphological changes, just a slight reduction in the size 
of the bee-structures. On the contrary, the addition of SR helps asphaltenes of PAV aged bitumen to 
be re-dispersed, and this contributes to the performance improvement. 

For the Authors DBSA (1.5% by weight of rejuvenator) can react with asphaltenes via its sulfonic 
group to form a solvation layer covering on the surface of asphaltenes clusters, thus, interfering with 
the colloidal structure transformation of aged bitumen. Therefore, PAV aged bitumen can be 
recovered from Gel to Sol-Gel by 10 wt% SR, and the dimension of a bee-like structure formed by 
asphaltenes can be approximately that of virgin bitumen. 

Also, Nahar et al. [63] have explored the potentiality of AFM techniques to investigate the effect 
of rejuvenator on the aged bitumen. They used a bitumen aged through Rotational Cylinder Ageing 
Tester (RCAT) for testing two types of rejuvenators, namely, BM1 and CM1. They analyzed the 
pristine, aged and doped aged bitumen by means rheology and AFM. 

 
Figure 17. Atomic Force Microscopy (AFM) images of virgin bitumen, TFOT aged bitumen and PAV 
aged bitumen: (a) Virgin bitumen, (b) TFOT aged bitumen, (c) PAV aged bitumen (reprinted from 
Reference [23] with the permission of MDPI open access journal). 

From the rheological analysis, they were able to observe that the aged bitumen P1 shows higher 
complex shear modulus and lower phase angle compared to the pristine bitumen. Obviously, ageing 
makes the bitumen stiffer (Figure 19a) and less viscous (Figure 19b). The neat rejuvenators show very 
distinct behaviors. In fact, the rheology of the BM1 rejuvenator shows a lower viscosity compared to 
bitumen, while CM1 rejuvenator has different rheological characteristics. Indeed, it displays a much 
lower shear modulus at low frequencies. There is even a behavior of dilatant fluid or shear thickening 
at a frequency of about 3–5 Hz. The Authors thought that this was due to the presence of suspended 
particles like structures in rejuvenator CM1 or the formation of such structures at higher shear rates. 
However, the addition of rejuvenator BM1 into the aged bitumen causes a decreasing of the complex 
shear modulus, while the phase angle increases to the value of the virgin bitumen. CM1 rejuvenator 
on the aged bitumen leads to a lower complex shear modulus than pristine bitumen for both the 
concentrations tested. On the contrary, as expected, the phase angle is almost equal to (10% w/w CM1) 
or higher than the pristine bitumen (25% w/w CM1). It is worth noting that in a blend with aged 
bitumen any signature of the dilatant nature of the pure rejuvenator CM1 is completely lost. 
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Figure 18. Upper panel: (a) Regenerated TFOT aged bitumen with 10 wt% CR, (b) regenerated TFOT
aged bitumen with 10 wt% SR; lower panel: (c) Regenerated PAV aged bitumen with 10 wt% CR, (d)
regenerated PAV aged bitumen with 10 wt% SR (reprinted from Reference [23] with the permission of
MDPI open access journal).

For the Authors DBSA (1.5% by weight of rejuvenator) can react with asphaltenes via its sulfonic
group to form a solvation layer covering on the surface of asphaltenes clusters, thus, interfering with
the colloidal structure transformation of aged bitumen. Therefore, PAV aged bitumen can be recovered
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from Gel to Sol-Gel by 10 wt% SR, and the dimension of a bee-like structure formed by asphaltenes can
be approximately that of virgin bitumen.

Also, Nahar et al. [63] have explored the potentiality of AFM techniques to investigate the effect
of rejuvenator on the aged bitumen. They used a bitumen aged through Rotational Cylinder Ageing
Tester (RCAT) for testing two types of rejuvenators, namely, BM1 and CM1. They analyzed the pristine,
aged and doped aged bitumen by means rheology and AFM.

From the rheological analysis, they were able to observe that the aged bitumen P1 shows higher
complex shear modulus and lower phase angle compared to the pristine bitumen. Obviously, ageing
makes the bitumen stiffer (Figure 19a) and less viscous (Figure 19b). The neat rejuvenators show very
distinct behaviors. In fact, the rheology of the BM1 rejuvenator shows a lower viscosity compared
to bitumen, while CM1 rejuvenator has different rheological characteristics. Indeed, it displays a
much lower shear modulus at low frequencies. There is even a behavior of dilatant fluid or shear
thickening at a frequency of about 3–5 Hz. The Authors thought that this was due to the presence of
suspended particles like structures in rejuvenator CM1 or the formation of such structures at higher
shear rates. However, the addition of rejuvenator BM1 into the aged bitumen causes a decreasing of
the complex shear modulus, while the phase angle increases to the value of the virgin bitumen. CM1
rejuvenator on the aged bitumen leads to a lower complex shear modulus than pristine bitumen for
both the concentrations tested. On the contrary, as expected, the phase angle is almost equal to (10%
w/w CM1) or higher than the pristine bitumen (25% w/w CM1). It is worth noting that in a blend with
aged bitumen any signature of the dilatant nature of the pure rejuvenator CM1 is completely lost.
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In our opinion, the AFM analysis conducted by Nahar et al. is commendable. To our eyes, it
seems to be almost the most complete job among all the AFM-based works we have examined. In
fact, the authors were not limited to the identification of domains and bee structures, having identified
new types of structures (e.g., tertiary and quaternary) providing an accurate description. Figure 20(ai)
shows the AFM phase image for the pristine bitumen. It is possible to estimate the length of the
domains long axes which falls into the range 2–6 µm. The topography images show “wrinkling” in the
middle of the domain. Finally, the domains result to be buried about 2–5 nm with respect to the average
height of the continuous phase. On the contrary, the aged bitumen is very different from the pristine
one. Figure 21 shows the same elliptical domain (i) and matrix (ii) of pristine bitumen. Moreover, it is
possible to observe the tertiary phase, which consists of fine dark arcs and spots dispersed throughout
the matrix (iii). This tertiary phase displays the lowest phase shift, and it is the softest phase. From the
topography (shown in Figure 20 (ii)), it turns out that the elliptical domains are 5–8 nm lower (buried)
the matrix surface, on average, while the tertiary phase protrudes above the matrix phase by 3–5 nm.
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Figure 21. AFM phase image of aged bitumen (a) and aged bitumen doped with 20% of BM1 (b)
with (i) elliptical domains, (ii) matrix, (iii) tertiary phase and (iv) quaternary phase (adapted from
Reference [63]).

From Figure 20(aiii), it is possible to notice that the addition of 20% of BM1 to aged bitumen
restores the microstructure. However, now it is possible to distinguish a new phase at the boundary of
the domains and at the interstitial spaces of consecutive domains. A new quaternary phase is found,
see Figure 21(biv). This new phase has the highest phase shift (highest stiffness), and it appears in
almost circular shapes with sizes in the range 15.2–4 µm.

As it can be seen from Figure 20 (iv) and (v), the addition of the CM1 additive at both concentrations
causes a change in morphology: needle-like particles, 20–90 nm wide and 50–250 nm long, appear. The
network becomes the main phase at a microstructural level at the increasing of CM1 concentration.

In order to understand if the microstructure evolves with time, the Authors analyzed the samples,
again, after seven days. The aged bitumen and the aged doped with 20% BM1 did not show any
change over time. On the contrary, the aged bitumen doped with 10 and 25% of CM1 evolve over time
(see Figure 22). The biggest change can be observed for the blend with the lower (10%) concentration
of CM1 rejuvenator (see Figure 22(aii)). Over time, some effects can be highlighted: needles are
expelled from the matrix phase, disconnected domains only comprising the network phase are born,
and the wrinkling in the elliptical domains tends to decrease. The network phase, in this period, has
formed a kind of bilayer around the elliptical domains, consisting of 200–300 nm stiffer layer (higher
phase shift, light colour in Figure 22(bii)), surrounded by a 1 µm somewhat softer layer. Both layers
display the typical pattern of randomly oriented needles, typical of the network phase. The higher
stiffness layer may be just a denser packed region of the network phase. On the contrary, for the
higher concentration of CM1 rejuvenator (25%) the effect of the time on microstructure is less obvious.
Indeed, it is possible to notice islands solely consisting of the needle network, as well as the bilayer
of 15 needles surrounding the elliptical domains. It is noticeable that, here, the stiffer (white) region
of the needle network phase is the more prominent phase. Also, at a 25% concentration of CM1, the
wrinkling in the elliptical domains remains over time, though the oscillation amplitude has decreased.
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10% CM1 and (b) 25% CM1, (i) after preparation (ii) after seven days (reprinted from Reference [63]
with the permission of SAGE Publications).

Kuang et al. [64] evaluated the effect of composite rejuvenator in comparison with a common
rejuvenator by means of dynamic shear rheometer (DSR) and atomic force microscopy (AFM). The
composite rejuvenator, named RRA, was laboratory-prepared by blending the light weight oil rich in
aromatics with a chemical compound containing polar group. The common rejuvenator, denoted as
CRA, was also prepared in a laboratory. They used for these researches the bitumen SK-70, whose
physical properties are listed in Table 2.

Table 2. Physical properties of SK-70 bitumen (reprinted from Reference [64] with the permission of
Springer Nature).

Index Value

Penetration (25 ◦C, dmm) 73
Ductility (15 ◦C, cm) >150
Softening point/◦C 45.2

Viscosity (135 ◦C, Pa·s) 0.6

The aged binder was prepared through the aging of SK-70 by Thin Film Oven Test (TFOT). Aged
bitumen was doped with 4; 6; 8 and 10 wt% of the two kinds of rejuvenator.

The results are shown in Figure 23: the composite rejuvenator (RRA) has a greater effect with
respect to the common rejuvenator (CRA). When the content of RRA is 10 wt%, the values of penetration,
ductility, softening point and viscosity are very close to the values of pristine SK-70. Therefore, the
Authors believe that the rejuvenator RRA is able to restore the colloidal structure by increasing the
aromatics content. In addition, the polar groups of RRA can react with the asphaltene in aged bitumen,
decreasing the asphaltenes content themselves. On the contrary, according to them, chemical reactions
between the common rejuvenator and asphaltenes molecules do not take place, due to the lack of polar
groups in common rejuvenator.



Appl. Sci. 2019, 9, 4316 26 of 44

Appl. Sci. 2019, 9, x FOR PEER REVIEW 26 of 44 

 

Figure 23. Effect of rejuvenators on penetration (a), ductility (b), softening point (c) and viscosity (d) (reprinted 
from Reference [64] with the permission of Springer Nature). 

From the rheological analysis, it results that the rutting factor, shown in Figure 24a as a function 
of temperature, of the aged binder is greater than the virgin one. The addition of 10 wt% of RRA and 
CRA causes a decrease in the rutting factor, but sample with RRA gives a trend similar to the pristine 
one. Obviously, the aged bitumen is very brittle and easy to crack under load at low temperature, in 
fact, has a high fatigue factor (see Figure 24b) compared to virgin bitumen. The poor regenerative 
power of CRA is evident. Aged asphalt with 10 wt% CRA and aged asphalt shows similar fatigue 
factor curves. Nevertheless, the addition of 10 wt% of RRA improves the fatigue resistance 
considerably, being the fatigue factor trend close to that of virgin bitumen. In order to evaluate the 
effect of rejuvenators on the bitumen structure, the Authors carried out AFM analysis. From 
topographic images, the virgin asphalt (see Figure 25a) seems to be rather smooth; instead, the aged 
asphalt, (see Figure 25b) appears to be more wrinkled. Even, the surface of aged asphalt doped with 
10 wt% of CRA seems to be rougher with flocculated structure just like that of the aged asphalt, see 
Figure 25c. The addition of RRA restores a smooth surface like that of virgin asphalt, Figure 25d. The 
disappearance of the flocculated structure is due to the dissolution of asphaltenes. Therefore, it can 
be concluded that aged asphalt can experience good recover of its original microstructure by means 
of the composite rejuvenator: an effective rejuvenation of the aged asphalt performance can be 
claimed. 

 

 

(a) (b) 

(c) (d) 

Figure 23. Effect of rejuvenators on penetration (a), ductility (b), softening point (c) and viscosity (d)
(reprinted from Reference [64] with the permission of Springer Nature).

From the rheological analysis, it results that the rutting factor, shown in Figure 24a as a function of
temperature, of the aged binder is greater than the virgin one. The addition of 10 wt% of RRA and CRA
causes a decrease in the rutting factor, but sample with RRA gives a trend similar to the pristine one.
Obviously, the aged bitumen is very brittle and easy to crack under load at low temperature, in fact,
has a high fatigue factor (see Figure 24b) compared to virgin bitumen. The poor regenerative power of
CRA is evident. Aged asphalt with 10 wt% CRA and aged asphalt shows similar fatigue factor curves.
Nevertheless, the addition of 10 wt% of RRA improves the fatigue resistance considerably, being the
fatigue factor trend close to that of virgin bitumen. In order to evaluate the effect of rejuvenators on the
bitumen structure, the Authors carried out AFM analysis. From topographic images, the virgin asphalt
(see Figure 25a) seems to be rather smooth; instead, the aged asphalt, (see Figure 25b) appears to be
more wrinkled. Even, the surface of aged asphalt doped with 10 wt% of CRA seems to be rougher
with flocculated structure just like that of the aged asphalt, see Figure 25c. The addition of RRA
restores a smooth surface like that of virgin asphalt, Figure 25d. The disappearance of the flocculated
structure is due to the dissolution of asphaltenes. Therefore, it can be concluded that aged asphalt
can experience good recover of its original microstructure by means of the composite rejuvenator: an
effective rejuvenation of the aged asphalt performance can be claimed.
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Figure 24. Effect of the rejuvenators on the Rutting factor (a) and on the Fatigue factor (b) (reprinted
from Reference [64] with the permission of Springer Nature).



Appl. Sci. 2019, 9, 4316 27 of 44

Appl. Sci. 2019, 9, x FOR PEER REVIEW 27 of 44 

Figure 24. Effect of the rejuvenators on the Rutting factor (a) and on the Fatigue factor (b) (reprinted 
from Reference [64] with the permission of Springer Nature). 

 

Figure 25. Topographic AFM images of samples (reprinted from Reference [64] with the permission of
Springer Nature).



Appl. Sci. 2019, 9, 4316 28 of 44

5. Perspectives

5.1. Improving Rejuvenators Characteristics

As already discussed above, a rejuvenator is commonly made by simple oil waste for their low-cost
and obvious environmental concerns. In fact, oil waste is the by-product of edible oils surely more
produced in the world. Therefore, its re-utilization may provide a feasible method to minimize the
amount of generated waste, providing a positive environmental impact. From a chemical point of
view, the oil subjected to elevated temperature changes its chemical composition, producing molecules
with high anti-oxidant properties, which are certainly advantageous, for example, in the exhausted
oil utilization as rejuvenating of bitumen. However, the waste oils have some disadvantageous, such
as poor low temperature fluid properties, a propensity to oxidative degradation, a susceptibility to
hydrolysis in acid media, which limits its application. For this reason, it is actually of greatest interest
the proposal of chemical modifications of their structure to improve its physicochemical properties.
In particular, if search should be narrowed only to vegetable oil waste (i.e., Waste Cooking Oils
(WCO), then soybean oil, canola oil, coconut oil, castor oil, etc.), esterification, [65] hydrogenation [66],
epoxidation [67], acylation [24] are only some examples of adopted chemical transformations to
enhance the performance of these oils. In fact, the major components of vegetable oil waste are
triglycerides esters of glycerol with saturated and unsaturated long-chain fatty acids, therefore, the
transesterification reaction may represent the most valid method to change their properties, and it
progresses through hydrolysis and successive esterification of the hydrolyzed products as schematically
shown in Scheme 1.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 28 of 44 

Figure 25. Topographic AFM images of samples (reprinted from Reference [64] with the permission of 
Springer Nature). 

5. Perspectives 

5.1. Improving Rejuvenators Characteristics 

As already discussed above, a rejuvenator is commonly made by simple oil waste for their low-
cost and obvious environmental concerns. In fact, oil waste is the by-product of edible oils surely 
more produced in the world. Therefore, its re-utilization may provide a feasible method to minimize 
the amount of generated waste, providing a positive environmental impact. From a chemical point 
of view, the oil subjected to elevated temperature changes its chemical composition, producing 
molecules with high anti-oxidant properties, which are certainly advantageous, for example, in the 
exhausted oil utilization as rejuvenating of bitumen. However, the waste oils have some 
disadvantageous, such as poor low temperature fluid properties, a propensity to oxidative 
degradation, a susceptibility to hydrolysis in acid media, which limits its application. For this reason, 
it is actually of greatest interest the proposal of chemical modifications of their structure to improve 
its physicochemical properties. In particular, if search should be narrowed only to vegetable oil waste 
(i.e., Waste Cooking Oils (WCO), then soybean oil, canola oil, coconut oil, castor oil, etc.), 
esterification, [65] hydrogenation [66], epoxidation [67], acylation [24] are only some examples of 
adopted chemical transformations to enhance the performance of these oils. In fact, the major 
components of vegetable oil waste are triglycerides esters of glycerol with saturated and unsaturated 
long-chain fatty acids, therefore, the transesterification reaction may represent the most valid method 
to change their properties, and it progresses through hydrolysis and successive esterification of the 
hydrolyzed products as schematically shown in scheme 1. 

 
Scheme 1. (A) Hydrolysis reaction to form long-chain fatty acids; (B) esterification reaction to produce esters of 

long carbon-chain fatty acids. 
This procedure paves the way to subsequent chemical modifications. An example is reported 

from Xiang et al. [68] that carried out the transesterification reaction by the treatment of exhausted 
oils with NaOH in CH3OH to obtain methyl esters of fatty acids. The latter were transformed in 
variously substituted triester derivatives by the first epoxidation of unsaturated bounds present on 
of carbon backbone of R and a subsequent opening of oxirane ring to produce a final matrix with 
increased physicochemical properties, (i.e., better anti-wear ability, improved oxidation stability, 
etc.). However, it is evident that in proposing new synthetic methodologies of structural 
transformations, the chemists should take into account cheap and eco-friendly procedures. For this 
reason new perspectives on this typology of reaction may be, for example, the introduction of low-
cost catalysts (i.e Lanthanide salts, Fe salts, Zn salts, Cu salts, etc.), which are known to be employed 
in many chemical manipulations [69,70] in combination with green solvents, such as ionic liquid, 
Deep Eutectic Solvents (generally named DES) or water or Microwave irradiation [71,72]. For 
example, in order to transform oil waste into more performing products, it is possible to suggest a 
synthesis process to open oxirane rings, formed on the unsaturated bounds of R chain, in mild 
conditions, introducing transformable functional groups, such as nitriles or nitro that may be 
subsequently oxidized in environmentally friendly solvents. Another suggested modification may be 
the introduction of acyl groups with alkyl or aromatic chains on the unsaturated scaffold of the 
carbon-chain [73–75]. The presence of alkyl or aromatic groups could lead to forming secondary 
interaction, such as Wan der Waals or π-π interactions that may confer to the modified oils a major 
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This procedure paves the way to subsequent chemical modifications. An example is reported
from Xiang et al. [68] that carried out the transesterification reaction by the treatment of exhausted
oils with NaOH in CH3OH to obtain methyl esters of fatty acids. The latter were transformed in
variously substituted triester derivatives by the first epoxidation of unsaturated bounds present on
of carbon backbone of R and a subsequent opening of oxirane ring to produce a final matrix with
increased physicochemical properties, (i.e., better anti-wear ability, improved oxidation stability, etc.).
However, it is evident that in proposing new synthetic methodologies of structural transformations,
the chemists should take into account cheap and eco-friendly procedures. For this reason new
perspectives on this typology of reaction may be, for example, the introduction of low-cost catalysts (i.e.,
Lanthanide salts, Fe salts, Zn salts, Cu salts, etc.), which are known to be employed in many chemical
manipulations [69,70] in combination with green solvents, such as ionic liquid, Deep Eutectic Solvents
(generally named DES) or water or Microwave irradiation [71,72]. For example, in order to transform
oil waste into more performing products, it is possible to suggest a synthesis process to open oxirane
rings, formed on the unsaturated bounds of R chain, in mild conditions, introducing transformable
functional groups, such as nitriles or nitro that may be subsequently oxidized in environmentally
friendly solvents. Another suggested modification may be the introduction of acyl groups with alkyl
or aromatic chains on the unsaturated scaffold of the carbon-chain [73–75]. The presence of alkyl or
aromatic groups could lead to forming secondary interaction, such as Wan der Waals or π-π interactions
that may confer to the modified oils a major branched substructure, varying the physicochemical
characteristics, increasing the chemical stability of the substrates and obtaining their better performance.
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An alternative to the chemical catalysts could be the enzymatic catalysis, as proposed by Avisha and
co-workers [76]. Candida rugosa lipase was used to hydrolyze oil wastes in a water solution with
successive esterification by Amberlyst 15(H) resin catalyst. In addition, orange lipase deriving from
waste was used from Okino-Delgado et al. in transesterification reaction, realizing remediated oils
with higher performance profile [77]. However, the enzymatic catalysis through the commercial and
the homemade lipase is considerably less convenient than the chemical one, because of higher reaction
costs, specific reaction conditions, less manageability, the greater facility of degradation. On the other
hand, the negative impact of oil waste on the environment and humans directs the scientists to propose
its re-use to reduce the produced amount. Then, the chemical manipulation of the exhausted oils fits
perfectly in the contest of its recycling. Obviously, it is important to always make a cost/benefit ratio.
In fact, it is correct to think that chemical modification of an oil matrix has a major cost than its use as
such, but it is equally true that with a view to having products, such as bitumen rejuvenating ones
with enhanced physicochemical properties, the future of research in this field is to invest in rebirth of
oil waste by innovative synthetic methods.

5.2. New/Novel Rejuvenators

The overall characteristics of a bitumen are, as a matter of fact, the consequence of its complex
structure. The term “complex” does not refer to “complicated” or “hard to describe” but, instead, the
term is used on a physical basis. The peculiar aspect involved in this topic will be better clarified in the
next paragraph. Aging perturbs and changes the complex organization of a bitumen through various
mechanisms whose consequence is to change the overall complex organization of the material and
not, strictly speaking, one single specific aspect of the molecular organization of the bitumen. That
is why, if only one specific structural feature is looked at, it may not correlate the dynamic behavior.
In this respect, novel rejuvenators can be thought of. A typical class of molecule usually related
to complex behavior is that of surfactant, and more generally that of amphiphiles. Amphiphiles,
simultaneously possessing polar and apolar moieties within their molecular architecture, can give
a wide scenario of possible intermolecular interactions: polar–polar, polar–apolar, apolar–apolar
interactions, eventual directional H-bonds, steric hindrance, etc. For this reason, some of them are a
surfactant, i.e., surface-active agents, when dissolved in water: they expose to the air their apolar part
while binding water through their polar head, thus, decreasing the surface tension [78,79]. The same
principle holds when trying to mix polar and apolar substances. Bypassing their natural tendency
to remain separated, they actually can be effectively mixed if an amphiphile is present. Thanks to
its capability to simultaneously linking both the polar and the apolar phases, the amphiphile act
as a bridging molecule between the two. The two phases can be, therefore, homogenized to such
an extent that the system can become homogeneous at the macro-scale although heterogeneous at
the nano-scale, with the formation of local domain of one phase stabilized by one or more layers of
opportunely oriented amphiphilic molecules and dispersed in the other phase [80]. Micelles, vesicles,
bicontinuous structures and liquid crystals are only examples of stabilization of the systems through
the formation of local intermolecular assemblies. This principle can be used, in our opinion, to the
bitumen cases also. Let us consider that, in the micellar model, the bitumen is constituted by polar
aggregates stabilized by polar resins and dispersed in a more apolar matrix. In this case, an amphiphilic
molecule can bind on a side the asphaltene cluster, and on the other side, the apolar maltene phase.
The overall outcome of these simultaneous interactions would be to disperse the asphaltene clusters
contrasting aging better, or even, drawing back to rejuvenation. On the other hand, it must be admitted
that the general mechanism of action shown by amphiphiles is already well-known and used for
several issues in various fields: amphiphiles have been proved to be effective in stabilizing organic
molecule clusters within an apolar solvent [81,82], as well as metal clusters [83], nanoparticles [84],
and ionic clusters [85], so in our opinion their direct application to bitumen represents an obvious and
immediate step. This idea has been recently tested in preliminary works where the surfactants have
been successfully used to prepare warm mix asphalt binders. The results showed that the use of the
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surfactant-based additive reduces surface free energy. It increases after short-term (Rolling Thin Film
Oven) and reduces after long-term (Pressure Aging Vessel) aging [86]. Moreover, the addition of DBSA
(Dodecylbenzosulfonic acid) based surfactant enhanced viscoelastic response of bitumen and reduced
glass transition temperatures since it promotes the association of asphaltene molecules/aggregates into
larger clusters in bitumen [87].

6. Forefront/Vanguard Techniques Facing Complexity in Bitumen

6.1. Complexity

The aim of this last paragraph is to furnish some hints on the future developments of new
techniques for the investigation of bitumen. To do so, it is advisable first to clarify the exact nature of
such systems, so it is needed to shed light on what is meant with the concept of “complex systems”.
Complexity is based on a hierarchical relationship between constituents and objects. Just to introduce
the topic by an example, elementary particles are somehow assembled to form atoms, atoms are
assembled to form molecules, molecules can assemble to form living cell, opportunely organized living
cells can constitute tissues, and insisting with such a kind of reasoning, tissues, organs, human beings,
society, etc., can be consecutively considered in an escalation within the principle a high number of
levels. What is called “constituents” can be assembled together to form a complex object which, in turn,
can be one of the “constituents” making an even bigger (i.e., more complex) object. So, what are called
“constituents” belong to a specific “level”, but when they are assembled to form a “bigger” object, a
successive level is reached. These are what are called levels of complexity, and it can be misleading to
deal with “bigger” or “smaller” systems, because it is not a matter of size: it is correct to deal with
different levels of complexity. The peculiar features possessed by the elements belonging to each level
of complexity are the consequence of novel emerging and unexpected properties that can arise when
passing from a level to the successive. Since constituents are interacting, in fact, the complex system
is not the mere collection of its building blocks so that the overall properties cannot be obtained by
simple extrapolation of the characteristics of their constituents. Interestingly, novel and unexpected
emerging properties can arise when passing from a level to the successive. Complex materials exhibit,
therefore, spatial correlations between their constituents at different scales.

6.2. Probing Complexity

Bitumen is certainly a complex system, due to the asphaltene aggregation taking place at different
length-scales, and due to the specific molecular aggregation involving different chemical species (see
Sections 1 and 2). As in micellar systems, there are structures living for milliseconds (micelles) which
can also be spatially correlated at high concentrations, in a similar way the same can be expected for
bitumen. The term “structure”, obviously crucial for an adequate description of a complex system is to
be intended as strictly related to the spatial correlation between the constituents of the system. On the
other hand, it cannot be neglected that for applicative purposes, the study of material must advisably
involve non-invasive techniques. This is exactly what scattering techniques probe. The structure factor
is inherently contained in the output of a scattering experiment. Scattering techniques not only give
direct information on the structure possessed by the system, but also give its synthetic fingerprint.
Such information (characterization of the constituents and their correlation to longer scales) are crucial
in order to establish the proper connection between nanoscale morphology and bulk properties in
complex systems. Here we want to emphasize that the “structure” involved in complexity is exactly
defined in terms of the direct observable through scattering techniques, i.e., the existence of preferred
distances (spatial correlations) among specific constituents of the system and taking place at different
length-scales [88] so will give, in the following paragraphs, some hints on the theoretical background
at the basis of this technique. Of course, other methods, especially microscopy-based, are available, i.e.,
Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and Fluorescence Microscopy
were used to investigate bitumen doped by polymers. The AFM and SEM have been used in order to
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study the structure of asphalt while Fluorescence Microscopy was used to aid in understanding the
structural changes occurring when polymers are added to the asphalt. The Atomic Force Microscopy
was able to study the only structures of the asphaltenes. On the contrary, the Fluorescence Microscopy
can only reveal the presence of fluorescing molecules. Oil exhibits autofluorescence when irradiated
with shorter wavelength light, such as UV light, but for bitumen, there is very little fluorescent light
emission because the oil phase is mixed with an asphaltene and a resin phase which do not exhibit
any autofluorescence [89]. Performances and rheological behavior of a bitumen, however, is also a
consequence of the dynamics involved at the molecular basis. Whereas, the above-cited techniques
essentially probe the structure, a vanguard method to probe the dynamics fit for accurate bitumen
characterization must also be individuated. Therefore, after a presentation of the scattering techniques,
it will be shown another vanguard technology that can be used to deeply analyze the bitumen dynamics:
the Relaxometry NMR, consisting in the measurement of the 1H-NMR relaxation times of bitumen at
low magnetic fields.

6.2.1. Scattering Theory

Apart from the development of scattering techniques at the large-scale facilities, recent
improvements in lab instrumentation and the related beam intensities have greatly enhanced the
importance of scattering methods in the structural characterization of complex materials. The quality
of the recorded spectra is becoming adequate to extract information even from complex systems as
bitumen is. The fundamentals of scattering techniques are, therefore, now given with the only scope to
show how they are able to furnish the synthetic view of the material structure [90] of any nature [88]. A
typical scattering geometry is reported in Figure 26: an incident (monochromatic or monochromatized)
beam from a given source (e.g., Neutrons, X-rays, visible light, electrons, etc.) with incident wavevector
(k0) impinges on the material system under investigation. The scattered radiation intensity I is collected
by a detector at a given scattering angle 2θ with respect to the incident radiation direction. The
difference between the scattered (kF) and incident (k0) wavevectors furnishes the scattering wavevector
q =|kF − k0|= (4πn/λ)sin(θ) (where n is the index of refraction of the medium and λ is the wavelength
of the employed radiation). For light n = 1.33 for a water medium, whereas, for X-rays and neutron
n is very close to unit. It is worth noticing that a scattering experiment furnishes information over
distances that are of the same order, or bigger, than the wavelength λ of the source radiation. The
scattering is generally described as arising from the constructive interference coming from objects that
are embedded in a continuum medium (treated as constant background). The interaction of radiations
with materials is characterized then by a scattering length bi, and its scattering length density (SLD)
which is given by ρ(r) =

∑
i ρi(r)bi where ρi(r) is the local density of scatters of type i [91,92].Appl. Sci. 2019, 9, x FOR PEER REVIEW 33 of 44 
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So, for example:

(i) neutron scattering arises through (short-range) nuclear interactions (or magnetically, if atoms
have unpaired electron spins), while the scattering length depends on the nature of the nuclei of
the reference atoms.

(ii) X-rays scattering comes from the interactions among all the electrons in the material under
investigation. In this case, the scattering density can be traced back to the electron density.

(iii) In the case of Light photons, which have lower energy than X-rays ones, are scattered only by
the outer part of the electronic cloud of an atom. In this case, the scattering length density is
proportional to the polarizability of the materials.

Of course, different radiation (particle) sources give different sub-techniques. However, in the
following, the different information that can be derived from the various scattering angle ranges, which
in turn give different methods of analysis, will be shown.

6.2.2. Scattering of Neutrons (SANS), X-rays (SAXS) and Light

Scattering probes the statistical ensemble of the nano-structures and deals with the diffusion of
electromagnetic (or particle) waves by heterogeneities in material systems [93]. At small angles 2θ, the
(coherent) scattering intensity in the so-called “static approximation” is given by:

I(q) ∝

∑
i

bi eiqR

2

(2)

where bi is the scattering length of the particle (chemical species) that occupy the position R in the
material system. For SANS experiments the scattering length density ρ(r) of the sample is defined
as ρ(r) =

∑
i ni(r)bi, where bi is the scattering length of the nucleus of type i, while ni(r) is the

corresponding number density of such nuclei. For X-ray scattering ρ(r) =
(

e2

mc2

)
nel(r), where

(
e2

mc2

)
is

the Thompson scattering length of the electron, and nel(r) is the electron number density.
By replacing bi by a locally averaged scattering length density ρi(r), (where r is a variable position

vector), it is possible to perform an integration over the sample volume, V:

I(q) ∝


∫
V

ρ(r)eiqRd3r


2

(3)

If isotropic samples are considered (i.e., where the orientation effects are averaged, due to the
radial symmetry), the scattering intensity I(q) can be expressed as:

I(q) ∝

∞∫
0

(ρ(r))2 sin qr
qr

4πr2dr (4)

Very often, it is not immediate from the experimental Small Angle Scattering (SAS) intensity
profile to obtaining direct information about the ρ(r) function by inverse transform methods. In this
case, SAS interpretation is based on the choice of suitable models expressed in terms of specified
functions, which are capable of furnishing information on specific parameters connected to particular
properties of the material system under consideration. The name of the technique is then further
characterized by the probe which is used: if the probe is made of X-rays, then SAXS is considered; if
the probe is a flux of neutrons, then SANS holds, etc. If the source is light, then it will obviously deal
with light scattering. However, it must be noticed that, when dealing with light scattering, another
technique, called dynamic light scattering (DLS) also known as photon correlation spectroscopy (PCS),
is usually referred to. In such a method, time fluctuations of the scattering intensity as a consequence
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of the Brownian motion of nano-scatters in a solution are recorded. Then, a time-dependent scattering
function is derived to the diffusion coefficient of the particles (the scatters) dispersed in the liquid
phase [94,95]. In contrast to this (more widely known) technique, the static light scattering (SLS)
configuration resembles the typical scattering apparatus.

In the case of wide-angle scattering, higher q values are considered, which means that shorter
distances are explored. In a typical Wide-Angle Scattering experiment, which can use in principle
the same sources as small-angle, usually, the scatters are the atoms themselves. Typical interatomic
distances are, therefore, probed: in the case of pure crystals, where positional order is dominant, this
gives the famous Bragg law:

2d sinθ = nλ (5)

where n is an integer and d is the characteristic distance of reticular planes.
However, when the order is weak, the principle still holds, and wide-angle scattering can also be

used for amorphous materials as in the case of bitumen. In this case, typical interatomic distances are
unveiled: the interatomic first shell (which is often associated to the interatomic spacing typical of the
liquid phase [96]) and other eventual longer-range peaks sometimes occurring as a consequence of
intermolecular interactions [97]. In this situation, no sharp peak is observed, due to the disordered
nature of the system. This disorder can be due to two effects:

(i) a polydispersion of the value of the interatomic distance represented by the peak. The
intrinsically-disordered nature of the system (fluid) gives a peak broadening whose width
gives the distance polydispersion. The order is partially lost at any distance.

(ii) Reduced size of the domain. The band broadening is due to the fact that the specific interatomic
distance is only help at a certain length, called the correlation length. The order is lost beyond this
length. The scattering domain size can be derived by the full width at half maximum (FWHM) of
the band through the Debye-Sherrer formula:

∆ =
Kλ

FWHM cosθ
(6)

where ∆ is the average scattering domain size θ is the Bragg angle, λ is the wavelength of the
incident beam, the FWHM (is expressed in radians and must be corrected for instrumental
broadening, and K is a factor, approximately equal to unity, related to the domain shape [98].

This approach has proved to be effective in the structural analysis of structured molecular
fluids [99,100], even in ionic liquids [101], and recently also in bitumen [1]

6.2.3. Applications of Scattering Techniques to Bitumen

Due to the high diffusion of X-ray scattering techniques and the development of lab-scale
instrumentation giving adequate data quality, X-ray scattering was used for the analysis of bitumen
even in the ’60 [17]. Of course, when exploring the structure, taking into account values of typical
length scales longer than a few nm small-angle scattering is best suitable [102]. However, in the wide
angle range, the spectrum gives already a significant amount of information: it will be now briefly
shown how to interpret it taking as an example of the representative spectrum, reported in Figure 27,
as a function of a scattering vector q (q = (4π/λ) sinθ).

Let us pay attention to the following features:

1. A prominent broad band centered around 1.3 Å−1 dominates the spectrum;
2. A weak and broad band around 3 Å−1;
3. There is a tiny, but sharp, peak around 0.5 Å−1, not always present;
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Different peaks (in Figure 27 indicated with progressive numbers) indicate that there are different
characteristic distances belonging to various atomic and molecular organizations of different levels of
complexity. The position of the center of each peak gives the characteristic distance (d), according to
the Bragg law (Equation (7)) which, readapted, gives the following:

d =
nλ

2 sinθ
. (7)

As above, d is the interplanar distance, θ is the scattering angle, and λ is the wavelength of the
incident radiation. Table 3 resembles the peculiarities and meaning of the peaks.

Table 3. Bands in the WAXS profile with the corresponding characteristics.

Position
(Å−1)

Features Characteristic
Distance (Å) Meaning

1.3 Dominant and
broad ~4.7 combination of various intermolecular distances

between alkyl and aromatic parts: See text
2.9 Broad and weak 2.2 interatomic distance within asphaltene;

~0.5,
varying

Not always present
usually tiny ~13 supra-molecular aggregation: Repetition distance of

aggregates of local asphaltene aggregates

The most prominent band centered at around 1.3 Å−1 deserves some attention. In alkyl-based fluids,
this band has been attributed to a characteristic intermolecular lateral distance of 4.4–4.7 Å [96,100,103]
usually present in the conventional liquid (disordered) state [96,97,99–105]. Aromatic compounds are
characterized by shorter distances, due to their tendency to form stacks, so they give the so-called
graphene band (the lateral distance of about 3.6 Å) [22]. Due to the simultaneous presence of both
aliphatic and aromatic compounds in the bitumen, it is reasonable to treat this band as a not-resolved
superposition of these two contributions. Deconvolution in terms of bell-shaped curves is sometimes
necessary to discriminate all the signals. Two noteworthy observations are due:

1. The fitting procedure will also help in analyzing the weaker band at higher angles (around 2.9 Å−1

and which is a characteristic distance d of about 2.2 Å) which is sometimes partially overlapped;
2. The fitting allows to derive, from each curve, also the Full Width at Half Maximum (FWHM)

The shorter distance, of about 2.2 Å, can be surely attributed to some particular interatomic
distance. The value is in the range of the typical distance between non-adjacent carbons reported for
polycyclic aromatic compounds [106] so such attribution can be safely hypothesized. In the range
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0.3–0.8 Å−1 it can be present at a tiny peak. This would reveal the occurrence of a supra-molecular
aggregation and would be, therefore, associated to a repetition distance between one asphaltene local
aggregate and its neighboring one [22], suggesting the presence of aggregates of asphaltene aggregates,
in accordance with a model of a complex system with different levels of complexity. Finally, in the
low-angles range of the WAXS spectrum (q < 0.3 Å−1), the fractal aggregation of the supra-aggregates
of asphaltene clusters can be explored. The presence of self-similar, fractal structures, in fact, can be
in principle possible in bitumen: in these cases, interfacial boundary is not sharp, and a scaling law
between the mass M (or particle number N) and the enclosed volume is established, which furnishing
an indication of how efficiently the particles are packed [107]. For a porous fractal cluster containing
N identical primary units this scaling law is expressed as N~RDf, were the fractal dimension Df is
connected with the involved aggregation mechanism. Since 1984 scattering techniques have been
widely used for characterization of materials having fractal microstructures. The fractal dimension of
a particle can be determined by analyzing the power-law regime of the scattered intensity I(q)~q−α,
where the exponent α is related to the fractal dimension Df of the scattering structures. For a mass
fractal, it is possible to show that α = Dm and 1 < α < 3 in a three-dimensional space. In contrast,
α = 6−Ds for surface fractals. If Ds = 2 the well-known Porod’s law I(q)~q−4 for non-fractal structures
with smooth interfaces is obtained.

So, the slope α can be, therefore, derived by linear fit, in an adequate region of the spectrum (see
Figure 28 as reference), using the equation:

I(q) ∝ q−α (8)

However, self-similar hierarchical structures are seldom present or rarely probed in the literature,
and, due to diversity of bitumen origin, chemical composition and age, this feature of the structure can
change dramatically. Additives can change (i) the fractal structure, if present (ii) the band around 1.3
Å−1 and (iii) the peak around 0.5 Å−1, if present, but not the higher angle band around 2.2 Å−1 because
this distance refers to an intra-molecular distance, and it is not expected, therefore, to be changed by
the presence of an additive.Appl. Sci. 2019, 9, x FOR PEER REVIEW 36 of 44 
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6.2.4. Relaxometry Nuclear Magnetic Resonance Theory

The second vanguard technology that can be used to analyze the bitumen is the Relaxometry
NMR. This method probes dynamic features and consists of measuring the 1H-NMR relaxation
times of bitumen at the low magnetic field. In the current high-resolution NMR technique, it is not
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possible to obtain high resolution spectra because of their highly heterogeneous and low magnetic field
strengths. In a basic NMR concept, at equilibrium, protons nuclei are distributed among the energy
levels according to a Boltzmann distribution. Following any process that disrupts this distribution
(e.g., absorption of radio frequency energy), the nuclear spin system returns to equilibrium with
its surroundings (the “lattice”) by a first-order relaxation process characterized by a time T1 called
the spin−lattice relaxation time. To account for processes that cause the nuclear spins to come to
equilibrium with each other, a second time T2 is required. T2 is called the spin−spin relaxation time,
because the relaxation is concerned with the exchange of energy between spins via a flip-flop type
mechanism. In a perfectly homogeneous field, the NMR time constant of the decay would be T2, but,
in fact, the signal decays in a time T2* that often is determined primarily by field inhomogeneity, since
nuclei in different parts of the field precess at slightly different frequencies, and hence, quickly get out
of phase with each other. Thus, the signal decays with a characteristic time T2*. This decay directly
measures the decrease in the transverse magnetization Mxy. The contribution of the magnetic field
inhomogeneity to the free induction decay precludes the use of this decay time, T2* as a measure of
T2. A method for overcoming the inhomogeneity problem is to apply the Carr−Purcell technique
(CP) [108]. This method may be described as a 90◦, τ, 180◦, 2τ, 180◦, 2τ, 180◦, 2τ, . . . pulse sequence. In
Figure 29, experimental steps of bitumen, NMR Relaxometry are shown. Four hundred echoes have
been obtained by Carr−Purcell sequence and analyzed by Inverse Laplace Transform (ILT).Appl. Sci. 2019, 9, x FOR PEER REVIEW 37 of 44 
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Figure 29. Schematic sequence of Echo and Inverse Laplace Transform (ILT) analysis in
NMR Relaxometry.

The 180◦ pulses are applied at 90◦ phase difference relative to the initial 90◦ pulse, and the τ time
delay was 0.05 ms. The main advantage of such a multiple echo technique is its quickness compared
with other techniques based on single echoes. Consequently, it allows multiple accumulations of the
echo train signal, which is an important issue in low-field experiments where the detection sensitivity is
strongly reduced relative to the high-field experiments. If the CP envelope has a mono-exponential
decay, the relaxation time T2 of the sample can be obtained by fitting the n data to the following equation:

An = A0e−
2πτ
T2 (9)

where An is the amplitude of the nth echo in the echo train and A0 is a constant depending on the
sample magnetization, filling factor, and other experimental parameters. Usually, the T2 relaxation
time varies all over the sample because of the sample heterogeneity or surface relaxation differences;
then a multiexponential attenuation of the CP envelope should be observed. Hence, if inside the
sample, a continuous distribution of relaxation times exists, the amplitude of the nth echo in the echo
train is given by:
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An = A0

∞∫
0

P(T2)e
−

2πτ
T2 dT2, (10)

where P(T2) is the T2 relaxation time probability density.
Equation (10) suggests that the analysis of the experimental data using an inverse Laplace

transform (ILT) might provide the relaxation time probability function. The ILT is a well-known
mathematical tool, where it needs to face the inverse problem of estimating the desired function from
the noisy measurements of experimental data. For convenience, the definition of the problem will
be shortly recalled. Let f (t) be a function defined for t ≥ 0; the function F(s) introduced by means of
the expression:

F(s) = L
{
f (t)

}
=

∞∫
0

f (t)e−stdt (11)

is the real Laplace transform of f (t). The inverse process, indicated by the notation f (t) = L−1[F(s)], is
termed the inverse Laplace transform (ILT). P(T2) is the ILT of the unknown function that fit the echo
amplitude curve. Hence, P(T2) can be understood as a distribution of rate (inverse of time) constants,
strictly speaking, a Probability Density Function (PDF) that, among other things, could account for
the different macro-structures that compose the bitumen binder [109]. This technique allows finding
the PDF distribution, which associates with relaxation times that correspond to unrelated molecular
aggregates inside the bitumen.

6.2.5. Applications of Relaxometry Nuclear Magnetic Resonance to Bitumen

Generally, regarding types of bitumen, the T2 relaxation time distribution exhibits two peaks.
Direct correlation can be made between T2 and the rigidity of structures in these materials [43], as well
as the molecular constraint, which causes dynamic hindrance [46]. The shorter T2 times (around 10 ms)
reasonably corresponds, therefore, to more rigid supra-molecular aggregates; hence, they are attributed
to asphaltenes. Conversely, high T2 times (around 100 ms) can be attributed to low intra-molecular
interactions; they can be referred to the maltene fraction of the sample under examination. This
finding supports the colloidal model of the bitumen. In fact, if the polar fluid model suggested by
Christensen [110] were applicable to our system, the ILT result would demonstrate a sole broad peak
referred to as a continuous T2 time. Figure 30 shows a typical Probability Density Function obtained
through an ILT transform of T2 relaxation time data determined by analyzing neat and modified
100/130 penetration grade bitumen supplied by Highway Research Institute (Almaty, Kazakhstan) [111].
The measures of T2 were made at a temperature 15 ◦C lower than transition temperature (solid-liquid)
measured by dynamic temperature ramp test experiment. In Figure 30 the panels refer to the following
samples: SD refers to PAV bitumen + 2 wt% HR (the green rejuvenator), SC refers to PAV bitumen +

2 wt% VO (Vegetable Flux Oil), SB PAV bitumen, SA Neat Bitumen.
The T2 relaxation time distribution can be considered a structural fingerprint of the bitumen

where changes in the T2 relaxation times evidence modification in the structure of colloidal binder. In
particular, the powerful ILT, applied to the echo decay, can be used to verify the effectiveness of the
real rejuvenator. The same or better similar profile of T2 relaxation times prove that the structure of
aged bitumen has been regenerated reorganizing the same distribution of asphaltene micelles in the
maltene phase. In general, by ILT NMR relaxometry it is possible to follow the structural evolution of
bitumen when additives (polymer surfactants, etc.) are added, in fact, the relaxation distribution is
strongly affected by the supramolecular organizations present in the colloids.
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7. Concluding Remarks

1. Many materials are used for rejuvenating bitumen by lowering viscosity and stiffness. Since
different physico-chemical mechanisms are involved in bitumen ageing (oxidation, evaporation,
structural changes), different mechanisms of actions can be consequently exerted by the various
rejuvenators (softening/fluxing, restoration of the pristine structure/properties). The distinction
of the various mechanisms has been highlighted. These aspects have been shown in Sections 1–3.

2. The state-of-the-art constituted by the works carried out by several researchers in this field
has been shown. Low-cost oils are generally added to increase the maltene fraction, but it
should be noticed that an additive having complete rejuvenating function should also induce a
reorganization of the chemical structure of asphaltenes and their assemblies. The restoring of the
aged bitumen structure to the original conditions is not trivial, due to its complex organization at
the supra-molecular scale. This has been extensively shown in Section 4.

3. Taking into account the complex chemistry involved in the bitumen rejuvenation, the additive
performances can be improved by chemical manipulation/modification (paragraph 5.1). Some
perspectives have been also presented (Section 5.2) considering for the complexity of the
systems and suggesting the use of amphiphilic species as promising rejuvenator thanks to their
simultaneous presence, within their molecular architecture of both polar and apolar moieties
which permits their simultaneous interactions with polar (asphaltene clusters), apolar (maltene)
and amphiphilic (resins) species of the bitumen.

4. Scattering techniques and nuclear magnetic relaxometry have been presented as vanguard and
promising techniques deserving attention for deeper analyses in bitumen. In fact, they can probe
the effectiveness of a rejuvenator in restoring the microstructure of bitumen after the aging process,
whereas, mechanical properties, on their own, are not enough for investigating this aspect. A
clear introduction to the physics of the techniques and applications to the study of bitumen has
been presented.
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5. With this work, we would like to share with the reader our belief that the detailed analysis of
the physics of bitumen at the molecular basis extends the information taken from the commonly
used empirical and quick tools. This allows to better understand the phenomena taking place in
bitumen furnishing new tools for the piloted design of new and ever-performing rejuvenators.

6. We wanted to furnish a novel viewpoint for the study of bitumen based on the concepts of the
complex systems in physics. According to this approach, the final behavior of the material is
not only dictated by specific interactions, as usually assumed in most of the research papers,
but also by collective contributions of many molecules interacting and aggregating themselves
usually at different length scales in hierarchical structures generating emerging properties. We
hope that this study can constitute a novel approach for the investigation of bitumen, and the
improvements of its performances.
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Abstract 

In this study, the mechanical and physico-chemical properties of a new kind of 
modified bitumen are presented. The bituminous binders have been modified in 
order to understand the effect on the structural properties of several compounds such 
as a Polymer elastomer as Styrene Butadiene Rubber (SBR), Polymer thermoplastic 
polypropylene (PP) and a waste plastic (Waste PP). Laboratory tests have been 
focused on the characterization of bitumen modified with single product and their 
binary combinations compared with pristine binder as a reference. Characterization 
has been conducted by using conventional as well as advanced methods on 
bitumens. Fundamental rheological tests, based on dynamic shear rheometer in the 
temperature range from -30 °C to +160 °C have been performed and the structure 
of a bitumens and modified bitumens has been analysed by the mobility of the 
oily maltene by self-diffusion Pulsed field gradient spin-echo (PGSE) FT-NMR 
experiments.
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1. Introduction

Bituminous binders are organic materials whose 
binding and hardening properties are caused by the 
temperature-related change of adhesion and co-
hesion of their molecules [1, 2]. Bitumen is com-
monly modelled as a colloid, with maltenes as the 
continuous phase and micelles of asphaltenes stabi-
lized by associated resins as the dispersed phase [3, 
4]. Following the analogy with reversed micelles 
in water-oil microemulsions where the stabiliza-
tion of the polar domains is of pivotal importance 
for determining both the structure and the proper-
ties of the overall aggregates [5, 6, 7], in the same 
way in bitumens the composition and the colloidal 
structure [8] influence its physical and rheological 
properties [9, 10, 11]. These binders are common-
ly used in the pavement constructions to meet the 
raising requirements of the surface durability of 
the roads. A wide range in viscoelasticity values 

is essential to achieve long-lasting road surface, 
as it ensures consistency of rheological state of bi-
tumen in extreme service temperatures [12]. The 
rheological weakness of the conventional bitumen 
has generated an increasing interest in the use of 
polymer modified binders to enhance the conven-
tional bitumen properties [13]. A limited number 
of polymers has been used as modifying agents 
due to their high cost. In fact, due to the high cost 
of these polymers the amount needed to improve 
pavement performance should be as small as pos-
sible. The main modifiers applied to improve the 
viscoelasticity of bitumen are long chained hydro-
carbon polymers. Moreover, elastomers increase 
the elasticity of the bitumen at high temperature 
and reduce the stiffness at low temperature. Linear 
and radial styrene–butadiene–styrene (SBS) co-
polymers are the most used ones. In the bitumen, 
SBS forms a highly elastic network that disappears 
above 100 °C and reforms when cooled.  

Nowadays the use of polymers reclaimed from 
waste plastic (bottles, glasses, etc…) is one of the 
hot topics in the field of bitumen modification. 

mailto:michele.porto%40unical.it?subject=
mailto:?subject=


Analysis of Mechanical Performance of Bitumen Modified with Waste Plastic 236

Eurasian Chemico-Technological Journal 21 (2019) 235‒239

In this regard waste plastic represents the biggest 
polymer sources. As reported in [14] 8300 million 
of Metric Tons (MT) of virgin plastic have been 
produced to date. Approximatively 6300 MT had 
been generated in 2015, around 9% of which had 
been recycled, 12% was incinerated and 79% was 
accumulated in landfills or in the natural environ-
ment. The use of recycled plastic is the only way to 
avoid environmental pollution which is, together 
with climate changes, the biggest problem that hu-
man being has to overcome. 

In this work a Polypropylene, abbreviated as PP, 
polymer obtained from waste plastic was used as a 
bitumen modifier in comparison with a typically 
used polymer styrene-butadiene-rubber (SBR).

PP is a recyclable thermoplastic polymer wide-
ly used in many different products. PP is rugged 
and resistant to different chemical solvents, acids, 
and bases. PP’s resin identification code is 5, and 
it is recyclable.

2. Materials

The bitumen used in this study has been pro-
duced in Kazakhstan and it was supplied by Ka-
zakhstan Highway Research Institute (Almaty, 
Kazakhstan). It has a 50/70 penetration grade. The 
bitumen was modified with Polymer elastomer 
(SBR), Polymer thermoplastic (PP) and a Waste 
polypropylene plastic (WPP). 

SBR: Styrene/Butadiene-rubber was furnished 
by CMS SPA (Mangone, Italy);

PP: Polypropylene was furnished by Sigma Al-
drich (Mangone, Italy);

WPP: waste Polypropylene was furnished by 
Calabria Maceri (Rende Italy), label WPP;

Waste PP was pulverized by milling in order to 
homogenize the sample.

2.1. Sample preparation

The first step was to prepare the polymer modi-
fied bitumen, by using a high shear mixing homog-
enizer (IKEA model). Firstly, bitumen was heated 
up to 180±5 °C until it fully flowed and then three 
blends with SBR (0.5% of the weight of the base 
bitumen, wt.%), WPP and PP (1% of the weight of 
the base bitumen) were prepared gradually added 
the polymers to the melted bitumen under a speed 
shear mixer of 600 to 800 rpm. The mixtures were 
stirred by a mechanical stirrer at 180 °C for 1 h 
while the rotation speed was 600 rpm so that the 
blends became essentially homogenous. 

Table 1 
Sample Labels

Sample Sample ID
Pristine Bitumen PB
Bit. + 0.5% SBR SBR

Bit. + 1% Waste PP WPP
Bit. + 1% PP PP

Bit. + 1% WPP + 0.5% SBR WPP/SBR
Bit. + 1% PP + 0.5% SBR PP/SBR

The PP/SBR WPP/SBR modified bitumens 
were prepared adding 0.5 wt.% of SBR and 1wt.% 
of Polypropylene by using the same procedure 
for the bitumen modified by single polymer. Af-
ter mixing, the resulting blends were poured into a 
small sealed can and then stored in a dark chamber 
at a constant temperature of 25 °C to retain the ob-
tained morphology.

All the prepared mixtures are listed and labelled 
in Table 1. The following labels will be adopted for 
the samples throughout the text.

2.2. Rheological measurement

Rheological measurement has been conducted 
using a shear stress-controlled rheometer SR5000 
(Rheometrics, USA) equipped with a plate geome-
try (gap 2 mm, diameter 25 mm). The temperature 
has been controlled by Peltier system (±0.1 °C). 

All the experiments have been performed 
during heating. The rheological behaviour at dif-
ferent temperatures has been investigated by a 
time cure test at 1 Hz with a heating ramp rate of 
1 °C/min. The small amplitude dynamic tests pro-
vided information on the linear viscoelastic be-
haviour of materials through the determination of 
the complex shear modulus [15].

G* (ω) = GꞋ (ω) + iGꞋꞋ (ω)

or in terms of complex viscosity,

ω
ωη )(G*

*

=

where G'(ω) is the in phase (or storage) compo-
nent, G''(ω) is the out-of-phase (or loss) compo-
nent, and i is the imaginary unit of the complex 
number. G'(ω) is a measure of the reversible, elas-
tic energy, while G''(ω) represents the irrevers-
ible viscous dissipation of the mechanical energy. 
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The dependence of these quantities on the oscillat-
ing frequency gives rise to the so-called mechani-
cal spectrum, allowing the quantitative rheological 
characterization of studied materials. The applied 
stress amplitude for the viscoelastic measurements 
has been reduced until the linear response regime 
has been reached. This analysis has been made by 
performing stress sweep tests in all investigated 
temperature range.

2.3. Nuclear Magnetic Resonance (NMR) 
characterization 

NMR spectroscopy is one of efficient and reli-
able technique for the characterization of complex 
materials such as bitumen. 1H and 13C NMR spec-
tra are commonly used in solution for the charac-
terization of synthetic/natural products, while the 
use of anisotropic media allows to investigate the 
structural and conformational behaviour of flexible 
molecules [16, 17, 18].

Dynamic NMR measurements like determina-
tion of self-diffusion coefficients provide infor-
mation about molecular dynamics and spatial di-
mensions of aggregates and cavities. In this work, 
measurements of the self-diffusion coefficients 
were carried out on the samples analysed to inves-
tigate their mobility and microstructure. 

NMR measurements were carried out using a 
Bruker 300 spectrometer under certain operating 
conditions, in particular in a temperature. The 
NMR spectra were derived from Free Induction 
Decay (FID) through the Fourier transform. In 
the pulsed NMR experiment the pulse width was 
equal to π/2 while the number of scans used was 
equal to 8. Experimental measurements of the 
self-diffusion coefficient (D) directly were made 
using a Diff30 NMR probe. The sequence that 
was used is the PFG-STE (Pulsed Field Gradient 
Stimulated-Echo) because the transverse relax-
ation time (T2) is much shorter than the longitu-
dinal relaxation time (T1) [19, 20]. This sequence 
consists of three pulses 90 rf (π/2-τ1-π/2-τm-π/2) 
and two gradient pulses which are applied after 
the first and third pulse rf. The echo was identified 
at time τ = 2τ1 + τm, while the amplitude attenua-
tion of the ECO was decrypted from the following 
equation:
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where D is the self-diffusion coefficient. The 

experimental NMR parameters that were used to 
study the samples are: the gradient length pulse, δ, 
diffusion delay time, Δ, while the gradient ampli-
tude, g. The number of scans is 8, this increases as 
the number of repetitions increases. The standard 
deviation of the fitting is very low and on the re-
peatability of measurements, the uncertainties in D 
fall within ~3%. 

3. Results and discussion 

In the present work, 50/70 penetration grade 
bitumen was modified by Polymer thermoplastic 
(PP), Plastic waste (waste PP) and SBR. Firstly, 
the penetration depth (PN) and the softening point 
(R&B) were determined with standardized tests 
(Table 2).

A good correlation exists between bitumen 
hardness and polymer content for each of the in-
vestigated bitumen. As can be seen from Table 2 
all the additives induce a shifting in the viscoelas-
tic-sol transition temperature (TR) of about 20 °C 
higher than the neat bitumen. In particular, the best 
polymer modification was observed in presence of 
SBR. Temperature-sweep experiments have also 
been exploited to have some information on the 
structural changes induced by temperature, trying 
to better define a TR range. In fact, in this experi-
ment, the evolution of the storage modulus is con-
tinuously monitored during a temperature ramp, at 
a constant heating rate (1 °C/min) and at a frequen-
cy of 1 Hz. 

In Fig. 1 the Dynamic Temperature Ramp Test 
of all investigated blends are shown in the tempera-
ture range 25‒100 °C. At high temperatures the 
elastic modulus G'(ω) have a non-linear behaviour 
approaching to the viscoelastic to liquid transition 
(60 and 80 °C for neat and modified bitumens re-
spectively). The starting point of the non-linear re-
gion of G'(ω) can be considered as the beginning 
of the TR region. The whole transition process 
from viscoelastic to liquid regime ends when G'(ω) 
modulus is no longer detectable and consequently 
the loss tangent tan δ diverges at about 80 °C for 
the polymer modified bitumens. Tan δ increases 
with increasing temperature, evidencing a reduc-
tion in material consistency. In fact, the prevalent 
liquid-like behaviour is enhanced by the tempera-
ture increase. In Fig. 2 the tan δ of the investigated 
blends are shown at low temperatures. Phase angle 
values at low temperature are quite scattered, due 
to instrumental problems related to the high mate-
rial consistency.
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Table 2 
Penetration depth (PN) Softening point and 
Transition temperature of prepared blends

Sample 
ID

PN 
(1/10 mm)

R&B 
(°C)

Transition 
temperature (°C)

PB 64 47.2 65.9
SBR 48 63.6 88.7
WPP 53 56.4 81.5
PP 51 59.4 84.5

WPP/SBR 55 58.6 83.5
PP/SBR 54 57.2 82.2

In principle, to prevent the cracking phenomena, 
a system is required to keep a viscous character. 
Herein, it is worth to note that between 0 °C and 
30 °C, the tan δ trends of WPP, WPP/SBR, 
PP/SBR and SBR overlap. The pure bitumen (B) 
shows higher tan δ values, while PP has a more rig-
id behaviour (lowest tan δ). These results are inter-
esting in terms of mechanical properties because:

 

Fig. 1. Dynamic temperature ramp test (TimeCure) at 
high temperature (25 to 130 °C).

 

Fig. 2. Dynamic temperature ramp test (TimeCure) at 
low temperature (-30 °C to 25 °C).

a) it is evident that even only WPP polymer im-
proves the rheological properties at low tempera-
tures limiting the “solid effect”.

b) the PP modified bitumen show higher rigid-
ity of the system exposing the binder to possible 
cracking phenomena.

Fourier transform NMR self-diffusion pro-
vides insight into the bitumen microstructure by 
determining the long-range mobility of the mix-
ture components. Detection of motion over long 
distances, compared with typical micelles (some 
nm), provides a sensitive probe for the aggregate 
state [20, 21]. Unfortunately, because of the short 
transverse relaxation times of asphaltenes protons, 
asphaltenes molecules self-diffusion values can-
not be detected and consequently the measured 
self-diffusion coefficients can be related to the 
maltenes phase. Here self-diffusion coefficients of 
oil protons at 100 and 120 °C are reported in Figs. 
3 and 4 respectively.

The self-diffusion is due to the mobility of the 
observed molecules and is hindered by the obstruc-
tion they meet during their motion. The data can be 
considered as a fingerprint of the structure where 
the motion occurs. The observed data are really 
interesting. The highest self-diffusion values are 
found for the PP and PB bitumens. The WPP, SBR 
WPP/SBR PP/SBR affect the mobility of the mal-
tene reducing the diffusion. The data confirm what 
observed by rheology where PP modified bitumen 
shows a mechanical behaviour different from the 
bitumens doped by the other polymers. WPP, SBR 
WPP/SBR PP/SBR seem to absorb the light part 
of the maltenes trapping them in their network. 
As a consequence, maltenes phase is enriched by 
the heavy oil part. The mobility is therefore re-
duced. The PP does not interact with oily part of 
the maltenes and consequently the self-diffusion is 
comparable to the pure bitumen. This analysis takes 
into account that the percentage of asphaltenes is 
the same and therefore the obstruction factor can 
be neglected for all samples. 

 

Fig. 3. NMR characterization at 120 °C.
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Fig. 4. NMR characterization at 100 °C.

4. Conclusions

A bitumen system modified with waste plas-
tic (WPP) was investigated and compared to other 
polymer modifiers. It has been shown that the addi-
tion of WPP enhances bitumen mechanical perfor-
mance at high and low temperatures. This investi-
gation also showed that the WPP can be considered 
a useful polymer in the road construction. In fact, 
even though the pure reference has lightly higher 
temperature transition, WPP shows similar values. 
Additionally, the effects at low temperature are 
practically equal confirming the goodness of its use 
as polymer for the bitumen modification. 
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Abstract: The rheological properties of bitumens can be modified by the addition of specific chemical
additives. Taking into account the molecular complex aggregation pattern, we hypothesized that
macromolecules characterized by long, flexible, and hydrophilic chains can establish soft bridges
connecting the different polar aggregates of asphaltenes, strengthening their overall hierarchical
supra-structures, and consequently increasing rheological performance at higher temperatures. Here,
we propose the use of low cost and high availability polysaccharides as chemical additives to improve
the rheological characteristics of a bitumen and to strengthen its thermal resistance. Fourteen different
low-cost and high-availability polysaccharides, (flours, gums, and extracts from vegetable products)
have been tested. While alghae euchemae have proved to be the most effective additive, corn and
00 flours are the least effective. Attempts to explain their differences have been made considering their
chemical interactions with the polar molecules of asphaltenes within the complex framework of their
supramolecular hierarchical structures. Through Arrhenius analysis, a correlation between activation
energy and preexponential factor has been found, which can be useful for practical purposes, together
with an unexpected consistency with the behavior of simple liquids, despite the striking differences
in structure. Furthermore, a qualitative model has been suggested. The added value of this work is
the focus on polysaccharides constituting low-cost, high availability materials which are sometimes
even found as waste in industrial processes, all factors which, together with the environmental issues
connected with their use, can be considered for large-scale applications.

Keywords: bitumen; asphaltene; network; polysaccharides; Arrhenius; viscosity

1. Introduction

Asphalts are used throughout the world for road pavement. They are biphasic materials with the
major phase made by macro-meter sized inorganic particles (93–96% w/w) held together by the minor
phase, an organic high viscosity viscoelastic material called bitumen, which acts as the binding agent
among the inorganic particles, thus conferring to the final material the required plasticity, rigidity, and
stability. Despite its minor presence in the overall material, bitumen plays a pivotal role in determining
rheological characteristics, which must fulfill the desired need for ductility, resistance to stress, and
thermal stability.

The properties of a bitumen are the overall consequence of its structure: it is characterized by
the presence of assemblies of small (few nm) stacks of polar molecules (asphaltenes) stabilized by
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amphiphilic resins and dispersed in the apolar matrix phase of paraffins and aromatic oils (maltene) [1,2].
Recently, it has been unveiled by X-Ray scattering [3] that the structure is even more complex, with the
asphaltene clusters organized in hierarchical structures of different length scales (up to hundreds of
nanometers and even to micro-scales with the so called “bee-structures” [4]).

