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1.1 Background 

Sustainable development is highly encouraged in many sectors including transport 

infrastructure (Ortiz et al. 2009). Increasing population around the world has forced 

society to accommodate the needs of transportation, for example, by constructing the 

new road infrastructures while maintaining the existing with embedded constraint for 

preserving sustainability. The limiting parameter enforces researcher to innovate and 

develop novel materials and technology for road paving, which is not only functional 

but also less harmful to the environment. 

Roads are constructed by compacting aggregates, previously coated with binder. 

Binder contribution is only about 5%, but still is extensively investigated due to its 

unique stiff-flexible natural characteristics (viscoelastic) within the mix. Due to 

geographical feature, binder selection shall consider its temperature-related 

performance. For instance, in extremely high temperature regions, road incapability 

to resist load may results in permanent deformation, whilst road suffers thermal crack 

in cold regions (Zanzotto et al. 2000). Those would lead to shorten its service life. 

Alternatively, the addition of polymer, with a technical term of polymer modified 

bitumen (PMB), can improve the viscoelastic properties, so that binder becomes more 

elastic and able to dissipate energy at high and low temperature, respectively (Zhu et 

al. 2014). One among many challenges within PMB research is the proper selection of 

the type of polymer according to the required properties in such a way that yields mild 

enough operating conditions during production, or emulsification (further process), 

while simultaneously maintains its good performance upon service. For these 

purpose, Ethylene vinyl acetate, a synthetic copolymer, is perceived as a very potential 

bitumen modifier, besides its lower price. The presence of pendant group, in this case 
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is vinyl acetate, offers a broad range of morphologies associated to its melting point 

and melt flow index, that may satisfy the aforementioned expectations. 

Conventionally, a binder is processed at 160-190 °C in order to improve its flowability, 

by the introduction of heat. Such method, known as hot mix asphalt (HMA) technology, 

raises some negative concerns that are not only defective for environment but also 

harmful for the worker.  Those are associated to the higher amount of toxic substances 

emitted (Gaudefroy et al. 2010) and a great energy consumed by the machinery for 

heating both aggregate and binder. With such background, reduced-temperature 

technologies, which are classified into a) warm mix asphalt – WMA (120-140 °C), b) 

half-warm mix asphalt – HWMA (<100 °C) and c) cold mix asphalt – CMA (ambient), 

are vastly explored in the last decades. WMA and HWMA mostly employ foaming 

process and/or chemical additives (Rubio et al. 2012). For CMA, the binder is either a 

cutback bitumen or bitumen emulsion. The arisen issue for cutback bitumen is the 

potential air pollution caused by the evaporation of the solvent (light hydrocarbon 

fraction) that is initially used to lower the binder viscosity. For this reason, bitumen 

emulsion, a dispersion of bitumen in aqueous phase in the presence of emulsifying 

agents, is preferred. 

Interestingly, organic based emulsifying agents, especially derived from renewable 

sources, have also gained interest. Lignin, a waste product of pulp industry, presents a 

great potential due to its hydroxyl (-OH) functional group and highly reactive aromatic 

ring (Laurichesse and Avérous 2014). Under alkaline environment, the existence of -

O- (naturally present) and -SO3
- (derived from the production process) functional 

groups lead to trigger its surface activity by negative ion formation, thereby being 

useful as anionic emulsifier (Norgren and Edlund 2014). However, mineral aggregates 
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with positive surface charge are less common than those with negative charge 

(Mallawarachchi et al. 2016; Ronald and Luis 2016). For that reason, bitumen 

emulsion market is dominantly cationic type (Read and Whiteoak 2003). Fortunately, 

lignin aromatic structure can be used as a potential building block for the attachment 

of protonatable functional units (Windeisen and Wegener 2016), eligible for being 

positively charged in acidic environment (cationic emulsifier). 

Another important material is reclaimed asphalt pavement (RAP). In the past, its 

potential reutilization was not considered and always ended up landfilled. When 

sustainability became a concern, recycling of RAP was perceived environmentally and 

economically attractive, due to the reduction in both virgin aggregate and binder 

consumption (Birgisdóttir et al. 2006; Thives and Ghisi 2017). When dealing with RAP, 

numerous challenges yet arise, especially when reduced-temperature technologies 

are involved, for instance, size homogeneity and the requirement to adopt either 

“white” (RAP binder being initially stripped down) or “black“ aggregates assumption. 

In addition, RAP binder blending degree with fresh binder remains also unclear at 

lower temperature as compared to conventional HMA method. This fact limits its use 

in road paving, hence, further research on RAP recycling is needed. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1. 1 Some issues; (a) permanent deformation, (b) high energy consumption and toxic 

compound release, (c) lignin, waste of pulp industry and (d) aged asphalt mixture 
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Overall, the challenges are to overcome issues depicted in Figure 1.1 with a general 

expectation to reduce negative impact to environment by 1) maximizing recycling and 

reusing (with modification) material initially considered less valuable, and 2) using 

less harmful technology, without sacrificing the road performance. By the end, this 

thesis aims to offer solution to those mentioned challenges, by designing binder 

(material) as well as processing technology (reduced temperature) that includes the 

design of a polymer modified bitumen able to be manufactured and applied at lower 

temperature, lignin based cationic emulsifier, bitumen emulsion, and asphalt mixes 

with the possibility of 100% RAP inclusion. Therefore, the combination between the 

proposed product and process might expectedly contribute to reach the goals with 

respect to sustainability. 

1.2 Objectives 

The main goal of this research is to formulate sustainable improved materials and 

processing technologies, implemented for road paving application, which are in-line 

with “Sustainable Pavement and Railways Initial Training Network” European 

research project’s goal: investigation of promising sustainable technologies, 

respectively for road pavement and railways. This general objective can be subdivided 

as follows:  

• To design an improved-performance polymer modified binder which does not 

cause excessive energy consumption during its preparation and can be 

potentially used as a precursor for other products, such as emulsified polymer 

modified bitumens. 
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• To synthesize lignin based cationic emulsifier, via chemical modification with 

amine functional groups and to optimize their use, initially, on a silicone oil-in-

water emulsion prototype. 

• To use the optimum formula in the formulation of bitumen emulsions where 

their physical and rheological properties meet the standards and to evaluate 

the influence of lignin based emulsifier on the final emulsion residue. 

• To use previously optimized lignin amine bitumen emulsion in the preparation 

of reduced temperature asphalt mixes containing 100% RAP as aggregate and 

to evaluate their performance. 

The detailed experimental methodology that allows those goals to be reached are 

presented in Chapter 4 (Results) for each corresponding topic. 

1.3 Structure 

The structure of this Doctoral Thesis is organized into five chapters.  

Introduction consists of an overview of this current research, a background and 

problem statement as a stepping stone for this research initiation, a set objectives in 

response to the stated problem and a thesis structure information. 

Literature Review evaluates the basic concepts and fundamentals relevant to this 

current research, reviewing the bitumen, PMB, bitumen emulsion, lignin, and asphalt 

mixes. 

Materials and Methods describes the material used and general methodology 

followed for the preparation of PMB, lignin-based cationic emulsifier, bitumen 
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emulsion, and reduced-temperature asphalt mixes and the characterization method 

for their physical, chemical, and thermal properties. 

Results contains the main part of this thesis manuscript, a collection of results 

obtained and published in high-impact peer-reviewed scientific journals during the 

entire doctoral program. This section is divided into polymer modified bitumen 

(Subchapters 4.1 & 4.2); lignin based emulsifiers and emulsions (Subchapters 4.3, 4.4, 

4.5, and 4.6); and reduced-temperature asphalt mixes (Subchapters 4.5 & 4.6). 

Subchapter 4.1 evaluates EVA co-polymer melting point and its Melt-Flow-Index (MFI) 

on PMB medium-high temperature performance by means of morphology, thermal, 

viscous flow and viscoelastic properties. With the same polymer considered in 

Subchapter 4.1, low temperature rheological assessment is presented in Subchapter 

4.2. Then, in Subchapter 4.3, a selected PMB, is emulsified under mild operating 

conditions, and the resulting PMB emulsion is studied based on droplet formation, 

surface properties and its flow behavior. Subchapter 4.4 deals with the modification 

of a waste product of pulp plant, a Kraft lignin, into a cationic emulsifier, providing 

stability and desired flow characteristics in silicone oil in water emulsion prototypes. 

The optimum parameters obtained in Subchapter 4.4, including reaction route, 

reagent ratio, type of amine, emulsifier concentration, pH of aqueous phase and 

bitumen to water ratio, are used as a basis of information for manufacturing bitumen 

emulsion. Finally, in Subchapters 4.5 and 4.6, using the same lignin based emulsifier 

and emulsion formulation, the performance of asphalt mixes, fabricated with reduced-

temperature technique and maximum recycling (100% RAP), are evaluated according 

to standard design method used for hot mix asphalt. 

Conclusion collects the most outstanding outcomes derived from this research. 
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2.1 Bitumen 

2.1.1 Definitions and uses of bituminous binder 

Bitumen is defined in Oxford English Reference Dictionary as a mixture of 

hydrocarbons derived from petroleum naturally or by distillation and used for road 

surfacing and roofing (Read and Whiteoak 2003). ‘Bitumen’ in Europe, or known as 

binder, has a North American term equivalent, that is called ‘asphalt’. As a point of 

clarification, the term ‘asphalt’ will always be used for a mixture of bitumen and 

aggregates in thesis book, as referred to in Europe. 

Bitumen is multifunctional. About 250 applications have been listed in Eurobitume 

application description 2013, that takes vital roles in several sectors including 

agriculture, buildings, hydraulics and erosion control, industrial, paving and railways. 

Referring to Eurobitume 2015 bitumen consumption report, the application for road 

paving and roofing takes up to 91.3 % of European bituminous market with a total of 

11871 metric tonnes, thanks to bitumen major advantageous properties of 

adhesiveness and water proofing characteristics.  

2.1.2 Source, manufacturing and type of bituminous binder 

Referring to its availability in nature, bitumen may readily be used directly from the 

resources in the form of ‘pitch lake’ and ‘rock asphalt’. Pitch lake is a surface deposit 

of natural bitumen which possesses highly viscous characteristic as a consequence of 

the penetrated silt and clay, whilst rock asphalt is eventually a bitumen impregnated 

rock. Apart from those, the majority of bitumen is processed through fractionation of 

crude oil. 



Chapter 2 – Literature Review 

24 

 

Crude oil at 350 °C enters the atmospheric distillation column and is separated into 

fractions based on different boiling point interval range of the hydrocarbon 

components. The lightest fractions are collected from top-mid section of the column 

and vice versa. Bitumen, with a high molecular weight and a high boiling point, will be 

accumulated at the bottom of column as part of a heavy fraction hydrocarbon. The final 

process includes re-feeding this stream into vacuum process at about 0.1 bar and a 

slightly higher working temperature which is equivalent to 500 °C in atmospheric 

condition (Speight 1999). This process allows for further separation of bitumen from 

other lighter compounds. The bottom product output, known as straight-run bitumen, 

varies its hardness depending on the adapted process and crude oil sources.  

With regards to their application, various bituminous products can be categorized 

into:  

• Paving grade bitumens are meant for its stiff yet flexible characteristic. 

Mostly, straight run bitumen requires blending process to match certain 

specified grade criteria based on physical properties such as penetration, 

rheology, etc. Note that the criteria are different from one region to another. 

• Cutback or fluxed bitumen, is another class of bituminous product that 

encloses solvent to improve bitumen flowability and so workability. ‘Cutback’ 

uses volatile solvent derived from naphta and kerosene fraction and ‘fluxed’ 

uses non-volatile solvent (Read and Whiteoak 2003). The time required for 

solvent removal, that is eventually related to solvent volatility, qualifies 

cutback bitumen into rapid, medium and slow curing. As recently reported by 

(Król et al. 2016), the trend into a greener product inspires the use of fatty acid 
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methyl ester (FAME) derived from vegetable oil as solvent especially when 

working with hard binder (as in RAP binder),. 

• Oxidized bitumen is mostly used for water proofing purpose. The process, 

known as air blown method, involve soft bitumen being partially oxidized at 

temperature between 200 and 275 °C in order to make it harder (Lesueur 

2009). This type of bitumen is not advised for paving application, as it is prone 

to cracking. 

• Bitumen with additives employs various chemical substances, such as sulfur, 

amines, etc. to overcome specific problems. For antistripping, amines 

(amidoamine and polyamine), hydrated lime and organometallic could be used. 

Polyphosphoric acid (PPA), by itself or combined with polymer, may enhance 

binder stiffness through chemical reaction with bitumen (Masson 2008). Other 

additives used to improve bitumen properties, including its uses and 

drawbacks, are summarized in Table 2.1  

Table 2. 1 Bitumen additives, its uses and drawbacks 

 Additives  Advantages  Disadvantages 

Extender (Wen et 

al. 2001) 

Sulphur  • Improved 

storage stability 

• Good high-

temperature 

properties 

• Only applicable 

for unsaturated 

polymer 

modifiers, like 

SBS   

• High sensitivity to 

oxidative aging 

and dynamic 

shear  

• Hydrogen sulfide 

released 

• Poor recyclability 
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Antioxidants Carbamates (lead, 

zinc) 

Carbon black 

Hydrated lime  

Phenols  

Amines 

• Reduced 

oxidation  

• High cost 

Hydrophobic clay 

minerals 

Montmorillonite  

Kaolinite 

• Improved 

storage stability  

• Good rutting 

resistance  

• Increased aging 

resistance 

• Limited 

improvement in 

low-temperature 

properties, 

ductility, and 

elastic recovery  

• Hard to be ideally 

exfoliated 

Functionalization Amino 

Carboxylic acid  

Maleic anhydride 

Methacrylic acid 

Glycidyl 

methacrylate 

• Improved 

compatibility  

 

• Uncontrollability 

in some cases  

• High cost 

• Polymer modified bitumen deals with mechanical durability for extreme 

environmental and traffic conditions which will be later described in 

Subchapter 2.2. 

• Bitumen emulsion, a bitumen dispersed in aqueous medium. This type of 

product is mostly used for road maintenance purpose, yet also functional for 

asphalt mixes. Bitumen emulsion has gained interest due to lower working 

temperature, especially when problems associated to high temperature 

process are concerned. Details on this topic are given in Subchapter 2.3. 

2.1.3 Bitumen composition and structure 

As mentioned earlier, bitumen internal chemical composition and microstructure rely 

on the refining process and crude oils source. Crude oil consists of hydrocarbon 
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components that are generally described as paraffinic, naphtenic or aromatic and non-

hydrocarbon components (sulfur, nitrogen or oxygen) in the form of heterocyclic 

compound. The elemental analysis (Goodrich et al. 1986), in Table 2.2, identifies that 

bitumen consists of 90-95% hydrocarbon.  

Table 2. 2 Bitumen elemental analysis results 

Component Fraction 
(%) 

Hydrogen  9.8 - 10.8 

Carbon 80.2 - 84.3 

Oxygen 0.4 - 1.0 

Sulfur 0.9 - 6.6 

Nitrogen 0.2 - 1.2 

Those elements construct abundant types of chemical compounds, over a wide range 

of structure, molecular weight and polarity. Some steps to ease bitumen composition 

understanding is by fractioning it into groups of components, by means of solvent 

extraction, adsorption, chromatography, and molecular distillation in-conjunction 

with the aforementioned techniques. Among them, chromatography is the most 

extended tool for determining bitumen composition.  

Initially, dissolution of bitumen in linear n-alkanes yields an insoluble fraction, termed 

asphaltenes, with solid characteristics. The remaining soluble compounds, which 

constitute the so-called maltenes, are physically separated by filtration. Maltenes can 

be further classified into some fractions by various chromatography techniques 

(Masson et al. 2001). For bitumen, thin layer chromatography coupled with flame 

ionization detection (TLC-FID) offer a faster and cheaper analysis (Ecker 2001). In 

principle, maltenes, from bitumen solubilized in a solvent, travel over a quartz rod 
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coated by an adsorbent of silica. Depending on the interaction between mobile and 

stationary phase, the different fractions locate at different positions along the rod, and 

their relative content is quantified from the ion formed after combustion process in 

FID device. Using this technique, bitumen components are commonly classified into 

four fractions, saturates, aromatics, resins and asphaltenes (Speight 1999). In that 

sequence, each fraction has molecular weight, aromaticity, heteroatomic content and 

polarity properties, in an increasing order (Polacco et al. 2015). It is worth noting that 

chromatography is commonly coupled with rheological characterization in order to 

associate SARA fractions to sol/gel behavior.  

Asphaltenes are easily identified since it is the only bitumen fraction that is insoluble 

in n-heptane and become soluble in toluene. Asphaltenes are constituted by polycyclic 

aromatics, polar group, and a metal complex. Regarding its complex structure, 

asphaltenes are agglomerates of condensed aromatics of 4 to 10 rings with side chains 

that form graphite-like stacks of some planar sheet interconnected by pi-pi bonds or 

other secondary intermolecular forces. Vanadium and Nickel may be present in some 

crude oil source. Asphaltenes have the smallest H/C ratio between 0.98 and 1.56. 

Despite many researchers agree that molecular weight is about 2000 and higher, it is 

still subject of debate due to the resin interchangeable fraction which peptizes 

asphaltenes. The polar characteristic is commonly hypothesized based on its 

insolubility in organic solvent, n-heptane. This polarity may be originated from the 

presence of nitrogen and oxygen element, although its percentage may be 

considerably low. Tg of asphaltenes is reported at about 70 °C, observed from the peak 

in the heat capacity first derivative using MDSC technique (Masson and Polomark 

2001).   
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Resins have a molecular structure which resembles asphaltenes fractions with lower 

MW, less aromaticity, and polarity, but soluble in n-heptane. It is constituted by polar 

aromatic with a MW of 1100, the amount of fused aromatic between 2 and 4, and H/C 

oscillates between 1.38 and 1.69. The proportion of resin to asphaltenes governs its 

physical characteristic either considered as sol or gel.  

Aromatics mainly constituted of naphthene aromatic since it covers a range of asphalt 

molecules with more regular aliphatic like structure and shape, where condensed 

rings are sporadic or even totally absent.  The molecular weight is of 800 

approximately. 

Saturates have the simplest chemical structures which are aliphatic and naphthenic 

hydrocarbons with a molecular weight of 600 having H/C ratio of 2 or higher. The 

characteristic is a non-polar, without heteroatoms content, and dominated by 

different homologues of alkanes: n-alkane, iso-alkane and cyclo-alkanes.  

Those saturates, aromatics, resins, and asphaltenes fractions govern the total bitumen 

chemical structure. Despite many other models proposed, thus far, the two models 

below have been mostly used to describe bitumen structure: 

a) Colloidal model,describes bitumen as a colloid system of dispersed large and 

complex hydrocarbons with solid characteristic (asphaltenes) peptized by polar 

resins on maltenes liquid-like continuous phase, of aromatics and saturates 

(Nellensteyn 1923). Gel structure may be formed if the amount of resins available for 

peptizising is not high enough such that attraction forces among the asphaltenes cores  

is counterbalanced, Figure 2.1a (Pfeiffer and Saal 1939). Such theory may be 

supported by atomic force microscopy (AFM), that illustrates hypothetical 

asphaltenes, shown as bee-like structures (Loeber et al. 1996), dispersed in the matrix. 
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Another author (Jäger et al. 2004) supports that hypothesis, based on the absence of 

bee-like structures in maltene fraction, where asphaltenes were previously separated 

using solvent. In contradictory, a different interpretation was offered by (Masson et al. 

2006) suggesting that bee-like structure has no correlation with asphaltenes, instead, 

higher metallic content, of Vanadium, and Nickel, is proposed to be responsible for 

that. However, it again remains controversial, since the association between the trace 

metals and the asphaltene fraction due to polarity makes it difficult for anyone to 

differentiate the effects from either the asphaltenes or the metal content (Yu et al. 

2014). 

 

 

 

(a) 

 

 

(b) 

Figure 2. 1 a) Schematic representation of biphasic model and its possibility to form gel 

structure and b) Topographic AFM image (15 x 15 µm) 

Asphaltene 

High MW aromatic 

Low MW aromatic 

Aromatic - naphtenic  

Naphtenic – aliphatic  

Aliphatic  

Sol 
transformed 

into gel 
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b) Simple homogenous fluid (or dispersed polar fluid, DPF) model criticizes the 

previous model since there does not exist experimental proof which evidently 

provides distinction between dispersing and dispersed phase (Petersen et al. 1994). 

Redelius, 2004, explores bitumen solubility using Hansen parameter involving up to 

50 types of solvents. The results suggest that the difference in solubility parameters 

between asphaltenes and maltenes is not high enough for asphaltenes to be 

considered insoluble and are in fact in a single phase with maltenes. Recently, using 

AFM technique combined with differential scanning calorimetry (DSC), several 

laboratories under RILEM technical committee conducted round robin tests which 

was published in 2013 (Soenen et al. 2013), concluding that bee-like structure 

gradually disappears after reaching certain temperature, and are believed to be the 

melting temperature of wax crystallite fraction, as observed by endothermic melting 

enthalpy at the same temperature (Figure 2.2).  
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Figure 2. 2 Topographic AFM image (15 x 15 µm) combined with DSC thermogram (Soenen 

et al. 2013) 

2.1.4 Bitumen properties and the relation with constituents 

In Europe, for preliminary identification of ‘hard – soft’ characteristic, bitumen 

manufacturer labels their product based on physical (technological) properties 

derived from penetration test at 25 °C (Pen25°C) and ring-and-ball softening point (SP) 

test. In performance grading system, the rheological behavior of bitumen is more 

emphasized and, basically, relies on dynamic shear rheometry (DSR) for the 

determination of bitumen high temperature threshold, bitumen viscosity by rotational 

viscometry, low temperature properties by bending beam rheometer. A rheological 

characterization will be briefly described in Subchapter 2.6. 

Bitumen is a brittle elastic material in the vicinity of its glass transition temperature, 

has viscoelastic behavior at ambient temperature, but becomes a thick liquid (flow) 

when heated. So, its physical properties vary significantly with temperature. 

Moreover, they strongly depend on crude sources. For example, its glass transition 

temperature can fall in the range between -40 and 5 °C due to a broad range of bitumen 

chemical compositions (Read and Whiteoak 2003).  

Bitumen physical properties are thought to be originated from each (SARA) fraction. 

Asphaltenes are believed to be responsible for a higher value of viscosity. Asphaltenes, 

which at ambient temperature form plate-like sheets held by inter and intramolecular 

bonding, lose their conformations, alter their size and shape and finally disrupt as the 

temperature further increase (hence, viscosity decreases). In addition, complex 

structures in bitumen, especially those containing high crystalline fractions, have 

shown failure to follow time-temperature superposition principle when Black 
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diagram (modulus vs phase angle) is plotted (Lesueur 1996). Another study (Soenen 

and Redelius 2014) investigates the influence of polyaromatic structures, through UV-

Vis and FTIR spectroscopy, on the dynamic rheological properties. It shows that larger 

polyaromatic structures seem to govern the elastic behavior at long loading times, low 

frequency or high temperatures. In fact, bitumen physical properties are derived from 

its chemistry based on molecular interactions, such as dispersive, polar, hydrogen and 

π-π bonding, and molecular weight distribution (Redelius and Soenen 2015). 

Due to weathering, thermal properties of bitumen have a crucial role on its 

performance. Modulated differential scanning calorimetry technique (Masson and 

Polomark 2001), an advanced version of standard DSC (in Subchapter 3.3.1.4), can be 

used for thermal characterization. Based on non-reversing heat flow, steric hardening 

is more pronounced on oxidized bitumen, observed by crystallization of high 

molecular weight saturates and the formation of a mesophase constituted by resin and 

asphaltenes fractions. These fractions were reported to exhibit time evolution of their 

properties, due to thermal hysteresis, what suggests the characterization to be 

performed after material is fully annealed (Masson et al. 2002). 

2.2 Polymer modified bitumen (PMB) 

2.2.1 Definitions and uses of PMB  

Polymer modified bitumen is a class of bituminous product in which polymer is 

homogenously dispersed by high mechanical shearing at temperature above the 

melting points of each constituents. The addition of polymer aims to improve binder 

viscoelastic properties featuring proper rigidity, elasticity, ductility and durability that 

expectedly increase road service life. For regions experiencing extreme weathering, 
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those features are sometimes hard to be fulfilled by using straight run bitumen only, 

hence may be benefitted by addition of PMB instead. Polymers offer a large variety of 

properties. For instance, blending stiff semicrystalline polymers with bitumen may 

solve rutting resistance issues during summer. A blend of bitumen with a rubbery 

polymer may better dissipate energy at low temperature during winter than an 

unmodified bitumen. A complementary use of polymers may be able to also improve 

noise reduction (Bueno et al. 2014).  

2.2.2 Brief overview of polymer 

The word ‘polymers’, rooted from Greek, consists of poly- and meros, meaning 

many/much and part, respectively. It is commonly understood as macromolecules 

composed of repeating units, connected by covalent bonds, that form various 

structures (Ravve 2012). The simplest structure is linear sequence of monomers 

(Figure 2.3a). When monomers appear attached to the backbone, branch type polymer 

exists (Figure 2.3b). From branch precursor, many other types, such as star, comb, 

ladder, semi-ladder, may be formed. The interconnection between branches results in 

the formation of network structures (Figure 2.3c), either planar or three-dimensional 

networks (Ravve 2012). 

   

(a) (b) (c) 

Figure 2. 3 Some examples of polymer structure (Ravve 2012) 
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Based on the source, the polymer can be categorized into two; natural and synthetic 

(from crude oil). Natural polymers include polysaccharides (starch, cellulose, chitin, 

alginate, etc.), polyamides (in animal or vegetal proteins), polyisoprenes (in natural 

rubber), polynucleotide (DNA and RNA of all living organism), and lignin. Natural 

substance sometimes needs to deal with the certainty of chemical compositions that 

may raise properties-related concerns. Instead, synthetic polymer compositions are 

relatively controllable, depending on the reaction mechanism, type of monomers and 

ability for crosslinking, that can be classified as follows: 

• Reaction mechanism, step-growth polymer reacts in discreet step whilst 

chain-growth polymer propagates through the inclusion of monomer to the 

active site located at the chain ends. 

• Type of monomer, polymer may contain one (homopolymer), two or more 

type of repeating units (copolymer). Depending on the order, copolymer may 

be in alternate (ABABAB) or random position (ABAABB). If a group-sequence 

appeared in the back bone, block-copolymer (AAABBB) exists, while if it 

attached as a branch of the main chain, a term of graft-copolymer is used. 

• Ability to form crosslink or gelation, polymer that once crosslinked by covalent 

bonds shows irreversible state from melt to solid, is thermosetting polymer. 

Oppositely, thermoplastic polymers can never undergo gelation, and 

transition from molten to solid state is a reversible process upon decreasing 

temperature due to polymer chains crystallization and entanglement network 

formation. 
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2.2.3 Typically used polymer modifiers 

For road paving materials, both natural and synthetic polymers have been reported 

successful to modify bitumen properties. A natural rubber polyisoprene can be used 

as a modifier building unit, and if combined with epoxy group, is able to cope with poor 

wet grip properties and poor weather resistance issues (Al-Mansob et al. 2014). 

Lignin, in the blend with bitumen, exhibit antioxidant properties as observed by low 

carbonyl content,  commonly used for aging identification (Thomas 2005). This 

particular material has gained many interests lately, to be used as precursor for 

advanced materials. Subchapter 2.4 will be dedicated to lignin, which within this 

research will be investigated for cationic emulsifier synthesis.  

On the other hand, the first use of synthetic polymer is dated back in 1954, in which 

thermoplastic styrene-butadiene-styrene (SBS) was used to improve bitumen thermal 

susceptibility and cracking resistance. Such success originated a vast PMB research 

which underlined the use of thermoplastic polymers, either elastomer or plastomer, 

for bitumen physical modification. Elastomer, e.g. SBS, has found superior 

performance when dealing with both extreme high and low temperature, thus 

widening bitumen in-service temperature span. SBS combines stiffness and flexibility 

characteristics, derived from the parent rigid polystyrene and flexible polybutadiene 

blocks, respectively (Lu and Isacsson 2000; Fawcett and McNally 2001; Robinson 

2004; Navarro et al. 2005; Collins et al. 2006). The second typically used polymers are 

thermoplastic plastomers (polyolefins), known for extending high in-service 

temperature limit of bitumen (Lu et al. 1999; Panda and Mazumdar 1999; González et 

al. 2002; Airey 2002a; Polacco et al. 2005; Pérez-Lepe et al. 2006), and being relatively 

lower-priced commodity. Alternatively, chemical bonding by using reactive polymers 
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can help overcome storage stability issues derived from the use of traditional 

thermoplastics. In general, the recent studies on PMB yet aim to exploit polymer 

properties whilst simultaneously minimizing the negative impact (Zhu et al. 2014). A 

list of polymers for bitumen modification, with their advantages and disadvantages, is 

summarized in Table 2.3.  

Table 2. 3 Several types of bitumen modifiers (Bahia et al. 1998; Zhu et al. 2014) 

Type of 

modifiers 

Examples  Advantages*  Disadvantages* 

Polymers – 

plastomers  

Polyethylene  

Polypropylene 

• Good high-

temperature 

properties 

• Relatively low cost 

• Limited 

improvement in 

elasticity   

• Phase separation  

Ethylene vinyl acetate 

Ethylene butyl 

acrylate 

• Relatively good 

storage stability 

• High resistance to 

rutting 

• Limited 

improvement in 

elastic recovery 

• Limited 

enhancement in 

low-temperature 

properties 

Polymer – 

thermoplastic 

elastomer  

Styrene-butadiene-

styrene (SBS)  

Styrene-isoprene-

styrene (SIS)  

• Increased stiffness  

• Reduced 

temperature 

sensitivity  

• Improved elastic 

response 

• Compatibility 

problems in some 

bitumen  

• Low resistance to 

heat, oxidation, and 

ultraviolet  

• Relatively high cost 

Styrene-

ethylene/butylene 

styrene (SEBS) 

• High resistance to 

heat, oxidation, 

and ultraviolet 

• Storage instability 

problems  

• Relatively reduced 

elasticity  

• High cost 

Reactive 

polymer 

Ethylene-based 

polymer w/ epoxy ring  

Isocyanate based 

polymer; 

polyethylene/ 

polypropylene glycol + 

isocyanate (MDI) 

• Improved 

compatibility  

• Enhanced high-

temperature 

properties 

• Limited 

improvement in 

low-temperature 

properties  

• Gelation problems 
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The workability issues of PMBs, in which the addition of polymer yields drawback 

concerning highly viscous behavior, are rarely discussed in the literature. Moreover, 

these drawbacks are further exacerbated if the attempt for lowering manufacturing 

temperature is encouraged.  Rossi et al., (2013) aims to address this issue by proposing 

a ternary blend composed of polymer/wax/bitumen, with expectation to combine 

stiffness benefit and workability, from polymer and wax, respectively. 

2.2.4 PMB properties 

PMB is expected to resemble the positive influence from its parent polymer, despite 

the fact that the blend final properties are affected by the interaction of the 

constituents. On the polymer side, its physical structure, related to amorphous and 

crystalline phases, determines its thermal properties such as glass transition (Tg) and 

melting temperature (Tm). Tg is a transition state when amorphous phase no longer 

exhibits mobility as temperature is further decreased. Its value is usually taken as the 

middle between starting and ending point of the phenomenon. This (second order) 

transition manifests an alteration in its stiffness, specific volume, heat content, 

thermal conductivity, refractive index, and dielectric loss (Ravve 2012). Tm is a solid 

to liquid (first order) phase transition, due to the loss of regularity in crystalline phase 

with increasing temperature. Both Tg and Tm are very useful for estimating PMBs 

lowest and highest threshold service temperature, respectively. At temperature 

higher than Tm, polymer melt flow is affected by intermolecular interaction which can 

be quantified in terms of Melt-Flow-Index (MFI). Thus, understanding the state of 

polymer may be useful for the prediction of the overall PMB properties, despite that 

polymer interaction toward bitumen may be more influential.  
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Enhanced binder properties are not straightforwardly obtained merely by polymer 

addition. The microstructure in the binder requires to be majorly occupied by a certain 

morphology, refer the formation of polymeric three-dimensional network as a 

consequence of polymer swelling by some bituminous fraction (Polacco et al. 2015). 

Each fraction interacts differently toward the polymer which in turn to be influenced 

by polymer type, concentration, processing condition during mixing, etc. Thus, no 

guarantee on certain value of those parameters can be sealed to obtain such 

morphology. Low degree of swelling results the polymer simply being dispersed with 

limited improved properties and unstable system. A very compatible system is neither 

good, meaning that negligible polymer influence on mechanical performance can be 

exerted despite providing stability.  Storage stability is another problem that may 

become a handicap for workability and may lead to performance consistency due to 

inhomogeneity of polymer distribution. The evaluation is commonly done by vertical 

‘tube test’ stored at 180 °C to imitate non-stirred storing. If the system is not stable 

enough, PMB segregates into asphaltenes rich phase (ARP) on the bottom and the 

remaining polymer rich phase (PRP) on the top. To proof any instability, technological, 

rheological and morphology (microscopy, mainly) tests are performed on PRP and 

ARP. A study on SBS-bitumen interaction (Lu and Isacsson 1997) reported that a more 

stable system is favored when the ratio of asphaltenes over aromatic fractions is low. 

Besides, linearity in structure and less concentration of polymer prone to finer 

dispersion that also lead to positive influence on stability. In the case of EVA-bitumen, 

the above concentration effect is also amplified (González et al. 2004; Bulatović et al. 

2013). Moreover, that may also be attributed to polar functional unit in the polymer 

which may associate themselves or with asphaltenes, together with resin as 

dispersant for asphaltenes in aromatic-aliphatic medium (Fawcett and Mcnally 2001). 
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Furthermore, a third component, such as sulfur and maleic anhydride functional 

group, may be introduced with the idea to improve intra and intermolecular 

interaction (Polacco et al. 2015). Even though, a highly soluble polymer in bitumen 

results in limited contribution to the improved physical properties (Redelius 2004). 

Finally, biphasic form, with coexistence of polymer-rich phase (swollen by migration 

of some bituminous fractions) and asphaltene-rich phase in microscale metastable is 

the one eventually desired (Polacco et al. 2006). Thus, searching the ideal zone 

providing stability is preferably addressed only if accompanied by the presence of 

morphology giving rise to physical properties. 

2.3 Bitumen emulsion 

2.3.1 Definition, uses and manufacture of bitumen emulsion  

Colloid system includes suspensions, emulsions, suspoemulsions (mixtures of 

suspensions and emulsions), foams, etc. For road paving application, emulsion and 

foam of bitumen are of particular interests, since workability of mixes prepared using 

both system can be conducted at a lower temperature than conventional HMA. This 

subchapter will be dedicated to bitumen emulsion. Table 2.4 summarizes the types of 

bitumen emulsions application, that requires specific destabilization mechanism 

(emulsion breaking rate) associated to each specific purpose.  
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Table 2. 4 Several types of bitumen emulsion application 

Application  Purpose  Emulsion 

required 

Procedure  

Chip seal Improve surface profile 

and for small 

maintenance 

Rapid set Spraying warm 

bitumen followed by 

placement of aggregate, 

either for single or 

multiple layer and 

finally compacted  

Tack coat  Tack between layer  Rapid set  Spraying on the surface  

Prime coat Preparation on the first 

granular base to protect 

by waterproofing the 

underlying base and 

hardening the layer  

Slow set, 

with 

fluxant if 

necessary 

Spraying on the surface 

Slurry seal and 

microsurfacing 

Improve surface profile, 

ie. skid resistance 

Controlled 

set 

Mixing aggregate with 

water, cement (for 

breaking initiation) and 

lastly the emulsions 

Asphalt 

mixture 

To be used in structural 

layer 

Various 

type  

In subchapter 2.5.2 

asphalt mixing 

technology 

For each application, the emulsion recipe can be tuned by setting the type of emulsifier 

used, bitumen content, and additives during the manufacturing process. 

The emulsification is the dispersion of hot molten bituminous droplet by high 

mechanical shearing into continuous aqueous phase in the presence of emulsifier. The 

mixing apparatus can be rotor-stator, colloid mill, or static in-line mixer (high 

pressure), either in batch or semi-continuous process depending on the production 

scale. No matter which rotating device is used, basically, bitumen is forcefully pushed 
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in radial direction through static aperture by the rotating part, to undergo fluid 

breakage that leads to droplet formation.  If bitumen is too hard (e.g. very low 

penetration bitumen, PMB, etc.), emulsification requires to be conducted at high 

temperature (possibly > 100 °C) for viscosity reduction, that is in conflict with the 

evaporation of water. Thus, for such case, pressurized vessels have to be used in order 

to suppress water loss.  

2.3.2 Thermodynamic approach 

Thermodynamic approach attempts to explain the fundamentals of emulsification 

based on energetic balance between internal and external work of the system using 

the 2nd law of thermodynamics.  

 ∆𝐺𝑓𝑜𝑟𝑚 = ∆𝐴 ∙ 𝛾12 − 𝑇 ∙ ∆𝑆𝑐𝑜𝑛𝑓  

During emulsification, bitumen with surface area A1, in its liquid state, is dispersed 

into aqueous phase by the introduction of external mechanical energy to form droplets 

with surface overall area A2. The change in free energy is made from two 

contributions: (i) a surface energy term (positive) that is equal to ΔA·𝛾12 (where ΔA = 

A2 − A1 > 0); and (ii) an entropy of dispersions term which is also positive (since the 

production of a large number of droplets is accompanied by an increase in 

configurational entropy) which is equal to T·ΔSconf. In most cases ΔA·𝛾12 ≫ T·ΔSconf, 

which means that ΔGform is positive; that is, the formation of emulsions is non-

spontaneous (Tadros 2014). A dispersed phase with positive free energy is 

thermodynamically unstable and the consequence of that energy balance is 

destabilization by coalescence. Hence, the manufacture of emulsions of two immiscible 
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liquids requires a third component, namely emulsifier, that induces the stability by 

reducing 𝛾12. 

2.3.3 Stabilization, wettability and destabilization of bitumen 

emulsions 

The fundamentals of stabilization of emulsions are based on the theory of interparticle 

interactions, of a) hard-sphere, b)  electrostatic (soft), c) steric and d) Van-der-Waals 

interaction (Tadros 2011, 2014). The schematic models relating the energy evolution 

with the distance of two interacting particles are presented in Table 2.5.  

Table 2.5 Type of force, origin and equation applied, summarized from Tadros 2011 

Interaction type Origin Equation 

 

Two identical 

sphere with r radius 

separated by core-

core distance less 

than 2r or else 

touch each other 

N/A 

 

By interaction of 

similarly charged 

counter-ion in the 

diffuse (double 

layer) surrounding 

charged surface 

layer 

 

Function of permittivity (εT, ε0), radius (R), 

distance (h), double layer extension (κ) and 

surface potential (ψ0) 
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By compressed or 

overlapped 

molecule or 

polymeric chain 

surrounding the 

particle 

Gs=Gmix+Gel 

Gmix is contribution of osmotic pressure 

increase caused by unfavorable mixing 

 

Function of temperature (T), radius (R), 

distance (h), interaction coefficient (χ), 

molar volume of molecule and solvent (V), 

number of molecule per unit area (v) 

Gel is energy term by entropic change due to 

compressed layer 

 

R is geometric function due to segment 

density distribution 

 

By either dipole-

dipole (Keesom), 

dipole – induced 

dipole (Debye) or 

London dispersion 

force 

 

Function of Hamaker constant particle 1 in 

the medium 2 (A11(2)), radius and distance  

 

According to interaction type a), b) or c), the energy values (positive) increase 

abruptly at a certain distance point when two particles approach each other, that is 

interpreted as repulsive force. On the other hand, naturally, two particles are attracted 

by Van-der-Waals forces in such close proximity, assigned by negative energy value. 

Obviously, each of force contributes to the total energy of the entire colloid system that 

governs the emulsion stability. As bitumen emulsion is commonly stabilized using 

emulsifier (either ionic, non-ionic, or polymer), the relevant interaction can be of b-d 
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for ionic (DLVO principle), c-d for non-ionic or polymer, or b-c-d for polyelectrolyte 

emulsion. To avoid droplet coalescence, the net energy requires a positive value, 

providing ample repulsive force to keep particles apart. If a electrostatically stable 

system is desired, surface potential (ψ0) that contribute to GE can be manipulated by 

selecting a certain type of emulsifier. For steric stabilized system, number of molecule 

per unit area (v), molar volume of molecule (V) and interaction coefficient (χ) are 

parametres which affect Gmix, and Gs. 

Moreover, in a bitumen emulsion, the selection of emulsifier is not always related to 

stabilization, but that depends also on the rate of destabilization, associated to final 

emulsion application. For charged bitumen emulsion, this destabilization rate is 

evaluated in terms of a breaking test consisting in measuring the quantity of a specific 

filler needed for droplet breakage to occur (EN 13808, for cationic type emulsion using 

filler Sikaisol). According to this, the emulsion is classified into rapid, medium, and 

slow setting. That (experimentally controlled) breaking index value depends on 

bitumen content, aqueous phase composition, and droplet size distribution, as well as 

external parameters including environmental conditions, spray apparatus, and 

breaking agents (Read and Whiteoak 2003).  

The initial step of breaking begins with wetting of bitumen emulsion onto aggregate 

surface. Wetting properties may affect emulsion distribution quality on the surface. 

Wettability can be assessed by measuring the contact angle through the Sessile drop 

method, which can be used to further calculate work of adhesion between the phases. 

Dispersive and polar components of the surface free energy (SFE) for solid and liquid 

phases can be also separated by application of the two-component Owens-Wendt 

method. A study by (Ziyani et al. 2016) suggests that wettability is significantly 
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affected by aggregates rugosity, as well as its surface interaction with bitumen 

emulsion  Once aggregate surface wetted, this physical interaction continues to finally 

cause emulsion breaking either with or without reactive destabilization, as depicted 

in Figure 2.4. 

In non-reactive solid-liquid dispersions, such as latex or non-ionic emulsions, reactive 

destabilization does not occur, and the curing is rather governed by the evaporation 

kinetic. The removal of water causes droplets in close proximity, followed by 

coalescence,that yields transformation of flocs into a film at the final stage. On the 

other hand, the positively charged groups(-RH+) originated upon dissociation of a 

strong acid in water medium in cationic emulsions may interact with alkaline 

aggregates leaving functional group uncharged. In this way, lack of repulsive force 

cause droplet contraction, followed by destabilization of emulsion to form gelation. 

Besides that, flocculation can be also induced by electrolyte addition to neutralize 

electrostatic force (Boucard et al. 2015).  

 

Figure 2.4 Two possible breaking scenarios (Lesueur and Potti 2004)  
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Thereby, stabilization, wettability and destabilization depend on the type of emulsifier 

used, that are summarized in Table 2.6: 

Table 2. 6 Type of emulsifier (Tadros 2014) 

Type of 

emulsifier 

Charges Typical functional group (character) 

Anionic Negative  • Carboxylate 

• Sulfates  

• Sulfonates  

• Phosphates 

Cationic  Positive Amines  

Amphoteric Negative and 

positive 

Combined both functional group of 

cationic and anionic with isoelectric 

point at which both opposite ion 

presence (around intermediate pH)  

Nonionic Without charges Ethoxylate  

2.3.4 Flowability 

Another important property of bitumen emulsions is their ability to flow, governed by 

viscosity. Less viscous emulsions are required for the penetration into narrow 

channeling cavity, whilst others aim to avoid drainage due to inclination by using fairly 

more viscous ones.  

Viscosity is ruled by the nature of bituminous dispersed phase (internal properties – 

deformability, concentration, size distribution), continuous phase rheology and the 

type of droplet-droplet physical interaction (Barnes 1994). For bitumen emulsion, the 

standardized method to characterize viscosity (EN 12846) consists in measuring the 

time required for emptying a certain volume of bitumen emulsion in standardized 

geometry through a fixed orifice size. This method is very practical and, in fact, 
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represents the high-shear limiting viscosity η∞ of the emulsions. However, it may not 

be accurate for instance in soil stabilization application for which long loading 

times(or low shear rates) may be required (Lesueur et al. 2003). In this sense, a 

complete characterization of their steady viscous flow behavior, covering low to high 

shear-rate dependence, as that shown in Subchapter 2.6, constitutes a better 

approach. 

2.4 Lignin 

2.4.1 Lignin definition and chemical structure 

Lignocellulosic biomass is composed of complex carbohydrates (cellulose and 

hemicellulose) and complex aromatics (lignin and tannin). Lignin stands for the most 

abundant source of aromatic biopolymer from renewable sources. The evolution of 

biomass-based polymer development depends also on the improved technologies 

associated with papermaking, wood processing, textile and lately biorefinery. During 

the isolation process, the breakdown of lignocellulosic material results in considerable 

change in its chemical structure (Pandey and Kim 2011; Radotić and Mićić 2016). 

Lignocellulosic biomass is composed of 35-83% of cellulose, 0-30% of hemicellulose 

and 1-43% of lignin (in dry weight percentage). In its early development, lignin is 

amorphous that consists of unordered connected phenylpropane units. The oxidative 

cracking abolishes those connecting linkages, lignin rings, alkyl-aryl ether linkage and 

other bonds within lignin (Pandey and Kim 2011). Further, the amount of 

phenylpropane units is predicted to be about 12, that is recognized as a highly 

branched macromolecule with aliphatic, phenolic, carboxylic, carbonyl and methoxy 

groups. The phenylpropane units could be categorized into three monolignol 
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precursor where p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) are from 

coumaryl, coniferyl and sinapyl alcohol, respectively (in Figure 2.6). Depending on the 

wood species, the percentage of monolignol varies, for instance, harwood lignin 

consists of G and S units with some traces of H units whilst in softwood lignin the G-

unit is mostly present with a low level of H-units. This lignin source difference affects 

broadly lignin molecular weight.  

 

Figure 2. 5 Three main monomers and their corresponding form in lignin polymer, extracted 

from (Laurichesse and Avérous 2014) 

The differing chemical compositions, associated to lignin species, affect their physical 

properties. For instance, lignin glass transition temperature may range from 100 to 

170 °C, being the highest with increasing molar mass (Irvine 1985). Not only that, 

degradation temperature (Td) depends also on lignin composition. For instance, the 

different quantity of oxygen-based functional groups results in different thermal 

stability which broadens the Td range. The decomposition occurs as a result of 
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consecutive processes that begin with dehydration in the hydroxyl group at about 150 

°C, followed by rupturing of aryl-ether linkage, aliphatic side chain, C-C between 

phenyl propylene unit and lastly with the total volatilization at about 700 °C. Besides 

chemical composition, other influencing parameters include isolation method, 

absorbed water, molecular weight and thermal history. 

2.4.2 Lignin isolation  

As mentioned earlier, the isolation method of lignin from wood is a very crucial 

parameter which determines its final chemical structure, as well as derived physical 

properties. Several extraction methods, of physical, chemical, biochemical or 

combinations, widely used in the pulp industry to yield the various type of lignin, are 

summarized in Table 2.7.,  

Table 2.7 Some lignin isolation technology (Laurichesse and Avérous 2014; Radotić 

and Mićić 2016) 

Isolation 

technology 

Process description Lignin obtained* 

Via preceding 

extraction of 

pulp 

First to obtain pulp by extraction of 

milled wood chip with 1st 

cyclohexane/ethanol and 2nd 

toluene ethanol, or using 

pressurized water. Second, isolation 

by enzymatic or acid hydrolysis  

In enzymatic process, non-

removable carbohydrate 

exists, but higher recovery 

(65-80%) 

In acid hydrolysis, no non-

removable carbohydrate, 

but lower recover (40-60%) 

and more phenolic hydroxyl 

its native (from altered aryl 

ether linkage) 
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With ionic 

liquids 

A purification step by using low 

volatile ionic liquids (ie. 1-butyl-3-

methylimiazolium methyl sulfate) 

on lignin obtained from sodium 

hydroxide or organosolv process. 

With lower neutral sugar as 

compared to classical 

method 

Brauns native 

lignin 

By percolating milled lignin (100-

150 mesh) with 95% ethanol for 8-

10 days, followed by evaporating 

the filtrate 

 

Low lignin yield obtained 

(8%) 

Kraft lignin 

(sulfate) 

By degrading and dissolving lignin 

in Na2S and NaOH and cooking at 

temperature between 155 and 180 

°C depending on wood source 

(hard/softwood) 

Potentially with trace of 

sulfur typically less than 1-

2% More hydroxyl group 

due to aryl ether linkage 

alteration.  

Lignosulfonate 

(sulfite) 

By cooking wood chips in solution 

containing Na2SO3 at 175 °C. 

Reaction can be performed in acidic, 

neutral or alkaline  

Contain sulfonate groups 

Soda cooking By hydrolysis of annual plant and 

specific method for precipitation 

method using mineral acids 

Chemically unmodified 

lignin having silicate and 

nitrogen content 

*It is noteworthy that lignin structure is always partially altered from its native form 

Among those, sulfur lignin, referring to Kraft lignin and lignosulfonate, is majorly 

produced (as a by-product), with Kraft pulping process in cellulose pulp plant 

worldwide domination of approximately 85% (Carvajal et al. 2016). In that sense, 

modification, if necessary, is driven toward the use of Kraft lignin. 
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2.4.3 Lignin modification by amination 

There are two general ways to value-add lignin: (i) by lignin depolymerization or 

fragmenting lignin into smaller units such as vanillin, hydroxylated aromatics, 

etc.(Pandey and Kim 2011); and (ii) by modification, either substituting the existing 

hydroxyl groups or introducing new functional groups, through halogenation, 

amination, nitration, alkylation, etc. Within the scope of this project, lignin is perceived 

as a potential precursor building block for the preparation of cationic emulsifiers. 

Native lignin, which contains both hydroxyl and sulfonate groups, can be solubilized 

in aqueous alkaline medium at high enough pH values (Norgren and Edlund 2014). 

However, the absence of protonatable functional units leaves lignin insoluble in acidic 

medium. Thus, modification by amination, in this particular case, is of interest due to 

conjugate acid formation in the amines group, which accepts H+ ion from a donor 

strong acid (Liu et al. 2013; Du et al. 2014).  

Amination is based on Mannich reaction that can be done under either acidic or 

alkaline condition. The Mannich reaction (Mannich and Krösche 1912) is an organic 

reaction used to convert a primary or secondary amine, a non-enolizable (aldehyde) 

and an enolizable carbonyl compound into an aminomethylated product, also known 

as a Mannich base. As an example, in the acidic medium, the enolizable carbonyl 

compound gets protonated to form an enol intermediate. The non-enolizable carbonyl 

compound, also gets protonated, reacts with the amine to form an iminium ion. The 

enol intermediate then attacks the iminium ion which after deprotonation provides 

the final Mannich base product.  (Mannich and Krösche 1912; Li 2006) 
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Overall reaction: 

 

Intermediate Immonium ion: 

 

Enolation: 

 

Figure 2. 6 Mannich reaction procedure (Li 2006) 

Detail on Mannich reaction, either following acidic or alkaline route can refer to 

introduction and experimental section in Subchapter 4.4, or 4.6. The resulting 

modified lignin is very hydrophilic, possesses high molecular mass and is perceived as 

a polycationic compound in acidic medium, with high charge density with potential 

application in cationic bitumen emulsions. 
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2.5 Asphalt mixes 

2.5.1 Definition and classification 

Road pavement can be classified into flexible (asphalt mixture) and rigid (cement 

concrete), which differ in modulus magnitude and flexibility. In contrast to rigid 

pavements, where the structural capacity is only dependent on the concrete slab 

(surface), in a flexible pavement the load is transmitted downwards. Thus, the bearing 

capacity requirement is in descending order towards the deeper layer. From the top 

to the bottom, a flexible bituminous pavement typically consists of surface, base, and 

sub-grade course. Sometimes further partition may apply, if necessary (Figure 2. 7). 

The first two layers are asphalt mixtures which are available in various types 

depending on their functionality, for instance dense graded (for general use), stone 

mastic asphalt (for high resistance to deformation and durable surface layer), open 

graded (for improved drainage surface layer), etc.  

 

Figure 2. 7 Schematic of road pavement structural layer 

The two main constituents of flexible asphalt mixes are aggregate and bituminous 

binder. The standard manufacture of asphalt mixture consists in mixing hot aggregate 

and liquid bituminous binder (for coating purpose), followed by lay-down compaction. 

Load 

Surface 

Base 

Subgrade 

Wearing 

Binder 

Base  

Sub-base (optional) 
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The composition and selection of each component depends on the final use of the 

pavement, with the aim to fulfill specific criteria, such as resistance to deformation, 

fatigue failure, low temperature cracking, moisture, and skid. Similar to that, French 

road authority (Delorme et al. 2007) standardize a four test level, associated to EN-

13108-1, to ensure the on-spec criteria for each type of asphalt mixes, loading and 

intended use, summarized in Table 2.8:  

Table 2.8 French test level and its standardized parameter 

Level EN-13108-1 Test  Standardized parameter * 

Level 0 General + 
empirical 

Without test N/A 

Level 1 Gyratory and 
water resistance 

• Void percentage range at 
certain number of 
gyration 

• Ratio of indirect tensile 
strength value of wet 
(pretreated by immersing 
in water) over dry 
specimen  

Level 2 Wheel tracking • Rut depth after certain 
number of cycles 

Level 3 General + 
Fundamental 

Stiffness modulus • Stiffness value at 15 °C and 
10 Hz 

Level 4 Fatigue • Fatigue specification (ε6) 
at 10 °C and 25 Hz 

* Further detail on each type and its corresponding value refer to document (Delorme 

et al. 2007) 

The need to conduct tests at each level increases as the required quality does. For 

instance, asphalt mixes dedicated to road with low volume and load may only need to 

satisfy criteria at level 1. 
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2.5.2 Reduced-temperature mixing technology  

Among the construction methods available, hot mix technology is the most extended 

and accepted current practice. The introduction of heat into aggregate allows the 

moisture to release, whilst in bitumen side, it permits the viscosity reduction, lower 

than that recommended by American Association of State Highway and 

Transportation Officials at 3 Pas, for better workability during compaction. However, 

technical issues regarding long bitumen exposure to heat may cause a premature 

oxidation that reduces the coating ability and potentially the service life, besides its 

negative environmental and energy-consuming issues previously mentioned. Thus, 

reduce-temperature technologies are introduced as seen in Figure 2.8 

  

Figure 2. 8 Classification by temperature range, temperatures and fuel usage are 

approximations (cited from (D’Angelo et al. 2008)) 

Workability performance is driven by type of gradation and binder viscosity (so its 

hardness and temperature). If a hard binder is required (e.g. for high modulus), low 

manufacturing temperatures yield undesirable compactability problems. In that 
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sense, adaptation by a) the use of additives such as fluxant, wax, etc., and/or b) new 

processes such as physical foaming (Van de Ven et al. 2007), chemical foaming with 

zeolite (Barthel et al. 2004), polyurethane (Izquierdo et al. 2012) and finally in the 

form of bitumen emulsion (Needham 1996; Ronald and Luis 2016) are required. 

Reduced temperature mixes are not free of issues. For instance, the release of light 

hydrocarbons to the atmosphere still becomes an important environmental concern 

for cutback bitumen. Curing process for solvent removal is also problematic especially 

when dense graded mixture is selected, thus highly time consuming (Needham 1996). 

Improper curing is a root of performance issues in CMA. Theoretically, reduced-

temperature mixes can be applied for any type of asphalt mixture on every structural 

layer as long as design criteria, such as coating, void percentage, moisture resistance, 

etc., can be fulfilled. 

2.5.3 Reclaimed asphalt pavement (RAP) 

In the past, old asphalt mixture ended up landfilled. In 1970, when bitumen price 

increased, the use of reclaimed asphalt pavement, referred to as RAP, in order to 

partially replace virgin material started to be investigated. The reduction of virgin 

material is advantageous in both economic and environmental sense. Moreover, aged 

binder from roofing (shingles), with higher percentage of bitumen, may also be used 

as an alternative to RAP binder, (Zhao et al. 2016). Basically, RAP is an old asphalt 

mixture that is milled into small size ‘aggregate’. Due to various mechanical processes 

which involve different types of machine and intensity, RAP homogeneity is uncertain. 

In addition, the gradation assumption based on black aggregate (without removing 

RAP binder) can be misleading from the initial design especially when high mixing 

temperature is adapted, and a fully blended binder (between RAP and rejuvenator) 
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expected. Alternatively, the gradation can refer to ‘cleaned’ aggregates in which aged 

binder is previously stripped down using solvent, so called white aggregate 

assumption. When reduced temperature mixing is applied, RAP gradation is difficult 

to design as the assumption becomes more complicated together with binder degree 

of blending.  

Specifications regarding reclaimed asphalts are described in EN 13108-8. As in the 

specification EN 13808-8, the authorized RAP contents are 10% and up to 20%, for 

surface and base courses, respectively. Study reported that the use of  30% RAP in the 

mix presents almost equivalent performance on fatigue resistance, rutting, moisture 

susceptibility and stiffness modulus as compared to a well-controlled design asphalt 

mixture containing all virgin materials (Maupin et al. 2008; Apeagyei et al. 2013). 