In this framework, an additive can therefore exert its action through various mechanisms: for
example, an additive tuning the red-ox state of the polar molecules can hinder oxidation-induced
degradation, an adhesion promotion (acting on the inorganic/organic interfacial tension) can better
disperse the inorganic particles among the bitumen matrix, and an amphiphilic additive like lecithin
can help in avoiding ageing [5] stabilizing the asphaltene clusters due to their well-known capability of
keeping dispersed nanoparticles of polar substances, both organic [6,7] and inorganic [8,9]. In this ambit,
it has been recently observed that some additives can form a polymeric network (e.g., poly phosphoric
acid) increasing the rigidity [10]. Furthermore, additives with rejuvenating actions (reducing viscosity
and restoring the plastic behavior of a freshly prepared bitumen) have been discovered [11].

In evaluating the rheological performances of such a complex material, an empirical approach is
always followed within a chosen temperature range [12,13] for convenient use [14,15]. Among the
various methods for bitumen characterization [16], however, small amplitude oscillatory rheometry is
considered one of the most effective. It uses specific specimen geometries and instruments and allows
systematic and mathematical interpretation of the results. Moreover, rheometry, as a scientifically
rigorous (non-empirical) method, has the advantage to give data that can be rationalized in terms
of the real complex structure possessed by the bitumen. A review offering perspectives of bitumen
characterization is the recent review by Loise et al. [11].

Then, the scientific idea behind this work takes into account for the spatial distribution of the
asphaltene-based polar domains, and the microscopic mechanism of viscosity involved in such systems:
to use a soft (i.e. flexible) and long molecule characterized by hydrophilic functional groups which can
bridge the different polar stacks/aggregates of asphaltenes by formation of a network connecting them
and reinforncing the overall structure. The idea is somehow not new: Król et al. [17] and Somé et al. [18],
used vegetable oils and the corresponding methyl esters for obtaining environment-friendly bitumen
fluxes by oxypolymerization-based polymerization, which crosslinks the structural units. This allowed
for the viscosity increase of the stock, and contributed to its hardening and drying. The principle of
using additives susceptible to oxypolimerization has been recently exploited to prepare additives able
to increase the bitumen viscosity [19] and resembles the well-known effect of poly-phosphoric acid of
stiffening the bitumen [20]. However, here the scientific idea is more articulated: given the complex
framework of asphaltene stacks hierarchically organized in assembles with different length-scales, it
can be reasonably hypothesized that the interactions at longer length scales must be of lower intensity
than those at shorter length-scales. Therefore, in order to better accommodate both (i) small and
strongly interacting asphaltene stacks, and (ii) bigger and less interacting asphaltene assemblies of
clusters, “softer”, long and flexible molecules with interacting polar groups disseminated along their
chain would be needed.

The flexibility would allow for the additive to better adapt its conformational state to the long-range
structure, whereas the presence of polar functional groups along the chain, together with its length,
can allow for effective and disseminated interactions. The mutual interactions between the additive
molecules (polysaccharides are well known in increasing the viscosity even at low concentrations)
should complete the job. The additive can therefore be considered as a “softly interacting” species,
not establishing a rigid network, which would bring brittleness, but, rather the high number of
soft interactions would allow for a marked final effect in increasing the viscosity without causing
brittleness. To test this hypothesis several polysaccharides have been used as additives in comparable
conditions (same concentrations, same operating temperatures) and the data of small amplitude
oscillatory rheometry have been used to gain insight on their effects. It must be noted that the choice of
polysaccharides has been dictated by the will of exploring highly commercially available, low-cost, and
environmentally friendly chemicals, which are aspects worthy of attention for large-scale applications.
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This constitutes, besides the original scientific idea connected to the hypothesized mechanism, further
added value of this work. Finally, an unexpected behavior upon temperature change, resembling that
of simple liquids, will be found, and a qualitative model will be suggested.

2. Experimental Part

2.1. Materials

The bitumen, kindly supplied by Loprete Costruzioni Stradali—Terranova Sappo Minulio—
Calabria—Italy, had penetration grade, measured by the usual standardized procedure (ASTM
D946) [21], (50/70). By the S.A.R.A. method [22], the concentrations (w/w %) of the four different
portions (Saturates, Aromatics, Resins and Asphaltenes) [23] were found to be 3.8, 51.3, 21.5, and 23.4
respectively. The asphaltenes amount is typical of 50/70 grade bitumens. It is called hereafter “ref”
(standing for “reference”).

The additives were collected in powder form from the local supermarket given the applicative
purpose of the work. They were: algae euchemae, carob seeds flour, orange skin, 00 flour, agar,
carragenine, carboxymethylcellulose (CMC), pectin, arabic gum, cellulose, corn flour, starch, guar
gum, xantam gum. The particle size in all the powders was characterized by optical microscopy
and the analysis is reported in Supplementary Table S1. The small size of the particles (micrometer
range) and the thermal treatment required for sample preparation (see below) allow for complete
additive/bitumen homogenization.

2.2. Methods

A weighted amount of additive (1 g of additive in 20 g of bitumen, giving a final content of 4.76%
w/w), was added separately to a fully flowing hot bitumen (150 ± 10 ◦C) and stirred at 500–700 rpm by
a mechanical stirrer (IKA RW20, Königswinter, Germany) for 30 min at the same temperature to allow
homogenization of the blend. Our previous studies showed that such conditions assure the preparation
of homogeneous samples: at lower rpm, sample homogenization is not effective, while above 700 rpm
the bitumen can become oxidized with a consequent change in the rheological properties. This method
is quite standard and also other authors use analogous procedure [24].

After mixing, the resulting bitumen was poured into a small sealed can and then stored in a dark
chamber at 25 ◦C to retain the desired morphology. Due to the sensitivity of such kinds of material to
the annealing time [5], and due to the comparative spirit of our work, we took care that all our samples
had the same temperature cooling rate (5 ◦C min−1) and annealing time (15 min).

A standard additive-free bitumen sample was used as a reference, hereafter labeled as “ref”.

2.3. Rheological Tests

The complex shear modulus G* = G′+ i·G” was measured in the regime of small-amplitude
oscillatory shear at 1Hz as a function of temperature (temperature controlled by a Peltier element,
uncertainty ±0.1 ◦C) by dynamic stress-controlled rheometer (SR5, Rheometric Scientific, Piscataway,
NJ, USA) equipped with a parallel plate geometry (gap 2 mm, diameter 25 mm). Conditions were chosen
after preliminary stress-sweep tests to guarantee linear viscoelastic conditions in all measurements.
The real and imaginary parts define the in-phase (storage, measure of the reversible elastic energy) and
the out-of-phase (loss, irreversible viscous dissipation of the mechanical energy) moduli, respectively.
Their ratio is related to the phase angle δ according to tan δ = G”/G′.

3. Results and Discussion

The data obtained during a small amplitude oscillatory rheometry test include the complex
modulus G*, which is a measure of the total energy required to deform the specimen, and is defined as:

|G∗|2 = G′2 + G′′2 (1)
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where G′ is the elastic modulus (or storage modulus), a measure of the energy stored in the material
during an oscillation, and G” is the viscous modulus (or loss modulus), a measure of the energy
dissipated as heat.

The temperature dependence of the experimental G′ and G” measured at 1 Hz can give
several information.

3.1. G′@50 ◦C and T*

First of all, the value of G′ at 50◦C (G′@50 ◦C) can be immediately derived and is representative
of the mechanical property (rigidity) of the material. The temperature of 50 ◦C was chosen as
representative of the normal temperature under usage conditions. On the other hand, the idea of
considering the rigidity at temperatures higher than room temperature is sometimes adopted in the
literature so the use of G′ at 50 ◦C in the present work allows comparison with those papers [18]. The
value of G′@50 ◦C is expected to change in the presence of additives as a consequence of the additive
(reinforcing) effect on the bitumen microstructure.

The effect of temperature is reported in Figure 1 where the behavior of G′ and G” as a function of
temperature is shown for the neat bitumen chosen as representative. When temperature is increased,
the material becomes progressively softer with G′ monotonously decreasing.
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Figure 1. Plot of G′ and G” as a function of temperature for a representative sample (neat bitumen).
The meaning of the extracted values of G′@50 ◦C and T* is shown by the pointing arrows. From the
values of G′ and G” around 50 ◦C the Arrhenius plot of η* is built and reported in the inset which also
shows how to extract the activation energy (Ea). In the inset the red line is the linear regression of the
experimental data (circles).

This fact, together with the fact that G′ < G” always holds, shows that the samples have a
pseudoplastic fluid behavior and allows to consider that the investigated temperatures are all at higher
values than the glass temperature, usually slightly below 0 ◦C [3], at which G” should have a maximum.

Upon increasing temperature, at a certain point, G′ suddenly drops. The temperature at which
G′ drops (T*) is taken as that temperature at which G”/G′ > 1000. T* has the meaning of being that
temperature at which the binder can be considered almost as a Newtonian fluid. From the microscopic
point of view, it can be intended as the temperature at which the thermal motion is sufficiently
high to completely destroy the interacting network made by the above described complex structure.
Consequently, at T* no storage of energy can be afforded by the sample so the storage modulus G′

drops. The sudden drop of G′ is shown in the same Figure 1 together with the easy way to extract the
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corresponding T*. Like G′@50 ◦C, and for the same reason, T* is also expected to change according to
the additive added to the bitumen.

The values of G′@50 ◦C and T* are reported in Table 1 for the various samples.

Table 1. G′@50 ◦C, T* and Ea values for bitumen modified with various additives.

Additive G′@50 ◦C (kPa) T* (◦C) Ea (kJ/mol)

ref 1.0 60.2 132
Algae euchemae 13.0 75.0 130
carobs 10.5 72.0 139
orange skin 5.4 68.5 123
flour 00 1.4 61.8 132
agar 1.9 63.2 132
carragenine 6.0 70.3 127
carboxymethylcellulose 7.8 70.5 140
pectin 1.7 62.7 139
arabic gum 1.4 62.2 131
cellulose 1.7 63.1 133
Corn flour 1.1 60.4 134
starch 1.6 62.6 131
guar gum 5.3 68.4 135
xantam gum 2.4 64.2 138

It is interesting to notice that the G′@50 ◦C is correlated with T* as shown in Figure 2. The
goodness of this result is supported by the observed R-squared value (0.985). Although this may be
expectable, it must be noticed that G′@50 ◦C refers to the Y-value of the G′ plot in Figure 1, whereas
T* refers to the X-value at which the curve drops, i.e., two independent, in principle, parameters.
The observed correlation therefore confirms that the reinforcing effect caused by the network-type
interactions between the additive and the asphaltene clusters and their aggregates takes place at all
temperatures shifting T* to higher values: this means that the rigidity at temperatures under usage
conditions and the maximum possible operational temperatures can be seen as different aspects of
the same microscopic phenomenon. This observation is in accordance with that observed by Oliviero
Rossi et al. [3], who investigated the rheological effect of some additives. They found in that paper
that some additives with almost apolar nature, like organosilane, oleic acid, and octadecylamine, are
preferentially solubilized within the maltene phase, giving weak interactions with asphaltenes and
their cluster, and consequently not being able to reinforce the overall structure. In this situation, T*
decreases, as well as G′@50 ◦C, which seemed correlated. On the contrary, a more polar additive like
polyphosphoric acid was able to reinforce the structure, stiffening the bitumen, and increasing T*.
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In our case, the additives are long molecules/polymers characterized by the presence of numerous
polar groups. They would be able, in fact, to establish interactions with the asphaltene molecules and
their clusters and this is confirmed by the fact that all additives tend to bring both G′@50 ◦C and T* to
higher values. This can be ascribed by the presence of numerous polar groups that are able to establish
interactions with the asphaltene molecules and their clusters. There are some differences among the
various polysaccharides in the extent of G′@50 ◦C and T* increase: the most prominent effect is exerted
by algae euchemae, followed by carob seeds flour, with the least effect by 00 and corn flours. These
differences can be ascribed to their specific molecular structure. The most soluble additives, like those
rich in starch, i.e., 00 and potato flours, have little influence on the bitumen properties. They can bind
asphaltenes but are not of sufficient length or strength to connect the hierarchical structures made of
asphaltenes clusters at longer length scales. Fibers instead, (recognizable by their lower solubility in
water) like carboxymetylcellulose or algae euchemae, have the proper characteristics to do this. The
remaining small differences among the various polysaccharides should be interpreted going deeper
into their specific interactions with all the molecules involved in such complex systems, for which
more challenging experiment would be required. The present data however, represent a good starting
point for experimentalists and theoreticians.

3.2. Viscosity (η) as a Function of Temperature (T)—Arrhenius Model

The temperature dependence of both G′ and G” allows further analysis. To do so, a more synthetic
indicator has been derived: the complex viscosity (η*). It is the ratio of G* to angular frequency ω,
i.e., [25]:

η∗ =
G∗
ω

=

√
G′2 + G′′2

ω
(2)

Here, η* has been considered because it is a synthetic indicator. In fact, differently from G′ and G”,
which give separate information on the energy absorbed by the system in elastic (G′) and dissipating
(G”) form, η* instead synthetically yields information on the total amount of energy that the system
absorbs. In addition, besides being more synthetic, η* has the physical meaning of representing the
resistance to flow under oscillatory shear conditions.

The temperature dependence of η* is reported in the inset of Figure 1 as ln η* vs. 1000/T
(Arrhenius plot).

The choice of the Arrhenius plot, far from following usual habits to show the temperature
dependence of viscosity, is instead the result of our approach based on the molecular interpretation of
the macroscopic properties (an approach we are keen on) which lead to the following observations
and considerations. From the microscopic point of view, in fact, the complex viscosity modulus is
determined ultimately by the force field between the molecules, i.e., the strength of the interactions
involved in the intermolecular network in bitumen. The theoretical description is quite complex [26],
and several approaches have been developed, both theoretical [27–29] and numerical as based on
molecular dynamic simulations [30]. On the other hand, for a simple analytical description of the
temperature dependence of viscosity, several forms have been derived. The most common is the
Arrhenius model, but other models are also present, like the Vogel-Tamman-Fulcher (VTF) equation,
the polynomial expansion [31] and other formulas taking into account for eventual tunneling [32].
These forms are nicely commented in [30] and [31]. Basically, as some authors shown [31], the main
distinction lies on the linearity of the ln η* vs. 1/T trend (Arrhenian behavior). The trend is usually
linear for simple liquids, which follows the basic two-wells potential model. If the trend is not linear
then other equations must be used according to the reason of non-linearity: if cooperative effects
are present, as occurring for example for strongly interacting fluids like ionic liquids, heavy oils and
fuels, polymers, melting salts, and glasses, then, the VTF can be used. It is usually used, indeed, for
glass, with the phenomenological description of the glass forming behavior close to Tg. If tunneling is
present, then the Nakamura-Takayanagi-Sato (NTS) or Aquilanti-Sanches-Coutinho-Carvalho (ASCC)
formulas can be considered. Other approaches, like a polynomial expansion, with interpolation of
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experimental data, can be used. Further details of these aspects can be found in many academic
and specialized textbooks so the eager reader is redirected to those readings. Here, this preliminary
distinction will be used to justify the choice of Arrhenius model. As can be seen by the Arrhenius plot
(inset in Figure 1), the linear trend of the data is pretty well observed in an adequate interval around the
temperature chosen as representative of the working condition (50 ◦C). It has been also observed that:

1. this behavior is observed for all the investigated samples;
2. the same linear trend is observed also in a wider interval including lower temperatures;
3. the effect of network breakdown at higher temperatures (G′ drop at T = T*), which represents

however a strong structural modification, does not exert its effects in the temperature range
considered, preserving the linear trend in the Arrhenius plot.

These observations suggest that the choice the Arrhenius model is the most adequate. There is
no reason, in fact, to use the VTF equation since the temperatures considered are significantly higher
than the Tg (in this case the VTS would reduce to the Arrhenius giving T0 = 0) and since a polynomial
expression would get rid of the physics behind the Arrhenius model (see later) to simply take into
account for the numerical interpolation of experimental data. In fact, although the Arrhenius model has
been derived from the reaction kinetics in the gas phase, a favored theoretical base for the interpretation
of viscosity has been provided by the application of the transition-state-theory [33] (TST) by Eyring
of Arrhenius chemical kinetics to transport phenomena [34]. In this framework, Ea represents the
activation energy to overcome for flowing to occur. It can be easily derived from the slope of the best
fit line in the Arrhenius plot (as shown in the inset of Figure 1) according to the logarithmic form

ln η ∗ (T) = ln As +
Ea
R
·

1
T

(3)

where η* is the complex viscosity (Equation (2)), R is the gas constant, 8.314 J K−1 mol−1 and As is the
pre-exponential (entropic) factor.

In the same framework, the logarithm of pre-exponential factor (ln As) can be derived as the
intercept of the best fit linear regression of the experimental data. As has been generally dealt with a
“frequency factor”, representing the fraction of effective collisions which are able to turn into the flow
process. In the context of TST, ln As represents the entropic change when passing from the initial state
to the transition state typically formed during the hopping between one potential well to the other in
the shearing process.

Let’s now use these physical quantities to interpret the observed data (reported in Table 1). The
Ea values are consistent with the value observed for other additivated bitumens [3] lying in the range
120–140 kJ/mol. In addition, while all additives cause a more or less marked increase in the G′@50 ◦C,
they do not uniquely affect Ea. Some additives in fact cause an increase in Ea, like carob seeds flour,
xanthan gum, pectin and carboxymethylcellulose, whereas some other compounds affect the bitumen
in the opposite way causing a decrease of Ea, like oranges skins and carragenines. This observation
suggests prudence in interpreting the two parameters (rigidity—or G′—and Ea) in the same terms.
They should be treated, instead, as independent and sometimes different aspects of the phenomenon.
Indeed, as shown in Figure 3, lack of correlation has been found between Ea and G′@50 ◦C (or T*,
given the correlation between T* and G′@50 ◦C shown in Figure 2). Similar behavior has been found in
other papers as, for example, the polyphosphoric acid-additivated bitumen in [31], which showed
higher rigidity with respect to the neat bitumen but lower activation energy of the viscosity.
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As for the pre-exponential factor, it can be observed that ln As is always negative, independently
of the additive used. Remaining in the same theoretical model considering the formation of a transition
state during flow (TST model), this would indicate a positive entropy of formation of the activated state
during flow. This means that the mechanism of flowing is mediated by the formation of a disaggregated
transition state. This is typical for viscosity, since during flow the chemical species must find the room
for their sliding one over the other: they must somehow pass over a situation where some displacement
is required in order to make locally room for a chemical species to be able to finally slip over the
remaining neighbors thus determining the flow. We like the description given by Byran et al. [35] so
we report their own words: “For any one molecule to move, other surrounding molecules must first
give way and move into vacant lattice sites or “holes” to create a space for the molecule to enter”.
Beyond the TST theory, and considering As as a frequency factor, its low value would indicate a low
number of effective molecular collisions which are able to turn into the flowing process, in agreement
with the complex structure of the bitumen, the presence of high molecular mass molecules, and the
low viscosity.

When considering the effect of temperature, the microscopic interpretation becomes more complex
since the various additives differently affect the force field among the molecules in the systems. In our
opinion, during bitumen flowing, the disaggregative step bringing to the intermediate step (“activated
complex”) must be affected by the conformational re-adaptability of the additive connecting the
various asphaltene clusters and their clusters. However, further investigations, both theoretical and
experimental, are needed to validate this hypothesis.

3.3. Correlation between Activation Energy (Ea) and Pre-Exponential Factor (As)

Before rationalizing the specific effect of the various additives on the activation energy and the
pre-exponential factor, it must be unveiled another interesting observation: the activation energies are
correlated with the pre-exponential factors (Figure 4). The goodness of this result is supported by the
observed R-squared value (0.93) and the mean squared errors (MES) value of less than 0.2. Although
the R-squared value may seem to be not strikingly high, it must be considered that the pre-exponential
factor, as derived by the Arrhenius model, is an extrapolation to the Y-axis of the data in the Arrhenius
plot, i.e., at infinite temperature, which is an un-physical situation. Moreover, it must be considered
that the determination of viscosity in bitumens is problematic for several reasons. As an example, it
can be considered that measurements from different laboratories on carefully collected samples of the
same bitumen have given values differing even of a factor of two [36]. After these considerations, and
given the statistically significant number of the samples (fifteen samples, including the reference) of
the present work, in our opinion the correlation seems safe and deserves attention.
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Figure 4. Correlation between the pre-exponential factor A and the activation energy Ea. The line is the
linear regression of the experimental data. In the inset the data of the present paper (closed symbols)
are shown together with those taken from biography (open symbols). In the inset the dotted line is
only a guide for the eye.

The correlation between Ea and ln As has been already observed for simple liquids [31]. This is an
important aspect also for applicative purposes. In fact, if this correlation holds, then the temperature
dependence of the viscosity of liquids can be expressed through one parameter only (the only one
known, Ea or As). This would have the advantage to allow for the viscosity description even if only one
parameter is known, since the other can be derived from it. Although there is not a theory explaining
such correlation [31] this can be helpful for practical uses. The data presented in that paper are reported
in the inset of Figure 4 (open circles) together with the data of the present work. It must be noted that
the viscosity calculated for our data refers to a region quite far from the Tg (generally occurring around
0 ◦C) and where the contribution of the elastic response is negligible (G′ is lower than G” by two orders
of magnitude) so it can be approximated to the zero-shear viscosity. For this reason, the comparison
with the literature data shown in the inset of Figure 4 can be considered at first approximation as safe.
Interestingly, we found a nice consistency between the two sets of data, despite they greatly differ in:

I. viscosity (the viscosity of our samples is several orders of magnitudes higher);
II. activation energies (Ea of our samples is from 2 to 20 times higher);
III. pre-exponential factor (our samples have pre-exponential factors several orders of magnitude

lower);
IV. structure (bitumens are highly complex materials—see introduction - contrasting the structure

of simple liquids).

The data in the present work, despite these big differences, extend the number and types of
systems for which this linear correlation holds, suggesting a quite universal behavior although some
difference in the slope is still (reasonably) present. The data of the present paper open a door for a
more general view of fluids, based on a deeper understanding of the key ingredients dictating their
behavior. For this reason, we hope that our data can be precious for further theoretical investigation in
order to model such a universal behavior.

This correlation lets us to schematically depict the additive effect on the microstructure as a more
or less pronounced “shrinking” or “stretching” of the structure and, consequently, of the microscopic
energetic landscape that the system has to explore in the flowing process. This principle is represented
in Scheme 1. If the additive gets closer the microscopic molecular structures involved in the flowing,
then the energetic landscape is shrunk, and so the two potential wells are shrunk and brought closer. So,
a more pronounced overlap of the two potential curves can be expected. This would result in a lowering
of the activation energy as well as a neat increase of the entropy change during the disaggregative
formation of the activated state. This makes sense, since in a compressed and tighter structure an
increased entropy change is expected to pull away a chemical species from its original location. On the
contrary, if the additive stretched the two-potential well landscapes, the opposite effect is observed.
Of course this hypothesis needs to be verified with further experiments and investigations.
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4. Conclusions

We showed that the addition of commercially available polysaccharides can increase the rigidity
in bitumens and their resistance to temperatures. This has been attributed to the high number of
polar groups able to bind the polar clusters of asphaltene and their supra assembled aggregates,
forming an interconnected network. Algae euchemae and carob seeds flour exert a more marked effect.
Viscosity follows an Arrhenian behavior, showing, despite what one would expect, an activation energy
uncorrelated with the rigidity. Interestingly, the activation energy is correlated with the pre-exponential
factor, an effect already observed in simple liquids/solvents. An interpretation of the Arrhenius model
in terms of Eyring transition state theory (TST) highlights a disaggregative process as the necessary
step in allowing the hopping from one potential well to the successive for flowing to occurs.

The effect of the additive has been therefore interpreted in terms of shrinking or stretching of
the structure and consequently of the microscopic energetic landscape that the system has to explore
in the flowing process. The low cost and availability of the additive used, their big rheological
effect, and their eco-friendly nature, make their use of added value. The rheological characteristics
of bitumens reinforced with those materials have been shown. The observed correlation between
activation energy and pre-exponential factor deserves attention for practical purposes since it allows
for the description of the rheological behavior from only one of these two parameters, since the
other can be derived. Finally, the microscopic interpretation of the observed outcome presents new
opportunities in the comprehension of the rheological effect of additives for the future piloted design
of ever performing additives.
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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 

sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate 
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation 
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of 
Science offers to researchers, authors, publishers, and institutions sets it apart from other 
research databases. The inclusion of News of NAS RK. Series of geology and technical 
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the 
most relevant and influential content of geology and engineering sciences to our community. 

 
 
Қазақстан Республикасы Ұлттық ғылым академиясы "ҚР ҰҒА Хабарлары. Геология және 

техникалық ғылымдар сериясы" ғылыми журналының Web of Science-тің жаңаланған нұсқасы 
Emerging Sources Citation Index-те индекстелуге қабылданғанын хабарлайды. Бұл индекстелу 
барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation Index Expanded, 
the Social Sciences Citation Index және the Arts & Humanities Citation Index-ке қабылдау мәселесін 
қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар мен мекемелерге контент 
тереңдігі мен сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар 
сериясы Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті және беделді 
геология және техникалық ғылымдар бойынша контентке адалдығымызды білдіреді.  

 
 
НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и технических 

наук» был принят для индексирования в Emerging Sources Citation Index, обновленной версии Web 
of Science. Содержание в этом индексировании находится в стадии рассмотрения компанией 
Clarivate Analytics для дальнейшего принятия журнала в the Science Citation Index Expanded, the 
Social Sciences Citation Index и the Arts & Humanities Citation Index. Web of Science предлагает 
качество и глубину контента для исследователей, авторов, издателей и учреждений. 
Включение Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному контенту 
по геологии и техническим наукам для нашего сообщества. 
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NEW EXPERIMENTAL APPROACHES TO ANALYSE  

THE SUPRAMOLECULAR STRUCTURE  
OF REJUVENATED AGED BITUMENS 

 
Abstract. Bitumen aging occurs through volatilization, oxidation and supramolecular assembly variations 

involving drastic changes in the structure of the material. Due to the ageing process of bitumen and its corresponding 
increase in viscosity, the stiffness of asphalt pavement is increased during its lifetime. Chemically, the relative 
content between asphaltenes and maltenes in the bitumen shifts towards a lower maltene fraction. Therefore, addition 
of high amounts of Reclaimed Asphalt Pavement (RAP) in asphalt mixtures may negatively affect the quality and 
performance of the final mix design. Rejuvenating agents can assist in this process by decreasing the aged bitumen’s 
viscosity and restoring its original properties. An efficient rejuvenating agent favors there organization of the 
colloidal structure of the oxidized bitumen, thus recreating a supramolecular structure similar to fresh bitumen. Then, 
novel experimental approaches are needed to evaluate the efficiency of rejuvenators as well as the effect such 
additives have on aged bitumen properties. To achieve the aforementioned purpose, two advanced experimental 
approaches able to provide detailed information on bitumen microstructure are examined here. The essential 
concepts underlying the scattering and NMR techniques will be reviewed and the results of some recent applications 
of these methods in the evaluation of the effectiveness of the RAP rejuvenation will be synthetically illustrated. 

Key words: rejuvenators, bitumen, aging, scattering, PXRD, NMR, relaxometry. 
 
Introduction. Many important physical, mechanical, rheological and other characteristics of asphalt 

concretes depend considerably on bitumen properties [1-6]. But bituminous materials are easily subject to 
oxidative aging during pavement service life, especially in conditions of thermal and / or ultraviolet 
radiation [7, 8]. It is well assessed that oxidized bitumen is characterized by reprocessing temperatures 
higher than fresh one, because most of the condensed aromatic components and resins, which are respon-
sible for a certain grade of mobility, are converted into highly oxygenated polar and more saturated com-
pounds (asphaltenes and saturates), [9]. Indeed, the depletion of polycyclic aromatic compounds with 
amphiphilic activity and acting as supramolecular cage surrounding the polar asphaltenes, may lead to an 
increase of average colloidal sizes dispersed in the continuous a polar maltene phase. This phenomenon in 
turn gives rise to loss of elasticity and predisposition to material failure. Thus, once removed and proces-
sed, the bituminous layers can be recycled as reclaimed asphalt pavements (RAPs), even though their 
reuse is still limited (less than 20% in the mix design) due to their poor bulk mechanical properties 
(complex modulus and viscosity), which can cause premature cracking failures. The RAP performances as 
asphalt binders may be partially restored towards their original state upon addition of several classes of 
compounds called rejuvenators [10-12]. In particular, at least two classes of rejuvenators can be 
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distinguished on the basis of the mechanism by which they exert their respective regenerating action, 
namely, softening agents (usually called flux oils, lube stock, slurry oils etc.) able to decrease the viscosity 
of the aged binder, and real rejuvenators capable to restore the physicochemical properties of bitumen 
whose virgin microstructure has been altered by volatilization and oxidative processes [13]. To the former 
type belong the rheological rejuvenators (commonly taken from vegetable oil wastes), which should 
replenish the volatiles and light chemical fractions that have been lost during aging of asphalts, and 
rebalance the asphaltene/maltene ratio typical of fresh bitumen. The latter category comprises novel 
rejuvenators related to the general class of surfactants. Indeed, thanks to its capability to lower the inter-
facial energy between two immiscible phases, an amphiphilic molecule can bind on a side the polar phase 
and on the other side the a polar one, due to the simultaneous presence within its molecular architecture of 
both polar and non-polar moieties. The overall result of these simultaneous interactions proved to be 
effective in the stabilization of clusters of polar molecules dispersed in polar solvents [14, 15]. 

Therefore, amphiphilic molecules are expected to work similarly well in improving the dispersion of 
asphaltene clusters in the maltene phase, and consequently counteracting the aging process and reverting 
to rejuvenation eventually [16, 17]. 

The efficient and targeted use of additives with documented rejuvenating action on RAPs employed 
in the road paving industry must be based primarily on a rigorous experimental investigation of their effect 
exerted on the colloidal microstructure of bitumen. However, although these additives play an important 
role in bitumen recycling methods, their impact on the bitumen supramolecular structure arrangement has 
not yet been fully investigated in depth. The purpose of the present contribution is to emphasize the 
potentialities of advanced experimental methods such as scattering techniques and nuclear magnetic 
relaxometry, which can be considered promising techniques in the elucidation of the dynamics of the 
complex microstructure in bitumen. In fact, unlike the results acquired through the analysis of the mecha-
nical bulk properties, scattering (in particular X-ray scattering) and NMR experiments can probe from 
nano- to mesoscale level the effectiveness of a rejuvenator in restoring the microstructure of bitumen 
subjected to the drastic action of aging processes [18, 19]. This work underlines that the detailed analysis 
of the microstructural dynamics of bitumen, extending the information taken from commonly used 
empirical and rapid methods, allows us to better understand the phenomena that occur in such complex 
materials, providing new tools for the piloted design of ever-performing rejuvenations. 

Experimental methods. Information on how rejuvenators can affect the supramolecular structure 
and distribution of aggregates within the bituminous colloidal network and how this may affect the overall 
material properties can be achieved from careful analyses of Powder X-Ray Diffraction (PXRD) data and 
NMR measurements performed at low magnetic fields (1H-NMR Relaxometry), making these techniques 
very powerful methods to carry out structural investigation in such complex systems [18, 20]. 

Application of X-ray scattering techniques for the analysis of bitumen. X-ray scattering techniques 
represent non-destructive analytical methods able to reveal information about the crystallographic 
structure, chemical composition, and physical properties of materials and thin films. These techniques are 
based on observing the scattered intensity of an X-ray beam hitting a sample as a function of incident and 
scattered angle, polarization, and wavelength or energy [21]. The PXRD spectrum provides the nano-
structural information as well as the crystallite parameter of the molecules that are associated with the 
asphaltene aggregates [22-24]. For structure investigations on length scales longer than a few nm, Small-
Angle X-ray Scattering (SAXS) is best suitable, whereas in the wide angle range (WAXS) the spectrum 
furnishes precious indications about characteristic distances belonging to various atomic and molecular 
organizations of different levels of complexity.  

Application of Nuclear Magnetic Resonance techniques for the analysis of bitumen. Nuclear Magne-
tic Resonance (NMR) spectroscopy has been recently found to be an efficient and powerful technique for 
the characterization of complex materials such as bitumen [25]. One of the advantages of this technique is 
the ability to simultaneously identify several components of the mixture with the acquisition of a single 
high resolution1H-NMR spectrum and, consequently, to evaluate the relative amount of the aliphatic and 
aromatic hydrogens portion in the complex system. In particular, dynamics information can be obtained 
from 1H spin−spin relaxation time (T2) measurements according to the Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence (NMR Relaxometry) [26, 27]. Usually the T2 varies all over the sample because 
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of the sample heterogeneity or surface relaxation differences; then a multi-exponential attenuation of the 
NMR spin echo envelope should be observed. The relaxation time probability distribution function can be 
obtained by applying an inverse Laplace transform (ILT) to the experimental data [28]. The T2 relaxation 
time distribution can be considered a structural fingerprint of the bitumen in which the changes in 
relaxation times reflect the changes that occur in the structure of the colloidal binder. In general, by ILT 
NMR relaxometry one can monitor the structural evolution of bitumen when additives (polymers, surfac-
tants and so on) are added, since the relaxation distribution is strongly affected by the supramolecular 
organisation present in the colloids. In particular, the powerful ILT method applied to the experimental 
NMR echo decay can be exploited to test the effectiveness of the real rejuvenator. Indeed, direct corre-
lation can be made between T2 and the rigidity of structures in these materials as well as the molecular 
constrain causing dynamic hindrance [29]. 

Results and discussion. The bulk mechanical properties of bituminous materials such as, e.g., 
ductility and rigidity, are empirically determined by the amplitude oscillatory rheometry through the 
measurement of the complex modulus G*consisting in its real (elastic modulus G′) and imaginary (viscous 
modulus G″) components [30-33]. However, more sophisticated experimental investigations such as NMR 
relaxometry and X-ray scattering are being proposed as emerging methods for the comprehension of the 
microscopic/molecular processes underneath the observed behaviour of a bituminous material subjected to 
both physical and chemical treatments. Indeed, the application of low-field NMR spectroscopy has been 
used for the determination of physical properties of petroleum fractions [25, 29] and the Inverse Laplace 
Transform analysis of the NMR echo signal decay gives the transverse (or spin-spin) relaxation time T2 
that can be connected to different domains characterized by different rigidities [20]. The chemical 
reasoning for this lies on the molecular constrain causing dynamic hindrance and lowering T2, an effect 
that can be considered quite general and already found also in different systems [34-36]. In bitumen, the 
T2 relaxation time distribution profile is usually characterized by two distinct peaks.  

 

 
 

Figure 1 - T2 relaxation time distribution functions obtained for pristine bitumen (SA) at 50°C, PAV bitumen (SB) at 70°C,  
PAV bitumen + 2 wt% vegetable flux oil (SC)at 60°C and PAV bitumen + 2 wt% green rejuvenator (SD) at 60 °C 
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The short T2 times (around 10 ms) arise from slow tumbling of more rigid supra-molecular aggre-
gates; hence they can be reasonably attributed to the dynamics of asphaltenes. Conversely, long T2 times 
(around 100 ms) connected to low intra-molecular interactions can be referred to the maltene fraction of 
the sample under examination. The T2 profiles illustrated in figure 1 provide an example of the application 
of the ILT method in the choice of the right rejuvenator through a quick comparison of the T2 distributions 
for different treatments subjected to the same bituminous matrix. Indeed, one can easily verify that the 
addition of a green rejuvenator to the oxidized bitumen (PAV bitumen), has the effect of restoring the 
original probability density function compatible with fresh pristine bitumen (compare SA with SD). On 
the other hands, the pattern is only partially recovered when a flux oil (a softening agent) is used (compare 
SA with SC). 

Structural features of the asphaltene clusters self-aggregated in the maltene phase can be also 
investigated by the X-ray scattering technique in order to gain new results on the role played by some 
additives in the rejuvenation action of bitumen whose colloidal structure has been seriously compromised 
by the aging processes. Indeed, the eventual presence of an additive triggers the formation of further 
intermolecular interaction in competition with those responsible for this self-assembly, causing a change 
of the size and shape of these aggregates. A representative X-Ray scattering spectrum of bitumen together 
with the Lorentzian deconvolution reported in figure 2 as a function of scattering vector q = 4π sin θ / λ, 
illustrates several important features. 
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Figure 2 – Typical Wide AngleX-Ray diffraction pattern of asphalt binder with peak profile analysis 
 

The most prominent band centred at around 1.3 Å-1gives a characteristic of 4.4-4.7 Å, which can be 
attributed to the typical intermolecular lateral distance commonly present in disordered fluids. This length 
parameter results to be slightly higher than that identified from the band of graphene (lateral distance of 
about 3.6 Å) and coming from the stacks in the aromatic compounds. However, owing to the coexistence 
of aliphatic components in the bitumen it is reasonable to treat this band as an unresolved superposition of 
these two contributions. Therefore, deconvolution procedures in terms of bell-shaped curves are necessary 
to discriminate all the signals. Besides, an eventual low-intensity reflection in the range 0.3-0.8 Å-1 can be 
attributed to the occurrence of a supra-molecular aggregation and would be therefore associated to a 
repetition distance between one asphaltene local aggregate and its neighbouring one, in accordance with a 
model of a complex system with different levels of complexity. Finally, for q<0.3 Å-1 the fractal aggre-
gation generated by an ensemble of asphaltene clusters can be examined. In principle, the formation of 
self-similar, fractal structures in bituminous materials cannot be excluded. In such case, the interfacial 
boundary is not sharp and a scaling law between the mass M (or particle number N) and the enclosed 
volume is established, which can provide an indication of how efficiently the particles are packed. The 
presence of additives may modify not only the fractal structure but also the intermolecular assembly as 
probed by the band centred at 1.3 Å-1 and the peak around 0.5 Å-1. 
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Conclusion. The restoring of the aged bitumen structure to the original conditions is a challenging 
task due to its complex organization at the supra-molecular scale. It has been emphasized that scattering 
techniques and nuclear magnetic relaxometry represent promising methods of investigation that deserve 
attention for a deeper analysis of bituminous materials. In fact, they can probe the effectiveness of a 
rejuvenator in restoring the bitumen microstructure after the aging process, while the mechanical 
properties alone do not allow reaching this degree of microstructural knowledge. In conclusion, we want 
to bring to the attention the fact that the detailed analysis of the physics of molecular bitumens allows us 
to better understand the phenomena that occur in bitumen, providing new tools for the piloted design of 
new rejuvenators with ad-hoc performances. 

 
 

М. Порто1, П. Капуто1, В. Лоиз1, Б. Телтаев2, Р. Агенлико3, П. Каландра4, Ч. Оливиеро Росси1 
 

1Калабрия Университеті Химия және Химия Технологиялары кафедрасы, Италия, 
2Қазақстан Жол Ғылыми-Зерттеу институты, Алматы, Қазақстан, 

3Ауыл шаруашылығы, Экология және Тағам Ғылымдары кафедрасы (DIAAA), Молиз Университеті, Италия, 
4CNR-ISMN, Ұлттық Ғылыми Зерттеулер Кеңесі, Италия 

 
ЖАСАРТЫЛҒАН ЕСКІРГЕН БИТУМДАРДЫҢ МОЛЕКУЛАЛЫҚ  

ҚҰРЫЛЫМЫН ТАЛДАУҒА АРНАЛҒАН ЖАҢА ТӘЖІРИБЕЛІК ТӘСІЛДЕР 
 

Аннотация. Битумның ескіруі материал құрылымындағы өзгерістермен байланысты болатын булану, 
тотығу және молекулалық қосылыстардағы өзгерістердің нәтижесінде орын алады. Битумның ескіру үдері-
сіне және оның тұтқырлығының артуына байланысты асфальтбетон жамылғысының қаттылығы пайдалану 
кезінде арта түседі. Химиялық тұрғыдан түсіндіргенде, битумдағы асфальтендер пен мальтендердің салыс-
тырмалы үлесі мальтендердің төмен құрамына қарай жылжиды. Сондықтан, қайта қалпына келтірілген 
асфальт жамылғысын (ҚАЖ) асфальт қоспаларына көп мөлшерде қосу асфальтбетон жамылғысының сипат-
тамасына теріс әсер етуі мүмкін. Жасартқыш реагенттер ескірген битумның тұтқырлығын азайту және оның 
бастапқы қасиеттерін қалпына келтурі арқылы осы үдерісті жақсартуы мүмкін. Тиімді жасартқыш реагент 
тотыққан битумның коллоидті құрылымының ұйымдасуына қолайлы жағдай туғызып, жаңадан дайындалған 
битумның молекулалы құрылымын қалпына келтіреді. Одан басқа, жаңа тәжірибелік тәсілдер жасартқыш 
реагенттердің тиімділігі мен мұндай қоспалардың ескірген битумның қасиеттеріне ықпалын бағалау үшін 
қажет. Жоғарыда аталған мақсаттарға қол жеткізу үшін, осы мақалада битумның микроқұрылымы туралы 
толық ақпарат беретін неғұрлым перспективалық тәсілдер қарастырылады. Сейілу және ЯМР әдістерінің 
негізі болған басты тұжырымдамалар қарастырылады, сондай-ақ ҚАЖ жасартудың тиімділігін бағалауда осы 
әдістерді синтетикалық пайдалану нәтижелері көрсетілді.  

Түйін сөздер: жасартқыш реагенттер, битум, ескіру, сейілу, рентген дифракциясы (ҰРД), ядролық-
магниттік резонанс (ЯМР), релаксометрия. 
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НОВЫЕ ЭКСПЕРИМЕНТАЛЬНЫЕ ПОДХОДЫ К АНАЛИЗУ  

НАДМОЛЕКУЛЯРНОЙ СТРУКТУРЫ ОМОЛОЖЕННЫХ СОСТАРЕННЫХ БИТУМОВ 
 

Аннотация. Старение битума происходит из-за выпаривания, окисления и изменений в надмолеку-
лярных соединениях, связанных со значительными изменениями в структуре материала. В связи с процессом 
старения битума и соответствующего увеличения его вязкости, жесткость асфальтобетонного покрытия уве-
личивается во время эксплуатации. В химическом смысле относительное содержание между асфальтенами и 
мальтенами в битуме сдвигается в сторону более низкого содержания мальтенов. Поэтому добавление 
большого количества регенерированного асфальтового покрытия (РАП) в асфальтовые смеси может отрица-
тельно повлиять на качество и характеристики окончательного состава смеси. Омолаживающие реагенты 
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могут поспособствовать улучшению данного процесса путем уменьшения вязкости состаренного битума и 
восстановления его первоначальных свойств. Эффективный омолаживающий реагент благоприятствует 
организации коллоидной структуры окисленного битума, тем самым восстанавливая надмолекулярную 
структуру свежеприготовленного битума. Затем, новые экспериментальные подходы необходимы для оценки 
эффективности омолаживающих реагентов, а также какое влияние оказывают такие добавки на свойства 
состаренного битума. Чтобы достичь вышеуказанной цели, в данной статье рассматриваются два наиболее 
перспективных подхода, способные предоставить подробную информацию о микроструктуре битума. Будут 
рассмотрены основополагающие концепции, лежащие в основе методик рассеивания и ЯМР, а также будут 
проиллюстрированы результаты некоторых недавних синтетических применений этих методов в оценке 
эффективности омолаживания РАП. 

Ключевые слова: омолаживающие реагенты, битум, старение, рассеивание, рентгеновская дифракция 
(ПРД), ядерно-магнитный резонанс (ЯМР), релаксометрия. 
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A B S T R A C T

This paper evaluated the potentialities of a green and biocompatible rejuvenator agent (HR) in conferring an
appreciable resistance against the effects caused by artificial aging on a given bitumen. Both neat and aged
bitumens were analyzed and compared to analogous samples modified with HR. Control samples containing a
vegetable oil as softening agent were also tested for comparison. The tested samples were subjected to a second
aging cycle. Structural differences between the samples were carried out through an inverse Laplace transform of
the NMR spin-echo decay (T2) and self-diffusion measurements by pulsed gradient spin echo nuclear magnetic
resonance (PGSE-NMR) spectroscopy. In addition, dynamic rheological analyses were conducted to determine
the dependence of the gel-sol transition temperature on both the type of additive and ageing process. The present
study clearly highlighted the fact that artificial ageing, realized here by the rolling thin film oven test (RTFOT)
and the pressure ageing vessel (PAV) test, induced important structural modifications. The analysis of relaxation
times and self-diffusion coefficients indicated that ageing promoted the formation of molecular populations
characterized by a shift of the distribution toward higher molecular weights compared to unaged bitumen.
Diffusion data showed also an Arrhenius-like temperature dependence. A correlation between all the data was
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attempted to understand the role of the investigated additives. The eco-friendly biocompatible rejuvenator
helped not only to restore the structure of the aged bitumen, but even slowed down the processes of a second
aging (aiming at the first aged sample).

1. Introduction

One of the phenomena most responsible for the deterioration of the
performance of road surfaces in the bituminous conglomerate is the
oxidation of the binder, which occurs both during installation and
throughout the lifetime of the road pavement [1]. Furthermore, in re-
cent decades, the increase in traffic and the need to economically and
ecologically dispose of material from old road pavements have led to
searching for new materials and methods for recycle the road surface.
Nowadays, one of the most important concern is the production of
waste. The scientific community is working to make waste products re-
circulated. When aging, wear and adverse climatic events make the
asphalts no longer safe, so the pavement must be replaced after a cer-
tain time in use [2]. The scarifying of the road surface produces the
reclaimed asphalt binder, which is often regarded as a waste to dispose
of. Fortunately, the waste asphalt mixture still contains valuable asphalt
binder. The aged bitumen from this reclaimed asphalt pavement (RAP),
has a lower penetration degree and is more viscous than when all
pristine components are used [3]. However, the effect of aging can be
delayed by using rejuvenating agents that have a distinct role from
common softening agents [4]. Indeed, it is known by now that it is
possible to exploit RAP using a rejuvenator capable to reduce stiffness,
viscosity, brittleness, and restore the right balance between asphaltenes
and maltenes characteristic of unaged bitumen.

Considering the accelerated aging methods, by aging thin films of
bitumen in an oven at 163 °C, the rolling thin film oven test (RTFOT)
simulates short-term aging in the laboratory that represents aging be-
fore the material is placed in the road [5]. The pressure aging vessel
(PAV) uses temperature of 90–110 °C and a pressure 2.10MPa to si-
mulate long-term aging in the laboratory [6].

According to the classical colloidal model of bitumen, its general
composition can be broadly subdivided into higher molecular weight
asphaltenes dispersed in lower molecular weight maltenes, the latter
being the n-heptane soluble part of bitumen, sometimes called deas-
phaltened bitumen [7]. Those class of compounds, collectively in-
dicated as SARA (saturates, aromatics, resins and asphaltenes) frac-
tions, are characterized by different sizes, aromaticity, and polarity,
which can be hardly analysed individually [8]. Asphaltenes form a
black powder and decompose when heated above 350 °C. The asphal-
tene fraction consists of large molecules containing hetero atoms like
oxygen, nitrogen, sulphur and metal atoms. Resins are a black solid at
room temperature and liquefy at higher temperature whereas saturates
are a colourless viscous liquid, the amount of which (5−20wt%) is not
altered during ageing. Aromatics or naphthene aromatics appear yellow
to dark brown, they constitute 30−60wt% of bitumen and are more
viscous than saturates. Their average molecular weight is of the order of
a few thousands of Da and the averaged structure is composed by
lightly condensed aromatic and naphthenic rings with side chains. All
these ingredients are organized in supra-molecular assemblies whose
structure resembles that of reversed micelles: clusters of asphaltene
molecules piled in stacks (polar domains) are stabilized by resins
(amphiphilic part) and dispersed in saturates and aromatics (apolar
matrix). The role of resin is essential in the delicate equilibrium of in-
termolecular interactions (polar-polar, polar-apolar and van deer Waals
interactions) which holds up the overall structure, since amphiphilic
molecules are well-known to bind from a side the polar molecules
clusters and from the other side the apolar phase [9,10].

In this framework, the chemical reactivity towards oxidation pro-
cesses and loss of volatile hydrocarbons activated by heat, lead to a
significant change in composition within the SARA fractions

characterized by an increasing content of asphaltenes and decreasing
content of aromatics during ageing, [11–14]. Moreover, due to oxida-
tive aging, the molecular interactions change as well. The combined
effect of these two processes affects the mechanical performances of
bitumen and asphalt mixture behaviour [15]. As a consequence, in-
sights on the microstructure evolution over the strength of oxidative
treatment (steric hardening) could be monitored by measuring mole-
cular dynamic properties such as NMR relaxation times and self-diffu-
sion coefficients [16–18]. On the other hands, changes in bulk rheolo-
gical properties, such as viscosity and sol-gel transition temperature
turn to be useful for verifying the effect of age hardening and for
controlling the rejuvenating action of specific additives [19,20].

The present paper aims to investigate the ability of the green re-
juvenator HR, developed by the academic Spin-Off Kimical SRL
(University of Calabria, Italy), to compensate for the microstructural
deterioration effects observed in a bitumen subjected to multiple arti-
ficial aging processes. This study is important to understand the re-
juvenating effect of a green additive specially designed to reduce the
disposal of aged asphalt and promote sustainable practices for the re-
cycling of reclaimed asphalt binder. Therefore, the potential use of HR
in increasing the useful life cycle of the RAP is deeply described.

To highlight the real rejuvenating effect, control samples containing
a vegetable oil (flux oil) were also tested.

All the bitumens were characterized by rheological time cure tests
and NMR techniques such as proton relaxometry and measurements of
self-diffusion coefficients. The inverse Laplace transform to the spin-
echo decay (T2) was carried out.

2. Experimental

2.1. Chemicals and materials

A pristine bitumen with a penetration grade 100/130 produced in
Kazakhstan and supplied by Kazakhstan Highway Research Institute
(Almaty, Kazakhstan) has been tested in this work. The vegetable oil VO
and the rejuvenator eco-friendly additive HR were provided by Kimical
SRL (Rende, Italy). HR was prepared by a direct reaction between low
cost and green materials such as oleic acid and urea [21].

2.2. Sample preparations

Samples with differently ageing treatments, with or without VO and
HR additives, were produced to allow a direct comparison of results.
The analysed samples were initially subjected to artificial aging con-
sisting of RTFOT+PAV according, respectively, to the standard
methods ASTM D2872-04 and AASTHO/ASTM T179. Subsequently, the
bitumen thus obtained was heated and mixed with the selected ad-
ditives for 10min under mechanical stirring. Finally, the samples were
subjected to a further PAV aging cycle. For various states and aging
conditions KB means virgin bitumen; KP and KPP mean, respectively,
bitumen aged with the first treatment of RTFOT+PAV and subse-
quently subjected to a second PAV aging; KVO and KVOP mean, re-
spectively, bitumen modified with VO (2wt%) after being aged with
RTFOT+PAV, and subjected to a second PAV treatment; KHR and
KHRP mean, respectively, bitumen modified with HR (2 wt%) after
being aged with RTFOT+PAV, and subjected to a second PAV treat-
ment. A second series of samples consisted of maltene fractions (deas-
phaltened bitumens) extracted from the correspondent whole samples.
In the text (KB)M means the maltene fraction extracted from KB sample;
(KP)M and (KPP)M mean the maltene fractions extracted from samples
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KP and KPP, respectively, and so on. The dosage of 2 wt% of additive
was chosen according the literature data. In fact, it is a typical per-
centage for the modification of the bitumen [22]

2.2.1. Aging
The bitumen samples were artificially aged by means of the Rolling

Thin Film Oven Test (RTFOT) according to ASTM D1754 with thermal
treatment for 5 h at 163 °C, followed by 20 h of a pressure aging vessel
PAV test according to ASTM D6521 (at 100 °C, 2.1MPa). Details of the
RTFOT and PAV method of aging is based on a previous research work
done by the authors [21]. This procedure should mimic the aging
process that would take place during the hot mixing of asphalt binder
with aggregates, followed by the pavement construction phase and then
the in-service life of asphalt pavement.

2.3. Empirical characterization

The bitumen softening temperature (R&B T, ring and ball tem-
perature) is determined with the ring and ball test (ASTM Standard
D36).

The bitumen consistency was evaluated by measuring the penetra-
tion depth (of a stainless-steel needle of standard dimensions under
determinate charge conditions (100 g), time (5 s) and temperature
(25 °C), according to the standard procedure (ASTM D946).

2.4. Rheological characterization

Temperature sweep (time cure) rheological characterization of the
samples was performed by means of sinusoidal oscillatory experiments
conducted through a controlled shear stress rheometer (SR5,
Rheometric Scientific, USA) equipped with a parallel plate geometry
(gap 2mm, ø =25mm) and a Peltier system (±0.1 °C) for temperature
control. In a temperature sweep test, the frequency and the oscillation
amplitude were kept constant, while the temperature was increased in
some progression. The analysis of the mechanical behaviour of the se-
lected binders was carried out within the Linear Visco-Elastic (LVE)
region by measuring the complex modulus G* and viscosity η* and
phase angle δ as a function of the temperature in the range 25–120 °C
with a ramp of 1 °C/min and constant frequency of 1 Hz.

2.5. NMR measurement and inverse laplace transform (ILT)

The method is based on the application of the Carr-Purcell-
Meiboom-Gill (CPMG) spin-echo pulse sequence as described in ref.
[23]. 1H NMR relaxation experiments were conducted at 15 and 30 °C
both below and above the gel-sol the transition temperature (t*) de-
termined for each sample through dynamic temperature ramp tests.
Relaxation experiments were carried out by means of a custom-built
NMR instrument that operates at a proton frequency of 15MHz. In
general, two peaks corresponding to T2 relaxation time distribution can
be observed, one peak at shorter T2 times corresponding to the more
rigid (asphaltenes), while other one at longer T2 times corresponding to
the maltene fraction. This finding has been proved in several research
works. All details of the experimental procedure can be found in the
following references [24–26].

2.6. PGSE NMR self-diffusion

The Pulsed Gradient Spin Echo (PGSE) NMR experiments performed
on a Bruker 300 spectrometer have been described in detail elsewhere.
The magnetic field gradient unit is electronically controlled and pro-
duces gradients g between 0 and 10 T‧m−1 (0 and 1000 G‧cm−1) with
typical duration δ of 2−4ms, and a diffusion observation time Δ ty-
pically of 20−30ms. Experimental measurements of the self-diffusion
coefficient (D) directly were made using a Diff30 NMR probe. The ex-
periments were run in the PFG-STE (Pulsed Field Gradient Stimulated-
Echo) echo version, using three 90° radio frequency pulses [17], be-
cause the transverse relaxation time (T2) was much shorter than the
longitudinal relaxation time (T1). In an experimental run, δ and δ are
kept constant and g is varied. Sixteen different values for g give 10
signal intensities measured as the area, after Fourier transformation of
the free induction decay (FID) that are fit to the Eq. (4) to determine the
mean self-diffusion coefficient, D .

3. Results and discussion

3.1. Mechanical behaviour

The aging of the bitumen leads to an embrittlement of the binder,
making it susceptible to fractures or cracking. From a microscopic point
of view, the aging process leads to a loss of oily bitumen components,

Fig. 1. (A) Temperature sweep (time cure) tests performed on the pristine bitumen (KB) and on the same sample after a first (KP) and second cycle (KPP) of artificial
aging. The gel-sol transition temperature t*, estimated from the asymptotic value of the tangent of phase angle δ, is reported close to each curve. (B) Time cure tests
for bitumens modified with 2wt% of rejuvenating HR (hollow and full squares for KHR and KHRP, respectively) and softening VO (hollow and full circles for KVO
and KVOP, respectively) additives. Hollow symbols indicate samples subjected to RTFOT+PAV aging whereas full symbols refer to the subsequent second PAV
treatment. The gel-sol transition temperature t* is reported close to each curve.
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due to the volatility or absorption by the porous aggregates. In addition,
polar compounds increase due to polar groups containing oxygen. This
is the cause of a loss of mobility on the part of molecules or molecular
aggregates, which are no longer free to flow one on top of the other
[27]. From the macroscopic point of view, a decrease in penetration
depth is observed, while the softening point increases [28]. Moreover,
the viscoelastic-liquid transition temperature increases with the aging
process. In this research the dynamic material properties of bitumen
samples have been tested through dynamic shear rheometer (DSR)
analysis. The response to a mechanical stress-strain on materials such as
bitumen are characterized by their elastic (G') and viscous (G”) moduli.
The loss factor tanδ is defined as the ratio between the viscous G” and
elastic moduli G'. All these parameters depend on the temperature, in
fact as the temperature increases tanδ increases too and diverges upon
reaching a certain critical temperature value, called gel-sol transition
temperature t*. This trend is due to the loss of the elastic component G'
by the system, and consequently the viscous component G” becomes
predominant. Fig. 1A and B show the time cure tests of the investigated
samples in which the dependence of tanδ on the temperature is evident.
In particular, t* shifts towards higher values along the sequence: un-
treated bitumen, bitumen aged by the first heating treatment
(RTFOT+PAV) and bitumen aged by the second heating treatment
PAV. Resins can be more polar than asphaltenes and govern the rheo-
logical properties together with asphaltenes [29]. Therefore, upon
ageing, the bitumen is oxidized and as a consequence the polarity of the
medium increases leading to increased interaction forces between the
molecules. These conditions would favour the aggregation of asphal-
tenes by forming large molecular structures and causing a considerable
hardening of the binder. As illustrated in Fig. 1A for bitumen not
modified with additives, ageing causes a shift of t* towards higher
temperatures, indicating a change in rheological behaviour which
consists in a stiffness increase accompanied by an enhancement of
elastic response (see the sequence KB→KP→KPP).

In Fig. 1B, the time cure tests for KHR and KHRP bitumens mixed
with HR additive are compared to those modified with the softening
agent VO (KVO and KVOP) at same 2wt% dosage.

It is evident that both the one-step (KHR and KVO) and second-step
(KHRP and KVOP) ageing treatments yield a similar rejuvenating effect
since both additives are able to reduce t* by 8−9 °C and 10−11 °C in
relation to the first (KP) and second (KPP) aging step, respectively.

3.2. NMR study

3.2.1. Diffusion coefficient
PGSE NMR self-diffusion measurements have been carried out for

both the series of whole samples and maltene fractions, after one- and
two-steps oxidative artificial treatments, to evaluate the effect of a re-
juvenator additive on the observed molecular translational motion. We
premise that the molecular species that contribute to the observed
average self-diffusion coefficients and transversal relaxation times
should be identified in the lighter components of the maltene fraction

[30]. Previous studies have reported that a significant amount of the
latter class of compounds tends to decrease with aging, converting to
more polar and heavier molecules such as resins and asphaltenes
[12,14,31]. Other works have revealed that after short- and long-term
aging the content of resins in the bitumen remained practically constant
whereas the oil content reduced up to 7 wt% and concomitantly the
increase in asphaltenes content could reach about 6 wt% [32]. There-
fore, the contribution to the observed translational diffusion can be
reasonably attributed to the mobility of the oil components of maltene,
namely, saturates and aromatics, which are liquid at the experimental
temperatures in the range 60−120 °C whereas resins and asphaltenes
constitute solid nuclei embedded in the oil. Owing to the molecular
complexity of maltene, the correspondent NMR echo attenuation
cannot be described by a single exponential function. Indeed, an exact
explicit solution of the Bloch-Torrey equation is only available for un-
restricted diffusion in the whole space for which the echo attenuation
NMR signal S(b) takes the classical mono-exponential form [33]:

=S b S e( ) bD
0 (1)

where S0 is the reference signal (without diffusion-weighting gradient),
and the b-value is defined as =b g( ) ( /3)2 according to the
Stejskal-Tanner profile, where /3 is the observation time. Varying
either the gradient pulse strength (g) or pulse duration (δ) or Δ, one can
access the diffusion coefficient D of freely diffusing molecules from the
slope of a semi-logarithmic representation of Eq. (1). Any deviation
from the mono-exponential decay of S(b)may be interpreted in terms of
a phenomenological anomalous diffusion model [34]. Generally, the
echo attenuation shows non-linear behaviour for molecules with a large
degree of polydispersity. For polydisperse species which cannot be re-
solved due to their chemical shift, it is assumed that the signal at-
tenuation is multi-exponential as a result of the mass-weighted dis-
tribution of diffusion coefficients.

Here, we apply a model where the D-values are distributed ac-
cording to the following probability density function:

=P D D e( , , )
( )

D1

(2)

where κ and θ are, respectively, the shape and scaling parameters and Γ
is the Gamma function. Previous works [35,36] have discussed the
usefulness of the Gamma model with regard to performance and con-
sistency for the analysis of PFG NMR data, in comparison to more es-
tablished approaches based on the stretched exponential and the log-
normal distribution model. Assuming that S(b) can be described by an
integral over a multi-exponential decay with self-diffusion coefficients
D that respect the probability distribution of Eq. (2), one would have
the following:

=S b S P D e dD( , , ) ( , , ) bD
0 0 (3)

where S0 is the signal intensity for b=0. As described in details in ref.
[35], the analytical expression of the NMR signal attenuation can be
obtained in a closed form to be used directly in a non-linear best-fitting

Table 1
Mean self-diffusion coefficient °D t C and standard deviation °t C for whole samples at various temperatures, calculated from non-linear fits of the NMR echo decays
(see Eq. (4)) according to the gamma distribution model. Data are expressed in 10−10 units. The last column shows the transition temperatures derived from
rheological time cure tests. Legend: KB=pristine bitumen; KP=RTFOT+PAV bitumen; KVO=KP+VO (2wt%); KHR=KP+HR (2wt%);
KPP=RTFOT+PAV aging, followed by a second PAV treatment; KVOP=KVO subjected by a second PAV; KHRP=KHR subjected by a second PAV.

whole sample ° °D /C C60 60 ° °D /C C80 80 ° °D /C C100 100 ° °D /C C120 120 tgel→sol (°C)

KB 2.3 / 1.0 2.5 / 1.1 4.0 / 2.0 7.1 / 3.8 67.1 (0.1)
KP – 2.0 / 1.1 3.5 / 2.0 6.5 / 3.9 86.5 (0.1)
KVO – 1.7 / 1.2 3.7 / 2.2 7.1 / 4.5 78.5 (0.1)
KHR – 2.4 / 1.1 4.0 / 2.1 7.5 / 4.5 77.8 (0.1)
KPP 2.5 / 1.1 3.8 / 1.5 5.9 / 2.6 – 94.3 (0.1)
KVOP 1.0 / 0.7 1.7 / 1.2 3.6 / 5.2 9.1 / 12 84.5 (0.1)
KHRP 2.1 / 0.8 3.1 / 1.3 5.3 / 2.6 8.9 / 4.9 83.6 (0.1)
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procedure with respect to the experimental data:

=
+

S b S
b

( , , )
(1 )

0

(4)

Then, from the calculated best-fit parameters, namely, κ (di-
mensionless) and θ (m2s−1), the mean self-diffusion coefficient

=D and the distribution width or standard deviation = can
be obtained. Tables 1 and 2 collect both D and at various tem-
peratures and referred, respectively, to the whole samples and to their
correspondent maltene fractions. In Supporting Material, several plots
showing the temperature dependence of D together with error bars
correspondent to the width of distributions , have been collected for a
better comparison between diffusion data illustrated in Tables 1 and 2.

Regarding the analysis of the echo attenuations, typical examples of
the good agreement between NMR PFG signals and Gamma diffusion
model are illustrated in Fig. 2 (whole samples) and Fig. 3 (maltene
fractions), respectively. By comparing the data shown in Table 1 with
the ones in Table 2, it is found that <D D M for all the samples at
each explored temperature, with the exception of KHRP and (KHRP)M

at t= 60 °C. This is the evidence that the molecular transport of oil
within the whole bituminous samples is more hindered than the dif-
fusive transport that occurs in the corresponding maltene fractions. It is
plausible, in fact, that the diffusivity decreases through more restrictive
structural regions such as the large supramolecular aggregates of as-
phaltenes and resins, which are instead absent in the maltene fractions.

From the analysis of diffusion data within the series of whole
samples without additives, it can be noted that the datasets of both the
unaged bitumen (KB) and bitumen subjected to one-step aging treat-
ment (KP) match substantially the same D values when considering
the width of the respective distributions as error bars °( t C) (see Fig. S1A
in Supporting Material). Besides, D for KPP appear shifted towards
higher values with respect to both KB and KPP samples. The latter effect
can be explained considering first that with aging, there is a drastic
variation in the chemical composition and colloidal structure of the
bitumen attributed to an increase in the content of asphaltenes, which
in turn is a consequence of the conversion of polar aromatic molecules.
During the oxidative ageing process, the concentration of polar func-
tional groups increases, resulting in an immobilisation of large as-
phaltene molecules through intermolecular association. As it has been
described before, this association promotes the formation of much
larger molecular agglomerates and significantly increase the apparent
molecular weight leading to higher viscosity. Besides, the high mole-
cular weight populations increase slightly after RTFOT and significantly
after PAV ageing. This behaviour is confirmed by the probability den-
sity profiles of the relaxation time distributions illustrated in the next
Fig. 5 (see 3.3.1 NMR relaxometry), where the samples KP and KPP
show two peaks shifted toward shorter times, the displacement of the
peaks being greater with increasing the aging treatment. This behaviour
indicates a gradually rise of the materials rigidity with the on-going of
the oxidation process. Therefore, according to the above description, it
can be argued that after the second accelerated aging treatment (KPP),
the only species that possess high translational mobility and contribute
most to the observed molecular transport should be low MW saturated
compounds, which are inert to oxidation. However, in both KB and KP
(mild aged) samples, the contribution of a significant fraction of larger
molecules to the observed diffusional process is not negligible and
causes a lowering of the mean diffusion coefficients.