Moreover, the presence of aged binder in RAP, which is harder than fresh bitumen, 

might be seen as beneficial for improving mechanical properties with respect rutting 

performance. However, it is noteworthy that low temperature region performance is 

more prone to failure due to lack of flexibility. To deal with this, rejuvenating agents 

are normally added to revive aged binder into a new binder with the expected 

properties. A study by (Zaumanis et al. 2014b) reported several types of rejuvenator, 

originated from waste vegetable oil, waste vegetable grease, organic oil, distilled tall 

oil and aromatic extract. In HMA research, one of the most challenging goals regarding 

RAP use is to be able to predict the quantity of fresh bitumen to be added having into 

account the high degree of partial blending expected at the temperatures involved 

(Zaumanis et al. 2014a). Partial blending has been reported to range from 70 to 96% 

when the formulation of asphalt mixture was altered from 25% RAP and bitumen 

PG70-28 to 35% RAP and bitumen PG 58-28. Partial blending is favoured for bitumens 

with lower  viscosity, due to enhanced diffusion at the same corresponding 
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temperature (Oliver 1974). Thus, above increase partial blending is based on using 

softer bitumen (PG 58-28) rather than increasing the RAP percentage (to 35 %). By 

combining blending chart, the estimated degree of blending and the expected blend 

properties, a blending design has been proposed for hot mixes (Lo Presti et al. 2016). 

For reduced temperature technology, instead, estimations on partial blending can be 

quite more complicated. 

2.6 Rheology for bituminous product 

The science of rheology is the branch of physics that studies flow and deformation of 

matter. Rheology is very useful for understanding the behavior of complex materials, 

such as bituminous products in the present research. In road engineering, rheological 

characterizations are considered mandatory. In fact, standardized rheological tests 

are used for bitumen performance grading.  

Rheological properties, relations between stress and strain/strain rate, of complex 

materials differ from those derived from the classical theory of elasticity and 

hydrodynamics. Both stress and deformation are better represented in the form of a 

tensor of nine components (based on three dimension of x,y and z). Further detail on 

this is described elsewhere (Barnes 2000; Morrison 2001). The characterization of 

such properties is based on either shear or extensional deformation. 

One useful deformation mode to determine the properties of a material is simple 

shear, defined as a top plane moving in x direction parallel to a stationary bottom 

plane, separated by several increments in y direction, depicted in Figure 2.9. The shear 

stress, calculated as the force applied per parallel area unit ( =F/A), moves the plane 

with velocity (Vx). As the velocity only acts on x direction, no other velocities in y and 
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z direction are considered. The velocity gradient in y direction (dVx/dy), which is 

expressed as deformation in x relative to y direction, per time increment, ((dx/dy)/dt), 

is termed shear rate (𝛾̇). Viscosity (η), is an intrinsic material propertie calculed as the 

ratio of shear stress applied and consequent shear rate observed ( =τ/𝛾̇), which is 

defined as resistance to flow. When viscosity is independent of shear rate, material is 

classified as Newtonian; otherwise, the material is designated as Non-Newtonian. 

Bituminous products (bitumen, PMB and bitumen emulsion) may exhibit Newtonian 

or Non-Newtonian behavior, depending on the morphology, pressure, temperature, 

etc. Viscosity is commonly characterized by using rotational shear rheometry. In road 

paving, viscosity has been used, for instance, to predict binder rutting behavior at 60 

°C, workability at 135°C, flow of bitumen emulsion at 30 °C, etc. 

 

Figure 2. 9 Simple shear schematic 

Different rheological models (the most common ones shown in Table 2. 9) are used to 

describe the steady shear viscous flow behavior of bituminous products. Power law 

(or Ostwald-de-Waele) model is the simplest one, and is characterized by a linear 

shear-rate dependence of viscosity in double-log plot. Most bituminous products 

exhibit a decrease in viscosity with increasing shear rate (termed “shear-thinning” 

behavior), that can be represented by this simple model. Some products, for instance 

low viscosity bitumen emulsions, may present both Non-Newtonian and Newtonian 

response at low-intermediate and high shear rate regions, respectively. Sisko model 

τ = F/A 

Vx = dx(t)/dt 

dx(t) 

dy 
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is, then, introduced to adapt to the region uncovered by power law model, which is 

accounted for by a third parameter, the so-called “high shear limiting viscosity”, η∞. 

Finally, another viscosity plateau (coined “zero shear limiting viscosity”, η0) which 

stands for almost unaltered sample behavior, may also be expected at very low shear 

rates. In such a case, the use of the Cross model is required. 

Table 2. 9 Steady shear viscous flow behavior rheological models 

Model* Equation Fitting parameter 

Power 
law 

𝜂 = 𝑘 ∙ 𝛾̇(𝑛−1)  k is consistency index 

n is power law index 

if n = 1 (Newtonian), else (Non-Newtonian),  

which 0 < n < 1 (shear thinning), and 

 n > 1 (shear thickening) 

Sisko 𝜂 = 𝜂∞ + 𝑘 ∙ 𝛾̇(𝑛−1) 𝜂∞ is high shear limiting viscosity 

Cross 
𝜂 = 𝜂∞ +

𝜂0+𝜂∞

1 + 𝜆 ∙ 𝛾̇(𝑝)
 

𝜂0 is low shear limiting (zero shear viscosity) 

p (<1) 

* other models shall be found elsewhere (Barnes 2000; Morrison 2001) 

Linear viscoelasticity is another fundamental aspect of bituminous materials that is 

necessary. As mentioned earlier, when in-service, bitumen behavior is neither that for 

a complete solid nor a viscous liquid, but something in between, refer to viscoelastic. 

For example, when bitumen is subjected to constant strain, the response is an 

instantaneous stress increase, followed by a decrease with time until reaching stress 

plateau or close to zero in the case of very soft bitumen (liquid dominant). On the other 

hand, holding the deformation on bitumen with a certain stress leads to an immediate 

strain deformation to some degree at the early stage, in which the speed to attain 

maximum strain decrease, with time. If this stress is released, the strain recovery will 
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neither be expected as solid or liquid, as seen in Table 2.10. In small amplitude 

oscillatory shear test of bitumen, the sinusoidal stress response is delayed and is not 

in phase with strain applied (as in pure elastic solid at 0°), neither completely out of 

phase (as in pure viscous fluid at 90°) but is somewhere in between these extremes.  

It also applied on the other way around. 

Table 2.10 Tests to determine viscoelastic properties 

Test Description Properties 

Stress 
relaxation 

By deforming material to a certain maintained strain, 
the stress evolution is recorded as function of time  

 

Relaxation 
modulus 

𝐺(𝑡) =
𝜏(𝑡)

𝛾0
 

Creep 
tests 

By applying certain stress for certain time, the strain 
evolution is recorded 

 

Creep 
compliance 

𝐽(𝑡) =
𝛾(𝑡)

𝜏0
 

𝐽(𝑡) =
𝛾0

𝜏0

+
𝛾̇(𝑡)

𝜏0

𝑡 

Dynamic 
mechanica
l analysis 
using 
small 
amplitude 
oscillatory 
shear 
(SAOS) 

By applying oscillatory stress or strain at certain 
frequency, the strain or stress response is evaluated  

Example: 

Apply:  𝛾(𝑡) = 𝛾0 ∙ sin⁡(𝜔 ∙ 𝑡) 

Response: 𝜏(𝑡) = 𝜏0 ∙ sin⁡(𝜔 ∙ 𝑡 + 𝛿) or 

𝜏(𝑡) = 𝜏0 ∙ cosδ ∙ sin(𝜔 ∙ 𝑡) + 𝜏0 ∙ sinδ ∙ cos(𝜔 ∙ 𝑡) or 

𝜏(𝑡) = 𝐺′ ∙ 𝛾0 · sin(𝜔 ∙ 𝑡) + 𝐺′′ ∙ 𝛾0 · cos(𝜔 ∙ 𝑡) 

 

And vice versa.  

Complex 
modulus 

|𝐺 ∗ | =
𝜏0

𝛾0
 

Elastic and 
viscous moduli 

𝐺′ = |𝐺 ∗ | ∙ 𝑐𝑜𝑠𝛿 

𝐺′′ = |𝐺 ∗ | ∙ 𝑠𝑖𝑛𝛿 

Loss tangent 

𝑡𝑎𝑛𝛿 =
𝐺′′

𝐺′
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It should be noted that such experimental tests and their corresponding viscoelastic 

properties summarized in Table 2.10 are within its linearity without the dependence 

on the magnitude of the stress nor strain applied. 

Based on the above tests, further information can be gathered variating the tested 

parameter dependence, such as time, frequency, amplitude and temperature. Detailed 

information on the characterization procedures performed in the present research can 

be found in Subchapter 3.3 

Moreover, when representing time (or frequency) dependence of the viscoelastic 

functions above, it is impractical to perform tests covering a very large range of the 

independent variable. Alternatively, as viscoelastic materials are time (or frequency) 

and temperature dependent, the above functions obtained at different temperatures 

over a fixed frequency experimental window (which can be practically operated by the 

rheometer) can, sometimes, be superposed into a single “mastercurve” by multiplying 

time (or frequency) by a factor whose value inversely depends on temperature. Hence, 

curves are shifted horizontally with respect to a certain reference data set as seen in 

Figure 2.10.  

 

Figure 2. 10 Time temperature superposition scheme. a) Set of data obtained within 

experimental window for each temperature and b) master curve constructed. 
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The shift factor, aT, is commonly described by either Arrhenius or William-Landel-

Ferry (WLF) equations (Dealy and Larson 2006), in Table 2.11 

Table 2.11 Shift factor dependence with temperature 

Shift factor 

dependence 

Equations Information 

Arrhenius  
𝑎𝑇(𝑇) = 𝑒𝑥𝑝 [

𝐸𝑎

𝑅
(
1

𝑇
−

1

𝑇0
)] 

Ea = activation energy 

R = universal gas constant 

C1 and C2 = empirical 

constants 

T and T0 = temperature 

and reference 

temperature (in Kelvin 

unit) 

WLF* 
𝑎𝑇(𝑇) =

−𝐶1(𝑇 − 𝑇0)

[𝐶2 + (𝑇 − 𝑇0)]
 

*WLF can be derived from Doolittle equation relating viscosity and free volume (as a 

function of temperature) 

For bituminous material, construction of complete master curve does not always lead 

to a smooth profile, meaning that some data points are not superposed, to indicate 

different microstructure on that corresponding temperature or cannot be considered 

thermorheological simple. For clarification, sometimes moduli data is presented 

against phase angle, so called Black diagram, to avoid misleading information due to 

shifting procedure. The origin of disjoint curve implies the breakdown of 

superposition that usually associated to the presence of high wax content, asphaltenes 

structuring or polymer modification (Lesueur 1996)  
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3.1 Materials 

3.1.1 Bitumen 

For studying the influence of polymer modification on the performance of modified 

binders, two types of paving grade bitumen samples supplied by Repsol S.A (Spain), 

having penetration interval of 70/100 and 160/220 with its respective softening point 

at 43-51 and 35-43 °C, were used. The feedstock of fractionation which yields bitumen 

as a by-product may vary significantly in composition. Therefore, in order to avoid any 

discrepancies on the results, bitumens used always came from the same batch.  

3.1.2 Polymer modifiers: EVA, SBS, and Sasobit 

One of the goals of this research is to investigate the influence of low melting point 

polymer addition, ethylene-vinyl-acetate (EVA), on binder performance. For that 

purpose, different types of EVA, all of them under the commercial name of Alcudia, 

from Repsol S.A. (Spain), were selected. Varying vinyl acetate (VA) content between 7 

and 33 wt.%, and Melt Flow Index (MFI) between 2 and 800 g/10 minutes (190 °C; 

2.16 kg), were studied. EVA is a copolymer of ethylene and vinyl acetate monomers in 

which varying proportions of each monomer may provide tailored characteristics in 

terms of melting point, crystallinity and melt viscous flow, mainly.  EVA is categorized 

as a thermoplastic plastomer, because its melt properties are reversibly established 

upon heating from the semicrystalline solid state. As a benchmark, two commonly 

used bitumen modifiers, of SBS and wax (Sasobit) were opted. The chemical structure 

of EVA and SBS are shown in Figure 3. 1. 
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a) b) 

Figure 3. 1 Chemical structure of a) EVA and b) SBS 

3.1.3 Lignin  

Lignin used in this study is derived from Kraft process, known as Kraft or alkali lignin. 

It is a water-insoluble brown powder with a molar mass of about 10000 g/mol. To be 

applied as a cationic emulsifier, lignin molecule requires functionalization, by 

attaching groups that can be protonated in acidic medium, providing positive charge 

distributed on their structure. Modification for such requirement is commonly 

performed through the Mannich reaction, procedure which requires formaldehyde 

and amine groups as reagents to form immonium ion or aminomethanol, under acidic 

or alkaline environment, respectively. These ions act as precursors of further reactions 

with lignin. A non-commercial Kraft lignin with a molecular mass of about 3000 g/mol 

obtained from Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria, 

INIA, (Spain), and a commercial lignin obtained from Sigma Aldrich (Spain) were used 

and compared.  

3.1.4 Amines 

Amines are ammonia derivatives where hydrogen atoms are substituted by alkyl or 

aryl groups. In this work, alkyl amines, from Sigma Aldrich (Spain), are used as reagent 

for modifying lignin structure. In general, classification of amines (also applied to alkyl 
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amines) are categorized into primary, secondary and tertiary amines which explain 

the number of H atom substituents (ie. by alkyl) attached to N atom. For example, a 

secondary amine, such as dimethylamine, contains two organic alkyls (methyl groups) 

attached to an N atom, whilst a remaining H atom is still present. Moreover, an amine 

molecule can contain more than one N atom, so giving rise to higher functionality 

(protonation ability). For example, the molecule of diethylenetriamine presents two 

end-capped primary amines additionally to an intramolecular secondary amine. 

Several amines used in this Thesis are listed in Table 3.1 

Table 3. 1 Amines used as reagent for modifying lignin 

Amines Molar 

mass, 

g/mol 

Chemical structure 

Dimethylamine 

(DMA) 

45.08 

 

Diethylenetriamine 

(DETA) 

103.17 

 

Tetraethylene 

pentamine (TEPA) 

189.30 

 

Polyethyleneimine 

(PEI) 

~800 

 

 

 

 



Chapter 3 – Materials and Methods 

 

70 

 

3.1.5 Silicone oil 

As the development of lignin derived cationic emulsifier is aimed to produce bitumen 

emulsion, silicone oil is used in subchapter 4.4 in order to avoid the lengthy procedure 

of heating bitumen required to condition its viscosity as the oil phase for 

emulsification. Emulsion prototypes were prepared using silicone oil 

(polydimethylsiloxane) FS 100, from Esquim SA (Spain), with a viscosity of 100 mPa·s 

at ambient temperature, so that emulsification could be performed close to ambient 

temperature. Justification for opting FS 100 is to imitate the recommended bitumen 

viscosity prior to emulsification, that is < 200 mPa·s (Read and Whiteoak 2003).  

3.2 Processing 

3.2.1 Preparation of polymer modified bitumen 

The general procedure for polymer modified bitumen preparation is by physical 

dispersion of the polymer into bitumen in their liquid (molten) state. Initially, bitumen 

was at 150 °C (temperature well above its melting point) inside an oven, until it 

became a liquid with low viscosity.  Solid polymer pellets were slowly dropped into 

the hot bitumen in the presence of mild stirring to assist the melting process. Once all 

the polymer was incorporated, a higher mechanical energy was introduced in the form 

of severe shearing, using a rotor-stator apparatus, so that polymer will finally form 

microdroplets (Figure 3.2). A homogenous polymer-bitumen mix was immediately 

poured onto aluminium foil to form a thin layer, and cooled down to ambient 

temperature, aiming to avoid polymer-bitumen segregation. Detailed information on 

the specific procedure used shall be included in the experimental section on each 

subchapter in Results. 
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(a) (b) 

Figure 3. 2 a) Processing for polymer modified bitumen apparatus using Silverson L5M and 

b) Detailed geometry 

3.2.2 Preparation of cationic emulsifier 

The cationic emulsifier was obtained via the Mannich reaction procedure. Kraft lignin 

was initially dissolved into alkaline aqueous solution in the presence of stirring to 

assist the process. The solution was placed into a rounded bottom flask with three 

necks providing circulating water condenser line, temperature controller line, and 

reagent addition line. Then, tetraethylene pentamine (it proved to be the optimum 

amine) was poured into the above solution before adding diluted formaldehyde drop-

wise. The stirring speed, temperature and time of reaction were controlled. For water 

phase preparation of the emulsion, the pH of the solution was adjusted by addition the 

proper dose of hydrochloric acid. Further details shall be given in the experimental 

section of subchapters 4.4 - 4.6.  
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3.2.3 Preparation of bitumen emulsion 

The processing of bitumen emulsion could be divided into two types with regards to 

the nature of bitumen phase, either bitumen with or without polymer modification. 

Neat bitumen (bitumen without polymer modification) was always processed at a 

temperature higher than its softening point (this facilitates flowability) but below 100 

°C (it prevents excessive evaporation upon contact with water phase, such that allows 

the use of an open system). On the other hand, for bitumen containing a polymer, 

particularly the one with a melting temperature higher than 100 °C, it was necessary 

to conduct emulsification in a closed system involving air pressurization in order to 

suppress water evaporation. Several types of rotor-stator apparatus were utilized, in 

either batch or continuous process, to disperse bituminous droplets into water phase 

containing an emulsifier. Schematics of these two processes are presented in Figure 3. 

3.  

 

 

(a) (b) 

Figure 3. 3 Emulsion processing device a) batch mechanism using Ultraturrax with S25N-25F 

dispersing element and b) Home-made semi-continuous laboratory pilot plant  
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The details on the processing parameter values, consisting of pressure and 

temperature, device used, emulsification time and procedures can be found in the 

experimental section of Subchapters 4.3 - 4.6. 

3.2.4 Preparation of asphalt mixes  

The preparation of asphalt mix specimens consists of mixing and compaction steps. As 

mentioned earlier, the preparation procedure is classified based on temperature, 

referred to as HMA, WMA, HWMA and CMA (in decreasing order of working 

temperature). Depending on the type of layer (or final purpose), the aggregate size 

used must follow specific gradation curve as per regional standard.  As this work was 

developed in Spain and France, the design applied to each local authority is 

considered, for instance, mixes known as AC 16 and BBSG-10 in Subchapters 4.5 and 

4.6, respectively. 

In the preparation of HWMA specimens, aggregates were initially heated inside the 

oven at 110 °C for 3 hours, before entering the mixer. The mixing itself is divided into 

two stages, the first 30 s of mixing without bituminous binder allows to homogenously 

distribute the aggregates. Afterward, a little quantity of water, to moisturize aggregate 

surface, is poured into mixer followed by bitumen emulsion at 60 °C, stage that lasts 2 

minutes. The loose coated aggregate temperature is controlled in oven at 80 °C for 30 

minutes before compaction either using gyratory or roller compactor. Similar steps 

are applied for WMA and CMA, though with different working temperature. Further 

details shall be provided in Subchapter 4.5. The compacted specimens are subjected 

to 3 days maturing inside an oven at 50 °C. 
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When RAP is used, gradation curve is estimated by initially splitting RAP into several 

fractions and then recomposed it. If white (fresh) aggregate assumption is used, aged 

binder is separated from the aggregates prior to sieve test to provide gradation curve 

of each fraction. Conversely, a direct sieve test on each fraction can be performed, if 

the recomposing employs black (aged) aggregate assumption. 

3.3 Experimental characterization 

3.3.1 Characterization for bitumen, PMB, and emulsion residue  

3.3.1.1 Technological tests: Penetration test and ring & ball softening point 

test 

Two technological tests for initial assessment of bitumen properties includes 

penetration and softening point tests, authorized in European standard EN 1426:2007 

and 1427:2007, respectively. Penetration test predicts the hardness of bitumen at 25 

°C by measuring the depth of a standard needle penetrating bitumen with the load of 

100 gr for 5 sec. Softening point test informs about the bitumen thermal 

susceptibility, providing an estimated temperature for the onset of “melting” (in this 

case, this term is not accurate, as bitumen is an amorphous material). This test, which 

is carried out by immersing the sample into a heating water medium at a controlled 

rate of 5 °C/min and controlled agitation of 100 rpm, monitors the temperature when 

a standardized steel ball, set on the bitumen sample, penetrates the softened bitumen 

by gravity until it touches a plate set below. The apparatuses are presented in Figure 

3. 4 
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a) 

 

b) 

Figure 3. 4 Apparatus and schematic principle of a) penetration and b) ring & ball softening 

point tests 

3.3.1.2 Microstructural analysis: Optical microscopy 

The microstructures of PMBs, silicone oil/water emulsions and bitumen/water 

emulsions residues were observed at ambient temperature through the optical 

microscope Olympus BX51 (Japan). Sample preparation is performed on the standard 

slide, of 76 mm x 26 mm, by introducing a mild heating, slightly above the 

corresponding softening point of the sample, in order to form a thin film which allows 

light to pass through. The transmitted image is then captured by a photo camera 

Olympus Camera 5050 (Japan).  

 

Figure 3. 5 Optical microscope Olympus BX51 
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3.3.1.3 Rheological characterization: Viscous flow tests and Temperature 

and Frequency sweeps 

Viscous flow tests were performed under steady rotational shear within a specified 

shear rate range. Physica 301 controlled stress rheometer (by Anton Paar, Austria) 

was employed using serrated plate-plate 25 mm diameter geometry, with 1 mm gap 

between plates. Two test temperatures, of 60 and 135 °C, are selected to resemble the 

maximum expected pavement in-service temperature in warm climates and binder 

workability at compaction, respectively. For the purpose of maintaining fixed 

temperature, the rheometer is equipped with electrical heating system and air 

convection chamber. It is noteworthy that the interval range over which the 

shearstress steps were applied were within the minimum/maximum torque range 

specified by the rheometer supplier.  

 

a) 

 

b) 

Figure 3. 6 a) Bottom plate of Anton Paar Physica 301 and b) schematic plate-plate geometry  

For temperature sweep tests, dynamic “sinusoidal” stress oscillation, with constant 

amplitude and frequency, is applied to a bitumen sample whilst it is heated at a rate of 

1 °C/min, from 30 to 100 °C. The test was performed using the Rheostress 600 

controlled stress rheometer (by HAAKE, Germany), with 20 mm ϕ serrated plate-plate 

geometry. The sample was heated from both bottom and top in such a way that 

R 

H 

Top plate 

Bottom plate 

Rough surface 

Electric system 
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temperature gradients are removed or, at least, minimized. The frequency and shear 

stress applied are fixed at 10 rad/s and 100 Pa (within linear viscoelastic regime). The 

determination of LVE is performed using stress sweep method where the limit for 

stress dependency is noticed from the evolution of G’ and G’’. Figure 3. 7 depicts the 

apparatus and the geometry used. 

 

a) 

 

b) 

Figure 3. 7 Oscillatory shear temperature sweep test using a) HAAKE Rheostress 600 b) 

Serrated plate-plate 20 mm diameter geometry with ceramic shaft for thermal isolation. 

Similar to temperature sweeps, frequency sweep tests were also conducted in 

oscillation mode, but at selected fixed temperatures. Within this research, the test is 

used to construct a master curve, by implementing time-temperature superposition 

principle of five frequency sweep data set at a various temperature, of -30, -20, -10, 0 

and 10 °C, for binder low in-service temperature evaluation. The stress applied is fixed 

at a value between 5000 - 10000 Pa (always below LVE limit) and the frequency 

gradually decreased from 100 to 1 rad/s in logarithmic scale for each set. The test is 

performed in torsional mode on parallelepiped specimens, previously done by 

compression-molding, using Anton Paar Physica 301 with the solid rectangular fixture 

(SRF). To maintain the low temperature, cold N2 has is blown inside the CTD 600 

convection chamber. The chamber temperature is controlled by coupling a 

Ceramic part (top plate 
– rough surface) 

Heat by convection 
supplied by top electric 

heating  

Rheometer head 

Electric heating 
(connect to TC501) Bottom part 

(gap adjustor) 
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temperature controller (TC30) and evaporation unit (EVU10), which provides a 

controlled gas flow rate by evaporation of liquid N2. It is worth mentioning that for 

each temperature, stress sweeps were always performed, not only to guarantee the 

LVE limit but also used to determine strain at breakage beyond LVE. 

The strain breakage test was performed in the similar setup by extending stress 

sweep interval range beyond LVE limit up to the point where material could no longer 

sustain the applied load, indicated by an abrupt drop in the moduli value. Example of 

broken specimen is shown in Figure 3. 8 a. Limit determination and specific measuring 

geometry as in Figure 3. 8 b, shall refer to standard ASTM D5279-99, D 4065, and DIN 

53445.    

  

a) b) 

Figure 3. 8 Low temperature oscillatory instrument a) example of broken sample after strain 

breakage test, and b) schematic of SRF geometry as per ASTM D5279-99, D 4065, and DIN 

53445  
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3.3.1.4 Thermal analysis: modulated differential scanning calorimetry 

(MDSC) and thermogravimetric analysis (TGA) 

Modulated differential scanning calorimetry (MDSC) is an advanced version of 

standard DSC where heat flow can be deconvoluted, by modulating mode (a sinusoidal 

term is added to the standard linear heating signal), to dissociate an overlapped 

material response into reversing and non-reversing thermal event. Similar as in DSC, 

materials are subjected to heating/cooling ramps for observing any endothermic and 

exothermic peaks, peculiarity from the baseline. Material heat evolution is obtained 

after subtracting the signal corresponding to the reference (empty) pan, schematically 

represented in Figure 3. 9 a. 

In this research, three scans of heating – cooling – heating were conducted for every 

run, with a TA Instrument Q100 apparatus. The first heating aims to erase the thermal 

history the material might have experienced prior to its characterization. The next 

cooling, followed by heating, were ramped at 5 °C/min with amplitude of modulation 

fixed at ±0.5 °C and oscillation period of 60s, in the presence of N2 purge gas. 

A second type of thermal analysis was based on mass changes monitored as 

temperature is raised at constant heating rate. This type of tests, known as 

thermogravimetric analysis (TGA), was carried out using Q50 Analyzer by TA 

Instruments (Figure 3. 9 b). At a constant heating rate of 10 °C/min, from 30 to 600 °C, 

material decomposition was observed through sample mass variation with 

temperature.  
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a) 

 

b) 

Figure 3. 9 Thermal analysis instruments a) (Modulated) differential scanning calorimetry 

Q100 TA Instruments apparatus and b) Thermogravimetry Q50 TA Instruments apparatus 

3.3.2 Characterization for Cationic emulsifier  

3.3.2.1 Filtration test 

This test was conducted to estimate the solubility of the Kraft lignin upon 

functionalization, as a function of the pH of the aqueous phase. Solution at ambient 

temperature was poured into vacuum filtration set up, consisting of feeder, filter paper 

of either 7-9 or 45 µm, vacuum chamber and ejector, shown in Figure 3. 10. Filtrate 

containing the soluble MKL was collected in the chamber whilst filter cake of insoluble 

MKL were retained in the filter paper. 

 

Figure 3. 10 Vacuum filtration set up 
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3.3.2.2 Microstructural analysis: Fourier transform infrared (FT-IR) 

spectroscopy 

The functionalization (attachment of amine groups) of the Kraft lignin was verified 

through Fourier transform infrared (FTIR) spectroscopy, obtained using JASCO FT/IR 

4200 in Figure 3. 11 a. The spectra, in a wavenumber interval range of 400-4000 cm-

1and at 4 cm-1 resolution, were obtained in transmission mode. A disk sample (in 

Figure 3. 11 b), blend of lignin and KBr, was prepared by compaction using a hydraulic 

press at 5 bar for at least 5 minutes, and then the sample was placed onto disk holder 

inside FT/IR device. 

  

a) b) 

Figure 3. 11 Infrared apparatus using JASCO FT/IR 4200 and disk sample 

3.3.3 Characterization for Bitumen emulsion 

3.3.3.1 Water content and breaking index test 

Water content using drying balance and breaking index tests comply with EN 

standards 16849 and 13075-1, respectively. Parameters derived by these technical 

tests, of bitumen content and breaking index, are used to specify the class of bitumen 

emulsion as well as for its particular application, listed in Annex of EN 13808. 
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Water content using drying balance works by evaporating water contained in a 

bitumen emulsion in a controlled heating mode and continuously measuring the mass 

of the remaining bitumen up to a constant value reached. A sample of 3 g of bitumen 

is poured into drying cups, followed by covering it with glass fiber filter to avoid any 

bitumen splash/removal that can affect final bitumen content. 

Breaking index value was determined by pouring siliceous filler, at a controlled mass 

rate, into 100 g of cationic bitumen emulsion in the presence of mixing until breakage 

occurred, which was evidenced by the formation of semisolid ball of emulsion-filler 

blend. From the quantity of filler required until breakage, the index is then calculated 

using the equation mentioned in EN 13075-1. 

3.3.3.2 Physical analysis for droplet size distribution and zeta potential 

Droplet size distribution of bitumen emulsion was characterized by laser diffraction 

method using Malvern Master Sizer 2000 (UK) in Figure 3.12. Dilution of concentrated 

bitumen emulsion was performed in dispersing chamber with stirring at 1500 rpm 

and pumping recirculation by the addition of distilled water. The refractive indices for 

bitumen and water were set at 1.61 and 1.33, respectively. 

 

Figure 3. 12 Droplet size and droplet size measurement apparatus based on laser diffraction 

in Malvern mastersizer 2000 

Pump and sample feeder 
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Zeta potential tests, performed using Malvern Zetasizer (UK), allowed surface charges 

to be inferred by measuring droplet electrophoretic mobility. DTS 1070, a U-folded 

capillary zeta cell, was filled with sample by injection using syringe. Measurement was 

performed for three replicates. 

3.3.3.3 Rheological characterization: viscous flow test and frequency 

sweep 

Viscous flow tests on emulsions were performed under steady rotational shear using 

corrugated cup-bob geometry in Anton Paar Physica 301. This geometry was chosen 

for various reason: first, to gain sensitivity with a material of low viscosity; second, to 

minimize water evaporation, since evaporation occurs on the top of the sample, hence 

does not affect shearing area and measurement; third, wall slip issue was also 

eliminated by the use of a corrugated shearing surface. The measurements were 

developed according to protocols stated in ISO 3219 for this geometry. 

 
 

a) b) 

Figure 3. 13 a) Steady flow curve test using Physica 301 measured with coaxial cylinder and 

b) schematic coaxial cylinder geometry as per ISO 3219 
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Viscoelasticity of emulsion were observed via frequency sweep method within its 

linear viscoelastic region. Test were conducted using the same rheometer, Physica 

301, with different accessories, a parallel plate with diameter of 50 mm and a cap.    

3.3.4 Characterization for asphalt mixes (according to French 

standard) 

The preparation and characterization of asphalt mix refer to French standard. Asphalt 

mixes components, aggregate gradation and binder content, are proposed by the 

designer based on gyratory performance. Once finalized, the prepared specimens are 

subjected to a sequencial assesment procedure that includes empirical and 

fundamental tests.  

3.3.4.1 Empirical tests 

Empirical tests consist of two levels: a) level 1 for assuring compaction performance 

and water sensitivity, observed through gyratory test and Duriez strength 

compression test, respectively and b) level 2 for permanent deformation evaluation 

using large wheel tracking device, as summarized in Table 3. 2 
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Table 3. 2 French empirical tests 

Gyratory 

compaction 

Duriez 

compression  

Wheel tracking test 

NFP 98-252 NFP 98-251-1 EN 12697-22 or NFP 98-253-1 

   

Parameter for evaluation 

The evolution of void 

percentage (V%) as a 

function of gyrations 

number  

The ratio of 

compression 

strength between 

wet and dry 

specimen 

 

The relative rut depth and its 

evolution at 1000, 3000, 10000 and 

30000 cycles.  

Operating input 

• 200 gyrations 

• 0.82 ° internal 

angle 

• 0.6 MPa vertical 

pressure  

• 6 dry specimens 

at 18°C of 50% 

RH and 6 wet 

specimens 

(immersed at 

water bath) 

• Axial 

compression 

load, 1mm/s 

• 100 mm thick parallelepiped  

• 1 Hz frequency 

• 60 °C temperature 

• 5 kN loads 

• 0.6 MPa smooth tire 
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3.3.4.2 Fundamental tests  

Level 3 and 4, of stiffness modulus and fatigue life test in Table 3. 3, are considered as 

fundamental tests focusing on mechanical behavior of the asphalt mix specimen. Both 

tests are based on two-point bending on a trapezoidal specimen with dimension of 56 

mm (bottom width), 25 mm (top width), 20mm (thickness) and 250 mm (height) 

Table 3. 3 French fundamental tests 

Stiffness modulus test Fatigue life test 

EN-12697-26 or NFP 98-260-2 EN 12697-24 or NFP 98-261-1 

  

Parameter for evaluation 

Master curve by applying time-

temperature superposition principle and 

in particular modulus (E) at 15 °C 10 Hz  

Recommended strain level at 1 million 

of cycle (ε6) 

Operating input 

• Frequency sweep between 1 to 40 Hz 

• Temperature between -10 to 40 °C 

• Strains levels between 80-150 

µstrain 

• 10 °C temperature  

• 25 Hz frequency 
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4.1 Influence of polymer melting point and Melt Flow Index 

on the performance of ethylene-vinyl-acetate modified 

bitumen for reduced-temperature application 
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ABSTRACT 

The paving industry is currently demanding polymer modified bitumens (PMBs) with 

enhanced in-service performance and low enough viscosity at lower application 

temperatures. With this aim, this study focuses on the use of ethylene vinyl acetate 

(EVA) copolymers with low melting temperatures and explores the effect on the 

desired properties of the vinyl acetate (VA) content and Melt Flow Index (MFI). To that 

end, binders were prepared from EVA copolymers having varying VA contents from 7 

to 33 wt.%, and MFI from 2 to 800. A comprehensive characterization based on viscous 

flow curves, dynamic shear temperature sweeps, standardized technological tests, 

differential scanning calorimetry (DSC) and optical microscopy analysis was 

conducted on EVA-binders with 5 and 7.5 wt.% EVA. Low VA contents proved to 

endow bitumen with improved performance at medium-high in-service temperatures. 

Interestingly, binder viscosity at 135°C decreased with increasing the MFI, regardless 

the selected VA content. This means that tailored PMBs can be designed with both 

improved in-service performance at medium-high temperatures and reduced 

viscosity to facilitate polymer-bitumen mixing, mineral coating and asphalt mix 

laydown/compaction at lower temperatures. 
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4.1.1 Introduction 

Bitumen, by-product from crude oil distillation, has been largely used as binder of 

mineral aggregates in road paving (Liang et al. 2015). Even though its content in the 

asphalt mixtures (composed of mineral aggregates and bitumen) never exceeds 5 

wt.%, its contribution to the road performance is decisive (Cuadri et al. 2013b). In that 

sense, it is the only deformable component in the mixtures and actually constitutes 

their continuous matrix. 

Consequently, the viscoelastic properties of bitumen, over a wide range of 

temperatures and loadings, are of special importance when predicting roads 

performance (Cuadri et al. 2013a). For certain applications, bitumen quality needs to 

be enhanced, commonly by its modification with polymers (Munera and Ossa 2014). 

Depending on the requirements demanded, a bitumen additive should improve the 

binder properties at the in-service temperature range expected (Zanzotto et al. 2000). 

Thus, in the warmest climate countries, it should withstand the traffic loads which 

cause the so-called permanent deformation at high temperature. Moreover, if harsh 

winters are expected, high flexibility at low temperature is certain to help mitigate 

thermal fracturing. In addition to that, a modifying agent of bitumen should also meet 

the following features: (a) easy to incorporate; (b) homogeneously dispersed during 

storage; and (c) low viscosity at the mix asphalt temperatures, which assures the 

correct coating of the arids and laydown/compaction operations. 

Traditional asphalt mixtures, also termed as hot mix asphalt (HMA), have been always 

produced and applied at very high temperatures, never below 150 °C. Moreover, the 

use of polymer modified bitumens (PMBs) in HMA requires temperatures that 
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normally exceed 160°C and very frequently approaches 180-190 °C. Otherwise, the 

viscosity of a PMB is not low enough so that coating of aggregates and further 

operations are performed adequately. Concerns with the environment impact and the 

health consequences of exposure to asphalt fumes have resulted in a major effort to 

develop alternative paving practices (Qin et al. 2014). In this sense, 

reduced-temperature technologies represent a number of processes and additives 

that allow the production of asphalt mixes to be conducted at significantly lower 

temperatures than HMAs, reducing energy consumption and asphalt fumes emissions 

(Rubio et al. 2012; Cuadri et al. 2014; Airey and Thom 2015). So, whilst HMAs are 

produced and applied at temperatures never below 150°C, the more recent reduced-

temperature technologies have been classified as follows: 100-140 °C, for warm mix 

asphalt (WMA); 60-100 °C, for half warm mix asphalt (HWMA); and 25-60 °C, for cold 

mix asphalt (CMA) (Rubio et al. 2012). With that purpose, novel additives and/or 

processes are required in order to achieve the desired lower viscosity at the mix 

production (Zaumanis 2010). For instance, the selection of low melting point polymers 

may provide an advantage if compared to traditional SBS-modified binders that 

normally require very high temperatures of mixing with the aggregates (Doyle et al. 

2013). So, as far as warm climate countries are concerned, the success of WMA 

technologies involving PMBs relies on the development of binders with low viscosity 

in the 100-140°C temperature range which, instead, offer a high degree of modification 

at the highest in-service temperatures expected. Furthermore, for an even more 

substantial energy saving, the use of CMA technologies is also encouraged (Collins et 

al. 2006). 
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On this basis, excellent efforts have been so far done to study EVA (ethylene vinyl 

acetate)-modified bitumen in performance related concern. In this sense, they mainly 

focused on obtaining the optimum blending conditions (these are, mixing 

temperature, blending time and shear rate) for preparing EVA bituminous binders 

(Saboo 2015) or their morphology, thermal and rheological properties depending of 

the EVA copolymers characteristics and concentration (Airey 2002a; Zhu et al. 2014; 

Dekhli et al. 2015; Polacco et al. 2015). Other researchers reported the use of recycled 

EVA polymers as bitumen modifying agent (Garcia-Morales et al. 2004; García-Morales 

et al. 2007) and even the blend into ternary formulations with other polymer or clay 

(Sureshkumar et al. 2010; Markanday et al. 2010). Still, not so many in-depth 

investigations have been conducted on the potential of EVA as modifier in reduced-

temperature technologies for asphalt roads. 

The present paper explores the development of PMBs binders with enhanced in-

service performance and low viscosity at reduced working temperatures. This 

objective is addressed through the use of EVA copolymers with melting temperatures 

substantially lower than other traditional polyolefins, which exhibit low viscosity at 

their molten state, but which impart a reinforcing effect on the bitumen matrix when 

they re-crystallize. With that purpose, a selection of PMBs derived from different EVA 

copolymers with varying vinyl acetate (VA) content and Melt Flow Index (MFI) value 

was studied. From their comprehensive characterization, it was proved that the 

optimal selection of VA content and MFI value may yield promising bituminous 

binders with the above desired properties. 
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4.1.2 Experimental 

4.1.2.1 Materials 

Two different types of neat bitumen supplied by Repsol S.A. (Spain), with penetration 

grades within the intervals 70/100 and 160/220 (EN 12591:2009), were used as base 

material for the modification.  

Ethylene vinyl acetate (EVA) copolymers, also kindly donated by Repsol S.A. (Spain) 

under commercial names of Alcudia, with different VA contents ranging 7 to 33 

wt.%, and MFI between 2 and 800 were used as modifying agents (Table 4. 1. 1). VA 

contents relate to EVA melting point (Table 4. 1. 3) and the MFI is a measure of mass of 

polymer flowing under specific temperature and loading in a standard measuring 

device for 10 minutes. For EVA, the temperature is specifically set at 190 °C and the 

loading at 2.16 kg, according to ASTM D1238. For sake of clarity, these EVA 

copolymers will be identified attending both their VA and MFI values, e.g. EVA-VA7-

MFI2 refers to a EVA with VA of 7 wt.% and MFI of 2 g/10min. Furthermore, a Styrene-

Butadiene-Styrene (SBS) Calprene C501 (Dynasol) and a wax Sasobit® (Salsol Wax) 

were selected as reference modifying agents, for sake of comparison. 
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Table 4. 1. 1 Penetration values and ring & ball softening temperatures for neat and 

modified bitumens with wax, SBS and EVA with varying VA content and MFI. 

Neat 
bitumen 

Modifying agent 

Binder 

Penetration 
(dmm)a 

R&B softening 
point (oC)b 

70/100 

Unmodified 73 46 

SBS 45 63 

wax 57 58 

EVA Polymer EVA Binder 

VA (wt. 
%) 

MFI  

(g/10mi
n) 

Penetration 
(dmm)a 

R&B softening 
point (oC)b 

7 2 39 65 

18 
2 40 69 

500 53 64 

28 

7 44 60 

400 58 54 

800 58 51 

33 45 54 54 

160/220 

Unmodified 190 39 

7 2 99 61 

18 500 124 57 

28 400 135 44 

33 45 149 44 

aAccording to EN 1426:2007. 

bAccording to EN 1427:2007. 

4.1.2.2 Bituminous sample preparation 

EVA/bitumen blends (referred to as EVA-binders) and reference systems (SBS and 

wax modified bitumens) were processed with a Silverson L5M (Silverson Machines 

Ltd., U.K.) homogenizer equipped with a J.P. Selecta (Spain) controlled heating system. 

The processing protocol consisted in mixing neat bitumen with 5 or 7.5 wt.% EVA 
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polymer at 150°C in a cylindrical vessel (110 mm diameter and 130 mm height). Pre-

blending of bitumen and EVA pellets was performed at 3500 rpm for 15 min, before 

the speed was increased up to a final value of 5000 rpm and maintained for 1 hour. 

Alternatively, other two binders were also prepared: (a) one with 1.5 wt.% wax 

following the same processing protocol and; (b) a 3 wt.% SBS modified bitumen 

processed at 180 °C, for 1 h and 6000 rpm. Immediately after mixing, all binders were 

poured on aluminium foil and cooled down to room temperature, in order to prevent 

polymer phase separation and, so, sample heterogeneity. 

4.1.2.3 Tests and measurements 

Two selected technological tests, penetration and ring-and-ball softening 

temperature, were performed on neat and modified binders according to EN 

1426:2007 and EN 1427:2007 standards, respectively. 

Two different rheological tests were carried out on bituminous binders: a) viscous 

flow measurements at 60 and 135 °C; and b) temperature sweep tests under 

oscillatory shear between 30 and 100 °C. Viscous flow curves were conducted in a 

controlled-stress rheometer Physica MCR-301 (Anton Paar, Austria) using plate-plate 

geometry (25 mm diameter and 1 mm gap). Measurements were performed by 

ranging shear stress from 1 to 1000 Pa and collecting the viscosity data every 2 

minutes, once apparent viscosity had reached steady state values at the applied stress. 

On the other hand, temperature sweep tests in oscillatory shear, from 30 to 100 °C and 

using a continuous heating ramp of 1 °C/min, a frequency of 10 rad/s and a shear 

stress of 100 Pa (within the linear viscoelasticity, LVE, interval), were conducted in a 

controlled-stress rheometer RheoStress RS600 (Haake, Germany). Previously to 

temperature sweep tests, shear stress tests, at the same frequency and at selected 
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constant temperatures within the 30-100°C interval, were performed in order to 

determine the limit value below which the material moduli did not show any stress 

dependence. Plate-and-plate geometry (20 mm diameter and 1 mm gap) was selected 

for these measurements. In order to ensure accurate results, at least two replicates 

were conducted for every sample. 

DSC was conducted with a TA Q-100 (TA Instrument, USA) to provide any relevant 

thermal event information for the different EVA copolymers and their corresponding 

bituminous binders. Samples of 5-10 mg were always subjected to the following 

testing procedure: (a) a first heating ramp from room temperature to 20 °C above its 

corresponding EVA melting point, in order to eliminate discrepancy in the molecular 

structure in response to a distinct thermal history; (b) cooling ramp, to -60 °C; and (c) 

a second heating ramp, to the same final temperature used for the first one. The 

heating/cooling rate was set at 5 °C/min, and N2 was used as purge gas. The values of 

the melting temperatures were determined during the second heating ramps. Degree 

of crystallinity (χc) of each sample was calculated as follows: 

 
·100

·CΔH

ΔH
χ

EVA100

C

C   (4.1.1) 

 where ∆Hc and ∆H100  are the crystallization enthalpy obtained from integration peak 

in the cooling ramp and the melting enthalpy of 100 % crystalline polymer 

(Wunderlich 1976), respectively, and “CEVA” represents the EVA weight fraction (0.05 

or 0.075 in every case) in the bituminous binders. 

Optical microscopy images, taken at room temperature, were used to study the 

morphology of the EVA modified binders. A LTS-350 Heating-Freezing Stage, 
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manufactured by Linkam Scientific Instruments (U.K.), coupled with a standard 

Olympus BX51 microscope equipped with a pair of crossed polarisers, by Olympus 

Optical (Japan), was employed to that purpose. Samples were prepared by using 

standard microscope slides (76 x 26 mm). Very thin layers of the modified binders 

were set on them and prepared at temperature above its corresponding softening 

temperature, allowing them to be in-placed, excluding too high temperature causing a 

microstructural change. 

4.1.3 Results and discussion 

4.1.3.1 Effect of Vinyl Acetate content 

With the aim of evaluating the effect of EVA vinyl acetate concentration on the in-

service performance and morphology of the resulting modified bitumens, a 

rheological, technological, calorimetric and microstructural characterization was 

conducted on bituminous binders prepared from EVA copolymers with different VA 

contents, at selected concentrations of 5 and 7.5 wt. % EVA. 

The viscous flow curves, at 60 °C (usually considered as the maximum expectable 

temperature to be reached in a pavement exposed to ambient in warm climates), for 

the neat bitumens and their corresponding EVA-binders (5 and 7.5 wt.% EVA), as a 

function of VA content, are presented in Figure 4. 1. 1.  
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Figure 4. 1. 1 Viscous flow curves, at 60 °C, for EVA-binders prepared from (a) the 

base bitumen 70/100 and (b) the base bitumen 160/220, as a function of the vinyl 

acetate (VA) content and polymer concentration. Neat bitumens are included. 

A Newtonian behaviour over the whole range of shear rates tested is exhibited by both 

neat bitumens. On the contrary, modification with EVA copolymers leads to a 

shear-thinning behaviour that can be characterized by the Ostwald-De Waele model 

fairly well: 

 
1)

.
(η  nk   (4.1.2) 

where “k” and “n” are the consistency and flow indexes, respectively.  
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Table 4. 1. 2 Fitting parameters of the Ostwald-De Waele model, at 60 °C, for the 

EVA-binders, as a function of VA content and polymer concentration. 

Polymer 

concentration 
EVA copolymer 

Base bitumen 

70/100 

Base bitumen 

160/220 

k 

(Pa.sn) 
n k (Pa.sn) n 

5 wt. % 

EVA-VA7-MFI2 1443.15 0.65 407.44 0.79 

EVA-VA18-MFI500 745.38 0.58 473.19 0.35 

EVA-VA28-MFI400 343.27 0.92 77.50 0.96 

EVA-VA33-MFI45 361.05 0.91 89.77 0.96 

7.5 wt. % 
EVA-VA7-MFI2 3025.01 0.53 n.p. n.p. 

EVA-VA18-MFI500 1003.72 0.49 n.p. n.p. 

n.p. not performed 

As can be seen in Table 4. 1. 2, much lower values of flow index, that is, more remarkable 

shear-thinning properties, are obtained for the EVA-binders having the lowest VA 

contents (7 and, mainly, 18 wt.%). On the contrary, EVA-binders with the highest VA 

contents (28 and 33 wt.%) present a much less pronounced shear-thinning behaviour, 

with flow index values (n) very close to 1, in the range of shear rates considered. On 

the other hand, a significant increase in the consistency index and, therefore, in the 

EVA-binder viscosity, is found as the VA content of the EVA copolymer decreases, 

which suggests enhanced properties for such EVA-binders at 60°C. For these EVA 

copolymers, their corresponding binders viscosities also increased when the EVA 

polymer concentration was raised from 5 to 7.5 wt.%, mainly for the EVA copolymer 

with the lowest VA content. In addition to that, an increase in polymer concentration 

does not significantly alter the values of flow index, showing the EVA-binders similar 

shear-thinning properties. 
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Likewise, Table 4. 1. 1 presents the values of penetration and ring & ball softening 

temperature tests. The addition of polymer to bitumen is well-known to decrease its 

penetration value and increases its softening temperature (Isacsson and Lu 1999; 

Airey 2002a; Sengoz et al. 2009), which was also corroborated on the EVA-binders 

studied. As expected from the previous viscosity results, the lowest penetrations and 

highest softening temperatures correspond to the binders prepared with EVA 

copolymers containing 7 and 18 wt.% VA. If compared to the corresponding neat 

bitumens, the addition of EVA-VA7 produced a decrease of about 50 % in their 

penetration values, as well as increases of 19 and 22 °C in their softening 

temperatures, for the base bitumen 70/100 and 160/220, respectively. It can be also 

noticed that, for the bitumen 70/100 EVA-binders, the parameter “k” of the Ostwald-

De Waele model is in good agreement with the results of the technological tests 

(mainly, with binder penetration values). However, for the 160/220 neat bitumen, the 

highest consistency value corresponds to the modification with EVA-VA18, whilst the 

lowest penetration and highest softening temperature is found for EVA-VA7. However, 

Ostwald-De Waele model does not accurately described the flow behaviour of EVA-

VA18, giving consistency index above the real one. Instead, if it is accepted that “k” 

represents binder viscosity at 1 s-1, Figure 4. 1. 1b shows that there still exist a good 

correlation between rheological and technological results (i.e. EVA-VA18 shows a 

lower viscosity at 1 s-1 and is softer than binder EVA-VA7). On the whole, the results 

obtained from technological tests and viscosity curves indicate, in general terms, a 

larger degree of modification for bituminous binders prepared from EVA with 7 and 

18 wt.% VA contents. 

In addition to the viscous flow tests, Figure 4. 1. 2 shows the dynamic shear 

temperature sweeps for the neat bitumen 70/100 and their EVA-binders.  
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Figure 4. 1. 2 Evolution with temperature of the storage modulus and loss tangent for the 

EVA-binders prepared from base bitumen 70/100, as a function of the vinyl acetate (VA) 

content. Neat bitumen is included. 

It can be seen that storage modulus (G’) decreases with increasing testing temperature 

from 30 to 100 °C (Figure 4. 1. 2a). Among all the EVA-binders studied, the one 

containing EVA-VA7 presents significantly higher G’ values in the medium-high 

temperature range (30-75 °C) than the others. This reveals a better resistance to 

permanent deformation at that temperature interval. In addition, an enhancement in 

the temperature susceptibility is also observed after modification with EVA-VA7, if 

compared to the base bitumen 70/100, as deduced from a decreased value of the 

average slope of G’ (and also tan δ) vs. temperature, within the interval 30-75 °C. 

Interestingly, an abrupt variation of slope in G’, starting at about 80 and 60 °C for the 

EVA-binders with 7 and 18 % VA content, respectively, can be clearly observed. With 

regard to the EVA copolymers containing 28 and 33 wt.% VA this behaviour in G’ 
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vanishes. This fact was also observed for polymer gels based on EVA with different VA 

content and vegetable oils (Martin-Alfonso and Franco 2014). Furthermore, Figure 4. 

1. 2b shows values of loss tangent (tan δ=G”/G’) always higher than 1 in the entire 

temperature interval tested, which points out a prevailing viscous behaviour. In 

accordance with the previous viscous flow curves and technological results, addition 

of EVA containing low VA content (7 and 18 wt.%) yields an increase in storage 

modulus compared to the neat bitumen. Likewise, a decrease in VA content leads to 

lower values of loss tangent, which evidences improved elastic properties (enhanced 

performance) at medium-high in-service temperatures.  

DSC runs and microstructural observations allowed shedding some light on these 

results. Figure 4. 1. 3 shows the thermograms corresponding to the second heating 

ramps for the EVA copolymers (Figure 4. 1. 3a) and their resultant EVA-binders 

(Figures 3b and 3c). 
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Figure 4. 1. 3 Heat flow curve for (a) neat EVA copolymers; (b) EVA-binders from bitumen 

70/100; and (c) EVA-binders from bitumen 160/220. 

The values of the melting temperature (Tm), crystallization enthalpy (∆Hc) and 

crystallinity degree (χc) are shown in Table 4. 1. 3. Firstly, the DSC scans for some 

selected EVA copolymers (varying VA contents and MFI values) were studied. As can 

be observed in Figure 4. 1. 3a, they all display a broad shoulder followed by a unique 

endothermic event, which appears at temperature ranges typically found for this type 

of polyolefins (Stark and Jaunich 2011). It has been considered that the width of EVA 

melting peak can reflect the distribution of the lamellar thickness of its crystalline 

fraction (Somrang et al. 2004; Shi et al. 2008). Therefore, EVA-VA7 has the narrowest 

size distribution of crystallites (and highest melting temperature), followed by 

EVA-VA18, EVA-VA28 and EVA-VA33. In addition to that, the decrease in the 

crystallinity (please, see Table 4. 1. 3) can be explained based on the amount of total 
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non-crystallizable, intra-molecular defects (Somrang et al. 2004), such as acetate 

pendant groups. Thus, EVA copolymers with high VA content present a higher amount 

of pendant groups which partially hinder crystallization. In contrast, EVA copolymers 

with low VA content resemble the behaviour of LDPE. 

Table 4. 1. 3 Melting temperatures (Tm), crystallization enthalpy (∆Hc) and crystallization 

degree (χc) for EVA copolymers and EVA-binders, as a function of the VA content and MFI. 

EVA EVA polymer data EVA Binder data 

VA 

(wt.%

) 

MFI 

(g/10

min) 

Tm 

(oC) 

∆Hc 

(J/g) 

χc 

(%) 

Neat bitumen 70/100 Neat bitumen 160/220 

Tm 

(oC) 

∆Hc 

(J/g) 

χc 

(%) 

Tm 

(oC) 

∆Hc 

(J/g) 

χc 

(%) 

7 2 105.3 110.8 37.8 89.7 4.5 30.9 90.5 4.4 30.1 

18 

2 84.5 75.8 25.9 65.0 3.5 23.7 n.p. 

500 84.1 76.5 26.1 64.7 3.3 22.7 64.9 3.1 21.3 

28 

7 69.5 51.7 17.6 

n.m. 

n.p. 

400 68.8 51.5 17.6 

n.m. 800 69.3 49.3 16.8 

33 45 60.7 36.7 12.5 

n.m. not measureable  

n.p. not performed 

Secondly, the DSC scans for the EVA-binders prepared from the two base bitumens 

70/100 and 160/220 were studied in Figure 4. 1. 3b and 3c, respectively. As can be 

observed, the melting temperatures of EVA copolymers in the corresponding 

bituminous binders appear shifted to lower temperatures (Table 4. 1. 3). As a result, 

when EVA-VA7 is blended with the base bitumen 70/100, the melting temperature 

decreases from 105 °C, for pure EVA, to 90 °C, for its corresponding EVA-binder. For 
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the EVA-VA18, a reduction of 19 °C in the melting temperature is observed. 

Furthermore, the magnitude of this reduction is not affected by the hardness (or 

penetration) of the neat bitumen used (70/100 and 160/220). This fact can be 

explained on the basis of the swelling experienced by the polymer-rich phase by 

migration of compounds from the bitumen (Munera and Ossa 2014). The bitumen-rich 

phase is artificially enriched in asphaltenes by a “physical distillation” of the lighter 

species from the original bitumen (e.g. paraffinic and aromatic compounds). Thus, 

their inclusion in the polymer-rich phase prevents the formation of larger crystallites 

and, as observed for EVA-VA18, yields an eventual broader size distribution (or 

broader melting peak) (Fawcett and McNally 2000). In consequence, the decrease in 

the EVA melting points after its blending with bitumen would result from the presence 

of crystallites with smaller size. Moreover, for each EVA-binder, its addition to 

bitumen reduces the extent of crystallization of the polymer (Table 4.1.3) due either 

to migrated bitumen species hindering crystallization or even to a fraction of 

crystallizable molecules retained within the amorphous bitumen-rich phase (Fawcett 

and McNally 2000). Finally, the EVA melting events for the binders prepared with EVA-

VA28 and EVA-VA33 cannot be observed on DSC thermograms. 

Further microstructural considerations may be drawn from the optical microscopy 

images (Figure 4.1.4), taken at 25 °C, for neat bitumen 70/100 and their EVA-binders, 

as a function of VA content.  
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Figure 4. 1. 4 Optical microscopy images, at 25°C, for base bitumen 70/100 and their 

corresponding EVA-binders, as a function of the vinyl acetate (VA) content. 

Compared to the neat bitumen, its modification with EVA copolymers yields a new 

morphology in the resulting binders, where two phases are clearly distinguished. The 

lightly toned regions were assigned to a polymer-rich phase, whereas the bitumen-

rich phase appears as a darker background. As expected from previous DSC results, 
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the formation of a polymer-rich phase becomes more evident for EVA-binders 

prepared with polymer containing the lowest VA contents, mainly for the EVA-VA7 

(Figure 4. 1. 4). Instead, high VA contents lead to a highly dispersed polymer phase and 

a very homogeneous binary blend at the micro-scale. The presence of crystals in the 

EVA-binder prepared with the EVA-VA7 copolymer was corroborated by a polarized 

light microscopy imagen, which is also included in the Figure 4. 1. 4.  

Figure 4. 1. 2a demonstrates for EVA-binders with low VA contents (7 and 18 wt.%) a 

sudden decay in G’ (or the end of the loss tangent plateau) as temperature approaches 

the EVA melting point determined by DSC scans. However, this evidence is hardly 

noticed in the EVA-binders prepared with 28 and 33 % VA content, which is in 

accordance with their poorer crystals contents. In consequence, their melting process 

results more evident from the abrupt increase observed in the tan  curve (Figure 4. 1. 

2b). 