The effect of type of additive on the artificially aged whole samples,
can be inferred by comparing the diffusion data of Table 1 as well as by
checking the graphical trends as a function of temperature (see Figs.
S2A–S3A in Supporting Material). As far as VO additive is concerned,
while no appreciable differences can be revealed between KVO, KP and
KB, the two-step aging results to a decrease of diffusion data for KVOP
sample with respect to the reference KB, especially at relatively low
temperatures (KVOP < KB for both °D C60 and °D 80 C). This fact could
indicate a substantial difference between the microstructures of both

unaged KB and double-aged KVOP samples. Therefore, VO could not be
classified as a real rejuvenating additive.

Different trends are observed for the samples modified with HR
(KHR and KHRP) whose diffusion data as a function of temperature are
also plotted together with those of virgin bitumen and bitumen aged
without additive (KB, KP and KPP) as illustrated in Fig. S3A of
Supporting Material. Here, the data for KHR match with those of KB
while D values of KHRP are closer to KB data (compare °D C80 values
in Table 1) than the sample without additives and subjected to same
aging treatment (KPP). This evidence is consistent with a rejuvenating
action exerted by the additive HR, which is able to disperse the large
molecular agglomerations produced with the two-step aging, making
the colloidal microstructure similar to that of virgin bitumen. Con-
cerning the maltene fractions, data shown in Table 2 (see also the
graphs illustrated in Figs. S2B–S3B in Supporting Material), reveal that
D M values obtained in presence of either VO or HR and relating to
both stages of aging, coincide with those of the KP sample. On the other
hands, the most evident differences are found for the maltene fractions
derived from samples in absence of additives, where the diffusion data
follow the sequence KB > KPP > KP (see also Fig. S1B in Supporting
Material).

As a final observation, from the calculated standard deviations °t C
of the correspondent Gamma distributions, it is observed that each
whole sample shows an amplitude of the dispersion of D which
widens with increasing temperature (see Table 1). A similar behaviour
is reflected for D M as well (see Table 2).

3.3. Temperature dependence

It is evident that the mean self-diffusion coefficients increase with
increasing temperature as expected by the temperature dependence of
diffusion described by the Arrhenius model. The Arrhenius equation
expressed in its logarithmic form is:

=ln D lnA E
RT

A
(5)

where A is a pre-exponential factor assumed to be independent of ab-
solute temperature T, EA is the activation energy and R is the gas
constant. The agreement to the Arrhenius behaviour within the ex-
plored range of temperatures is verified by analysing the semi-log plots
of D vs T 1 as in Fig. 4A (whole samples) or D vs TM 1 as in Fig. 4B
(maltene fraction), respectively.

Due to the multicomponent origin of the self-diffusion coefficients
determined for our samples, only mean activation energies EA could
be calculated from the slope of each Arrhenius plot. In the present
context, EA may be defined as the energy barrier that should be
overcome when the oil component of bitumen (saturates and aromatics)
moves from one surrounding environment to the another.

For the whole samples, EA varies between 23 and 53 KJ‧mol−1

whereas for the maltene fractions an average value of 40 ± 2 KJ‧mol−1

Table 2
Mean self-diffusion coefficient °D t C

M and standard deviation °t C
M for maltene

samples at various temperatures, calculated from non-linear fits of the NMR
echo decays (see Eq. (4)) according to the gamma distribution model. Data are
expressed in 10−10 units. Legend: each label identifies the maltene fraction
extracted from the correspondent sample.

maltene fraction ° °D /C
M

C
M

60 60 ° °D /C
M

C
M

80 80 ° °D /C
M

C
M

100 100 ° °D /C
M

C
M

120 120

(KB)M 9.4 / 5.5 18 / 9.5 29 / 15 40 / 20
(KP)M 2.0 / 1.8 3.7 / 2.5 7.9 / 5.2 16 / 11
(KVO)M 1.7 / 1.5 4.5 / 4.0 – 16 / 12
(KHR)M 2.5 / 2.2 4.2 / 2.8 8.8 / 6.0 17 / 12
(KPP)M 3.3 / 2.1 7.8 / 4.7 15 / 8.2 28 / 14
(KVOP)M 1.9 / 1.1 4.0 / 2.2 8.1 / 4.4 17 / 8.4
(KHRP)M 1.6 / 0.9 4.7 / 2.1 9.8 / 4.9 19 / 8.9
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is estimated between all the values except that calculated for the ori-
ginal KB sample, as shown graphically in Fig. 4B by the parallelism of
the straight lines. Since the fractions of maltene are devoid of the
heavier molecular components, such as resins and mainly asphaltenes,

it can be argued that the marked variability of EA observed for the
whole samples (Fig. 4A) may be attributable to the asphaltene/oil in-
teractions, regarded as the major factor dictating the energy barrier of
the diffusion. The rejuvenating effect promoted by the HR additive can

Fig. 2. Examples of semi-logarithmic plots of normalized experimental NMR PFG echo attenuations vs =b g( ) ( /3)2 , acquired at various temperatures from the
whole samples, respectively, KB (left) and KHRP (right). Solid lines represent non-linear best fits (R2 > 0.999) using the Gamma distribution model (see Eq. (4)).

Fig. 3. Examples of semi-logarithmic plots of normalized experimental NMR PFG echo attenuations vs =b g( ) ( /3)2 , acquired at various temperatures from the
maltene fractions, respectively, (KVOP)M (left) and (KHRP)M (right). Solid lines represent non-linear best fits (R2> 0.999) using the Gamma distribution model (see
Eq. (4)).

Fig. 4. Plot of the logarithm of the mean self-diffusion coefficients vs. the reciprocal of the absolute temperature for whole samples (A) and maltene fractions (B),
respectively. The straight lines were obtained from the Arrhenius fit with Eq. (5) and the mean activation energies were calculated from the respective slopes.
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be checked by comparing EA of the pristine bitumen KB (31 ± 2
KJ‧mol−1) with those determined, respectively, for the KHR sample
after the first RTFOT+PAV aging (34 ± 3 KJmol−1) and KHRP
sample after the second PAV aging process (31 ± 1 KJmol−1). This
means that upon artificial oxidation, HR is capable to restore in some
way the interactions between the asphaltenic and maltenic phase ty-
pical of the unaged bitumen, confirming the clues derived from the
diffusion coefficient data. In contrast, bitumen samples modified with
the softening agent VO gave 40 ± 1 and 53 ± 4 KJmol−1, after the
first RTFOT+PAV (KHR) and second PAV (KHRP) aging treatments,
respectively.

In the light of all these results, it can be stated that the effective
rejuvenating action exerted by HR with respect to the flux oil, can be
interpreted as a consequence of the chemical nature of HR. Thanks to its
complex/amphiphilic characteristic, HR would tend to reduce the as-
sociative interactions between the asphaltene particles by interposing
itself between the asphaltenes and the maltenes. Such phenomenon can
be considered similar to that exerted by the rheological modifier poly-
phosphoric acid (PPA), which has been found able to stabilize the hy-
drophobic interactions between asphaltene molecules, leading to a re-
duction of the macro-aggregate sizes [27].

It can be argued, taking for example the self-assembly properties of
amphiphilic molecules, that the additive can effectively interact with
the resins, competing with them for the interactions with asphaltenes
and maltenes. Specific interactions between surfactants can in fact
bring to peculiar self-assembly processes [37,38] giving extended am-
phiphilic network [39,40], which could help in dispersing/stabilizing
asphaltene clusters restoring their original distribution.

3.3.1. NMR relaxometry
By applying the 1H NMR relaxometry technique, the transverse (T2)

relaxation times have been determined for the whole bitumen samples
subjected to the second PAV ageing treatment (KPP, KVOP and KHRP)
as well as for the native bitumen and for the first RTFOT+PAV ageing
treatment (KB, KP). In fluid systems, T2 is dominated by molecular
rotations and is sensitive to the local dynamics of the molecule that the
proton is attached to (spin-spin interactions) and therefore reveals in-
homogeneities in the system [41]. For our systems, the NMR echo de-
cays are characterized by a multi-exponential behaviour and have been
analysed by applying the Inverse Laplace Transform (ILT) to derive the
T2 distributions directly from the experimental signals. Fig. 5 collects
the calculated Probability Density Function (PDF) distributions as a
function of T2 at a reference temperature characteristic for each of in-
vestigated samples, namely, at 15 °C above the gel-sol transition tem-
perature t*.

Almost all the T2 distributions exhibited two variously narrow or
wide peaks, which could be ascribed to the more or less rigidity of
supramolecular aggregates as well as to the molecular constrain causing
dynamic hindrance [42]. In bitumen, supramolecular aggregates of
asphaltene and resins possess average sizes of a few nanometers, as
observed by several small-angle neutron and X-ray scattering mea-
surements [43,44]. Therefore, the shorter T2 may be reasonably at-
tributed to the rigid supra-molecular aggregates constituted by as-
phaltenes and resins, while longer T2 could be referred to the rotational
dynamics of the lighter components of maltene fraction (saturates and
aromatics) [23].

Since the aging process is responsible for shifting the distributions
towards higher molecular weights and, that is, towards shorter re-
laxation times, bitumen modified with the HR agent appeared to benefit
from its rejuvenating effect. At higher temperatures above the gel-sol
transitions the samples are outside the viscoelastic region of the ma-
terial and present various structural heterogeneities giving rise to more
complicated T2-distribution patterns.

The PDF distribution of the aged bitumens (KP and KPP) shows two
peaks shifted toward shorter times, the displacement of the peaks being
greater with increasing the aging process. This behaviour indicates a
gradually rise of the materials rigidity with the on-going of the oxida-
tion process.

The effect exerted by the two additives, VO and HR, is to move the
peaks towards T2 values higher than those of aged bitumens. In more
details, the peak attributable to the asphaltenes of the KVOP sample is
considerably more intense than that one referred to the maltenes and it
is centred on asphaltenic peak of the KP sample. This indicates a soft-
ening effect of VO but no rejuvenating action occurs since the huge
asphaltene peak does not change. On the other hand, KHRP and KB
bitumen have similar distribution profiles. This indicate a sort of anti-
oxidant effect of HR additives.

4. Conclusions

In this paper, the dynamic properties of bitumen samples subjected
to different artificial aging processes have been tested through dynamic
shear rheometer (DSR) analysis, NMR relaxometry and NMR diffusion
measurements. The aim of this study was to develop a fundamental
understanding on the role played by a rejuvenating green additive (HR)
to compensate for the microstructural deterioration effects observed in
a bitumen subjected to multiple artificial aging processes. Analogous
control samples containing a softening agent (VO) were also tested as
term of comparison between the performances exhibited by both the
additives. The measurements of bulk rheological properties, such as
viscosity and sol-gel transition temperature, were not sufficient to
identify the real functionality of an additive. In fact, according to the
rheological profiles, both the tested additives were found equally cap-
able of counteracting the bitumen hardening induced by ageing pro-
cesses.

Fig. 5. Probability Density Function (PDF) distributions of T2 relaxation times
for the whole samples KB, KP, KPP, KVOP and KHRP determined at t*+15 °C
(C) where t* is the gel-sol the transition temperature for each sample.
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NMR methodologies employed for investigating translational dif-
fusion coefficients and relaxation times have been found useful to dif-
ferentiate between the rejuvenating and antioxidant effect of HR
compared to the mere fluxing effect of VO. Indeed, the analysis of the
temperature dependence of diffusion data gave the indication that in
response to artificial oxidation, HR was capable to restore somehow the
interactions between the polar asphaltene molecules and maltene
phase, typical of the unaged bitumen. As a consequence, a more effi-
cient dispersion of large macro-molecular aggregates produced during
the aging treatments was achieved for bitumen mixed with HR rather
than VO. That property was confirmed by analysing the Probability
Density Function (PDF) distributions acquired through Inverse Laplace
Transform, as a function of relaxation times T2 at a reference tem-
perature above the gel-sol transition temperature t* characteristic for
each of investigated samples. Indeed, the presence of HR in aged bi-
tumen promoted a certain downsizing effect of the asphaltenes ag-
gregates, identified by an evident shift of relaxation times to longer
values. Such effect was not detected in the profile of the relaxation time
distributions for aged samples in presence of VO, indicating the in-
ability of VO to restore the initial colloidal distribution of bitumen.
Overall, the results of the present work reinforce the potential use of the
green rejuvenator HR in increasing the useful life cycle of the reclaimed
asphalt pavement (RAP) and furnish more reliable and rigorous meth-
odological approaches as useful tools for a correct interpretation of the
effective action exerted by this important class of additives for asphalt
binders.
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Abstract: In the past three decades, several conventional methods have been employed for
characterizing the bitumen ageing phenomenon, such as rheological testing, ultraviolet testing,
gel permeation chromatography (GPC), gas chromatography (GC), atomic force microscopy (AFM),
X-ray scattering, and Fourier transform infrared spectroscopy (FTIR). Nevertheless, these techniques
can provide only limited observations of the structural micro-modifications occurring during bitumen
ageing. In this study, Fourier transform nuclear magnetic resonance self-diffusion coefficient
(FT-NMR-SDC) spectroscopy, as a novel method, was employed to investigate and compare the
microstructural changes between virgin bitumen (pristine bitumen) and aged bitumen. The virgin
bitumen was aged artificially using two standard ageing tests: Rolling Thin-Film Oven Test (RTFOT)
and Pressure Ageing Vessel (PAV). For a comprehensive comparison and an assessment of the
validity of this method, the generated samples were studied using various methods: rheological test,
atomic force microscopy, and optical microscopy. Significant differences were obtained between the
structure and ageing patterns of virgin and aged bitumen. The results indicate that the modification
of maltenes to asphaltenes is responsible for the ageing character. When compared with the other
methods’ findings, FT-NMR-SDC observations confirm that the asphaltene content increases during
ageing processes.

Keywords: aged bitumen; NMR diffusiometry; rheology; AFM

1. Introduction

The most widely used road material in the world is asphalt. As this product possesses the desired
industrial characteristics (waterproof and excellent thermoplasticity), it is widely employed in the
construction industry, mainly in road construction and other paved areas [1]. From the chemical point of
view, an asphalt is defined as a heterogenous system consisting of macro-meter-sized inorganic particles,
known as aggregates, and a binder material called bitumen [2]. Bitumen is a heavy hydrocarbon
material, and it is the by-product of the fractural refinement process of crude oil, which removes the
lighter fractions (i.e., liquid petroleum gas, gasoline, and diesel) [3].

Traditionally, bitumen is defined as a colloidal system consisting of micelles of high polarity and
molecular mass known as asphaltene; these are the solid particles behaving as adhesive aggregates.
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Richardson defined the asphaltenes as insoluble in naphtha but soluble in carbon tetrachloride and
also introduced the term “carbenes” for the fraction insoluble in carbon tetrachloride but soluble in
carbon disulphide [4]. The word “carboids” for the part insoluble in carbon disulphide is also seldom
used [5] (although not used by Richardson [4]). In all cases, these two additional fractions are present
in very limited amounts in paving-grade bitumen [6] and are generally not mentioned in the road
industry. Asphaltene aggregates remain in an oily apolar environment of lower molecular weight,
known as maltenes, granting fluidity [7]. The apolar maltene phase, in turn, is composed of saturated
paraffins, aromatic oils, and resins. Figure 1 shows a schematic splitting of bitumen into its main
components. The proposed model of bitumen in the literature is that the asphaltene, in the form of
polar nano-aggregates, remains dispersed as a peninsula or group of peninsulas within a more apolar
continuous maltene phase [8]. In the conventional colloidal model, the resins-to-asphaltenes ratio
characterizes the bitumen behavior to a specific path if the bitumen is in solution (sol). Sol bitumen
is due to a high maltene concentration that leads to rapid relaxation modes (a liquid-like system),
while the bitumen is gelatinous (gel) when the asphaltene concentration is dominant, resulting in slow
relaxation modes [9].
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In bitumen, resins are the dispersing agents for asphaltene molecules, combining them with
aromatics and saturates; this produces the conditions for asphaltic flow. In fact, the chemistry of bitumen
is the key element to defining its physical properties: following the analogy with reversed micelles
in water-in-oil microemulsions [11], the stabilization of the polar domains is of pivotal importance
for determining both the structure and the properties of the overall aggregates of organic-based
materials [12,13], even if, it must be pointed out, the stabilization mechanism is quite general, spanning
from organic materials to inorganic complexes [14] and even nanoparticles [15]. Due to these strict
relationships between intermolecular interactions, the aggregates’ structure, and their dynamic
properties, the rheology (ductility at a given temperature/frequency) and behavior of bitumen are
dependent not only on its structure, but also on the maltene’s glass transition temperature and the
effective asphaltene content [10].

When it comes to the bitumen structure, the microstructural model offers a typical point of
view. It describes the system as a complex solution of evenly distributed molecules, classifying them
according to their molecular weight and polarity; these behaviors are the key to grasping whether
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the bitumen is modified. As there are millions of such constituents within the bitumen, its chemical
analysis is usually performed based on the molecular structure type, not by studying the constituents
individually [16]. Any technique, therefore, that differentiates the types of molecules or fractions
within narrower properties would be a more effective form of analysis.

The stiffness and viscosity of asphalt pavement and its corresponding bitumen increase with time
while it is in service; this is called the ageing phenomenon. As this phenomenon is responsible for the
chemical modifications occurring in each fraction of bitumen, it is one of the most important factors
impacting the bitumen structure. Asphalt research is currently directed towards the construction of
new road pavements using milled reclaimed asphalt pavement (RAP) with consequent advantages
both economically and environmentally. To use RAP in a bituminous conglomerate, it is necessary to
add additives termed “Rejuvenating”. The search for these additives is simply based on the evaluation
of their effect on the mechanical performance of the final conglomerate. Having more information on
the effect of the bitumen ageing process will make it possible to design these additives by identifying
molecules containing functional groups which can interact in a targeted manner with aged bitumen
components, thus regenerating them.

Generally, the ageing process is divided into two stages: short-term ageing and long-term
ageing [17]. The former results from the loss of volatile components from the bitumen’s maltene due to
mixing at high temperature in the pristine paving process or during asphalt construction. The latter,
in turn, occurs in the field, owing to the following factors: oxidation of bitumen components by
atmospheric oxygen, evaporation of low-molecular-weight components of maltene, and polymerization
between the bitumen’s components. These processes induce greater stiffness and viscosity of the
bitumen, which ultimately hardens the material, causing potential cracking and loss of its binding
efficiency [16].

In the laboratory, different artificial standard methods for simulating the ageing phenomenon
have been introduced. The Rolling Thin-Film Oven Test (RTFOT) and Thin-Film Oven Test (TFOT)
techniques are considered short-term ageing as they simulate bitumen ageing during storage, mixing,
transport, and placing as pavement. Meanwhile, to simulate long-term ageing, ultraviolet testing (UV)
and Pressure Ageing Vessel (PAV) are employed. In this study, RTFOT and PAV are used as short- and
long-term ageing simulation techniques, respectively [18].

As the outcome of ageing is crucial, a vast number of studies, using various perspectives and
theories, have explored a range of parameters or factors relating to this phenomenon. Different in
situ techniques have been used in the laboratory to evaluate, analyze, and identify what actually
occurs inside bitumen during the ageing process [9]. These studies or techniques, however, are mainly
measuring a specific factor of a material; this raises a challenge to identify all the feasible variables
and forms of the material to study the bitumen ageing process, for either short-term ageing or
long-term ageing.

The ageing phenomenon impacts not only the rheology of binders but also the structural chemistry;
thus, there are numerous techniques to characterize this phenomenon, such as softening point (EN
1427 [19]), penetration test (EN 1426 [20]), and viscosity (EN 13302 [21]). As explained above, the process
of ageing causes an increase in stiffness and viscosity but reduces the bitumen penetration grade. Thus,
from this point of view, it is feasible to establish an ageing index by measuring the variation of the
abovementioned physical properties (before and after ageing). This parameter has proven to be the
most exemplary measure with regard to the results observed in the field [22].

It is important to note that assessing bitumen’s physical and mechanical properties allows indirect
macro-structural analysis of the binder. To measure these properties, the most commonly used
techniques are dynamic shear rheology (DSR), softening point test, penetration test, and Brookfield or
rotational viscosity determination [9]. Additionally, a variety of perspectives are utilized through a
range of evaluation techniques to explain changes in asphalt materials after ageing. These techniques
include Fourier transform infrared spectroscopy (FTIR) [23], spectrophotometry [24], X-ray scattering
spectroscopy [25,26], gel permeation chromatography (GPC) [27], thin-layer chromatography with
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flame ionization detection (TLC-FID) [28], atomic force spectroscopy (AFM) [29] and self-diffusion
Pulsed Field Gradient Spin-Echo (PGSE) nuclear magnetic resonance (NMR) [30]. NMR spectroscopy is
one of the most authentic and efficient techniques used to characterize complex materials i.e., bitumen.
It is a conventional tool in the characterization of synthetic and natural products, wherein the
structural and conformational behavior of their flexible molecules are investigated using anisotropic
media [31]. In dynamic NMR characterization, the determination of self-diffusion coefficients can
provide data about self-assembly [32,33], molecular dynamics, and spatial dimensions of cavities [34]
and aggregates [35–38].

In this study, Fourier transform (FT) NMR self-diffusion coefficient measurements were performed
on bitumen samples in order to have a better understanding of their molecular mobility and
microstructure modification due to ageing; then, the measurements were compared with the results
of rheological testing, AFM, and optical microscopy for validation. Ultimately, obtaining more
information on the ageing process will provide consequent advantages in the design of rejuvenating
additives and in understanding the structural organization of aged bitumen.

2. Materials

The pristine bitumen (PB) was kindly supplied by Total Italia S.p.A. (Italy) and produced in
Saudi Arabia. It was used as a fresh standard with penetration grade 50/70 as measured by the usual
standardized procedure [39]. Essentially, the standard needle is loaded with a weight of 100 g, and the
length travelled into the bitumen specimen is measured in tenths of a millimeter for a known time, at a
fixed temperature.

The chemical composition of the bitumen in terms of saturates, aromatics, resins, and asphaltenes
(SARA) is reported in Table 1.

Table 1. Group composition of pristine bitumen.

Sample % w/w

Saturates 4
Aromatics 51

Resins 22
Asphaltenes 23

2.1. Sample Preparation

In order to produce simulated short-term and long-term ageing samples, pristine bitumen (PB)
was aged artificially via two conventional techniques: Rolling Thin-Film Oven Test (RTFOT) and
Pressure Ageing Vessel (PAV). The RTFOT simulation was used for three ageing terms (75 min, 150 min,
and 225 min) as per ASTM D2872, whereas the PAV simulation was performed on the virgin binder for
a long term as specified in ASTM D6521. The sample IDs of RTFOT-aged binders were adopted based
on their ageing time (BRTFOT-75, BRTFOT-150, and BRTFOT-225), while the PAV-aged binder was
named BPAV.

2.2. Asphaltene and Maltene Separation (Modified Conventional Method)

To perform optical microscopy measurements, asphaltenes were isolated from the bitumen in the
manner described elsewhere [40]. Chloroform and n-pentane were used as solvents to separate the
maltenes and the asphaltenes.

3. Methodology

3.1. Rheological Characterization

The performance grades of the binders were determined using a dynamic shear rheometer
(DSR) to quantify the viscoelastic properties in the temperature range 25–100 ◦C. The rheological
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measurements were performed by utilizing a shear-stress-controlled rheometer (DSR5000, Rheometrics
Scientific, Piscataway, USA), set up with a plate geometry (gap = 2 mm and diameter ∅ = 25 mm).
The temperature of the system was controlled by a Peltier system (±1 ◦C).

Temperature sweep (time cure) rheological tests were performed to analyze the mechanical
response of modified bitumens versus temperature. Bitumen exhibits aspects of both elastic and
viscous behaviors and is thus classified as a viscoelastic material [41,42]. DSR is a common and standard
technique used to study the rheology of asphalt binders at high and intermediate temperatures [43,44].

Operatively, a bitumen sample was sandwiched between two parallel plates, one standing and
one oscillatory. The oscillating plate was rotated accordingly with the sample and the resulting shear
stress was measured.

During the tests, a periodic sinusoidal stress at constant frequency of 1 Hz was applied to the
sample, and the resulting sinusoidal strain was measured in terms of amplitude and phase angle as the
loss tangent (tan δ).

All experiments were conducted during the heating of the bitumen sample. The study of
rheological characteristics, complex shear modulus, and phase angle was performed in a time cure
test (1 Hz) with a heating ramp rate of 1 ◦C/min. Information on the linear viscoelastic character of
materials was provided by small-amplitude dynamic tests through characterization of the complex
shear modulus [45]:

G∗(ω) = G′(ω) + iG′′ (ω) (1)

where G∗(ω) is the complex shear modulus, G′(ω) is the storage (in-phase) component (Pascal, Pa),
G′′(ω) is the loss (out-of-phase) component (Pascal, Pa), and i is the imaginary parameter of the
complex number. The definitions of the parameters are as follows:

• G′(ω) represents elastic and reversible energy;
• G′′(ω) represents irreversible viscous dissipation of mechanical energy.

The linear response regime was acquired by reducing the applied stress amplitude for the
viscoelastic measurements. All rheological analyses were achieved by applying stress within the
viscoelastic region.

3.2. Optical Microscopy

A polarized Leica Digital Microscope Light Polarized (DMLP) Research Microscope equipped
with a Leica DFC280 digital camera was utilized to track the melting behaviors and morphologies of
the asphaltenes. A Mettler FP82 HThot stage with a Mettler FP90 temperature controller was applied
to control the temperature profile. The sample was kept at constant temperature, for each investigated
temperature, for 10 min before taking images.

3.3. Nuclear Magnetic Resonance (NMR) Characterization

NMR characterization was conducted using a Bruker 300 spectrometer. A range of
temperatures—from 90 to 130 ◦C in 10 ◦C increments—was chosen to conduct NMR experiments to
determine the self-diffusion coefficient (D) for each binder.

Using Fourier transform, the acquired NMR spectra were derived from the free induction decay
(FID). In Figure 2, a typical 1H-NMR spectrum of the bitumen is presented. The number of scans used
in the pulsed NMR experiment was 8 with pulse width equal to π/2. The measurements of D were
conducted using a Diff30 NMR probe. As the transverse relaxation time (T2) is much shorter than the
longitudinal relaxation time (T1), the Pulsed Gradient Stimulated Spin Echo (PFG-STE) sequence was
utilized [46,47]. This sequence comprises three radiofrequency (RF) pulses of 90 (π/2-τ1-π/2-τm-π/2)
and two gradient pulses that are performed after the first and third pulse RF. τ1 and τm are the time
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intervals between RF pulses (milliseconds). The echo appears at 2τ1 + τm, and the ECHO amplitude
attenuation was derived from the equation below:

I (2τ1 + τm) = I0e−[
τm
T1

+
3τ1
T2

+(γgδ)2 D(∆− δ3 )] (2)

where D is the self-diffusion coefficient, and I and I0 are the signal intensities in the presence and
absence of gradient pulses. The NMR characterization parameters applied in the experiments to
investigate the samples were as follows: δ (2 ms), the gradient length pulse; ∆, diffusion delay time
(30 ms); and g, the gradient amplitude (from 100 to 900 gauss/cm). The number of scans increased due
to an increment in the number of repetitions. This NMR has a very low fitting standard deviation and
good reproducibility of measurements, where the uncertainty of D is approximately 3%.
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According to the colloidal model, bitumen is generally composed of two principal constituents:
asphaltene and maltene. The asphaltene is the rigid and polar part, which is characterized by high
melting points. The maltene, in turn, is the soft and oily part that disperses the asphaltenes. Considering
the low T2 relaxation times of the asphaltenes [48], the self-diffusion coefficients can be attributed
to the oily part of the bitumen; in fact, the NMR signal of asphaltenes relaxes during the pulse′s
application [49].

3.4. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was carried out using a Nanoscope VIII Bruker microscope which
was operated in tapping mode. In this mode, the cantilever oscillates close to its resonance frequency
(150 kHz) [50]. Since the cantilever oscillates up and down, the tip is in contact with the sample surface
intermittently. When the tip is brought close to the surface, the vibration of the cantilever is influenced
by the tip–sample interaction. The shift in the phase angle of the cantilever vibration implies energy
dissipation in the tip–sample ensemble, so it depends upon the specific mechanical properties of the
sample underlying the tip. For the measurements, cantilevers with elastic constants of 5 N/m and
42 N/m were used. Antimony-doped silicon probes (TAP150A, TESPA-V2, Bruker) with resonance
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frequencies 150 kHz and 320 kHz, respectively, and nominal tip radius of curvature 10 nm were used.
Phase images were acquired simultaneously with the topography.

4. Results and Discussion

4.1. Rheology

The below rheological plots illustrate consistent viscoelastic transition temperature (TR) trends
among the binders (see Figures 3 and 4). It is worth noting that at low temperatures, PB shows a
higher phase angle value when compared with aged samples; this indicates that PB has lower rigidity.
The TR for each of the studied aged binders increased with ageing, which implies an increase in
hardness. The effect of ageing on pristine bitumen shifted the TR depending on the duration of
ageing; for instance, the TR values of the most-aged binders, BRTFOT-225 and BPAV, increased by
approximately 25 ◦C in comparison with the neat bitumen. The phase angle, tan δ, increased with
temperature, signalling a reduction in material consistency, which means that the prevalent liquid-like
character is inclined with temperature [41]. In order to have a clearer image of the bitumen TR range
and the structural modifications, temperature-sweep experiments were plotted in terms of the elastic
modulus G′. This experiment was conducted at a frequency of 1 Hz and at a constant heating rate
(1 ◦C/min). The binder’s elastic modulus was observed continuously during a temperature ramp.
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Figure 4 depicts the elastic modulus G′(ω) against temperature for all studied samples, in the
temperature range 25 to 100 ◦C. In the temperature range 25–45 ◦C, the BRTFOT-75 and BRTFOT-150
binders had overlapped G′(ω) values, meaning their rigidity character is similar. At elevated
temperatures, however, the aged binders showed higher G′(ω) values depending on their degree of
ageing. For instance, PB had the lowest G′(ω) value in correlation with its tan δ value. After 60 ◦C for
virgin bitumen and after 70 ◦C for aged binders, nonlinearity tended to appear in the trends, indicating
the starting point of the TR region. When the elastic modulus is no longer detected, the transition
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process from viscoelastic to a liquid regime can be considered complete, and this proves that the
liquid-like behavior increases with temperature.

Interestingly, the viscoelastic responses of the PAV and RTFOT binders show similar rheological
behavior. This analysis should prompt thinking that the two kinds of ageing processes (RTFOT 225
and PAV) could have similar effects on the structure and self-assembling properties of the binder.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 15 
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4.2. Optical Microscopy

The PB and BPAV samples were studied under optical microscopy since they were the softest and
hardest samples among the investigated samples. In Figure 5, images of the PB and PAV asphaltenes
are presented. The results imply that the BPAV binder is harder than the PB binder due to a higher
concentration of asphaltenes.
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These images, obtained at 150 (a and d), 160 (b and e), and 165 ◦C (c and f), show the materials at
different crystallization stages. The high-temperature stage of the experiment also shows the melting
point of the crystallized material near 160 ◦C for the PB asphaltenes, while the material is partially
melted at 165 ◦C for the BPAV sample, where the crystals are almost lost.

These novel results reveal two crucial points: First, the asphaltenes are solid at temperatures
lower than 150 ◦C. Secondly, the asphaltene phase of virgin bitumen holds a different assembling
structure to aged bitumen.

4.3. Fourier Transform NMR Self-Diffusion Coefficient Test

An advanced molecular investigation was conducted using NMR in order to analyze the chemical
ageing processes and microstructural modification. As previously mentioned, Fourier transform (FT)
NMR self-diffusion coefficient (SDC) allows insight into the bitumen microstructure by detecting the
long-range mobility of the mixture constituents. The determination of motion over long distances,
in comparison with ideal micelles, provides a sensitive probe for the state of aggregates [47,51]. It is
crucial to note that the SDC values of asphaltene molecules cannot be detected owing to the short
transverse relaxation times of their protons; so, hereafter, the measured SDC values are related to the
maltene phase.

The observation of self-diffusion is based on the mobility of molecules. The motion of
these molecules can be hindered due to the obstruction they face during their mobility in media.
These typical data, observed where the motion occurs, can be considered as a fingerprint of the
microstructural behavior.

In this study, the SDC data for each sample were investigated within the temperature range of
90–130 ◦C, increasing in increments of 10 ◦C at a time, as per Figure 6. The SDC data are related to the
maltene part since at this temperature the asphaltenes are solid, meaning that their signals are not
visible on the NMR spectrum after a spin echo sequence. According to this chart, the SDC values
for binders decreased with ageing at each specific temperature. This effect is due to the stronger
rigidity in aged bitumen which unavoidably involves stronger intermolecular connectivity when
compared to the less dense network of the virgin bitumen, where the asphaltene domains are poorly
connected to each other. As a result of this aggregation-based process/modification, a progressive
shift from the viscoelastic toward the liquid regime dominating the highest temperatures occurs.
In this picture, the resin molecules, due to their amphiphilic nature, will tend to reduce the associative
interactions between the asphaltene particles by interposing themselves between the asphaltenes and
the maltenes. This phenomenon might be like that found in the deactivation of hydrophobic cross-links
in hydrophobically modified polymers by surfactants [43].

The interaction of the apolar part of the resin (its apolar moiety) with the maltene phase drags the
latter to more-hindered dynamics typical of the stiffened asphaltene-dominated structure. Another
mechanism concurrently present may be the formation of direct interactions between the surfactant
polar headgroup and polar parts of asphaltene. In fact, it has been recently highlighted that, in addition
to polar and apolar interactions, further specific interactions between surfactants themselves with
consequent peculiar self-assembly processes [52,53] dictate the final overall aggregation pattern [54]
and the (usually slowed-down) dynamics [55,56]. As an overall result of the two processes above
described, maltene molecules in aged binders showed lower SDC values. What remains to be seen is the
reproducibility of this gradual difference between virgin and aged binders at even higher temperatures
in future experiments. It is worth noting that the BPAV bitumen’s SDC value is a little bit higher
than that of BRTFOT-225. This result could be due to the different dimensions of the asphaltenes or
different structural network morphology. The BRTFOT-225 asphaltenes are expected to be bigger and
to provide a strong obstruction to the maltene molecules’ mobility. This difference in behavior is also
visible in both ageing techniques (RTFOT and PAV). This is an interesting finding, and it could be
hypothesized that the FT-NMR-SDC technique can be used to investigate the effects induced by the
ageing phenomenon in bitumen. In order to confirm this hypothesis, AFM morphological images
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were employed. By raising the temperature, we also observed upward trends in SDC values for all
binders; this can be attributed to the incremental liquefying (melting) of the solid constituents, which
inclines the motion of molecular protons. Although there was a steady rise in SDC measurements by a
degree for each 10 ◦C increment, they increased dramatically at 130 ◦C, reaching twice the values of the
respective binders at 120 ◦C. The results mentioned above are the most relevant findings and perhaps
the most significant, confirming that the FT-NMR-SDC technique can be utilized as a fingerprint for
the characterization of microstructural behaviors of bitumen.
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4.4. Atomic Force Microscopy (AFM)

AFM has been found to be a useful technique in bitumen microscopic analysis. In this work,
we aimed to analyze the AFM images regardless of the correlations between the bitumen structures at
different ageing processes in AFM images.

AFM characterization was performed in tapping mode at room temperature in air on a Multimode
8. The AFM system equipped with a Nanoscope V controller (Bruker) provided simultaneous
topography and phase imaging of the sample. The measurements of bitumen were performed using
probes with a conical tip of nominal end radius 10 nm and a resonance frequency of 150 kHz.

Phase images can show the sample’s viscoelastic properties and are useful for bitumen microscopic
analysis because materials with different viscoelasticity are clearly distinguishable: soft domains
appear dark, while the hard ones appear bright.

The AFM measurements in Figure 7 show that with increasing exposure time (RTFOT),
the morphological structure of asphaltenes changes. More specifically, in the aged samples, we note
the arising of progressively more oscillations in the AFM signal within each single cluster, a feature
which is known as “bee structure” [57] and which denotes structuring of asphaltene clusters at the
micrometer-length scale [50]. Moreover, the asphaltene domain size increased with ageing time.
For instance, at BRTFOT-225, the domains were about 10 microns in length and 5 microns in width;
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the AFM image of PAV bitumen instead revealed asphaltene domains smaller than those observed in
BRTFOT-225, homogeneously dispersed on the sample surface.
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Figure 7. AFM phase images of PB, BRTFOT-75, BRTFOT-150, BRTFOT-225, and BPAV.

It must be pointed out that asphaltene clusters as they are seen by optical microscopy (length scales
of micrometers) are the overall, long-range result of asphaltene molecules’ hierarchical aggregation
occurring at different length scales [50], for which different kinds of intermolecular interactions,
from strong and short-range to weak and long-range, are involved. Among these, however, polar–polar
interactions are expected to play the major role, since amphiphilic molecules can effectively bind,
through their polar moiety, the polar groups of the dispersed molecules or the interfacial polar
groups if the molecules are dispersed as clusters, as in the case of asphaltenes in the bitumen. So,
a change of the cluster structure can be expected if the polar interactions are strong enough to
trigger competition between asphaltene–asphaltene interactions and asphaltene–additive interactions,
competition which has been found to be typical at the nanoscale in complex systems [58]. In light
of this observation, atomic force microscopy can be seen additionally as a technique to indirectly
probe the interactions taking place at shorter length scales, allowing us to explain, in the present work,
the trends observed by FT-NMR-SDC. AFM images show the structural morphology of the bitumen,
and they allow us to understand where maltene molecular mobility occurs. Considering the RTFOT
ageing, the decrease in self-diffusion coefficients at all temperatures is apparently due to an increase in
the size of asphaltenes, while the BPAV image clearly shows a different structural morphology from
that in the image of BRTFOT-225.

5. Conclusions

In summary, ageing produces fundamental modifications in the colloidal structure of bitumen.
Ageing also causes oxidation of bitumens and, consequently, increases the content of large molecules
and the bitumen’s molecular weight; these changes increase with ageing time. The two conventional
ageing processes (RTFOT and PAV) modified the colloidal system of the bitumen, and both showed
a certain level of asphaltene content. The RTFOT ageing, for different exposure times, changed the
asphaltene structure in a consistent way, while the PAV ageing created a new colloid structural network.
From the tangent loss and elastic modulus results, the rheological properties of the aged binders were
found to be dependent on bitumen oxidation and changes in microstructures. The impact of these
varies with the amount of ageing.

From the optical microscopy results, we concluded that the microstructural assembly of asphaltenes
in unaged and aged bitumen is different, which is consistent with our FT-NMR-SDC observations.
The core of this investigation was focused on using FT-NMR-SDC to track changes in the chemical
functionalities of an unmodified binder and four types of aged binders manufactured with the same
bitumen subjected to RTFOT/PAV ageing conditions. Most interestingly, this technique showed strong
ability to monitor the ageing processes and to highlight the structural differences induced during
ageing. The AFM results indirectly confirmed what was obtained via the FT-NMR-SDC technique by
showing that the size of asphaltenes in aged bitumens is increased when compared with the size of
asphaltenes in unaged bitumen.
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The latter results provide new information in addition to that already present in the scientific
literature regarding the subject, providing a more complete picture of the ageing process, in particular,
on how the ageing techniques used in the laboratory affect the chemical structure of bitumen. This new
information can be used in future research for the creation of new rejuvenating additives that are even
higher performance than those currently on the market.
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Abstract: Asphalt concretes are materials used worldwide. It is well-known that in such materials
the minor component, the bitumen, plays the most important role since it binds the high fraction
(>95%) of inorganic macrometer-sized particles ensuring a coherent material fit for uses in road
pavement. Additives can be used to increase the overall rheological properties, with high benefits in
terms of resistance to mechanical stress and to ageing. Among these, nanoparticles have recently
been considered as very effective additives in increasing the overall performance, increasing the
viscosity, the rutting parameter and the recovery from deformation. However, they are expensive, so a
delicate equilibrium between costs and benefits must be found for large-scale uses. In this framework,
we furnish our critical analysis of the state-of-the art technologies used for improving the bitumen
performances by means of nanoparticles with an eye to eventual added-values (like anti-oxidant
effect, antistripping properties, or UV radiation screening which avoids radiation-induced ageing
. . . ). We will critically consider the costs involved in their use and we will give our opinion about
vanguard techniques which can be fit for the analysis of nanoparticles-containing bitumens and
asphalts. Interesting perspectives will be also given for future research and applications.

Keywords: nanoparticles; bitumen; asphalts; surface functionalization

1. Aim of the Work

This work is far from being a review of the state-of-the art technologies, methods and materials
used for using nanoparticles-containing bitumens and asphalts. For this, specialised textbooks, good
reviews, and interesting research articles are present. They can furnish all the necessary information.
This work is, instead, a critical presentation of this field, introducing the reader to the properties of
nanoparticles and their use to improve the properties of bitumens and asphalt concretes. For this
purpose, the various kinds of nanoparticles (nanosilica, nanoceramics, nanoclays, and even organic
nanoparticles or inorganic nanoparticles surface-functionalised) used in this field will be rationally
classified and presented. The added-value properties they confer to bituminous materials will be
critically discussed, highlighting at the same time both positive and negative aspects, costs included.
The purpose is to furnish useful and critic comparisons, suggestions and perspectives. This work is
therefore a thought commentary on all the aspects involved in this topic, from the physical origin of
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the emergence of novel properties, to the principles to be followed to choose the most appropriate
technique of investigation, according to the complex nature of the material involved and according to
the specific chemical aspect needing investigation. The aim of the work is then to provide a panoramic
view of the state-of-the art, making useful criticisms and giving comments and suggestions, to make
researchers conscious of several hidden aspects that can be hardly found in standard research articles
(for instance how to analyse IR spectra, how to improve the excitonic absorption to make bitumens
resistant to UV radiation, how to investigate the distribution of nanoparticles in the bulk state rather
than in the surface as usually done by standard microscopies, the eternal costs/benefits struggle, need
of interdisciplinary works etc.). To do so, the work will follow this logical scheme: we first show
(Sections 2 and 3) the peculiar properties of bitumens and how they can be improved by the use of
nanoparticles and why; then we present the problems to be faced: the issue of nanoparticle stabilization
and the cost involved. To show how to face these problems, we will present the possible solutions to
obtain a reasonable cost/benefit equilibrium, in order, from the cheapest solution (use of inorganic
nanoparticles), gradually moving to surface-functionalized nanoparticles up to the use of organic
nanostructures (Sections 4–6). Then, we will comment the added values conferred by the nanoparticles
(Section 7) and the experimental methods for a proper characterization (Section 8), to finally conclude
with future perspectives as we see them (Section 9).

It is our conviction that literature is quite rich in experimental works related to the use of
nanoparticles in bitumens, but it is still relatively poor in works critically commenting the state-of-the
art and offering different points of view especially on the basis of the fascinating fields of molecular
physics and the physics of complex systems. We hope that this contribution could finally tickle
researchers’ curiosity and stimulate their imagination in the piloted design of material for road
pavements with ever-increasing performances.

2. An Introduction to the Problematics

2.1. Bitumen and Asphalt Generalities

Bitumen is an involatile, adhesive, waterproofing, highly viscous viscoelastic fluid derived from
the crude oil topping distillation process or present in natural sources [1]. Its composition and
physicochemical properties depend on the crude oil sources undergoing the distillation process [2,3].
However, the molecules present in a bitumen are not uniquely defined so the bitumen is classified
according to the relative amounts of four classes of molecules (Saturates, Aromatics, Resins and
Asphaltenes), never by the definition of the millions of constituents individually [4].

A typical composition is reported in the top panel of Figure 1. However, the exact relative fractions
of any specific bitumen can be determined by the S.A.R.A. method [5], usually following the ASTM
D4124-09(2018) procedure.

Bitumen viscoelastic properties allow its use as binder for the inorganic particles used in road
paving. In this use, it is heated so that its viscosity decreases sufficiently [6] to allow it to be properly
mixed with the aggregates; after cooling down to ambient temperature, the bitumen will act as a
viscous binder of the aggregates.

Bitumen has a very complex structure consisting of polar asphaltene stacks of aggregates stabilized
by resins and dispersed in apolar components (saturates and aromatics). The similarity with micellar
systems gives this picture the name of “micellar model”, but the structures turn out to be more complex
since asphaltene clusters are organized in complex way at various hierarchical levels of different
length-scales [7].

The complexity of this system is even higher if we consider that both the composition and
(therefore) the structure changes with time, since ageing takes place with various mechanisms leading
to brittleness with time [8,9].
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2.2. Our Opinion on The Role of Resins and Amphiphiles

The maltene glass transition temperature is certainly an important factor governing the rheological
properties [6], but effective asphaltene content and their aggregation state is practically the most
important factor dictating properties of the bitumen and resulting asphalt [10].

For this reason, we want to emphasize the role of resins. To do so we can present chemical
reasoning applying to bitumens what is known about colloidal systems: the stabilization of the
polar domains is of pivotal importance for determining both the structure and the properties of the
overall aggregates.

It is therefore clear that resins are the stabilizing agents that actually hold up the overall structure
of the system. This peculiar characteristic is given by their amphiphilic properties, i.e., the molecules
have both polar and apolar parts within their molecular architecture. So, at their polar end they can
bind the polar clusters of asphaltenes, and at the apolar one, they can bind the maltene, acting as a
bridge between the polar and apolar domains which, in absence of such molecules, would be unstable
towards segregation/separation/ sedimentation. Without going deeper into details, it is important to
point out that their role in the overall self-assembly and dynamics is complex. Besides simple polar
and apolar interactions, further specific interactions between amphiphiles themselves can in principle
take place.

It has been recently highlighted that the mutual interactions between amphiphiles lead to peculiar
self-assembly processes [11,12] sometimes with extended molecular networks, dictating the final overall
aggregation pattern [13] and the (usually slowed-down) dynamics [14,15]. In any case, the bottom-up
self-assembly of organic-based complex materials is sometimes a very complicated issue [16].

Given the extreme sensitivity of the aggregation pattern to the presence of other amphiphiles, our
opinion is that amphiphiles can be considered as one of the most promising and effective classes of
substances which can be used for improving the properties of bitumens and asphalts. It is not a case
if the most effective and important additives are amphiphilic substances: since resins influence the
asphaltene dispersion within the matrix avoiding their aggregation, they promote structural stability
hindering the deterioration of the rheological performances [17].

In the context of nanoparticle-containing bitmens and asphalts, the role of resins is even more
important, since they must stabilize also the nanoparticles in the apolar maltenic matrix typical of
the bitumens.

Amphiphilic compounds have proven in fact to be effective in stabilizing organic-based
materials [18,19], inorganic complexes [20,21] and above all inorganic nanoparticles dispersed in
the apolar phase [22–24], even under drastic conditions [25,26]. Since aggregation is usually a
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thermodynamically favored process, the effect of resins is therefore also important in contrasting
ageing effects, thus increasing the service life of the asphalt [27].

2.3. From Macro Aggregates to Nanoparticles: Size Matters

A recent definition of nanomaterial concisely given by the European Commission is: “A natural,
incidental or manufactured material containing particles, in an unbounded state or as an aggregate or
as an agglomerate and where, for 50% or more of the particles in the size distribution, one or more
external dimension is in the size range 1–100 nm” [28].

It has been understood that nanometer-sized particles have unique properties which cannot be
found in their relative bulk counterparts. Their use in asphalt production is then becoming more
and more appealing: nanoparticles can give increased pavement load and decrease its cracks due
to fatigue during the operational life, they boost asphalt concrete pavement long-term performance,
they give better resistance to traffic and environmental loads or mitigate the incompatibility between
some natural aggregates and the bitumen binder, enabling more sustainable and durable pavement
solutions [29]. The origin of this interest can be traced back to the enhanced surface to volume ratio [30].
In Figure 2 it is shown the fraction of surface atoms with respect to the total amount of atoms, making
part of a model cubic sample made of atoms arranged in a primitive cubic lattice of lattice spacing L0.
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Figure 2. Fraction of surface atoms and mean coordination number in a primitive cubic sample (L0 is
the atom bond distance, see text for comments).

It can be seen that, with decreasing size, the fraction of surface atoms increases as well as the
fraction of low-coordination number atoms (atoms at the edges and at corners). Such atoms have
dangling bonds which need to be saturated by bonds with other chemical species and therefore they
have peculiar properties and a certain reactivity.

The use of nanosized particles has given rise to a modern technological field: nanotechnology.
Many different aspects are included [31]: Nano- and quantum electronics, nanostructured materials,
scanning probe microscopy, molecular materials for electronics, molecular technology, computer
modelling, cluster and mesoscopic science and technology and supramolecular chemistry, which have
all become part of nanotechnology since the late nineties, are to be taken into account. Finally, this new
field is nowadays involved in construction and road pavement materials [32–34].
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Figure 3, inspired from a work by Sobolev and Ferrada-Gutiérrez [35], shows how the use
of nanoparticles with sizes down to the nanometer range can be used in various bitumen and
asphalt technologies.
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If Portland cement aggregates, fly ashes, natural sands and coarse aggregates are involved in
conventional asphalt concretes, more finely-subdivided particles (size 10 nm and above) like metakaolin,
finely ground mineral additives and silica fumes are employed in the production of high strength/high
performance concrete. Recently, even smaller particles (down to 1 nm) and mesoporous materials with
large surface area (5–100 m2/g), have been employed in nano-engineered asphalt concretes.

Since there are clear differences among all the disciplines involved in the study of nanostructured
materials, it is evident that nanotechnology applied to bitumens is a complex structure of interconnected
research areas. It follows, and we strongly support this, that synergic co-operation among researchers
with different skills is to be considered pivotal making nanosciences definitely multidisciplinary, an
aspect which cannot be absent in modern research in general [36].

2.4. A Problem Arises: Nanoparticles Tend to Aggregate

The use of nanoparticles poses however a problem. Due to the general incompatibility between
the chemical nature of the bitumen and that of the inorganic particles, a tendency of nanoparticle
aggregation/separation is observed. This will be seen afterwards, when the solution to functionalize
nanoparticle surface will be discussed in Section 5 entitled “An expensive solution: organic-modification
of inorganic nanoparticle surfaces”.

Although detailed discussions on the possible mechanisms of nanoparticle growth/aggregation
can be found in the literature [37,38], it is important to simply point out here is that the driving force
of any growth process is the attempt of surface atoms to form bonds to complete their coordination
structure so it can be expected that the more efficient is the saturation of surface dangling bonds by
growing, the more powerful the driving force is. The variation of the number of surface atoms with
increasing the particles size is then represented by the size derivative of the fraction of surface atoms,
reported in Figure 2, upper panel.

This force diminishes very rapidly with size but, increasing the nanoparticle size, their peculiar
characteristics are progressively lost. It is now obvious that the use of nanoparticles in bitumen
technology must involve the size control. This is, indeed, what is generally done by the functionalization
of nanoparticle surface.

Thus, not only must the method for nanoparticle preparation take into account the final nanoparticle
size, but also a method for their stabilization should be taken into account, thus involving an obvious
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cost increase. The costs to improve bitumens properties with the addition of nanoparticles are not
trivial at all, and can make the difference between an affordable method or not. Some comments about
the costs are therefore the topic of the following section.

3. The Main Drawback: the Costs

This is a crucial point: at what extent a given technological field can bear the costs of reducing the
size? Each size regime has specific properties and can give application-specific added-value, so it is
not true that smaller means better. There is a delicate equilibrium among properties, costs and added
value to be taken into account.

At current prices, for the nanomodifications to be cost effective, a significant improvement in
durability has to be attained. It is expected that the production of nanoparticles in bulk quantity and the
use of alternative sources will significantly reduce the costs. For example, rice husk, an abundant waste
biomass with high content of silica was identified as a potential low-cost resource for the production of
nanosilica particles [39]. Therefore, it is necessary to carry out economic, ecological and environmental
evaluations of nanomodified asphalt before a large-scale application in practical engineering.

The use of nanoparticles implies costs which make nanoparticles-additivated bitumens and
asphalts much more expensive. The costs involved in bitumen and asphalt productions depend on
different factors as depicted by Martinho et al. [40]. However, they are of the order of 3–350 (€/ton) for
common bitumens/asphalts as listed in Table 1

Table 1. Cost evaluation of typical asphalt mixtures.

Materials Average Unit Prices (€/ton)

Bitumen 35/50 350
Natural aggregates 10

Electric arc furnace steel slag aggregates 3
Reclaimed asphalt pavement aggregates 5

Recycled concrete aggregate 5

In comparison to this, the cost of nanomaterials to be used as asphalt additives is much higher.
This is due to the use of expensive equipment and technology and the highly qualified personal
involved and so on.

Products with high purity and narrow size range and high specific surface may demand higher
processing efforts, higher complexity of the apparata involved and higher skills of the people involved,
thus implying higher final costs. For this reason, it is not possible to define a cost for a given
nanomaterial, but only a rough range. Mind that the prices for nanoparticles are not given in €/ton
like for bitumens, but in €/kg or even in €/g! Let us examine Table 2, which reports some indicative
ranges for nanoparticle costs, for some comments. From a perusal of Table 2 it can be seen that the
cheapest material is nanosilica, which can cost down to 80 €/kg (see 0.08 €/g, first entry in the table).
However, its surface modification to increase its compatibility with the apolar nature of the bitumen
increases the cost a lot, so a silane-modified nanosilica cost between 180 €/kg to 450 €/kg. If organic
particles are used the cost increases severely: the most expensive family of such nanomaterials is that
of single walled nanotubes, whose cost can span from 65 €/g to about 200 €/g. Multiwalled carbon
nanotubes (MWCNTs) are cheaper, ranging from about 2 €/g up to 40 €/g. Among the organic carbon
nanostructures, however, carbon nanofibers and nanoplatelets are the most affordable solutions, since
their cost hardly exceeds 15 €/g [41].

Of course, specialized technology development and the increasing market of carbon and graphene
families will cause a decrease in their price, probably making such kind of materials more appealing
for bitumen and asphalt modification. However, at the moment, the use of inorganic nanoparticles is
still the most affordable solution.
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Table 2. Costs of inorganic and organic nanoparticles used as additive in bitumens and asphalt concrets;
(a) Laser Synthesized; (b) from [42]; (c) from [43].

Materials Unit Price (€/g)

Inorganic nanoparticles

Nano SiO2

40 (a)
0.08–0.15 (b)
1.6–6.5 (c)

Nano Iron 4.8–17
0.1–2.6 (b)

Fe2O3

3.4
0.1–0.3 (b)

4.42–11.5 (c)

Nano ZnO 1.48
1.23–1.94 (c)

Nano CuO 2–7.2
1.24–9.8 (c)

Nano Al2O3
1.8–9

1.3–6.9 (c)

Nanoclay (800 nm) 1.16

Organic nanoparticles

Single Walled CNT (SWCNT) 65–195
54.7–263 (c)

Double Walled CNT (DWCNT) 43
51.21 (c)

Multiwalled CNT (MWCNT) 1.5–33
30.9–34.4 (c)

Graphene Nanoplatelets (GNP) 6–11
15–114 (c)

Graphene Oxide (GO) 68–165
172 (c)

Reduced Graphene Oxide (rGO) 48

Carbon Nanofibers (CNF) 14
65 (c)

4. A Cheap Solution: The Use of Inorganic Nanoparticles to Improve Mechanical Properties

Nanosilica is probably one of the cheapest materials among all the nano-sized ones, and this
renders its use quite affordable, due to its high stability, ability to disperse, filler effect and its pozzolanic
reactivity [44,45]. Besides, the rutting resistance, fatigue cracking and anti-stripping properties are
enhanced [46].

Several authors have added nano-SiO2 to a bare bitumen to demonstrate enhancement of
performance (softening point increases according to the nanosilica content, while penetration decreases)
as well as a clear improvement in storage stability [47]. Zghair et al. [48] self-consistently found that
the penetration value and the ductility decrease with the amount of nanosilica whereas the softening
temperature and rotational viscosity increase.

The effect of silica is clear also in the increase of the Marshall stability and of resistance against
rutting at loading conditions, as well as the fatigue life of warm mix asphalts as found by Galooyak
et al. [49], They conclude that increasing mixing times would positively affect the properties of the
binder, because, obviously, longer times can guarantee a better dispersion. However, as the authors
correctly point out, this would increase the energy consumption and consequently the costs.

As Crucho et al. themselves admit [50], nanosilicas are the most studied materials as asphalt binder
modifiers. This is unavoidable, in our opinion, due to the low cost and the ease of supply. Despite the
wide use of nanosilica, however, comparative studies among different kinds of nanoparticles are also
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important: thanks to comparative studies, in fact, it was found that nano-TiO2 has more problems than
nano-SiO2 in chemical compatibility with the apolar bitumen [51] while hydrophilic bentonite and
Zero-valent nano-iron have better affinity with bitumens [50].

Specific influences of nano- TiO2, ZnO, Al2O3 and Fe2O3 in the creep rate and strain modulus of
hot mix asphalt have been also highlighted [52]. Nano-CuO was, instead, found to enhance resistance
to rutting deformations of bitumens and aged bitumens but only at temperatures lower than 64 ◦C [53].
The authors also found that the addition of nano-CuO to bitumen enhances its fatigue cracking, while
other authors have found that nano-CuO can be used as phase change material to increase thermal
properties (glass transition temperature, melting peak temperature, specific heat capacity) [54].

Nazari and other co-workers [55] explored the potential of CaCO3 nanoparticles, besides those of
SiO2 and TiO2. Confirming that silica are the particles giving greatest fatigue resistance, the authors
detected a possible antioxidant effect of nano-TiO2 and nano-CaCO3.

A similar comparative study among SiO2, TiO2 and CaCO3 nanoparticles was conducted with F.M.
Nejad [52] who confirmed that the major effect was found with nanosilica, probably due to its higher
specific surface and lower density (which probably gives a higher volume fraction in the bitumen at
parity of w/w%).

In this scenario, an interesting class of nanosilicates is surely nanoclays. They are hydrated
silicates with a sheet-like geometry. For this reason, such hydrated silicates are generally known as
phyllosilicates [56] (from the Greek phillon, leaf). Phyllosilicate sheets are made up of repeating units
of six-membered rings, in turn made up of the SiO4 tetrahedral units. Each ring is shared with the
other three oxygen atoms [57].

It is a low-cost material, in fact easily available as residual clay (originated from the surface erosion
of rocks or sedimentary rocks) or as transported clay (that is, due to atmospheric agents, removed from
the original deposit site and transported far away) [56]. For this reason, clay has always been one of
the most used materials in construction. In this context, it was found that bitumen can be reinforced
with nanoclay particles since they confer increased stiffness and resistance against aging as well as
improved elastic properties [58].

Due to the generally high costs involved in the use of nanoparticles, a brilliant idea is that of
Hussein et al. [59], who wanted to reuse the waste from the ceramic material industries as possible
modifiers for bitumen. They crushed the powder, sieved it at 75 µm, and heated it for 30 min at 130 ◦C
for water elimination, and finally grounded it using a milling bowl. Consistently with other authors,
they found that the presence of nanoparticles caused a decrease in penetration, an increase in softening
temperature and an improvement in resistance to rutting. However, due to the nanoparticles’ high
surface energy, the authors found that their agglomeration is favoured. This aspect has been shown
from a theoretical point of view, using simple chemical reasoning, in Section 2.4 entitled “A Problem
Arises: Nanoparticles Tend to Aggregate”.

5. An Expensive Solution: Organic-Modification of Inorganic Nanoparticle Surface

As the eager reader has probably already observed, some authors have reported problems in the
chemical compatibility of the nanoparticles [51] and nanoparticles’ tendency to agglomerate due to the
high surface energy [59]. To solve this problem, an expensive but effective solution is represented by
functionalization of the nanoparticle surface to change its chemical nature, making it more compatible
with the apolar nature of the host matrix (bitumen, asphalt) thus avoiding instability problems.

The role of aluminium oxide nanoparticles in the rheological properties of bitumen modified with
acrylonitrile styrene acrylate (ASA) polymer was investigated by Mubaraki et al. [60]. An increase
in viscosity, softening point temperatures and in storage stability and resistance against rutting were
found. Nano-montmorillonite (size 1–2 nm), after organomodification to make it organophilic for a
better dispersion in bitumen, was tested by Sedaghat et al. [61].

The functionalization of silica nanoparticles with (3-aminopropyl) triethoxysilane (APTES) can
favour their dispersion (probed by SEM) within the bituminous matrix, and consequently improve their
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performance (reduction of the chemical aging index—CAI—for carbonyl and sulfoxide groups, higher
rutting parameter and lower cracking parameter) [62]. The same authors explored the possibility to
combine different coupling agents to minimize nanoparticle agglomeration [63].

Effectiveness of surface functionalization was confirmed by Li et al. [64] who found that a better
dispersion of the nano-ZnO inside the bitumen is achieved if nanoparticles are silano-modified at the
surface (FT-IR checks if the silano-modification is effective). Surface treatment of nano-SiO2, nano-TiO2

and nano-ZnO with γ-(2,3-epoxypropoxy) propyltrimethoxysilane as silane coupling agent to modify
the nanoparticles’ surfaces was performed by Zhang et al. [65]. Similar clues were found by Chen et al.
in 2015 [66].

In general, it is now quite clear that the surface modification improves the dispersion. A worth of
note is the work by Sun et al. [67], who used modified nanoparticles (seven different nanoparticles:
SiO2; CaCO3; montmorillonite; TiO2; Fe2O3; ZnO and bentonite with size in the range 15–30 nm
functionalized with silane stearic acid or polyethylenimmine). They demonstrated how modification
can give better performances (softening point and viscosity general increase, parallel to decrease in
ductility) especially at high temperatures. It is important to note, in our opinion, how the authors are
convinced about the importance of the surface modification to influence the final material properties.
Probably for this reason, in fact, these authors improved the methodology for surface modification of
nanoparticles. The previous procedure involved dosing the coupling agents on the amount of bitumen;
instead, in their new procedure the percentage by weight of coupling agents is calculated with respect
to the quantity of nano-SiO2. In doing so, they discovered the optimal amount of coupling agent with
consequent benefits procedure efficiency.

6. Novel Materials: Organic Nanoparticles

The problem of chemical compatibility between nanoparticles and the bitumen/asphalt can be
solved also if organic nanoparticles are used. This is in our opinion a brilliant solution since in this
way the cost of the surface functionalization of inorganic nanoparticles is also avoided.

Chen et al. [66] found that organic expanded vermiculite compounds (OEVMT) give better
resistance to fatigue and higher thermal stability with respect to nano-TiO2 and nano-ZnO modified
on the surface by Υ-(2,3-epoxypropoxy)propyltrimethoxysilane, even if inorganic nanoparticles
nano-TiO2 showed better resistance to photo-oxidation and, consequently, better anti-aging effect due
to their semiconductor nature. However, for further comments on the photo-protection effect given
by nanoparticles see below the section about “Added-Values Given by the Use of Nanoparticles”.
In similar way, Zhang et al. [68] found that OEVMT, treated with star quaternary alkylammonium
chloride to modify its interlayers from hydrophilic to lipophilic, can contrast the thermo-oxidative
aging. Another interesting class of organic nanoparticles is that of carbon nanostructures: graphenes,
nanotubes and nanofibers. Such nanostructures are schematically depicted in Figure 4. Their main
use is in electronics-related applications like in flexible electronic and optoelectronic devices [69] or
as electrodes and buffer layers component in polymer solar cells (PSCs) [70], but they were found to
behave like reinforcing fillers in composites, photochemical cells, etc. [71]. This “filling” behavior can
be transferred from to the fields of construction materials [72–75].
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Figure 4. Panel (A): (a) 3D representation of cup-stacked graphene layers in a single CNF, and (b)
Simplified schematic of stacked-cup carbon nanofiber helical structure with inset showing TEM image
of inclined orientation of grapheme planes along the side of structure with respect to nanofiber axis.
Image taken from [76]. Courtesy of Elsevier. Panel (B): Schematic of size and morphology distribution
of various nanotubular structures that shows the main difference in the structure between carbon
nanofibers and carbon nanotubes. (a) single wall carbon nanotube, (b) multi walled carbon nanotube,
(c) carbon nanofiber, (d,e) carbon fibers of different complexity. Reprinted from [68].

Generally, the use of nanostructured carbon materials gives more durable substrates [77], so,
for example, graphene was used as modifier in bitumens [78,79] conferring increased stiffness and
improving elastic behavior. However, the main drawback of the use of graphene as a bitumen
modifier—and more generally as an element to improve the mechanical performances of construction
materials—is its high production cost. For this reason, the studies on grapheme are very few and have
been shifted toward graphene-derived nanomaterials like graphene oxide (GO) [80], and graphene
nanoplatelets (GNPs) [81,82] or some cheap carbon nanotubes and carbon nanofibers. The general
structure of carbon nanotubes and carbon nanofibers is shown in Figure 4A. Carbon nanotubes were
found to give stiffness increase and strain decrease regardless of the stress applied [83] improving also
the mechanical performance of hot mix asphalt (HMA). Multi-walled carbon nanotubes (MWNTs)
were used by Loise et al. to improve the rheological properties of bitumen [84]. In this case, the
authors hypothesize that higher defectiveness in MWNTs gives better improvement of the rheological
properties, due to a probable formation of networks bridged by MWNTs defects. Finally, an increase
by a factor of 2–3 in the fatigue life of bitumens modified with carbon nanofibers and improved
characteristics of hot mix asphalts were found by Khattak et al. [85] who, highlighting the actual
requirement of huge amounts of solvents to disperse CNFs, advise of the need to explore more
eco-friendly mixing techniques to use lower amounts of solvents.

In conclusion, there is no doubt that organic nanoparticles have a chemical nature intrinsically
compatible with that of bituminous materials, and that their use avoids the costs of further steps
consisting in the chemical modification of nanoparticle surface, like in the case of inorganic nanoparticles.
However, their cost is still high in some cases (graphenes, nanotubes). The increasing market of carbon
and graphene families and the technology development specialized in the production of such kind of
materials will cause a decrease in their price, probably making carbon nanostructures more appealing
for large-scale applications like in bitumen and asphalt modification.

7. Added-Values Given by the Use of Nanoparticles

There are numerous examples showing that the addition of nanoparticles within the bitumens or
asphalts confers specific properties of certain added values. For example, hot mix asphalt mixtures
modified with carbon nanofibers can give piezoresistive responses [86].

Modification of bitumens with nanoclays (montmorillonite) reduces their flammability. In this way,
bitumen can move from a “fuel” classification to a “self-extinguishing” classification [87]. The proposed
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mechanism of action is interesting: nanoclays can catalyse char-forming reactions producing charred
residues which are able to delay the escape of volatile products and the penetration of oxygen thus
hindering combustion.

Nano-zinc oxide can also behave like an antistripping agent in hot mix asphalt (HMA) with
limestone and granite as aggregates [88]. It was found, in fact, that nano-ZnO decreases the acidity
of the bitumen thus favouring the adhesion between the bitumen itself and acid aggregates, such
as granite. In this way, nano-ZnO improves the adhesion between the bitumen and the aggregates,
especially in the case of moisture-conditioned samples.

Another very interesting added value provided by the addition of nanoparticles is the protection
against aging. Aging effect, indeed, is particularly severe in surface layers that are exposed to
environmental conditions such as UV radiation, moisture, oxygen, and temperature changes [89]. In this
ambience, even if there are examples of uses of very expensive materials like silver nanoparticles [90]
to contrast oxidative aging, nano-TiO2 and nano-CaCO3 were found to have a possible antioxidant
action [55]. However, another interesting effect is that provided by semiconductor nanoparticles
in the screening of UV-radiation. Thus, nano-ZnO was found to give good resistance of modified
bitumens to the UV aging, although Du et al. [91] found that their effect depends on the bitumen
nature. The potential of ZnO nanoparticles to increase the resistance of bitumen to ultraviolet aging
was also studied by Li et al. [64] and Zhang et al. [65].

Since some semiconductor nanoparticles have some problems in chemical compatibility with the
apolar bitumen [51], other authors modified their surface to better disperse nanoparticles within the
bituminous matrix [65,67].

The problems of obtaining a better distribution of nanoparticles come above all from the chemical
reasoning that asphalt concretes are heterogeneous materials: there are composed of aggregates,
nanoparticles, bitumen and pores; sometimes there are also networks, so the mechanical properties
depend also on the form and the distribution of the aggregates. Some more comments are given below,
in Section 8.2 entitled “How to Probe the Distribution of Nanoparticles: Nanotomography as One of
the Techniques of Election”.

However, in the case of semiconductor nanoparticles, we want to stress another aspect which
in our opinion has to be taken into account for. Semiconductor nanoparticles have basically two
effects whose relative contributions are in complex competition: (i) their semiconductor nature allows
absorption of those radiations whose energies are above the energy gap value and (ii) the size in the
nano-regime allows radiation scattering within the sample.

Our opinion is supported by the observation, made by Chen et al. [65], that 3% w/w of nanoparticles
is the optimum amount of nanoparticles in giving resistance to photo-oxidation, but 1% of nanoparticles
gives worse behaviour even with respect to the reference bitumen. This is consistent with the competition
of two opposite effects.

We think that at low nanoparticle concentration a detriment effect can arise as a result of the
scattering contribution of the nanosized particles which helps in diffusing the radiation within the
sample. This effect is not counterbalanced enough by the absorption contribution of such nanoparticles
which would help in depleting radiation. So, at nanoparticles concentrations higher enough, the
absorption effect can overcome the scattering contribution and so effective photo-screening and
protection of the matrix can take place.

It is obvious that the capability of nanoparticles to absorb photons must be exactly determined for
a wisely-designed bitumen, and this requires suitable techniques for nanoparticle characterization.
For this aspect we will give some hints, comments and perspectives in Section 8.3 entitled “UV-Vis
absorption for probing bitumen screening towards UV radiation”. A scheme of the techniques used
with the corresponding references is reported in Table 3.
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Table 3. A panoramic view of the techniques used for investigating nanoparticles-containing bitumens and asphalts.

Techniques Authors Bitumen Matrix Nano-Materials

X-Ray Diffraction
(XRD)

Jahromi et al. (2009) [58] Fresh, short-term aged, long-term aged Clay (closite and nanofil)
Wu et al. (2009) [87] Fresh, short-term aged, long-term aged Clay (montmorillonite)

Zhang et al. (2015) [67] Fresh, long-term aged, UV aged ZnO
Chen et al. (2015) [66] Fresh, short-term aged, long-term aged, UV aged SiO2, TiO2, ZnO

Nazari et al. (2018) [55] Fresh, short-term aged, long-term aged SiO2, TiO2, CaCO3
Loise et al. (2019) [84] Fresh Carbon nanotubes

Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Hussein et al. (2017) [59] Fresh Ceramic powder

Li et al. (2018) [92] Fresh, SBS modified Graphene oxide

Fourier-Trasform Infra-Red Spectroscopy
(FTIR)

Zhang et al. (2015) [68] Fresh, long-term aged, UV aged ZnO
Du et al. (2015) [91] Fresh, short-term aged, UV-aged ZnO
Li et al. (2015) [64] Fresh, short-term aged, UV-aged ZnO
Ali et al. (2017) [93] Fresh Al2O3
Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, Fe2O3

Hussein et al. (2017) [59] Fresh Ceramic powder
Olabemiwo et al. [90] Fresh Ag

Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, carbon nanotubes
Li et al. (2018) [92] Fresh, SBS modified Graphene oxide

Nazari et al. (2018) [55] Fresh, short-term aged, long-term aged SiO2, TiO2, CaCO3
Liu et al. (2018) [94] Fresh, WMA, HMA Graphene oxide

Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Atomic Force Microscopy
(AFM)

Zhang et al. (2015) [65] Fresh, long-term aged, UV aged ZnO
Du et al. (2015) [91] Fresh, short-term aged, UV-aged ZnO

Hussein et al. (2017) [53] Fresh Ceramic powders

Scanning Electron Microscopy
(SEM)

Arabani et al. (2015) [83] HMA Carbon nanotubes
Taherkani et al. (2016) [87] Fresh SiO2

Nejad et al. (2016) [95] Fresh, HMA TiO2, ZnO, Al2O3, Fe2O3
Shafabakhsh et al. (2018) [53] Fresh, short-term aged, long-term aged CuO

Nazari et al. (2018) [55] Fresh, short-term aged, long-term aged SiO2, TiO2, CaCO3
Yang et al. (2020) [96] Fresh Carbon nanotube sponges

Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, carbon nanotubes
Ali et al. (2017) [93] Fresh Al2O3

Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Li et al. (2015) [64] Fresh, short-term aged, UV aged ZnO
Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, Fe2O3
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Table 3. Cont.

Techniques Authors Bitumen Matrix Nano-Materials

UV spectroscopy

Zhang et al. (2015) [68] Fresh, long-term aged, UV aged ZnO
Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, Carbon nanotubes

Li et al. (2015) [64] Fresh, short-term aged, UV aged ZnO
Zhang et al. (2015) [68] Fresh, UV aged SiO2, TiO2, ZnO

Rotational viscosity

Zhang et al. (2015) [68] Fresh, long-term aged, UV aged ZnO
Du et al. (2015) [91] Fresh, short-term aged, UV-aged ZnO
Li et al. (2015) [58] Fresh, short-term aged, UV aged ZnO

Nejad et al. (2016) [95] Fresh, HMA TiO2, ZnO, Al2O3, Fe2O3
Mubaraki et al. (2016) [60] Fresh Al2O3

Ali et al. (2017) [93] Fresh Al2O3
Liu et al. (2018) [94] Fresh, WMA, HMA Graphene oxide

Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2
Zghair et al. (2020) [48] Fresh SiO2

Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Li et al. (2018) [92] Fresh, SBS modified Graphene oxide

RAMAN Spectroscopy Moreno-Navarro et al. (2018) [78] Fresh Graphene
Loise et al. (2019) [84] Fresh Carbon nanotubes

Limiting oxygen index methods Wu et al. (2009) [87] Fresh, short-term aged, long-term aged Clay (montmorillonite)

Differential Scanning Calorimetry (DSC)

Wu et al. (2009) [87] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, Montmorillonite, bentonite, Fe2O3

Nejad et al. (2017) [52] Fresh SiO2, TiO2, CaCO3
Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, Carbon nanotubes

Liu et al. (2018) [94] Fresh, WMA, HMA Graphene oxide
Yang et al. (2020) [96] Fresh Carbon nanotube sponges

Indirect Tensile Stress (ITS)

Ghasemi et al. (2012) [47] Fresh, HMA SiO2,
Galooyak et al. (2015) [49] Fresh, WMA SiO2,

Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, carbon nanotubes
Hamedi et al. (2016) [88] Fresh, HMA ZnO
Crucho et al. (2018) [50] Fresh, asphalt mixture SiO2, zero-valent iron, clay

Performance grade (PG) Brcic (2016) [97] Fresh, short-term aged, long-term aged Graphene
Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)

Thermo Gravimetric Analysis (TGA)
Loise et al. (2019) [84] Fresh Carbon nanotubes
Yang et al. (2020) [96] Fresh Carbon nanotube sponges

Li et al. (2018) [92] Fresh, SBS modified Graphene oxide
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Table 3. Cont.

Techniques Authors Bitumen Matrix Nano-Materials

Storage stability
Zhang et al. (2015) [65] Fresh, UV aged SiO2, TiO2, ZnO

Mubaraki et al. (2016) [60] Fresh Al2O3
Ali et al. (2017) [93] Fresh Al2O3

Transmission Electron Microscopy (TEM) Hussein et al. (2017) [59] Fresh Ceramic powders
Loise et al. (2019) [84] Fresh Carbon nanotubes

Indirect Tensile Stiffness Modulus (ITSM) Ghasemi et al. (2012) [47] Fresh, HMA SiO2
Arabani et al. (2015) [83] HMA Carbon nanotubes

X-Ray Fluorescence (XRF) Hussein et al. (2017) [59] Fresh Ceramic powders

Flash point Nejad et al. (2016) [95] Fresh, HMA TiO2, ZnO, Al2O3, Fe2O3
Olabemiwo et al. [90] Fresh Ag

Kinematic viscosity
Sadeghnejad et al. (2017) [51] Fresh SiO2, TiO2

Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Olabemiwo et al. [90] Fresh Ag

Pyrolysis-gas
Chromatography test Zeng et al. (2017) [98] Fresh, short-term aged, long-term aged Graphene oxide

Rheology
(performed by means of Dynamic Shear

Rheometer)

Jahromi et al. (2009) [58] Fresh, short-term aged, long-term aged Clay (closite and nanofil)
Wu et al. (2009) [87] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Du et al. (2015) [91] Fresh, short-term aged, UV-aged ZnO

Galooyak et al. (2015) [49] Fresh, WMA SiO2
Chen et al. (2015) [66] Fresh, short-term aged, long-term aged SiO2, TiO2, ZnO, EVMT

Le et al. (2016) [82] Fresh, short-term aged, long-term aged, asphalt
mixture Graphene

Brcic (2016) [97] Fresh, short-term aged, long-term aged Graphene
Mubaraki et al. (2016) [60] Fresh Al2O3

Zeng et al. (2017) [98] Fresh, short-term aged, long-term aged Graphene oxide
Ali et al. (2017) [93] Fresh Al2O3
Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, Fe2O3

Nejad et al. (2017) [52] Fresh SiO2, TiO2, CaCO3
Sadeghnejad et al. (2017) [51] Fresh SiO2, TiO2

Hussein et al. (2017) [59] Fresh Ceramic powders
Shafabakhsh et al. (2018) [53] Fresh, short-term aged, long-term aged CuO
Amini and Hayati (2020) [54] Fresh, short and long term aged CuO, Carbon nanotubes

Li et al. (2018) [92] Fresh, SBS modified Graphene oxide
Nazari et al. (2018) [55] Fresh, short-term aged, long-term aged SiO2, TiO2, CaCO3
Olabemiwo et al. [90] Fresh Ag
Liu et al. (2018) [94] Fresh, WMA, HMA Graphene oxide

Moreno-Navarro et al. (2018) [78] Fresh Graphene
Loise et al. (2019) [84] Fresh Carbon nanotubes

Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Yang et al. (2020) [96] Fresh Carbon nanotube sponges
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Table 3. Cont.

Techniques Authors Bitumen Matrix Nano-Materials

Rheology
(performed by means of bending beam

rheometer)

Le et al. (2016) [82] Fresh, short-term aged, long-term aged, asphalt
mixture Graphene

Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, fe2o3
Shafabakhsh et al. (2018) [53] Fresh, short-term aged, long-term aged CuO
Amini and Hayati (2020) [54] Fresh, short- and long-term aged CuO, carbon nanotubes

Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)
Gel-Permeation Chromatography (GPC) Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, Fe2O3
Gas Cromatography - Mass spectrometry

(GC-MS) Li et al. (2018) [92] Fresh, SBS modified Graphene oxide

Surface free energy Hamedi et al. (2016) [88] Fresh, HMA ZnO
Repeated load axial test Arabani et al. (2015) [83] HMA Carbon nanotubes

Zeta potential Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Hydrodynamic diameter Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Physical characterization
(Softening point, Ductility, Penetration)

Jahromi et al. (2009) [58] Fresh, short-term aged, long-term aged Clay (closite and nanofil)
Wu et al. (2009) [87] Fresh, short-term aged, long-term aged Clay (montmorillonite)

Ghasemi et al. (2012) [47] Fresh, HMA SiO2
Zhang et al. (2015) [68] Fresh, long-term aged, UV aged ZnO
Olabemiwo et al. [90] Fresh Ag
Du et al. (2015) [91] Fresh, short-term aged, UV aged ZnO
Li et al. (2015) [64] Fresh, short-term aged, UV aged ZnO

Zhang et al. (2015) [65] Fresh, UV aged SiO2, TiO2, ZnO
Galooyak et al. (2015) [49] Fresh, WMA SiO2
Taherkani et al. (2016) [99] Fresh SiO2

Nejad et al. (2016) [95] Fresh, HMA TiO2, ZnO, Al2O3, Fe2O3
Zeng et al. (2017) [98] Fresh, short-term aged, long-term aged Graphene oxide
Ali et al. (2017) [93] Fresh Al2O3
Sun et al. (2017) [67] Fresh, asphalt mixture SiO2, TiO2, CaCO3, ZnO, montmorillonite, bentonite, Fe2O3

Sadeghnejad et al. (2017) [51] Fresh SiO2, TiO2
Hussein et al. (2017) [59] Fresh Ceramic powders

Li et al. (2018) [92] Fresh, SBS modified Graphene oxide
Zghair et al. (2020) [48] Fresh SiO2

Sedaghat et al. (2020) [61] Fresh, short-term aged, long-term aged Clay (montmorillonite)
ITF Arabani et al. (2015) [83] HMA Carbon nanotubes

Compatibility test Li et al. (2015) [64] Fresh, short-term aged, UV aged ZnO
TCLP Hussein et al. (2017) [59] Fresh Ceramic powders

Static creep test Nejad et al. (2016) [95] Fresh, HMA TiO2, ZnO, Al2O3, Fe2O3
MSCR Liu et al. (2018) [94] Fresh, HMA, WMA Graphene oxide
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Table 3. Cont.

Techniques Authors Bitumen Matrix Nano-Materials

Direct tension test
Karnati et al. (2019) [62] Fresh, long-term aged SiO2
Karnati et al. (2020) [63] Fresh, aged SiO2

Thermal conductivity Moreno-Navarro et al. (2018) [78] Fresh Graphene
X-ray Photoelectron Spectroscopy (XPS) Moreno-Navarro et al. (2018) [78] Fresh Graphene

Optical microscopy Moreno-Navarro et al. (2018) [78] Fresh Graphene
Softening point test Moreno-Navarro et al. (2018) [78] Fresh Graphene

Wheel tracking Galooyak et al. (2015) [49] Fresh, WMA SiO2
Crucho et al. (2018) [50] Fresh, asphalt mixture SiO2, zero-valent iron, clay

Flow test Ghasemi et al. (2012) [47] Fresh, HMA SiO2
Marshall stability Ghasemi et al. (2012) [47] Fresh, HMA SiO2

Affinity test Crucho et al. (2018) [50] Fresh, asphalt mixture SiO2, zero-valent iron, clay
Stiffness test Crucho et al. (2018) [50] Fresh, asphalt mixture SiO2, zero-valent iron, clay
Fatigue test Crucho et al. (2018) [50] Fresh, asphalt mixture SiO2, zero-valent iron, clay
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8. A Critical Discussion on the Techniques of Characterization

Generally, the most common techniques described in literature that are used to study bitumen
modification involves rheology measurements [100,101]. However, recently, more sophisticated
techniques are also being used. Among these, nuclear magnetic resonance techniques have proven
to be able to give detailed information both from the structural and from the dynamical point of
views [102–105].

Another important technique is the X-ray scattering/diffraction. This can probe the structure at
the nanoscale in soft and hard condensed matter.

In particular, small-angle X-ray scattering (SAXS), ultra-small angle x-rays scattering (USAXS) and
wide-angle x-rays scattering (WAXS) are among the most employed experimental techniques for the
investigation, in non-invasive way, of the structural properties of materials and complex self-assembly
processes in a large variety of environments [106].

This non-destructive method efficiently evidences the formation of different nanostructures and
morphologies thus highlighting the important role of the relevant molecular conformations in many
different processes in the field on nanomaterials science [106].

More specifically the employment of synchrotron-based (multi-scale) X-ray scattering techniques
allows advanced characterization of nano-structural properties and structural time evolution in large
variety of materials systems including polymeric systems [107–112] organic structures including
bio-materials and bio-(macro)molecules, [112–116] zeolites [117–119], alloys, ceramics and composite
materials [119,120].

Their enormous potentialities and how they can be successfully applied to bitumens and asphalts,
have been already discussed in some recent papers [121,122].

However, the reader may surely agree with us that the synergistic use of different techniques can
give an even better comprehension of the complex physico-chemistry involved in these materials [123].

Due to the complexity of nanoparticles-containing bitumens and asphalts, it is clear that different
techniques can probe different things, giving therefore different information. Due to the same
complexity of the material under study, different questions now arise. Let’s address each of them in
the following subsections.

8.1. How to Probe the Presence of Nanoparticles by FT-IR

We have shown how functionalization of inorganic nanoparticles is an emerging way to improve
nanoparticle dispersion within the bituminous matrix. Such expensive methods require a technique to
easily, and possibly cheaply, observe if the surface functionalization has taken place and to what extent.

Usually FT-IR has been used for this purpose. For example, the antioxidant effect of the two
inorganic nanoparticles was deepened by FTIR by Nazari et al. [55]. However, also Hussein et al. [59],
Li et al. [64], Karnati et al. [62] cited in the present work, have used FT-IR spectroscopy, as it can be
seen by perusal of Table 3, which gives a panoramic view of the techniques used for investigating the
properties of nanoparticles containing bitumens and asphalts.

Some comments are now due. Taking the work by Ali et al. [93] as a representative example,
the authors, suspecting an irregular dispersion of the nanoparticles in binder, carried out a FT-IR
investigation. In their work, the IR peak shifts were individuated as indicators of the coupling agent
binding to the nanoparticle surface. We reproduce their key figure in Figure 5

In their work, tiny shifts of the peaks were interpreted as the consequence that asphalt is subjected
to no obvious changes during modification. This was interpreted as that modification of asphalt with
Al2O3 nanoparticles is merely a physical process.

We want to take inspiration from this conclusion to warn that in infra-red spectroscopy even small
shifts in the absorption peaks can reveal interesting changes in the vibrational states of the functional
groups. This can actually unveil real changes in interactions, which can be effectively treated through
proper analysis [124]. An effective analysis must pass, in our opinion, through the separate analysis of
the various IR ranges in which the functional groups absorb [125].
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Figure 5. Spectra of the neat and Al2O3-modified bitumens studied by Ali et al. [93].

For example, it has been seen that the frequency of C-H stretching are usually quite robust but the
relative intensities of the CH2 and CH3 symmetric and antisymmetric contributions are not, so they are
usually indicated as interesting indicators of the chain packing [11,126].

8.2. How to Probe the Distribution of Nanoparticles: Nanotomography as One of the Techniques of Election

If nanoparticle-containing bitumens are studied, a specific aspect must be faced: the spatial
distribution and organization of the nanoparticles within the bituminous matrix. It is obvious, in fact,
that the nanoparticle distribution is of pivotal importance in the final properties.

From the structural point of view, being asphalt concretes heterogeneous materials, composed
of aggregates, bitumen and porous networks, their mechanical properties depend on many factors
such as the form and the distribution of the aggregate, the asphalt content, the pore content, pore
distribution, and so on.

To face this problem, usually researchers probe the dispersion of nanoparticles within the bitumen
or asphalts by microscopies, essentially scanning electron microscopy (SEM). Table 3 reports as summary
of the techniques used by various authors, from which those who used SEM can be easily extracted.

As a representative example only, Taherkhani and Afroozi [99] in 2016 used SEM to probe the
dispersion of the nanoparticles in the binder. Although they were able to find some nanoparticle
tendency in aggregation and their tendency to form a network of aggregates responsible for the
mechanical properties of the modified binder, it must be said that SEM is a surface method and it is not
fit for probing the inner part of the material.

The problem is therefore twofold:

(1) On the one hand side, the technique must be able to probe the nanoparticles, differentiating their
signal from that of the rest of the material.

(2) On the other hand, the technique must be able to also probe the inner part of the sample.

None of the above cited techniques can solve these two problems simultaneously.
For this reason, we want to point out the emergence of an interesting method for

nanoparticles-containing matrices: nanotomography. It is a non-destructive technique which—like its
related modalities tomography and microtomography—uses x-rays to create cross-sections from a
3D-object that later can be used to recreate a virtual model. However, unlike the classical tomography in
the nano case the pixel sizes of the cross-sections are in the nanometer range. More common applications
of micro- and nano-tomography can be found in many areas of research and development like: materials
science, geology, biomedical engineering, dentistry, bio-engineering, building engineering. In all
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these fields, the X-ray computed tomography (XCT) deals with materials of which the fine internal
structure or the changes within the material are of outmost importance to understand the behavior
of the material or to have insights in the processes going on. The interested reader can find more
information in [127]. In the field of bitumen nanotomography technique was used by different authors
to analyze and reconstruct the 3D structure of bitumen modified with different nanomaterials.

For example, nano-computed tomography (n-CT) was used to investigate the distribution of
montmorillonite nanoparticles in the asphalt system [128]. Figure 6 shows the 3D distribution image
of sodium montmorillonite nanoparticles in the bitumen at the maximum resolution (about 1µm) of
the CT scanning equipment as obtained by those authors.
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Mohajeri et al. used the XCT technique visualize the interface between bitumen binder present
in a reclaimed asphalt pavement (RAP) and a virgin bitumen used to blend it for new pavement
surfacing [129]. XCT can also study the voids or to know the exact distribution of certain compounds
to understand their effective layer-to-layer distribution inside the asphalt concrete as depicted in
Figure 7 [130].

Figure 7. Extraction of the area of interest using CT scan technology [130]. (a) Asphalt concrete, (b)
tomographic images, (c) gray distribution, (d) are of interest divided by annular masks, (e) initial binary
image, (f) aggregate particles (>2.36 mm), (g) air-voids.
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Another example of the successful application of the CT scan can be found in [131], where the
authors used small quantities of TiO2 as tracing agents of the virgin bitumen. In this way the blending
between a virgin bitumen and a reclaimed asphalt pavement (RAP) could be studied.

Figure 8 shows 3D images of the cylinder-like sample of an asphalt concrete, in which the spatial
distribution of the large virgin (shown in red, characterized by the presence of the tracing nanoparticles)
and small RAP aggregates (shown in green) are evidenced inside the sample.
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8.3. UV-Vis Absorption for Probing Bitumen Screening towards UV Radiation

Some nanoparticles, due to their semiconductor nature, can absorb radiations whose energies are
above the semiconductor energy gap. This energy threshold of absorption can be changed by changing
the type of nanoparticles: for example, as expected, the widely-used nano-SiO2 cannot counteract the
effect of photo-oxidation due to UV aging [66] since its energy gap is too high (7.5–9.6 eV [132,133]). It
is, indeed, considered more as an insulator rather than a semiconductor.

The energy threshold of absorption can also be changed by changing nanoparticle size and the
efficiency of absorption by the inner structure governing the physical nature (direct or indirect) of
the photon absorption [134]. This actually provides researchers with a further method to tune the
absorption of radiation. For this reason, the capability of nanoparticles to absorb photons must be
exactly determined for a wise design of a performing bitumen, and this requires suitable techniques
for nanoparticle characterization.

This aspect can be in-depth explored by a simple UV-Vis spectroscopy technique, which can probe
the photophysical behaviour through very simple data analysis, allowing the determination of both
the energy gap and the efficiency of absorption. [26,135].

The possibility to tune the probability of photon absorption by changing the nanoparticle
structural characteristics could be, in our opinion, a powerful way to further enhance the resistance
of a nanoparticle-modified bitumen to the photo-induced ageing, which deserves much attention.
For examples, the presence in traces of a metal within nanoparticles can induce a lowering of the
nanoparticle energy gap (sensitization) thus extending the wavelength range of the photons which are
absorbed. [26,135]. More absorbed photons means that the resulting nanoparticle-containing bitumen
can be more resistant to photo-induced ageing. Here the same consideration on costs holds: it is
obvious that obtaining nanoparticles with enhanced photophysical properties involves huge costs, but
progresses in specialized technologies for their productions and an eventual increasing market can
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make, with time, the use of such kind of nanoparticles affordable, with unprecedented benefits, in our
opinion, in terms of durability of bituminous materials.

9. Conclusions and Perspectives

Nanoparticles have unique properties. Recent progress in nanotechnology has allowed their
preparation and modification with control even at the atomic level. Two approaches for nanoparticle
production can be followed: they are top-down and bottom up. The former starts from bulk materials
to obtain nano-sized particles through mainly physical processes. Ball milling is, for example, a cheap
and quick such method. On the other hand, bottom-up approaches obtain nanoparticles from atomic
and molecular precursors by self-assembly. The use of nanoparticles in bitumens must be scalable and
cheap, so the former are preferred.

Recent works show that the nanoparticle surface has a pivotal importance in their embedding
into the bitumen matrix. In this context we want to point out that the specific surface can be greatly
enhanced if zeolites are used: modern protocols [136] individuate different stages in their growth so
different morphologies can be obtained. In addition, surface manipulation allows the functionalization
of certain nanoparticles with clear benefits in terms of increased affinity towards the bitumen apolar
nature. The proper engineering of the bitumen addition with nanoparticles implies higher costs,
obviously, but on the other hand it is clear that presence of nanoparticles can greatly enhance the
mechanical properties of bitumens, potentially conferring also other new/novel important properties.
Among these, the resistance to UV radiation is the most appealing to our eyes, granting higher
stability over long times. Exploiting this possibility requires skills in photophysics, which widens
the competencies required for research in this field and clearly indicating that multidisciplinarity is
necessary. In any case, all this can be studied within the framework of the physics of complex systems,
where the simultaneous presence of different chemical ingredients can give sometimes unexpected,
but advanced, characteristics thanks to synergistic/cooperative effects among them, which are worth
tailoring for specific applications [137].

All this has a cost, not only economic but also in the general sense of resources (time, availability of
instruments, know-how . . . ). Apart from some brilliant solutions to reuse nanoparticles from wastes,
like that of Hussein et al. [59], which is a strategy we strongly support for environmental concerns
and for sustainable economy, at the moment the costs are generally high and affect negatively the
affordability of nanoparticle use in bitumens and asphalt addition, but in our opinion, the high costs
are due to the fact that the use of nanoparticles in bitumens is still quite recent, so we are confident
that with the development of technology the costs will lower and demand will increase. We believe
that the discoveries in nanotechnology field, which have been always confined to small-quantities
applications, can also be beneficial in large-scale applications like road pavement, in the next future.
This is probably the biggest challenge in modern technology but we hope that it will be achieved soon
in the field of bitumen, since the intelligent incorporation of nanoparticles can give, as it has been
shown, novel properties of extreme added-value.
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Abstract: The asphalt industry’s incentive to reduce greenhouse gas emissions has increased since 

the 1990s due to growing concerns on environmental issues such as global warming and carbon 

footprint. This has stimulated the introduction of Warm Mix Asphalt (WMA) and its technologies 

which serve the purpose of reducing greenhouse gas emissions by reducing the mixing and 

compaction temperatures of asphalt mix. WMA gained popularity due to the environmental benefit 

it offers without compromising the properties, performance and quality of the asphalt mix. WMA 

is produced at significantly lower temperatures (slightly above 100 °C) and thus results in less 

energy consumption, fewer emissions, reduced ageing, lower mixing and compaction temperatures, 

cool weather paving and better workability of the mix. The latter of these benefits is attributed to 

the incorporation of additives into WMA. These additives can also confer even better performance 

of WMA in comparison to conventional Hot Mix Asphalt (HMA) methods. Even though there are 

recommended dosages of several WMA additives, there is no general standardized mixture design 

procedure and this makes it challenging to characterize the mechanism(s) of action of these 

additives in the warm mix. The effects of the addition of additives into WMA are known to a 

reasonable extent but not so much is known about the underlying interactions and phenomena 

which bring about the mechanism(s) by which these additives confer beneficial features into the 

warm mix. Additives in a certain way are being used to bridge the gap and minimize or even nullify 

the effect of the mixing temperature deficit involved in WMA processes while improving the general 

properties of the mix. This review presents WMA technologies such as wax, chemical additives and 

foaming processes and the mechanisms by which they function to confer desired characteristics and 

improve the durability of the mix. Hybrid techniques are also briefly mentioned in this paper in 

addition to a detailed description of the specific modes of action of popular WMA technologies such 

as Sasobit, Evotherm and Advera. This paper highlights the environmental and technical 

advantages of WMA over the conventional HMA methods and also comprehensively analyzes the 

mechanism(s) of action of additives in conferring desirable characteristics on WMA, which 

ultimately improves its durability. 

Keywords: warm mix asphalt; binder; surface free energy; wax; emulsifiers; surfactants; zeolites; 

contact angle; bitumen; aggregates; WMA; viscosity 
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1. Introduction 

Since the 1900s, Hot Mix Asphalt (HMA) has been the most common and generally accepted 

technology for asphalt pavement construction. Road pavements are made up of over 93% stones with 

less than 7% of bitumen functioning as a binder. Bitumen is a soft material made up of several 

components and is a by-product of petroleum industry processes. Its chemical composition is 

complex and it can be characterized using special methods [1]. In order to ensure proper coating of 

aggregates and provide sufficient workability of HMA, both asphalt binder and aggregates are 

heated up to high temperatures between 150 °C and 180 °C. This results in high energy costs and the 

emission of several greenhouse gases (mainly CO2). The Kyoto Treaty was developed as a result in 

1997, thus setting the objective for European countries to develop policies and technologies in order 

to meet greenhouse gas reduction requirements [2]. Warm Mix Asphalt (WMA) technologies were 

developed to produce asphalt at temperatures slightly above 100 °C, with performances and 

characteristics equivalent to or even sometimes better than that of conventional HMA. WMA 

technologies mostly focus on the binder (bitumen) by adding different additives to improve its 

properties [3–7]. These technologies, which produce asphalt between 110 °C and 140 °C, facilitate 

proper coating of the aggregates and hence the workability and compactibility of the mix while also 

reducing production and compaction temperatures by 20–40 °C. This reduces energy consumption, 

minimizes fume and odor emissions and also creates a cooler working environment for asphalt 

workers [8]. Figure 1 shows the position of WMA among the different techniques ranging from cold 

to hot mixes. 

 

Figure 1. Classification by temperature range. 

Several techniques exist for the production of WMA. The three generally most accepted are those 

using (i) organic additives; (ii) chemical additives; and, (iii) foaming techniques [9]. Organic additives are 

usually waxes and fatty amides, which are able to reduce the viscosity of the binder above the melting 

point of the binder. Common waxes used in the production of WMA are Sasobit® and Asphaltan B®. 

On the other hand, chemical additives are usually emulsifiers and surfactants that do not reduce the 

binder viscosity but improve the coating of aggregates by reducing the surface energy of the 

aggregate/binder interface and/or the inner friction. Products such as Rediset® and Evotherm® are 

often used [10]. Foaming techniques function by reducing the viscosity of the binder, just like organic 

additive techniques, but only for a short period of time. This is achieved by introducing small 

amounts of water in the hot binder (bitumen), causing expansion of the bitumen and the formation 

of a large quantity of foam. Foaming techniques are subcategorized into (i) water-based processes, 

which entail the use of injection foaming nozzles; and, (ii) water-bearing additives, which involve the 

use of minerals in the form of zeolites [8,11]. 

Aside from the aforementioned WMA techniques, there are also several combined technologies 

and products used to produce WMA, like zeolites or fibers with organic additives or pallets with 
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fibers. These are called hybrid techniques. Hybrid techniques involve a combination of two or more 

technologies and are used less often. Examples of hybrid techniques are Low Energy Asphalt (LEA) 

and the Tri-Mix Warm Mix Injection system, which are both technologies that combine chemical and 

water-based techniques to achieve the required results [2,12,13]. In addition to all of the commonly 

known techniques for WMA production, an uncommon technique that uses emulsions to pre-coat 

aggregates is sometimes used. This technique involves the use of stabilized bituminous emulsion to 

pre-coat aggregates before the main mixing procedure with asphalt binder. Due to the absence of 

hazardous additives in this specialized emulsion technique, it is designed to produce a more 

environmentally friendly and cost-effective procedure [14]. 

Just like any new technology, WMA needs a lot of further research and study. A few concerns 

like finding a mix design strategy and the need for a comprehensive specification have been identified 

thus far. Previous research [15,16] confirms that the lack of standardized mixture design procedure 

of WMA makes it important to identify the mechanism(s) of action of additives. The wide range of 

mechanisms through which several WMA additives act also provides a wide range of WMA additive 

product options when deciding how to formulate warm mixes. In addition, since the set of 

instrumentation, machinery and apparatus available for WMA production contribute to determine 

the technique to be used, a good knowledge of how and why the additives work gives a realistic 

evaluation of methods and techniques to be used for future WMA technology. Table 1 shows the 

range of additives used in warm mix technologies. 

Table 1. Products used in Warm Mix technology. Reprinted with permission from [9]. Copyright 

(2011), with permission from Elsevier. 

WMA 

processes 
Product Company Description 

Dosage of 

Additive 

Country 

where 

technology 

is used 

Production 

temp. (or 

reduction 

range) °C 

Organic additives 

FT Wax Sasobit® Sasol 
Fischer-

Tropsch Wax 

1.0–2.5% 

by weight 

of binder 

Worldwide (20–30 °C) 

Montan 

Wax 
Asphaltan B 

Romonta 

GmbH 

Montan Wax 

with fatty acid 

amide 

2.0–4.0% 

by mass of 

bitumen 

Germany (20–30 °C) 

Fatty Acid 

Amides  
Licomont BS Clariant 

Fatty acid 

amide 

3.0% by 

mass of 

bitumen 

Germany (20–30 °C) 

Wax 
3E LT or 

Ecoflex 
Colas Proprietary 

Not 

specified 
France (20–30 °C) 

Chemical additives 

Emulsion 
Evotherm® 

technologies 

MeadWestvac

o 

Chemical 

packages with 

or without 

water 

0.5–0.7% 

by mass of 

bitumen 

USA, 

worldwide 
85–115 °C 

Surfactant Rediset Akzo Nobel 

Cationic 

surfactants & 

organic 

additive 

1.5–2.0% 

by weight 

of bitumen  

USA, 

Norway 
(30 °C) 

Surfactant Cecabase RT CECA 
Chemical 

package 

0.2–0.4% 

by mixture 

weight 

USA, 

Norway 
(30 °C) 

Liquid 

Chemical 
Iterlow IterChimica  

0.3–0.5% 

by mass of 

bitumen 

Italy 120 °C 

Foaming Processes 
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Water- 

containing 
Aspha-Min® 

Eurovia and 

MHI 

Water-

containing 

technology 

using zeolites 

0.3% by 

total 

weight of 

mix 

Worldwide (20–30 °C) 

Water- 

containing 
Advera® PQ Corp. 

Water-

containing 

technology 

using zeolites 

0.25% by 

total 

weight of 

mix 

USA (10–30 °C) 

Water- 

based 
WAM Foam 

Shell and 

Kolo-Veidekke 

Foamed 

binder 

2–5% 

water by 

mass of 

binder 

Worldwide 100–200 °C 

Substantial information is known about the effects of additives on warm mix, but the precise 

mechanism of how these additives work to confer the desired characteristics on WMA is still unclear. 

The main goal of this paper is to review the most relevant works appearing in the literature on the 

subject to highlight the mechanism(s) of action of additives and relate them to the effects observed in 

the WMA technology. 

2. Organic Additives 

Organic WMA additives are known to reduce the bitumen viscosity in order to improve 

workability. These organic additives are mainly waxes (natural or synthetic) and fatty amides, and 

they are added to warm mix to lower the viscosity of the asphalt binder at temperatures slightly 

above 90 °C and to improve lubrication. The reduction in viscosity translates to an increase in stiffness 

by solidifying into microscopic particles which are distributed uniformly in the mix when it cools [9]. 

The underlying concept is the fact that waxes suitable for this technique have melting points below 

the conventional HMA production temperatures, hence they become dispersible in the mix during 

the WMA production process [11]. They are expected to feed the maltene phase due to their apolar 

nature. In doing so, their effect would be to better disperse asphaltene clusters at their various levels 

of aggregation, thus reducing viscosity [17]. At high temperatures, the viscosity of the asphalt binder 

is an important property because it directly reflects the ability of the binder to be pumped through 

an asphalt plant, to accurately coat the aggregate in the asphalt concrete mixture and to be compacted 

to form a new pavement surface [18]. 

An important fact to consider is that the type of additive must be carefully selected so that its 

melting point is higher than the expected Warm Mix in-service temperatures. This is done in order 

to prevent deformation and embrittlement of the asphalt at low temperatures [8]. 

Paraffin waxes are the ideal and most commonly used additives for enhancing binder flow and 

quality. Paraffin waxes are of two types: (i) naturally occurring bituminous waxes and (ii) synthetic 

waxes. Wax manufacturers emphasize the difference between naturally occurring bituminous wax 

and synthetic wax in terms of their physical properties and structure. The differences are due to the 

longer carbon chain lengths and the finer crystalline structures of industrially synthesized waxes. An 

example of an industrially synthesized wax which is known to be very effective in WMA is Sasobit, 

which has a hydrocarbon chain length in the range of 40 to 115 carbon atoms. Naturally occurring 

bituminous wax has a hydrocarbon chain length of about 22 to 45 carbon atoms [19]. 

2.1. Sasobit 

Sasobit is a fine crystalline, long chain aliphatic hydrocarbon produced from coal gasification 

using the Fischer-Tropsch (FT) process and is otherwise known as an FT paraffin wax. It is generally 

added in a 3% to 4% proportion with respect to the total asphalt weight. Several studies have reported 

an increase in the resistance to permanent deformation of WMA mixtures produced with asphalt 

modified with Sasobit [20,21]. Sasobit acts as a flow modifier in the mix which facilitates the 

aggregates free movement and coating by the asphalt binder. As Sasobit melts over a temperature 

range between 85 and 115 °C, it is more dispersible in asphalt binder at temperatures above 115°C 
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and thus lowers the viscosity of the binder at mixing temperatures [11]. During the cooling process 

(see Figure 2), Sasobit starts to crystallize at approximately 90 °C and forms a microscopic crystal 

lattice structure in the bitumen which confers the stiffening effect, and this is responsible for the 

deformation resistance of the so-modified bitumen [22]. Recent speculation about this phenomenon 

is that waxes having long hydrocarbon chains (like Sasobit) combine with the binder (bitumen) and 

alter the hydrocarbon chain length of the binder, thus altering the physical properties of the binder, 

like stiffness and viscosity [13]. 

 

Figure 2. Phase transition mechanism of Sasobit in bitumen binder. 

Another contributing factor to the stiffness of the binder is the interaction of long hydrocarbon 

chains of the waxes with the N-Alkane-rich crystallizing material in asphalt mix [23–25]. The small 

crystalline structure of the Fischer-Tropsch wax molecules reduces brittleness of the paved asphalt 

road at low temperatures due to the formation of a lattice structure of microscopic particles in the 

modified binder. Another important feature of the asphalt binder that changes due to the addition of 

the wax is the number and size of air voids present in the mix. The number and size of air voids is 

reduced due to the improved flow of the modified bitumen during mixing and compaction 

procedures. Less air voids result in a greater resistance to ruts induced by traffic demands on the 

paved asphalt [26]. 

Several modifications of Sasobit technology profit from its formation of lattice structures in the 

binder and combine this feature with the introduction of polymers into the wax to achieve target 

specifications. An example of this is the creation of an additive called Sasoflex which is a compound 

of a plastomer (Sasobit) combined with an elastomer (styrene-butadiene-styrene) by using a 

proprietary chemical cross-linking agent (sasolink). The plastomer (Sasobit) fraction reduces the 

viscosity of the mix at paving temperatures and stiffens the binder at in-service pavement 

temperatures while the elastomer (SBS) fraction maintains the flexibility at low temperatures [26,27]. 

Sasobit REDUX is another modification of Sasobit technology, which consists of Fischer-Tropsch 

synthetic wax (Sasobit) and other petroleum-based waxes. This product has a congealing point of 

between 72 and 83 °C, thus making it softer than Sasobit. Sasobit REDUX functions using the same 

lattice-forming mechanism but effectively reducing production and compaction temperatures due to 

its lower melting point [28]. 

2.2. Licomont 100 

Other organic additives like Licomont BS 100 also function with the same mechanism of a 

viscosity reduction of the binder. Licomont BS 100 is a fatty acid amide which acts as a viscosity 

enhancer with a mechanism quite similar to that of Sasobit. Its physical properties are slightly 

different from that of Sasobit as it melts over the temperature range between 140 and 145 °C, and thus 

one requires production and compaction temperatures slightly higher than Sasobit-modified 

bitumen [11,29]. 
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2.3. Asphaltan B 

Asphaltan B, a blend of wax obtained by solvent extraction from lignite and fatty acid amides, 

is another commercially available wax with the mechanism to facilitate the production of WMA 

similar to that of Sasobit. The dynamics of the viscosity reduction in Asphaltan B-modified asphalt 

binder is similar to that of Sasobit-modified asphalt [30]. 

3. Chemical Additives 

Chemical additives are some of the most recent emerging WMA technologies. They contribute 

to improving the ability of the asphalt binder to coat the aggregate particles rather than reducing the 

viscosity of the binder [31]. Chemical additives have a more diverse range of mechanisms through 

which they exert their function compared to other categories. 

Chemical additives exist in the form of emulsions and surfactants, which work at the 

microscopic interface of the binder and aggregates to regulate and reduce the frictional forces at that 

interface within a range of temperatures (typically between 85 and 140 °C). The reduction and 

regulation of the frictional forces facilitate lubrication between the binder and aggregate during 

mixing and compaction, and this accounts for the improvement in adhesion obtained after the 

addition of chemical additives. 

In the same way as waxes, some chemical additives (generally surfactants such as Rediset and 

Cecabase) reduce the binder viscosity while the emulsifying chemical additives (like Evotherm) 

improve lubrication in the aggregate/binder interface by altering some other parameters such as the 

surface free energy of the mix [32,33] thanks to their amphiphilic (surfactant) nature. This 

improvement in lubrication accounts for the asphalt mix particles moving over each other more easily 

which in turn lowers the mixing and compaction energy levels at lower temperatures [11]. 

It can be expected that another mechanism is concurrently present, i.e., the competitive 

interactions between the amphiphilic additive and the amphiphilic resins pre-existent in bitumen. In 

fact, it has been recently highlighted that, in addition to polar and apolar interactions, further specific 

interactions between surfactants themselves can trigger peculiar self-assembly processes [34,35] 

dictating the final overall aggregation pattern and the peculiar dynamics and transport processes 

[36,37]. There are several approaches that can be used to evaluate the durability of asphalt pavements 

and the moisture-induced damage potential of WMA. Two of the most viable and mechanistic 

approaches are the Surface Free Energy (SFE) approach and the Contact angle approach. Arabani et 

al. [38] reported a strong correlation between the moisture-induced damage potential of WMA mixes 

based on the SFE of asphalt mixes. Bhasin et al. [39,40] also suggested different combinations of SFE 

parameters such as the Work of Adhesion, Work of Debonding and Work of Cohesion also known as 

Cohesion Energy of aggregates to describe the moisture susceptibility of an asphalt binder–aggregate 

system as a single value. 

The SFE of a material is the work required to create a unit area of a new surface in a vacuum. 

Hence, a high value is desirable for the durability and effectiveness of paved asphalt [41]. The total 

SFE (γtotal) comprises three components, γLW, γ+ and γ–, respectively, the non-polar Lifshitz van der 

Waals (LW), Lewis acid and Lewis base components. Depending on the state of the material, these 

components combined in different ratios produce the γtotal of the material [42]. The variability of these 

components defines the SFE parameters such as cohesion energy, work of adhesion, work of 

debonding and energy ratio. These parameters define the variable combination of the SFE of asphalt 

binder with that of the aggregates to give a durable pavement. 

Previous research [41] has shown that the elemental composition (Carbon, Nitrogen, Hydrogen 

and Sulphur) of an asphalt binder is correlated to SFE parameters. Since additives in general alter the 

structure and physical properties of binders, it is necessary to study the effect that above all the 

chemical additives exert on the SFE parameters of both the binder and the aggregates. 

The use of chemical additives has been proven to alter several parameters and their components, 

such as SFE, its components and contact angle parameters e [41,43], which will all be discussed later 

in this paper. The two most important SFE parameters which are altered by the application of 

chemical additives are work of adhesion and work of debonding. The former is defined as the work 
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required to detach asphalt binder coating from aggregate surface in a dry state in their interface in 

vacuum [42]. It is also known as the dry adhesion energy and it is a parameter frequently measured to 

determine the effectiveness of warm mix. A high work of adhesion value implies a strong bond 

between the components of the warm mix, leading to a more durable and less moisture-susceptible 

warm mix. The work of debonding, also known as the wet adhesion energy, is another important 

parameter linked the reduction of system energy when the binder separates from the aggregate in 

the presence of water in a phenomenon called stripping. A high value of this parameter implies a 

higher thermodynamic potential for stripping to occur in the presence of water, hence a low value of 

this parameter is desired [43]. The γtotal, the work of adhesion and the work of debonding are the most 

important energy parameters used to evaluate the durability and stability of warm mix asphalt. 

Several studies [41,43] have shown that the use of chemical additives in WMA have resulted in higher 

SFE values, higher work of adhesion values and lower work of debonding values. 

3.1. Evotherm 

One of the most commonly researched and used chemical additives is Evotherm®. Hurley and 

Prowell [44] demonstrated that, at a given compaction temperature, the addition of Evotherm to 

asphalt binder increases the resilient modulus of an asphalt mix compared to control mixtures having 

the same performance-graded (PG) binder. The first generation of Evotherm® technology is a high 

residue emulsion known as Evotherm ET (Emulsion Technology). MeadWestvaco then introduced a 

second generation Evotherm technology where the chemical additives are injected as a solution into 

the asphalt line at the plant known as Evotherm DAT (Dispersed Additive Technology). 

The latest and most recently emerging Evotherm Technology known as Evotherm 3G (3rd 

Generation) is a water-free WMA technology which allows the additive to be mixed with the binder 

at a terminal [15]. Evotherm 3G and Evotherm DAT have made Evotherm ET obsolete due to the 

convenience with which they can be incorporated into WMA. Evotherm ET is a binder-rich, water-

based emulsion that contains about 70% asphalt binder. The water in the emulsion turns into steam 

when mixed with hot aggregates, thus facilitating better mixing and compaction. 

The emulsifiers in the Evotherm® are adsorbed onto the aggregate surface with a long 

hydrocarbon tail extending beyond the aggregate surface, which promotes interfacial adhesion 

between binder-aggregate interface surfaces [11,45]. It is highly possible that in Evotherm the long 

hydrocarbon tails of the emulsifiers extending beyond the aggregate surface, are responsible for the 

higher SFE values of the binder–aggregates interface. 

The pH compatibility of binder and aggregates is also an important factor that influences the 

level of bonding in the warm mix. Since most asphalt binders are more acidic than basic [43], it is 

highly recommended to be careful using acidic aggregates such as granite with an asphalt binder 

which is also acidic in nature, as this may result in a weak bond between asphalt binder and 

aggregate, which will result in high value of work of debonding and, consequently, a higher 

susceptibility of the mix to moisture-induced damage [46]. It must be pointed out that the pH and 

the presence of acidic or basic species is a delicate matter, since they can greatly influence the 

intermolecular aggregation pattern giving sometimes unexpected structural and dynamic properties 

[47]. Several previous studies [43,48,49] have proven that the incorporation of Evotherm into WMA 

resulted in higher asphalt–aggregate interfacial SFE values whether applied to the binder or into the 

mix at the plant. 

Ghabchi et al. [43] estimated γtotal, work of adhesion, work of debonding and energy ratios to 

assess the moisture-induced damage potential of combinations of neat and Evotherm® asphalt 

binders and different aggregates. They also measured and compared contact angle values of 

Evotherm-modified asphalt binder and unmodified neat asphalt binder. 

Their results (reported in Table 2) indicated that the addition of 0.5% and 0.7% Evotherm® 

resulted in an increase in both γtotal and work of adhesion and a reduction in work of debonding, 

implying a better aggregate–binder bond and thus lower moisture susceptibility potential. Their 

results also showed that the use of Evotherm® resulted in reduced contact angles compared to those 

of unmodified asphalt binder. Yu et al. [50] carried out a study in which they combined two 
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generations of Evotherm technology (Evotherm DAT and Evotherm 3G) to evaluate the WMA effect 

on the mechanical resistance of the binder. In the base sample, Evotherm DAT and Evotherm 3G were 

added in the proportions of 5% and 0.5% of the total weight, respectively. The results of the study 

showed improved fatigue resistance, moisture damage resistance and better workability. 

Table 2. SFE components of PG64-22 asphalt binder modified with Evotherm® and aggregates 

(Reprinted with permission from [43]. Copyright (2013), with permission from Elsevier.). γLW: LW 

component. γ−: Lewis base component. γ+: Lewis acid component. γ+-  =  2�γ+γ-  : acid–base 

component. γtotal: total surface free energy of the material. 

Material type additive (%) 
Surface Free Energy Components (mJ/m2) 

γLW γ− γ+   γ+-   γtotal γ+/γ– 

PG64-22 Binder with different % additive 

Neat 0% 9.44 0.93 1.22 2.13 11.57 1.30 

Evotherm® 

0.25% 6.84 1.24 3.45 4.14 10.99 2.77 

0.50% 6.74 2.50 3.03 5.50 12.24 1.21 

0.75% 9.17 3.03 5.50 4.52 13.69 1.82 

Aggregates from Testing and Literature 

Limestone (Tested) - 51.4 741.4 17.5 227.8 279.2 0.024 

Granite 1 - 133.2 96 24.1 96.2 229.4 0.251 

Basalt 1 - 52.3 164 0.6 19.8 72.1 0.004 

In general, when the contact angle value of the binder and aggregate sample is ≥ 90°, it indicates 

low wettability, and the binder is unable to wet and coat the surface of the aggregate. When contact 

angles are < 90°, there is some adhesion and the binder is able to wet the surface of the aggregate. For 

contact angle values ≈ 0°, spreading of the binder around the surface of the aggregate can occur and 

there is a strong adhesion. This parameter is what translates to the extent of coating of the aggregate 

by the asphalt binder. The implications of variations in contact angle on the properties of asphalt 

binder are expected to influence the SFE components and energy parameters such as moisture 

susceptibility potential and work of adhesion and debonding [41,43]. 

In addition to the effect of chemical additives, anti-stripping agents are also incorporated into 

WMA to improve its durability. They decrease the moisture susceptibility of warm mix asphalt by 

reducing the potential of moisture to disrupt the adhesive bond between binder and aggregate. 

Hydrated lime is a model anti-stripping agent and it has been proven to be highly effective in 

strengthening the adhesion between the asphalt binder and aggregates [51]. Some researchers 

attribute the increase in adhesive strength to changes in the surface chemistry or molecular polarity 

of the aggregate surface. This consequently leads to a stronger bond at the binder–aggregate interface 

[52,53]. Since hydrated lime is basic in nature, it is believed that its application in WMA increases the 

base component of the SFE of aggregates thus increasing the overall SFE value. These changes in 

aggregate SFE components lead to a significant improvement in adhesion between an asphalt binder 

and acidic aggregate that is more sensitive to moisture damage. The use of hydrated lime has also 

been proven to decrease aggregate polarity, thus decreasing the affinity of aggregate surface, which 

has polar molecules, to water [52]. Apart from the treatment of WMA with anti-stripping agents, the 

type of stones used as aggregate has to be carefully chosen. This is because different stones have 

different polarities and SFE parameters which leads to a variability in adhesion potential when 

incorporated into the warm mix. Hesami et al. [52] proved that the free energy of adhesion between 

water and granite aggregate is much greater than that between water and limestone aggregate, 

indicating that the affinity of granite to water is higher compared to limestone. 

3.2. Rediset 

Rediset is another chemical additive produced by Akzo Nobel that contains cationic surfactants 

and rheology modifiers (of organic nature). It is a polyfunctional additive based on fatty amine 

surfactants and olyethylenes [54]. This additive contains a long chain aliphatic hydrocarbon structure 
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and an –NH3
+ group, which reacts chemically with aggregate surfaces [55]. Rediset has a slightly 

different mechanism compared to other chemical additives because it contains in-built anti-stripping 

agents, which reduce susceptibility to moisture damage [56]. Rediset is regarded as a polyfunctional 

additive because it functions by reducing the interfacial friction between thin films of the asphalt 

binder and the coated aggregates, while also improving workability by increasing lubrication and 

allowing mixing and compaction at reduced temperatures [11]. The surfactant part of this product 

(similar to chemical additives) decreases the surface tension of asphalt binder and improves the 

wettability of the aggregate by using an asphalt binder [56]. The organic part reduces the viscosity of 

the asphalt binder and provides a lubricating effect for easier coating and compaction [32]. It has also 

been reported that Rediset positively changes kinematic and dynamic viscosity as well. Studies in the 

literature [57,58] showed that Rediset decreases the kinematic viscosity of asphalt binder at 135°C. 

Van de Ven et al. [59] also demonstrated that Rediset has a strong effect on the dynamic viscosity at 

110°C for a hard asphalt binder using Dynamic Shear Rheology results with a cone and plate device. 

The use of Rediset has also been shown to have similar effects on the SFE parameters, as was observed 

with the use of Evotherm [60]. Cecabase RT is another chemical additive produced by CECA (France), 

which has the same hypothesized mechanism to produce WMA as that of surfactants such as Rediset 

[11]. 

3.3. Iterlow 

Iterlow is a liquid chemical additive produced by Iterchimica (Italy) which, when added to the 

asphalt binder, allows for the production of WMA at temperatures above 120 °C. According to Hill 

et al. [61], liquid chemical additives generally act as emulsifying agents and contain amine groups 

that can improve the cracking resistance at low service temperatures and the resistance to moisture 

damage. Just like other chemical additives, Iterlow improves the workability of the mix and facilitates 

paving and mixing at lower temperatures (between 90 °C and 120 °C) depending on the type of 

bitumen. Iterlow has little or no effect on the bitumen grade [60]. 

4. Foaming Technologies 

Foaming technologies involve the introduction of small amounts of water which are delivered 

into the binder using different methods. Although the method of water delivery is different, foaming 

processes generally conform to one underlying concept, which is the expansion factor of water after 

transition from liquid to vapor state. The expansivity of water by a factor of about 1700 when it is 

converted into steam is the mechanism behind the effectiveness of foaming technologies in general 

[62]. The latent steam in the form of foam causes an overall reduction in the viscosity of the asphalt 

binder which is facilitated by an increase in volume and surface area of the binder and this results in 

improved aggregate coating and easier compaction of the asphalt mix at lower temperatures [11]. As 

mentioned earlier in this review, foaming technologies are divided into two processes, namely, water-

bearing and water-based processes. Water-bearing processes involve the use of water-containing 

technologies which combine water foaming and additive (zeolites) dosage. These processes involve 

the incorporation of hydro-thermally crystalized minerals called zeolites into asphalt binder. Upon 

contact of the zeolite with hot binder, water is released from the zeolite’s crystal structure without 

changing the volume and structure of the crystal. The released water changes to water vapor and 

causes foaming. There are two groups of zeolites namely; synthetic zeolites which are produced from 

chemical reactions, and natural zeolites which are formed by naturally occurring geological processes 

[63–66]. Water-based processes, on the other hand, do not actually involve the use of additives but 

involve the direct injection of water into a binder, which generates microscopic bubbles and thus 

causes foaming in the binder [11,67]. Water-based processes involve the injection of pressurized cold 

water into hot asphalt using specially designed injection nozzles. These processes do not chemically 

modify the asphalt binder during the production of foam resulting from the addition of water. The 

foaming only occurs in order to enable for easier aggregate coating. Water-based processes eliminate 

the need for expensive additives due to its general technique of directly injecting small amounts of 

water (generally with a mass ratio of between 1% and 5% to the mass of binder) into the hot binder 
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to form microscopic bubbles (which creates the foam) in the continuous phase. These processes rely 

solely on the foaming action of steam when water is injected into hot asphalt. WAM Foam (Warm 

Asphalt Mix Foam) and Double barrel green are examples of water-based processes [11]. Unlike 

organic additive techniques, the reduction in viscosity of binder caused by foaming processes is 

temporary and only for a short time usually during mixing and compaction of the asphalt mix after 

which the foam collapses and the asphalt binder reverts to its normal binder state. This technology 

reduces WMA production temperatures by between 20 and 30 °C. 

4.1. Water-Bearing Processes 

The main foaming technologies that concern this review are the water-bearing processes. These 

processes involve the use of porous, hydrated aluminosilicate minerals called zeolites. Zeolites have 

a general formula of Mx/m[(AlO2)x(SiO2y)]. H2O, where the Mx/m unit constitutes ion-exchangeable 

cations, and the [(AlO2)x(SiO2y)] unit is the zeolite crystalline framework. The apices of the SiO4 and 

AlO4 tetrahedrons are connected by oxygen atoms creating a three-dimensional spatial network in 

which voids are formed in the form channels and chambers. This defines the crystallinity of these 

aluminosilicates. The Si/Al ratio in the crystalline framework determines factors such as the 

mineralogical composition of the zeolite, size of channels and chambers, ion-exchangeable 

capabilities and hydrophilic–hydrophobic properties [64]. In addition to these features, water 

molecules are bound to the zeolite crystals and are released when subjected to high temperatures 

without changing the zeolite structure. Zeolites are either naturally occurring or synthetic although 

the synthetic zeolites are the most commonly used group of zeolites for WMA. Natural zeolites are 

microporous, hydrated aluminosilicates, which are generally used as commercial adsorbents [67,68]. 

The most common, naturally occurring zeolites are Clinoptilolite and Phillipsite. Clinoptilolite is a 

common natural zeolite and comprises of microporous tetrahedral arrangements of silica and 

alumina [69]. It is used in the production of cement, concrete and asphalt due to its large distribution 

of micropore spaces and high resistance to extreme temperatures [70]. 

Synthetic zeolites are finely powdered hydrated sodium aluminosilicates, which have been 

usually hydro-thermally crystallized. They have a complex structure, usually with a porous 

morphology [71] and sometimes with fractal arrangement conferring high surface-to-volume ratio 

[72]. Common examples of synthetic zeolites are sodium silicates (Na2SiO3) and sodium aluminates 

(NaAlO2) each of which are categorized into types. The most common types are ZSM-5, X, Y, A, and 

NaP1 types [65,66]. Synthetic zeolite technologies such as Aspha-min and Advera belong to the same 

group of Linde A (LTA) structure-type synthetic zeolites and are the most commonly used zeolites 

for WMA. Advera® which is an additive produced by PQ Corporation is a new generation of the 

Aspha-min technology. These additives contain between 18% and 22% of water by mass which is 

released at higher temperatures facilitated by the mixing and compaction processes [11,32,73]. The 

recommended dosage of Advera in the Warm Mix is 0.25% by weight of the mix. During the mixing 

process, due to the elevated temperature, the water contained in the zeolite is released into the binder 

and foaming occurs. As a result of this, a reduction of binder viscosity and increase in workability 

are observed. Previous research studies have suggested that water released from Advera condenses 

and is reabsorbed by the zeolite which reduces moisture susceptibility [73–75]. This in-built anti-

stripping feature of Advera makes it more commonly used in the asphalt industry because foaming 

technologies in general must introduce enough water into the binder to cause foaming without 

adding so much to induce stripping. Aspha-min works in a mechanism very similar to Advera. 

Aspha-min is a sodium aluminosilicate produced by Eurovia GmbH, (Germany) who recommend 

that the dosage of Aspha-min should be 0.3% by weight of mix. This additive releases water at a 

temperature range of 85–180°C. During the mixing process, both the additive and binder are added 

simultaneously to the aggregates. The water trapped inside the additive is released and this expands 

the volume of the binder while foaming occurs. This facilitates aggregate coating of the mixture at 

lower temperatures [76,77]. 

Advera and Aspha-min have similar effects on WMA due to the similarities in their chemical 

compositions and mechanism of action. The only slight difference is the anti-stripping characteristic 
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that Advera possesses. This feature is absent in Aspha-min, thus anti-stripping agents are 

recommended to be used in combination with Aspha-min [78]. In the National Center for Asphalt 

Technology (NCAT) report [76], it was pointed out that the moisture susceptibility and stripping 

potential were decreased upon addition of an anti-stripping agent (1.5% hydrated lime) to the foamed 

mix. Another notable observation about WMA foaming processes is that, since the introduction of 

water into the binder only brings about a temporary reduction in viscosity, it is highly preferable to 

introduce water into the binder in steps. This stepwise addition of water ensures consistent 

workability for longer periods. Barthel et al. [79] proved that a stepwise release of water creates a 

controlled foaming effect and prolongs the timeframe in which there is an improved workability of 

the mix. This facilitates better coating of aggregates by the binder. In water-based processes, the entire 

water content of the zeolite mineral is not released into the warm mix. This is due to the fact that 

zeolites can continuously release water while being subjected to temperatures as high as 400 °C. The 

lower processing temperature of Warm Mix Asphalt means that the zeolites still retain some of the 

water in their structures. The amount of released zeolite water at WMA production temperatures can 

be estimated by thermal analysis [80]. 

5. Super-Stabilized Emulsions and other WMA Techniques 

Several other techniques exist for producing WMA, which involve methodologies slightly 

different from the generally accepted techniques. Hybrid WMA technologies such as Tri-Mix Warm 

Mix Injection System and Low Energy Asphalt, constitute some of these techniques. One less 

common technique for WMA production is the use of stabilized emulsion to produce Warm Mix. As 

mentioned earlier, this procedure is even more environmentally friendly and is also very cost 

effective because it does not really involve the use of additives in the form of products. Instead, it 

utilizes chemically stabilized bituminous emulsions systematically added into the mix to improve its 

quality and durability. In this process, the aggregates are first pre-coated with the emulsion before 

the binder is added to the mix, and sometimes the binder is foamed before being added to the mix, 

making it a hybrid technology [81]. The combination of these processes most likely increases 

workability of the mix because of the reduced viscosity of the binder and also the adhesion 

parameters like SFE of the aggregates, which have been favorably changed due to the pre-coating of 

aggregates by the stabilized emulsion. Since an emulsion consists of a dispersion of small droplets of 

one liquid in another liquid, stabilized emulsions have three important components: water, bitumen 

and an emulsifying agent (surfactant) which is chemically composed of large molecules and functions 

to reduce interfacial tension in the mix [14]. Chemically stabilized (non-traditional) bituminous 

emulsions have better characteristics in WMA compared to traditional bituminous emulsions. 

Prowell [82] found it worthy to note that non-traditional bitumen emulsions have been developed 

for the production of WMA. The main advantage of stabilized emulsion over traditional emulsion is 

that, upon mixing, most of the water evaporates and surfactants converge to form inverse groups of 

molecules or micelles (shown in Figure 3b), which is not the case with traditional emulsion (shown 

in Figure 3a). 

 

Figure 3. (a) Traditional bitumen emulsion. (b) Stabilized bitumen emulsion. Reprinted with 

permission from [81]. Copyright (2019), with permission from Elsevier. 
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The inverse micelles prevent evaporation of the remaining water and forms a thin film of water 

between the aggregates, improving the workability and compaction of the mixture. Once the 

aggregate and bitumen have been mixed and compacted, the remaining water evaporates by 

chemical reactions that are designed during emulsion formulation [81,83]. Chemical additives which 

are emulsion-based exist and are also used for WMA production, although these products cost more. 

An example of a super-stabilized emulsion is Evotherm® and has been described in Section 3.1. These 

are emulsions that have been stabilized and additive technology has been added to the formulation. 

These emulsion-based products are called super-stabilized emulsions. This stability is achieved by a 

special formulation of the liquid phase containing additives, which impart higher stability to the 

emulsion [81]. The combination of these stabilized emulsions with surfactants or polymers can 

improve mixture workability, coating properties and result in more effective compaction at lower 

temperatures [84]. 