Consequently, uniformly distributed polymer-rich domains (optical microscopy 

observations) including larger and more crystals (DSC scans) exert a reinforcing effect 

on the bitumen-rich matrix that enhances rheological behaviour of the EVA-binders 

with the lowest VA contents, at temperature below EVA melting (ie. at medium-high 

in-service temperatures). Additionally, the observed sudden decrease in G’ upon 

melting of the binder polymer-rich phase would facilitate its final application. In this 

sense, EVA-binder viscosity at 135 °C is of particular interest in evaluating its 

pumpability (between storage facilities and into the HMA manufacturing plant), 

mixability (mixing with and coating of aggregates in the HMA manufacturing plant) 

and workability (ease with which a HMA can be placed, worked by hand, and 

compacted) (Gudimettla, L.M., Cooley, L.A., Brown, E.R. 2003). According to the 
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standard AASHTO MP320, viscosity must be maintained below 3 Pa·s at 135°C for the 

binder to be adequately pumped, mixed with the mineral aggregates, and the resulting 

mix to be properly laid down and compacted (Silva et al. 2010). Figure 4. 1. 5 displays 

the viscosity flow curves for base bitumen 70/100 and their corresponding EVA-

binders, as a function of VA content, at 135 °C.  

 

Figure 4. 1. 5 Viscous flow curves, at 135 °C, for base bitumen 70/100 and their 

corresponding EVA-binders, as a function of the vinyl acetate (VA) content and polymer 

concentration. 

Despite the increases in viscosity (Figure 4. 1. 1) and elastic modules (Figure 4. 1. 2) 

found, all the 5 wt. % EVA-binders studied fulfil this specification. However, if the EVA-

VA7-MFI2 copolymer is used, its corresponding EVA-binder exceeds this limit 

viscosity when the EVA polymer concentration is increased up to 7.5 wt.%. 

Interestingly, this fact is not observed for the EVA-VA18-MFI500 copolymer, since its 

7.5 wt.% EVA-binder displays viscosity value lower than 3 Pa·s. Surprisingly, there 
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does not exist a good correlation between the VA content and the viscosity at this 

temperature (Figure 4.1.5), suggesting that VA content is not the only parameter 

controlling the binder viscous behaviour at temperatures well above the EVA 

copolymer melting point. 

4.1.3.2 Effect of Melt Flow Index 

Previous results suggest that additional EVA properties, other than the VA content, 

may also affect the binder’s quality. In order to study the effect of MFI on the in-service 

performance and workability of EVA-binders containing 5 wt.% polymer, different 

EVA polymers with 18 and 28 % VA content and varying MFI values have been 

considered.  

Table 4. 1. 3 displays the melting temperatures (Tm), crystallization enthalpy (∆Hc) and 

crystallinity degree (χc) for EVA copolymers, and their corresponding EVA-binders 

prepared from neat bitumen 70/100, as a function of MFI values. It can be clearly 

observed that, for every type of EVA copolymer studied, varying MFI values do not 

produce significant differences in none of the three measured parameters. If further 

attention is paid to EVA-binders prepared from EVA-VA18, a very similar reduction in 

both EVA copolymer melting point and crystallinity degree is observed. Likewise, the 

optical microscopy images (results not shown) for the binders prepared with EVA 

copolymer having the same VA content but differing MFI values displayed very similar 

morphology in terms of size and distribution of their polymer-rich phases. 

Consequently, the swelling process experienced by the polymer-rich phase of the 

EVA-binders, which is the responsible for the decreases in Tm and χc values, depends 

only on the VA content. Finally, as expected, the EVA-binders prepared with the three 

different EVA-VA28s do not show any measurable endothermic peak on the DSC 
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thermograms. 

In addition to this, the presence of a significant amount of crystals can be also 

corroborated by the dynamic shear temperature sweeps displayed in Figure 4. 1. 6, 

which shows the evolution with the temperature of complex shear modulus (|G*|) and 

tan δ for EVA-binders, as function of MFI values.  

 

Figure 4. 1. 6 Evolution with temperature of (a) the complex modulus and (b) loss tangent 

for the 5 wt. % EVA-binders prepared with either EVA-VA18 or EVA-VA28 and neat bitumen 

70/100, as a function of the Melt Flow Index value. 

It can be seen that the EVA-VA18-MFI500 binder shows an abrupt decay in |G*| at 

about 60 °C (Figure 4. 1. 6a), similar to that found in G’ (Figure 4. 1. 2a) when 

approaching the polymer-rich phase melting point. Interestingly, this event in |G*| 

does not occurred in the modified binders prepared with neither EVA-18-MFI2 nor 

EVA-VA28s. Furthermore, Figure 4.1.6b demonstrates lower values of the loss tangent, 

between 30 and 50 °C, imparted by the EVA copolymers with the lowest MFIs, 
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revealing an enhancement in the in-service elastic properties with respect to the 

viscous ones and leading to a highly structured binder for EVA-VA18-MFI2 with a 

trend to predominantly elastic response (being tan δ slightly below 1) between 30 and 

50 °C. For sake of comparison, two modified binders, containing 3 wt.% SBS and 1.5 

wt.% wax, respectively, have been included in Figure 4. 1. 6. If attention is paid to Figure 

4. 1. 6a, the SBS modified bitumen presents values of the complex shear modulus very 

similar to that shown by the EVA-VA18-MFI500 binder at the medium-to-high in-

service temperatures (30 to 60 °C), but much higher values at higher temperatures, at 

which its application is expected. In contrast, the wax modified binder shows |G*| 

values quite close to those exhibited by the bitumen modified with EVA-VA28-MFI400. 

On the whole, EVA modification imparts better elastic properties and improved 

thermal susceptibility (loss tangent much less temperature-dependent and with 

presence, in some cases, of a pronounced plateau up to about 60 °C) if compared to the 

wax. SBS modification also yields a plateau in tan δ up to even higher temperatures 

than EVA does, but with poorer elastic properties than the two EVA-binders with the 

lowest MFIs (e.g., 2 and 7). 

On top of that, Figure 4. 1. 7 shows the viscosity flow curves, at 60 °C, for the EVA-

binders prepared from the neat bitumen 70/100, as a function of the MFI values.  
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Figure 4. 1. 7 Viscous flow curves, at 60 °C, for the 5 wt. % EVA-binders prepared with either 

(a) EVA-VA18 or (b) EVA-VA28 and neat bitumen 70/100, as a function of the Melt Flow 

Index value. 

For the both VA contents studied, the binder’s viscosity always increased with 

decreasing MFI value, what is in accordance with the values of the complex shear 

modulus, at 60 °C, observed in Figure 4. 1. 6a. It has been reported (Ravve 2012) that 

EVA copolymer molecular weight and MFI values are inversely proportional, as the 

chain entanglement and the friction increase the viscosity of the EVA copolymer. 

Consequently, EVA copolymers with the same VA content but lower MFI values endow 

EVA-binders with increased viscosity. However, a significant reduction in the MFI 

value, from 500 to 2, did not modify its shear thinning behaviour, as deduced from 

their similar flow indexes (Figure 4.1.7a). Moreover, with a view to their application, 

Figure 4. 1. 8 presents the effect of MFI values on the EVA-binders viscosity at 135 °C.  
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Figure 4. 1. 8 Viscous flow curves, at 135 °C, for the 5 wt. % EVA-binders prepared with 

either (a) EVA-VA18 or (b) EVA-VA28 and neat bitumen 70/100, as a function of the Melt 

Flow Index value. 

For both VA contents, an increase in MFI yielded a decrease in the binder viscosity and, 

interestingly, EVA-binders with MFIs above 400 present lower viscosities than the 

SBS-modified bitumen. Likewise, it is worth noting that binder EVA-VA18-MFI500 

containing 7.5 wt. % polymer (Figure 4. 1. 5) shows lower viscosity at 135 °C than 

system EVA-VA18-MFI2 with 5 wt.% polymer (Figure 4.1.8A), confirming the 

importance of the EVA MFI parameter. Consequently, if these EVA PMBs present 

reduced viscosity at 135 °C, if compared to standard PMBs, we may also expect 

reduced working temperatures, with respect to standard PMBs. However, they are 

more viscous than the binder modified with the wax, a well-known viscosity reducer. 

Moreover, no matter the selected VA content, Figure 4.1.8 has revealed the flow 

behaviour of EVA-binders at 135 °C to be dependent on MFI values. Thus, Figure 4. 1. 9 
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shows the viscosity at 135°C and two different shear rates (10 and 100 s-1) of all the 

EVA-binders formulated with the 70/100 bitumen.  

 

Figure 4. 1. 9 Viscosity evolution (at 10 and 100 s-1) for 5 wt. % EVA-binders, as a function of 

EVA MFI value used for the modification of a 70/100 bitumen. Comparison with SBS and wax 

modified binders formulated with the same bitumen. 

As may be seen, bitumen viscosity undergoes a power law decrease, as MFI is raised, 

with the slope of the fitting curve being just slightly dependent on the shear rate, which 

evidences their nearly Newtonian behaviour at 135 °C. In any case, all the viscosity 

values at 135 °C satisfy the limiting value required (3 Pa·s) and are lower than SBS-

binder’s for MFIs above 45. Furthermore, the relevance of the MFI on the binder 

performance, at in-service conditions, is confirmed by Figure 4. 1. 10, which shows a 

power-law correlation between penetration of EVA-binders and their MFI, so that 

binder becomes softer with increasing the MFI values, no matter which VA content and 

neat bitumen are selected. Similarly, an acceptable dependence of R&B softening point 
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with MFI has been found, obtaining a lower value of this parameter as MFI becomes 

higher. However, this parameter also seems to be affected by the VA content. 

 

Figure 4. 1. 10 Dependence on MFI of EVA-binders (5 wt. % polymer) penetrations and ring 

& ball softening points. 

4.1.4 Concluding remarks  

The objective of this research was to develop EVA modified bitumens with in-service 

performance comparable to traditional PMBs but lower viscosity than these at the 

application temperatures, so enabling their use in reduced-temperature technologies. 

To that end, two EVA characteristics (vinyl acetate content and Melt Flow Index) need 

to be optimized. 

On the one hand, bitumen modification with the EVA copolymers having the lowest VA 

contents (7 and 18 wt.%) yielded higher viscosity at 60°C, and improved elasticity and 
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thermal susceptibility at the medium-to-high in-service temperatures, if compared to 

their corresponding unmodified bitumens. Likewise, optical microscopy observations 

demonstrated the existence of large and uniformly distributed polymer-rich domains. 

Interestingly, these formulations showed reduced viscosity once the EVA melting 

point was exceeded and the reinforcing effect of the crystals disappeared. On the other 

hand, it was also found that the MFI strongly affects some of the binders’ properties. 

Hence, a power-law correlation between the viscosity at 135°C and the MFI values was 

found, regardless the VA content.  

We conclude that EVA modified bitumens with both improved in-service properties 

and reduced application temperature can be obtained by balancing VA content and 

MFI for a selected polymer concentration. In our case, for example, the results proved 

an optimum balance with a VA content of 18 wt.% and a MFI of 500 g/10 min. This 

formulation gave rise to a binder with similar performance at medium-to-high in-

services temperatures to a reference modified bitumen with 3 wt.% SBS, but with 

lower viscosity at 135 °C. If compared to 1.5 wt.% wax-modified bitumen, the 

reduction in viscosity at 135 °C was not so significant, but it exhibited higher elasticity. 
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4.2 Selection of Ethylene-Vinyl-Acetate properties for 

modified bitumen with enhanced end-performance 
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ABSTRACT  

Bitumen modification with ethylene vinyl acetate (EVA), in a wide range of 

temperatures (between -30 and 100°C), has been studied as a function of polymer 

concentration and EVA characteristics (vinyl acetate content, VA, and melt flow index, 

MFI). Viscous flow, dynamic shear (DSR) temperature sweep and technological tests 

were conducted to assess binder performance at medium-to-high in-service 

temperatures. Evaluation of binder low temperature viscoelastic behavior has been 

performed using a rectangular fixture (SRF) in torsional mode, either in the linear 

viscoelastic region or under non-linear conditions (by strain breakage tests between -

30 and 0 °C). Further microstructural analysis based on modulated differential 

scanning calorimetry (MDSC) and optical microscopy was conducted to support 

rheological and technological results. Hence, total crystalline fraction (related to the 

VA content and polymer concentration) turned out to be a key parameter to achieve a 

suitable binder modification at medium-high temperatures. In addition, MFI appears 

to be an important EVA parameter at low temperatures, as it was found that lower MFI 

values enhanced resistance to low temperature cracking. 
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4.2.1 Introduction 

Asphalt roads with improved performance are more demanded every day due to 

growth in traffic frequency and load (Zhu et al. 2014; Saboo 2015). Asphalt pavement 

itself is mainly composed of mineral aggregates and bitumen, stacked in several layers, 

where bitumen is only about 5 wt.% of the mix. However, bitumen portrays significant 

part to road performance since it is the only deformable component forming a 

continuous matrix in the mix. In warm climate regions, asphalt pavement is expected 

to undergo permanent deformation under frequent load at high in-service 

temperature. Conversely, lack of flexibility does not permit to absorb energy caused 

by traffic loading without breaking. So, thermal fracture is inevitable in regions where 

exceptionally low temperature makes materials too stiff during winter (Munera and 

Ossa 2014). Under such thermal conditions, bitumen properties become crucial for the 

prediction of asphalt pavement performance, and certainly require to be improved to 

cope with the aforementioned issues related to temperature (Cuadri et al. 2013a).  

On these grounds, bitumen properties are either physically or chemically modified to 

match certain criteria of application, usually by the mechanical dispersion of polymers 

within the bituminous matrix (Lu and Isacsson 2000; Cuadri et al. 2014; Polacco et al. 

2015). Physical modification is carried out by thermoplastic elastomers such as SBS, 

SBR, rubber, etc. (Navarro et al. 2010; Liang et al. 2015) or thermoplastic plastomers 

such as PE, PP, EVA, etc. (Fawcett and McNally 2000; Garcia-Morales et al. 2004). 

Alternatively, chemical modification has been performed by epoxy, polyurethane 

resin, etc. (Carrera et al. 2010; Partal and Martínez-Boza 2011).  
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The preferred polymers have the ability to form physical networks, which usually 

originate from the simultaneous presence of both rigid (below glass transition 

temperature or crystalline) and flexible segments (Polacco et al. 2015). Interestingly, 

EVA has both characteristics in its backbone (crystalline and amorphous fraction), the 

so-called semi-crystalline polymer. A recent study on EVA as modifying agent for road 

pavement has shown an interest of using it as co-blending modifier with recycled tire 

rubber to obtain combined benefit of each individual polymer by optimizing the 

processing parameter with the hierarchy of importance being time, temperature and 

shear at the last (Fang et al. 2016). Another study also focuses on searching optimum 

processing parameters to prevent storage separation of EVA from bituminous phase 

(Saboo 2015). Other studies have focused on the use of EVA as bitumen modifier 

(Dekhli et al. 2015). However, little attention has been paid to the importance of EVA 

selection based on its vinyl acetate content (VA) and/or melt flow index (MFI). In this 

sense, a previous study on EVA properties has pointed out the importance of MFI on 

the design of binders with improved workability for reduced-temperature asphalt 

technologies. Thus, the resultant binder was characterized by its lower viscosity 

during high temperature operations such as asphalt mixing, laydown and compaction, 

while keeping suitable properties at medium to high in-service temperatures 

(Yuliestyan et al. 2016a). 

The present work further explores the effect of EVA selection (according to its VA and 

MFI characteristics) and concentration on the binder thermo-rheological behavior in 

a wide range of temperatures, from -30 to 100 °C, which covers low, medium and high 

in-service temperatures. To that end, binder properties at medium to high 

temperature have been assessed by traditional technological tests and viscous and 
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viscoelastic shear measurements performed with a plate-plate geometry between 30 

and 100 °C. Instead, binder in the low temperature region, requires more exploration. 

Traditionally, thermo-mechanical analysis or viscoelastic properties of bitumen have 

been evaluated by bending beam rheometer (BBR) and dynamic shear rheometer 

(DSR) using plate-plate rheometry (Cuadri et al. 2013a). However, plate-plate 

geometry at low temperature may face considerable error on the moduli values 

measured due to instrument compliance when sample’s stiffness is extremely high 

(Christensen and Anderson 1992; Lu et al. 2016). Alternatively, oscillatory rheological 

tests in torsional mode on solid rectangular fixture (SRF) have been proposed to 

eliminate this compliance error in this low temperature study. Moreover, this 

geometry allows breakage deformation tests to be conducted on bitumen at a 

temperature close to the material glass transition and under a load exceeding non-

linear viscoelastic conditions. 

4.2.2 Experimental 

4.2.2.1 Materials and formulations 

Modified binders were formulated by mixing neat bitumen, with a penetration grade 

interval of 70/100 (Table 4.2.1), with different ethylene vinyl acetate copolymers 

(EVA) used as binder modifiers, which were selected by their vinyl acetate content 

(VA) and melt flow index (MFI). VA contents relate to EVA melting point and MFI is a 

measure of polymer mass flowing at 190 °C under loading of 2.16 kg in a standard 

measuring device for 10 min, according to ASTM D1238. Both bitumen and EVA, with 

commercial names of Alcudia®, were kindly donated by Repsol SA, Spain.  
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Table 4. 2. 1 Penetration, ring-and-ball softening point and penetration index for EVA 

modified bitumen studied 

 Neat 

bitumen  

B70/100 

B70/100+VA7-MFI2 

(wt.%) 

B70/100+VA18-MFI500 

(wt.%) 

2.5 5.0 7.5 2.5 5.0 7.5 

Penetration [dmm] a 73 59 39 34 64 53 39 

Ring-and-ball softening 

point [°C] b 

46 52 65 79 52 64 69 

Penetration index   -0.30 1.36 3.22 -0.11 1.94 2.04 

aAccording to EN 1426:2007. 

bAccording to EN 1427:2007. 

Polymer concentration ranged between 2.5 and 7.5 wt.% for EVAs with 7 wt.% VA and 

MFI of 2 (referred to as VA7-MFI2) and 18 wt.% VA and MFI of 500 (VA18-MFI500). 

Additional binders having 5 wt.% EVA, as suggested for road application (Fuentes-

Audén et al. 2008), were prepared with VA18-MFI2, VA28-MFI7 and VA28-MFI400. 

Finally, a neat bitumen (B70/100), a binder with 3 wt.% of Styrene-Butadiene-Styrene 

(SBS) Calprene C501 (Dynasol) and a binder with 1.5 wt.% wax Sasobit® (Salsol 

Wax) were used as reference materials. 

4.2.2.2 Binder sample preparation 

Binder processing, which consisted in melting and blending EVA with neat bitumen at 

150 °C, was performed using a high shear rotor-stator type laboratory mixer L5M at 

5000 rpm for 1 h, in order to obtain homogenous EVA/bitumen blend. Immediately 

after blending, molten binders were poured onto flat surface aluminium containers to 

obtain a thin layer avoiding separation, and cooled at ambient environment for 24-h 
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before storing at – 20°C to preserve its microstructure from any molecular mobility. 

Particularly, for low temperature study, blends were molded into rectangular 

specimens with measurement of 40 mm x 10 mm x 2 mm. 

4.2.2.3 Tests and measurements 

Penetration (pen25) and ring & ball softening point (SP) tests, according to EN 

1426:2007 and EN 1427:2007 standards, respectively, were conducted on bituminous 

samples for technological characterization, and their results are gathered in Table 

4.2.1. Penetration index (PI), predicting the changes in binder consistency with 

respect to temperature, was used to pre-identify binder thermal susceptibility and 

calculated as follows: 

 

120)log(50

20)log(5001952

25

25






SPpen

SPpen
PI  (4.2.1) 

In medium-high temperature range, binder rheological behavior was characterized by 

means of viscous and linear viscoelastic tests. Steady viscous flow curves at 60 °C were 

performed in a controlled-stress rheometer Physica MCR-301 (Anton Paar, Austria) 

using a parallel plate geometry (25 mm diameter and 1 mm gap). Dynamic shear 

temperature sweep tests on a continuous heating ramp of 1 °C/min from 30 to 100 °C 

at a constant shear stress of 100 Pa (within the linear viscoelasticity range, LVE) and 

frequency of 10 rad/s were performed in a controlled-stress rheometer RheoStress 

RS600 (Haake, Germany). A Parallel plate geometry (20 mm diameter and 1 mm gap) 

was used. Previously, stress sweeps were performed, at the same frequency and at 

selected constant temperatures within the 30 to 100 °C interval, for LVE 

determination. 



Chapter 4 – Results 

126 

 

Rheological tests at low temperature were carried out under oscillatory torsional 

mode, using solid rectangular fixture (SRF) samples, in a controlled stress rheometer 

Physica MCR-301 Anton Paar GmbH (Austria) equipped with a convection heating 

chamber (CTD 600) and liquid N2 evaporation unit (EVU 10) for cooling. Firstly, stress 

sweep tests, within a shear stress range of 10 - 107 Pa, were performed to determine 

LVE region. These tests were also used to obtain the maximum strain upon which 

material underwent irreversible damage and collapsed (γbreakage), perceived as a 

sudden drop of modulus when material broke up. Secondly, the frequency sweep tests, 

from 0.1 to 102 rad/s at a selected shear stress within LVE region, were performed at 

-30, -20, -10, 0 and 10 °C for each sample prepared with at least two replicates. 

Modulated differential scanning calorimetry (MDSC), performed in a TA Q-100 (TA 

Instrument, USA), was used to study binder microstructure thermal transitions. The 

following testing procedure were applied to 5-10 mg of samples: (a) first heating and 

thermal equilibration above the polymer melting point for eliminating any 

discrepancy of thermal history, (b) cooling ramp to -60 °C and (c) a second heating 

ramp to the same final temperature as in step (a). The heating/cooling rate was set at 

5 °C/min with an amplitude of modulation of ± 0.5 °C and an oscillation period of 60 s, 

in the presence of 50 mL/min of N2 as purge gas. Degree of crystallinity (χC) of each 

EVA type was calculated as follows: 

 
𝜒𝐶 =

Δ𝐻𝑚

Δ𝐻100. 𝐶𝐸𝑉𝐴
 (4.2.2) 

where ΔHm is heat of melting on 2nd cycle DSC heating scans, ΔH100 is the melting 

enthalpy of 100% crystalline EVA polymer, 293 J/g (Meisenheimer and Zens 2008) 
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and CEVA is wt.% of EVA in the binder. In addition, total crystalline fraction of EVA (wC) 

in the binder was defined as the product χC·CEVA. 

To visualize samples microstructure, optical microscopy, obtained via light 

transmission through a thin layer of binder on a standard microscope slides (76 x 26 

mm) layer, was carried out at room temperature using a standard Olympus BX51 

microscope, by Olympus Optical (Japan). 

4.2.3 Results and discussion 

4.2.3.1 Medium-to-high temperature behavior 

Aiming to evaluate the effect of EVA characteristics and its concentration on the binder 

performance at medium-to-high in-service temperatures, technological test, viscous 

flow curves at 60°C, dynamic shear temperature sweep tests, DSC analysis and optical 

microscopy were conducted on neat bitumen (as a reference) and on its EVA modified 

binders, prepared from VA7-MFI2 and VA18-MFI500 at three concentrations (2.5, 5.0 

and 7.5 wt.%).  

Figure 4. 2. 1 shows viscous flow curves for binders at 60 °C (usually considered as the 

maximum expectable temperature to be reached by pavements in warm climates).  
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Figure 4. 2. 1 Steady shear flow behavior of 70/100 bitumen modified by EVA at 60 

°C as a function of EVA copolymer weight percentage (2.5, 5 and 7.5 wt.%). 

As can be observed, EVA addition at any weight percentage tested (of 2.5, 5.0, or 7.5 

wt.%) increases the viscosity of the resulting modified binder and leads to the 

development of shear-thinning behaviors, which can be fitted by Ostwald-de Waele 

model fairly well:  

 
1)

.
(η  nk   (4.2.3) 

where ‘k’ and ‘n’ are the consistency and flow indexes, respectively.  
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Table 4. 2. 2 Fitting parameters, ‘k’ and ‘n’ values, of the Ostwald-de Waele model and 

modification index, at 60 °C, for each EVA-binders, at 2.5, 5 and 7.5 wt.% . 

EVA copolymer At 60 °C 

Type Conc. 

(wt.%) 
k (Pa.sn) n MIa 

VA7-MFI2 

2.5 358.26 0.95 4.6 

5.0 1443.15 0.65 57.7 

7.5 3025.01 0.53 245.7 

VA18-MFI500 

2.5 322.77 0.83 4.6 

5.0 745.38 0.58 24.4 

7.5 1003.72 0.49 65.9 

a MI = *Modified binder/*Neat 

As seen in Table 4. 2. 2, a lower ‘n’ value (within the shear rate considered) was 

observed as EVA concentration increased, confirming a more pronounced shear 

thinning response. On the other hand, an increase in consistency index, ’k’, was seen 

as the concentration increased for both VA7-MFI2 and VA18-MFI500 modified 

binders, suggesting an improvement in binder performance at 60 °C  (Garcia-Morales 

et al. 2004; González et al. 2004). On the whole, the use of EVA with less amount of VA 

(e.g. VA7-MFI2) led to higher modification degrees (i.e. higher viscosity or ‘k’ values) 

in the resulting binder. 

Figure 4. 2. 2 presents the evolution of complex viscosity (*) with temperature, of 

binders modified by increasing VA7-MFI2 and VA18-MFI500 concentrations, between 

30 and 100 °C.  
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Figure 4. 2. 2 Evolution of complex viscosity with temperature, as a function of EVA 

concentration, for (a) VA7-MFI2 and (b) EVA-VA18. 

Regarding binder modification achieved, binder with 7.5 wt.% VA7-MFI2 shows the 

highest increase in * between 30-75 °C. For its quantification, a modification index 

(MI60°C) has been defined as the ratio between complex viscosities of the modified and 

neat bitumens at 60 °C (MI60°C=*Modified binder/*Neat), in Table 4. 2. 2. Thus, binder 

modified by 7.5 wt.% VA7-MFI2 presented the highest MI value of 57.7, which is 

followed by binder containing 7.5 wt.% VA18-MFI500 with MI60°C =24.4. This result 

confirms that asphalt permanent deformation could be better avoided by adding a 

higher amount of EVA with a lower VA content (Yuliestyan et al. 2016a). 

Moreover, even though all binders show complex viscosity values decreasing with 

temperature (Figure 4. 2. 2), material thermal susceptibility becomes lower at in-

service temperatures as EVA concentration rises (i.e. * curve shows less slope from 
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30 to 60 °C or 80 °C, depending on the polymer used), as also predicted by higher 

penetration index (PI). However, above such threshold temperatures (80 and 60 °C for 

VA7-MFI2 and VA18-MFI500, respectively), * values drop more sharply for the most 

concentrated systems (e.g. 5 or 7.5 wt.%) (Figure 4.2.2). In contrast, when only 2.5 

wt.% EVA is involved, no change in * slopes are noticed, regardless the selected EVA. 

The result points out that modified binder thermo-rheological properties are 

governed by both the selected EVA and its concentration.  

The above threshold temperatures for the onset of the * abrupt decay have been 

related to the EVA melting process, as may be deduced from MDSC analysis (Figure 

4.2.3).  

 

Figure 4. 2. 3 Total heat flow curve for: (a) EVA binder with VA7-MFI2; and (b) VA18-

MFI500. Results obtained from MDSC 2nd heating cycle. 
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Table 4. 2. 3 Crystalline fraction properties; enthalpy of melting (∆Hm) , melting 

temperature (Tm), degree of crystallinity (χc), and total crystalline fraction (wc), 

obtained from 2nd cycle MDSC data 

EVA copolymer Binder   -   DSC 2nd Cycle calorimetric 

thermogram 

Name VA 

(wt.%) 

MFI 

(g/10

min) 

Tm 

(°C) 

Conc. 

(wt.%) 

∆Hm 

(J/g) 

Tm 

(°C) 

χc (%) wc 

(%) 

VA7-MFI2 

7 2 105 2.5 1.8 89 24.2 0.6 

7 2 105 5.0 4.5 89 30.7 1.5 

7 2 105 7.5 6.8 89 30.9 2.3 

VA18-MFI500 

18 500 84 2.5 0.6 65 7.5 0.2 

18 500 84 5.0 3.3 65 22.7 1.1 

18 500 84 7.5 5.0 65 22.9 1.7 

VA18-MFI2 18 2 84 5.0 3.4 65 23.2 1.1 

VA28-MFI400 28 400 69 5.0 -- -- -- -- 

VA28-MFI7 28 7 69 5.0 -- -- -- -- 

Polymer concentration hardly affects melting temperature (Tm) for each type of EVA, 

which seems to be only affected by the selected EVA (Figure 4.2.3 and Table 4.2.3). 

Thus, melting of VA7-MFI2 crystalline fraction leads to a peak in the modified bitumen, 

between 80-100 °C, at a higher temperature range than the one found for VA18-

MFI500 (between 50-80 °C). Compared to their parent pure EVAs, Tm measured for 

such peaks in EVA modified binders have shifted to lower values (Table 4.2.3), as a 

consequence of migration of bituminous lighter fraction to polymer rich phase in the 

binder. Therefore, the change in slope of * curves, found at ca. 80 and 60 °C, is 
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associated to the melting of swollen EVA crystallites at 89 °C and 65 °C, for VA7-MFI2 

and VA18-MFI500, respectively (Figures 4.2.2 and 4.2.3, and Table 4.2.3).  