6. Conclusions 

Increasing concern regarding environmental issues is the most stimulating factor behind the 

drift of the asphalt industry towards Warm Mix Asphalt (WMA). WMA is a new, fast emerging 

technology and the validation of facts about this technology will contribute to its widespread 

acceptance. The lack of a standardized WMA mix design increases the need for an understanding of 

the underlying mechanisms of action of additives in the mix. Lack of knowledge on the potential and 

dynamics of WMA in several parts of the world where the technology discoveries are not widespread 

is a limiting factor on the growth of this technology. This is partly due to the limited knowledge on 

WMA additives which does not encourage proficiency with WMA techniques on the part of industry 

personnel. The discussions presented in this paper, fostered by a review of previous research and 

studies, highlight the following points about WMA additives and technology: 

1. Organic additives in the form of waxes and fatty amides act as flow modifiers by melting 

below the melting point of the binder, thus reducing its viscosity during mixing which improves the 

coating and workability of the mix. 

2. During the cooling phase of the mix, waxes such as Sasobit start to crystallize and form a 

microscopic lattice structure in the binder which results in the increased stiffness of the asphalt 

pavement. This is responsible for the deformation resistance and reduction in the amount of air voids 

observed in wax-treated WMA. It is speculated that the stiffness observed in the improved mix results 

from the alteration of binder hydrocarbon chain length by organic additives which are hydrocarbon-

rich in nature. 

3. Chemical additives in the form of emulsions and surfactants function at the microscopic 

interface of the binder and aggregates to regulate and reduce the frictional forces at that interface. 

This improves lubrication between the binder and aggregates. 

4. Emulsifying agents such as Evotherm generally improve lubrication of the mix by altering 

Surface Free Energy components and parameters. This is responsible for asphalt mix particles moving 

more easily over each other in the mix which in turn translates to better coating of aggregates caused 

by an improved contact angle. Liquid chemical additives like Iterlow also act as emulsifying agents 

which contain amine groups and improves cracking resistance of the mix at low temperatures. 

5. Surfactants such as Rediset generally reduce surface tension of asphalt binder to improve 

wettability of aggregates. They also function in a similar fashion as the organic additives by reducing 

the viscosity of the binder to improve workability of the mix. 

6. Foaming technologies in the form of Zeolites (aluminosilicates) and water-based processes 

(injection nozzles) generally reduce binder viscosity temporarily. This improves coating and mix 

workability. These processes are more susceptible to moisture damage due to the involvement of 

water in the foaming process thus anti-stripping agents are often added to the mix if it is not already 

contained in the product. 

7. Hybrid techniques such as Sasoflex and Tri-Mix Warm Mix Injection system combine 

different categories of additives with specific desirable features to synthesize additives with versatile 

functions. This might be the future of WMA technology. 
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Each category of additive is characterized by specific mechanism(s) of action in Warm Mix 

Asphalt. Some additives combine several mechanisms such as conjoining improved lubrication with 

reduced viscosity while altering several adhesion and cohesion parameters of the mix. The ability of 

additives to exploit several mechanisms to improve Warm Mix is a characteristic that can be better 

exploited in the asphalt industry to produce high-performance WMA. The establishment of facts 

regarding mechanism of action of additives is key to formulating a standard design mix procedure 

and the advancement of asphalt production technologies in general. 
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Abstract: Thanks to greater attention to the environment and the depletion of non-renewable
resources, the sustainability and the circular economy have become crucial topics. The current trend of
pavement engineering is to reduce the use of standard bitumen by replacing it with more sustainable
materials such as industrial residues and by-products. In this regard, the present study aims to
characterize innovative extended bitumen using recycled materials. Due to promising preliminary
results as bitumen modifiers, the powdered rubber from end-of-life tires and the re-refined engine oil
bottom (REOB) have been investigated as feasible components of bitumen extenders. Nevertheless,
several variables strongly affect the performance of the resulting binder, which cannot be neglected.
Hence, this research focuses on the rubber–REOB interaction in order to evaluate their optimum
ratio, which may maximize the use and advantages of both recycled materials as suitable partial
replacements for bitumen. Various rubber–REOB ratios were considered and investigated by means
of low and high frequency nuclear magnetic resonance (NMR) spectrometers and scanning electron
microscope (SEM).

Keywords: powdered rubber; re-refined engine oil bottom; bitumen extender; NMR analysis; SEM
analysis; bitumen

1. Introduction

The production and construction of road pavements need a substantial amount of energy and
non-renewable materials. Therefore, the use of recycled materials and/or by-products seems to
be necessary to create a more sustainable future for asphalt mixtures. The recycled materials and
by-products that come from construction and demolition waste or urban and industrial waste can be
introduced in asphalt mixes as recycled aggregates (e.g., RAP, steel slag, ceramics) instead of only
using mineral aggregates [1]; on the other hand, waste polymers and oils can be used at the binder
level as additives or modifiers of bitumen. Since the binder has a significant effect on asphalt mixture
performances, the modification of bituminous binders has become the mainstream of research in recent
decades [2].

Practical experiences and research have shown that rubber from end-of-life tires (ELTs) may
be successfully used as bitumen modifiers to improve the binder response over a wide range of
temperatures [3]. Without neglecting the several parameters that influence the physico-chemical
properties of modified binders such as type, quantity, and characteristics of constituent materials,
some studies have highlighted the feasible replacement for styrene-butadiene-styrene (SBS) polymers
with recycled rubber [4,5]. The rubberized binder shows good resistance to permanent deformations
that turns into a high rutting resistance, which has been evaluated by the use of dynamic shear
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rheometer (DSR) device [4,6]. Although, the SBS modified binder has the best resistance to crack,
the binder that contains rubber shows the best anti-fatigue response [4]. In addition, based on
rheological data, both virgin and waste polymers can decrease the brittleness of modified binders at
intermediate temperature, and reduce the resulting stiffness at low temperatures [7]. However, the
use of rubber has a disadvantageous aspect which is the overall increase in binder viscosity. This
feature is important for pumpability and workability of modified binder [8]. The new candidates to
improve low temperature properties and reduce the viscosity of the rubberized binders are oils that
can have various origins (i.e., petroleum or bio-based oils, waste or refined used oils) [9]. Previous
studies have highlighted the mitigation effect of oil when added to a modified binder regardless
of its nature [10–12]. The oil modification alters the rheological and thermal behavior of bitumen,
which has been observed through dynamic shear rheometer (DSR) and bending beam rheometer (BBR)
analysis [9]. The introduction of oil leads to a decrease in the stiffness of binders, sometimes with
adverse effects at high service temperature if overdosed. In detail, the study of [13] regarding the use
of re-refined engine oil bottom (REOB) revealed that a limited concentration of the oil unaffected the
thermal cracking performance of binders at low temperature and their fatigue cracking resistance at
intermediate temperature. However, by increasing the concentration of REOB up to 15%, the binder
strength and strain tolerance at intermediate temperature could be significantly influenced. Moreover,
a large amount of oil may jeopardize the thermal cracking performance of binders [13]. Another study
observed that blending standard bitumen with REOB at a rate of 9% did not compromise asphalt
mixture stiffness and ageing [14]. On the other hand, a non-similar ageing susceptibility of fluxed and
standard bitumens has been demonstrated, and the different binder responses were attributed to the
composition of the various oils [9]. Therefore, the influence of oil has to be investigated deeply to
minimize the related risks considering the maximum level that can be used and the variability of oil
residues. Both wastes, ELTs and REOB, are engineering materials that represent a resource for further
civil engineering applications. The compound of rubber particles and oil may represent a sustainable
extender that is able to replace a certain quantity of standard bitumen without compromising the
performances of the resulting binder, since they can mitigate their each other drawbacks.

As previously mentioned, the effect of rubber and oil modifications is strictly dependent on the
constituent materials [9,15]. As a consequence, the complete characterization of modified binders
requires the investigation of the components’ interactions themselves. The rubberized binder is
produced with the so-called wet process, during which the rubber particles are thoroughly mixed with
bitumen to obtain a ductile and elastic modified bitumen. The interaction of components is made up of
two simultaneous phenomena: the partial digestion of the rubber particles into the bituminous matrix
and the absorption of the aromatic fraction available in this latter within the rubber itself [16,17]. The
absorption of the aromatic fraction from the bitumen into the rubber’s polymer chains is a physical
interaction mainly controlled by the rubber particles’ shape and size that causes the rubber to swell and
soften [18]. Therefore, during the reaction there is a simultaneous reduction in the oily fraction and
the expansion of rubber particles forming a gel-like surface coating [16]. In this form, the particles of
rubber are still visible (granular-like appearance) in the composite binder, even if the distance between
the particles themselves decreases. If curing is carried out at an excessive temperature and/or for a
too long period, the degradation phenomenon becomes prevalent and the rubber particles are totally
digested in the bitumen [3].

Based on the promising results obtained so far, the present research pushes for a greater use of
recycled materials in bituminous binders with the aim of using rubber and REOB as substitutes for
bitumen, and not only as bitumen modifiers. The final objective of this study is the definition of a
proper rubber-REOB compound that can replace the 25% by weight of standard bitumen obtaining an
extended bitumen. Since the oil used is a petroleum-based material mainly constituted of oily fractions,
it was assumed that rubber particles might absorb REOB as they absorb bitumen; this assumption has
been used to define the optimum weight proportion of products to produce the extenders. Hence,
to maximize the presence of both recycled materials, their interaction was investigated and various
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extenders have been produced. Finally, the feasibility of using the selected extenders was evaluated by
mixing them with a standard neat bitumen and assessing the rheological responses of the resulting
extended bitumens.

2. Materials and Methods

In this study, two recycled materials (i.e., the powdered rubber from ELTs and the re-refined
engine oil bottom (REOB)) were used to produce bitumen extenders that were able to replace a specific
amount of petroleum bitumen obtaining extended bitumens.

The 50/70 penetration grade bitumen (B-50/70) was used as the reference material and base
constituent of the extended bitumen. The powdered rubber (R) was produced from the trituration
processes at an ambient temperature of waste tires from cars and trucks after the separation phase of
textile and metallic parts of the tires themselves. The maximum dimension of rubber particles was
0.40 mm, while the density was 1.01 g/cm3. The Italian consortium, Ecopneus Scpa, to promote the
recycle and the reuse of waste tires, provided the material. The REOB is the by-product of a vacuum
tower in a re-refinery plant of exhausted engine oil supplied by Itelyum Srl. This research used and
compared two recycled oils (hereinafter called O1 and O2, or Ox if both or one of them were considered
alternatively) that were produced in two distinct refinery plants of the same company. Both REOBs
had a density approximately equal to 1.00 g/cm3.

Five mixes were prepared per each REOB (i.e., O1 and O2) by varying the mass of each recycled
materials. In particular, the considered R-REOB ratios were:

1. R:Ox = 3:1
2. R:Ox = 2:1
3. R:Ox = 1:1
4. R:Ox = 1:2
5. R:Ox = 1:3

All extenders were prepared by mixing the pre-heated materials. The first step consisted of
warming up both materials at 130 ◦C in the oven; the Ox for at least 1 h 30’, while R for 15’. Then, the
Ox was added to the R portion and the recycled materials were mixed by the use of a propeller mixer
at a rate of about 600 ÷ 650 rpm for 15’. The mixing phase was performed at a temperature equal to
130 ◦C. In order to keep the blend at a constant temperature during the mixing process, the container
was immersed in a glycerine bath, which was continuously warmed up by a heating plate.

The resulting blends underwent nuclear magnetic resonance (NMR) and scanning electron
microscopy (SEM) analysis to establish the optimum R–REOB ratio, which has been considered as the
maximum amount of REOB that can be absorbed by R. The optimal proportion aims to maximize the
use of both recycled materials. The spectroscopic analysis was carried out by two NMR instruments
that operated at two different proton frequencies: a low resolution NMR (L-NMR) at 15 MHz and
high resolution NMR (H-NMR) at 300 MHz [19]. The L-NMR is a homemade instrument, which has
been used to perform relaxation experiments at ambient temperature; while, the H-NMR is a Bruker
Avance 300 (Germany) that allowed the analysis of diffusion. Thanks to the software Mathematica,
the collected data were post-processed and the spin–spin relaxation time (T2) of all extenders were
determined by fitting with an exponential equation. This relaxation time is concerned with the
exchange of energy among spins without being affected by the surrounding environment [20]. The
H-NMR spectra and diffusion properties of all samples were evaluated at the production temperature
of 130 ◦C. The specimens do not need any specific conditioning before performing the tests. The
scanning electron microscope (SEM, JEOL JXA-8230, Japan) allowed the investigation of the R–REOB
blends’ morphological structure. The tests were run in vacuum mode on the pre-conditioned samples,
which were sputter coated with a thin film of graphite. Various magnifications were considered to
collect the images of all specimens.
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Thanks to the definition of the optima R–REOB ratios (that is 1:1 and 1:2), the extenders were
used to produce four extended bitumens replacing 25% by the total weight of the binder, and their
rheological response was investigated. The list of constituents of the four extended bitumens and
their percentages are reported in Table 1. The conditions of the extenders’ production have been
defined in preliminary studies that have taken into consideration the optimal mixing temperature. The
production of extended bitumens requires the pre-heating of constituents before mixing them. Both
materials (i.e., optima extenders and bitumen) were warmed up at 160 ◦C, the R–REOB blends for
more than 1 h and bitumen for more than 1 h 30’. They were mixed by the use of a propeller mixer at a
constant rate of 800 rpm for 1 h. During the mixing phase, the materials were kept warm by the use of
a heating plate.

Table 1. Percentage of extended bitumens’ constituents.

Extended Bitumen Percentage of Constituent Materials

B R O1/O2

BRO1_1:1 75.0 12.5 12.5
BRO2_1:1 75.0 12.5 12.5
BRO1_1:2 75.0 8.3 16.7
BRO2_1:2 75.0 8.3 16.7

The rheological analyses were carried out using a dynamic shear rheometer (DSR, Anton Paar
MCR 302, Austria). This instrument has been used to investigate the extended bitumens’ behavior over
a wide range of frequencies and temperatures thanks to the amplitude sweep and frequency sweep
tests. The amplitude sweep test allows the definition of the linear visco-elastic (LVE) range of each
extended bitumen, which is one of the input data to perform the frequency sweep test. During the
amplitude sweep test, all samples were subjected to a variable strain that increased in a logarithmic
manner from 0.1% to 15%, while the frequency was constant and equal to 1.59 Hz. The test was
carried out at three temperatures (10, 30, and 60 ◦C) to define the most restrictive non-destructive
deformation range. Thereafter, the extended bitumens underwent the frequency sweep test. Each
specimen was subjected to the corresponding maximum deformation (LVE range) applied at different
angular frequencies that logarithmically increased from 0.1 Hz to 10 Hz. The tests were performed
at six temperatures: 10, 20, 30, 40, 50, and 60 ◦C. Following the standard EN 14770, the rheological
analysis was carried out using the plate–plate configuration; plates with a diameter of 8 mm and a gap
equal to 2 mm were chosen to perform all tests.

3. Results and Discussion

3.1. Nuclear Magnetic Resonance Measurements—T2 Relaxation Time and Diffusion Coefficient

The basic of spectroscopic analysis is the evaluation of the nuclei behavior that underwent an
inhomogeneous external field, which perturbs the equilibrium in a steady uniform magnetic field.
In fact, at equilibrium, nuclei are distributed among the energy levels according to the Boltzmann
distribution with a specific net magnetization vector, but this state can be disrupted by the absorption
of radio-frequency energy such as that caused by a NMR instrument [21]. After the removal of the
disruption field, the nuclear spin system returns to its equilibrium state and the transverse component
of the magnetization vector exponentially decays. The time constant T2 characterizes the signal decay,
which is called spin–spin relaxation time because it is related to the exchange of energy between spins
via flip-flop mechanisms [22]. Usually, the collected signal decay is an envelope of multi-exponential
attenuation since the relaxation time varies in the sample due to the heterogeneity or surface relaxation
differences [23].

In this study, the relaxation time T2 of pure oils and extenders was evaluated by the use of the
L-NMR device [24]. The trend of spin–spin relaxation time and the resulting T2 value of both pure
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oils and extenders are reported in Figure 1 and Table 2, respectively. In general, a short T2 time
corresponds to more rigid supra-molecular particles; while, higher T2 times refer to low intra-molecular
interactions [25]. The pure oils show the highest relaxation time over the corresponding extenders
made with themselves, and it means a lower intra-molecular interactions of Ox. The introduction of
rubber particles into Ox leads to a decrease in the T2 values. The oil absorption by the rubber limits the
mobility of the oil’s molecules, therefore the T2 relaxation times, which reflects a more rapid relaxation
decay. This trend is more evident in the extenders made with O1, which means a higher compatibility
between the rubber and O1 than the R-O2 compounds. The relaxation time of the O1-extenders was
reduced from 5.39×10−3 s for O1 to about 4.00×10−3 s for those extenders with an R content up to 50%
by total weight. Then, more changes in the T2 value can be observed in samples with a higher quantity
of R than O1. In fact, their curves almost overlapped each other. On the other hand, the samples
of R:O2 = 1:3 and R:O2 = 1:2 and pure O2 had similar T2, as shown by the overlapping curves (see
Figure 1). The amount of R in these two extenders does not seem to affect their relaxation time more
than the reference one of pure O2. When the quantity of R is equal or higher than 50%, the reduction in
T2 values can be observed. Based on the collected data, the R-REOB ratios 1:1 and 1:2 represent the
latest ratios after which some changes occurred in the relaxation time. Therefore, these two R-REOB
proportions were defined as optimal.
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Table 2. T2 relaxation time of the O1, O2, and extenders.

Samples Relaxation Time T2 [s]

O1 O2

Ox 5.39×10−3 6.49×10−3

R:Ox = 3:1 2.71×10−3 3.59×10−3

R:Ox = 2:1 3.00×10−3 3.69×10−3

R:Ox = 1:1 4.22×10−3 4.90×10−3

R:Ox = 1:2 4.21×10−3 6.33×10−3

R:Ox = 1:3 4.07×10−3 6.38×10−3

The NMR measurements with the self-diffusion H-NMR probe allowed the evaluation of the
self-diffusion coefficient (D) of oil into the extenders. The present measurements provide information
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concerning the molecular dynamics and spatial dimensions of the particles and cavities in order to
establish the particles’ mobility and the microstructures of the samples [26]. The NMR spectra were
obtained from Free Induction Decay by means of the Fourier transform. Path widths equal to π/2 and 16
scans were used to perform all of the NMR tests. The self-diffusion coefficient was determined directly
by the use of a standard pulsed gradient stimulated echo (PGStE) sequence with a mono-exponential
fitting [27]. The self-diffusion coefficient can be ascribed to the average diffusion phenomena of oil
onto (external) and into (internal) the R particles. The self-diffusion coefficients of the extenders are
shown in Figure 2. In theory, the self-diffusion coefficients should decrease with the addition of R
because it reduces the particles’ mobility. In fact, the extenders at ratios equal to 2:1 and 3:1 showed
low values of the self-diffusion coefficient for both O1 and O2 samples. The oil self-diffusion coefficient
jumped at the ratio of 1:1. Hence, the behavior was in agreement with the higher mobility of the oil
when the maximum absorption was reached.
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3.2. Scanning Electron Microscopy Analysis—Morphological Structure

The R and extenders underwent SEM analysis to evaluate their morphological structures. The
images of the samples are shown in Figure 3. The increasing amount of oil in the samples is clearly
visible moving from Figure 3a, that is, rubber particles without any oil, to Figure 3j,k, which contain a
triple quantity of Ox than R. The sequence of images shows how the rubber may first absorb Ox; then,
the amount of oil became high and started covering the R particles. Since the optimum R–REOB ratio
is defined as the maximum amount of oil that can be absorbed by R, the extenders R:Ox = 1:1 and
R:Ox = 1:2 can be identified as the optimal. The visual investigation of the morphological structures of
samples confirmed the results obtained from spectroscopic analysis.
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3.3. Dynamic Shear Rheometer Investigation—Rheological Behavior

The rheological responses of extended bitumens were investigated and compared with the behavior
of the reference material in order to verify the possibility of using the extenders as a replacement for
neat bitumen. Hence, we checked that the extended bitumens did not show performance degradations
at the binder level.

At first, the amplitude sweep test was carried out to define the linear visco-elastic (LVE) range
of neat and extended bitumens, and the most restrictive ranges were defined at 10 ◦C. The limits of
samples non-destructive deformation that corresponded to the 95% of initial storage modulus were:

1. γ BRO1_1:1 = 1.61%
2. γ BRO2_1:1 = 1.51%
3. γ BRO1_1:2 = 1.46%
4. γ BRO2_1:1 = 1.14%
5. γ B-50/70 = 1.61%

The B-50/70 and BRO1_1:1 had the same LVE limit; it seems that the substitution of standard
bitumen with the compound O1-R in the proportion 1:1 does not weaken the resulting binder while
the same extender made with O2 reduced the LVE limit of the binder, leading it to withstand a lower
deformation until structural changes occur. Regarding the effect of different R–REOB ratios, double the
amount of REOB than R into the extender strongly influences the response of binders, and the results
confirmed the more detrimental effect of O2 than O1.

The complex shear modulus (G*) and phase angle (δ) master curves obtained from the frequency
sweep tests are shown in Figure 4. Concerning the complex shear modulus master curves, all extended
bitumens showed a stiffness reduction with respect to B-50/70 at high frequencies that corresponded to
low temperatures. Lower values of G* may turn into a greater thermal cracking resistance, which may
be related to the addition of REOB. At intermediate conditions, the G* values of extended bitumens
were still lower than B-50/70; however, the differences between the binders decreased. By decreasing
the frequencies, an inverted trend could be observed in the G* master curves. About all of the
extended bitumens showed a greater complex modulus than neat bitumen at low frequencies or high
temperatures; only the BRO1_1:1 sample had a similar response of B-50/70 and their master curves
overlapped. The higher values of G* at low frequencies means that almost all extended bitumens can
better withstand permanent deformations. This improvement may be ascribed to the presence of R; as a
matter of fact, the binders made with R–REOB ratio equal to 1:1 had a greater stiffness than those made
with a ratio 1:2 over all tested frequencies. Nevertheless, the samples BRO1_1:1 and BRO1_1:2 showed
the opposite behavior at low frequencies/high temperature, which could be related to the production
and/or test issues (e.g., non-well homogenization of components or the sample is not representative).
On the other hand, the phase angle master curves of the extended bitumens showed lower values than
that of neat bitumen, especially at low frequencies or high temperature. The introduction of R particles
improves the elastic response of all bituminous binders. Moreover, the addition of a polymer (i.e., R)
leads to changes in the shape of the binders’ phase angle master curves. The curves of the extended
binders showed two different slopes, while the curve of the neat bitumen was continuous.
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4. Conclusions

This research aimed to define suitable bitumen extenders by the use of rubber from ELTs and
REOB maximizing the quantity of both recycled materials used. Furthermore, the feasibility of using
these materials as bitumen extenders, replacing 25% by weight of bitumen itself, has been studied.

Thanks to the NMR and SEM measurements, the optimum proportion of the two recycled materials
was determined; both spectroscopic and imaging investigations confirmed the ratios R:Ox = 1:1 and
R:Ox = 1:2 as the optimal to maximize the quantities of both recycled materials. Hence, the NMR and
SEM measurements were found to be useful to study the R–REOB interactions.

The rheological results of extended bitumens by means of DSR are promising. The partial
substitution of standard bitumen by the use of R–REOB blends can improve the performance of binders
at low temperature; most probably the addition of REOB, which is a softening agent, leads to an
enhancement of their thermal cracking resistance. The extended bitumens have acquired a greater
elasticity at all tested conditions, which can be related to the introduction of rubber. In addition,
the waste polymers may improve the binder responses at high temperature; however, one extended
bitumen did not show greater resistance to permanent deformation.

Due to the variability of the components used and the complexity of interactions that takes place
between constituent materials, further studies are necessary to fully understand the effect of each
added product and ensure good performances of the resulting extended bitumen. Furthermore, other
materials can be used as constituents of the bituminous binders, which should be investigated.
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Asphalt concretes are biphasic systems, with a predominant phase (c.a. 93–96%w/w) made by the macro-meter
sized inorganic aggregates hold together by small amounts of a viscoelastic binding bitumen (c.a. 5%). Even if the
bitumen is in minor amount, it plays an important role dictating all the desired properties: rheological perfor-
mances, resistance to aging etc. What happens if nanoparticles are used as additive in suchmaterials? They usu-
ally confer enhanced resistance undermechanical stress and give sometimes interesting added-values properties
so, despite the high costs of their production, nanoparticles are interesting materials which are being monitored
for large scales applications. This work introduces the reader to the properties of nanoparticles in an easy to re-
view their use in bitumen and asphalt preparation. Silica, ceramic, clay, other oxides and inorganic nanoparticles
are presented and critically discussed in the framework of their use in bitumen and asphalt preparation for var-
ious scopes. Organic and functionalized nanoparticles are likewise discussed. Perspectives and cost analysis are
also given for amore complete view of the problematic, hoping this could help researchers in their piloted design
of material for road pavements with ever-increasing performances.

© 2020 Elsevier B.V. All rights reserved.
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1. Bitumen and asphalt generalities

Bitumen can be defined as high viscous visco-elastic liquids at ambi-
ent temperatures. At high temperatures (typically above its softening
temperature, that is above 60 °C), bitumen is a viscous Newtonian liquid
characterized by a temperature-dependent viscosity [1]. It is a virtually
non-volatile, adhesive, and waterproofing material, derived from crude
oil distillation process or present in natural sources, which is completely
or nearly completely soluble in toluene [2]. Bitumen physico-chemical
characteristics strongly depend on crude oil sources undergoing
topping distillation process [3–5]. Bitumen viscoelastic properties
allow its use as binder, for roofing, industrial applications and mainly
for asphalt concrete production for road paving through the world. For
the latter application, bitumen is heated to be properly mixed with
the aggregates (whose mixing follows well defined granulometric
curves) and, finally, after the compaction process and cooling to ambi-
ent temperature, the bitumen will act as the binder of the aggregates.
Asphalt concretes are, therefore, biphasic systems, with the predomi-
nant phase (c.a. 93–96%w/w)made by themacro-meter sized inorganic
aggregates (size from microns to millimeters) hold together by small
amounts of binding bitumen (c.a. 5%) which constitutes the second
phase. See Fig. 1 left panel. Bitumen is in turn a complexmixture of Sat-
urates, Aromatics, Resins and Asphaltenes, whose typical relative frac-
tions are reported in Fig. 1 right panel.

Bitumen has a very complex structure which is usually described in
terms of colloidal facets. The dispersed phase is made up of micelles of
high polarity andmolecular mass made by asphaltenes stacks, behaving
as solid and adhesive particles. These colloidal aggregates, are dispersed
in the dispersing phase, an oily apolar environment of lower molecular
weight known as maltene, granting fluidity [6].The apolar maltene
phase, in turn, is composed of saturated paraffins, aromatic oils and
resins, as schematically depicted in Fig. 1. The proposed model of bitu-
men is called colloidal model: the asphaltene, in the form of polar
nano-aggregates, are stabilized by resins which behave as the dispersing
agents for asphaltene molecules combining them with aromatics and

saturates; however asphaltenes have the tendency to self-assemble
into hierarchical structures of different length-scales [7] .

The delicate equilibrium among all the interactions among all these
components and all these structures produces the conditions for asphal-
tic flow, which is susceptible to change upon aging [8] or addition of
other chemical species.

It must be pointed out that the chemistry of bitumen is the key ele-
ment to define its physical properties: following the analogy with the
micellarmodel, and borrowing the information known for reversedmi-
celles in water-in-oil microemulsions (polar micelles dispersed in
apolar matrix, like in bitumen), the stabilization of the polar domains
is of pivotal importance for determining both the structure and the
properties of the overall aggregates of organic-based materials [9,10],
being the stabilization mechanism (it must be pointed out) quite gen-
eral, spanning from organic materials to inorganic complexes [11] and
even nanoparticles [12].

As a consequence of these strict relationships between intermolecu-
lar interactions, aggregates structures and their dynamic properties, the
rheology (ductility at a given temperature/frequency) and behaviour of
bitumen are dependent not only on its structure, but also on the
maltene's glass transition temperature and the effective asphaltene con-
tent [1].

When it comes to the bitumen structure, molecules are not uniquely
defined, so bitumen is classified according to the molecular weight and
polarity of its components. Since there are millions of such constituents
within the bitumen, the bitumen chemical analysis is usually performed
based on the molecular structure class, not by studying the molecular
species individually [13].

We believe in fact that any technique differentiating the types of
molecules or fractions within narrower properties would be a more ef-
fective form of analysis, although of hard practical use.

A final comment is due to the role of resins, because, being the stabi-
lizing agents actually hold up the overall structure of the system. This
peculiar characteristic is given by their amphiphilic properties, i.e.
such substances possess both polar and apolar parts within their

Fig. 1. Asphalt and bitumen composition.
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molecular architecture. So, at their polar side they can bind the polar
clusters of asphaltenes, and at the apolar one, they can bind themaltene,
acting as a bridge between polar and apolar domains which, in absence
of such molecules, would be unstable towards segregation/separation/
sedimentation. Without going deep into details, it is important to
point out here their complex role in the overall self-assembly and
dynamics.

In fact, it has been recently highlighted that, in addition to polar and
apolar interactions, further specific interactions between amphiphiles
themselves with consequent peculiar mutual interactions and self-
assembly processes [14,15] of extended molecular network, dictating
the final overall aggregation pattern [16] and the (usually slowed-
down) dynamics [17,18]. The latter, in particular, must be taken into ac-
countwhen considering the dynamical properties (see next paragraph).

2. Bitumen properties

In both paving and industrial applications, the bitumen should be re-
sistant to climate and more demanding traffic loads, for which reason
rheological properties play a key role in different aspects [1,19,20].
From a functional point of view, the bitumen has to be fluid enough at
high temperature (c.a.160 °C) to be pumpable and workable to allow
a homogeneous coating of the mineral aggregates upon mixing. More-
over, it has to be stiff enough at working temperatures (according to
the local temperatures, c.a.60 °C) to resist rutting. Finally, itmust remain
soft and elastic enough at low temperatures to resist thermal cracking
[1]. All the mentioned requirements are almost opposite, and most of
the available neat bitumenswould not provide all the needed character-
istics together. Moreover, in some applications, the performance of con-
ventional neat bitumens may not be satisfactory considering the
required engineering properties because it is brittle in a cold environ-
ment and softens readily in a warm environment. This limited perfor-
mance temperature range is the main drawback of neat bitumen,
limiting its use in particular for road paving applications. In addition,
as the traffic speed and load has dramatically increased, unplanned
overloading has notably shortened the life of asphalt pavements, in-
creasing its costs of maintenance and risks to users. In addition, the bi-
tumen is a material sensitive to aging, and its properties deteriorate
over the service life [8]. Bitumen become stiffer and more brittle with
time, so the performance of the asphalt mixture is affected. Aging effect
is particularly severe in surface layers that are exposed to environmen-
tal conditions such as UV radiation, moisture, oxygen, and temperature
changes [21]. Thus, the service life of the asphalt concrete is dependent
of its aging resistance [22]. Hence in order to enhance the performance
properties of neat bitumen, to date, a variety of additives have been in-
troduced and some have been used successfully for many applications.
Modifiers and additives that have been used to boost bitumen perfor-
mance include: polymers, chemical modifiers, extenders, oxidants and
antioxidants, hydrocarbons, and anti-stripping additives, adhesion im-
provers, fibers etc. [5,23].

3. Nanomaterials as additives for improving bitumen properties

Recently, researchers are turning to nanotechnology as a novel
methodology to improve bitumen properties. Both theoretical and ex-
perimental studies on this topic have shown that several appealing
characteristics of nanoparticles (size, distribution, constitution, phase,
etc.), their small size (1–100 nm) and consequently their large surface
area-to-volume ratio, can have significant effects on development of
rheological properties of bitumen and asphalt pavement, also when
are added in few percent as modifiers to bitumen [24] (Nanomaterial
can increase the capacity of the pavement load and decrease cracks
due to fatigue during the operation life of the pavement. Thanks to
their high efficiency in increasing the long-term performance of asphalt
concrete pavement, the use of nanomaterials has therefore gained con-
siderable popularity. However, some limitations encountered in

dispersion of nanoparticles and chemical compatibility with bitumen
matrix have affected the development of bitumen nanocomposite
materials.

What is important here is to point out that nanomaterials can play a
significant role in enhancing the rheological characteristic of the
existing materials by providing better performances, like increased re-
sistance to traffic and environmental loads. Nanoparticles can mitigate
incompatibility between some natural aggregates and bitumen binder,
enabling more sustainable and durable pavement solutions [25]. Other
application are represented by specific properties conferred by nano-
particles: nanoparticles can have anti-oxidant effects (section 6.2) or re-
duce the photo-induced aging (see section 6.6.1), they can reduce
asphalt flammability (section 6.4) and can also behave like a
antistripping agent or promote adhesion between bitumen and acid
aggregates like granite (section 6.5.1).

Fig. 2 illustrates, respectively, the evolutionof length scales offlexible
pavement material in macro-scale to quantum-scales and particle sizes
and specific surface area related to concrete materials.

It can be seen that different particle sizes are used for different
purposes. Macro-scale particles are used for pavement preparation,
as already evidenced in section 1. Smaller particles falling within
the range 10−5–10−2 m (micro-scale) are used for conventional con-
cretes giving large air voids [27–29]. Particles with size in the range
10−5-10−8 m are used for high-strength and high performance con-
crete [30,31]. An important role is exerted by the so-called fillers,
i.e. those particles with size <75 μm, thus falling in between the
micro- and the meso- scale, which are used in blends with neat bitu-
mens to enhance adhesion and the overall bitumen properties in road
pavements [27,32]. It can be expected that the chemical nature of the
filler can influence the filler-bitumen interaction giving, in accor-
dance, different types of bonds/strengths. However, it has been con-
cluded by some authors that the adsorption of the bitumen
elements is proportional to the surface area of the filler and it is not
affected by the chemical composition [33].

As it can be seen from Fig. 3, different kinds of particles with di-
mensions ranging from few nanometres to centimetres can be used
for asphalt concrete production. For example, conventional concrete
production generally uses particle size spanning from few microns
to centimetres. Normally, a mixture of different kinds of materials
like Portland cement aggregates, fly ashes, natural sands and coarse
aggregate are employed. In addition to these, the use of aggregates
with particle size ranging from tenth of nanometres to centimetres
such as metakaolin, finely ground mineral additives and silica
fumes (also known as micro silica) is involved in the high strength/
high performance concrete production. More recently, the field of
nano-engineered concretes has prominence in asphalt concrete pro-
duction. For the latter in addition to the previous materials, aggre-
gates of nanometres dimension (typically from 1 nm to few
microns) like nanosilica particles or precipitated silica, a type of
mesoporous material, which has large and controllable surface area
(5–100 m2/g), pore size (5–100 nm with agglomerate size between
1 and 40 μm) with high density of silanol groups on the surface,
are commonly employed.

This review explores the state-of-the-knowledge and state-of-the-
practice regarding the latest updates on bitumen modified by
nanomaterials. The information in this study was gathered from a
thorough review of the recent studies carried out in the field of
nanomaterial modification of bituminous binder in order to give a
comprehensive view considering both theoretical considerations and
applicative aspects. In the following sections, some historical infor-
mation about nanotechnology and nanomaterials (section 4) and
the properties of nanoparticles (section 5), are briefly reviewed.
Then, we will present several types of nanomaterials for specific
uses in asphalts and bitumens (section 6), some perspectives on van-
guard techniques and side considerations on the costs (section 7)
and, finally, the conclusions (section 8).
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4. Nanomaterials

4.1. Historical background

Nano- (from the Ancient Greek νάνος, nanos, “dwarf”) is unit prefix
name, represented by the letter n and means “one billionth”. The S.I.
unit nm corresponds therefore to a one billionth of meter, i.e. 1 nm =
10−9m. This length-scale seeded all theworld of nanotechnology, a con-
cept first discussed in 1959 by physicist Richard Feynman in his talk
There's Plenty of Room at the Bottom [34], where he described the

possibility of synthesis via direct manipulation of atoms. For that time
this concept was probably pioneering, since the technologies going be-
yond controlling materials and engineering on the micrometer scale
were discussed in 1974 by Norio Taniguchi who also used (for the first
time) the term nanotechnology [35]. Few years later, in 1981, Drexler
[36] pointed out a new approach which is more related to the meaning
of today applications. It corresponds to the atom-by-atommanipulative,
“hardtech” processing methodology [37–45]. Nowadays, nanotechnol-
ogy can be defined as the science and engineering involved in the de-
sign, synthesis, characterization and application of materials and

Fig. 2. Adapted from [26].

Fig. 3. Some kinds of differently-sized particles used for asphalt concrete production (image taken from ref. 76).
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devices which smallest functional organisation in at least one dimen-
sion is on the nanometer scale. The emergence of nanotechnology as a
field in the 1980s occurred through convergence of Drexler's theoretical
and public work, the invention of the scanning tunnelling microscope
by IBM Zurich Research Laboratory which provided unprecedented vi-
sualization of individual atoms and bonds and was successfully used
to manipulate individual atoms, and the synthesis of Fullerene (C60)
by Harry Kroto et al. [46]. The term nanomaterial can be referred to a
wide variety of different materials (e.g. nanoparticles, nanorods, nano-
tubes, nanowires, nanoplatelets, nanoporous, nanofibers and so on)
that have their dimension ranging in the scale of 1–100 nm.

In this realm, many different aspects are included: Malsch for in-
stance already in1999 [47] reported the results of a survey in which
22 experts working in different research areas were asked to indicate
what they saw as nanotechnology. It turned out that there was no
100% consensus and many different fields were considered as part of
nanotechnology. In particular, nano- and quantum electronics, nano-
structured materials and scanning probe microscopy were the most
cited fields, being quoted bymore than 17 researchers.Molecular mate-
rials for electronics and molecular nanotechnology were also consid-
ered as part of nanotechnology for 16 of the 22 experts: interestingly
this fieldwas taken into account bymost workers in inorganicmaterials
and excluded by those working in organic ones. However, also com-
putermodelling, cluster andmesoscopic science and technology and su-
pramolecular chemistry were taken into account. Since there are clear
differences among all these disciplines, it was evident already in that
pioneering work that it was better to think of nanotechnology not as a
unique field but just as a complex structure of interconnected research
areas. It followed that synergic co-operation among researchers with
different skills was to be considered pivotal making nanosciences defi-
nitely multidisciplinary.

We want to stress here the pivotal aspect of multidisciplinarity: in-
terdisciplinary works are actually so important that already in 2001
Correia [48] pointed out the important actions taken by the European
Commission (IST programme) who funded the PHANTOMS network.
That network, noticeable for that time, involved 38 partners from 12
European countries. Members come from governments, industries and
universities with the objective to stimulate nanoelectronics research
for developments in information technology (IT) and microelectronics.
The aim of that network was to make European science and research
more competitive to become a reference point on nanotechnology and
nanoelectronics although industrial participation (only 13%, with the
rest composed by public institutions) was still low.

The European Commission Recommendation itself, gives recently a
more concise definition of nanomaterial. It defines a nanomaterial as
“a natural, incidental or manufactured material containing particles, in
an unbounded state or as an aggregate or as an agglomerate and where,
for 50% ormore of the particles in the size distribution, one ormore external
dimension is in the size range 1-100 nm” [49].

The advances and refinements of knowledge about manipulation of
materials on the nanometer scale in order to obtain characteristics
which could not otherwise be achieved growth the interest in nano-
structured materials. By pushing the surface to volume ratio (specific
surface area) to high value and consequently the spatial confinement
to nanoscale, one allows thematerial to behave differently than itsmac-
roscopic counterpart [50]. Some basic observation will show, in the
following paragraph, the reasons.

4.2. Some techniques usually exploited for nanostructure characterization
in bituminous materials

Generally, themost common techniques to study bitumenmodifica-
tion involve rheology measurements. They directly probe their behav-
iour under mechanical stress. However, more sophisticated techniques
probing the inner structure, which is starting to be correlated to the
overall performance, can be used. Recently, nuclearmagnetic resonance

techniques have proven to be able to give detailed information both
from the structural and from the dynamical point of views [51–54]. In
addition, X-ray scattering/diffraction are also non-invasive methods
which proved to be effective for investigating the structural properties
of materials especially in nanomaterials science [55]. The advances ob-
tained by the use of synchrotron-based (multi-scale) X-ray scattering
radiations allowed detailed characterizations of a wide range of mate-
rials, from polymeric systems [56–61] and organic structures including
bio-materials and bio-(macro)molecules [61–65], to zeolites [66–68],
alloys, ceramics and composite materials [68,69]. Applications to bitu-
mens and asphalts cannot be an exception, as it has been already
discussed in some recent papers [70,71]. Due to the complexity of
nanoparticles-containing bitumens and asphalts, it is clear that different
techniques can probe different things, giving therefore different infor-
mation, so, as the reader may surely agree, the synergistic use of differ-
ent techniques can give a better comprehension of the complex
physico-chemistry involved in these materials [72].

Besides such expensive techniques, a cheap and easyway to observe
the presence of certain materials by probing the typical frequencies of
their atomic vibrations, is FT-IR This can be used for recognizing the
presence of both inorganic andorganicmaterials. Frequency shifts (usu-
ally red shifts) can also be used to highlight eventual interactions with
other species (for example when an organic molecule bind a nanoparti-
cle surface, as it will be shown in section 6.7). In this ambit, eventual in-
teractions between the amphiphilic species present in the bitumen and
themetal atoms of certain nanoparticlesmust also be taken into consid-
eration [73]. However, a careful analysis of FT-IR spectra need to be
taken into account [74], which must pass, in our opinion, through the
analysis of the individual IR ranges where the various functional groups
absorb [75], as also shown in ref. [76] where some comments are de-
voted to bituminous materials.

For having a “vision” of thematerial, microscopies are themost suit-
able techniques. A pivotal role is exerted by scanning electron micros-
copy (SEM) and atomic force microscopy (AFM), although it must be
pointed out that they are essentially surface methods and therefore
they are not fit for probing the inner part of the material. A useful
method to characterize the degree of subdivision of a powder which
will be inserted into a bitumen, is the evaluation of its specific surface.
This can be done by routine methods like nitrogen adsorption (BET).
The specific area is, in our opinion, an important parameter to be mea-
sured, since the surface atoms of (nano)particles are those which inter-
act with the matrix: uneven surface can, in principle, offer more
interfacial atoms, in comparison with a flat interface, for interactions
with the matrix.

More sophisticatedmethods like nanotomography can simultaneously

1. probe the nanoparticles, as distinct objects different from rest of
the (bituminous) material and

2. probe the inner part of the sample, differently frommicroscopies.

But a dedicated paragraph (section 7.1) will be devoted to the discus-
sions of such technique.

5. Reducing the size to nano-scale: nanoparticle peculiarities and
their tendency to agglomerate

Indeed, the specific surface area increases as the particle size de-
creases, becoming significantly large in the nanoscale. For example, in
the case of a single spherical particle the surface-to-volume ratio is
3 mm−1, 3·103 mm−1, and 3·106 mm−1, for the sphere radius of
1mm, 1 μm, and 1 nm, respectively. Thus, considering the same volume
unit, the use of nanoparticles instead ofmicroparticleswill allow amuch
larger available surface area. In reality, when dealing with aggregates
made by a relatively small number of atoms, it is not plausible any
more the treatment in terms of model sphere, since the individuality
of the atoms as discrete entities must be taken into account for.
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Referring to a model ideal primitive cubic arrangement of size L
composed by atoms at distance size L0 from one another in the vacuum,
as that depicted in Fig. 4, some simple geometrical considerations can be
done.

It is obvious that in this model bulk atoms have a coordination num-
ber (c.n.) of six and surface atoms can be divided into three groups
according to their c.n.. So, there are:

• Bulk atoms with c.n. = 6 and zero dangling bonds;
• Atoms at flat surfaces with c.n. = 5 and one dangling bond;
• Atoms at edges with c.n. = 4 and 2 dangling bonds;
• Atoms at corners with c.n. = 3 and 3 dangling bonds.

Being f6, f5, f4 and f3 the fractions of atoms with number of coordination
of 6, 5, 4 and 3, respectively, from simple geometrical considerations it
follows that their values are those reported in Fig. 4.

The size dependence is shown in Fig. 5. where the fraction of total
surface atoms fsur

f sur ¼ f 5 þ f 4 þ f 3 ð1Þ

together with the single contributes f5, f4, f3 is shown.
It can be seen that the surface atom fraction is negligible for cluster

bigger than 100 nm but it increases for smaller clusters. When the par-
ticle size approaches to the critical size of few nanometres sudden
changes occur: the surface atoms start to be a consistent fraction of
the total number of atoms and they are mostly atoms at faces, i.e. with
c.n. = 5. When the size is further reduced to few times the atomic

Fig. 4. A model of cubically packed spheres to estimate the fraction of species at the flat surfaces (f5), at the edges (f4) and at the corners (f3). The subscript indicates the coordination
number. See text for details and discussion.

Fig. 5. Size dependence of: a, surface-to-volume ratio (S/V); b, fraction of surface atoms (fsur); c, mean coordination number (<c.n.>); d, dfsur/d(L/L0) see text for details.
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scale, other changes take place, because the number of atoms with c.
n. = 5 drops in favour of atoms with lower c.n. Actually smallest nano-
particles are mainly made up of atoms with low c.n. and so it would be
expected that they possess exotic properties just because they aremade
of atoms with lower c.n.. This is clearly shown in Fig. 4c, where the
average coordination number 〈c.n.〉 worked out as

〈c:n:〉 ¼ 6 f 6 þ 5 f 5 þ 4 f 4 þ 3 f 3 ð2Þ

is reported as a function of size.
These argumentations are based on the assumption of perfectly

cubic nanoparticles but of course this is not generally true in reality: it
is argued that nanoparticle surface is not generally smooth possessing
a fractal-like structure. The presence of irregularities makes the
surface-to-volume ratio higher but also give nanoparticles more exotic
properties. Surface species, and in particular surface defects, can in fact
play a different role from that shown so far and, as it will be shown, fur-
ther modify the nanoparticle structure thus further contributing to
exotic and enhanced nanoparticle properties.

It is expected for example that surface species can adsorption of
chemical species at the surface, so further interesting considerations
can be achieved by thermodynamics.

The free energy (G) of a phase depends, at constant pressure and
temperature, on the surface A through the surface tension γ:

dG ¼ γdA ð3Þ

Now, γ is usually positive, reflecting the fact that the surface atoms are
in a high-energy state, so nanoparticles have the natural tendency to re-
duce this contribution by minimizing the surface-to-volume ratio. Nano-
particles tend, in fact, to grow with no limits and this can take place
through several differentmechanisms.Detaileddiscussionson thepossible
mechanisms of nanoparticle growth can be found in the literature [77,78].

However, what is important to point out here is that the driving
force of any growth process is the attempt of surface atoms to form
bonds to complete their coordination structure so it can be expected
that the more efficient is the saturation of surface dangling bonds by
growing, the more powerful is the driving force. The variation of the
number of surface atomswith increasing the particles size is then repre-
sented by the derivative of the eq. 1, i.e. df sur=d L=L0ð Þsur:

This curve is shown in Fig. 5 and it clearly shows that the driving
force diminishes very rapidly with size. It is now obvious that a syn-
thetic protocol should inhibit nanoparticle growth thus allowing the
size control in the nanosize regime. This can be achieved by:

1) compartmentalization in distinct domains so nanoparticles can-
not come into contact to aggregate

2) charging of particles, so charged nanoparticles cannot aggregate
owing to the repulsive inter-particle forces

3) adsorption of suitable molecules at the nanoparticle surface. The
role of such molecules is twofold: first, they act as surface-active
molecules reducing the nanoparticle interfacial energy, and, sec-
ondly, they coat thenanoparticlewith a protective shell preventing
them fromall thosemechanisms that tend to increase nanoparticle
size: ripening (in solutions), aggregation, coalescence.

However, an important factor to be taken into account for is that
nanoparticles must diffuse to come into contact for aggregation to
occur. So, in the case of bitumens, the high viscosity limits unavoidably
at some extent such motions, leaving the problems generally in such
stages where the different condition (bitumen homogenization at high
temperature, for example) allows nanoparticle diffusion. Another
point deserving attention is that the aforementioned actions are needed
only when the substance-specific thermodynamic tendency to the
growth, i.e. the reduced nanoparticle size, poses the problem. This hap-
pens, as shown in Fig. 5, usually for smaller particles, which may not be
necessarily used in bitumens applications.

So, the choice of the method for nanoparticle preparation must take
into account for the final nanoparticle size, jointly to its inherent draw-
backs, and be therefore finalised to the subsequent use of such particles.

This is a crucial point: at what extent a given technological field can
bear the costs of reducing the size? Each size regime, as shown in Fig. 5,
has specific properties and can give application-specific added-value.
So, it is not true that smaller means better. There is a delicate equilib-
rium among properties, costs and added value to be taken into account.

The case of bitumen and asphalts, is not of course an exception, so a
final paragraph reporting consideration in this sense will be finally
provided.

6. State of the art in the use of nanoparticles in bitumens and
asphalts

6.1. Nano-SiO2

The most common material used as nanoparticles added to bitu-
mens is certainly silica. In our discussion, therefore, we cannot but con-
sidering them as a starting point. Silica is the name usually used to
depict silicon dioxide. It is a covalent solid with the chemical formula
(SiO2)n. The silicon atom is located in the centre of a tetrahedron and
is covalently linked to four oxygen atoms. Silica exists both in crystalline
forms, such as quartz, and in amorphous forms, such as silica glass [79].
Due to its low-cost production, it is used in many areas such as medi-
cine, drug delivery and agriculture. Nevertheless, it is used in particular
in theproduction of cement and concrete, due to its high stability, ability
to disperse, filler effect and its pozzolanic reactivity [,80,81]. Silica nano-
particles are often used in the construction of asphalt concrete thanks to
its properties: it causes a significant viscosity increase which usually
decreases with increasing temperature [82].

Lower viscosity means lower compaction temperature. Besides, the
rutting resistance, fatigue cracking and anti-stripping properties are en-
hanced [83]. Ghasemi et al. [84] have added nano-SiO2 to a bare bitu-
men to demonstrate enhancement of performances. The bare bitumen
properties are listed in Table 1 as well as the code for the test method.
Such bitumen was then modified with a mixture of SBS (styrene-buta-
diene-styrene) at a fixed amount of 5% and nanosilica at five different
amounts. The diameter of the nanosilica used for this research was
15 ± 3 nm.

The bitumens physical properties after modification are reported in
Table 2: it is possible to note that the softeningpoint increases according
to the nanosilica content, while penetration decrease. Some differences
have been found if the analysis was conducted at the top or at the bot-
tom of a sample opportunely prepared to test storage stability. The dif-
ference between the ring and ball temperatures of the upper and lower
part is indicative of the stability and itwas found to decrease in presence
of nanoparticles. This indicates a clear improvement in storage stability.

The authors also performed mechanical tests on the asphalt con-
crete. TheMarshall stabilities andflows, reported in Table 3, reveal a sta-
bility increase due to the presence of nanosilica, in fact the values
increase as the nano-SiO2 increases. This result is consistent with the

Table 1
Properties of the bitumen studied by Ghasemi et al. [84].

Physical properties Test
Method

Measured
values

Penetration at 25 °C, 100 g, 5 s (deci-millimetere,
d-mm)

ASTM D-5 64

Softening point, ring and ball (°C) ASTM D36 48
Ductility at 25 °C at 5 cm/min (cm) ASTM

D-113
100+

Flash Point, Cleveland open cup (°C) ASTM D-92 284
Specific gravity at 25 °C (gr/cm3) ASTM D-70 1.021
Loss on heating, wt (%) ASTM D-6 0.06
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research conducted later by Crucho et al. [85]. Ghasemi et al. evaluated
that the Marshall stability increase by 83% adding nano-SiO2.

Interestingly, the value of ITS (indirect tensile strength) progres-
sively increases as a function of added silica, from a minimum of
680 kPa for the asphalt concrete made by neat bitumen, to a maximum
of 890 kPa for the asphalt concrete made by bitumen with 2% nanopar-
ticle. This behaviour shows that the cohesion and adhesion of the binder
is improved with the addition of SBS and nanosilica. On the other hand,
the TSR (tensile strength ratio), after one freeze-thaw cycle, had values
comprised between 0.7 and 0.91 obtained for the highest content in
nanoparticles showing that nanosilica is effective in counteracting
moisture damage.

Self-consistently, the indirect tensile stiffness modulus increases as
the nano-SiO2 content increases, from 811 MPa for the bare bitumen
up to 1830MPa for the nanoparticle content of 2%whereas the addition
of SBS only can cause an increase in stiffness modulus by about 53%
compared to the neat sample.

Galooyak et al. [86], three years later, analysed a 60/70 pen binder
modified with 2% of Sasobit and variable percentages of nano-SiO2

(from 2 to 6% wt). The nanosilica used was 20–30 nm and the physical
properties of the bitumen are listed in Table 4.

The physical properties after modification are reported in Table 5,
which shows a self-consistent decrease in penetration and ductility
and an increase in softening point with the nanoparticle content
increase.

Also, the complex modulus, G ∗, analysed as a function of frequency
through frequency sweep between 0.1 and 700 rad/s, at 10 and 50 °C in-
creases as nanosilica content increases, especially at low frequency. It
can be concluded that the modified bitumen has better resistance
against rutting at heavy loading condition. Interestingly the authors
found that the high temperature (50 °C) enhances nanosilica dispersion,
so the difference between the complex modulus with and without
nanoparticles is higher than that at low temperature (10 °C).

We would like to point out that the same authors correctly pointed
out that attention must be paid to the elastic and viscous behaviour of
bitumen, because this affects service temperatures. For this reason,
they also analysed the phase angle, pointing out that an ideal bitumen
should show a plateau, in the complex module and in the phase angle,
with varying frequency, in accordance with Oliviero Rossi et al. who,
two years later, have described the latter behaviour as a sort of buffer
effect [87].

It must be pointed out that Galooyak et al. carried out also tests on
WMA (Warm Mix Asphalt). From these tests we report the essential
clues. The Authors estimating the asphalt concrete response to traffic
loading, showed that the resilient modulus (the ratio between applied
stress and recoverable part of strain), increases as a function of the
nanosilica content. Moreover, there is a direct relationship between
the nanosilica content and the number of loading cycles (25 ms loading
and 125 ms resting time) required for cracking (see Fig. 6). The fatigue
life of theWMA is higher for samples containing nanoparticles than for
the unmodified sample. Moreover, themodified 6% sample has the low-
est cracking depth. According to the authors, nanosilica reduces air
voids, which, in turn, increases the fatigue life. The mechanism linking
nanosilica presence to air void reduction, can be, in our opinion, traced
back to the tendency of smaller particles (nanosilica, size 20–30 nm) to
fill bigger cavities (air voids, typically μm-mm size) [29].

The dispersion of nanoparticles within the bitumen matrix can be
probed by microscopy. In the study carried out by Taherkhani and
Afroozi [88] in 2016, the dispersion of the nanoparticles in the binder
was analysed through Scanning ElectronMicroscopy (SEM). The binder
used had a penetration grade 60/70, and the size of the nanosilica was
11–13 nm. From their SEM images it is possible to observe how some
nanoparticles are separated in the mass of the binder while others are
aggregated in small groups. However, this implies a strong tendency
to form a network of aggregates responsible for the mechanical proper-
ties of the modified binder.

In another research conducted four years later, Zghair et al. [89]
analysed the physical properties of 60/70 penetration grade bitumen
modified with various percentages of nanosilica (size between 11 and
12 nm).

Two different types of samples modified with nanosilica were pre-
pared by varying the mixing time between binder/nanoparticles (30
or 60min). The clues are synthetically reported in Fig. 7: the penetration
value and the ductility decrease with the amount of nanosilica. The re-
duced penetration value is due to the higher stiffness of the modified
binder. According to the Authors, the decrease in penetration is a conse-
quence of the adsorption, by nanosilica, of the lightermaltenic fractions.
The subtraction, in themaltene phase, of lighter components, causes an

Table 2
properties of SBS/nanosilica modified asphalt binders tested by Ghasemi et al. [84].

Properties 5%SBS + 0.0%nano 5%SBS+0.5%nano 5%SBS+1.0%nano 5%SBS+1.5%nano 5%SBS+2.0%nano

Penetration (d-mm) 55 54 51 48 46
Ductility (cm) 100+ 100+ 100+ 100+ 100+
Top ring and ball (°C) 54.4 54.7 56.7 58.9 59.0
Bottom ring and ball (°C) 51.5 53.5 55.6 58.0 58.3
Difference 2.9 1.2 1.1 0.9 0.7

Table 3
Marshall test results of reference and SBS/nanosilica asphalt mixtures tested by Ghasemi
et al. [84].

Sample Stability (kN) Flow (mm)

Bare bitumen 6.42 3.4
bitumen +5%SBS + 0.0%nano 7.00 3.13
bitumen +5%SBS + 0.5%nano 8.86 3.33
bitumen +5%SBS + 1.0%nano 10.13 2.90
bitumen +5%SBS + 1.5%nano 11.20 3.35
bitumen +5%SBS + 2.0%nano 11.74 2.85

Table 4
Physical properties of bitumen studied by Galooyak et al. [86].

Physical properties Measured values

Penetration (25 °C, 0.1 mm) 68
Softening point (°C) 51
Ductility (25 °C, cm) +100
Penetration Index (PI) −0.20

Table 5
Physical properties of modified bitumen studied by Galooyak et al. [86].

Test Base Binder Nano-silica content with 2%
Sasobit

0% wt 2% wt 4% wt 6% wt

Penetration (25 °C, 0.1 mm) 68 62 60 56 54
Softening point (°C) 51 54 55 57 58
Ductility (25 °C, cm) +100 92 88 83 81
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increase in asphaltene concentration and, consequently, a stiffness in-
crease. The ductility decrease has been rationalized in terms of increase
in the silica agglomeration. On the other hand, the softening tempera-
ture and rotational viscosity increase with the nanosilica content. The
softening temperature increase is due to the absorption of asphalt
light volatiles by the nanoparticles; consequently, the resin is trans-
formed in asphaltene. The rotation viscosity test, useful for determining
the workability of the material at high temperatures, highlights the ro-
tation viscosity increase, in accordance to the increase in stiffness, be-
cause of the absorption and diffusion of the nanosilica inside the binder.

As regards the mixing times, it is evident that with increasing times
the properties of the binder improve. Certainly, longer times can guar-
antee a better dispersion but, as the authors correctly point out, this
would increase the energy consumption and consequently the costs.

In contrast, surprisingly, the penetration index (PI) seemed to be not
correlated with the nanosilica content. The author point out how the
penetration index is an estimate of the thermal susceptibility of a bitu-
men, textually writing: “The lower the PI value, the higher the bitumen
temperature susceptibility. For example, bitumen with a PI below −2 is
highly temperature susceptible, usually exhibit brittleness at low tempera-
tures, and are very prone to transverse cracking in cold climates”, although
it can be controversial if the proper parameter to be considered is pen-
etration index or simply penetration. However, bitumens that exhibit
high PI values are called soft and are used mainly in areas with cold cli-
mate; on the contrary bitumen that exhibit low PI values are called hard
and are used mainly in areas with hot climate [90]. In any case, Zghair
et al. comment that the addition of nanosilica has a negative effect on
temperature sensitivity of binder. However, we have noticed that, in
both mixing times, nanoparticles at the amount of 4% cause a general
improvement compared to the neat bitumen. In our opinion, therefore,
it would be interesting to investigate this sample further, probably also
by exploring slightly different concentrations within the range 2–6%

6.2. Comparison between nanosilica and other inorganic nanoparticles

In this paragraph we report the studies comparing the results com-
ing from the use of nanosilica and from the use of other inorganic nano-
particles. Such kind of works is very useful in our opinion, since it opens
the way to explore the chemical features of the nanoparticles, besides
the bare morphological (basically the size) ones. Such works are, also,
quite recent. For example, Sadeghnejhad et al. [91] evaluate physical
and rheological properties of modified bitumen with nanosilica and
nanotitanium. Table 6 shows bitumen and nanoparticles characteristics,
respectively.

It must be noticed that it is quite peculiar that the smaller TiO2 parti-
cles (size 30 nm) as compared to SiO2 (size 80 nm) can give markedly
lower surface-to-volume ratio (60 m2/g for TiO2, as compared to 160
m2/g for SiO2). This is quite in opposition to the general increase in spe-
cific areawith the degree of subdivision of a givenmaterial. However, the
authors show that adding 1.2% ofNano Silica gives themost intense effect
in decreasing the penetration grade and increasing the softening point.
However, 0.9% of nanotitanium oxide into bitumen gives an interesting
effect, the highest effect possible that can be given by nanotitanium
oxide in these conditions. The trends are reported in Fig. 8.

The improved penetration is an indication of harder bitumen and
possibly suggests increase in the strength of the asphalt mixtures
against rutting. On the other hand, the bitumen hardness can cause
more fragility and there is more possibility of the fatigue phenomenon
to be overcome in the high number of loadings. However, it should be
noted that the degree of hardness improvement was not that high to
make the bitumen more fragile. Therefore, the increased hardness can
be considered as a positive characteristic for the bitumen. Also the ob-
served 16% increase in the softening point with addition of nano SiO2

can decrease the bitumen specification due to the temperature changes,
because the sensitivity of the modified bitumen to the temperature
changes is declined.

In this study, the complexmodulus,G ∗, was obtained for the unmod-
ified and modified bitumens at the different temperatures. The data
show, self-consistently with the previously cited works, that addition
of different percentages of nano SiO2 and nano TiO2, causes G ∗ increase,
an effect due to the improved bitumen elastic and viscoelastic behaviour
at different temperatures with addition of nanomaterial different per-
centages. In this manuscript, however, the authors furnish an interest-
ing explanation. In fact, the addition of nano SiO2 and nano TiO2

particles (with high surface to volume ratio) to the bitumen strengthens
the bonds between bitumen particles and create an appropriate cover.
The cover can prevent the viscous nature of bitumen at high tempera-
tures anddelay thewithdrawal from the elastic behaviour to the viscous
area. According to the results, the increasing amount of G ∗ in all the
nano SiO2 percentages used by Sadeghnejhad et al. is maintained and
shows that the compatibility between nano SiO2 particles and bitumen
with the increased percentages has been still maintained and its addi-
tion would improve the bitumen rheology.

This is not true for nano TiO2 added in amount of 1.2%which causes a
decrease in G ∗. This is an exception in the general trend already seen for
the penetration grade and softening point, justified by the Authors as-
suming that the compatibility between nano TiO2 particles and bitumen
decreases as the concentration of nano TiO2 increases over a certain

Fig. 6. Crack depth vs number of load cycles for reference and modified asphalt mixture analysed by Galooyak et al. [86].
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value changing the nature of bitumen and its rheological behaviour. It
must be noticed, in our opinion that the volume fraction of nano-SiO2

is quite different from that of TiO2 due to their different densities
(which are reported by the authors themselves, see Table 7). In fact, ac-
cording to the densities, sameweight percentage implies that TiO2 has a
volume fraction 2.4/4.23 (which is the SiO2-to-TiO2 density ratio) times
that of SiO2, i.e. about a half. The deviation observed by TiO2 at higher
contents, could indicate the marked incompatibility with the bitumen
claimed by the authors, which can be in our opinion, related to the
markedly lower surface-to-volume ratio of these nanoparticles (see
Table 7) which could offer fewer surface atoms for stabilizing interac-
tions with bitumen. As a result, it is predicted that among the percent-
ages used, 1.2% for nano SiO2 and 0.9% for nano TiO2 create the best
performance.

Another conclusion is the high impact of temperature on the normal
and modified bitumen performance. The temperature has great impact

Fig. 7.Penetration value, ductility, softening point, rotational viscosity and penetration index of neat (control, red points) andmodified asphalt after 30min (blackpoints) and 60min (blue
points) mixing time. Data taken from Zghair et al. [89].

Table 6
Physical properties of bitumen and nanoparticles studied by Sadeghnejhad et al. [91] .

Test Standard Values

Penetration (100 g, 5 s, 25 °C), 0.1 mm ASTM D5-73 68
Ductility (25 °C, 5 cm/min), cm ASTM D113-79 112
Kinematic Viscosity at 135 °C, C.st ASTM D-2170 355
Kinematic Viscosity at 150 °C, C.st ASTM D-2170 205
Solubility in trichloroethylene, % ASTM D2042-76 99.5
Softening point, °C ASTM D36-76 51
Flash point, °C ASTM D92-78 250
Loss of heating, % ASTM D1754-78 0.2
Nanoparticles SiO2 TiO2

Purity % 99.9 99.9
Surface volume ratio m2/g 160 60
Diameter nm 80 30
Density g/cm3 2.40 4.23
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on the physical and rheological properties of bitumen andmany asphalt
pavements damages will happen more intensely with the increased
temperature. The increased temperature breaks the bond between par-
ticles and leads to the separation between the constituent particles. As
shown, the addition of nano SiO2 and nano TiO2 particles to bitumende-
creases the thermal sensitivity of bitumen and improves the rheological
behaviour even in the high temperatures.

Also Nazari et al. [92] explored the potential of SiO2, TiO2 and CaCO3

nanoparticles, investigating the chemical and microstructural proper-
ties by X-ray diffraction (XRD) and SEM (Scanning Electron Micros-
copy). Compared to the studies so far considered, they have carried
out a more detailed investigation of the mechanical properties of bitu-
men modified with nanoparticles. As usual, the properties of neat
bitumen and inorganic nanoparticles are summarized in Table 7.

The samples were prepared by mixing the hot bitumen with 2 and
4% by weight of the three different types of nanoparticles. Here again,
the differences in densities are clearly shown and it can be also noted
that nano-SiO2 has a much higher surface-to-volume ratio with respect
to nano-TiO2 and nano- (CaCO3)

XRD analysis identifies a peak at 2θ = 18° attributable to the
asphaltenes structures (in accordance to literature studies [93], al-
though the aggregation state of asphaltene molecules is quite complex)
[94] and the nature of the dispersed nanoparticles (quite amorphous sil-
ica, rutile phase TiO2, quite crystalline calcite CaCO3). By XRD data, the
authors claim a correct dispersion of the inorganic nanoparticles inside
the bitumen. They also speculate that peak intensity may be related to
the amount of nanoparticles present. Unfortunately, however, the
study through XRD was conducted only on 4% modified samples, so
this remains only a hypothesis.

SEM investigation confirms good uniformity in the morphological
phases for the sample containing SiO2, with the creation of a network,
although with some agglomerations in sample modified with calcium
carbonate.

In parallel with the structural characterization of the bitumens,
Nazari et al. carried out also a study on the mechanical properties of bi-
tumen modified with 2 or 4% of the inorganic nanoparticles in order to
evaluate the fatigue performance. It is shown that content of nanoparti-
cles plays an important role on the lifespan of fatigue life in the case of
nano-TiO2 and nano-CaCO3. Although, the authors do not comment on
this data, from the acquired curves it would seem that the samples con-
taining nano-SiO2 are less affected by the content of nanocomposite,
than those containing the other two types of nanoparticles. However,
in general, the samples containing silica, at both assays, are those with
the greatest fatigue resistance. They hypothesized that the addition of
nanosilica could improve the recovery ability of binder. So, by addition
of nano-silica, both the mechanical performances and the cracking
resistance were improved.

Interestingly, the authors in their study used linear amplitude sweep
test, with the VECD (viscoelastic continuum damage) theory. As shown
in the data reported in Table 8, the samples modified at 2% have higher
maximum stress values than the neat bitumen. In this way they are
more resistant to micro cracks nucleation. Moreover, it should be noted
that the increase in the concentration of nanoparticles does not lead to
any improvement, indeed themaximumstress values decrease. However,
the effect of nanoparticles is greater on maximum stress than on failure
strain. In fact, the failure strain values drop from7% to 6%with the passage
of the concentration of the nanoparticles from 2% to 4%, except for nano-
SiO2, which shows the same failure strain values at both concentrations.

The authors also focused on the effects of RTFOT (Rolling Thin Film
Oven Test) and PAV (Pressure Aging Vessel) aging on the samples
under examination. The aging procedures were in accordance with
AASTHO T240 and R28 for RTFOT and PAV respectively. They observed
an increase in the complex modulus in the nanoparticle-containing sam-
ples, and the reaching of a constant value of themodulus at high frequen-
cies, indicating a lower influence of the nanoparticles. The greatest effects
on the complexmodule and on the phase angle are visible for the sample
modifiedwith nano-SiO2. From the analysis of master curves constructed

Fig. 8. Effect of different percentage of nanoparticles on the penetration grade and
softening point.

Table 7
Physical properties of base bitumen and nanoparticles studied by Nazari et al. [92].

TEST Standard Unit Result

Penetration ASTM D5 0.1 mm 70
Softening Point ASTM D36 °C 50.4
PI – – −0.268
Viscosity@135 °C ASTM D4402 cP 315
Ductility ASTM D113 cm 126
Flash Point ASTM D92 °C 275
Nanoparticles SiO2 TiO2 CaCO3

Specific surface area (m2/g) 180–600 35–60 30–60
Average particle size (nm) 20–30 30 10–45
Bulk Density (g/ml) <0.10 0.25 0.68
True Density (g/cm3) 2.4 4.23 2.93

Table 8
Maximum stress and failure strain values of neat and modified bitumen analysed by
Nazari et al. [92].

Samples Shear stress (kPa) Strain (%)

Neat 468 6
2% SiO2 554 7
4% SiO2 509 7
2% CaCO3 550 7
4% CaCO3 503 6
2% TiO2 530 7
4% TiO2 524 6
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by the model of Christensen and Anderson, the authors hypothesize a
possible antioxidant effect of attributing to nano-TiO2 and nano-CaCO3.

The antioxidant effect of the two inorganic nanoparticles was deep-
ened by FTIR. A quantitative comparison was made by estimating the
aging indices, carbonyl index (IC=O) and sulfoxide index (IS=O) (eq. 4
and 5 respectively)

IC¼O ¼ A1700

.P
A

ð4Þ

IS¼O ¼ A1080

.P
A

ð5Þ

Where A1700 and A1030 indicate the area under the curve centred at
the wavelengths 1700 and 1030 cm−1, respectively. The latter are pre-
cisely the wavelengths of the carbonyl group and the sulfoxide group.
Obviously, an increase in the indices is observed as oxidative aging in-
creases. The way of determine the aging index is discussed in [8].

The authors estimated the relationship between the aging indices, at
the RTFOT and PAV steps, and the neat bitumen indices, in order to eval-
uate how much oxidative aging affects the indices and found that the
ratio of the indexes decreases considerably in the case of titanium diox-
ide and calcium carbonate. This behaviour would confirm the antioxi-
dant effect of the two types of nanoparticles.

Also Nejad et all. [95] tested SiO2, TiO2 and CaCO3 nanoparticles as
additives to counteract fatigue and low-temperature cracking. The
nanoparticles used for this study had the same dimensions as those
used for the previously mentioned study (see Table 7); even the bitu-
men had the same physical characteristics (see Table 7). Both the sam-
ples and the neat bitumen were prepared by mixing them for 60 min at
160 °C and at 6000 rpm. Obviously, according toNazari et al. [92], also in
this case the rheological analyses show the lowering of the phase angle
of themodified sampleswith respect to the neat bitumen (Fig. 9), due to
an increase in the elastic component. This effect is most pronounced in
samples containing 4% of nanoparticles. Nejad and others also found
that at low temperatures the phase angle values were higher. Clearly,
this trend is due to a lower elasticity of the analysed samples. In order
to evaluate the effect of nanoparticles on fatigue properties, authors

measured the Superpave fatigue parameter (G ∗ ∙ sinδ) on a single load-
ing cycle. The parameterwas also found to be dependent on the concen-
tration of nanoparticles. As the concentration of nanoparticles increases,
the Superpave parameter values increase. Analyses show that themod-
ification disadvantages fatigue cracking resistance. According to the au-
thors, higher stiffness values of the nanoparticles compared to neat
bitumen cause an increase in the value of the complex module.
Analysing Fig. 9, which reports the phase angle and the fatigue parame-
ter of neat and nano-particle modified asphalt binders, it is observed
that the samplesmodifiedwith silicon dioxide are thosewith the lowest
phase angle and highest Superpave parameter values, although this
nanoparticle is not the hardest among those used. In fact, nano-TiO2 is
the hardest nanoparticle (Shear Modulus ≈115GPa) among those
used, but the large specific surface area and the good dispersion of
nano-SiO2 make it the one with the most significant effect on bitumen,
albeit negatively.

In addition, Nejad et al. studied the thermal behaviour of samples
treated with 4% nanoparticles via Differential Scanning Calorimeter
(DSC) in nitrogen inert atmosphere. The transition glass temperatures
are reported in table below (Table 9).

It is clear that the addition of nanoparticles causes an increase in the
transition glass temperature. In agreement with the observed mechan-
ical behaviours, the authors hypothesize that the increase in the glass
transition temperature is indicative of a decrease in the flexibility and
therefore in the mobility of the bitumen molecules near the interface
of the particles. In fact, the greatest increase occurs in the case of mod-
ificationwith silicon dioxide nanoparticles. This behaviour is justified by
the high specific area and the lower molecular weight of the nano-SiO2.

As Crucho et al. [85] report, and as can be easily seen from the studies
up to now updated, nanosilica are themost studied materials as asphalt
bindermodifiers. In fact, these same authors have carried out a study on
the effect of nanosilica, of nanoclay and of zero-valent iron on the me-
chanical performance of asphalt concrete. The binder used for this re-
search was with a penetration grade 35/50, the properties of the neat
binder, modified binder, and nanoparticles are listed below (Table 10).
It is important to consider that nanosilica is mainly made up of silicon
dioxide, SiO2, while nanoclay, H2Al2O6Si, is hydrophilic bentonite. The
reader can consider the paragraph 6.4, which is dedicated to nanoclays,

Fig. 9. Plot of phase angle and Superpave fatigue parameter as function of temperatures investigated by Nejad et al. [95].
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for further details on this class of substances. Finally, the composition of
Zero-valent nano‑iron (ZVI) is Fe (65–80%), FeO and Fe3O4 (20–35%).

Contrary towhat has been seen in the studies reported so far, the au-
thors carried out tests on asphalt concrete. The asphalt mixture was
made with granitic aggregates and limestone filler. The mixing and
compaction temperatures were 164 and 154 °C respectively. In order
to compare all the mixtures analysed, the samemixing and compaction
temperatureswere used. According toMarshall methodology the deter-
mined optimum binder content was 4.5%. All the produced mixtures
presented similar properties: bulk density of 2.390 Mg/m3, porosity of
3.6% and voids in mineral aggregate (VMA) of 14%.

In this study, the authors accurately described the mixing meth-
odology of the nanoparticles and the binder: to obtain the modified
binder, the nanoparticles are added to the binder heated to 160° C,
the mixture is stirred at 2000 rpm for 60 min. The choice is justified
by the geometry of the head which allows to prevent the vortex ef-
fect on the surface of the mixture, preventing the creation of a vortex
which, trapping air bubbles, would cause accelerated oxidation of the
binder. Subsequently, the modified binder is used for the production
of concrete. According to the authors, nanoparticles have limited mo-
bility due to their small size, they assume a terminal settling velocity
probably below 0.1 mm per day.

In a preliminary test, the authors evaluated the affinity between bi-
tumen and aggregates. Fig. 10 shows the results of the affinity test
(EN12697-11, − bituminous mixtures - test methods for hot mix as-
phalt - part 11: determination of the affinity between aggregate and bi-
tumen) exploiting the measure of the coverage. There is a clear lack of
affinity between the granite aggregates and the neat bitumen (Neat
AC), at both observation times. The best results are found in samples
modified with ZVI and nanoclay Bent. The results of these two samples
after 24 h are very similar to each other, the authors note that this value
is almost equivalent to that of the sample with Neat AC after 6 h.

They also carried out stiffness measurements (EN12697-26) on the
asphalt mixture at a temperature of 20 and 30 °C, in a frequency range
of 1 to 30 Hz. The authors then obtained the master curve, based on
the principle of time-temperature superposition, taking 20 °C as the ref-
erence temperature. The sample modified with silica shows the higher
stiffness while the sample added with ZVI shows the lower stiffness
(see Fig. 11). Instead, the sample containing 4% nanoclay (Bent, see
Table 10) has higher and lower stiffness value at low frequency and

high frequency respectively. According to the authors, this behaviour
indicates better high and low temperature susceptibility.

6.3. Ceramic nano-powder

A study published in 2017, which in our opinion deserves to be
analysed to introduce the use of ceramic nano-powder in bitumens, is
that conducted by Hussein et al. [96]. Their goal was to reuse the
waste from ceramic materials industries as possible modifiers for bitu-
men. For this purpose, the authors used a waste ceramic powder from
a factory (their chemical compositionwas analysed through X-ray Fluo-
rescence). At the beginning the powder was crushed and subsequently,
after sieving at 75 μm, it was heated for 30min at 130 °C for water elim-
ination. Lastly, it was ground for 5, 10 and 15 h using a milling bowl to
determine the best grinding time. Using a 60/70 bitumen the control
sample and the samplesmodifiedwith 2, 4 and 6% of NCP (nanoceramic
powder) were prepared.

Through transmission electron microscopy (TEM) the authors
analysed themorphology of the NCPs (NCP some ellipsoidal shapes, av-
erage nanocrystallite size around 16 nm) concluding that high surface
energy and strong surface tension of ultrafine nanoparticles favour the
agglomeration of nanoparticles. This matches our simple geometrical
considerations (see paragraph 5).

By X-ray diffraction (XRD) it was also possible to evaluate the influ-
ence of ceramic grinding on the size of the nanocrystallite grains and on
the reticular structure of the product obtained [72]. The authors used

Table 9
Transition temperatures for samples analysed by Nejad et al. [95].

Samples Temperature (°C)

Neat bitumen −33.61
4% nano-SiO2 modified binder −8.94
4% nano-TiO2 modified binder −19.88
4% nano-CaCO3 modified binder −28.31

Table 10
Physical properties of neat and modified binder, and analysed samples, studied by Crucho et al. [85].

Binder Penetration 25 °C Softening point Dynamic viscosity (mPa.s) Density

(0.1 mm) (°C) 135 °C 160 °C (Kg/m3)

Neat AC 41.3 55.7 665 174 1034
4% Silica 25.0 59.3 1009 242 1041
4% ZVI 35.7 56.2 764 186 1039
4% Bent 40.1 57.7 704 189 1038

Nanoparticles Nanosilica Zero-valent nano‑iron (ZVI) Nanoclay (Bent)

Average particle size (nm) 70 50 1–2 (thickness of the silicate layer)
Specific surface (m2/g) 64 >25 –
Bulk density (kg/m3) 2200 to 2600 2900 to 3000 2400

Fig. 10. Binder coverage of aggregates analysed by Crucho et al. [85] .
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the Debye-Scherrer to correlate FWHM (full width at half maximum)
with D (nanocristallite size):

D ¼ kλ=β
� �

cosθ;

where k is a constant taken as 0.89, λ is the wavelength of the X-ray ra-
diation, θ is the diffraction angle (also known as Bragg angle of the re-
flection peak) and β is the FWHM. The widening of the peaks is
therefore due to a decrease in the nanocrystallites size [97]. The β value
gives themicrostrain (ε,ε= β ∙ 4tanθ)d it is reported, together with the
nanocristallite size D in Fig. 12.

On the basis of XRD data, the authors claim a plausible modification
of the asphaltenes sheets by the crystallite nanoparticles.

The authors used also FTIR to probe the chemical bonds and func-
tional groups and highlighted a probable fusion of the aromatic rings
with the nanoparticle content which led to the formation of further
asphaltenic sheets with formation of strong interactions, contributing
to the improvement of the elastic properties of the modified binder.

However, a chemical characterization was completed by a TCLP
analysis, carried out according to EPA SW846-1311, USA, to quantify
the hazardous elements present in the leachate. The test was carried

out for the asphalt mix sample with 6% NCP and all elements have
lower values than the limits set.

As regards themechanical properties of the samples under examina-
tion, it was clearly seen, again, that the decrease in penetration and the
increase in softening temperature is correlated to the increase in the
NCP content. It was also observed an improvement in the resistance to
rutting from the neat binder to the modified one, obtaining the maxi-
mum values with the maximum loaded NPC. The improvement is less
marked at high temperatures.

Finally, Atomic ForceMicroscopy (AFM) analysis is shown in Fig. 13.
The images show the three common phases for binder: catana, peri and
para phase. The bee structures are surrounded by the peri phase, the
most scattered one, and by the para phase, the flowing matrix. The ad-
dition of NCP on the bitumen has led to a redistribution of the bee struc-
tures, which are more numerous and larger. NCP modified bitumen
with a high concentration of silica (more than 70%) improves the adhe-
sive and cohesive properties of the binder. In fact, the peri phase, which
affects the adhesive/cohesive properties of the bitumen, is more uni-
form in the treated bitumen than in the neat one. Furthermore, an ex-
tensive biphasic microstructure in the bitumen containing NCP is
evident,which further contributes to the improvement of the properties
of the binder.

6.4. Nano clays

A large class of hydrated silicates is clay. Clay-based minerals are in-
terestingmaterials since they have a sheet-like atomic arrangement. For
this reason, hydrated silicates are generally known as phyllosilicates
[98] (from the Greek Phillon, leaf). The phyllosilicate sheets are made
up of repeating units of six-membered rings, in turn made up of the
SiO4 tetrahedral unit. Each ring shares with the three first neighbouring
ones, three oxygen atoms, one for each of them [99]. Clay has always
been one of the most used materials in construction, being a low cost
material, in fact it is easily available as residual clay (originated from
the surface erosion of rocks or sedimentary rocks) or as transported
clay (that is, due to atmospheric agents, removed from the original de-
posit site and transported far away) [98]. The clay has beenwidely used
in themodification of polymeric matrix, thanks to the high specific sur-
face, and they are capable of forming an intercalation and exfoliation
layers. This allows to improve the thermal and mechanical properties,
as well as the barrier properties [100]. In this perspective Jahromi's re-
search is worth of note [101]. He and his collaborators conducted
some experiments on bitumen samples reinforcedwith nano-clays par-
ticles. Such samples showed increased stiffness and resistance against
aging as well as improved elastic properties. In particular, we want to
report the study carried out on a 60/70 penetration grade bitumen
(AC-10) and two types of common nanoclays: cloisite-15A and
nanofil-15. The properties of bitumen and nanoclays are reported in
Tables 11 and 12, respectively:

All tests were performed on virgin and unmodified (un-aged), short
term aged and long-term aged samples of themodified and unmodified
bitumen. Short term and long-term aging were carried out with the Ro-
tating Cylindrical Aging Tester (RCAT) [50]. The authors used an X-ray
diffraction (XRD) technique to study the intercalated or exfoliated
nanostructure of the nanomaterial modified bitumen by analysing the
position, shape, and intensity of basal reflections of XRD patterns of
the materials. They observed the disappearance of any coherent XRD
in an exfoliated nanocomposite whereas in an intercalated nanocom-
posite the appearance of a newbasal reflection due to thefinite layer ex-
pansion was observed. Fig. 14 shows X-ray diffraction results on
modified bitumen samples.

These figures show that, the addition of nanoclay content, results in
a shift upwards of the spectrum. All of the reported curves indicate a
complete exfoliation of the nanoclay in the bitumen matrix because of
the absence of any main peak.

Fig. 11.Master curves of the samples analysed by Crucho et al. [85].

Fig. 12. Grinding duration dependence of grain size and microstrain in NCP, analysed by
Hussein et al. [96] .
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The authors also investigated the rheological properties on two
types of modified bitumen i.e. 7% nanofil and 7% cloisite. Rheological
measurementswere done over awide range of temperature varying be-
tween −15 and 100 °C. In particular, the authors studied the stiffness
and phase angle values of the unmodified andnanofil modified bitumen
for a wide range of frequencies.

It is found that the nanofil modification increases the stiffness of
bitumen to some degree.

Regarding the short- term aging for the unmodified bitumen, the
authors found an obvious increase in the stiffness value at low frequen-
cies (increase in the stiffness value to about 40% and 85% at 0 Hz and
10−3 Hz, respectively). Interestingly, parallel to this, the authors also

found that the nanofil-modified bitumen is characterized by a (small)
reduction of stiffness when subjected to aging in a quite large frequency
range (10−3-100 Hz).). So, it can be concluded that nanofil modification

Fig. 13. AFM images of unmodified sample (a and c) and of modified sample (b and d) acquired by Hussein et al. [96].

Table 11
Physical properties of bitumen studied by Jahromi et al. [101].

Softening point 54 °C

Penetration at 25 °C 6.3 mm
Flash point 243 °C
Penetration index +0.4
Ductility at 25 °C >100 cm
Fraass braking point 14 °C
Loss of heating 0.05%
Density 1.035
Maltens 75%
Asphaltenes 27.2%

Table 12
Properties of nanoparticles studied by Jahromi et al. [101] .

Treatment/properties Cloisite-15A Nanofil-15

Organic modifier MT2ETOH (methyl, tallow,
bis-2-hydroxyethyl, quaternary
ammonium)

Nanodispers layered
silicate, long chain
hydrocarbon

Base Montmorillonite Montmorillonite
Modifier
concentration

90 meq/100 g clay 75 meq/100 g clay

Moisture <2% <3%
Weight loss on
ignition

43% 35%

Anion Chloride Ammonium chloride
Particle size
10% less than 2 μm 5 μm
50% less than 6 μm 15 μm
90% less than 13 μm 25 μm
Color Off white Cream
Loose bulk 230 kg/m3 190
Packed bulk 364 kg/m3 480
Density 1.66 g/cc 1.88
X-ray results d001 = 31.5 Å d001 = 28 Å
Plastic index 88% 85%
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gives remarkable reduction in aging effect and, even if the reported ef-
fects are not evident in thewhole (broad) frequency range of themaster
curves (but only in parts of it), they can be nevertheless considered as
worth of note.

Further analysis of the phase angle allowed the authors to conclude
that the nanofil modification helps reducing the aging effect of the bitu-
men to some degree.

Regarding the long-term aging, the stiffness of the unmodified bitu-
men and modified bitumen increases by about 225% and 110%, respec-
tively, in comparison to their original values. After a study similar to that
carried out for short-term aging, the authors concluded that themodifi-
cation helps in improving resistance to aging of bitumen to some
degree.

On the other hand, cloisitemodification increases the stiffness of un-
modified bitumen and decreases the phase angle of the unmodified bi-
tumen. After short-term aging authors concluded that cloisite
modification helped in slightly reducing the aging effect.

As for the long-term aging on unmodified and cloisite-modified bi-
tumen, the stiffness of the unmodified bitumen and the cloisite modi-
fied bitumen increases about 320% and 220%, respectively, compared
to their original values. This shows lack of improvement in long term
aging resistance due to cloisite modification compared to nanofil.
Phase angle analysis confirms that the closite modification hardly in-
creases the resistance to aging. Finally, it can be concluded that nanoclay
modification increases the stiffness of bitumen and decreases the phase
angle compared to unmodified bitumen; hence, this can reduce aging
effect on bitumen too.

In a very recent studySedaghat et al. [102] testedSasobit as awarmmix
asphalt (WMA) additive and nano-clay based on nano-montmorillonite

(with particle size 1–2 nm) as a bitumen modifier, to improve resistance
to traffic load.

According to the authors, a preliminary modification of the nano-
montmorillonite is necessary to obtain anorgano-modified (organophilic)
nano-montmorillonite (nano-montmorillonite k10). The process ensures
that the polymer chains enter into the nanoclay sheets and therefore
depends on the basal spacing of the nanoclay.

Then, the authors used a 60/70 (B1) and a 40/50 (B2) penetration
grade bitumens, modified with different percentage of Sasobit and
nano-montorillonite k10.

X-ray spectra (XRD) have been acquired with the aim of verifying
the insertion of the polymer between the nanosheets. In fact, the XRD
spectra of the modified bitumen does not show peaks such as those
present in the spectrum of the nano-clay powder, ensuring a correct in-
tercalation of the polymer. In order to evaluate the synergistic action of
Sasobit and nano-montmorillonite k10, the authors analysed the effect
of each additive on the two bitumen separately, comparing the results
with those obtained for the neat bitumen. The viscosity of both bitu-
mens decreases with the addition of Sasobit or nano-montmorillonite
k10. The decrease in viscosity is greater if Sasobit is added. Instead, the
ductility values underwent an increase due to the addition of the
nano-montmorillonite k10 and a decrease due to the effect of the
Sasobit. In addition, the authors carried out an accurate rheological
characterization.

The authors showed that theG ∗/sinδ parameter (rutting parameter)
increases with increasing Sasobit concentration. Samples containing
Sasobit and nano-clay also showed an increase in the rutting para-
meter, although the increase is smaller than samples containing only
Sasobit. This demonstrates a positive effect of both Sasobit and nano-
montmorillonite k10 on resistance to rutting. Rheological characteriza-
tion was also carried out on short and long-term aged samples. The
addition of Sasobit in aged samples via roll thin film oven test (RTFOT)
has led to an increase in rutting resistance. It has been observed that
the G ∗/sinδ parameter increasedwith the Sasobit concentration, but de-
creased with the increase in temperature. Once more there is an im-
provement in the rutting parameter of the samples containing Sasobit
and nano-clay, which increase with the concentration of nano-
montmorillonite k10.

As for themicroscopic interpretation, according to the authors in the
samples containing Sasobit, a crystalline network would form at tem-
peratures lower than the melting temperature of Sasobit, which
would guarantee improved performance. Interestingly, from the rheo-
logical analyses on samples unaged and aged by RTFOT it also emerges
that the tests carried out at 76 °C have a lower rutting parameter than
that required by the Superpave system (1 kPa for samples with aged
and 2.2 kPa for samples aged with RTFOT). In our opinion this data
would confirm themicroscopic interpretation furnished by the authors,
since theminimummelting point temperature of the Sasobit is 75 °C ac-
cording to Jamshidi et al. [103].

As regards samples aged through pressure aging vessels (PAV), the
authors monitored the variation in the fatigue cracking values,
G ∗ ∙ sinδ. The addition of Sasobit to the two PAV aged bitumen samples
leads to a lower resistance of the sample to fatigue cracking at all the
temperatures tested. The addition of nano-clay instead has an opposite
effect. Its addition decreases the values of G ∗ ∙ sinδ, thus improving the
resistance to fatigue cracking. According to the authors this improve-
ment is due to the ability of the nano-montmorillonite k10 to create
smaller barriers that change the direction of the crack from direct to
zig-zag state.

Wu et al. [104] used nano-clay not only to improve the rheological
properties of bitumen, but also to reduce its flammability. For the pur-
pose of this research the authors used bitumen with penetration
84.3 ± 0.1 mm (SB), montmorillonite (MMT) and organically modified
montmorillonite (OMMT) with average crystal thickness less than
25 nm. Wu et al. acquired X-ray diffraction (XRD) spectra in order to
verify that intercalation has taken place by investigating the structure

Fig. 14. Diffraction pattern of cloisite (top) and nanofil (bottom) modified samples
analysed by Jahromi et al. [101].
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of nanoclays. In fact, when the intercalation takes place there is a shift of
the peak referable to the nanoclays towards smaller angles, conse-
quently the interlayers distance increases [103,104]. Actually, it is possi-
ble to observe an increase in the interlayers distance from MMT to
OMMT. Therefore, bitumen appears to be intercalated betweenOMMT's
plans.

As far as rheological characterization is concerned, penetration and
softening point of the neat andmodified with 3% and 5% of OMMT bitu-
men were evaluated. Each sample was then subjected to short-term
aging (through rotating cylindrical aging tester) and long-term aging
(via pressure aging vessel) and the rheological properties were
reassessed. Analyses show a substantial decrease in penetration and
an increase in the softening pointwith increasing OMMT concentration.
The variation of these parameters suggests a better resistance of the
modified samples to permanent deformation. However, despite the au-
thors' hypothesis, it must be pointed out that there is hardly any mix-
ture testing available to directly confirm the improvement of the
permanent deformation behaviour.

In our opinion, it is very interesting the possibility of using nanoclays
as flame retardancy in bitumen. For this purpose, the authors estimated
the limiting oxygen index (LOI). This indexwas used for the first time in
1966 by Fenimore and Martin [105], it indicates the minimum concen-
tration of oxygen in a mixture of oxygen and nitrogen that is needed to
support the flaming combustion of a material. For LOI values lower than
21% thematerial is considered combustible, for higher values themate-
rial can be classified as self-extinguishing [106]. From Fig. 15 it is clear
that with increasing OMMT concentration, the tendency to burn de-
creases. In fact, the neat bitumen has a LOI value of 19.8, while the bitu-
menmodified with 7% of OMMT has a LOI value of 24.4. Demonstrating
that adding nanoclay can move from a “fuel” classification to a “self-
extinguishing” classification. Moreover, the authors also reported that
the treated bitumen produced less smoke than the neat bitumen
while burning.

By differential scanning calorimetry (DSC) some interesting infor-
mation have been found helping in the interpretation of the observed
phenomenon: the samples containing OMMT show

a. slower heat release rates
b. peaks located at higher temperatures as the OMMT concentra-

tion increases in bitumens.

According to the authors, nanoclays can catalyse char-forming reac-
tions producing charred residues able to intercalating with the silica

layers to form a carbonaceous silicate structure, delaying the escape of
volatile products and the penetration of oxygen.

6.5. Simple metal oxides nanoparticles - miscellaneous

Many studies have made no use of nanosilica as reference nanopar-
ticles. Before going into details of specificmaterials, an interesting study
by Nejad et al. [107] compare different inorganic nanoparticles: These
have been used as modifiers on Hot Mix Asphalt (HMA) in order to de-
crease the rutting potential. The characteristics of nanoparticles are
listed in the Table 13. The HMA was prepared mixing a 77 penetration
grade bitumen and granite stones.

The samples were prepared with three different contents (2%; 4%
and 6%) of TiO2, ZnO, Al2O3 and Fe2O3 Then, themodified asphalt binder
was used in preparing the asphalt concrete samples, according to Mar-
shal ASTM D6926. These latter samples were analysed to determine
their resistance to permanent deformation, at two stress levels of 150
and 300 kPa, through creep measurements. Creep measurements ex-
press the time-dependent deformation due to the application of con-
stant stress, thus it can be explained as a rate process [108].

At 150 kPa ZnO nanoparticle had maximum strain modulus,
whereas at 300 kPa, the asphalt binder sample modified by nano-
Fe2O3 has the maximum value of the deformation (nano-Al2O3 had
minimumcreep). However, TiO2 nanoparticles demonstratedminimum
strain during a short period from the loading.

6.5.1. Nano-ZnO
Li et al. [109] exploited the potential of ZnOnanoparticles to increase

the resistance of bitumen to ultraviolet aging. This studywas carried out
both on samples containing the nanoparticles as such, and on samples
containing nanoparticles modified on the surface. The physical proper-
ties of the analysed bitumen are shown in Table 14:

For their surface-modification the authors used methacryloxy pro-
pyl trimethoxy silane (KH-570), as silane coupling agent, to give
nano-ZnO (SMN-ZnO). The interested reader is referred to the original
paper for details in the chemical modification of the surface. Here, it is
enough to point out that the authors took care in treating the pristine bi-
tumen in the same way as the modified bitumen in order to be able to
consider it as a true reference. The real modification of the nano-ZnO
surface was probed by Fourier Transform Infrared spectra (FTIR) al-
though, in our opinion, this technique can give structural information
which can be only indirectly used to provide useful information on the
mechanism of action of nanoparticles on bitumen. Indeed, the authors
themselves merely comment that the addition of nanoparticles does
not generate new absorption peaks.

Certainly, more interesting are the SEM (Scanning Electron Micro-
scope) images, which clearly show a better dispersion of the modified
nanoparticles (Fig. 16b as compared to Fig. 16a).

The surface of the SMN-ZnO coveredwith nano-silica reacts with bi-
tumen, which causes the dimensions of the nanoparticles to decrease.
However, to carry out the compatibility test between bitumen and
nanoparticles, the authors prepared an aluminium tube with the same
procedure used by Zhang et al. [110]. The difference in softening point
(ΔS) between the upper and lower part of the aluminium tube increases
as long as the concentration of nano-ZnO increases, as reported in
Fig. 17. This figure shows that the increase in the concentration of

Fig. 15. Trend of the Limiting Oxygen Index (LOI) value compared to the OMMT nanoclay
content, studied by Wu et al. [104].

Table 13
Properties of nanoparticles studied by Nejad et al. [107].

Nano Purity grade (%) Specific surface area (m2/g) Average particle size (nm)

TiO2 99 200–240 10–25
ZnO 99 20–60 10–30
Al2O3 99 >138 20
Fe2O3 99 >60 40
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nanoparticles is detrimental to compatibility. However, the same Fig. 15
shows that there is a big difference between samples modified with
nano-ZnO than those modified with methacryloxy propyl trimethoxy
silane (KH-570).

Interestingly, from the upper and lower part of the tube the authors
are also able to determine the content of nano-ZnO.

These results confirm the data obtained from the SEM images, which
showed a better dispersion of the modified nanoparticles inside the
bitumen.

Li et al. tested both nanoparticles also on the aged bitumen. Aging
was carried out for 5 h at 163 °C through TFOT (Thin Film Oven Test),
and then the bitumen was placed under a UV light source for 10 days
at 60 °C. Fig. 18 show the values of viscosity aging index (VAI index)
for the aged bitumen modified with the two nanoparticles. The VAI
index was calculated according to:

VAI ¼ Agedviscosityvalue−Unagedviscosityvalue=Unagedviscosityvalue
� �

x100 ð6Þ

Again, it is possible to notice a better shielding of UV radiation by
SMN-ZnO modified bitumens, with increasing concentration, due to
the presence of nano-silica on the surface. Evidently, the best dispersion
of themodified nanoparticles is fundamental to create a “shield” of pro-
tection for UV aging.

Hamedi et al. [111] conducted another interesting study using nano-
ZnO as antistripping agent to estimate themoisture damage on asphalt.
For this purpose, they designed two types of hot mix asphalt (HMA),
using the same bitumen (penetration grade 60/70) and two different
types of aggregates, namely limestone and granite. The nanoparticles,
with an average grain size of about 20 nm, were added to the bitumen
at two different concentrations: 2 and 4% by weight with respect to
the binder. In order to evaluate the cohesive strength of the bitumen
and the bond strength at the bitumen/aggregate interface the authors
carried out indirect tensile strength (ITS) measurements. HMA can ex-
perience fatigue cracking both due to excessive moisture and due to
the load due to heavy traffic [112]. ITSmeasurements can be used to es-
timate the potential damage due to moisture, if they are conducted on

Table 14
Physical characterization of bitumen studied by Li et al. [109].

Physical properties Measured values

Penetration (25 °C, 0.1 mm) 72
Softening point (°C) 48.5
Ductility (15 °C/10 °C, cm) 140.0/15.9
Viscosity (60 °C, Pa s) 256
Viscosity (135 °C, Pa s) 0.52

Fig. 16. SEM images of bitumen treated with unmodified and modified nanoparticles acquired by Li et al. [109].

Fig. 17. Difference in softening point in modified bitumen treated with unmodified and
modified nanoparticles, analysed by Li et al. [109].

Fig. 18. Effect of modified and unmodified nanoparticles content on VAI after UV aging,
analysed by Li et al. [109].
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both dry and moisture conditioned samples [113]. The ITS measure-
ments were carried out on both dry (unconditioned) and moisture-
conditioned samples, showing, obviously, that the wet samples had
ITS values lower than the dry ones, both in the case of HMA containing
limestone and granite. Nevertheless, conditioned samples modified
with nano-ZnO exhibit higher ITS values than the unmodified condi-
tioned sample. Moreover, the values increase with increasing concen-
tration of nanoparticles. Therefore, these data demonstrate that the
use of nano-ZnO improves the adhesion between bitumen and aggre-
gates, especially in the case of moisture-conditioned samples.

In addition, the authors evaluated the tensile strength ratio (TSR)
defined as

TSR ¼ ITScond=ITSuncond

� �� 100 ð7Þ

Where ITScond and ITSuncond are the indirect tensile strength ratio for
moisture-conditioned and for dry samples, respectively, noting that TSR
for HMA-limestone is greater than HMA-granite. Hamedi et al. hypoth-
esized that there could be a weakening in the bond between bitumen
and aggregates, considering that limestone is poorer in SiO2 than gran-
ite. Moreover, the effect of nano-ZnO was better on granite than on
limestone. According to the authors, the nanoparticles decrease the
acidity of the bitumen, favouring the adhesion between the bitumen it-
self and acid aggregates, such as granite. For this reason, Hamedi et al.
estimated the surface free energy (SFE) [114] components of the un-
modified and nano-ZnO modified bitumen through Wilhelmy Plate
method [115] finding useful correlations with the concentration of
nano-ZnO, of basic components and on acidic ones. This in our opinion
deserves attention since sheds light on how the chemical nature of the
bitumens can influence its performances. We believe that such ap-
proach should be followed in the rational design of new pavements
and waterproof membranes

Du et al. [116] investigated the effect of nano-ZnO on the morphol-
ogy and ultraviolet (UV) aging on two bitumens. The bitumens had
73 and 92 mm penetration values at 25 °C, and they are labelled B1
and B2 respectively. Regards nano zinc oxide (with particle size
15–25 nm), it has been modified with Υ-(2,3-epoxypropoxy)
propyltrimethoxysilane. Henceforth, we will write nano-ZnO, meaning
its modified form. Topographic images (Fig. 19) were acquired thought
atomic force microscopy (AFM) in order to evaluate the change in mor-
phology between the unmodified and nano-ZnO modified bitumens.
Sample B1 shows the typical bee structures (Fig. 19a), which instead
seem to be absent in sample B2 (Fig. 19c). The effect due to the addition
of nano-ZnO on B1 is to decrease the dimension of the bee-structure,
which are also dispersed more homogeneously (Fig. 19b). On the con-
trary, in B2 the bee-like structures with small dimensions appear after
modification (Fig. 19d). Although the response to the modification
with the nano-ZnO is different in samples B1 and B2, the reasons for
these behaviours are the same. Therefore, the nanoparticles act as nu-
cleation agents, favouring the heterogeneous nucleation crystallization
of asphaltenes.

In order to obtain a UV agingmodified and unmodified bitumen, the
thin film oven test (TFOT) bitumens were exposed to the action of a
500WUV lamp inside a draft oven (T=60 °C) for a period of time rang-
ing from0 to 24days. Besides an increased viscosity, a good resistance of
modified bitumens to the UV aging was detected. For bitumen B1 a
greater decrease is observed than for bitumen B2. The authors also pro-
vided a rheological characterization thought rheological aging index
(RAI). The RAI is defined as:

RAI ¼ G∗
aged=G∗

unaged
ð8Þ

Also, in this case bitumen B1 shows a better resistance against UV
aging. RAI index highlighted how the B1 is better than B2 even in its un-
modified state. This behaviour implies that the effect of nano-ZnO

depends on the bitumen nature. Moreover, the B1 modified bitumen
shows a greater decrement respect B2 modified bitumen.

6.5.2. Nano-Al2O3

The role of Aluminium Oxide nanoparticles in the rheological prop-
erties of bitumen modified with Acrylonitrile Styrene Acrylate (ASA)
polymer was investigated by Mubaraki et al. [117]. Chemical and phys-
ical characteristics of the base product are highlighted in Table 15:

The authors investigated the effect on the storage stability, viscosity,
frequency sweep and multiple stress creep and recovery (MSRC) test of
the 60/70 bitumen modified with 3, 5 and 7% of each modifier. The
nano-Al2O3 used for this research has a size of 13 nm, while the ASA
has a size of 2 nm. The viscosity measurements carried out at 135 and
165 °C have shown an increase in the values as the concentration of
modifier increases, regardless of its nature.Worth of note is that the vis-
cosity values of the samples containing the inorganic nanoparticles are
higher than those of the samples containing ASA, with the same
concentration.

The authors also studied the storage stability of the base bitumen,
ASA polymer and Al2O3 nanoparticles modified bitumen. Storage stabil-
ity is a fundamental parameter that estimates how stable a bitumen is
during the storage period, i.e. it does not give rise to phenomena such
as phase separation. Often the modified bitumen is stored in special
tank and subjected to continuous stirring. Thus, an improvement in
storage stability as well as ensuring a more uniform product ensures a
reduction in costs for the bitumen industry [118]. For this test they
poured the samples in an aluminium tubewith a height of 16 cmand di-
ameter of 3 cm. Then, the tubes underwent the same treatment de-
scribed by Zhang et al. [110]. This analysis revealed a general increase
in softening point temperatures in the upper and lower samples of the
tube. This demonstrates a gradual hardening of the modified samples
with respect to the basic bitumen. In fact, the maximum softening
point difference between the basic bitumen and the bitumen modified
with 7% ASA is 12 °C. This also demonstrates a phase segregation be-
tween the base bitumen and the ASA, when this is added at high con-
centrations. This latter behaviour is not present in samples modified
with nano-Al2O3. In conclusion, samples containing inorganic nanopar-
ticles have greater storage stability.

Finally, the results of rheological tests (reported in Fig. 20) pointed
out that base bitumen had the lowest G ∗ and G ∗/sinδ compared with
modified bitumen and also that the modified bitumen with 5% of
Nano Aluminium Oxide had the best functionality of resistance against
rutting among all modified samples.

It can be concluded that the use of Aluminium Oxide nanoparticles
generally displayed better results compared to using ASA polymer.

Ali et al. [119] conducted, in our opinion, a very accurate studyon the
effects of Al2O3 nanoparticles on bitumen. The properties of the binder
and of the nanoparticles are listed in Table 16. The base binder has
been added with 3, 5 or 7% nano-Al2O3 and it has been melted for
90 min at 5000 rpm.

After that, the physical properties of the sample were re-evaluated.
The Penetration index (PI) is a useful property for determining the tem-
perature susceptibility of the binder. It is defined as:

PI ¼ 1952−500 log penð Þ−20 softeningpoint=50 log penð Þ−softeningpoint−12 ð9; Þ

where pen is the values of penetration calculated at 25 °C and
reported in mm (see the original work for details);

Table 17 reports the derived data. According to the Table, penetra-
tion decreases and softening point increases when the nanoparticles
are added to bitumen. Also, the PI index is influenced. In fact, higher PI
values are found for modified samples; this behaviour is due to an in-
crease in stiffness indicating an improvement in thermal susceptibility.
It is important to note that the sample containing 7% Al2O3, has a differ-
ent trend compared to the others (higher penetration value, lower
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softening point value), the authors attribute this behaviour to irregular
dispersion of the nanoparticles in binder.

The Fourier Transform Infrared (FTIR) analysis was performed in
order to evaluate the change in the structural and chemical composition
of the modified binders compared to unmodified one Figure 21. The
most important data that emerge from the analysis of the spectra is
that the positions of the peaks are very similar, indicating in the authors'
opinion, that there has been no structural change of the base ligands
with the addition of the nanoparticles. The authors indeed textually re-
port “The results show that asphalt has no obvious changes before and
after modification, which indicates that modification of asphalt with
Al2O3 nanoparticles is merely a physical process.” We do not agree

with the authors' comment, since small shift in the IR absorption
peaks can reveal interesting changes in the vibrational states of the
functional groups as a consequence of changes in interactions. These
small changes can be effectively unveiled and quantitatively treated
through proper analysis [74,75], which must pass through the separate
analysis of the various IR ranges in which the functional groups absorb.

For example, it has been seen that the frequency of C\\H stretching
are usually quite robust but the relative intensities of the CH2 and CH3

symmetric and antisimmetric contributions are not, so they are usually
indicated as interesting indicators of the chain packing [15,120].

Other authors have used IR spectroscopy: the antioxidant effect of
the two inorganic nanoparticles was deepened by FTIR by Nazari et al.
and also Hussein et al. [96] and Li et al. [109], Karnati et al. [121] cited
in the present work, have used FT-IR spectroscopy.

To better evaluate the structure of the binders analysed, the authors
acquired X-ray diffraction (XRD) spectra. From acquired spectra both
neat binder andAl2O3 nanoparticles turned out to be amorphous.Mean-
while, all modified samples show no new crystalline phase.

Regarding to the rheological properties, Ali et al. noted that the vis-
cosity in general decreases with increasing temperature and that it
increases with increasing the Al2O3 concentration. In any case, at a tem-
perature of 135 °C, the viscosity values were below 3 Pa·s (Superpave
specification).

Meanwhile, the storage stability tests highlight a pretty good stabil-
ity during high temperature storage. In fact, the difference in softening
point between the upper and lower sections were less than 2.5 °C for
all binders.

Fig. 19. Topographic images of (a) B1, (b) nano-ZnO/B1, (c) B2, and (d) nano-ZnO/B2. See text for discussion. Images show 15 μm × 15 μm areas, acquired by Du et al. [116].

Table 15
Physical characterization of the bitumen, ASA and Al2O3, studied byMubaraki et al. [117].

Material Properties Test
Method

Value

Bitumen 60/70 Specific Gravity ASTM D70 1.03
Penetration @ 25 °C ASTM D5 70
Softening Point (°C) ASTM D36 46.0
Viscosity @ 135 °C
(Pa s)

ASTM
D4402

0.5

Ductility (cm) @ 25 °C ASTM D113 ≥125
Acrylonitrile Styrene Acrylate
(ASA)

Specific Gravity – 0.30
Size nm – 2

Nano Al2O3 Size nm – 13
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In addition, the authors constructed the master curve for the com-
plex modulus (G ∗) and for the phase angle (δ), in order to evaluate vis-
coelastic properties over a large range of loading times. This has been
reported in Fig. 22. It is possible to note an increase in the value of com-
plex modulus, going from the base binder to the sample containing 5%
of nanoparticles. But, instead, the samples modified with 7% of Al2O3

shows a decline in the complex modulus values. Regarding the phase
angle, it shows a decrease as the content of nanoparticles increase.
This behaviour mainly concerns the 5% modified sample, indicating a
better elastic recovery.

For the purpose of a complete rheological characterization of the
binders analysed, Ali et al. measured also the failure temperature. This
parameter is defined as the point at which the factor of G ∗/sinδ alls
below 1 kPa, according to Superpave binder grade specifications. The
neat bitumen has the lowest failure temperature, instead, the modified
samples have higher failure temperature, especially the sample 5%
Al2O3.

The G ∗/sinδ parameter was also used to describe the resistance to
rutting. Superpave standards require that an aged binder has a mini-
mum rutting parameter of 1 kPa. The rutting parameters of the samples
reveals that the base binder has a lower value, of course, conversely the
addition of nanoparticles increase the G ∗/sinδ clues. 5% Al2O3 has the
higher rutting parameter. This trend indicates that 5% Al2O3 exhibits
the best resistance to permanent deformation. On the contrary, to ob-
tain the fatigue parameter the productG ∗ ∙ sinδ is used,which, according
to the Superpave standards, must be maximum 5000 kPa. It was shown
that the addition of nanoparticles causes a decreasing of the value.

Finally, the authors argue that with the repeated creep and recovery
test it is possible to obtain an estimate of the permanent deformation of
the binder after applying a stress [122].

The authors performed the tests at a temperature of 64 °C and at two
different applied stresses, 100 and 3200 Pa (maximum and minimum
level of traffic stress), according to ASTM D7405. The sample with the

best resistance to permanent deformation, with both stresses applied,
was 5% Al2O3, showing a marked improvement over the base binder.
It showed a marked decrease of the compliance (total load strain per
unit of stress [123]): in the case of bitumen modified with the 5% of
nano-Al2O3 it showed a decrease of a factor of about four with respect
to the basic bitumen both at 100 Pa and at 3200 Pa. This showed the im-
portant role exerted by the nanoparticles in improving the mechanical
characteristics.

6.5.3. Nano-CuO
nano-CuO was the material used in the work by Shafabakhsh et al.

[124]. The authors conducted a study on rheological properties of virgin,
Rolling Thin Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV)
aged PG 64–16 bitumen, modified by nano-CuO in 2, 3.5 and 5% by
high shear mixer. To evaluate the modified bitumen properties, Dy-
namic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR)
were used. After deriving the complex modulus G ∗ and phase angle δ
from DSR measurements, the authors investigated the tendency to rut-
ting deformation of the virgin andmodified (both unaged and aged) bi-
tumen by evaluating the trend of G ∗/sinδ parameter at 64 °C and 70 °C.
In particular, according to Superpave Binder Specification the above-
mentioned parameter has to be greater than 1 kPa for unaged bitumen
samples and greater than 2.2 KPa for aged ones.

The authors found that at 64 °C the addition of nano-CuO to bitumen
produces an increase of the G ∗/sinδ above the required limit value of
1 kPa, and consequently it enhances the bitumen resistance to rutting
deformations. In particular the authors found that the higher increase
in the G*/sinδ parameter is obtained in the 2% modified sample, namely
2.1 kPa compared to the 1.15 kPa of the unmodified sample. Moreover,
although the G*/sinδ values at 3.5 and 5% are lower than that at 2%mod-
ified sample, their G*/sinδ values are higher than the corresponding un-
modified sample. On the contrary, they observed that the G ∗/sinδ

Fig. 20. Rutting Parameter of neat, ASA Polymer and nano-Al2O3 modified bitumen, analysed by Mubaraki et al. [117].

Table 16
Physical characterization of neat bitumen and nano-Al2O3 studied by Ali et al. [119].

Material Properties Unit Limts Value

Asphalt 60/70 Specific gravity – 1.00–1.05 1.03
Penetration @ 25 °C mm 60–70 70
Softening point °C 47 Minimum 47.0
Viscosity @ 135 °C Pa s 3 Max 0.5
Ductility (cm) @25 °C cm 100 Minimum ≥100

Nano Al2O3 Size nm – 13
Specific gravity – – –

Table 17
Physical characterization of unmodified and modified bitumens, analysed by Ali et al.
[119].

Asphalt
cement

Penetration @
25 °C (dmm)

Softening
point

PI Ductility
(cm) @25 °C

Base
binder

70.0 46 −1.48 >100

3% Al2O3 27.64 51 −2.14 95
5% Al2O3 25.45 53 −1.84 62
7% Al2O3 38.18 51 −1.54 91
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parameter at 70 °C is lower than 1.0 kPa. On the base of these results the
authors concluded that adding nano-CuO to bitumen cannot develop
the rutting performance of bitumen at temperatures higher than
64 °C. Rutting resistance ofmodified bitumen has also been investigated
on RTFOT aged samples used to study the effect of short-term aging. The
G ∗/sinδ values for RTFOT samples reveals that this parameter for modi-
fied bitumen at 64 °C is above the required limit value of 2.2 kPa. How-
ever, at 70 °C the results fall again below the limit value of 2.2 kPa. Based
on these results for unaged and RTFOT-aged modified bitumen the au-
thors concluded that in the limit temperature of 64 °C, modified bitu-
men with nano-CuO develops a higher rutting resistance compared to
pure bitumen PG 64–16, but it has no effect at higher temperature
limit (70 °C).

Finally, in order to evaluate the dynamic viscoelastic properties for
the samples after PAV (Pressure Aging Vessel) treatment, Shafabakhsh
et al. investigates the fatigue cracking, due to long term aging effects
and loads of vehicle transit. Fatigue cracking, generally, is one of the im-
portant pavement damages in moderate temperatures ranges. To eval-
uate its effects the authors used the parameter G ∗·sinδ and performed
DSR tests at 19, 22 and 25 °C and 28 °C. According to AASHTO M
320–10 this parameter should be ≤5000 kPa at 28 °C for a Performance
grade (PG) bitumen. The authors found that at 28 °C the value ofG ∗·sinδ
was smaller than the limit value of 5000 kPa, and also smaller than vir-
gin PG 64–16 bitumen used as a reference. This indicates that the nano-
CuO modification enhances the fatigue cracking of the virgin bitumen.
Moreover, as can be seen from Fig. 23, the authors found that this result
holds also at 25 °C for all nano-CuO contents and for 5% nano content it
holds even at 22 °C but not at 19 °C in whichmaybe a higher concentra-
tion is needed. However, the authors believe that going beyond the 5%
value of additive could be economically expensive. Considerations on
the costs constitute the body of the paragraph 7.2 “Cost Evaluation”.

6.5.4. Nano-FexOy
Recent studies have shown that iron oxide nanoparticles (Nano-

FexOy) can become very promising materials in the road pavement in-
dustry. Anhydrous iron oxideminerals are a result of aqueous reactions
under various temperature, redox and pH conditions [125–127]. They
have the basic composition of FexOy, but differ in the valency of iron
and overall crystal structure. Some of the important polymorphs are
magnetite (Fe3O4), maghemite (γ-Fe2O3), and hematite (α-Fe2O3).
These are very versatile nanomaterials that find applications in mag-
netic data storage, biosensing, drug-delivery, electrochemistry, and
many others. Their widespread use is due to many advantageous prop-
erties, such as superparamagnetism, high values of saturation magneti-
zation, easy control by low intensity magnetic fields, as well as non-
toxicity, biodegradability and biocompatibility [128]. The magnetic
properties of Nano-FexOy in combination to the thermoplastic nature
of bitumen can prove useful for repairingmicro- andmacro-scale cracks
that are generated in the asphalt during the service life of the road pave-
ment. Crack-healing can be defined as the capability of a material to re-
cover the original mechanical properties either autonomously [129] or
by applying an external stimulus [130] due to its thermoplastic prop-
erty, a potential strategy to promote crack-healing in bituminous mate-
rials would be to reduce the viscosity of bitumen by increasing the
temperature or through the release of bitumen-miscible diluting agents.
Hence, Jeoffroy et al. exploited the ability of Fe3O4 andγ-Fe2O3magnetic
nanoparticles to locally heating the surroundingmediumwhen exposed
to a high-frequency oscillating magnetic field (hyperthermia) [131].
The process investigated by the authors and sketched in Fig. 24, effec-
tively triggers a rapid decrease of bitumen viscosity by means of pre-
embedded iron oxide nanoparticles, previously coated with oleic acid
to prevent the formation of particle clusters and agglomerates larger
than 1 μm.

The most pronounced effect on thermal response was achieved by
incorporating into bitumen 1 vol% of γ-Fe2O3 nanoparticles with mean
size of 50 nm, showing the strongest local heating effect of 50 °C in

about 8 s under an alternating magnetic field with an amplitude of 30
mT. Other studies have focused on the rheological characterization of
heavy and extra-heavy oils containing Nano-FexOy of different chemical
nature, particle size, surface acidity, and concentration of nanoparticles.
Taborda et al. have conducted a theoretical and experimental investiga-
tion on the effect played by certain types of nanoparticles including
Nano-Fe3O4 as viscosity reducers for bituminous materials [24]. In par-
ticular, the inclusion of Nano-Fe3O4 into bitumen can lead both to ad-
sorption of asphaltenes onto nanoparticles and a reduction of their
mean aggregate size [132]. The results of this research on the phenom-
enological behaviour of the rheological properties of crude oil in the
presence of nanoparticles, could prove useful in the industrial applica-
tions related to the mobility of heavy and extra heavy crude oil. Other
tests have been carried out to investigate the capability of Nano-Fe2O3

as well as other types on nanoparticles to decrease the rutting potential
of hot-mix asphalt. SEM images of asphalt bindermodified by the nano-
particles demonstrated that the nanomaterial was properly distributed
into the binder matrix and provided a positive effect on the rutting per-
formance of the asphalt mixes.

6.6. Organic nanostructures: a solution to increase nanoparticles-bitumen
affinity

In order to avoid nanoparticle agglomeration, the use of organic
nanoparticles, granting higher compatibility between the matrix and
the modifier, can be explored. The aimwould be then to exploit the hy-
drophobicity typical of organic nanoparticles for obtaining amatchwith
that of maltene phase. We will show some materials used for this
purpose.

6.6.1. Organic expanded vermiculite (OEVM)
Chen et al. [133] conducted a worth-of-note study on the effects of

nanoparticles used to counteract bitumen aging: they used organic ex-
panded vermiculite compounds (OEVMT) as well as three different
kind of nanoparticles: nano-TiO2; nano-ZnOand nano-SiO2. The base bi-
tumen used has a penetration grade 60/80, hereinafter referred to as
SK-70.

The three different inorganic nanoparticles, with dimension in the
range 15–20 nm, have been modified on the surface by Υ-(2,3-
epoxypropoxy) propyltrimethoxysilane.

Their preparation is quite complex so (see the original paper for the
details) the final vermiculite microstructure was firstly analysed by X-
ray. Interesting difference was observed in the spectra from the bare
OEVMT and that extracted from the modified bitumen: in the OEVMT
extracted from themodified bitumen the diffraction peak characteristic
of bare OEVMT was absent, indicating that the silicate layer was
shrugged off during the bitumen modification process.

As for themechanical properties, the evolution of thephase angle (δ)
and the complex modulus (G ∗) in the temperature range 40–80 °C was
observed. It was concluded that themodified samples have better resis-
tance to fatigue indicated by greater stiffness and elasticity, compared to
pristine bitumen. Moreover, the additives samples have a higher ther-
mal stability when compared to untreated bitumen. Increasing the con-
centration of nano-TiO2 improves themechanical properties, indeed the
best results are for SK-70+1%OEVMT+3%Nano-TiO2. According to the
authors, these behaviours are due in part to the nano-TiO2 that reduces

Table 18
Properties of bitumen studied by Zhang et al. [137].

Penetration (25 °C) 75 dmm

Softening point 49.5 °C
Viscosity (135 °C) 0.58 Pa s
Viscosity (60 °C) 259 Pa s
Ductility (15 °C) 150 cm
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theflow, and therefore the deformation, of the bitumen because it limits
its movements. Similar role is exerted by silicate layers, hindering the
movement of molecular chains of bitumen at high temperatures. Com-
parison among the rheological properties of the samples modified
with 3% of nano-ZnO, nano-SiO2 and nano-TiO2 shows that the sample
modified with nano-SiO2 has the highest values of complex modulus
and phase angle, while the sample modified with nano-ZnO has the
lowest values.

In this study, the three different inorganic nanoparticles were also
tested on bitumen subjected to short and long-term thermal oxidation
aging. Short-term aging was carried out by TFOT (Thin Film Oven
Test) for 5 h at 163 °C. The bitumen thus obtained was subjected to
UV aging for 6 days in a draft oven equipped with an UV lamp of
500 W. Instead, long-term aging was carried out by PAV (Pressure
Aging Vessel) for 20 h at 100 °C. The resistance of the samples to
aging was assessed through two parameters: phase angle aging index
and complex modulus aging index. These two parameters can be ob-
tained from the following ratios:

Phaseangleagingindex ¼ agedphaseangle=unagedpahseangle ð10; Þ

Complexmodulusagingindex ¼ agedcomplexmodulus=unagedcomplexmodulus ð11Þ

Comparing the action of nano-TiO2, at a dosage of 3%,with that of the
other nanoparticles, at the same dosage, it is observed that up to 50 °C
nano-TiO2 gives the better resistance against short-term aging. But, be-
tween 50 and 80 °C, the sample containing nano-ZnO shows the best
anti-aging effect for short-term aging. Furthermore, the latter sample
was also the best in counteracting long-term aging. On the contrary,
the sample containing nano-SiO2 showed the worst effects at both
aging steps.

Lastly, Chen et al. tested the nanoparticles on the samples subjected
to photo oxidation process. It was found that nano-TiO2 has an antiaging
effect even in the case of photo oxidation, however, this effect is highly
dependent on concentration. This fact can be rationalized in our opinion
by considering that nano-TiO2 has a twofold effect whose relative con-
tributions are in complex competition: i) its semiconductor nature al-
lows the absorption of those radiations whose energies are above the
energy gap value and ii) the size in the nanoregime allows radiation
scattering within the sample. In fact, the sample with 3% nano-TiO2

turns out to be the best, as already seen for aging via TFOT and PAV.
While the sample with 1% of nanoparticles is worse than the reference
aged bitumen. In our opinion this detriment effect is the result of the
scattering contribution of the nanosized particles which helps in diffus-
ing the radiation within the sample. This effect is not counterbalanced
enough by the absorption contribution of such nanoparticles which
would help in depleting radiation. At the same time, however, by com-
paring the three types of nanoparticles also nano-ZnO has a good anti-
aging effect, enough to have the lowest complex modulus aging index
of the sample with nano-TiO2. This is due to the fact that nano-ZnO
has semiconductor nature, too. As expected, instead nano-SiO2 cannot
counteract the effect of photo oxidation due to UV aging since its energy
gap is too high so it is considered more an insulator rather than a
semiconductor. These effects are, indeed, commented by the authors:
nano-TiO2 (and nano-ZnO) is able to reflect and absorb UV light. This
phenomenon, in addition to the ability of OEVMT to increase the aver-
age path length of the oxygen molecules inside the bitumen, could act

as a barrier against aging. It must be noted, however, that due to the
nanosize regime of TiO2 which breaks the crystal periodicity at rela-
tively short range, the physical nature (direct or indirect) of the photon
absorption is still under discussion [134].

Indeed, some studies point out the possibility of occurrence of both
transitions with different probabilities also taking into account the ma-
terials in contact with the nanoparticles and/or their inherent structure
(polycrystalline or not) [135,136].

The possibility to tune the probability of photon absorption by
changing the nanoparticle structural characteristics could be, in our
opinion, a powerful way to further enhance the resistance of a
nanoparticle-modified bitumen to the photo-induced aging, which de-
serves much attention. For examples, the presence in traces of a metal
within nanoparticles can induce a lowering of the nanoparticle energy
gap (sensitization) thus extending thewavelength range of the photons
which are absorbed [135,136]. More absorbed photon means that
resulting nanoparticle-containing bitumen can be more resistant to
photo-induced aging.

In similar way, Zhang et all. [137] tested nano-ZnO in combination
with organic expanded vermiculite (OEVMT), using 3-aminopropyl-
triethoxysilane, analytically pure, to modify the nano‑zinc oxide
(15–25 nm) surface, and star quaternary alkylammonium chloride, to
modify the interlayers of expanded vermiculite (EVMt, 300 mesh)
from hydrophilic to lipophilic. Then, the modified EVMt were marked
to obtain organic expanded vermiculite (OEVMt). Table 18 lists the
physical properties of the bitumen used in this investigation.

The samples were obtained by mixing 3% by weight of nano-
materials with hot bitumen (150 °C for 60 min at 5000 rpm and then
for another 90 min at 2000 rpm). The reference bitumen was mixed
itself in the same way for effective comparison purpose.

Initially the authors analysed the structure of vermiculite through
X-ray diffraction (XRD).

The organic modification of EVMt shifts the peak towards higher
interlayer spacing value, from d = 1.42 nm to d = 6.44 nm. This has
been attributed to the effect of the star quaternary alkylammonium
chloride that is placed in the interlayer of EVMt. Furthermore, the
analysis shows how an exfoliated structure is obtained for bitumen
modified with OEVMt. In fact, the OEVMt, extracted from bitumen,
does not show peaks due to the interlayer spacing above angles
equal to 2θ = 0.5°.

Clues AFM images are reported in Fig. 25. Panel a show the topogra-
phy of the unmodified sample, in which the so-called bee structures are
clearly visible. They aremicrometer sized structureswith a rippled inte-
rior with few nanometres edges and dispersed in a quite uniform ma-
trix. Such structures, have been observed by several authors [138] and
can be considered to be made of asphaltene clusters at different levels
of aggregation, in accordance with previous observations [93].

According to the authors, who also refer to their previous study
[139], the presence of bee structures is due to the crystallization of the
microcrystalline waxes of asphaltenes. In our opinion this attribution
is only in part contradicting the previously reported one, because,
since asphaltenes are arranged in clusters and hierarchical supra-
structure of higher levels of complexity of various length scales [94],
the presence of wax, at least within all these clusters and aggregates,
is obvious. In any case, it seems that the structure at the meso-scale
(bee-structures) is somehow correlated to that at the nano-scale (mol-
ecules and their aggregates).

However, the samplemodifiedwith OEVMt is shown in Fig. 25 panel
b. Themodification causes the bee structures to be diluted in thematrix.
The effect of OEVMt is to reduce the size of the microcrystalline struc-
tures because their crystallization is inhibited during cooling from
high to test temperatures. The sample containing nano-ZnO has more
bee structures (Fig. 25c), even if smaller than the unmodified bitumen.
Zhang et all. Attribute a nucleating function to inorganic nanoparticles,
which would favour a heterogeneous nucleation crystallization of
asphaltenes.

Table 19
Properties of the bitumen studied by Zhang et al. [110].

Physical properties Measured values

Penetration (25 °C, 0.1 mm) 73
Softening point (°C) 48.5
Ductility (15 °C/10 °C, cm) 145.0/16.0
Viscosity (60 °C, Pa s) 258

2% by weight of nanoparticles was added to the bitumen.
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In this research the degree of aging of the bitumen was also evalu-
ated by comparing the VAI indices (see eq. 6). The samples that had al-
ready undergone an aging process by TFOT (Thin Film Oven Test) were
treated by PAV (in accordance with ASTM D6521); by in situ thermal
aging (a 3.2 mm thick sample was kept in the oven for 30 days at
70 °C); photo-oxidative aging (in a draft oven with UV lamp of 500 W
for 12 days at 70 °C). A substantial decrease in the VAI indices is easily
noted for the samples treated with OEVMt, both in the case of PAV
aging and in the case of in situ thermal aging. Aging is countered by
the formation of exfoliated nanostructure due to the effect of EVMt.
On the contrary, nano-ZnO appears to have only a weak effect on
thermo-oxidative aging, in fact its VAI values are slightly lower than
those of the two aged reference bitumens. Instead, there is an opposite
situation in the case of photo-oxidative aging. In fact, inorganic nano-
particles are very effective in counteracting UV aging, thanks to their
good ability to screen UV radiation. Rightly, since there are no absorp-
tion peaks of the UV radiation to be attributed to OEVMt, its effect in
counteracting aging is minimal.

6.6.2. Carbon nanostructures

6.6.2.1. Graphenes. Since its emergence in 2004 [140], graphene has
opened up a number of new research lines in the field of construction

engineering. It is an allotrope of carbon in the form of a single layer of
atoms in a two-dimensional hexagonal lattice in which one atom
(with sp2 hybridization) forms each vertex. It can be considered as an
indefinitely large aromatic molecule, the ultimate case of the family of
flat polycyclic aromatic hydrocarbons (PAH). Fig. 26 highlights the
structure and some remarkable physical properties.

Its use as nano-modifier in the improvement of the mechanical
properties of bituminousmaterials is one of themost interestingly stud-
ied solutions. On the other hand, its use in constructionmaterials for the
improvement of the mechanical performance of matrixes such as poly-
mers or other composites is well-known [142], aswell as its role in con-
trolling some functional properties like electrical conductivity, gas
barrier behaviour, thermal conductivity, expansion, and stability.

For example, graphene can enhance the electrical conductivity of ce-
mentmortars [143], aswell as their stiffness, tensile strength, and dura-
bility [144,145]. Similarly, the use of graphene has been regarded as a
potential modifier in bitumens that could help to achieve more durable
substrates. The hydrophobic nature of graphene sheets can also facili-
tate interactions with the non-polar groups of bitumen binder to form
stable nanocomposites. In such situation, it can be expected that a con-
tinuous transition of stress from the bitumen binder to the graphene
particle holds. In addition, the presence of graphene sheets could mod-
ify the thermal conductivity of bitumen binders as well as the lubricant

Fig. 21. spectra of the neat and Al2O3-modified bitumens studied by Ali et al. [119]

Fig. 22.Master curves of complex modulus (left) and phase angle (right) for samples studied by Ali et al. [119].
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effect on thematerialwhich could improve asphalt concreteworkability
[146]. Nonetheless, its use as a modifier in bitumen technology is still
relatively recent and rather limited [147]. Moreover, due to pure
graphene high production costs, most of the studies have been made
by using graphene oxide (GO) or graphene nanoplatelets (GnPs), the
latter being composed of single /few graphene layers mixed with
thicker graphite (structurally they are in between graphene and graph-
ite, i.e. from 0.34 to 100 nm [141]. Among the very few articles present
in the literature, worthy of note are that by Moreno-Navarro et al. [148]
and that by Aravind et al. [149].