 

Figure 4. 2. 4 EVA binder morphology through transmission optical microscopy at 25 

°C. 

However, such a * slope alteration was observed from 5 wt.% EVA onwards (Figure 

4.2.2). Binder morphology, evaluated by optical micrographs, may shed some light to 

this issue (Figure 4.2.4). Two phases could be clearly distinguished where bituminous 
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phase appears as a darker region as opposed to a lightly toned region assigned for 

polymer phase. At a concentration of 2.5 wt.% VA7-MFI2, dispersed polymer droplets 

are observed all over the continuous bituminous phase (Airey and Rahimzadeh 2004; 

Sengoz et al. 2009). For the same concentration of VA18-MFI500 polymer-bitumen 

compatibility is such that polymer phase cannot be visually appreciated. Interaction 

of a larger content of VA pendant groups on VA18-MFI500 with bitumen yields a better 

dispersion (enhanced miscibility) which prevents visibility by optical microscopy 

observation (Sengoz et al. 2009). At 5 wt.%, a transition morphology, characterized by 

polymer network interconnecting polymeric beads, has been observed. VA7-MFI2 

binder appears to have coarser well-defined polymeric beads, with a higher χc of 30 

%, as compared to VA18-MFI500 binder having 22 % (Table 4.2.3). Finally, a 

continuous polymeric phase has formed at a concentration of 7.5 wt.% on both EVA 

types, although the specific effect of polymer-bitumen affinity on the final 

morphologies still remains. Therefore, binder morphologies shown in Figure 4.2.4 

demonstrate VA content conditions the quality of polymer dispersion, whilst the EVA 

concentration determines the phase which governs the binder linear viscoelasticity. 

Consequently, at the highest concentrations of 5 and 7.5 wt.% EVA, the collapse of the 

molten polymer-rich microstructure would lead to the observed drop in * above the 

threshold temperatures of 60-80 °C. 

In summary, binder properties seem to be affected by both EVA concentration and 

crystallinity, χc. In this regard, parameters such as consistency index (k), modification 

index (MI) and penetration index (PI) (Tables 4.2.1 and 4.2.2) are commonly used for 

the prediction of binder performance (Partal et al. 1999; Airey 2002a). Interestingly, 

the results obtained may be explained in terms of total crystallite fraction (wc = χc·CEVA) 
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fairly well (Figure 4.2.5). As may be seen, linear and exponential increases for those 

parameters with wc have been found, suggesting a close dependence of binder 

performance at medium-to-high in-service temperatures on the amount of crystallites 

present (i.e. on combined contribution of EVA concentration and type). 

 

Figure 4. 2. 5 Penetration index (PI), consistency index, Ostwald de Waele parameter (k) and 

modification index (MI 60°C = η*MOD/ η*UNMOD) as a function of total crystalline fraction (wC). 

4.2.3.2 Low temperature rheological behavior 

Performance of neat bitumen, reference binders (modified by 3 wt.% SBS and 1.5 wt.% 

wax) and EVA-modified binders at low in-service temperatures (between -30 and 10 

°C) has been assessed by means of dynamic torsional mode frequency sweeps. Figure 

6 shows the effect of polymer concentration (Figure 4.2.6A) and VA content (Figure 

4.2.6B) on the binder mechanical spectra at three selected temperatures.  
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Figure 4. 2. 6 Frequency sweeps at -30, -10 and 10 °C of: (a) neat bitumen and EVA binders 

with varying concentration at 2.5, 5.0 and 7.5% w/w; and (b) EVA binders with VA18-

MFI500 and VA28-MFI400. 

For all binders, storage modulus (G’) increases towards the material glassy region 

(close to 109 Pa) as temperature decreases or frequency increases. Likewise, loss 

modulus (G”) decreases with frequency in that zone, located above a crossover point 

between both viscoelastic functions. As may be seen, binders modified by 2.5 or 5 wt. 

% VA18MFI500 (Figure 4.2.6A) and by 1.5 wt. % wax (Figure 4.2.6B) behave as the 

softer neat bitumen B70/100 at -10 and -30°C. A slightly improved behavior is found 

for the 7.5 wt. % VA18-MFI500-modified system which shows lower G’ values than the 

neat bitumen at -10°C at low frequencies, suggesting a less brittle character for this 

high concentration (Figure 4.2.6A). Interestingly, a similar result can be obtained if 

bitumen 70/100 is modified by 5 wt. % VA28-MFI400 (Figure 4.2.6B). However, the 

enhancement is more apparent if 3 wt.% SBS is used as bitumen modifier, whose G’ 
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values remains below the other binders at -30°C, still far from the glassy region (Figure 

4.2.6B). Copolymer SBS is well known for its ability to enhance bitumen performance 

at low temperature, preventing asphalt from low temperature cracking (Munera and 

Ossa 2014; Polacco et al. 2015). 

Frequency sweep curves plotted as phase angle (δ) vs. complex modulus |G*|, the so-

called Black diagram, have been used to validate applicability to bituminous binders 

of time-temperature superposition principle (TTSP) (Airey 2002b; Sybilski et al. 

2004). A fair continuity has been found connecting the frequency sweep curves at each 

temperature tested for neat bitumen and binders modified by wax or SBS (results not 

shown), suggesting they behave as thermo-rheologically simple materials. Some 

discontinuities were perceived around large δ or between isotherm curves of 10 and 

0 °C for the most concentrated EVA-modified bitumens. In this regard, empirical 

master curves of complex modulus (|G*|) and loss angle () vs. reduced frequency 

(aT·ω) have been constructed by applying TTSP to all isotherms at a reference 

temperature (TRef) of -10 °C (Figure 4.2.7).  
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Figure 4. 2. 7 Empirical master curve of the oscillatory torsional |G*| and δ vs aTω , obtained 

at the reference temperature (Tref ) of -10 °C. 

As a result, continuous master curves were obtained for neat bitumen and SBS and 

wax modified binders (Figure 4.2.7B), in agreement with their smooth Black diagrams. 

For EVA modified binders, semicrystalline structure is responsible for the broken 

TTSP, which is not visible when a low EVA dosage is added (Airey 2002b). Shift factor 

dependence on temperature can be described by Arrhenius-like equation (Ferry 1980; 

Airey et al. 2016):  
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where ‘Ea‘ and ‘R’ represent the activation energy and ideal gas constant, respectively. 

Table 4.2.4 shows the Ea values for all samples studied, which have been used to 

convert previous isothermal (TRef of -10 °C) master curves in Figure 4.2.7 (domain of 

frequency) into isochronal (ωRef of 10 rad/s) master curves (domain of temperature). 

With this aim, Equation 4.2.4 is re-arranged as follows (Cuadri et al. 2013a):  
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where shift factor (aT) is defined as ratio of reduced frequency after shifting (ωR) over 

reference frequency (ωRef), and ωRef is the frequency at which the resulting isochronal 

curve is obtained. Figure 4.2.8 presents the conversion plots of G’ and G’’ as a function 

of temperature at ωRef=10 rad/s, from neat and modified bitumen data.  

 

Figure 4. 2. 8 Temperature sweep curves calculated from Equation 4.2.5 at a 

reference frequency of 10 rad/s. 

As can be observed, upon decreasing in temperature, material undergoes a transition 

to the glassy region where elastic modulus (G’) begins to dominantly take over loss 

modulus (G’’), below a crossover point. As further decrease, G’’ modulus reaches the 

maximum value that is reported to be a “mechanical” glass transition temperature 

(Tg,DMTA) at 10 rad/s, below which material thermal cracking occur under much 

smaller deformations (Lu et al. 1999; Partal et al. 1999; Fawcett and McNally 2000). A 
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slight reduction of Tg,DMTA, as a result of polymer addition, has been observed as 

compared to neat Tg,DMTA value, see Table 4.2.4.  

Table 4. 2. 4 Mechanical glass transition temperature (Tg,DMTA), activation energy 

(Ea) and elastic properties at -30 °C, derived from constructed master curve using 

Arrhenius type equation. 

Sample Polymer/wax 

(wt.%) 

Tg,DMTA [°C] Ea [kJ/mol] G’·10-8, at -

30°C (Pa)  

B70/100 0 -18.5 236 5.5 

VA18-MFI500-

2.5 

2.5 
-19 

237 5.8 

VA18-MFI500-

5.0 

5 
-19 

239 5.9 

VA18-MFI2 5 -21 225 4.7 

VA18-MFI500-

7.5 

7.5 
-19 

241 5.8 

VA28-MFI400 5 -19 236 5.5 

VA28-MFI7 5 -20 239 5.5 

Wax 1.5 -19 237 5.5 

SBS 3 -20 230 4.5 

Reduction of 1.5 °C is seen for SBS along with the smallest value for G’ at -30°C (G’-30 

°C=4.5·108 Pa), suggesting a delayed low temperature thermal cracking (i.e. a delay in 

attaining full brittleness) as the absorbed energy could be more easily dissipated at 

this temperature (González et al. 2004). However, at -30 °C, EVA having MFI of 400 or 

500 (no matter the polymer concentration or VA content assessed) behave in a 
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different way presenting G’ values that are slightly higher than neat bitumen value, 

despite their above commented reductions in Tg,DMTA.  

 

Figure 4. 2. 9 Comparison of complex modulus and loss tangent curves obtained from 

calculated temperature sweeps in torsion mode between -30 and 10 °C (Equation 

4.2.5) and experimental oscillatory shear temperature sweeps between 30 and 100 

°C. 

Interestingly, SBS low temperature modification could be reproduced by using EVAs 

with lower MFI value for both VA18 and VA28 (Figure 4.2.9). Particularly by VA18-

MFI2, which exhibits close values to SBS with Tg,DMTA= -21°C and G’-30°C=4.8 108 Pa 

(Table 4.2.4). Figures 4.2.9 also points out the good agreement between experimental 

dynamic shear temperature sweeps conducted from 30 to 100°C at 10 rad/s, using 

plate-plate geometry and heating rate of 1 °C/min, and calculated temperature sweep 

curves obtained, from torsional tests between -30 and 10 °C, by application of 
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Equation 4.2.5. As can be seen, VA18-MFI2 modified bitumen shows a similar |G*| 

curve (from -30 to 100°C) to SBS reference system (Figure 4.2.9) and improved elastic 

properties between 10 and 70°C. Thus, tan  exhibits an apparent plateau and lower 

values than SBS in this temperature range. Moreover, Figure 4.2.9 shows that if 

material performance is assessed in a wider range of in-service temperatures (e.g. 

from -20 to 70°C), the whole effect of EVA addition is a decrease in binder thermal 

susceptibility. Despite the fitting results to Equation 4.4.4, performed in a shorter 

temperature range between 10 to -30 °C, might be interpreted as polymer addition 

gives rise to more thermal susceptible materials, as may be deduced from the higher 

Ea values shown in Table 4.2.4 compared to neat bitumen (Garcia-Morales et al. 2004). 

Thermodynamic glass transition temperatures can be also calculated by MDSC 

analysis from the evolution of first temperature derivative of heat capacity (Figure 

4.2.10). Two peaks were seen at -30 and 2 °C for neat bitumen, which according to 

literature (Masson et al. 2002; Cuadri et al. 2013b) originate from the ordering of low 

molecular weight saturates fractions in bitumen. After addition of EVA, the peak at 2 

°C disappears, suggesting that the fraction causing this peak has been absorbed by EVA 

polymer. Hence, it is likely that hardening is postponed towards lower temperatures, 

in agreement with previous results (Tg,DMTA). However, the peak at -30 °C seems to 

remain unaffected by EVA, which implies an individual and simultaneous structural 

conformation with its polymer, as observed at the same temperature in pure EVA 

curves for any VA content and MFI tested. 
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Figure 4. 2. 10 First temperature derivative of heat capacity (dCp/dT) for pure EVAs, neat 

bitumen and EVA modified binders. Results obtained from 2nd cycle of MDSC heating curve. 

Finally, previous viscoelastic characterization has been conducted within the material 

linear viscoelastic region, at a strain (or stress) below nL (i.e. under non-destructive 

conditions). In this regard, all materials tested presented a shortening of this region 

(lower values of nL) as temperature decreased, evidencing a lower molecular motion 

(exemplified for |G*| vs γ curve of VA18-MFI500 binder as an inset in Figure 11A). If 

the non-linear viscoelastic limit is further exceeded at temperatures close to the 

material glass transition, cracking occurs. In order to assess this effect between -30 

and 0 °C, strain breakage tests were performed by gradually increasing a dynamic 

torsional load exceeding the linear viscoelastic (LVE) region until the material could 
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not absorb more energy and cracked (inset Figure 4.2.11A). Results are plotted as 

strain at breakage (breakage) vs temperature in Figure 4.2.11. 

 

Figure 4. 2. 11 Dependence on temperature of binder strain at breakage (breakage) as a 

function of VA18-MFI500 concentration (A), and EVA characteristics (B). Inset: Strain 

sweeps tests for determining non-linear viscoelastic region (nL) and breakage 

As can be seen, breakage values decrease as temperature does for all systems (Figure 

4.2.11). However, compared to neat bitumen, all PMBs resisted a higher strain before 

breakage. Polymer concentration in VA18MFI500 modified binders does not 

significantly affect values of breakage, being their curves located between the SBS 

modified bitumen and the wax modified binder (Figure 4.2.11A). Similar results are 

found for the effect of VA content (Figure 4.2.11B). Conversely, a decrease in MFI 

parameter enhances binder performance (i.e. material becomes less brittle), as may 

be deduced from the higher breakage values obtained for VA18MFI2 compared to 
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VA18MFI500 or for VA28MFI7 compared to VA28MFI400 (Figure 4.2.11B). On the 

whole, SBS and VA18MFI2 modified bitumens seem to exhibit the best low 

temperature performance. 

4.2.4 Concluding remarks  

EVA modified binder properties over a wide range of temperature have been 

evaluated by means of rheological, calorimetric, microstructural and technological 

tests. At medium to high in-service temperatures, EVA addition (from 2.5 to 7.5wt.%) 

leads to improved rheological properties compared to the corresponding neat 

bitumen, either on binder flow behavior at 60 °C or viscoelastic properties up to 60-

80°C. Rheological behaviors at such high temperatures depend on the selected 

polymer (VA7MFI2 or VA18MFI500), and are governed by the melting process of the 

polymer network formed (which becomes a continuous phase at 7.5 wt.% EVA), as 

deduced from MDSC results and optical micrographs. In this regard, linear and 

exponential relationships have been found between the total crystalline fraction (wC) 

and binder parameters such as penetration, modification at 60 °C and consistency 

indexes. Hence, total crystalline fraction is considered a key parameter while using 

EVA to suitably modify binder performance from medium to high in-service 

temperatures.  

Dynamic thermomechanical analysis at low temperature conducted in torsion mode 

has revealed the development of a thermo-rheologically complex behavior as EVA 

concentration is increased. Nonetheless, the frequency sweeps of viscoelastic 

functions between -30 and 10 °C were empirically superposed onto a master curve, 

which can be subsequently used to obtain temperature sweep curves at a selected 
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frequency (10 rad/s), by means of the Arrhenius-like temperature dependence of the 

shift factors. Such curves show a good agreement with those from oscillatory shear 

(plate-plate geometry) temperature sweep tests obtained at higher temperatures. 

Derived from calculated temperature sweep curves, binder “mechanical” glass 

transition temperatures (Tg,DMTA) showed a slight decrease by EVA addition, which 

might be seen by the absence of peak in MDSC analysis. Similarly, strain breakage tests 

have shown improved performance at low temperature for all modified binders. In 

this regard, MFI appears as the EVA key parameter to enhance binder performance at 

low temperature. Thus, lower MFI values led to less brittle materials, as may be 

deduced from the higher breakage strain values obtained for VA18MFI2 compared to 

VA18MFI500 or VA28MFI7 to VA28MFI400 (Figure. 4.2.11B). On the whole, SBS and 

VA18MFI2 modified bitumens seem to exhibit the best low temperature performance. 
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4.3 Binder design for asphalt mixture with reduced 

temperature: EVA modified bitumen and its emulsions  
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ABSTRACT 

High energy consumption and environmental risks are both associated to the use of 

hot asphalt mixes. In response to the need of more sustainable pavements, the 

modification of bitumen with low melting point EVA copolymers is investigated. 

Firstly, different modified binders containing EVA with varying VA contents (and so 

different crystalline fractions and melting temperatures) and Melt Flow Index (MFI) 

values were investigated. In the second stage, emulsification was implemented, in 

which the above EVA modified bitumen was suspended in the form of micro-size 

droplets in aqueous phase, in the presence of a surfactant. The results suggest that an 

optimum balance between VA content and MFI value will improve the binder 

rheological performance at medium-high in-service temperatures as well as its 

workability, and will facilitate its emulsification. Additionally, the binder viscosity is 

tremendously reduced after its emulsification, which allows mixing to be performed 

at much lower temperature, so reducing both energy consumption and environmental 

risks. 
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4.3.1 Introduction 

Bitumen, also found in natural deposits, is commonly a by-product of fractional 

distillation of crude oil (McNally 2011). Pavement is the top bitumen consumer, 

although other uses can be found in the roofing industry for this material. Bitumen is 

used as a binder to hold aggregates together in road pavement construction. Trend in 

the modification of bitumen arises as a consequence of the increasing demand of 

binders with improved resistance to permanent deformation, i.e. stiffer in the 

medium-high in-service temperature region, and more flexible at low in-service 

temperatures, i.e. preventing thermal cracking. In this sense, bitumen quality is often 

enhanced by polymer modification, to produce either physical or chemical interaction 

with the bituminous phase (Carrera et al. 2015). The selection of the type of polymer 

is important, as various polymers provide unique characteristics in the final 

performance, and also during production (Zhu et al. 2014).  

Handling of modified bitumen requires an elevated temperature to achieve optimum 

aggregate coating, and the energy spent negatively affects the environment. To 

overcome this issue, reduced temperature technologies are highly encouraged. On the 

one hand, polymer modified bitumens with lower viscosity that can be handled at 

lower temperatures without affecting their in-service performance represent a 

current concern. On the other hand, bitumen emulsions provide two joint benefits: 1) 

eliminating polymer-bitumen separation issue during storage; and 2) viscosity 

reduction. In fact, polymer modified bitumen emulsions have been successfully used 

for several decades by road industry due to their high performance in the application 

of chip seals and microsurfacing for heavy trafficked pavements (Lesueur 2011).  
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With the vision of greener development, reduced temperature technology such as 

emulsion is greatly considerable. However, to the recent literature, lack of information 

has been published in the field of bituminous emulsion, particularly for in-line 

emulsification of modified bitumen, in which EVA modified bitumen emulsion has 

been considered. This work offers a systematic study in exploring the effect of VA 

content, coupled with its melting point, and MFI value of EVA copolymer in the design 

of binders for reduced temperature technologies. Two differentiated parts are 

involved: 1) performance and processability of binders modified by EVA copolymer; 

and 2) their emulsions, concerning the ratio of bitumen to water phase. 

4.3.2 Experimental 

4.3.2.1 Material and sample preparation 

The bitumen selected for this study, supplied by Repsol (Spain) has a penetration 

grade of 70/100. EVA co-polymer, also supplied by Repsol (Spain), was used as 

bitumen modifier by 5 wt.% addition into 150 °C molten bitumen. Dispersion process 

was done in two steps with the assistance of a Silverson L5M high shear homogenizer: 

1) melting step at 3500 rpm for 15 minutes and 2) mixing step at 5000 rpm for 1 hour. 

Two varying VA contents, 18 and 28 wt.%, were studied. Additionally, the effect of the 

MFI value was also envisaged, by choosing two different MFI values of 2 and 500 for 

the 18 wt.% VA copolymer, and 7 and 400 for the 28 wt.% one. From this standpoint, 

the modified binder was then coded as 'Binder'-'VA content'-'MFI', for instance 

EVAMB-VA18-MFI2. 

Based on the optimum performance, the selected binder was then emulsified into 

aqueous phase in the presence of 0.5 wt.% surfactant. The emulsification process was 
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done in a colloid mill Denimotech DT03, and the emulsion collected in a pressurized 

vessel. Binder percentages chosen were 65 and 70 wt.% corresponding to typical 

applications of emulsion, such as microsurfacing and chip seals, respectively (Lesueur 

2011). 

4.3.2.2 Characterization 

The binders were subjected to steady shear viscous flow tests at 60 and 135 °C. These 

measurements were performed in a controlled-stress rheometer Physica MCR 301 by 

Anton Paar, equipped with an electrically heated chamber. Serrated parallel plate 

geometry with 25 mm diameter was used. In addition, the viscoelastic properties of 

the binders, between 30-100°C, were characterized by oscillatory shear temperature 

sweep tests in a controlled-stress Haake RS600, equipped with a TC501 temperature 

controller, at the heating rate of 1 °C/min. Serrated parallel plate geometry with 20 

mm diameter was used. In order to determine the LVE region, stress sweeps were 

previously performed. 

With regard to the emulsions, droplet size distribution was measured using laser 

diffraction technique in a Malvern mastersizer 2000. To characterize the droplet 

surface charge, zeta potential value was tested in a Malvern zetasizer through 

electrophoresis method. The rheological analysis for emulsion has been done by 

means of steady shear viscous flow tests at 30 °C, also performed in Physica MCR 301, 

but now equipped with 27 mm diameter serrated coaxial cylinder geometry. 

4.3.3 Result and discussion 

4.3.3.1 Performance and processability of binder modified by EVA 

copolymer 
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The influence of EVA copolymer on the binder viscosity has been studied by means of 

steady shear flow tests at 60 °C and 135 °C (Figure 4.3.1). The selection of 60 °C was 

based on the average asphalt temperature expected in a warm climate region, and 135 

°C is a reference value for laydown and compaction operations and emulsification.   

 

 

Figure 4. 3. 1 Flow behavior of EVAMB at (a) 60°C; and (b) 135°C 
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Binders modified with EVA copolymer exhibited improved resistance, as may be 

deduced from their viscosity increases observed at 60 °C, if compared to the neat 

70/100 bitumen. The enhancement seemed to be significantly affected by VA content, 

so that the system VA18 was one order of magnitude more viscous than the PMB 

formulated with VA28 at low shear rates (Figure 4.3.1a). In contrast, flow behavior at 

135 °C did not appear to follow similar dependence on VA. At that temperature, MFI 

turned out to be the most relevant parameter. For instance, EVAMB-VA18-MFI2 

exhibits a viscosity close to the EVAMB-VA28-MFI7 one, which also applies for the 

other two cases (Figure 4.3.1b). Knowing that molecular weight and MFI of polymer 

are inversely proportional, the chain entanglement and internal friction affect polymer 

flow behavior (and, therefore, PMB viscosity) (Ravve 2012). As a result, binder 

viscosity decreases as EVA MFI value is higher, no matter the VA concentration studied 

(Figure 4.3.1b).  

Binder thermomechanical properties have been measured through temperature 

sweep measurements in oscillatory shear in a wide temperature range, 30 - 100 °C. 

Figure 4.3.2 shows the evolution of the storage modulus, G’, as a function of 

temperature. PMB viscoelastic moduli increased by the development of EVA 

copolymer in bitumen matrix. Such an increase in G’ would lead to an improved elastic 

performance at medium to high in-service temperatures. Moreover, the influence of 

VA content in binder is reflected on the G’ comparison between VA18 and VA28 that 

demonstrates greater elastic response in VA18 case, which is more apparent as 

temperature rises. Interestingly, at 65 °C, a sudden change in this slope appears for 

binder VA-18 cases, indicating a polymer molecular rearrangement inside bituminous 

matrix as a consequence of EVA crystallites melting, (Airey 2002a; Garcı́a-Morales et 
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al. 2004). Conversely, a similar event is hardly seen for binder VA-28, due to a lower 

percentage of EVA crystalline fraction. The difference in percentage of crystal is 

related to the amount of non-crystallizable fraction in EVA, acetate pendant group, 

thereby, formation of crystal is more difficult in the case of binder with greater amount 

of VA content, (Somrang et al. 2004).  

 

Figure 4. 3. 2 Storage modulus dependence on temperature, ranging 30-100°C 

For the same reason, the above commented higher viscosity at 60 °C of VA18 binder is 

closely linked to a higher percentage of EVA crystallites that leads to improved binder 

resistance to permanent deformation. Nevertheless, above the melting of the EVA 

crystalline fraction, e.g. 135°C, MFI is a key parameter to understand binder flow 

behavior (Figure 4.3.1b). In this sense, EVAMB flowability was favored by selecting 

high MFI values, which would facilitate aggregate-binder mixing as well as other 

processes such as emulsification. On this ground, EVAMB-VA18-MFI500 was selected 

for being emulsified, due to its suitable balance between binder performance (i.e. high 

viscosity and elasticity at 60 °C) and processability (i.e. low viscosity at 135°C).  
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4.3.3.2 EVAMB emulsion  

During emulsification, low viscosity of bituminous phase, as low as 200 mPas or less, 

is recommended to facilitate the breaking and dispersion process (Read and Whiteoak 

2003) and with a water phase temperature at 50 °C, Salomon (2006). As seen in Figure 

4.3.1b, viscosity of EVAMB-VA18-MFI500 at 135 °C laid around 782 mPas, beyond the 

recommendation. Therefore, a higher temperature, around 145 °C, was required with 

an attention paid for compensating water phase evaporation in colloid mill. Thus, 

pressure during emulsification was maintained above saturated water pressure at its 

corresponding temperature, above 5 bar.  

Bituminous emulsion DSD curves are shown in Figure 4.3.3 as droplet size by volume 

fraction. Unimodal distributions were perceived for both modified bitumen emulsion 

cases, whilst neat emulsion appears as unimodal with a shoulder at low particle size. 

Conversion of DSD volume fraction to volume to surface mean diameter, the so called 

Sauter mean diameter, D3,2, was carried out as follows:  





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ii

i

ii

dn

dn

D
2

3

2,3   (4.3.1) 

where ni is the number of droplets with diameter di. As may be seen in Table 4.3.1, 

EVAMB-E-65 exhibited larger D3,2 values than its corresponding neat emulsion (Neat-

E, having 65% bitumen), as a consequence of a more difficult droplet breaking during 

process (Lesueur 2011), derived from a more viscous bituminous phase. Likewise, 

processing of the most concentrated emulsion was also hindered by the higher bulk 

viscosity of the resulting emulsion, as deduced from D3,2 value of EVAMB-E-70 being 

larger than EVAMB-E-65.  
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Figure 4. 3. 3 Droplet size distribution of the emulsions obtained 

Table 4. 3. 1 Sauter mean diameter and zeta potential of emulsions at pH of 1 and ambient 

temperature 

Emulsion  D3,2 [µm] ζAVG [mV] 

Neat-E 1.443 74.68 

EVAMB-E-65 2.287 68.15 

EVAMB-E-70 3.641 82.45 

 

N-tallow alkyl tri-methylene diamine has been used as surfactant (cationic type). The 

lipophilic (nonpolar) part interact with bituminous phase resulting the other end of 

diamine group (polar) available for water, Salager (2002). Surfactant has been 

prepared in acidic water phase to allow amine as a proton receptor being positively 

charged. In this sense, zeta potential measurement was performed to estimate the 

charged value, and the results are shown in Table 4.3.1. All emulsion studied present 



Chapter 4 – Results 

157 

 

positive charge value higher than 65, suggesting a high electrophoretic mobility that 

is equivalent to the estimated surface charge value, hence providing excellent stability. 

 

 

Figure 4. 3. 4 (a) Viscosity curve of emulsion at 30°C and (b) Viscosity comparison between 

EVAMB at 135 °C &  EVAMB emulsion at 30 °C 



Chapter 4 – Results 

158 

 

Viscosity curves of emulsion for neat and both EVAMB cases at 30 °C are displayed in 

Figure 4.3.4a. The selection of 30 °C was based on emulsion application temperature, 

for cold mixes technology, typically from 25 to 60 °C (Rubio et al. 2012). For all 

emulsions tested, a shear thinning behavior was noticed from 10-4 s-1 to 10 s-1, 

followed by a constant viscosity. Neat emulsion with 65 % suspended bituminous 

phase and EVAMB-E-65 gave a close value of high-shear-rate limiting viscosity, around 

35 mPas, whilst EVAMB-E-70 has a value about 134 mPas. This result agrees with the 

larger volume fraction of disperse phase of system EVAMB-E-70, which leads to a 

higher packing density and, therefore, to a higher viscosity of the expected 

deflocculated emulsion at high shear rate (Otsubo and Prud’homme 1994b; Read and 

Whiteoak 2003; Carrera et al. 2015). 

In the interest of comparing the two tested methods, binder viscosity curve at 135 °C 

(elevated temperature method) and its emulsion with 70% bituminous phase 

(reduced temperature method) were shown in Figure 4.3.4b. In that particular case, 

emulsion technology presented a viscosity difference by 6 times lower than the 

elevated temperature method for a more effective flowability.  

4.3.4 Conclusion 

The study of binder rheological behavior, through steady shear viscosity and 

oscillatory shear measurements, suggests that EVA copolymer containing lower VA 

content, 18%, affects more the viscoelastic parameter and thermal susceptibility of 

modified binder within its in-service temperature. Whilst, binder flow resistance was 

seen to decrease by increasing MFI after crystalline fraction vanished, suggesting 

better flowability for binder with higher MFI. The necessity of enhanced fluidity is to 
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promote a milder processing condition for the production of EVA modified bitumen 

emulsion. Thus, EVAMB-VA18-MFI500 was selected for emulsion process.  

Bituminous to water phase ratio affects DSD and, mainly, high-shear-rate limiting 

viscosity of the emulsion. Coarser droplet size, as perceived in D3,2 , was reported for 

higher bitumen concentrations and/or for more viscous binders. In the interest of 

underlining the involvement of emulsion technology, emulsion viscosity at 30 °C was 

reported 6 times lower than binder viscosity at 135 °C, regardless the temperature 

difference that could suppress the energy consumption and environmental risk.   
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4.4 Design of lignin-based cationic emulsifier and 

emulsion formulation for road paving application 

 

 

 

 

 

 

 

 

 

  



Chapter 4 – Results 

162 

 

ABSTRACT 

Lignin, apart from being the second most abundant natural polymer available, is a 

potential material to be value-added, rather than ending up burnt. This work aims to 

develop cationic lignin-based emulsifiers to be used in bitumen emulsions for road 

paving application. Cationic emulsifiers, highly demanded in road paving, cannot be 

manufactured directly from alkali lignin, thereby requiring modification. Amination 

through Mannich procedure is seen prospective since the attached amines can be 

positively charged in acidic medium. On these grounds, several parameters, including 

reaction route, reagents ratio and amines type were optimized by the assessment of 

the emulsification capability of silicone oil-in-water emulsions (used as bitumen 

emulsion prototypes). Resultant emulsion properties were evaluated through droplet 

size distribution (DSD), microstructural observations (by optical micrographs), Z-

potential analysis and viscous flow/viscoelasticity tests. On the other hand, the effect 

of emulsion formulation was studied as a function of surfactant concentration, pH of 

aqueous phase and O/W ratio. Finally, a comparative analysis between bitumen 

emulsions prepared with cationic modified lignin and a commercial cationic emulsifier 

is presented. The results suggest that the proposed Mannich reaction, carried out 

under alkaline medium for a reagent ratio between 1/11/11 and 1/22/22 using tetra-

ethylene penta-amine ((NH2C2H4NHC2H4)2NH) yields a surfactant which, if used at pH 

< 2 and 0.5 wt.% satisfies the performance expected for a typical bitumen emulsion at 

O/W ratios between 60/40 and 70/30.     
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4.4.1 Introduction 

Bitumen emulsion is a class of bituminous binder that allows bitumen mixing with 

aggregate and further compaction operations to be performed even at ambient 

temperature. Issues associated to hot mixes asphalt (HMA), such as high energy 

consumption, dust and toxic fume released, are reduced based on the fact that 

emissions are 7 times lower (in kg eq. CO2/ton product), and energy consumption is 

7.5 times lower (in MJ/ton product) than HMA (Lesueur 2011). In such a bituminous 

product, bitumen is dispersed and stabilized in the form of droplets in an aqueous 

phase, giving rise to the so-called oil-in-water O/W emulsions. To that end, emulsion 

demands an emulsifier able to remain at the interface of two immiscible liquids.  

As today’s development is expected within the frame of sustainability, material 

environmental indicators such as energy, emissions, material (renewability) are 

concerned. In this regard, lignin is a natural polymer embedded in lignocellulose form 

that made the structural layer of woody plants. While the cellulose is used as the main 

input for paper-making industry, the rest of lignin, previously broken down, ends up 

burnt in cogeneration system, with only 5% used for other functionalities. In recent 

decades, vast researches in this topic have introduced various ways to value-add lignin 

in search of many novel advanced materials through modifications (e.g. by 

fragmentation, substitution and/or attachment of different functional groups) for 

broadening its potential application, including emulsification (Laurichesse and 

Avérous 2014; Norgren and Edlund 2014) .  

For transport infrastructure materials, lignin and its derivatives present structural 

similarity with bitumen, hence, they result suitable for being used to partially replace 

bitumen role in asphalt mixture (Slaghek et al. 2015). In general, lignin is a polyanionic 
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polyelectrolyte, in which their functional groups of carboxylic acid and phenolic 

hydroxyl could be potentially dissociated into ions under high level of alkalinity 

(Gundersen 2001), thus presenting surface properties. In this regard, lignosulfonates 

have been already used as commercial anionic emulsifiers with a wide range of 

working pH values. Lignosulfonate is commonly produced from pulp plant adapting 

sulfite process that represents less than 15% worldwide production. Alternatively 

85% pulp industry utilizes Kraft process, yielding alkali lignin or Kraft lignin (Carvajal 

et al. 2016). Furthermore, a large quantity of lignin from biomass-based biofuel 

production may also be expected in the next coming years. The absence of 

protonatable functional groups does not permit the three previously mentioned 

lignins to work as cationic emulsifier, thus requiring modification. Interestingly, 

phenolic derivatives largely available in the lignin aromatic structure are perceived as 

building blocks where protonatable functional groups, such as amines, are easily 

attached. Besides, in the blend with bitumen, amines may play roles as anti-oxidants  

(James and Stewart 1991) or antistripping agents (Zhu et al. 2014).  In addition, lignin 

itself has demonstrated anti-aging properties indicated by their carbonyl index in 

bitumen blends (Thomas 2005).  

A Mannich reaction is a widely-known method for amination, involving formaldehyde 

and amines as reagents (Mannich and Krösche 1912). The reaction could be 

performed under acidic or alkaline environment (Li 2006). A research work by Du et 

al. (2014) reports that the intermediate compound is a product of the amine-

formaldehyde reaction attacking lignin on its aromatic ring C5, as shown in Figure 

4.4.1. Another study (Liu et al. 2013) suggests that amino-alkylation occurs at lignin 

carbonyl groups. Once reacted, the modified lignin becomes positively charged in 

acidic environment. These charges, when used in cationic bitumen emulsions for 
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asphalt, stabilize bitumen-water interface and, more interestingly, promote binder 

interaction and adhesion to the negatively charged aggregate surface. The reason why 

cationic emulsifiers are preferred relies on the negative charge present on the surface 

of siliceous based derivatives (SixO2y), which are commonly found in many aggregates 

(Ronald and Luis 2016). Thus, cationic bitumen emulsions dominate the market (Read 

and Whiteoak 2003). 

 

Figure 4. 4. 1. Mannich reaction mechanism (an example in alkaline environment): A) an 

intermediate compound formation from formaldehyde and amines (ie. TEPA) and B) 

complete reaction between Kraft lignin and previously formed intermediate compound, 

adapted from article (Du et al. 2014). 

This work aims to develop alkali lignin-derived (Kraft lignin-derived, KL) cationic 

emulsifiers via the Mannich reaction. With that purpose, different variables such as 

reaction route (alkaline or acidic), types of amines and reagent ratios were studied. 

The performance of the resulting cationic surfactants was optimized by evaluating 

their emulsification capability on prototype silicone oil-in-water emulsions, in terms 

of droplet size distribution (DSD), microstructure (by optical micrographs), Z-

potential, and rheological behavior. On the other hand, the effect of emulsion 
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formulation was studied as a function of emulsifier concentration, pH of aqueous 

phase and O/W ratio. Finally, a comparative analysis between bitumen emulsions 

prepared with cationic modified lignin and a commercial cationic emulsifier is 

presented. 

4.4.2 Experimental 

4.4.2.1 Materials  

For the preparation of the cationic emulsifier, a non-commercial Kraft lignin (KL) was 

provided by Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria 

(INIA), Spain. This lignin, with approximate molar mass of 3000 g/mol, was obtained 

from a Kraft process of Eucalyptus globulus hardwood. This material is soluble in 

alkaline aqueous solution at pH higher than 10 (with NaOH) and in the organic solvent 

used in this study under acidic conditions, 1,4 dioxane. For the Mannich reaction, two 

other reagents (formalydehyde 37 wt.%, FD, and different types of amines, AM) were 

purchased from Sigma Aldrich, Spain. Amines studied were: dimethylamine (DMA), 

diethylenetriamine (DETA), tetraethylene-pentamine (TEPA) and polyethyleneimine 

(PEI). Finally, a commercial cationic surfactant, n-tallow alkyl tri-methylene diamine, 

A100 (from Kao Chemicals, USA) was selected as a reference.  

In the production of the prototype emulsions, silicone oil (FS100 from Esquim SA, 

Spain) with an approximate viscosity of 100 mPa·s at ambient temperature was 

chosen. The reason behind this selection was to imitate, without need of heating, 

bitumen viscosity prior to its emulsification at high temperature, which is 

recommended to be less than 200 mPa·s before entering colloid mill (Read and 
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Whiteoak 2003). Lastly, bitumen with a penetration grade of 500, kindly donated by 

Repsol SA Spain, was emulsified for the final stage of the study. 

4.4.2.2 Preparations 

As mentioned earlier, modified lignin (MKL) production can be conducted in either 

acidic or alkaline medium which, as shown in Figure 4.4.1, yields different routes, in 

terms of the intermediate compound formed. In case of acidic route, the KL has to be 

previously solubilized in 1,4 dioxane. Immonium ion and amino-alkylated products of 

FD and different types of AM formed before reaction with the solubilized ligninin 

acidic and alkaline media, respectively. The reactions were always performed in a 

rounded-bottom glass flask, with stirring at 1000 rpm, at 60 °C for 4 hours. Reagent 

ratios between KL, FD and AM ranged from1/5/5 to 1/44/44. After reaction 

completion, HCl 37 wt.% and distilled water were used to adjust aqueous phase pH 

and MKL concentration.  

Emulsion prototypes (with O/W ratios of 60/40 and 70/30 by mass) were prepared 

by conveniently premixing FS100 and aqueous phase containing modified lignin at the 

required concentration. Emulsification was carried out in a rotor-stator homogenizer 

Ultraturrax T25 (IKA, Germany), with S25N dispersion element at 20000 rpm, for 4 

minutes at room temperature. Finally, production of bitumen emulsion was conducted 

following a similar procedure. In this case, bitumen and aqueous phase required 

previous heating up to 90 °C. 

2.3. Emulsion characterization 

Laser diffraction, performed using Malvern Master Sizer 2000 (UK), was employed to 

measure droplet size distribution (DSD). Between 1 and 3 drops of concentrated 
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emulsion was dispersed into water in a dispersing chamber with stirring at 1500 rpm 

and pumping recirculation. Zeta potential tests, performed using Malvern Zetasizer 

(UK), allowed surface charges to be inferred. Sample was injected using syringe into 

inverted folded capillary zeta cell DTS 1070 for avoiding bubble formation. Three 

measurements were performed for each sample and the average value reported.  

The rheological characterization was carried out by means of steady viscous flow tests 

and dynamic shear frequency sweeps, at 30 °C. Measurements were conducted in a 

controlled-stress Physica MCR-301 by AntonPaar (Austria). For steady shear tests, in 

order to avoid wall-slip phenomenon, serrated measuring cup and coaxial cylinder 

Z20-DIN (27 mm diameter, 1 mm gap) were used to accommodate 20 mL of emulsion. 

Tests at 30 °C were performed by progressively increasing the applied stress so that 

shear rate ranged from 0.01 and 50 s-1. An equilibration time of 120 s guaranteed 

steady state conditions at every selected shear stress. For oscillatory shear tests, 

frequency sweeps within the linear viscoelasticity region were performed on the same 

device but using serrated plate-plate geometry with a diameter of 50 mm and 1 mm 

gap. Measurement conditions were applied in a frequency range between 1 and 100 

rad/s, at a temperature of 30 °C. At least, two replications were always performed. 

Optical micrographs were captured at ambient temperature using Olympus BX51 

microscope on 50 µL of emulsion placed on a standard microscope slide (76 × 26 mm). 

4.4.3 Results and discussion 

4.4.3.1 Kraft lignin chemical modification  

Emulsion properties such as droplet size and its distribution, viscosity and 

microstructure, are closely linked to emulsifier characteristics. The optimization of the 
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emulsifier was based on three variables involved in the Mannich reaction: reaction 

route, type of amines and reagents ratio, and the evaluation required emulsions 

formulated under identical conditions of emulsifier concentration, pH of aqueous 

phase and O/W ratio. Moreover, these parameters are further studied as they strongly 

affect the final properties of the emulsion, as suggested by Ronald and Luis (2016). 

The effect caused by processing was excluded from this study, by maintaining the 

procedure of preparation for all emulsion the same. 

For studying the reaction route, Figure 4.4.2A compares droplet size distribution 

(DSD) curves of emulsions stabilized by cationic modified lignins, synthetized under 

acidic and alkaline conditions with DMA, and by the reference emulsifier A100. Lignin-

based emulsifier was successfully produced using both reaction routes, as may be 

deduced from their DSD curves shown in Figure 4.4.2A. Compared to the reference 

emulsion (A100), which presented unimodal distribution with a peak centered at ~5 

µm, the use of 1 wt.% of DMA-KL emulsifier modified through the acidic route could 

not approach the targeted reference peak value. In this case, the peak appeared 

centered at a too large size (about 300 µm). When employing 1 wt.% of alkaline-based 

DMA-emulsifier, the peak was observed at a smaller size range from 10 to 80 µm. 

Although particle size is still not comparable to the commercial emulsifier, the reaction 

was accommodated via alkaline route from this point forward. 
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Figure 4. 4. 2. Droplet size distribution of emulsion stabilized by MKL emulsifier, previously 

prepared as a function of A) reaction route and B) type of amine reagents, and a commercial 

emulsifier (A100) as reference. 

Optical micrographs shown in Figure 4.4.3 support the reaction route selected. Firstly, 

those micrographs confirm the average droplet size measured by laser diffraction 

illustrated in Figure 4.4.2A. The second interesting observation is the presence of 

some black particles in Figure 4.4.3A that may refer to solid unreacted KL raw material 

(inset of Figure 4.4.3A), which remains in the acidic route. On the contrary, no sign of 
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black particles was arisen for emulsions stabilized by alkaline-prepared emulsifier 

(Figure 4.4.3B). Thus, qualitatively, the success of alkaline route might be asserted 

from its higher quantity of cationic emulsifier soluble in aqueous phase at pH 1, given 

that peak shifting to lower drop sizes is presented in Figure 4.4.2A. It is worth noting 

that alkali lignin is naturally insoluble in acidic medium, such that 1,4 dioxane (organic 

solvent) is required for conducting single phase reaction in the acidic route. If the 

solvent is unable to completely dissolve the lignin, then multiphase reaction, governed 

by mass transfer (by diffusion) at the interface, may occur (Walas 1997). In 

consequence, under the selected reaction conditions specified in experimental section, 

of this study, the alkaline route is seen more effective. 
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Figure 4. 4. 3. Optical micrograph of emulsion prepared using emulsifier, previously 

reacted in (A) acidic and (B) alkaline route, and solid lignin (inset 3A). 

In an attempt to find a relationship between surfactant performance and the number 

of protonatable units (N atoms), different amine molecules were studied: DMA (1N), 

DETA (3N), TEPA (5N) and PEI (~20N). Figure 4.4.2B presents DSD curves of 

emulsions stabilized with alkaline-prepared emulsifiers previously reacted with the 

above listed types of amines. Apart from DMA-KL and A100 emulsion, the remaining 
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emulsions have shown bimodal curves, with the second peak arising between 1 and 

10 µm. No qualitative differences among all those lignin emulsifiers, in terms of DSD 

distributions, were found. Such DSDs were quantitatively compared using Sauter 

mean diameter (D3,2), calculated as follows: 

 𝐷3,2 =
∑ 𝑛𝑖 ∙ 𝐷𝑖

3
𝑖

∑ 𝑛𝑖 ∙ 𝐷𝑖
2

𝑖

 
(4.4.1) 

where ni is the number of droplets with diameter Di. Results are shown in Figure 4.4.4 

for the four types of amine studied, for two selected O/W ratios of 60/40 and 70/30.  

 

Figure 4. 4. 4. Surface mean diameter (D3,2) of 60/40 and 70/30 cationic emulsion vs 

reagent ratio (KL/FD/AM) used to prepare MKL emulsifier, as a function of type of 

amines. 

In the case of DMA-KL and TEPA-KL, results are also given, as a function of the reagents 

ratio (KL/FD/AM of 1/5/5, 1/11/11, 1/22/22 and 1/44/44 for DMA-KL and of 

1/11/11 and 1/22/22 for TEPA-KL). The reagent ratios were initially opted referring 
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to the number of estimated active sites available for reaction. Based on a generally 

accepted mechanism for Mannich reaction on lignin, the amine-formaldehyde 

intermediate compound selectively attacks the aromatic C5 and carbonyl group (Liu et 

al. 2013; Du et al. 2014), which may potentially occur on Guaiacyl (G) and p-

hydroxyphenyl propane (p-H) units. However, the presence of both active sites is 

ruled by lignin origin related to the wood source and process applied before its 

isolation and purification (Laurichesse and Avérous 2014). On those uncertainties, 

this part of the study merely focused on which reagents ratio and amine type yielded 

the emulsifier which was able to provide the smallest droplet size. As shown in Figure 

4.4.4, minimum D3,2 values were observed at a ratio between 1/11/11 and 1/22/22 

for DMA. This result may suggest that at the lowest reagents ratio the stabilization 

originated by electrostatic repulsion may be insufficient. In other words, the charge 

density on the lignin molecule may not be enough. On the contrary, at a fixed emulsifier 

concentration of 0.5 wt.%, a too high ratio means much less lignin (building blocks) 

available as emulsifier units. Based on that, 1/11/11 was selected for the remaining 

AMs study. As observed, the relationship found, whereby D3,2 decreases as N atom per 

amine molecule increases, is valid for DMA-KL, DETA-KL, and TEPA-KL emulsion, 

whilst fails for PEI-KL emulsion. For the same reason as before, PEI, with very high 

molar mass if compared to the other amines (see Table 4.4.1), yields much less 

modified lignin units. When used at a constant concentration of 0.5 wt.% as in Figure 

4.4.4, this means poor stabilization if compared to the other emulsifiers. Finally, TEPA-

KL D3,2 was shown the closest to reference value of about 5 µm, even better when 

formulated with ratio of 1/22/22, which yielded average size of about 7 µm. Hence, 

Figure 4.4.4 makes clear the importance of the electrostatic repulsion among bitumen 

drops just formed upon breaking-up occurring at the dispersing tool, in terms of the 
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expected DSD of the emulsion leaving the colloid mill. For this reason, TEPA-KL was 

the emulsifier selected for further optimization of the emulsion formulation.  

In addition, a slightly smaller D3,2 was observed for smaller O/W ratio, at 60/40 than 

70/30, for the majority of amine group except for PEI-KL emulsion. At the smallest 

O/W ratio, the emulsification device efficiency (related to stirring energy transferred 

per unit volume) is higher, yielding the formation of a larger droplet surface area 

(Gingras et al. 2005).  

4.4.3.2 Effect of emulsion formulation 

The effect of TEPA-KL emulsifier concentration and pH of aqueous phase on DSD of 

70/30 emulsions is shown in Figure 4.4.5. As seen in Figure 4.4.5A, at 0.5 wt.% of 

emulsifier, a bimodal distribution is shown, with peak maximums located at ~15 µm 

and ~2 µm (this latter slightly superposed to reference peak). When the concentration 

was reduced to 0.25 wt.%, the smaller peak disappeared and the main peak shifted to 

~40 µm. Further decrease to 0.125 wt.% of emulsifier caused a shift to ~70 µm, as a 

consequence of a thinner adsorbed emulsifier layer which upon compression (driven 

by attraction interaction) cannot sustain droplet stability, giving rise to coalescence 

up to the point at which a stable layer thickness is attained (Tadros 2014). Thus, the 

reduction of TEPA-KL emulsifier concentration at the interface yielded the decrease of 

total droplet surface, i.e. larger droplets were formed. 
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Figure 4. 4. 5. Droplet size distribution of emulsion containing TEPA emulsifier as a 

function of (A) Emulsifier concentration in interval range of 0.125 – 0.5% and (B) 

aqueous phase pH in interval range of 1 – 4.5, including emulsion with A100 as 

reference. 

Similar trend was observed in Figure 4.4.5B, with bimodal curves for emulsions 

prepared at low pH of aqueous phase, of 1 and 1.5, which became unimodal (and 

shifted to larger size domains) by increasing pH. At low pH, the charge density of the 

emulsifier increases, due to the presence of a higher number of protonated groups 

(>NH+). This improves the repulsive action against Van-der-Waals attraction forces 

(Tadros 2011), so that the chance for coalescence is minimized, and smaller droplets 

can be maintained. 
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4.4.3.3 Emulsion rheology and stability 

Figure 4.4.6 presents viscous flow curves of emulsions, at 30 °C, as a function of the 

amine type used for obtaining modified lignin emulsifier and the O/W ratio.  

 

Figure 4. 4. 6. Viscous flow behavior of emulsion as a function of amines group used 

to modify lignin at O/W ratio of 60/40 and 70/30. 

The selection of the test temperature relied on the expected bitumen emulsion 

application (Vaitkus et al. 2016), that is, cold mixed asphalt technology in this case. As 

can be observed, all emulsions, no matter their bitumen concentration (60/40 and 

70/30 O/W ratio), showed a shear thinning behavior between 0.01 and 30 s-1. The 

viscous behavior of emulsions stabilized by TEPA-KL and PEI-KL was described fairly 

well by the Ostwald-de-Waele model: 
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 𝜂(𝛾̇) = 𝑘 · 𝛾̇𝑛−1 (4.4.2) 

where k and n are consistency and flow indexes, respectively. As shown in Table 4.4.1, 

the highest k value was found for emulsion formulated with TEPA-KL, and the opposite 

trend was shown for n index, what implies that TEPA-KL emulsion is more structured 

than PEI-KL emulsion (Barnes 1994). As previously commented, the balance between 

building block units and protonatable sites, that is, charge density at the droplet 

surface, seems to be more favorable for TEPA-KL emulsion in such a way that enables 

stronger droplets interactions (Yuliestyan et al. 2017). 

Table 4. 4. 1. Oswald-de-Waele fitting parameters, of power law (n) and consistency 

(k) indexes, of emulsion with 60/40 and 70/30 of O/W ratio as a function of amines 

at various MW (and quantity of protonatable N unit) used to prepare modified lignin 

emulsifier, and its corresponding zeta potential values (ζ). 

Emulsion  60/40 70/30 ζ, mV 

modified 

with amines  

MW(amines), 

g/mol 

k, Pa·sn n, - k, Pa·sn n, - 

DMA  45.08 -- -- -- -- 5.6 

DETA 103.17 -- --- -- -- 8.5 

TEPA 189.30 9.58 0.36 30.56 0.27 18.7 

PEI- ~800 2.08 0.47 8.46 0.30 20.9 

No rheological model was used to describe the viscous flow behaviors of DMA-KL and 

DETA-KL emulsions. They exhibited a complex flow behavior with a Newtonian region 

at the lowest shear rates studied, followed by a sharp decrease in viscosity as shear 

rate increased (Figure 4.4.6). Such a steep slope of the shear rate dependence of 

viscosity for DMA-KL and DETA-KL emulsions gave inconsistent negative values for n, 
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which for a shear-thinning fluid has to be between 0 and 1. This flow behavior arises 

from flow instabilities due to microstructure collapse, which might involve 

deflocculation, droplet coalescence and, eventually, emulsion destabilization.  

The result in Figure 4.4.6 might be explained by means of zeta potential ‘ζ‘ results 

shown in Table 4.4.1. Firstly, it is necessary to highlight that the positive ζ values 

observed mean that the emulsifiers (also their derived emulsions) present positive 

surface charge, as a consequence of protonated amine groups. TEPA-KL and PEI-KL 

emulsifiers presented the highest ζ values. A higher surface charge density favors 

electrostatic repulsion and hinders flocculation, Thus, the emulsions formulated with 

those emulsifiers showed reduced viscosity and less pronounced shear-thinning 

behavior within the shear rate interval tested. As opposed, the ζ value of DMA-KL 

emulsion, 5.6 mV was the smallest. The contribution of the emulsifier charge to the 

emulsion stability is low. Moreover, due to the low molecular weight of DMA reagent, 

the DMA-KL emulsifier has the highest fraction of lignin, promoting more intense 

hydrophobic interactions between drops that favors their flocculation. This 

phenomenon contributes to an important viscosity increase by formation of a gel 

structure (explained below). As a result, emulsion instability is favored by means of 

flocculation or even partial coalescence (Tadros 2014). However, this flocs formation 

does not necessarily involve complete coalescence, as reversibility was found upon re-

dispersion. Based on that, the structured-flocs formed can be severely disrupted upon 

applying an increasing shear stress ramp, as in Figure 4.4.6.  Padmanabhan and 

Bhattacharya (1991) explanation also negative ‘n’ values found during extrusion of 

corn materials. They attributed its origin to molecular degradation, viscous dissipation 

and wall slip under shear. In our case, wall slip and viscous dissipation are excluded 

due to the use of serrated sensor system. Thus, considering molecular degradation 
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analogy, low internal friction upon de-flocculation phenomenon would turn out in a 

very severe shear thinning, which could give rise to inconsistent negative values for 

‘n’ index. This behavior results more pronounced for the most concentrated 70/30 

emulsions.  

 

Figure 4. 4. 7. The evolution viscoelastic properties, of storage (G’) and loss (G’’) 

modulus, in frequency domain of 60/40 emulsion with 0.5% of lignin-emulsion, 

previously prepared with different amines. 

Figure 4.4.7 presents the evolution of viscoelastic properties with frequency of 60/40 

emulsions. In all cases, storage modulus was always higher than loss modulus, which 

implies a prevailing elastic behavior, with G’ and G’’ largely frequency insensitive. This 

is the typical behavior of gel systems. Within the range tested, the highest values of 

storage (G’) and loss (G’’) moduli are found for DMA-KL emulsion. Amines with higher 

quantity of protonatable units (with higher ζ values according to Table 4.4.1) yielded 

decreased moduli values. Moreover, from DMA to PEI emulsions, the distance between 
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G’ and G’’ became smaller and, so, the loss tangent (tan (δ) = G’’ / G’) values increased 

from 0.15 to 0.45, respectively. The lowest value of 0.15 reveals a more developed 

structural network (Barnes 1994; Tadros 2011). Thus, a value loss tangent of 0.15 and 

the visual appearance in Figure 4.4.7 suggest that DMA emulsion can be classified as a 

weak gel with tan δ below 1 but approaching a strong gel (tanδ < 0.1) and on the 

contrary to the case of PEI emulsion (Clark et al. 1987). In fact, Figure 4.4.6 shows 

extremely low power-law exponent. These results seem to confirm that gelation, due 

to extensive flocculation, is more likely when using lignin emulsifiers prepared with 

amines with low number N atoms and high quantity of lignin units. In the case of DMA, 

the electrostatic repulsion due to positive charged sites does not compensate the 

strong attractive forces as a consequence of hydrophobic interactions between lignin 

molecules. Hence, despite flocculation in DMA emulsion is merely a reversible physical 

state, its low values of ζ and tan δ are not desirable characteristics for bitumen 

emulsions which demand flowability for a better penetration and coating of the 

aggregate matrix during mixing. A better use of DMA-KL compound could be as a 

flocculating agent in acidic medium, studied by other authors (Fang et al. 2010). 

Therefore, considering DSD profile (Figure 4.4.2B) and viscous flow behavior (Figure 

4.4.6), tetraethylene pentaamine (TEPA) is the best option for lignin amination, among 

other tested, to achieve the desired properties that allow its application in bitumen 

emulsions. 

Besides the relation to emulsion behavior, all ζ values are small for an emulsion to be 

merely considered electrostatically stable. However, DSD evolution of DMA and TEPA 

emulsion over certain period of time (of 1 day, 1 week and 15 months) demonstrated 

an exceptional emulsion stability.  
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Figure 4. 4. 8. Droplet size distribution evolution, of 60/40 and 70/30 emulsion 

stabilized by TEPA-lignin and DMA-lignin, over period of 1 day, 1 week and 15 

months. 

Figure 4.4.8, which illustrates curves obtained after the emulsions re-dispersion, 

hardly shows shifting among DSD curves with time (and visual alteration was not 

observed, either). This suggests that stability mechanism is not only governed by 

electrostatic, but steric barrier as a secondary mechanism by mutual attraction (Fritz 

et al. 2002; Norgren et al. 2002), which was previously demonstrated by rheological 

characterization. Thus, aminated lignin, a macromolecule that (after amination) 

possess positive charge in acidic medium, is considered as polycation 

(polyelectrolyte), which in an appreciable thickness of adsorbed layer, laid at emulsion 

droplet interface, presented both electrostatic and steric characteristics, known as 

electrosteric. 
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4.4.3.4 Application to bitumen emulsions  

Aiming to assess the ability of modified KL to stabilize bitumen emulsions for road 

paving, a 60/40 bitumen (B500) cationic emulsion was emulsified at pH 1 by a 0.5 

wt.% of TEPA-emulsifier, which was reacted through the alkaline route at a 1/22/22 

ratio.  