In the study by Moreno-Navarro et al. the interest is directed to the
rheological, and thermal properties of the resulting blends. The authors
evaluated the mechanical and thermal properties of graphenemodified
binders, by studying a B 50/70 bitumen binder blended with 0.1%, 0.5%,
and 1% (w/w) of graphene, selected in order to find the most effective
range of added material that could induce a desired modification of
the binder. The graphene material used in this study was obtained by
a thermal reduction of graphene oxide in H2 ambient. Fig. 27 shows im-
ages from the optical microscopy of the neat binder and the 1%
graphene modified binder taken by the authors.

The typical “bee” structure is found in the neat binder (panel a) of
Fig. 27while panel b shows the presence of graphene sheets of different
sizes. In addition, the authors observed that the shape of the “bee” struc-
ture found in the modified bitumen differs from that shown by the vir-
gin one,which could be due to a reaction between someof the graphene
sheets with the non-polar phase of the bitumen (aromatics). This could
indicate that the effect of graphene as a bitumenmodifier could be influ-
enced by the chemical composition of the binder (polar/non-polar
phase ratio). The authors also investigated the mechanical perfor-
mances of the bitumen through frequency and temperature sweep

tests and theMultiple Stress Creep and Recovery Test (MSCRT). The lat-
terwas used to determine the resistance to deformation at high temper-
atures (45 and 64 °C) and the delayed elastic response of the binders
during recovery periods. Creep Compliance was measured as indicative
parameter of residual strain after repeated creep and recovery to evalu-
ate the resistance to permanent deformations of the asphalt binders at
the two stress levels. The elastic recovery (%) in each stress level was
measured to gain information about the capacity of the sample to return
to its initial shape during the recovery time after each load cycle. It has
been observed that the presence of graphene tends to produce a slight
increment in the degree of recovery of the binders aswell as aminor in-
crement in their resistance to permanent deformations (non-recover-
able creep compliance). However, the improvement detected in the
elastic response of the binder is much lower than that produced when
other commonly used modifiers such as SBS polymers are applied
(which produce a considerable increment in the degree of recovery
and a high increment in the resistance to permanent deformations).
The authors also pointed out that the test temperature plays an impor-
tant role in themechanical response of thematerials. Speaking ofwhich,
the increase of temperature decreases the recovery capacity of the
binder. The values of Jnr decrease as the graphene content increases, re-
gardless of the test temperature and shear stress. The authors concluded
that when graphene is used to modify asphalt binders it renders these
materials stiffer at any given temperature, whilst improving their elastic
behaviour as temperature and shear stress decrease.

Dynamic Shear Rheometer showed that the addition of graphene to
the bitumen increases their complex modulus and elasticity (decreases
their phase angle) at any given temperature and that the optimum
graphene content could be between 0.5% and 1%.

Also, it appeared that bitumen binders could offer a lower sensitivity
to temperature changes during their service life due to the presence of
this modifier. It is worth of note that traditional bitumen modifiers
(such us polyethylene or SBS) can give similar effect only at much
higher concentrations (from 3 to 5%).

Observation of the G ∗/sinδ value showed also that all the modified
binders have higher values than the neat binder at any temperature,
which indicates that graphene-modified bitumens are more resistant
to suffering plastic deformations,

It appears that graphene-modified binders could offer better perfor-
mance against plastic deformations on roads that are required to with-
stand higher temperatures. Unfortunately, thework ofMoreno-Navarro
et al. is the only one, in our opinion, offering a complete characterization
of rheological (and thermal) properties of a bitumen modified by
graphene.

The work of Aravind et al. [149] on the other hand, deals with the
study of mechanical properties of asphalt concretes obtained by using
a different bitumen-graphene blend, so it is difficult to make a compar-
ison between the two works.

Fig. 23. Values of fatigue parameter versus percentage of Nano Copper Oxide in modified
bitumen with long term aging, studied by Shafabakhsh et al. [124].

Fig. 24. Cartoon illustrating the crack healing method for bituminous materials using magnetic nanoparticles embedded in bitumen. Reprinted from Jeoffroy et al. [131].
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As for graphene oxide and graphene nanoplatelets (GNPs) Le et al.
[146,150] evaluated the rheological properties of bitumen binders ob-
tained from of an unmodified PG 52–34 binder and a SBS modified PG
64–34 binder producing different blends by using three types of
Graphene Nanoplatelets: M750, M850, and 4827, at a dosage of 3%
and 6% over the total weight of the binder.

Each blend was first short-term aged using a rolling thin film oven
test (RTFOT) and then a long-term aging treatment was done using a
pressure aging vessel (PAV).

The authors observed that the addition of GNPs materials does
not result in significant changes in the rheological properties of the
binders and that only a moderate increase (5–15%) in creep stiffness
holds.

However, the addition of GNPs leads to a remarkable improvement
in flexural strength at low temperatures. For both plain and SBS-
modified asphalt binders, a moderate addition of GNPs, from 3% to 6%

w/w could result in a 130% increase in flexural strength. Such an
increase has never been observed in other binder modifiers.

On the contrary, Brcic [151] concluded that GNPs compromises ther-
mal cracking resistance of asphalt binder at low temperatures. To con-
clude this section, Table 22 summarizes the main studies that have
done on graphene oxide modification of bitumen and compare the
effects of Graphene Oxide (GO) on the various bitumen tested.

6.6.2.2. Carbon nanotubes. The history of the discovery of carbon nano-
tubes (CNTs) starts from afar, in fact the first to observe an image of car-
bon nanotubes with a diameter of 50 nm were in 1952 Radushkevich
and Lukyanovich [152]. However, 1991 was a very important year for
the scientific community, in fact, a research by S. Iijima appeared in Na-
ture which developed the synthesis to obtain a large quantity of nano-
tubes, observed through the high resolution transmission electron
(HRTEM) [153]. Thereafter, the study and use of CNTs has affected

Fig. 25. AFM images of (a) unmodified bitumen, (b) OEVMt modified bitumen, and (c) nano-ZnO modified bitumen on a scale of 15 × 15 μm, acquired by Zhang et al. [137].

Fig. 26. Graphene hexagonal honeycomb chemical structure and its remarkable physical properties. The black dots are carbon atoms [141].
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many scientific sectors, thanks to their extraordinary properties. It has
been estimated, for example, through TEM and AFM measurements,
that their Youngmodulus is of the order of 1 TPa. CNTs have also proved
to be excellent conductors, both thermal and electrical, in fact the cur-
rent density reaches up to 1011 Am−2 [154]. From a structural point of
view, it is possible to have single-walled or multi-walled carbon nano-
tubes, according to the number of graphene layer. Therefore, when a
single layer of graphene is ideally rolled on itself a one-dimensional sys-
tem is obtained (SWNTs). See Fig. 28 for a vision of the process

In the event that three or more layers of graphene are rolled on
themselves concentrically, the multi-walled nanotubes (MWNTs) will
be obtained [156]. Arabani et al. [157] investigated the use of carbon

nanotubes to improve the mechanical performance of the hot mix as-
phalt (HMA). For this purpose, the authors used a 60/70 bitumen mod-
ified with different percentage of commercial multiwalled carbon
nanotubes, made by chemical vapor deposition, with an external diam-
eter between 10 and 20 nm. The aggregates used to obtain HMAwere in
agreement with continuous type IV scale of the AASHTO standard.

In order to evaluate the effect of CNTs content, the authors prepared
samples containing different percentages of CNTs by mixing the bitu-
men / CNTs mixture for 40 min at 160 °C. To rule out the possibility
that the experimental conditions required for bitumen modification
with CNTs (160 °C for 40 min) could give rise to short-term aging phe-
nomena, a reference sample containing only neat bitumenwas also pre-
pared, under the same conditions as the modified ones.

Indirect tensile resilientmodulus tests were performed to character-
ize the stiffness of the samples, giving an estimate of a material's ability
to absorb loads without permanently deforming itself (the higher the
resilient modulus, the higher the elastic modulus of that material will
have) [158]. The highest modulus of resilience values is obtained for
the sample modified with 1% of CNTs. A certain modulus decrease was
observed with increasing the temperature.

According to the authors at high temperatures, bitumen / CNTs in-
teractions weaken, making HMA more susceptible to stress. To have
an estimate of the permanent deformation (rutting) that the samples
may undergo, Arabani et al. performed repeated load axial tests (RLA).
The samples are subjected to cyclic loads and the variation in height of
the samples ismeasured, as final strain at different stresses and temper-
atures [159]. Fatigue cracking was assessed through the indirect tensile
fatigue test (ASTM D4123) in controlled stress mode. The measure-
ments were carried out at two applied stress levels, 100 and 300 kPa,
each at the temperature of 5, 25 and 40 °C. Tests have shown that the
strain increases with increasing temperatures, and that the lower strain
values are obtained for the samplemodifiedwith 1% of CNTs, regardless
of the stress applied. The effect of themodificationwith nanotubes is re-
markable even at lower concentrations, in fact for example the sample
containing 0.5% of CNTs has a 180% increase in fatigue life at 100 kPa
and 5 °C, compared to the sample containing neat bitumen.

MWNTs were used by Loise et al. to improve the rheological pro-
perties of bitumen [160]. The authors used two different types of

Fig. 27. Optical microscopy of the neat binder and the 1% graphene modified binder.

Fig. 28. Graphene and carbon nanotubes as (A) single wall carbon nanotube (SWCNT) and (B) multi-wall carbon nanotube (MWCNT) structures. Reproduced from [155].
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nanotubes, one was a commercial product (diameter between 50 and
120nm), the other (diameter between 17 and20nm)was a product ob-
tained by catalytic chemical vapor deposition (CCVD), hereinafter
referred as MWNTs/CCVD. They concluded that the MWNTs character-
ized by the greatest defectiveness were the best in improving the rheo-
logical properties of bitumen. The presence of defects was assessed
through micro-Raman spectroscopy and thermogravimetric analysis

(TGA). From themicro-Raman spectroscopy, Loise et al. used the inten-
sities ratio of D and G peaks as an indicator of defect density [161], not-
ing that this ratio was higher (greater defectiveness) for the MWNTs/
CCVD, a characteristic correlated with the thermal stability, as evi-
denced by TGA.

Rheological patterns show an increase in sol-transition temperature
as the concentration of MWNTs increases. The greatest increase is

Fig. 29. b) self-assembled and randomly distributed porous CNT skeletons, c) CNT sponge/bitumen matrix, studied by Yang et al. [162].

Fig. 30. Panel A): (a) 3D representation of cup-stacked graphene layers in a single CNF, and (b) Simplified schematic of stacked-cup carbon nanofiber helical structure with inset showing
TEM image of inclined orientation of grapheme planes along the side of structure with respect to nanofiber axis. Image taken from [167]. Courtesy of Elsevier. Panel B): Schematic of size
andmorphology distribution of various nanotubular structures that shows the main difference in the structure between carbon nanofibers and carbon nanotubes; (a) single wall carbon
nanotube, (b) multi walled carbon nanotube, (c) carbon nanofiber, (d and e) carbon fibers of different complexity. Reprinted from [166]. Panel C): SEMMorphology smooth CNF of small
diameter and Panel D): HRTEMof a cylindrical nanofiberwith thewall thickness of approximately 28 nmand hole diameter of approximately 30 nm. The interlayer spacing of the graphite
layers is approximately 0.35 nm. Reprinted from [168].

P. Caputo, M. Porto, R. Angelico et al. Advances in Colloid and Interface Science 285 (2020) 102283

28



obtained with MWNTs/CCVD dosed at 1% by weight. In fact, the sol-
transition temperature increases by only about 5 °C in the case of bitu-
men modified with the commercial product, while the increase it is
about 20 °C for the sample modified with MWNTs / CCVD compared
to the neat bitumen.

Moreover, for this latter sample, the curve of loss tangent shows a
sort of viscoelastic buffering, with a flat trend in a long temperature
range. Loise et al. concluded by assuming that the defects present on
the surface of the MWNTs / CCVD may favour the formation of a large
network, acting as a “bridge” to connect asphaltenes, this could explain
the greater hardening observed for the modified bitumen.

In an interesting study published this year, Yang et al. [162] explored
the potential of carbon nanotube (CNT) sponges as modifiers to im-
prove bitumen performance. The CNT sponges, obtained by chemical
vapor deposition, are formed by self-assembled and randomly distrib-
uted porous CNT skeletons. Sponges have excellent elastic properties,

but at the same time they are robust structures [163]. The bitumen
used for this research was a 92 mm penetration, and the pore size of
the CNT sponges was around 80 nm while the outer diameter of the
CNTs that form the sponges were 40 nm. In this study, a particular ap-
proach was used for sample preparation. In fact, while generally the
CNTs are added to the hot bitumen and the compound is then mixed
with amechanical stirrer for amore or less long time at a given temper-
ature, in this case the sponge has been immersed in the heated bitumen
so that the sponge can by capillarity impregnate with bitumen. In the
sponge / bitumen CNT matrix thus prepared, the percentage of CNT is
approximately 0.5%. The authors highlight how this process, which al-
lows the bitumen to penetrate the porous structure of the sponge,
does not cause any collapse of the structure of the CNTs thanks to the
high stability of the sponge itself. The images acquired by scanning elec-
tronmicroscope show the structure of the sponge before and after being
impregnated with bitumen. The images acquired by scanning electron

Fig. 31. Possible reactions between silica nanoparticles and APTES., speculated by Karnati et al. [121]. Scheme 1: surface functionalization with small amount of APTES; Scheme 2: surface
functionalization with large amount of ATPES.

Fig. 32. SEM images of (a) pristine SNPs and (b) modified silica nanoparticles in the bitumen, acquired by Karnati et al. [121].
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microscope show the structure of the sponge before and after being im-
pregnatedwith bitumen. Fig. 29 b shows the self-assembled structure of
CNTs, while Fig. 29 c shows the homogeneous dispersion of the struc-
ture itself in the CNT sponge/bitumen matrix.

Yang et al. accurately analysed the thermal properties of the samples
through differential scanning calorimetry (DSC) and through thermal
gravimetric analysis (TGA). Through DSCmeasurements, the glass tran-
sition temperature, Tg (lowTgvalues indicate better resistance to crack-
ing at low temperatures) and the value of endothermic energy, Δcp,
were assessed. The value of the endothermic energy is given by the dif-
ference in heat exchanged before and after the Tg, that is, the quantity of
energy useful to modify the collective state of the unit mass of the bitu-
men [164]. Furthermore, the lower this value the greater the bitumen
crosslinking density, i.e. the density of the chains or segments that con-
nect two infinite parts of the CNT sponge/bitumen network [165]. The
analyses showed an increase in the Tg value of about 2 °C in the impreg-
nated sponge sample, showing a slight decrease in cracking resistance
at low temperatures. On the contrary, the Δcp value of the CNT
sponge/bitumen sample is lower compared to the neat bitumen, thus
improving the three-dimensional structure of the network. The thermo-
gram obtained through TGA shows a markedly higher thermal stability
for the CNT sponge / bitumen sample. The sponge, in fact, having cre-
ated a strong network with bitumen would allow to delay thermal de-
composition by limiting the evaporation of the most volatile
compounds. The authors also investigated the rheological properties

of the CNT sponge/bitumen sample by comparing them with those of
the neat bitumen. The trend of the master curve shows how the sample
containing CNT is more influenced by temperature. Furthermore, its
values of the complex modulus are higher than those of the neat bitu-
men in the high and intermediate temperatures, indicating a better re-
sistance to rutting at high temperatures. Moreover, the master curve
built for the phase angle reveals that the CNT sponge / bitumen sample
has greater elastic recovery capacity than the neat bitumen, this behav-
iour is due to the elasticity of theCNT network. Finally, bymeasuring the
rutting parameter as a function of temperature, a better resistance to
permanent deformation is shown for the sample containing CNT com-
pared to the neat bitumen. However, it must be emphasized that
there is hardly any mixture testing available to directly probe the im-
provement of the permanent deformation behaviour

6.6.2.3. Carbon nanofibers. Carbon nanofibers (CNFs) can be defined as
sp2-based linear, noncontinuous filaments with a diameter of about
100 nm and a length of about 200 μm. They differ from carbon fibers,
which are continuous with diameter of several micrometers (see
Fig. 30 panel B). Carbon nanofibers can be produced via catalytic chem-
ical vapor deposition (CVD) as well as the combination of electro-
spinning of organic polymer and thermal treatment. For the high
specific area, flexibility, and high mechanical strength, CNFs are mainly
used in tough composites for vehicle, aerospace applications, biosen-
sors, electrodes and supercapacitors, bone tissue scaffolds, etc. As it

Fig. 33. Fracture energy and ductility of unaged and aged bitumen modified with 4 wt% pristine SNPs and with 4 wt% APTES-SNPs, analysed by Karnati et al. [121].

Fig. 34.Complex viscosity as a function of sweep frequency as found by Sun et al. ref. [174]. Fig. 35. 3D distribution image of Na + Mt. particles in the bitumen.

P. Caputo, M. Porto, R. Angelico et al. Advances in Colloid and Interface Science 285 (2020) 102283

30



can be seen from Fig. 30 (panel B), CNFs are geometrically different
from CNTs; indeed, CNFs have regularly stacked, truncated conical
or planar layers along the fiber length. Furthermore, because of the
cup-stacked structure, CNFs carry semiconducting behaviour and be-
cause both inner and outer surfaces are chemically active, they are
well suited for catalysts, reinforcing fillers in composites, photochemical
cells, etc. [166].

Khattak et al. [169] investigated the effects of dry process and wet
process mixing procedure of various percentages carbon nanofibers
(CNFs) with three types of bitumen: AC5 (PG52-22), AC30 (PG64-22)
and polymer modified PAC30 (PG70-28), by studying the viscoelastic
and fatigue characteristics of neat and CNF-modified AC binders.

According to the authors the homogenous dispersion of CNF pro-
duces good viscoelastic and fatigue characteristics of CNFmodified bitu-
mens. However, as authors highlighted, the main drawback of the
preliminarily dispersion of CNFs into an opportune solvent is due to
the use of a large quantity of solvent to disperse a small amount of
CNF aswell as the scalability for industrial applications. The authors rec-
ommended to further explore other mixing techniques to add higher
percentages of CNF, with a minimum amount of solvent, without a sig-
nificant increase in the modified binder viscosity at mixing and

compaction temperatures of hot mix asphalt mixtures (HMA). In their
workKhattak et al. have shown that regardless ofmixingprocess, the fa-
tigue life of CNFmodified bitumenswas 2–3 times the unmodified bitu-
mens. According to the authors this is due mainly to crack bridging
mechanism by CNF. Indeed, they believe that the CNF network may
have bridged across the micro-cracks developed due to dynamic shear
loading thus causing hindrance in their growth and consequently in-
creasing the fatigue life of the CNF modified bitumen. Furthermore, it
has been noticed that, while, the dry mixing process increased theG ∗/-
sinδ (the rutting parameter) up to 47%, the wet mixing process blends
showed a slightly lower G ∗/sinδ at higher frequencies and higher values
at lower frequency. The AC5 bitumen modified with CNF using the dry
process exhibited G ∗/sinδ improvement up to 22% at 60 °C, while
AC30 and PAC30 binders modified with CNF through a wet process
have shown an improvement of the rutting parameter of 42%. The au-
thors have also shown that the CNF wet modified bitumen at frequency
≤1Hz and in the temperature range from 25 to 64 °C has an average in-
crease of G ∗/sinδ of about 2.5% - in contrast to the value of about 35% for
PAC30 bitumen – while the average increase is 15% at frequency levels
higher than 1 Hz and as temperature range from 20 to 1 °C. It has to
be said that to our knowledge the only works on the topic of bitumen
modification by carbon nanofibers are that by Khattak research group
[169–171].

6.7. Functionalized nanoparticles: another solution to increase
nanoparticles-bitumen affinity

Modifying the nanoparticles surface can cause higher compatibility
between thematrix and themodifier thus avoiding agglomeration phe-
nomena. The aim would be to functionalize the nanoparticle surface to
change its hydrophobicity towards values more similar to the amphi-
philic compounds present in the bitumen.

In this context, Karnati et al. [121] showed that the functionalization
of silica nanoparticles can favour their dispersionwithin the bituminous
matrix, and consequently improve their performance.

For this purpose, they modified an asphalt binder, PG 64–22, with
silica nanoparticles (SNPs) whose surface had been functionalized
with (3-aminopropyl) triethoxysilane (APTES)

FTIR demonstrated the correct functionalization of the nanoparti-
cles, whereas fluorescence absorption and the DLS showed that the op-
timum is reached when a ratio of 1.6 is reached. In fact, from
fluorescence absorption, it is possible to note as the amount of amine
group generally increases with the increase of APTES, until saturation
level at ratio 1.6. On the other hand, from the DLS they noted that the
trend of the average size increase in value as the mass ratio increase,
but this trend does not involve the sample with ratio 1.6.

Karnati et al. speculate that eventual increase in size takes place, due
to an agglomeration phenomenon due to the hydrolysis of large quanti-
ties of APTES and the self-condensation reaction on the surface of the
silica nanoparticles. On the contrary, with small amount of APTES
these phenomena do not occur and correct functionalization occurs.
Fig. 31 Scheme 1 shows the chemical reaction.

A Field Emission Scanning Electron Microscope (FESEM) analysis
showed that modified nanoparticles are better distributed (Fig. 32) in
bitumen with respect to the unmodified. In the figure panel a shows
also evident agglomeration due to the presence of hydrophilic Si – OH
groups, which are not very compatible with the hydrophobic compo-
nents of bitumen. According to the authors, the amine functional
group on the surface of modified nanosilica can create hydrogen bond
or dipole-dipole interaction with polar group in the binder, favouring
the stabilization of these nanoparticles within the bituminous matrix
and disadvantaging their aggregation.

In order to evaluate the effect of modified and unmodified nanopar-
ticles on the aging of asphalt binders, Karnati et al. analysed long-term
aging samples. These samples were prepared according to ASTM D21.

Fig. 36. 2D segment images of bitumens (a) with Na+ Mt. and (b) with OTAC+ Mt., at the
same resolution (1 μm).

P. Caputo, M. Porto, R. Angelico et al. Advances in Colloid and Interface Science 285 (2020) 102283

31



The mechanisms (hydrogen bond, dipole-dipole interaction) that
stabilize the modified nanoparticles inside the binder could be the
same that allow a 50% reduction of the VAI index (eq. 6) of the samples
containing APTES/SNP compared to the samples with neat SNPs. More-
over, the surface functionalization of the nanosilica leads to a reduction
of about 7% and 72% of the chemical aging index (CAI) for carbonyl and
sulfoxide groups respectively. The CAI are obtained from eq. 12 and 13:

CAICarbonyl ¼
Carbonylagingindex agedsampleð Þ−carbonylagedindex unagedsampleð Þ

Carbonylagedindex unagedsampleð Þ
ð12; Þ

CAISulfoxide ¼
Sulfoxideagingindex agedsampleð Þ−Sulfoxideagedindex unagedsampleð Þ

Sulfoxideagedindex unagedsampleð Þ
ð13; Þ

where Carbonyl index and Sulfoxide index are from Eq. 4 and eq. 5
respectively.

This notable difference in the reduction of the indices is justified by
the authors considering that sulphur has greater electronegativity
than carbon and the sulfoxide group is more polar than carbonyl. This
would further favour dipole-dipole interactions and hydrogen bonds
between the sulphur-containing functional groups of the binder and
themodified nanoparticles. The rheological aging index (RAI) allows es-
timating the effect of modified and un-modified nanoparticles on the
rheological properties of the asphalt binder.

APTES/SNPs shows, once again, better resistance to aging than SNPs
with a decrease of about 42%.

An evaluation of the resistance to rutting and fatigue cracking can be
carried out by calculating two different parameters G ∗/sinδ and

Fig. 37. Extraction of the area of interest using CT scan technology [190].

Fig. 38. 3D images of thewhole cylinder, acquired by Rinaldini et al. [189], as discussed in the text. The spatial distribution inside the sample of the large virgin and small RAP aggregates is
shown with different colors (red and green, respectively).
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G ∗ × sinδ. In general, samples exhibiting high G ∗/sinδ value should have
a greater resistance to permanent deformation (rutting). However, it
must be emphasized that it must be pointed out that there is hardly
any mixture testing available to directly confirm the improvement of
the permanent deformation behaviour. Conversely, samples exhibiting

low G ∗× senδ value should have a greater resistance to fatigue cracking.
The sample containing the modified nanoparticles has the highest rut-
ting parameter and the lowest cracking parameter. These results are ob-
viously in line with those obtained previously, in fact the deformation
and the formation of cracks inside the material is strictly linked to the
aging of the material itself.

One of the main causes of deterioration of the road surface is crack-
ing at low temperatures, which occurs both in cold regions and in re-
gions that experience large temperature changes between day and
night or between seasons of the year [172,173]. For this reason, fracture
energy and ductility were measured in order to evaluate low tempera-
ture performance (Fig. 33). Both the unaged and aged samplesmodified
with APTES/SNP increase fracture energy and ductility respect to
unaged and aged samplemodified with SNP. In more detail, the unaged
samples have energy greater than about 26% and ductility of about 15%.
While the aged samples show an increase in energy of about 205% and
ductility of about 89%. Again, the authors justify the increase in fractur-
ing energy thanks to the formation of hydrogen bonds and dipole-
dipole interactions between the binder molecule and APTES/SNP. This
would improve the interfacial bonding between the matrix and the
modifier.

In another study, instead, Zhang et al. [110] used three different
kinds of inorganic nanoparticles to improve UV aging resistance of bitu-
men. The authors used nano-SiO2, nano-TiO2 and nano-ZnO,with diam-
eter between 20 and50 nm, as such and treatedwith toluene containing

Fig. 39. Three cross-section images at three different heights: top, middle and bottom, from left to right, acquired by Rinaldini et al. [189].

Fig. 40. Typical distribution of the mineral aggregates in a slide (see text for details),
acquired by Rinaldini et al. [189].

Table 20
Physical properties of the bitumenmodifiedwith different nanoparticles, analysed by Sun
et al. [174].

Dispersing condition
(170 °C; 5.000 rpm;
30 min)

25 °C
penetration/
0.1 mm

Softening
point (°C)

10 °C
ductility
(cm)

60 °C
viscosity
(Pa s)

AH-70 64.5 49.7 18.1 299
AH-70 + 5% SiO2 61.2 55.8 10.5 667
AH-70 + 5% CaCO3 68.3 51.9 11.3 346
AH-70 + 5%
montmorillonite

66.2 51.8 10.2 381

AH-70 + 5% TiO2 66.2 52.6 9.9 358
AH-70 + 5% Fe2O3 62.1 51.6 10.2 361
AH-70 + 5% ZnO 63.4 51.0 10.4 345
AH-70 + 5% bentonite 61.6 53.5 10.0 380

Table 21
Test Physical properties of SiO2 nanoparticle–modified bitumen using different coupling
agents, analysed by Sun et al. [174].

Dispersing condition
(170 °C; 5.000 rpm;
30 min)

25 °C
penetration/
0.1 mm

Softening
point (°C)

10 °C
ductility
(cm)

60 °C
viscosity
(Pa s)

AH-70 64.5 49.7 18.1 299
AH-70 + 5% SiO2 61.2 55.8 10.5 667
AH-70 + 5% SiO2 + 1%
K-1

53.5 55.3 7.7 630

AH-70 + 5% SiO2 + 2%
K-1

61.7 56.8 9.0 778

AH-70 + 5% SiO2 + 3%
K-1

61.2 55.6 8.3 745

AH-70 + 5% SiO2 + 4%
K-1

65.0 55.5 10.9 650

AH-70 + 5% SiO2 + 1%
K-2

65.4 54.0 13.2 443

AH-70 + 5% SiO21.5%K-2 62.9 55.0 11.9 568
AH-70 + 5% SiO22%K-2 68.2 53.3 11.3 170
AH-70 + 5% SiO23%K-2 60.6 54.5 12.3 530
AH-70 + 5% SiO23%K-3 61.3 53.4 12.1 638
AH-70 + 5% SiO25%K-3 60.0 54.9 12.3 679
AH-70 + 5% SiO27%K-3 54.7 55.1 12.4 745
AH-70 + 5% SiO29%K-3 56.1 55.7 14.6 650

P. Caputo, M. Porto, R. Angelico et al. Advances in Colloid and Interface Science 285 (2020) 102283

33



Table 22
summarizing scheme of thematerials used tomodify bitumens and asphalts with nanoparticles, together with the techniques used for their characterization the corresponding references
(in chronological order) and the clues.

Research Materials Size (nm) Analysis/Techniques (Normative reference) Matrix Results

Jahromi et al.
(2009) [101]

Clay (closite and
nanofil)

See Tab. Physical characterization⁎⁎ (ASTM: D113,
D36, D5), Rheology (D7175), XRD

Fresh bitumen,
Short-term aged,
Long-term aged

- increased stiffness and resistance against
aging as well as improved elastic
properties;

- intercalation or exfoliation of the nanoclay
Wu et al. (2009)
[104]

Clay
(montmorillonite)

XRD, Limiting oxygen index methods (ASTM
D2863-77), DSC, Rheology (D7175), Physical
characterization⁎⁎ (ASTM: D36, D5)

Fresh bitumen,
Short-term aged
(D2872), Long-term
aged (D6521)

- montmorillonite and organically-modified
montmorillonite (OMMT) are used to improve
the rheological properties of bitumen and also
to reduce its flammability;
- bitumen changes from being “fuel” to a
“self-extinguishing” material;
- treated bitumen produced less smoke than the
neat bitumen while burning

Ghasemi et al.
(2012) [84]

SiO2, SBS 15 ± 3 Physical characterization⁎⁎ (ASTM: D113,
D36, D5), Marshall stability, Flow test
(D1559), ITS (D4867), ITSM

Fresh bitumen, HMA - indirect tensile strength progressively
increases with nanoparticle content

Zhang et al.
(2015) [137]

ZnO, EVMT 15–25 Physical characterization⁎⁎ (ASTM D36,
D113, D5), Rotational viscosity (ASTM
D4402), XRD, FTIR, UV spectroscopy, AFM

Fresh bitumen,
Long-term aged
(D6521), UV aged

- structural changes of asphaltenes clusters
probably due to nucleating effect of inor-
ganic nanoparticles, favouring a heteroge-
neous nucleation/crystallization of
asphaltenes;

- thermo-oxidative aging is contrasted by
EVMt, photo-oxidative aging is contrasted
by nano-ZnO thanks to its semiconductor
nature

Du et al. (2015)
[116]

ZnO 15–25 Physical characterization⁎⁎ (ASTM: D5, D36,
D113), Rheology (JTG E 20-T
0628–2011), Rotational viscosity (ASTM
D4402), AFM, FTIR

Fresh bitumen,
Short-term
aged, UV-aged bitumens

- nano-ZnO changes morphology, increases
the viscosity and reduces ultraviolet (UV)
aging of bitumens;

- the effect of nano-ZnO depends on the
bitumen nature

Arabani et al.
(2015) [157]

Carbon nanotubes 10–20⁎⁎⁎ ITSM (ASTM D4123), Repeated load axial
test, ITF (ASTM D4123), SEM,

HMA - improvement of the mechanical perfor-
mance of the hot mix asphalt (HMA);

- CNTs gives stiffness increase and strain
decrease regardless of the stress applied

Li et al. (2015)
[109]

ZnO FTIR, SEM, Physical characterization⁎⁎

(ASTM: D5, D36, D113), Rotational viscosity
(ASTM D4402), Compatibility test (JTG E
20-T 0661–2011), UV spectroscopy

Fresh bitumen,
Short-term
aged, UV aged

- ZnO nanoparticles are used for increasing
resistance of bitumen to ultraviolet aging;

- better dispersion of the nanoparticles inside
the bitumen is achieved if nanoparticles are
surface silano-modified

Zhang et al.
(2015) [110]

SiO2, TiO2, ZnO 20–50 Storage stability, Physical characterization⁎⁎

(ASTM: D5, D36, D113), UV spectroscopy
Fresh bitumen, UV aged - nanoparticle surface modification improves

their dispersion and gives greater effect on
the shielding of UV radiation;

- same arguments as in Chen et al. 2015
[133]

Galooyak et al.
(2015) [86]

SiO2, Sasobit 20–30 Physical characterization⁎⁎ (ASTM: D113,
D36, D5), Rheology, ITS (ASTM D6931),
Resilient modulus test (ASTM D4123),
Rutting in Wheel Tracking (AASTHO T324)

Fresh bitumen, WMA - decrease in penetration and ductility and
increase in softening point with the nano-
particle content;

- modified bitumen has better resistance
against rutting at heavy loading condition;

- resilient modulus increases as a function of
the nanosilica content;

- fatigue life of the WMA is higher for sam-
ples containing nanoparticles;

- direct relationship between the nanosilica
content and the number of loading cycles
required for cracking

Chen et al.
(2015) [133]

SiO2, TiO2, ZnO,
EVMT

15–20 Rheology (ASTM D7175), XRD Fresh bitumen,
Short-term aged (ASTM
D1754), Long-term aged
(ASTM D6521), UV aged

- modified samples have better resistance to
fatigue and higher thermal stability;

- nano-TiO2 and nano-ZnO show better
anti-aging effect;

- nano-TiO2 has antiaging effect even in the
case of photo oxidation

Le et al. (2016)
[146]

Graphene, SBS Rheology (AASHTO T315-12), Creep stiffness
(AASHTO T313-12), Strength test

Fresh bitumen,
Short-term aged
(AASHTO T240),
Long-term aged
(AASHTO R28-12),
asphalt mixture

- the addition of graphene affects only a
small part of G * and does not affect the
relaxation properties of the bitumen;

- - the creep stiffness of the asphalt mixture
treated with grapene is strongly influenced
by the analysis temperature and by the
temperature at which the aspahlt mixture is
compacted

Brcic (2016)
[151]

Graphene Rheology, Creep stiffness (D7-405–10a), PG
(ASTM D6373-07)

Fresh bitumen,
Short-term aged,
Long-term aged

- graphene modified binder is stiffer than the
fresh bitumen;

- Gþ
senδ and G+senδ are affected by dispersion
and mixing time;
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Table 22 (continued)

Research Materials Size (nm) Analysis/Techniques (Normative reference) Matrix Results

- increase in E-modulus depending on the
mixing time and the percentage of
graphene

Hamedi et al.
(2016) [111]

ZnO 20 ITS (AASHTO T283), Surface free energy Fresh bitumen, HMA - nano-ZnO improves the adhesion between
bitumen and aggregates (antistripping)
especially in the case of moisture--
conditioned samples;

- nanoparticles lower the acidity of the
bitumen, favouring the adhesion between
the bitumen itself and acid aggregates (i.e.
granite)

Taherkani et al.
(2016) [88]

SiO2 11–13 SEM, Physical characterization⁎⁎ (ASTM:
D113, D36, D5)

Fresh bitumen - strong tendency to form a network of
aggregates responsible for the mechanical
properties of the modified binder

Nejad et al.
(2016) [107]

TiO2, ZnO, Al2O3,
Fe2O3

10–25,
10–30,
20, 40

Physical characterization⁎⁎ (ASTM: D36, D5,
D113), Rotational viscosity (ASTM D4402),
Flash point (ASTM D 3143), SEM, Static
creep test

Fresh bitumen, HMA - comparison of different inorganic nanopar-
ticles: finding specificities of nanoparticles
in creep rate and strain modulus values of
Hot Mix Asphalt at various loads

Jeoffroy et al.
(2016) [131]

Υ-Fe2O3, Fe3O4,
Oleic acid

20–40,
20–30
and
50–100

XRD, SEM, ATR-FTIR, TGA, DLS,
Magnetization measurements, Thermal
response under an alternating magnetic field

Fresh bitumen - viscosity reduction of bitumen;
- closing of micro-cracks

Mubaraki et al.
(2016) [117]

Al2O3, Acrylate
Styrene
Acrylonitrile (ASA)

13 Rotational viscosity, Storage stability,
Rheology

Fresh bitumen - increase in viscosity, softening point
temperatures, storage stability and resis-
tance against rutting by addition of
Nano-Al2O3

Zeng et al.
(2017) [176]

Graphene Oxide Rheology, Physical characterization⁎⁎ (ASTM
D564, ASTM D3626), Pyrolysis-gas
chromatography test

Fresh bitumen,
Short-term aged (ASTM
D1754), Long-term aged
(ASTM D6521)

- improve high-temperature property by
showing higher G ∗and lower phase angle

- improve low-temperature property by
exhibiting smaller complex modulus and
larger phase angle;

- increase anti-aging property but not so
obvious;

- 1% GO performs better than 3% GO in terms
of low temperature and cost; CO2 is
released when mixing at 115 °C

Ali et al. (2017)
[119]

Al2O3 13 Physical characterization⁎⁎ (ASTM D5, D36,
D113), Rotational viscosity (ASTM
D4402), Storage stability, FE-SEM, FTIR, XRD,
Rheology

Fresh bitumen - penetration decreases and softening point
increases;

- nanoparticle can give better elastic
recovery, better resistance to rutting and
increased failure temperature, increased
resistance to permanent deformation,
decrease of the compliance

Sun et al. (2017)
[174]

SiO2, TiO2, CaCO3,
ZnO,
Montmorillonite,
Bentonite, Fe2O3

15, 35, 30,
30, 25, 25,
20

Physical characterization⁎⁎ (JTJ 052–2000),
Rheology, SEM, FTIR, Creep stiffness, Direct
tension test, GPC, DSC,

Fresh bitumen, asphalt
mixture

- nanoparticles modification gives softening
point and viscosity general increase and
parallel decrease in ductility;

- best improvement of high temperature
performance by nano-siclica;

- attention focused on this modifier
Nejad et al.
(2017) [95]

SiO2, TiO2, CaCO3 20–30,
20, 10–45

DSC, Rheology Fresh bitumen - comparative study among SiO2, TiO2 and
CaCO3;

- increase in the transition glass temperature
with the nanoparticle content

Sadeghnejad
et al. (2017)
[91]

SiO2, TiO2 80, 30 Physical characterization⁎⁎ (ASTM: D5, D36),
Kinematic viscosity (ASTM D2170),
Rheology (ASTM D7175)

Fresh bitumen - comparison between nano-silica and
nano-titania;

- difference in chemical compatibility
between nanoparticles and bitumens

Hussein et al.
(2017) [96]

Ceramic powders 16 XRF, TEM, XRD, FTIR, Physical
characterization⁎⁎

(ASTM: D5, D36), Rheology, AFM, TCLP
(EPA SW846-1311)

Fresh bitumen - reuse of waste from ceramic materials
industries as possible modifiers for bitu-
men;

- the high surface energy and strong surface
tension of ultrafine nanoparticles favour the
agglomeration of nanoparticles

Shafabakhsh
et al. (2018)
[124]

CuO 40 FE-SEM, Rheology (ASTM D7175), Creep
stiffness (AASHTO T313)

Fresh bitumen,
Short-term aged (ASTM
D1754), Long-term aged
(ASTM D6521)

- nano-CuO addition to bitumen and to aged
bitumens enhances their resistance to rut-
ting deformations but only at temperatures
lower than 64 °C;

- nano-CuO enhances the fatigue cracking of
the virgin bitumen

Li et al. (2018)
[177]

Graphene Oxide 10–50 μm FTIR, XRD, TG test, GC–MS test, Physical
properties⁎⁎ (ASTM: D5, D36, D113),
Rheology, Rotational Viscosity (ASTM
D4402)

Fresh bitumen, SBS
modified
bitumen

- increase G ∗, reduce phase angle slightly;
- increase resistance to plastic deformation

by higher elasticity;
- increase cracking risk due to brittleness;
- faster heat transfer at 0.5% dosage, the

effect remains constant

(continued on next page)
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γ-(2,3-epoxypropoxy) propyltrimethoxysilane as silane coupling agent
to modify the nanoparticles surfaces. The bitumen chosen for this
research had the following physical properties (Table 19):

The authors noted that while for the unmodified nanoparticles the
best compatibility is obtained with nano-SiO2, in the case of the modi-
fied nanoparticles the highest compatibility is obtained with nano-ZnO.

The effect of nanoparticles on bitumen subjected to photo oxidation
was assessed through the Increment in Softening Point (ISP) and VAI in-
dices. The VAI indexwas previously defined in Eq. 6, while the ISP index
can be calculated using the underlying equation:

ISP ¼ Agedsofteningpointvalue−Unagedsofteningpoint value ð14Þ

In general, the addition of the nanoparticles reduces both indices,
especially when nano-ZnO is added.

In particular, the VAI and ISP indices decrease more in the case of
modified nanoparticles. This highlights the improvement effect of the
surface modification of the nanoparticles on the bitumen resistance to
UV aging. Indeed, the surface modification improving the dispersion,
making it more uniform, and has a greater effect on the shielding of

Table 22 (continued)

Research Materials Size (nm) Analysis/Techniques (Normative reference) Matrix Results

Nazari et al.
(2018) [92]

SiO2, TiO2, CaCO3 20–30,
30, 10–45

XRD, SEM, FTIR, Rheology (TP101-14) Fresh bitumen,
Short-term aged
bitumen (AASTHO
T240), Long-term aged
bitumen (AASTHO R28)

- comparative study among SiO2, TiO2 and
CaCO3;

- silica are the particles giving greatest
fatigue resistance;

- detected a possible antioxidant effect
attributable to nano-TiO2 and nano-CaCO3

Crucho et al.
(2018) [85]

SiO2, Zero-Valent
Iron, Clay

70, 50,
1–2

Affinity test (EN
12,697–11), Stiffness test (EN 12697–26),
Fatigue test (EN 1269–24), Wheel Tracking
test (EN 1269–22), ITS (EN 1269–23)

Fresh bitumen, asphalt
mixture

- hydrophilic bentonite and zero-valent
nano‑iron have better affinity with
bitumens;

Liu et al. (2018)
[178]

Graphene Oxide,
Sasobit, Waste
Cooking Oil

Rheology, MSCR (AASHTO T316-13), FTIR,
DSC, Rotational viscosity (AASHTO T316-13)

Fresh Bitumen, HMA,
WMA

- improve rutting resistance, failure
temperature, creep/recovery behaviour

Moreno-Navarro
et al. (2018)
[148]

Graphene Raman spectroscopy, XPS, Optical
microscopy, Rheology, Softening point test
(EN 1427), Thermal conductivity

Fresh bitumen - graphene addition to the neat bitumen
modifies the typical shape of bee structures;

- graphenes give stiffer bitumens with
improved elastic behaviour

Loise et al.
(2019) [160]

Carbon nanotubes 17–20
and
50–120

TEM, XRD, Raman spectroscopy, Rheology,
TGA

Fresh bitumen - higher defectiveness in MWNTs gives better
improvement of the rheological properties,
with probable formation of networks
bridged by MWNTs defects

Karnati et al.
(2019) [121]

SiO2 12 FE-SEM, FTIR, Hydrodynamic diameter, Zeta
potential, Rotational viscosity (D4402),
Rheology (ASTM D7175-15), Direct tension
test (ASTM 6723–12)

Fresh bitumen,
Long-term aged (ASTM
D 2872–13, D6521)

- functionalization of silica nanoparticles can
favour their dispersion within the bitumi-
nous matrix;

- it can improve the rheological performance
(reduction of the chemical aging index for
carbonyl and sulfoxide groups);

- higher rutting parameter and lower crack-
ing parameter;

- mechanism is studied: modification of
nanoparticles increases the interfacial
bonding between matrix and the modifier

Zghair et al.
(2020) [89]

SiO2 11–12 Physical characterization⁎⁎, Rotational
viscosity test

Fresh bitumen - penetration value and ductility decrease
with the amount of nanosilica;

- softening temperature and rotational vis-
cosity increase with the nanosilica content;

- the properties of the binder improve with
increasing mixing times

Yang et al.
(2020) [162]

Carbon nanotube
sponges

40 SEM, DSC, TGA, Rheology, Fresh bitumen - good dispersion of CNTs-sponge with the
formation of a continuous and highly
porous network with bitumen;

- improvement of stability at high tempera-
tures;

- improvement of rheological properties,
resistance to rutting and elastic recovery

Sedaghat et al.
(2020) [102]

Clay
(montmorillonite),
Sasobit

1–2 XRD, Physical characterization⁎⁎, Kinematic
viscosity, Rheology (ASTM
D4402), Creep tests, Rotational viscosity
(AASHTO M320), PG

Fresh bitumen,
Short-term aged,
Long-term aged

- nano-montmorillonite (size 1–2 nm) is
tested after organo-modification to make it
organophilic for a better dispersion in
bitumen

⁎⁎ Softening point, Ductility, Penetration.
⁎⁎⁎ Refer to the diameter of the nanotubes.

Table 23
Characteristics of mineral and bitumens used in the study by Rinaldini et al. [189].

Sample name Virgin mineral RAP Virgin bitumen

Fraction size (mm) Amount (g) Mass (%) Fraction size (mm) Amount (g) Mass (%) Pen grade Amount (g) Mass (%)

MxD 8/11 10,000 47.17 2/4 10,000 47.17 70/100 1000 4.72
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UV radiation. On the other hand, the same more uniform dispersion of
the nanoparticles, causes lesser aggregates thus diminishing scattering
of the UV radiation within the samples given by big particles

Self-consistently with the semiconductor nature of the studied
nanoparticle, the authors found that nano-ZnO has a greater improve-
ment effect than nano-TiO2 thanks to its longer absorption wavelength
(370 nm vs 300 nm of the nano-TiO2) allowing more radiation absorp-
tion. Such kind of reasoning have been used in the paragraph 6.6.1. ded-
icated to organic vermiculite.

Also Sun et al. [174] usedmodified nanoparticles demonstrating that
their modification can give better performances especially at high tem-
peratures. For this purpose, they used three different kinds of coupling
agents: silane (K-1); stearic acid (K-2) and polyethylenimmine (K-3),
and seven different nanoparticles: SiO2; CaCO3; montmorillonite;
TiO2; Fe2O3; ZnO and bentonite. The particles sizes were 15; 30; 25;
35; 20; 30 and 25 nm respectively.

After having ascertained the softeningpoint and viscosity general in-
crease, parallel to the decrease in ductility (Table 20), as a consequence
of nanoparticle addition to the bitumen, the authors noted that the
highest effect was given by SiO2 at high temperatures. Being the
ultimate goal of this research to improve the performance of the binder
at high temperatures, Sun et al. decided to focus only on silica
nanoparticles.

So, the authors tested the silica nanoparticles at three different con-
centrations (3, 5 and 7%) observing a parallel increase in the softening
point and viscosity and a decrement of penetration and ductility de-
crease. The ductility reduction indicates aworsening of physical proper-
ties at low temperatures.

Although not specified in the study, the sample containing 5% nano-
SiO2 is a good compromise for improving performance at high temper-
atures without worsening those at low temperatures too much. In fact,
the authors have treated only the 5%modified samplewith the coupling
agents.

Interestingly the authors improved themethodology for surfacemod-
ification of nanoparticles. The previous procedure involved dosing the
coupling agents on the amount of bitumen. Instead, in thenewprocedure
the percentage byweight of coupling agents is calculatedwith respect to
the quantity of nano-SiO2. As can be seen from the table (Table 21), the
physical properties are strongly influenced by the type of agent used.
Moreover, although thequantity of coupling agents is very lowcompared

to the quantity of binder, their effects are remarkable. 2% K1; 1.5% K2 and
7% K3 are the samples with the greatest improvement in properties. In
particular, the sample modified with 2% K1 had a most marked increase
in softening point and viscosity respect to AH-70 + 5% SiO2. Conse-
quently, this sample was selected for rheology tests.

The analysis carried out on the sample containing 2% of coupling
agent K1 were carried out in accordance with the Superpave system.
The low temperature grade was determined through BBR (Bending
Beam Rheometer) and DT (Direct Tension) test. Instead, high tempera-
ture gradewas evaluated through rutting factor,G ∗/sinδ. The addition of
modified nanosilica strongly improved the high temperature perfor-
mance. The authors also carried out a frequency sweep test from 0.1
to 10 Hz, in order to evaluate the ZSV (Zero Shear Viscosity). They
used the Cross model proposed by Sybilski [175].

This model involves the calculation of the ZSV, through the fitting of
the frequency sweep curves.

η0−η∞ð Þ.
η−η∞ð Þ ¼ 1þ Kωð Þm ð15Þ

Where η is the complex viscosity; η0is first Newtonian region viscos-
ity (ZSV); η∞ is second Newtonian region viscosity; K is a material pa-
rameter; ω is the frequency and m is a dimensionless material
parameter. Through an approximation it is possible to write the Eq. as:

η ¼ η0=1þ Kωð Þm ð16Þ

The authors compared the ZSV value with the viscosity measured
throughBrookfield apparatus. They noted that in both case themodified
sample had a higher viscosity.

From Fig. 34 it is clear a thixotropic behaviour of the asphalt binder.
The effect of themodified nano-SiO2 decrease as the frequency increase.
In fact, when the frequency exceeds 1 Hz, the trend of the modified as-
phalt curve's is almost equal to that of the unmodified asphalt. In con-
clusion, the modified binder will perform better at high temperatures,
but, conversely, as the temperature decreases the sample becomes
more rigid and cracking phenomena are more likely to occur.

In addition, Sun et al. performed, on asphalt mixtures, rutting test at
60 °C to evaluate the high temperature stability, and bending test at
−10 °C in order to assess low temperature crack resistance. Also, the
immersion Marshall tests and freeze-thaw split tests were conducted
to analyse the water stability of asphalt mixture. From these tests it is
possible to note an increasing in the dynamic and residual stability, stiff-
ness modulus and tensile strength ratio with the addition of modified
nano-SiO2.

A summarizing scheme of the materials used to modify bitumens
and asphalts with nanoparticles, together with the techniques used for
their characterization the corresponding references (in chronological
order) and the clues is reported in Table 22.

7. Perspectives

7.1. Vanguard techniques

We have already discussed about promising techniques for bitumen
characterization. Recently, we have demonstrated that an accurate use

Fig. 41. spatial distribution of the virgin and RAP components (higher magnification),
acquired by Rinaldini et al. [189].

Table 24
Cost evaluation of typical asphalt mixtures.

Materials Average Unit Prices (€/ton)

Bitumen 35/50 350
Natural aggregates 10
Electric Arc Furnace Steel Slag aggregates 3
Reclaimed Asphalt Pavement aggregates 5
Recycled Concrete aggregate 5
Warm Mix Asphalt additive 2500
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of rheology [179,180], of X ray scattering [71] and Nuclear Magnetic
Resonance [51,52, 181] have proven to be able detailed information
both from the structural and from the dynamical point of views.

However, it is strong belief that the synergic use of these different
techniques can give an even better comprehension of the complex
physical-chemistry involved in these materials [53,54,72,182].

For our considerations and for perspectives the reader is referred to
the references just cited.

However, for the characterization of (nano)particles-containing bi-
tuminous materials, usually microscopies are used for having a “vision”
of the structure. Atomic Force Microscopy can reach strikingly high res-
olutions and be coupled to quantitative nanomechanics to probe the
local mechanical characteristics of the material [183,184].

Scanning Electron Microscopy (SEM) is very versatile and, as it is
well known, it can be coupled to Energy Dispersive Spectroscopy
(EDS) to probe the chemical composition. However, they are essentially
surfacemethods and therefore they are not fit for probing the inner part
of the material.

Given the specific peculiarities of nanoparticles-filled bitumens, we
would like to point out the specific use of a modern, emerging

technique: nanotomography. Nanotomography, much like its related
modalities tomography and microtomography, uses x-rays to create
cross-sections from a 3D-object that later can be used to recreate a vir-
tual model [185]. This is a nondestructive technique and can probe the
distribution of nanoparticles within the bulk of the whole sample. The
term nano is used to indicate that the pixel sizes of the cross-sections
are in the nanometer range. In this context, X-ray computed tomogra-
phy (XCT) acquires radiographic projections frommany different view-
ing angles from 0 to 180 degrees to perform 3D internal structure
reconstruction by suitable algorithms. The latest developments have
led to XCT systemswith nano or submicron resolution. InXCT technique
the X-ray beams carry variouswavelength and energy (polychromatic).
The attenuation μ of these X-rays inside the object is energy-dependent
and therefore the parameter μ(E) is not constant. By using X-ray filters,
it is possible to reduce the contribution of the parameter μ and finally
get approximate information on the density of the object. Formost sam-
ples, the densitywill provide an idea of the internal structure. Themajor
difference between Nano Computer Tomography (nano-CT) scanning
and other types of X-ray tomography technique is their pixel size in
the cross-section images in the nanometer range. The accuracy depends

Table 25
Costs of Carbon Nano Tubes (CNT), Graphene Nano Platelets (GNP) and Graphene Oxide (GO) (obtained from [https://nanografi.com/] [195] and [https://www.us-nano.com/inc/sdetail/
494] and slightly implemented with other information taken from bibliography).

Materials Purity (%) Specific Surface Area (SSA) (m2/g) Unit Price (€) (per gram)

Nano SiO2 97
97
99.5

98–99.5

50 ÷ 95
95 ÷ 140
45 ÷ 80
130–600
/

38 (a)
40 (a)
26
0.08–0.15 (b)
1.59–6.52 (c)

Nano Iron 99.55
99.55
/

4.5 ÷ 10
/
/

17
4.8
0.1–2.6 (b)

Fe2O3 /
/
98–99.9

>55
/
/

3.4
0.1–0.3 (b)
4.42–10.25 (c)

Fe2O3 (5 nm) 99.9 / 11,49 (c)
Nano ZnO 99.99

99–99.9
20 ÷ 65
/

1.48
1.23–1.94 (c)

Nano CuO 99.99
99.995
99–99.95

>20
15
/

2
7.2
1.24–9.8 (c)

Nano Al2O3 (gamma) 99.55
99–99.99

60
/

5.2–9
1.59–6.88 (c)

Nano Al2O3 (alfa) 99.95
99–99.99

>10
/

1.8–4.8
1.34–4.94-(c)

Nanoclay (800 nm) 99.9 / 1.16
Single Walled CNT (SWCNT) > 65

>92
>95
>96
>60 - >98

400
400
400
570
/

65
90
159
195
54.72–263 (c)

Double Walled CNT (DWCNT) > 65
>60

/
/

43
51.21 (c)

Multiwalled CNT (MWCNT) >92
>95
>95

220
50
/

1.5–2.1
33
30.90–34.43 (c)

>96 50
220–240
510

27
29–33
19

Graphene Nanoplatelets (GNP) 99.9
99.9
>99.9
95–99.5

320–800
170
135–170
/

6–7
9–11
7–9
15–114 (c)

Graphene Oxide (GO) 99.8
99.5 (single layer)
99.3 (single layer)

≥420
/
/

68
165
172.32 (c)

Reduced Graphene Oxide (rGO) / 1562 48
Carbon Nanofibers (CNF) >96%

>95%
20
/

14

65 (c)

(a) Laser Synthesized; (b) from [193]; (c) from [194].
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on the size of the scanned object. As a rough estimation, the size of
pixels is approximately 1000 times smaller than the original dimen-
sion. For instance, scanning a sample of 0.5 mm diameter can result
in 500 nm pixels. Applications for micro- and nano-CT can be found
in many areas of research and development like: materials science, ge-
ology, biomedical engineering, dentistry, bio-engineering, building en-
gineering – all using the XCT systems all dealing with materials of
which the fine internal structure or the changes within the material
are of outmost importance to understand the behaviour of the mate-
rial or to have insights in the processes going on. Nanotomography
technique in particular was used by different authors to analyse and
reconstruct the 3D structure of bitumen modified with different
nanomaterials. Liu et al. [186] for example used nano-CT scanning
equipment to investigate the distribution of nano-scale montmorillon-
ite particles in the asphalt system. Fig. 35 presents the 3D distribution
image of sodium montmorillonite particles in the bitumen at the max-
imum resolution (about 1 μm) of the CT scanning equipment and
Fig. 36 a is its 2D segment image. It seemed that parts of sodium
montmorillonite particles were dispersed in the bitumen like the con-
ventional filler at micrometer scale. This corresponded to the weak
change of its XRD curves before and after mixing with bitumen. It
was not possible to visualize the octadecyl trimethylammonium
montmorillonite (OTAC+Mt) particles in Fig. 36 b for its high disper-
sion in the bitumen.

M.Mohajeri et al. [187] used the XCT technique to study the interac-
tion of the bitumen in a ReclaimedAsphalt Pavement (RAP) and a virgin
bitumen used to blend it for newpavement surfacing. In particular, they
observed that since density varies due to the type of the binder, the
nano-CT scanning can be used for visualizing the interface between
two binders of different densities.

However, more commonly the XCT technique is used to study the
voids or to know the exact distribution of certain compounds, to under-
stand their effectiveness inside the asphalt concrete. For example, in
[188] a rejuvenator for pavement restoration were studied using an in-
dustrial CT scan. In many cases, with the assistance of the CT scan, cor-
relations between the mechanical behaviour of the asphalt mix and its
internal microstructure are investigated.

For example, Rinaldini et al. [189] used computer tomography (CT),
among other techniques, to study the blending of virgin materials (vir-
gin aggregates and bitumen) with reclaimed asphalt pavement (RAP)
for new asphalt concrete production. From the structural point of
view, being asphalt mixtures heterogeneousmaterials, composed of ag-
gregates, asphalt, and porous networks their mechanical properties de-
pend on many factors, such as the form and the distribution of the
aggregate, the asphalt content, the pore content, pore distribution, and
so on. The CT scan is of great assistance, as it generates the exact geom-
etry of the internal structure of the asphaltic mixture as depicted in
Fig. 37.

In [189] the authors investigated the nature of blending of virginma-
terials with reclaimed asphalt pavement (RAP). A small quantity of TiO2

as a tracing agent of the virgin bitumen is used for CT investigation.
Characteristics are reported in Table 23.

Samplesweremixed bymixing amachine and compacted through a
Superpave gyratory compactator to obtain a compacted cylindrical sam-
ple of 150 mm diameter x 120 mm height, which was then cut into 8
slices along the cylinder's axis to be analysed by micro-CT measure-
ments and further prepared for electron microscopy.

From the tomographic images of the cylindrical specimen the distri-
bution of the two types of virgin and RAP materials in the compacted
mixture can be analysed. Fig. 38 shows 3D images of thewhole cylinder,
the spatial distribution of the large virgin (shown in red) and small RAP
aggregates (shown in green) inside the sample, indicating the existence
of the both materials within the sample as a whole.

Fig. 39 instead, shows three cross-section images at three different
heights: one from the top, one from the middle and one from the bot-
tom to compare the different compaction degrees.

These images indicate qualitatively that the distribution of the min-
eral aggregates is not homogeneous and varies according to height and
within each slice. Fig. 39 displays visually determined regions of big ag-
gregates (virgin material) very close to each other (highlighted in red)
and those of RAPwith small aggregates (highlighted in green); suggest-
ing that bothmaterials (virgin and RAP) are not homogeneouslymixed.
This characteristic appears to be repeated at every height (Fig. 38).

In order to gainmore insight into the distribution of the constituents
in the micro-scale structure, micro-CT scans were performed on a re-
duced area (50 mm × 30 mm × 10 mm). As shown in Fig. 40, at this
scale, the spatial distribution of the virgin and RAP components can be
seen at a higher resolution (Fig. 41).

Red highlighted areas indicate zones dominated by the virgin
binder; whereas in green highlighted areas indicate zones dominated
by the RAP binder. This distinction is done due to the fact that the RAP
material includes filler and other small aggregates whereas the virgin
binder does not. It is clearly possible to observe that the virgin and
RAP materials are grouped in homogenous but distinct clusters. These
cluster are a few millimeters in size. From these images however it is
not possible to verify if blending between the virgin and RAP binders oc-
curred. It can be seen that around the large aggregates there are both
chunks of RAP components and of virgin bitumen. This phenomenon
wasnoticed during themixing process as the large aggregateswere par-
tially dark after beingmixedwith RAP aggregates even before the virgin
binder was added, indicating that a distinct quantity of bitumen from
RAP was mobilized and migrated to the virgin aggregates.

Although these results are for a specific mixture some preliminary
conclusions can be drawn. The blending degree commonly estimated
and used in practice is an average value not representing local physical
properties such as local lack of adhesion between the old and new ma-
terial and existence ofmicro-cracks that could lead tomaterial failure. In
order to obtain a complete picture of the compacted materials' behav-
iour it is beneficial to use a multi-scale approach. The CT images give in-
formation on the laboratory scale samples that are used for standard
material characterization, whereas the micro-CT and ESEM provide a
snapshot of particular locations and allowmore detailed investigations.

7.2. Cost evaluation

Use of nanoparticles implies costs, so few words about the costs in-
volved in asphalt pavement construction are due. They depend on dif-
ferent factors as depicted by Martinho et al. [191]. From their work we
report someessential data in the Table 24, redirecting the curious reader
to the original paper. In particular the authors analysed the costs of a
typical asphalt mixture with and without recycled aggregates, to evalu-
ate the expected influence of incorporating for example artificial aggre-
gates come from the modification of materials subjected to processes
that may involve physical and/or chemical changes, like the electric
arc furnace steel slag (EAFS), the reclaimed asphalt pavement (RAP),
the reclaimed concrete aggregates (RCA) as non-conventional aggre-
gates, as well as equipment, labor, profits and so on.

Compared to the typical costs of production of asphalt concrete re-
ported in Table 22, the cost of nanomaterials, as asphalt additives, is rel-
atively high, due to the highly controlled materials synthesis, to their
high purity levels (≥ 98%), the use of expensive equipment and technol-
ogy and the highly qualified personal involved and so on.

When considering their high cost, however, it must be taken into ac-
count for the amount of nanoparticles contained in asphalt concrete:
the nanoparticle content in bitumen is 1–5%w/w and the bitumen con-
tent in asphalt concrete is of the same order of magnitude as shown in
Fig. 1. It turns out that any ton of asphalt concrete contains ~1 kg of
nanoparticles

Generally, the price of the nanomaterials is highly dependent on the
particle's size range specific surface area and/or other structural proper-
ties which, in turn, depend on the complexity of the apparatus involved
in their production as well as the skill of the people involved. Products
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with high purity and narrow size range and high specific surface may
demand higher processing efforts, thus having higher final costs. How-
ever, it is very difficult to assess very accurate prices for these
nanomaterials due to the numerous variables involved in their produc-
tion. As an example, even the container bag can cause price variations as
reported for example in [192] where Si nanoparticles / nanopowder
(Silicon, 98 + %, 30–50 nm, Laser Synthesized, Polycrystalline Struc-
ture) in in anti-static aluminium bag has a price about 5 times higher
than if the sample is sold in a common bottle.

In the following, we report some common mean prices as it can
be found on sellers' websites keeping in mind that lower or higher
prices can be found as highlighted above. To help the reader, in
Table 24 are collected the costs of the various bitumens and asphalts
discussed in this review, while Table 25 presents the main character-
istics (purity and specific surface area) and the costs of some repre-
sentative nanomaterials as obtained from NanoGrafi (https://
nanografi.com/) and the web site https://www.us-nano.com/inc/
sdetail/494 and slightly implemented with other information taken
from bibliography.

The prices for nanosilica particles can vary from80 €/kg to 1500 €/kg
according to the size and, above all, size polidispersity. Nanosilica mod-
ifications obviously increase the overall costs, depending on the kind of
modification and the substrate. Silane modified silica nanoparticles can
cost between 180 €/kg to 450 €/kg. Raw nanoclays with natural hydro-
philic behaviour are cheap, but their organic modifications are expen-
sive due to the additional surface treatment process.

A bitmore expensive, as expected, are nanoiron particles (range 100
€/kg - 2600 €/kg, depending on purity level and size range). As an exam-
ple, the zero-valent nanoiron (50 nm) can cost nearly 120 €/kg.

Regarding the group of the most studied nanomaterials (nanosilica,
and nanoclays) the cost analysis suggests that nanosilica may be more
promising as it had the lowest cost, more easily justifiable by the im-
provements obtained in mechanical performance and aging resistance.

Speaking about carbon family nanomaterials, their costs are depen-
dent on the complexity of the manufacturing process and material
properties, namely purity, specific surface area and other structural
properties (diameters, lengths etc.…), but they have generally very
high costs. High cost is themain obstacle for their application in asphalt
industry. For example, SingleWalled Nanotubes (SWCNT) cost can span
from 65 €/g to about 200 €/g,Multiwalled CarbonNanotubes (MWCNT)
are cheaper ranging from about 2 €/g up to 40 €/g and so are Graphene
Nanoplatelets whose price hardly exceeds 15 €/g (for high purity mate-
rial). Graphene Oxide costs can easily increase up to 165–170 €/g, de-
pending on oxygen content, as well as purity, specific surface area and
so forth.

However, Carbon Nanofibers together with Nanoplatelets are the
cheapest carbon nanoparticles whose price stands below 15 €/g.

We believe that with an increasing market of carbon and graphene
families and with specialized technology development, their unit price
can decrease. This would render such kind of materials more appealing
for bitumens and asphalt modification. However, so far, inorganic nano-
particles are still preferable.

It is expected that the production of nanoparticles in bulk quantity
and the use of alternative sources will significantly reduce the costs.
For example, rice husk ash, an abundant waste biomass with high con-
tent of silica was identified as a potential low-cost resource for the pro-
duction of nanosilica particles [196]. At current prices, for the
nanomodifications to be cost effective, a significant improvement in du-
rability has to be attained.

In this respect, to understand whether the cost implied in the use of
nanoparticles can be justified by parallel long-term economic advan-
tages, a different analysis should be made taking into account for the
total cost of facility ownership including all costs of acquiring, owning,
and disposing of the road (life cycle assessment). Higher initial costs
may be counterbalanced by lower costs of maintenance and longer
life, giving net savings.

However, such studies are quite complex and take into account for
economic and engineering aspects, which go beyond the scope of this
work. However, the eager reader can be redirect to the guidelines by
StanfordUniversity for a general view [197] or to somework specifically
dealing with Nano-Silica-Modified Asphalt Mixtures [198].

Therefore, it is necessary to carry out economic, ecological and envi-
ronmental evaluations of nano-modified asphalt before a large-scale
application in practical engineering.

8. Conclusions

Nanoparticle have unique properties and the recent progresses in
nanotechnology allowed their preparation and modification even at
the atomic level.

Two approaches for nanoparticle production can be followed. There
are: (i) top-down approaches, which starts from bulk materials to get
nano-sized particles through mainly physical process (ball milling is a
cheap and quick method) and (ii) bottom-up approaches, which get
nanoparticles from atomic and molecular precursors by their self-
assembly. The use of nanoparticles in bitumens must be scalable and
cheap, so the former can be preferred.

From recent works present in the literature it turns out that nano-
particle surface has a pivotal importance in their embedding into the bi-
tumen matrix. The behaviour of filler, i.e. those particles with size
<75 μm usually added to bitumen to enhance its overall mechanical
properties and its adhesion to aggregates, can be taken as a good exam-
ple: although it can be expected that the chemical nature of thefiller can
influence the filler-bitumen interaction giving, in accordance, different
types of bonds/strengths, actually it has been concluded that the ad-
sorption of the bitumen elements is proportional to the surface area of
the filler and it is not affected by the chemical composition [33].

In this framework we point out that the specific surface can be
greatly enhanced if mesoporous materials, like zeolites, are used: mod-
ern protocols [199] individuate different stages in their growth so differ-
ent morphologies can be obtained. In addition, surface manipulation
allows nanoparticle functionalization to increase their affinity towards
the bitumen apolar nature.

Nanoparticle inclusion in bitumens and asphalts can greatly enhance
their properties. Viscosity, stiffness, elasticity, fatigue cracking, resis-
tance to aging are increased, for instance, but other new/novel impor-
tant properties can be conferred. In this case, resistance to UV
radiation is themost appealing to our eyes, because it grants higher sta-
bility at longer times.

All this has a cost, not only economic but also in the general sense of
resources (time, availability of instruments, know-how…). The ques-
tion at what extent it is worth of can be therefore spontaneously arise.
To answer this question,wewant to point outfirst that there are already
some brilliant solutions to reuse nanoparticles from wastes, like that of
Hussein et al. [96]. This is a strategy we strongly support for environ-
mental concerns and for sustainable economy, which has also the paral-
lel advantage to cut off the costs for nanoparticles supplying. Another
observation is that the costs for some kinds of nanoparticles (nano-
silica, nano-clays) are affordable. Of course, at the moment the costs
are generally high for a lot of other materials for which the utilization
is not yet convenient. There are other solutions to modify bitu-
mens at lower costs: for example, polymer modifiers have proven to
confer enhanced properties [200]. Being also compatible with recycling
strategies [201].

However, in our opinion, the high costs involved in nanoparticle uses
is due to the fact that the use of nanoparticles in bitumens is quite recent,
so we expect that with the development of technology the costs will be
lower to trigger increase in demand. We believe that the discoveries in
nanotechnology field, which have been always confined in small-
quantities applications, can be beneficial also in large-scale applications
like road pavement, in the next future. This is probably the biggest chal-
lenge inmodern technology butwe are confident that it will be achieved
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soon in the field of bitumen, since the intelligent incorporation of nano-
particles can give, as it has been shown, novel properties of extremely
added value.
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a b s t r a c t

Bitumen is a complex material used for road pavement throughout the world. During paving and pave-
ment service life loss of more volatile compounds and oxidization takes place. Hence, asphaltene micelles
become larger so that the fluidity of the system is reduced; the material becomes rigid, stiff and brittle so
needing replacement. Once removed, it can be processed to restore its original properties and used for
Reclaimed Asphalt Pavement (RAP). For such a process, additives called ‘‘rejuvenators” are used: they
act on the chemical structure of aged bitumen to restore its physical properties to a state very similar
to virgin bitumen. Alternatively, softening agents can be used to restore only the physical properties.
An additive conferring regenerating characteristic on the asphalt mix increases the longevity of asphalt
pavements due to the fact that it brings the bitumen back to its initial state; on the other hand, softening
agents render the aged bitumen more workable but road pavements remain rigid and eventually break in
the course of use. At the moment, methods that can distinguish a regenerating effect from a fluxing effect
are not known. This study aims at evaluating the different effects of the additives on aged bitumen. For
this purpose, we used a commercial additive (tritolyl poly phosphate, TPI) working as rejuvenator and a
softening agent (soy oil) which is a well-known fluxing agent. The effects of the additives on aged bitu-
men have been investigated through Dynamic Shear Rheometer, Atomic Force Microscopy, Optical
Microscopy and Infrared Spectroscopy.

� 2021 Elsevier B.V. All rights reserved.

1. Introduction

The general problem affecting bitumen and asphalt concretes is
their aging, a process giving ever increasing viscosity and stiffness
with time thus implying losing of performances.

Under ageing, bitumen molecules and their aggregates become
less and less mobile to flow under the applied stress. So, cracking
or fracture can take place [1] in the bulk material. Ageing is a com-
plex mechanism, which can be considered as the overall result of
several and somehow interconnected spontaneous processes, each
of them characterized by its own timescale:

1. volatilization of light components in the maltene taking place
even during asphalt construction [2,3];

2. oxidation of bitumen constituents by atmospheric oxygen. This
gives oxidized molecules which being more polar can give
enhanced self-assembly [4];

3. evaporation of low-molecular weight components: this causes
not only a change of bitumen composition, but also an overall
reduction light component (at least those with higher vapour
pressure) [5];

4. chemical reactions causing polymerization and formation of a
bigger structures within the bitumen (thixotropy) [6].

After ageing, the original physical properties of bitumen can be
restored essentially in two main ways:

1. by simply restoring the original ductility/viscosity through
addition of softening (usually called fluxing) agents like flux
oil, lube stock, slurry oil, soy oil etc. [7,8];

https://doi.org/10.1016/j.molliq.2021.116742
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2. by restoring the original chemistry of the pristine bitumen and
its original inter-molecular structure [9]: this would imply a
more sophisticated/complex action (rejuvenation) being able
to push back the oxidations, agglomerations and self-
assembly processes occurred during the whole aging.

Whatever the mechanisms, it must be stressed that, in general,
the resources needed to modify the bitumens (costs, skills and
technology involved) must be somehow justified. So, it can happen
that cheaper additives, which can exert only a simple fluxing effect,
can be sometimes preferred due to their low cost and accessibility.
For example, in this ambit, recent trends based on the re-
utilization of wastes to modify/restore bitumens in a circular econ-
omy approach, are drawing particular attention for environmental
issues [10].

On the other hand, although probably the latter mechanism (re-
juvenation) is more complex and harder to achieve, it can guaran-
tee a better effect with more prolonged benefits at longer times
[11].

For this reason recent research, both academic and industrial,
are starting considering the production of additives as real rejuve-
nators [12,13] with an obvious attention to environmental con-
cerns [14] and, consequently, to the development of green
additives [15].

Of course, different efforts are being made to distinguish
between these two mechanisms [16]. In the present work the
effects of two different additives on aged bitumen were investi-
gated. One of these two additives (soy oil) being a bare fluxing
agent, the other one (tritolyl poly phopshate, TPI) behaving as real
rejuvenator.

2. Experimental

2.1. Materials

The base bitumen was kindly supplied by Loprete Costruzioni
Stradali (Italy) and was used as fresh standard. Its penetration
grade (50/70) was measured by the usual standardized procedure
[17], in which a standard needle is loaded with a weight of 100 g
and the length traveled into the bitumen specimen is measured
in tenths of a millimeter for a known time, at fixed temperature.

TPI (Tritolyl Phosphate Isomers) was supplied by KimiCal s.r.l.
(Rende (CS) – Italy) and soy oil by Loprete Costruzioni Stradali
(Italy).

2.2. Sample preparation

A weighted amount of additive (1 g of additive in 20 g of bitu-
men giving a final content of 4.76% wt/wt), was added separately
to a fully flowing hot bitumen (150 ± 10 �C) and stirred at 500–
700 rpm by a mechanical stirrer (IKA RW20, Königswinter, Ger-
many) for 30 min at the same temperature to allow homogeniza-
tion of the blend. Previous studies showed that such conditions
assure the preparation of homogeneous samples: at lower rpm
samples homogenization is not effective, while above 700 rpm
the bitumen can become oxidized with consequent change in the
rheological properties. This method is quite standard and also
other authors use analogous procedure [18].

After mixing, the resulting bitumen was poured into a small
sealed can and then stored in a dark chamber at 25 �C to retain
the desired morphology. Due to the sensitivity of such kind of
materials to the annealing time [19], and due to the comparative
spirit of our work, we took care that all our samples had the same
temperature cooling rate (5 �Cmin�1) and annealing time (15 min).

A standard additive-free bitumen sample was used as reference,
hereafter labelled as ‘‘ref”.

The bitumen samples were artificially aged by means of the
Rolling Thin Film Oven Test (RTFOT) using a variation of the ASTM
D1754 standard. In this respect a thermal treatment of 225 min at
163 �C was used in order to reproduce the behavior of a Recycled
Pavement Asphalt (RAP)

2.3. Atomic Force Microscopy AFM

Atomic Force Microscopy (AFM) was carried out by a Nanoscope
VIII, Bruker microscope operating in tapping mode (150 kHz).
When the tip is brought close to the surface, the vibration of the
cantilever is influenced by the tip–sample interaction: shifts in
the phase angle of vibration of the cantilever, implying energy dis-
sipation in the tip-sample ensemble, are due to the specific
mechanical properties of the sample. Cantilever with nominal tip
radius of curvature 10 nm were used. Both topographic and phase
images were recorded and they usually match.

2.4. Rheology

The complex shear modulus G* = G’ + i G’’ [20] was measured in
the regime of small amplitude oscillatory shear at 1 Hz as a func-
tion of temperature (temperature controlled by a Peltier element,
uncertainty ± 0.1 �C) by dynamic stress-controlled rheometer
(SR5, Rheometric Scientific, Piscataway, NJ, USA) equipped with a
parallel plate geometry (gap 2 mm; diameter 25 mm for high tem-
perature range and 8 mm for low temperature) [21]. Conditions
were chosen after preliminary stress-sweep tests to guarantee lin-
ear viscoelastic conditions in all measurements.

The real and imaginary parts define the in-phase (storage, mea-
sure of the reversible elastic energy) and the out-of-phase (loss,
irreversible viscous dissipation of the mechanical energy) moduli,
respectively [22].

Rheology temperature-sweep tests from room temperature (RT,
25 �C) to high (up to 120 �C) and to low (down to �30 �C) temper-
atures were performed monitoring the elastic modulus (G0) during
each temperature ramp at a constant heating rate (1 �C/min) and at
a frequency of 1 Hz.

2.5. Optical microscopy

Sample were examined with a Leica DMLP polarising micro-
scope equipped with a Leica DFC280 camera and a CalCTec (Italy)
heating stage. Samples were inserted in a double microscope glass
slide (sandwich model) and a temperature ramp was carried out
with a starting temperature of 120� C and a heating rate of 5� C
per minute. After any 5� C increase, photos were taken. After reach-
ing the desired temperature at each point, the samples were left to
stay for one minute to ensure total melting of the whole sample.

2.6. Fourier transforn infrared spectroscopy (FT-IR)

Fourier Transform Infrared (FT-IR) analysis was carried out on
the KBr asphalthene pellets samples in the mid-infrared area
(4000–400 cm�1) with a Perkin Elmer Spectrum 100 FT-IR
spectrometer.

3. Results and discussions

3.1. Rheological tests

Interesting information can be derived from the temperature
dependence of G’ and G’’ for the studied samples. A clearly
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increasing trend is observed as a function of temperature in accor-
dance with the typical bitumen behaviour. At a deeper sight, the
trend shows two regions which correspond to two different
regimes [23,24].

At low temperature, in fact, all samples exhibit a viscoelastic
response typical of strong gel-like materials where G’ > G’’ but,
when increasing temperature, G’ decreases faster than G’’ so a
crossover temperature (Tcross, at which G’ equals G’’) takes place
(see Fig. 1). So, for T > Tcross, samples typically behave as pseudo-
plastic fluids. Tcross is therefore to be considered as the transition
temperature from a glassy elastic solid to a viscoelastic liquid. At
this temperature, the sample changes from solid-like, with a

mainly elastic response [25] but generally more susceptible to
cracks [26], to viscoelastic, with a higher mechanical plasticity
[27,28].

It can be seen that ageing shifts the Tcross value from 7.8 to
17.2 �C, as expected for a process making the material stiffer and
more rigid. This is reasonably due to the oxidation of the aromatic
components of the bitumen during the aging process. However,
both additives can shift back Tcross quite efficiently, but it is worth
of note that the effect exerted by soy oil is a bit more marked than
TPI.

When increasing temperatures, the material is progressively
softened (see the typical behaviour of G’ and G’’ at high
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temperatures in Fig. 2). The value of G’ at 50 �C (G’ @ 50 �C) can be
seen as an indicator of the rigidity of the material under usage con-
ditions as made in previous papers [29,30]. The values of G’ @ 50 �C
are reported in the same Fig. 2: for these values the same consid-
erations as those made for Tcross hold, i.e. the ageing shifts the
G’ @ 50 �C value from 1760 Pa s to 24500 Pa, as expected, and both
additives can shift back the value quite efficiently (to 4220 and
3120 Pa for TPI and soy oil, respectively) with a more pronounced
effect exerted by soy oil.

At even higher temperatures, a transition from a viscoelastic
material to a viscous liquid can be observed. In fact, when temper-
ature is further increased at a certain point G’ drops (Tmelt). From
the microscopic point of view Tmelt can be intended as the tem-
perature at which the thermal motion is sufficiently high to com-
pletely destroy the intermolecular network. This means that, for
temperatures higher than Tmelt, no elastic response (storage of
mechanical energy) is anymore present in the material under an
applied stress; in few words, the bitumen behaves now as a New-
tonian fluid. The values of Tmelt are reported in the same Fig. 2; for
these, the same considerations as Tcross hold: ageing causes an
obvious increase of Tmelt (from 62 to 75 �C) which can be partially
restored by addition of TPI or soy oil (shift back to 66 and 67 �C,
respectively), with a scarce difference between the two additives.

Therefore, as resulting from the rheological analyses, it seems it
was not possible to clearly evaluate the effectiveness of the regen-
erating additive as it is not possible to differentiate the regenera-
tion effect of the additive from the fluxing effect of the oil. This,
in our opinion, can be due to the fact that rheology is a bulk tech-
nique, synthetically probing the overall behavior of a material. So,
different microscopic structures can give rise to the same rheolog-
ical behavior, although with subtle but important differences in
some intermolecular interactions (polar inter-asphaltene interac-
tions). In the specific, due to its microscopic structure, a bitumen
can be described by the so-called weak-gel model, according to
the theory of Bohlin [31] and Winter [32] which has been applied
to several colloidal complex systems [33].

It is defined as a complex system characterized by a cooperative
arrangement of flow units connected by weak physical interactions
that cooperatively ensure the stability of the structure. In the ana-
lyzed samples, the asphaltene oxidation and the consequent

self-assembly/aggregation of its units, as well as the loss of volatile
maltene fractions, is counterbalanced, from the rheological point of
view, by oil addition into the matrix (maltene). Residual differ-
ences between aged-and-additivated and pristine bitumens sup-
port this interpretation.

3.2. Light Microscopy

Fig. 3 reports the microscopy analysis of the asphaltenic fraction
of the bitumen under increasing temperatures. These images have
been recorded after the standard procedure for asphaltene isola-
tion from bitumen, IP 143/01 [34] as recently implemented in ref
[35].

It must be stressed that conventional methods for measuring
melting point of organic solids, (heating sample in a capillary tube),
rely on its physical state observation under relatively low heating
rates, which prevents application to reactive materials such as
asphaltenes. An alternative for qualitative observations of physical
behavior is to rapidly heat tiny samples of asphaltenes, as
described in [36] with in situ observation by a camera. The heating
rate of 5 �C/min adopted in the present work was chosen following
this criterion in accordance to the specificities of the instrumenta-
tion used.

The presence of micro-meter sized particles can be observed.
The presence of aggregates larger than those usually observed in
suspension [37], is ascribed to ripening/coalesce/agglomeration
phenomena triggered by the progressive increase in nanoparticle
concentration occurring during sample preparation (sample filtra-
tion and drying) [38]. It can be observed, in panel A, that the
asphaltene clusters of the pristine (unaged) bitumen begin to melt
around 150 �C and are completely liquid at 160 �C. This tempera-
ture range is in accordance with the fact that, as a complex mixture
of components, asphaltenes generally do not display a distinct
melting point. The melting temperature range found agrees with
those found by other Authors. For example, Zhang et al [39] have
indications, by visual observations, that softening and melting take
place in their samples in the temperature range 150–230 �C.

The asphaltenes aggregates of aged bitumen (see Fig. 3 panel B)
begin to melt at higher temperatures (around 165 �C) and are com-
pletely liquid at 180 �C. The increased temperature as compared to
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that of pristine bitumen is obviously due to the fact that asphalte-
nes are more oxidized and therefore are characterized by stronger
intermolecular interactions, giving a tighter cluster with higher lat-
tice energy.

It is interesting now to observe significant differences in the
images of asphaltenes derived from the aged bitumen modified
with soya oil or TPI. In fact, the asphaltenes derived from the bitu-
men with 4% TPI begin to melt at 155 �C and are completely liquid
at 170 �C (see Fig. 3 panel C), showing a behaviour very similar to
those derived from non-aged bitumen. Those derived from aged
bitumen added with 4% soy oil, instead, show values similar to

those recorded for asphaltenes of aged pristine bitumen (160–
180 �C, see panel D).

Thus, it can be claimed that the regenerating additive (TPI) has
chemically interacted with the asphaltenic part of the bitumen,
restoring it almost completely to its initial state. On the other hand,
it is clear that this is not true for soy oil, for which only a simple
improvement of the flow in aged bitumen can be claimed (see rhe-
ological analysis), without any strict chemical interaction with
asphaltenic part of the bitumen. It is confirmed, therefore, that
the soy oil effect is to be individuated in the maltenic fraction,
probably due to its mostly apolar structure allowing only apolar

B            RTFOT bitumen 

150 °C   170 °C      175 °C   180 °C 

D        RTFOT bitumen + 4% soy oil 

160 °C   170 °C   180 °C 

C       RTFOT bitumen + 4% TPI 

155 °C   160 °C      165 °C   170 °C 

A  reference bitumen 
150 °C   155 °C   160 °C 

Fig. 3. Images from optical microscopy of the various samples at the temperatures shown.
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interactions. On the other hand, TPI, thanks to the phosphate
group, allows more polar interactions, effectively binding the
asphaltenes clusters. Due to the wide scenario of possible interac-
tions among asphaltene and their clusters, a complex structural
pattern, taking place at different lengthscales and characterized
by different strengths with hierarchical structures [9], is present.
Longer-range structures are expected to be hold up by weaker
interactions, which can be broken simply by a temperature
increase: small-angle neutron scattering experiments on asphalte-
nes, indeed, show that the large-scale asphaltene aggregates pro-
gressively disperse over a temperature range from 50 to 400 �C
[40,41].

Moreover, due to the multiplicity of structures and interactions
involved, it is hard to understand the exact localization of TPI-
asphaltene interactions. For this, a theoretical approach based on
computational chemistry, or ad-hoc experiments, are needed. Here,
however, this aspect is not relevant, since what is important, for the
purposes of this the research, is TPI stabilization effect towards the
single asphaltene molecules, hindering their assembly and giving
the overall decrease in melting point of their fraction. It can be con-
cluded that optical microscopy, coupled with thermal treatment,
directly probing the melting point of asphaltene clusters, is a good
technique to distinguish amere fluxing effect from a real rejuvenat-
ing effect. It is interesting to note that this technique focuses on the
specific part of a bitumen (asphaltenes and their clusters/aggre-
gates) directly involved in ageing, an aspect that can be, in our opin-
ion, at the basis of the effectiveness of the technique.

Another interesting observation is that the exploitation of opti-
cal microscopy is a very simple approach which involves the use of
scientific instrumentation present in almost all research laborato-
ries and which has relatively low costs, both for maintenance
and for purchase. This technique will allow the quality of the addi-
tives to be used as regenerants for bitumen to be assessed quickly
and effectively. Furthermore, given the rapid sample preparation
and test execution times, it will speed up the search for new regen-
erating additives and above all will allow the bodies responsible for
quality control during the drafting of bituminous conglomerates
(such as ANAS in Italy, NCAT and NAPA in U.S.A., AIA in U.K., etc.)
for the construction of road pavements, an immediate verification
of the final product (conglomerate) thus providing the possibility
to intervene on the composition of the conglomerates in real time,
avoiding future maintenance work.

3.3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) has been proven to be suitable
probe to study bitumens morphology at the microscopic level [42].
Furnishing the imaging of the mechanical characteristics of the
observed parts [43] and giving information on the supramolecular
self-assembly in this kind of material [44].

In Fig. 4, the topography (first column) and phase (second col-
umn) images of the studied samples (different rows) are shown.

As it can be seen, the topography and phase images usually
match. In the pristine bitumen, elongated clusters of 1–2 lm, with
a rippled interior with sub-nanometers edges and dispersed in a
quite uniform matrix, can be clearly seen. These aggregates can
be safely considered to be made of asphaltene molecules organized
in a hierarchical aggregation pattern and in accordance with previ-
ous structural observations [45]. This feature is quite well known
in the literature, being dealt with as ‘‘bee structure” [46] and has
been already observed in previous papers [19].

Although in aged bitumen, the domain sizes are similar as com-
pared to those observed in pristine bitumens, the interconnection
of the domains appears to be greater in the case of the aged
bitumen.

This justifies the increased viscosity and stiffness in this sample.
In the soy oil and TPI – containing samples, the domains appear to
be larger but in the case of the TPI, they seem to be less connected
than in the soy oil case.

In the phase images it is observed that the soft part of the sam-
ple (dark part) covers a higher surface fraction in reference bitu-
men than in aged bitumen where the clear part (hard areas)
prevails. This is due to the oxidation of the bitumen during the
aging process.

The right column of Fig. 4 reports the relative abundance (per-
centage) of the phase values. Two bands are clearly visible: one is
centred at lower phase values and connected to the soft, maltenic,
faction, and the other one is centred at higher phase values and
connected to the harder, asphaltenic, part of the sample.

It is worth noting, first, that in the various samples the bands
are centred at different phase angles, that means that the hardness
itself of the two regions is different. In aged bitumen, indeed, the
peaks are shifted to higher phase angles with respect to the pris-
tine bitumen, meaning that both soft and hard regions are harder
than the corresponding soft and hard regions of the reference bitu-
mens. This can be somehow expected after an ageing process, since
it causes an increase in the fraction of the hard region which hin-
ders the dynamics of the remaining softer part obliging it to a tigh-
ter packing and consequently to a higher hardness. In the images
relating to the samples with the addition of the regenerating addi-
tive TPI, an increase in the fraction of the soft areas is observed as
well as a shift back to lower phase angles which resembles the
images for non-aged bitumen. Samples with soy oil, instead,
showed very similar images to those recorded for aged bitumen.

A different visualization, obtained with the 3D reconstruction, is
also reported (third column).

As a conclusion, AFM analysis seems to be able to distinguish
the rejuvenating effect from a mere fluxing one. In fact, AFM
probes a structural aspect directly connected to the polarity of
the asphaltene molecules, therefore catching changes in the chem-
istry of the material under study. These effects can be justified con-
sidering for the chemical nature of the two additives: soy oil is
essentially an apolar fluid, so it is expected that it will be localized
within the more apolar part of the bitumen (maltene); on the other
hand, TPI has a phosphate headgroup which can establish stronger
(polar) interactions. The possibility to establish strong interaction
of molecules possessing a phosphate group has been recently
pointed out [47].

In these systems, the simultaneous presence of a polar phos-
phate group and an apolar molecular moiety, renders organic
phosphates truly amphiphilic molecules, for which particular
self-assembly is expected. In particular, a specific localization with
the phosphate group strictly interacting with the asphaltene polar
domains can be safely hypothesized, with the rest of the molecules
pointing towards the apolar (maltene) region, most probably inter-
acting with nearby resins since these ones are located at the same
asphaltene/maltene interfaces. However, it is to be considered
essential that if several amphiphiles are close to each other they
can give rise to peculiar self-assemblies [48] with unexpected
emerging properties and dynamics [49,50] up to the formation of
ionic liquids [51]. Consequently, the characteristic effect of the
TPI is due not only to its peculiar structure, but also to the com-
bined action with the other stabilising amphiphiles naturally pre-
sent in the bitumens.

The complex self-assembly of amphiphiles has been recently
highlighted for specific applicative purposes in various applica-
tions of inorganic, organic and pharmaceutical fields [52–59] and
this clearly shows the enormous potentialities of such strategy.
So, in the specific, we strongly support research in this direction
to easily find additives for bitumens with high added-value.
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This methodology will also make it possible to establish, by
means of sampling (coring) in situ and extraction of the binder,
both the degree of aging of a road so as to be able to plan any main-
tenance interventions, and to verify, in cases where the road pave-
ment has been built with a certain fraction of recycled material
(Recycled Asphalt Pavement, RAP), the quality of the conglomerate
and the successful regeneration of the bitumen can be ascribed to
the RAP. In fact, the bodies proposed for quality control (such as
ANAS in Italy, NCAT and NAPA in U.S.A., AIA in U.K., etc.) currently
do not have laboratory methods capable of distinguishing whether
an aged bitumen has actually been regenerated or simply softened
so as to make it workable during the production of the conglomer-
ate but not suitable for supporting the traffic loads of a road in
when it will continue to have glassy properties due to oxidation
of the binder. For example, in the ANAS Special Tender Specifica-
tions there are not the standards or methods to distinguishing
whether an aged bitumen has actually been regenerated or simply
softened but there are only standards or methods to evaluate the

performance of the physical properties of the binder/conglomer-
ate/road pavement [60].

3.4. Infra-Red spectroscopy (IR)

FTIR is a well-known method for investigating the chemical
changes in bitumen due to aging as it probes different functional
groups and molecular bonds [61].

As it can be seen from perusal of Fig. 5, where the absorbance
spectra of the studied samples are reported, marked differences
can be highlighted. Of particular interest are:

1. the peak around 750 cm�1, which can be assigned to the C-S
stretching;

2. the peak around 1215, which can be assigned to the stretching
of C-O-C in ethers and/or of S = O in sulfonic acids;

3. the peak occurring around 1460 cm-1o the peaks related to the
asymmetric vibration of CH2 and CH3 [62];

topography phase 3D reconstruction Phase distribution 

re
fe

re
nc

e 
bi

tu
m

en
 

0 20 40 60 800

2

4

6

 phase (°)

pristine bitumen

%

R
TF

O
T 

bi
tu

m
en

   
   

   
   

   
 

0 20 40 60 800

2

4

6

 phase (°)

aged bitumen
(RT-FOT 225)

%

R
TF

O
T 

bi
tu

m
en

   
   

   
   

   
   

 
+ 

4%
 T

PI
 

0 20 40 60 800

2

4

6

 phase (°)

%

aged bitumen
+ 4% TPI

R
TF

O
T 

bi
tu

m
en

   
   

  
+ 

4%
 s

oy
 o

il 

0 20 40 60 800

2

4

6

 phase (°)

aged bitumen
+ 4% soy oil

%

Fig. 4. AFM images of the studied sample. Each panel, reports in clockwise order, the topographic, the phase image and the 3D (black background) reconstruction.

V. Loise, P. Calandra, A.A. Abe et al. Journal of Molecular Liquids 339 (2021) 116742

7



4. the multiplet in the 2750–3050 range (CH2 and CH3 symmetric
and antisymmetric stretching) hereafter referred to as
3000 cm�1, for simplicity.

It should be emphasized that in the literature some peaks attri-
butions are non-univocal and sometimes also questionable, proba-
bly due to the complexity of the material under investigation. So, in
these cases, we referred to classical academic textbooks [63]. It is
also important, for this investigation, to stress that the first two
peaks are attributed to oxidized parts of asphaltenes, whereas
the other two (peak # 3 and #4) are attributed to the hydro-
carbonaceous part of the bitumen.

Since the IR spectra have been recorded on samples prepared by
weighing the same amount of the respective bitumens, some qual-
itative comments from the visual inspection of the variations in
peaks intensity can already be made. It can clearly be seen that
ageing causes an increase of the peak at 750 and 1215 and a reduc-
tion of the other two signals. This is ascribed to the ageing, in
which oxidation causes a chemical towards the formation of oxi-
dized functional groups. Self-consistently, the addition of soy oil
causes a moderate return of the intensity of each of these peaks
to its pristine value. More markedly, TPI causes a return to values
comparable to the pristine ones.

To make a more quantitative analysis, the ratio of the intensity
of a peak (peak #1 or #2) attributed to an oxidized part of the
material over the intensity of a peak (peak #3 or #4) attributed
to a hydro-carbonaceous part was calculated.

Being ratios of different peaks they would show relative intensi-
ties, a strategy adopted in the literature [64–66] to face the fact
that the absolute intensity of an IR peak can be hardly be treated
quantitatively.

The obtained ratios are reported in Table 1. In this table, the
subscripted numbers report the wavenumbers of the peaks under
consideration; for example, the I750/I3000 ratio represents the inten-
sity of the peak at 750 cm�1 over the intensity of the peak at
3000 cm�1.

Let’s take into consideration any of them: it can be seen that
this ratio markedly increases with aging as a result of the forma-
tion of oxidized functional groups at the expenses of C-H aliphatic
groups. Soy oil is able to reduce the value but it is not able to
restore it to its pristine value. On the other hand, TPI exerts a stron-
ger effect pushing back the value to the pristine one, and even
lower. Self- consistently, the same consideration can be made if
all the other ratios are considered.

This analysis clearly shows that the changes made by ageing
can be partially cancelled by soy oil, but TPI shows a stronger
power being able to restore the chemistry of pristine bitumen. FTIR
seems, therefore, to be able to distinguish a rejuvenating additive
from a mere fluxing agent. In fact, FTIR is able to probe the func-
tional groups of the material under study, therefore catching
changes in its chemistry. IR spectroscopy is already used in the
road paving sector to identify the presence of some additives such
as adhesion promoter within the bitumen used for bituminous
conglomerates. Therefore, a methodology based on the use of an
instrumentation already present in the various technical annexes,
specifications, etc. made by the bodies responsible for the con-
struction of road pavements, will facilitate its diffusion within
the sector and will allow all laboratories involved in the quality
control of bituminous conglomerates (such as ANAS, NCAT, NAPA,
etc.) to be able to introduce further information, relating to the
rejuvenation of bitumen, without having to make investments on
equipment or qualified personnel.

4. Conclusions

Given the now well-established difference between a simple
fluxing agent and a real rejuvenator to restore the mechanical
properties of an aged bitumen to the pristine performances, we
have investigated the capability of the techniques most common
in bitumen analysis to distinguish between the two.

We have shown that oscillatory rheometry is not fit for this pur-
pose, whereas optical and atomic force microscopies and infrared
spectroscopy can be.

The possibility to make this distinction with instrumentation
available in common laboratories will introduce further informa-
tion on to the rejuvenation of bitumen, allowing the quick and
effective quality control of the additives to be used as regenerants
for bitumen and without further investments on equipment or
qualified personnel.
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Abstract: In the asphalt industry, bituminous emulsions are widely used in road pavement operations
and in building/construction processes such as cold mix asphalt and waterproofing processes,
respectively. A very important fact to keep in mind is that not all types of bitumen are suitable for
the realization of bituminous emulsions. This is largely due to the variation in their chemical nature
and the different cracking processes carried out on the bitumen during the fractional distillation
process in the petroleum industry. The objective of this study is to identify the underlying causes of
the non-emulsionability of bitumen using Nuclear Magnetic Resonance (NMR) and Dynamic Shear
Rheology (DSR) analysis. NMR analysis aims at identifying the fundamental chemical components
that are responsible for the emulsionability of the bitumen binder and how important their role is in
this phenomenon. On the other hand, the DSR analysis is aimed at determining if the rheological
(viscoelastic) behavior of bitumen is implicated in its emulsionability. The indications gotten from
the data produced by these techniques, enable us as soon as the analyzed bitumen is deemed non-
emulsionable to identify what type of additive can be used to modify the bitumen and alleviate its
non-emulsionability until a point where its chemical components become ideal for the realization of
bituminous emulsions. In this research work, a model bitumen (labelled as Cimar) which is known
for its excellently high emulsionability in the production of anionic bituminous emulsions was used
as the reference sample. Two bitumens (labelled as Adriatica and Alma) which from preliminary
testing were deemed non-emulsionable were alongside the additives selected and subjected to the
aforementioned techniques for analysis on their emulsionability. The NMR data obtained allowed the
identification of the chemical nature of the components of the analyzed bitumens and the design of
the right additive which improves the bitumen and makes it suitable for the preparation of emulsions.
In addition to these, a largely uncommon however effective method of acid number determination of
bitumen gave indications on an underlying factor which largely influences the emulsionability of
bitumen. An aliphatic and an aromatic surfactant were identified thanks to the spectroscopic findings
in this study.

Keywords: bituminous emulsion; rheological properties; nuclear magnetic resonance (NMR)
spectroscopy

1. Introduction

Bitumen is a viscoelastic material derived from the petroleum industry and for this
reason its chemical composition is hugely dependent on the initial crude oil and the crack-
ing process carried out on it. It is not miscible with water and this feature is fundamental
for the production of emulsions. From a chemico–physical point of view, the emulsification
process involves the dispersion of a fluid in another provided that the two are not miscible
with each other. When this phenomenon occurs, one of the two fluids breaks into drops,
while the other exists as a continuous medium. Generally, emulsions are of two types:
water in oil or oil in water, depending on whether the dispersing part (continuous medium)
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is water or oil [1,2]. Emulsions of this type are thermodynamically unstable systems; in fact,
their free energy decreases over time [3]. However, it is possible to stabilize an emulsion
with the use of emulsifiers [4,5].

The latter are surfactants, i.e., molecules with a polar (hydrophilic) head and a non-
polar (lipophilic) tail. Thanks to their amphiphilic nature, surfactants are adsorbed at
the interface of the two phases, arranging themselves with the polar head in the aqueous
phase, and with the non-polar tail in the organic phase. This mechanism facilitates the
reduction of the interfacial tension between the droplets and the dispersing phase [6]. Bitu-
minous emulsion is a worldwide technology, and its first application was patented in the
early 1900s [7] being mainly used for pavement maintenance and road repair. Bituminous
emulsions are oil-in-water emulsions in which droplets of bitumen are dispersed in the con-
tinuous aqueous phase. In order to reduce the interfacial tension and prevent coalescence
phenomena, ionic surfactants are used. The salt form of the fine surfactant is solubilized in
water before its addition to the bitumen. The two fluids are poured simultaneously into a
colloidal mill, whose rotation speed is between 1000 and 6000 rpm. This speed causes the
breaking of the bitumen into small droplets, typically between 1 and 10 µm in diameter,
readily covered by the emulsifier [8–10]. The main uses of bitumen emulsions are in road
building, roofing and waterproofing [11–14].

Bituminous emulsions are commonly studied in terms of stability, asphalt perfor-
mance, breaking times [15–17]. Emulsions can be identified according to their chemical
nature, basicity or acidity.

The innovative endpoint of the research work behind this article is to make bitumens
emulsifiable or rather to understand why some bitumens are not emulsifiable. In this
work, only basic emulsions are investigated, without compromising the generality of the
proposed methodological approach. Not all types of bitumen used in the road paving
sector are emulsifiable under basic conditions. This work therefore aims to identify the
chemico–physical causes of the non-emulsifiability of the aforementioned bitumens and to
find suitable additives capable of making them emulsifiable [14].

2. Materials and Methods
2.1. Chemicals and Materials

Three pristine bitumens from different sources are tested in this work: one with a
penetration grade of 70/100 from Venezuela (labelled as Cimar), used as the reference
sample, the second one with a penetration grade of 70/100 from an Italian refinery—
Alma Petroli S.p.A. (labelled as Alma) and the third one also from an Italian refinery—
Adriatica Bitumi S.p.A. (labelled as Adriatica). All three bitumens were supplied by Cimar
Produzione S.r.l. (Italy); more information is reported in Table 1. A commercial wax
(SASOBIT) and a waste from animal fat processing processes supplied by S2A Soluzioni
Ambientali in the form of liquid pitches which was labelled as LP were used as additives.
Another additive, an aliphatic/aromatic acid surfactant labelled as AS which is used in the
field of cosmetics and soap production, supplied by Kimical S.r.l. (Italy) was also used. All
of these aforementioned substances were used as additives in this study.

Table 1. Physical properties of bitumens used in this study.

Measured Properties Standard Unit
Cimar Adriatica Alma
70/100 170/210 70/100

Penetration at 25 ◦C EN 1426 0.1 mm 66 ± 1 185 ± 1 68 ± 1
Softening point EN 1427 ◦C 47.8 ± 0.2 42.6 ± 0.2 47.2 ± 0.2

Flash point EN 2592 ◦C ≥230 ≥220 ≥230
Solubility EN 12592 % (m/m) ≥99 ≥99 ≥99

2.2. Sample Preparations

In general, the emulsions prepared are composed of 50–60% by weight of bitumen
and 40–50% of water.
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The percentage of emulsifier (1–6%) is weighed based on the total weight of the
emulsion. During the emulsion process, the pH was kept stable at 14 thus all the prepared
emulsions are basic. This emulsifier was supplied by Cimar Produzione S.r.l. (Italy).

Asphaltene Determination

In a vial, a specific mass of bitumen was dissolved in an equal volume in milliliters of
chloroform (CHCl3), for example, 3 g of bitumen in 3 mL of CHCl3. Thereafter, n-pentane
which was forty times the CHCl3 volume was added to the solution (in the case of 3 mL of
CHCl3, 120 mL of n-pentane would be added). The solution was left in a dark chamber for
two hours with occasional homogenization of the solution. The asphaltenes which were
precipitated were then filtered using a filter paper (Whatman 42 ashless) in a funnel under
vacuum conditions. The residue gathered on the filter paper was then washed several
times with n-pentane until the solvent became clear and colorless, thus evidencing the
absence of any other component other than the asphaltenes. Finally, the filter paper was
dried in an oven at 80 ◦C for three hours and then the residue of the solvent was removed
in vacuum for two hours. Just for further facultative analysis, the filtrate containing the
maltene fraction was then evaporated to dryness with a rotary evaporator under reduced
pressure and the residual solvent was removed under a vacuum pump [18]. This maltene
sample was stored for further analysis.

2.3. Rheological Characterization

Dynamic Shear Rheological (DSR) measurements on bitumen samples were carried
out using a controlled shear stress rheometer (SR5, Rheometric Scientific, Piscataway,
NJ, USA) equipped with a parallel plate geometry (gap 2 mm, ϕ = 25 mm within the
temperature range 25–150 ◦C) and a Peltier system (±0.1 ◦C) for temperature control [19].

2.4. NMR Measurement

The 1H-NMR spectra were recorded at room temperature on a high-resolution Bruker
Avance 500 MHz spectrometer (11.74 T) (Bruker, Rheinstetten, Germany) equipped with
a 5-mm TBO probe (Triple Resonance Broadband Observe) and a standard variable-
temperature unit BVT-3000. The 1H-NMR experiments were performed on bitumen diluted
in Carbon Tetrachloride (CCl4), in order to avoid overlapping with a possible proton sig-
nal of the solvent. All three analyzed bitumens showed four different peaks referable to
protons as reported by Oliviero Rossi et al. [18].

2.5. Bitumen Acidic Number Determination Method

This is a thermometric catalytic titration method carried out according to ASTM
D8045 standards. It was used to determine the end point of a chemical reaction (in this case
between bitumen in solution and KOH) through the use of a temperature measuring probe
and the addition of a chemical to enhance the detection of the endpoint.

3. Results and Discussion

Before examining the chemical composition of the bitumen, we calculated the acid
number of each sample correlating the values obtained to the emulsionability of each
bitumen. A relatively simple method known as Catalytic Thermometric Titration (as
described in Section 2.5) was used to determine the acid number of the bitumen samples
used for this study. The main advantage of this method is that it is relatively easy to carry
out and this method can be adopted by industries who need to determine if a certain
bitumen to be used for the production of emulsions is up to emulsionable standards.

As mentioned earlier, this procedure can be carried out in any laboratory and by any
technician who understands the basic principle of titration. As per instrumentation, only
basic titration apparatus and a temperature measuring probe are needed. In Table 2, we
show the results obtained.
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Table 2. Acid number for each sample.

Bitumen Acid Number (mg/g KOH)

Cimar 22.7
Alma 13.5

Adriatica 14.7

As expected, making the emulsion as indicated in Section 2.2, we observed that
the Cimar bitumen is the only one among the three analyzed bitumen samples to be
emulsionable. The high acidity of Cimar bitumen (the only emulsionable one) helps us
to understand how this parameter could govern the process of bituminous emulsion
formation. Hence, the acidity can be used as a key role to evaluate the tendency of a generic
bitumen sample to produce a stable emulsion. We proceeded with the characterization
of all samples with the aim of identifying the ideal additives which will make the non-
emulsionable bitumen samples emulsionable.

Time cure curves (Figure 1) acquired for the three neat bitumens show that, as expected,
the two bitumen samples with the same 70/100 penetration grade have very similar
rheological behaviors, while Adriatica bitumen has a lower sol–gel transition temperature
of about 10 ◦C.
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In Table 3, the transition temperature and percentage asphaltene of all the bitumen
samples are reported.

Table 3. Transition temperature and percentage asphaltene of all bitumen samples.

Bitumen Transition Temperature ± 0.1 (◦C) Asphaltene ± 1 (%)

Cimar 64.1 17
Alma 64.4 31

Adriatica 52.4 19

The asphaltene content could play a role in the stability of emulsions; in fact, as-
phaltenes show an important interfacial activity [20].

Adriatica bitumen shows a different rheological behavior but similar asphaltene
concentration to the reference bitumen. Therefore, in order to obtain a mechanical behavior
similar to that of the reference bitumen, only the Adriatica bitumen was treated with
several modifier additives. On the market, there are several types of modifying additives
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with only some of them chemically interacting with the bitumen [21–25]; others simply
impart their own chemico–physical properties to it [26–33].

The criteria on which the additive was chosen was its ability to increase the transition
temperature without increasing the viscosity of the binder at high temperatures [34–36].

This commercial additive is a wax-based additive called SASOBIT. In fact, at temper-
atures above 100 ◦C it acts as a fluxing agent, lowering the viscosity of the binder thus
favoring the emulsion process. This additive was added to the Adriatica bitumen in differ-
ent dosages. In Figure 1b, we reported only the time cure of the best sample obtained with
1.5% additive. This modified bitumen was treated according to the reference experimental
conditions for emulsion production. Nevertheless, even in this case, no stable emulsion
was obtained proving that the mechanical behavior does not play a decisive role in the
formation of bituminous emulsions.

Therefore, having established that the mechanical properties do not significantly affect
the emulsifiability of the bitumen, a new approach based on the chemical composition of
the bitumen was undertaken. Still using Cimar bitumen as reference, NMR analyses were
carried out to obtain more information on the chemical composition of all three bitumens
analyzed [18,37–39].

The acquisition of the proton NMR spectra (Figure 2) allowed the characterization of
the bitumen under examination from a chemical point of view. Table 4 shows the fractional
proton distribution obtained from the normalization and integration of the peaks.
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Table 4. Fractional proton distribution of Cimar, Adriatica and Alma bitumens.

Sample Hydrogen Distribution ± 0.05

Har Hα Hβ Hγ

Cimar Bitumen 3.88 12.26 56.95 26.91
Adriatica Bitumen 4.17 12.46 53.50 29.87

Alma Bitumen 5.75 14.46 55.52 24.26
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By comparing the distribution of the protons of the bitumens analyzed, it emerges
that the Cimar bitumen has a similar aromatic character (3.88%) to the Adriatica one
(4.17%) while the Alma bitumen has greater aromatic character (5.75) in comparison with
the other bitumens. Furthermore, Cimar bitumen is characterized: (i) by having the
highest percentage of hydrogens in β compared to the aromatic ring (56.95% against 55.52%
and 53.50%); (ii) having a percentage of hydrogens in α (12.26%) in the aromatic ring
comparable to that of Adriatica bitumen (12.46%) but lower than that of Alma bitumen
(14.46%); (iii) finally, the percentage of methyl hydrogens is intermediate between the
percentages of the other two bitumens (26.91% against 24.26% and 29.87%). The major
differences correspond to methylene hydrogens in β to the aromatic ring and methyl
protons in the γ position. From the information obtained by NMR spectroscopy, it was
possible to identify any surfactants that could compensate for the chemical differences
between the bitumens.

Adriatica bitumen has a different rheological profile from the reference bitumen,
however it has a similar value of percentage asphaltenes and shows values of aromatic
components very close to it. This data pointed towards the choice of an additive capable
of making the bitumen more acidic without altering the aromatic components, which
is an acid aliphatic/aromatic surfactant. In light of this, the commercial additive called
“AS” was chosen. This additive is a Brønsted acid surfactant [40,41], consisting of an acid
group (polar head), as a substituent of an aromatic ring, and a long hydrophobic chain
(lipophilic tail) [42,43]. Thanks to these characteristics, the AS additive has been able to
balance both the aromatic and aliphatic components to compensate for the differences with
Cimar bitumen.

In fact, once the Adriatica bitumen was modified with AS at different dosages (2.5
to 7.5%), it was possible to proceed with the preparation of the emulsion in accordance
with what was done for the emulsion obtained with the Cimar bitumen. This modified
bitumen was able to produce stable emulsions and the best emulsion was obtained after
modification with 2.5% AS (see Figure 3).
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Alma bitumen has a rheological profile very similar to Cimar bitumen (Figure 1a)
but has a different percentage of asphaltenes (almost double, see Table 2) [44]. Above
all, based on the data obtained by NMR measurements, it is observed that it has a higher
aromatic component. Consequently, the function of the additive to be used to make this
bitumen more similar to the reference bitumen must be to integrate the maltene part, thus
decreasing the asphaltene percentage, lowering the percentage of the aromatic components
and also increasing the total acidity of the bitumen with additives. The latter is in fact a
central component in the realization of anionic emulsions.

The methodological approach used shows how fundamentally important the chemical
nature of bitumen is for the realization of bituminous emulsions. The NMR data obtained
give us guidance on the choice of the coadjutant potential of the emulsifier. This step also
showed us the importance of determining the acidity of bitumen.

For all these reasons, an aliphatic acidifier called “LP” was identified as a suitable
additive. This additive is ecofriendly and facilitates the development and promotion of a
circular economy. Its nature is mainly aliphatic and gives an acidic character to the bitumen
system and is mainly made up of a mixture of fatty acids (surfactants) [45,46].

The Alma bitumen was modified with LP additive at different dosages (4 to 10%)
before proceeding with the preparation of the emulsion in accordance with what was done.
This modified bitumen was able to produce stable emulsions and the best emulsion was
obtained after modification with 4% LP (see Figure 4).
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4. Conclusions

There are emulsifiable and non-emulsifiable bitumens on the market and the aim
of this study was to identify the type of additive suitable for making non-emulsifiable
bitumens emulsifiable.

Two types of approaches were used, one involving the study of the mechanical
characteristics and the other a study of the chemical composition of the binders.
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The first approach was achieved through rheological analysis and led to the conclusion
that the mechanical properties of bitumen do not depict its emulsifiability. In fact, Alma
bitumen has a rheological profile similar to that of the reference bitumen but is not emulsi-
fiable. On the other hand, the Adriatica bitumen initially had a different rheological profile
from the reference bitumen and was subsequently made similar to the reference through the
use of suitable additives. Nevertheless, the Adriatica bitumen remains non-emulsifiable.

The second approach, thanks to the data obtained with NMR measurements, allowed
the identification of the problems of the two non-emulsifiable bitumens.

As mentioned earlier, the acid number determination is a useful tool for researchers
and most especially for industry personnel to know the acid number of bitumen which
they intend to use for production processes. At the moment, we are trying to identify the
acid number value limit under which a bitumen sample is non-emulsionable.

In conclusion, we can affirm that, thanks to an approach based on the study of the
chemical composition of the various bitumens, it is possible to identify any deficiencies
present in the sample and identify additives capable of bridging these gaps which make a
non-emulsifiable bitumen suitable for the realization of anionic emulsions.

In the case of the bitumen analyzed in this work, the use of the appropriate additives,
LP for Alma bitumen and AS for Adriatica bitumen, made it possible to make both bitumens
emulsifiable. Both these additives are eco-friendly and, in the future, have the potential to
substitute harmful substances that are used in industrial processes.
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Abstract
 
The organic fraction derived from the differentiated collection of urban waste 
is mainly composed of fatty acids, medium molecular weight hydrocarbons and 
cellulose. This peculiar composition gave us insight into the possible use of organic 
waste to improve bitumen’s characteristics (possible antioxidant, regenerating and/
or viscosifying additive for road pavements). The issue of the disposal of organic 
waste is a global one and it’s constantly of increasing concern. This study looks 
to alleviate this problem by finding ways for this waste fraction to be utilized for 
the greater good- in this case, as an additive for bitumen binder in road pavements. 
The present study is focused on the use of waste as it is and waste treated by the 
FENTON process (treatment with ferrous sulphate and hydrogen peroxide solution). 
Dynamic Shear Rheology (DSR) and aging tests (Rolling Thin Film Oven Test, 
RTFOT) showed that two of the additives tested in this study proved effective: one 
can be utilised as a viscosifying agent and the other can be used as a filler. 

Article info

Received:

Received in revised form:

Accepted:

1. Introduction

Waste management is a problem of growing 
concern globally and industrialization amongst 
other avenues of waste production has contribut-
ed significantly to the production of organic waste 
in recent years. This has led to waste management 
problems as conventional waste disposal methods 
are not eco-friendly and are mostly inefficient [1].  
About a million tons of waste are produced global-
ly every day and incineration which is arguably the 
most common conventional waste disposal method 
is known to produce over 200 different types of 
toxic compounds such as nitrous oxide, sulphu-
ric acids, fluorides, hydrogen chloride [2, 3]. Re-
search in recent years is drifting towards looking 
for sustainable ways such as reducing landfill us-
age to treat and manage the environmental impact 
brought about by waste products that are produced 
from human and industrial activities in the 21st 

century. This has facilitated the drift of research to-
wards the development of green eco-friendly tech-
nologies to recycle waste thus creating a circular 
economy [4‒10].

In the road pavement sector, bitumen is used as 
the binder for preparing asphalt conglomerate. More 
often than not, conventional bitumen does not have 
all the performance requirements for road pave-
ment construction. These roads, depending on the 
geographical location, are increasingly subjected to 
conditions such as heavy traffic, harsh climatic con-
ditions, oxidation and heavy loads. If the bitumi-
nous mixture obtained does not meet these perfor-
mance requirements, the bitumen binder needs to be 
modified with additives to improve its performance 
thereby improving the performance of the asphalt 
conglomerate as a whole [11‒13]. Most additives 
on the market are not eco-friendly and research in 
this field keeps looking for more eco-friendly and 
sustainable ways to improve asphalt performance. 
Bitumen is a viscoelastic complex mixture of or-
ganic compounds derived from the heavy petro-
leum fractionation process in the refinery. It is a 



substance used to bind inorganic conglomerates in 
road pavement preparation. This binder is mixed 
with the aggregates at high temperatures, and the 
presence of oxygen causes the bitumen to undergo 
strong oxidation which is a detrimental process re-
ducing its mechanical characteristics. 

In order to limit oxidation, specific additives are 
added to the bitumen before the mixing process. 
On the market, there are no eco-friendly additives 
[14, 15] and so recent attention is being paid to 
ecological additives with high performance in or-
der to reduce the oxidation process [16‒18].

Since further oxidation can take place also af-
ter paving in a slower process called ageing which 
also involves loss of more volatile components 
and structural aggregations [19], the same problem 
holds also for longer times. For this, additives, usu-
ally based on strong acids or bases, are present on 
the market [20‒22], but eco-friendly additives are 
recently being studied [23‒28].

The idea to use eco-friendly substances can be 
extended to eco-friendly processes such as the re-
cycling of aged road pavements (the so-called Re-
cycled Asphalt Pavement – RAP) to be partially re-
used in new road pavements while maintaining the 
performance and duration of the latter over time 
[29‒31]. Also in this case, specific (regenerating) 
additives, generally based on amines, surfactants, 
oils, etc. are used [32‒34].

To make the whole cycle entirely eco-friendly, 
research in recent years has focused on the use of 
recycled material from wastes to create new envi-
ronmentally friendly additives for improving road 
pavement characteristics, with obvious advantages 
in terms of environment protection and safeguard-
ing of human health [35‒37]. 

Furthermore, the problem of the disposal of or-
ganic waste exists all over the world and so the 
purpose of this work is to identify possible reuse 
of this type of waste as an additive for road pave-
ments in accordance with a circular economy fa-
cilitated by circular chemistry practices which are 
constantly gaining widespread acceptance in the 
industrial research sector [38‒41]. One major lim-
iting factor of organic waste is that there is nev-
er a homogeneous composition. This composition 
changes according to the nation, the geographical 
area, the number of inhabitants, ethnic culture, 
etc. To further improve the quality of the waste, 
it was chemically pre-treated (FENTON process) 
in the laboratory. On the final samples, rheological 
measurements were performed and to evaluate the 
performance of the additives as an antioxidant, the 

aging process in the plant was simulated in the lab-
oratory using Rolling Thin Film Oven Test.

2. Experimental part

Waste was obtained in the ambit of the project 
“RESIFAC” (realization and experimentation of 
pilot plants for fast composting of civil and indus-
trial organic waste). In the present study our atten-
tion is focused on the organic fraction of municipal 
solid waste, which includes food residues or food 
preparations and assimilable fractions, and which 
constitutes more than 30% of the total weight of 
municipal solid waste. Such residues were collect-
ed through a sampling procedure lasting 12 days. 
On each of these days, waste was taken from a 
group of four different families, each day a differ-
ent one. The waste collected on each sampling day 
(about 5 kg) was mixed and milled to a millime-
ter size by means of a steel blender. The resulting 
minced material was stored at -20 °C for 12 days. 
After this time, all the daily rates were defrosted 
and mixed; the material obtained was divided into 
bags of 200 g, re-frozen and then used after heat 
treatment at 110 °C. This was the starting matrix 
for the oxidative treatment. The oxidation reaction 
[42] was carried out using a laboratory-scale glass 
reactor apparatus. The compounds which are main-
ly oxidized by Fenton reagent are aromatic and ali-
phatic hydrocarbons. The details are reported in the 
work by Salvino et al. [43] which gives details on 
the whole oxidation process. The sample of organic 
material, 200 g, was placed into the glass reactor 
and the Fenton reagents were added: 10 mL of a 
FeSO4 solution followed by the addition of 10 mL 
of hydrogen peroxide (H2O2) solution. The mix-
ture was kept under stirring conditions, the reactor 
was placed in a water bath, and the internal tem-
perature was kept at 60 °C for the duration of the 
reaction. The pH of the mixture, initially at 4.5, 
changed to 3.0 during the reaction. The samples 
used were collected during the phases of oxidation 
procedure and were differentiated according to the 
different percentages of H2O2/FeSO4 used [43]. Six 
samples were prepared at different concentrations 
of FeSO4 and H2O2 as shown in Table 1. Sample 
1 is the reference sample and was not treated with 
either FeSO4 or H2O2. Samples 2, 3 and 4 had the 
same percentage of FeSO4, 0.05%wt, but different 
concentrations of H2O2, i.e., 0.002%wt, 0.015%wt, 
and 0.02%wt respectively while for samples 5 and 
6, FeSO4 was added in the percentage of 0.04% and 
0.03% respectively and the H2O2 percentage was 
constant at 0.002%. 



Table 1
Different percentages of H2O2 and FeSO4 used for 

treating the waste samples in FENTON process

Sample % FeSO4 % H2O2

CD1 / /
CD2 0.05 0.002
CD3 0.05 0.015
CD4 0.05 0.02
CD5 0.04 0.002
CD6 0.03 0.002

Dynamic rheological analysis, including vis-
cosity measurements (steady state), Time cure 
and Frequency Sweep experiments, were recorded 
from room temperature up to 120 °C.

All rheological measurements were carried out 
using an SR5000 rheometer (Rheometrics, Pis-
cataway, NJ, USA) controlled by shear stress and 
equipped with plate geometry (2 mm gap, 25 mm 
diameter).

3. Results and discussion

Bitumen with a penetration grade of 50/70 was 
used and this bitumen was aged by means of stand-
ardized oxidative processes Rolling thin film ovens 
(RTFOT) according to the EN 12607-1 standard 
[44]. This was done in order to create an “aged” 
reference to be treated with the additives 

Both additives were added to the aged bitumen 
at a dosage of 2% by weight of the binder [45, 46]. 

This percentage was used because it appears to be 
the one commonly used for the regenerating addi-
tives available on the market. The resulting sam-
ples were analysed by dynamic and stationary rhe-
ological measurements to understand the effects on 
the mechanical properties and also on the structural 
and morphological variations induced by the single 
additives on the bitumen itself. 

3.1. Viscosity tests

The rheological analysis was done more thor-
oughly by recording the mechanical spectra.

To study the effect of the various additives on 
the rheological behaviour of bitumens, viscosity 
measurements were carried out at different tem-
peratures for all the samples. Figure 2 shows the 
viscosity values for the various samples at the 
temperatures of 60, 80, 100, 120 °C. First of all, it 
must be noted that the general sharp decreasing of 
the viscosity with temperature is expected. This is 
the consequence of the disordering effect of tem-
perature in soft matter since the thermal motion 
can easily loosen the bonds hold up by weaker in-
teraction, which are quite common in soft matter 
and complex systems. As it can be seen, the only 
sample that brings a significant increase in viscos-
ity and consequently shows good capabilities as a 
viscosifier is the CD2 sample. Its values appear to 
be higher while all the other samples show small 
variations with respect to the reference systems. It 
worthy to note that this speculation is valid at dif-
ferent temperatures (60, 80, 100, 120 °C).

 

Fig. 1. Viscosity (steady state) of all the samples at different temperatures: a) 60 °C, b) 80 °C, c) 100 °C and d)120 °C.



As a consequence of this finding, CD 2 will 
be selected as the representative of all the FEN-
TON-treated samples in the other tests.

We can try to give an interpretation of why the 
relative influence of the different additives does 
changes with temperature. We think that the low-
er amount of hydrogen peroxide in CD2 sample 
can guarantee disruption of bigger molecules (fat, 
proteins) into small components (fatty acids, pep-
tides, alcohols) which are responsible for the ob-
served behaviour (see for example the effect of 
polysaccharides [25]) preserving their integrity 
without further molecular fragmentations. Further 
oxidation would further deteriorate the organic 
waste to smaller chemical species with no action 
in the bitumen structure. Of course, due to the het-
erogeneities of the organic materials involved, the 
reaction pattern is complex with many chemical 
species involved, and this justifies why the rel-
ative influence of the different additives change 
with temperature.

3.2. Anti-aging tests

The effect of an anti-aging agent is evaluated by 
observing the plastic-fluid transition temperature 
as probed by rheometry [47‒50]. Upon increasing 
temperature, G’ monotonously decreases, but at a 
certain temperature it suddenly drops. This is the 
temperature at which the binder can be considered 
almost as a Newtonian fluid, so from the micro-
scopic point of view, it can be intended as the tem-
perature at which the thermal motion is sufficiently 
high to destroy the whole structure and therefore 
no storage of energy can be afforded by the sample.

Now, aging generally causes an increase in the 
transition temperature due to the oxidation of com-
ponents; an additive must limit this phenomenon, 
maintaining the transition temperature, after aging, 
very similar to that of non-aged bitumen.

From Table 2, it can be seen that the organic 
waste did not bring any significant improvement 
compared to the starting bitumen leaving the tran-
sition temperature almost unchanged. The additive 
obtained from FENTON treated organic waste, 
CD2, at the same concentration 2% demonstrated 
a stricter interaction with bitumen, increasing the 
transition temperature of the unaged bitumen as 
well as the aged bitumen. However, the increase in 
the transition temperature when passing from un-
aged to aged bitumen (about 6 °C) is about of the 
same magnitude as in the case of non-additivated 
bitumen and the CD1- additivated bitumen (4 °C).

The tests were carried out using RT-FOT for 
75 min due to the fact that road pavement admin-
istration agencies (such as ANAS in Italy, NCAT 
and NAPA in U.S.A., AIA in U.K., etc.) recom-
mend that the difference between unaged bitumen 
and bitumen aged with RT-FOT be monitored 
closely and so there would have been no need to 
age the bitumen for 225 min with RT-FOT [51]. 
The test highlights that no anti-aging effect has 
been revealed but CD2 can be used to increase the 
resistance of bitumen to temperature.

3.3. Regeneration Tests

Regenerating agents are additives to be added 
to recycled asphalt (RAP), allowing its reuse in the 
production of new road pavements with a partial 
recovery of the pristine characteristics. To evaluate 
this effect, a 50/70 bitumen was aged by RTFOT 
for 225 min, and then 2% of CD1 or CD2 was add-
ed to the bitumen under stirring at 150 °C and left 
to mix for 15 min.

Time cure tests were carried out on these sam-
ples and the pseudoplastic-to-fluid transition tem-
peratures were recorded. They are shown in Table 3.

Table 3 shows that the addition of CD1 or CD2 
at 2% brings no regeneration to the oxidized bitu-
men since their addition does not bring the transi-
tion temperature value of the aged bitumen closer 
to the value of the pristine bitumen (74.2 °C).

Table 3
Transition temperatures for unaged and aged bitumens

Sample Transition temperature 
(±0.5 °C) Bitumen 50/70

Bitumen 50/70 74.2
Bitumen 50/70 RTFOT 

225 85.5

Bitumen 50/70 RTFOT 
225 +2% CD1 85.0

Bitumen 50/70 RTFOT 
225 +2% CD2 90.0

Table 2
Transition temperatures (in °C) for unaged and aged 

bitumens with and without CD1 and CD2

Additive Unaged Aged bitumen
--- 74.2 78.3

CD1 2% 74.3 78.6
CD2 2% 78.3 84.2



3.4. Frequency sweep tests

To understand whether the added compounds 
are engaged in effective interactions with the com-
ponents of the bitumen thus stabilizing or desta-
bilizing the supramolecular network, frequency 
sweep tests have been made and analyzed in the 
framework of the colloidal gel model. 

According to the theory of Bohlin [52] and 
Winter [53], widely reported in literature as the 
“weak-gel model” [54], which can be applied in 
the context of the study of viscoelastic materials 
like bitumen [55], the material is characterized by 
a cooperative arrangement of flow units connected 
by weak physical interactions that cooperatively 
ensure the stability of the structure. This model 
matches also the complex inter-molecular structure 
typical of bitumen, where molecules are arranged 
together to form assemblies at various levels of ag-
gregation and complexity [56], which are held up 
by weak interactions. In this model, the number of 
flow units interacting with each other to give the 
observed flow response z, can be derived by the 
use of the following equation:

where A is a proper constant related to the overall 
stiffness or resistance to deformation of the mate-
rial within the linear viscoelastic region at an an-
gular frequency of 1 rad/s, and G’ and G’’ are the 
real and imaginary parts of complex modulus (G*) 
which are derived by rheological measurements. 
G’ represents the elastic response of the material 
(storage of energy) under oscillation, and G’’ rep-
resents the inelastic contribution (dissipation of 
energy) during the same deformation.

In few words, A represents the force of interac-
tion between the rheological units and z the coordi-
nation number, i.e. the number of rheological units 
interacting with a reference unit. 

The derived values, calculated from the non-lin-
ear fitting of viscoelastic data to equation, are re-
ported in Fig. 2. The figure shows a higher impact 
of CD2 on both A and z parameters, which con-
firms its more effective interactions with the struc-
ture of the bitumen.

4. Conclusions 

Organic waste materials can be used in bitumen 
and asphalt concrete production with great benefits, 
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Fig. 2. A and z values as derived through equation for 
the neat bitumen, and that additivated by CD1 and CD2. 
The uncertainty associated to the values is of the same 
order of the symbol size.

providing better asphalt pavements and helping to 
develop proper and efficient waste management 
technology. The present study was prompted by 
the need of safeguarding the environment through 
a circular, eco-friendly and sustainable economy. 
We showed, by rheology, bare organic waste can-
not be used as an anti-aging additive or as a regen-
erator of “aged” bitumen but could be used, instead, 
as a possible filler in bituminous conglomerates 
since it does not modify its characteristics/perfor-
mance. We also showed that the FENTON-treated 
waste with low amounts of hydrogen peroxide can 
be used very suitable as a viscosifying agent, with 
a high capability of interacting with the complex 
structure of the bitumen. 

FENTON-treated waste with high amounts of 
hydrogen peroxide can be used, instead, as filler 
in bituminous conglomerates, like the un-treated 
waste. These effects can be used for industrial ap-
plications for which further studies are needed to 
quantify the scaling-up convenience. 
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