Figure 4.4.9A presents DSD curve for the TEPA and the reference A100 bitumen 

emulsion. After 1 day storage, emulsion A100 shows a bimodal distribution whilst 

TEPA emulsion exhibits a unimodal curve of higher droplet sizes than the reference 

surfactant. If compared to silicone emulsions, surfactant A100 gave rise to a smaller 

size of D3,2=2.56 µm for bitumen emulsion A100 (Table 4.4.2 and Figure 4.4.2). 

Conversely, bitumen emulsion emulsified by TEPA presents a higher Sauter mean 

diameter D3,2 than its counterpart formulated with silicone (Table 4.4.2 and Figure 

4.4.4). On the other hand, A100 bitumen emulsion DSD evolved over 1 week towards 

higher sizes, as the peak previously found at ~1 µm vanished. However, TEPA bitumen 

emulsion profiles superposed one onto another, exhibiting excellent stability, which 

agrees with previous results from silicone oil emulsion prototypes (Figure 4.4.8). 

Interestingly, A100 proved successful at electrostatically stabilizing small droplets 

upon rupturing of larger drops, whilst TEPA-KL mainly demonstrated a great ability 

to stabilize the final emulsion by steric mechanism. 
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Figure 4. 4. 9. Characterization results, of (A) droplet size distribution curves over 1 

day and 1 week and (B) viscous flow curves and its Sisko model fitting, for B500 

bitumen emulsion with O/W ratio of 60/40, prepared using TEPA-KL and A100 as 

reference. 

Figure 4.4.9B presents flow curves for TEPA and A100 bitumen emulsions. The 

dependency of viscosity on shear rate was apparent at low shear rates, between 0.01 

and 1 s-1, followed by a transition to a final region with a Newtonian response. This 

limiting value corresponds to a completely deflocculated system, as a consequence of 

the severe shear applied. These behaviors, different to those shown in Figure 4.4.6, are 

better described by Sisko model, which introduces a high shear limiting viscosity, ‘η∞’, 

accounting for such a Newtonian region:  

 𝜂(𝛾̇) = 𝜂∞ + 𝑘 · 𝛾̇𝑛−1 (3) 
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Table 4.4.2 summarizes consistency (k) and flow (n) indexes and η∞.  

Table 4. 4. 2 Sisko fitting parameter, D3,2 and maximum packing volume fraction 

(ΦM),  of 60/40 bitumen (B500) emulsion prepared using 0.5% of TEPA emulsifier 

and A100 as reference 

Bitumen emulsion k, Pa·sn n, - η∞, Pa.s D3,2 ,µm ΦM 

A100-emulsion   0.135 0.36 0.025 2.56 0.685 

TEPA-emulsion 0.077 0.32 0.051 13.59 0.641 

Both emulsions present quite similar shear thinning behaviors, as demonstrated by 

close values of the flow index. However, TEPA emulsion limiting viscosity is higher 

than that for the emulsion stabilized by A100 (despite they were formulated with the 

same bitumen concentration). Initially, a higher D3,2 value means a smaller total 

surface area formed, or lesser droplet quantity, which would lead to a lower emulsion 

limiting viscosity. However, if the η∞ value is considered to be influenced by no other 

parameters than the viscosity of the dispersing medium, dispersed phase volume 

fraction and its corresponding maximum value (ΦM) (Barnes 1994), the DSD curves in 

Figure 4.4.9A may shed light on this issue. Bimodality of A100 emulsion, along with its 

wider size distribution, allows internal spaces among droplets to be filled by smaller 

size droplets, resulting in a higher ΦM value. According to the above assumption, ΦM 

values for A100 and TEPA emulsions were calculated by using the Frankel-Acrivos 

equation , and are shown in Table 4.4.2. TEPA and A100 show ΦM values of 0.641 and 

0.685, respectively. This means that the TEPA-emulsion (60 wt.% dispersed phase) is 

closer than A100-emulsion to the maximum packing volume fraction admissible. So, 

stronger interactions among droplets are expected during flow, giving rise to a higher 

limiting viscosity η∞ for TEPA-emulsion.   
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The application of lignin-based emulsifier may depend on the desired final properties 

specified in standards (e.g. EN 13808), such as viscosity, breaking behavior, etc. 

However, most importantly, those properties are predictable considering parameters 

previously demonstrated in this work.  

4.4.4 Concluding remarks  

This work has evaluated physical, rheological and microstructural properties of model 

(silicon) and bitumen emulsions stabilized by cationic lignin-based surfactants. To 

that end, lignin modification has been accomplished, by a Mannich reaction procedure, 

optimizing variables such as reaction route (alkaline or acidic), types of amines, and 

reagent ratios. On the other hand, emulsion formulation has been modified as a 

function of emulsifier concentration, pH of aqueous phase and O/W ratio.  

The results suggest that alkaline route is more effective than acidic one, for the specific 

reaction conditions of 60 °C for 4 hours. For a typical bitumen emulsion, lignin 

modified by tetraethylene pentamine is preferred as cationic emulsifier, presenting 

sufficient stability and a suitable viscous behavior. Nonetheless, the other amines, 

used as sources of protonatable groups for lignin, have demonstrated excellent 

emulsification ability of silicone dispersions. For a fixed concentration value, the 

reagent ratio (KL/FD/AM) was found optimum for 1/11/11 and 1/22/22. Based on 

those adjusted emulsifier parameters, the cationic O/W bitumen emulsions are 

desirably formulated with 0.5% w/w lignin modified by TEPA, dispersed in a aqueous 

phase at pH 1, for a bitumen concentration between 60% and 70%, range commonly 

used in asphalt industry. 
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4.5 Assessment of modified lignin cationic emulsifier for 

bitumen emulsions used in road paving 
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ABSTRACT 

The utilization of Kraft lignin as cationic emulsifier in the preparation of bitumen 

emulsions has been assessed in this work. Thus, Kraft lignin was previously modified 

in alkaline medium in presence of tetraethylene pentamine (TEPA) and formaldehyde, 

according to the Mannich reaction. Solubility in water phase as a function of pH 

demonstrated the amphoteric nature of the reaction product, which enables its 

potential application in cationic bitumen emulsions. Bitumen emulsions stabilized by 

modified lignin (MKL) were further studied. Different B/W ratios, which mainly 

affected the high-shear-rate-limiting viscosities, yielded more similar mean droplet 

diameters than different pHs, whose effect on viscosity was mainly at low shear rates. 

Moreover, viscous flow and linear viscoelasticity tests revealed enhanced rheological 

performance of the MKL bitumen residue if compared to the parent base bitumen. 

Finally, half warm mix asphalt (HWMA) specimens containing reclaimed asphalt 

pavement (RAP) were studied, and the results compared with those corresponding to 

virgin aggregate. In both cases, the preparation of HWMA with a selected 60/40 MKL 

bitumen emulsion at 80°C by gyratory compaction was successful. Compared to the 

virgin aggregate, the specimen derived from 100% RAP showed much higher 

mechanical resistance due to a partial blending of fresh binder with RAP aged binder. 
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4.5.1 Introduction 

Over the last decades, sustainable development policy is being strongly encouraged in 

many sectors, including transport infrastructure. In pavements construction, the 

massive consumption of fossil fuels and highly toxic pollutants emission associated to 

the use of the standard practice of hot mix asphalt (HMA) technology are two critical 

environmental concerns (Gómez-Meijide and Pérez 2014; Carrera et al. 2015). As an 

alternative, reduced-temperature paving technologies using bituminous emulsions 

may represent up to 7 times lower emission in kg eq. CO2/ton product and up to 7.5 

times lower energy consumption in MJ/ton product, as compared to HMA (Lesueur 

2011). These great reductions come from the decrease in binder viscosity which 

allows for milder workability during manufacture. Hence, even at ambient conditions, 

mixing and compaction in the reduced temperature method is expected to perform 

better than in the standard method, as bitumen viscosity at 135 °C is 6 times higher 

than its corresponding 70/30 (B/W) bitumen emulsion under ambient conditions 

(Yuliestyan et al. 2016b). 

Bitumen emulsions are composed of two immiscible phases, that is, 1-50 µm 

bituminous droplets dispersed into water medium in the presence of an emulsifier. 

The emulsifier is an amphiphilic substance with a hydrophilic head and a lipophilic 

coil. It resides at the interface between the bitumen droplet and the water phase, 

acting as a stabilizer which reduces the interfacial tension between both phases and 

facilitates the emulsification process. In terms of the surface charge of the hydrophilic 

end, cationic emulsifiers are used, by far, in a larger scale than anionic or non-ionic 

emulsifiers in the bitumen emulsion industry (Read and Whiteoak 2003). This is due 

to its ability to adhere to electronegative siliceous solid aggregates, the most common 
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mineral type on Earth (Mallawarachchi et al. 2016; Ronald and Luis 2016). In this 

regard, functional groups containing nitrogen, i.e. amine, amidoamine and 

imidazoline, are widely used in the hydrophilic end of cationic emulsifiers (Read and 

Whiteoak 2003) due to its known ability as adhesion promoters (Gawel et al. 2016). 

Interestingly, lignin, a by-product of pulping industry, has presented a potential use as 

a building unit for cationic emulsifiers (Laurichesse and Avérous 2014; Windeisen and 

Wegener 2016). Depending on the sources, from hardwood or softwood, and 

importantly the previous treatment used, i.e. sulfate (Kraft) process, sulfite process, 

etc., a wide variety of lignin is available. Together with cellulose, lignin represents the 

most abundantly available biopolymer on Earth. However, only a small amount of it is 

being utilized to manufacture commercial products, and the rest is mainly burnt for 

energy (Matsushita 2015; Windeisen and Wegener 2016). To obtain a cationic 

emulsifier product based on the Mannich reaction, a compound containing an amine 

functional group is attached to lignin, with formaldehyde as a second reagent 

(Matsushita and Yasuda 2003; Du et al. 2014; Laurichesse and Avérous 2014). In 

alkaline medium, the reaction occurs between a lignin carbon with high electron 

density and an intermediate substance (aminomethanol) which was initially formed 

from the reaction of formalydehyde and the amine (Laurichesse and Avérous 2014), 

shown in Figure 4.5.1. 

This type of modification permits the use of various types of lignin, among them, lignin 

extracted by a Kraft process, which is a highly adopted technology in pulping industry 

(Du et al. 2014). Hence, selection of Kraft lignin as raw material is of high interest, that 

also presents a potential use as properties modifier (Kaewtatip and Thongmee 2013). 

Similarly, options are also available for the amine group selection, though it is limited 
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to primary (-NH2) or secondary (-NH) amine. In this study, tetraethylene pentamine 

(TEPA), where in Figure 4.5.1 R1=C2nH1+5nNn and R2=C2(4-n)H1+5(4-n)N4-n, for 0≤ n ≤ 2, 

with three secondary and two primary amine, was chosen as reagent. High expectation 

was put on its emulsifying ability and further adhesive properties of its binder, given 

the high number of amine groups involved in the molecule. 

 

Figure 4. 5. 1 Molecular structure prediction during Mannich reaction for the 

preparation of MKL, represented as monolignol, formaldehyde and amine functional 

group reaction, adapted from (Du et al. 2014) 

For that purpose, this work assesses the potential use of TEPA modified lignin (MKL) 

as cationic emulsifier of bitumen emulsions. In that sense, the methodology was 

established as follows: a) influence of pH on the solubility in aqueous medium of the 

cationic emulsifier; b) investigation on the influence of pH, B/W ratio and processing 

on the MKL bitumen emulsions droplet size distribution and their flow behaviour at 

30 °C; c) evaluation of the MKL bitumen emulsions breaking rate and further study on 
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the relation between the rheological properties and microstructure of their residues; 

and d) feasibility of developing half warm mix asphalt (HWMA) containing reclaimed 

asphalt pavement (RAP) with the use of MKL cationic bitumen emulsions. 

4.5.2 Experimental 

4.5.2.1 Materials 

Alkali or Kraft lignin (KL) CAS no.: 8068-05-1, brown powder (insoluble in acidic 

aqueous solution) with MW of 10000 g/mol, was used as a precursor to obtain MKL. 

This lignin presented ash content of 3.14 wt.% and elemental composition (wt.%) as 

follows: C: 61.15, H: 6.72, N: 2.18, O: 26.92, S: 2.54. In this case, if all the sulfur is 

assumed to be found as sulfonate groups, the –SO3
- content would be of 6.35 wt.%. 

Amination, through the Mannich reaction, was followed by reacting KL with 

tetraethylene pentamine (TEPA) and formaldehyde (supplied as 37 vol.% aqueous 

solution). All reagents were purchased from Sigma Aldrich, Spain. The bitumen used 

to manufacture the emulsions was kindly supplied by Repsol S.A. (Spain). Values of 

penetration of 190 dmm and Ring-and-Ball softening temperature of 39 °C were 

measured according to European Standards EN 1426:2007 and EN 1427:2007, 

respectively. Finally, in order to assess the potential use of the emulsions in HWMA, 

two types of aggregates were selected: a) RAP, provided by Repsol S.A. Spain, was 

extracted from a road in Madrid; and b) a siliceous aggregate, used as reference, from 

Arido Velilla S.A. Spain. 

4.5.2.2 Emulsions and samples preparation 

In the preparation of the emulsifier, previously optimized quantities of 1 g KL and 1.4 

g TEPA were initially solubilized in 50 mL of alkaline (pH of 13) aqueous solution, at 
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60 °C, under stirring at 1000 rpm. Then, a quantity of formaldehyde equivalent to 

TEPA in moles was added to conduct the Mannich reaction for at least 4 h. To prepare 

the emulsion aqueous phase, the concentrated MKL was diluted up to the final desired 

concentration with deionized water and the pH was then adjusted using HCl in 37 

vol.% aqueous solution. 

The preparation of the bitumen emulsions was performed according to the following 

three different methods: A) batch mixing of bitumen at 140°C with water at 60°C in a 

homogenizer IKA UT T50 with a toothed rotor-stator G45M dispersing element at 

10000 rpm for 4 min; B) one pass in-line mixing for 3 s, of both phases, in a colloid mill 

type C45-2939 (bitumen and water phases at same temperatures as before) at 6000 

rpm; and C) similar as in (A) performed in a shorter processing time of 2 min. Aiming 

to investigate the influence of pH, B/W ratio and processing procedure on the 

emulsion properties, the nine emulsion cases presented in Table 4.5.1 were developed. 

Thus, pH was varied between 1 and 7, and the B/W ratio from 50/50 to 70/30. A 

constant concentration of the surfactant MKL of 0.75 wt.% (with respect to overall 

emulsion) was always used. 
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Table 4. 5. 1 Work plan developed for the emulsion study observing the influence of 

pH, bitumen-to-water (B/W) ratio and processing, with 0.75 wt.% of MKL (over the 

emulsion) 

Case 

identifier 

Emulsion 

identifier 

Emulsion definition 

pH B/W 

ratio 

Processing 

pH 

pH1-60-A 1 

60/40 
T50 at 10000 rpm for 4 min 

(A) 

pH3-60-A 3 

pH5-60-A 5 

pH7-60-A 7 

B/W 

pH1-50-B 

1 

50/50 

CM at 6000 rpm for 3 s 

(B) 

pH1-60-B 60/40 

pH1-65-B 65/35 

pH1-70-B 70/30 

Processing pH1-60-C 
1 60/40 

T50 at 10000 rpm for 2 min 

(C) 

Residual binders were obtained by the evaporation method outlined in UNE-EN 

13074-1:2011. This method minimizes the damage provoked to the binder with a view 

to its further characterization. Alternatively, residual binder, in the form of mastics, 

might also be obtained by adding cement and filler to allow hydration and 

demulsification process (Dondi et al. 2014), though beyond the scope of this study. 

The influence of the MKL in the bitumen residues was studied at varying MKL 

concentrations from 0.41 to 2.08 wt.%, which represent from 0.25 to 1.25 wt.% of MKL 

in their parent 60/40 B/W emulsions (prepared by method A, at pH of 1).  

The preparation of HWMA specimens was conducted, in a gyratory compactor, by 

initially mixing aggregates at 110 °C with a 0.5 % of water at 60 °C followed by MKL 

bitumen (60/40) emulsion at the same temperature, before compaction at 80 °C. 
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100% RAP specimens were prepared by pouring 2.5 wt.% of MKL emulsion (which 

represents 1.5 wt.% dry bitumen added) into 0/16 crushed RAP, composed of 40 wt.% 

fine and 60 wt.% coarse fraction. The 60/40 emulsion used was prepared by method 

B. In order to compare the effect of virgin and reclaimed asphalt, reference virgin 

aggregate asphalt mixes were prepared using a granulometry of AC 16 design (Figure 

4.5.2) with a binder content of 5 wt.% (8.33 wt.% of MKL 60/40 emulsion). All 

mixtures were subjected to curing process inside oven at 50 °C for three days. 

 

Figure 4. 5. 2 AC 16 grading curve with its corresponding maximum and minimum 

limit 

4.5.2.3 Tests and measurements 

Filtration tests, by passing MKL solution through filter paper with pore size between 

7-9 and 45 µm, were conducted as a function of pH. The solubility was estimated using 

Equation 4.5.1: 
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 %⁡𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦⁡ = (1 −
𝑚𝑐

𝑚𝑖
) 𝑥100% (4.5.1) 

where mi and mc are the initial mass of MKL dispersed in aqueous medium and the 

mass of MKL in cake (retained by the filter), respectively. The absence of solid particles 

on the filter was interpreted as a proof of high solubility. Additionally, visual 

inspection of each MKL solution prior to filtration was used to relate color with 

solubility. 

Fourier Transform Infra-Red (FT-IR) spectroscopy was performed to compare specific 

functional groups in Kraft lignin before and after modification. FT-IR spectra were 

obtained using FT/IR 4200 type A, manufactured by JASCO company, in transmission 

mode. Thin disks were prepared by mixing Kraft lignin or MKL powder with KBr (in a 

wt. ratio of 1:5), followed by hydraulic pressing at 5 bar for 5 minutes. Spectra were 

collected with a resolution of 4 cm-1 from 350 to 4000 cm-1. 

Two different tests were carried out to characterize bitumen emulsion properties: a) 

droplet size distribution tests were conducted in Mastersizer 2000 Malvern (UK), at 

ambient temperature; b) Viscous flow tests at 30 °C were performed using rough 

surface coaxial cylinders, to prevent wall-slip phenomena, in a controlled stress 

rheometer Physica MCR 301 by Anton Paar (Austria). Apart from this, the emulsion 

breaking index was also measured as the amount of Sikaisol filler needed for breakage 

upon contact with 100 gr of bitumen emulsion (according to EN 13075-1). 

The rheological properties of the binder residue were revealed by means of: a) viscous 

flow tests at 60 °C, performed using serrated parallel plates (25 mm diameter) at 1 

mm gap in Physica MCR 301 Anton Paar (Austria); and b) dynamic shear temperature 

sweeps at a frequency of 10 rad/s from 30 to 80 °C with a heating rate at 1°C/min, 
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with serrated parallel plates (20 mm diameter) at 1 mm gap on a controlled stress 

RS600 from HAAKE (Germany) within its linear viscoelastic (LVE) region. 

The morphology of the binder residue, at ambient temperature, was evaluated 

through optical micrographs obtained using DFC495 Leica camera attached to 

DM2500 microscope. Samples, on standard microscope slides (76 × 26 mm2), were 

initially heated up to 70 °C to form very thin layers which allowed light to be 

transmitted through. 

Furthermore, Vialit adhesion plate shock tests, referred to EN 12272-3, were prepared 

by placing 100 aggregates on a 20 × 20 cm2 standard plate previously filled with 

70/30 bitumen emulsion (method B) which was allowed to set. Three test replicates 

were performed by dropping a standard ball onto an inverse facing plate. Visual 

observation was conducted on the aggregates. 

With regard to the HWMA, the workability was evaluated through the gyratory 

compaction test, using Superpave gyratory compactor (by Matest, Italy), by applying 

a weak load of 0.6 MPa at 0.82° internal angle for a number of gyrations (Gn) of 200 at 

a speed of 30 rpm. The compactability was then fitted to Equation 4.5.2 (EN 12697-

10): 

 ℎ = ℎ1 − 𝐶 · 𝑙𝑛(𝐺𝑛) (4.5.2) 

where h is height, h1 is height at first gyration and C is a workability indicator. 

Finally, the mechanical properties of HWMA were assessed via the following indirect 

tensile tests (IDT): a) indirect tensile stiffness modulus (ITSM) test at 20 °C, by 

applying repetitive dynamic non-destructive load pulse for causing 0.005% transient 

horizontal measured on cylindrical specimen using a linear variable differential 
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transformer (LVDT) mounted to the device, as per EN 12697-26; and b) indirect 

tensile strength (ITS) test at 15 °C, by applying destructive vertical force to cause a 

vertical deformation rate of 50 mm/min, and using Equation 4.5.3 (EN-12697-23) to 

calculate ITS mechanical failure: 

 
𝐼𝑇𝑆(𝑀𝑃𝑎) =

2 · 𝑃

𝑡 · 𝜋 · 𝐷
 (4.5.3) 

where P is maximum force (N); t and D, are the average thickness and diameter of 

specimen (mm), respectively. All the mechanical tests were done with four replicates. 

4.5.3 Results and discussion 

4.5.3.1 Characterization of MKL as potential cationic emulsifier 

The potential use of the MKL as emulsifier in cationic bitumen emulsions resides in its 

ability to solubilize in acidic solution through protonation of the attached amine 

groups. Validation of the existence of amine groups attached to the lignin molecule 

after completion of the Mannich reaction was performed by Fourier Transform Infra-

Red (FTIR) spectroscopy. Figure 4.5.3 presents FTIR spectra for Kraft lignin before 

and after modification. Before modification, typical lignin phenolic features are 

observed, with the O-H stretching and aromatic (skeletal) vibration being denoted by 

a wide broad peak centered at 3421 and peaks at 1605 and 1515 cm-1, respectively. 

The origin of Kraft lignin used could be identified from its particular peaks between 

1800-900   cm-1. Thus, peaks at 1117 and 1328 cm-1, assigned for C-H and C-O 

deformation in Syringyl (S) aromatic unit, appear larger than those of guaiacyl (G) unit 

at 1159 and 1262 cm-1 (seen as overlapped shoulders) for the same assignment. A 

higher percentage of S (from synapyl alcohol-derived monolignol) than G (from 
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coniferyl alcohol monolignol) in their structural units indicates a hardwood origin, as 

opposed to softwood lignin which is mostly comprised of G units (Kubo and Kadla 

2005; Laurichesse and Avérous 2014). After modification, the structural units appear 

different as observed by the following evidences on the MKL transmittance spectrum: 

a) bending in-plane of C-H in G and S units, between 1260 and 1060 cm-1, have shown 

a lesser definition; and b) the presence of a newly developed peak centered at 770 cm-

1 associated to N-H wagging out of plane. This would suggest that modification, with 

the inclusion of an amine functional group, has occurred in their aromatic unit. 

 

Figure 4. 5. 3Fourier transform infrared (FT-IR) spectrum of Kraft lignin/MKL, 

before and after Mannich reaction, between wavenumber range of 700 - 3700 

In order to evaluate the effect of pH on the solubility of the MKL to be used as cationic 

emulsifier in aqueous medium, visual inspection was performed on dispersions of 
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MKL into water, at different pH between 1 and 11. The results are shown in Figure 

4.5.4a. A transparent black/dark solution is seen at pH ≤ 5 and pH ≥ 10. In contrast, a 

turbid milky light brown dispersion is observed at 6 ≤ pH ≤ 9, as a result of the light 

beam scattering by insoluble MKL particles. 

 

Figure 4. 5. 4 MKL solubility analysis via, a) visual inspection and b) filtration by 

means of MKL percentage in filtrate passing through 45 µm Φ pore size, as a function 

of pH 

The above dispersions were further subjected to filtration tests, which allowed for the 

establishment of a relation with previous results. The percentage of MKL non-retained 

by the filter, as a function of pH, is presented in Figure 4.5.4b. When the solution 

appears as black/dark transparent, almost all MKL was retrieved in the filtrate. In 

contrast, about 80% of the total weight of MKL was collected either using filter with 

pore size of 7-9 or 45 µm at pH between 7 and 9, when the turbidity was high in the 

unfiltered solution. Based on that result, acid-base Brönsted-Lowry principle attempts 
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to explain that at pH ≤ 5, a large amount of MKL (lignin – NR1R2) is protonated in acidic 

medium to form the conjugate acid (lignin – N R1R2H+), as a result of H+ reception. The 

resulting positive charge alters the MKL solubility, as it is now able to form H-bond 

with water (Norgren and Edlund 2014). At intermediate pH, the equal presence 

between two opposite charge in MKL unit yield the net charge of solution nearly zero. 

In addition, the attraction among hydrophobic component of MKL form coacervates of 

coarse particle and finally co-precipitate. At pH ≥ 10, the hydroxyl groups naturally 

present in the Kraft lignin molecules are easily deprotonated in the presence of alkali, 

yielding the negatively charged conjugate base (lignin – O-). As a consequence, the MKL 

becomes soluble again. The amphoteric nature of the MKL molecule makes solubility 

possible, depending on the pH, not only in alkaline (as raw Kraft lignin) but also in 

acidic medium. Therefore, it enables its potential application in cationic and anionic 

bitumen emulsions, simply, by adjusting pH of their aqueous phase. 

4.5.3.2 Effect of pH, B/W ratio and processing on bitumen emulsions 

prepared with the MKL emulsifier 

The evaluation of the droplet size distribution and viscous flow behavior of the 

bitumen emulsions helps understand their coating potential. Moreover, pH, 

bitumen/water (B/W) ratio and processing device are among the parameters which 

most influence the above properties. Hence, their effect on the nine MKL bitumen 

emulsions summarized in Table 4.5.1 was studied. 

Figure 4.5.5 presents the results of particle size analysis, by laser diffraction, on the 

different bitumen emulsions, as a function of the three above parameters: a) pH, b) 

B/W ratio or c) processing.  
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Figure 4. 5. 5 Droplet size distribution of emulsified bitumen with MKL concentration 

of 0.75 wt.%, measured at ambient condition via laser diffraction method, for the 

study of a) pH, b) B/W ratio and c) processing influence 

In Figure 4.5.5a, each curve appears as a result of two overlapped peaks, with the 

largest one centered at 50 µm and the other one yielding a shoulder at a smaller 

droplet size (which increases as pH decreases). In general, within the pH interval 
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analyzed, the droplet size distribution (DSD) remains quite unaffected by pH, in terms 

of shape. On the other hand, a well-defined bimodal curve, with peaks at around 20 

and 300 µm, was always exhibited at the different B/W ratios tested for emulsion 

obtained in the in-line homogenizer (processing B). As shown in Figure 4.5.5b, B/W 

did not cause much influence between 60 and 70 wt.% of bitumen, although some 

differences in the DSD are appreciated for the 50/50 emulsion. Interestingly, the DSD 

shape did not vary significantly with pH (in Figure 4.5.5a) or B/W ratio (in Figure 

4.5.5b), provided that those emulsions were obtained by the same processing 

procedure. Instead, a comparison of different procedures, as in Figure 4.5.5c, led to 

differing DSD shapes, which suggests the strong influence of processing on this matter. 

Moreover, in order to make easier a comparative analysis for every effect studied, 

Sauter mean diameter, D[3,2], was calculated using Equation 4.5.4: 

 𝐷[3,2] =
∑ 𝑛𝑖 ∙ 𝐷𝑖

3
𝑖

∑ 𝑛𝑖 ∙ 𝐷𝑖
2

𝑖

 
(4.5.4) 

where ni is the number of droplets with diameter Di. Table 4.5.2 depicts the mean 

diameters, as a function of all tested parameters (cases a, b and c). A may be seen, the 

droplet mean diameter increases with pH, from D[3,2] of 6 µm at pH 1 up to 45 µm for 

pH 7. Such explanation is derived from the MKL ability to capture a proton in acidic 

solution. Stronger acidic conditions prevent precipitation of previously dissolved 

MKL, which increases the effective concentration of the emulsifier in water. Moreover, 

pH also affects its emulsifying properties given the formation of a surfactant molecule 

with a larger surface charge density as a consequence of a more successful protonation 

(Ouellette et al. 2015). Thus, upon contact between bitumen and water phases and in 

the presence of mechanical energy for droplet breakage during emulsification, a large 

migration of strongly charged MKL molecules to the water-bitumen interface allows 
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for the formation of finer and more stable bituminous droplets. However, as pH 

increases up to 7, weaker surface charge densities increase the chance for coalescence 

of the new formed bitumen droplets (Rodrı́guez-Valverde et al. 2003). With regard to 

the bitumen concentration, B/W ratio seems to affect mean diameter of bitumen 

droplets in a lesser extent than pH. So, all the D[3,2] values ranged from 5 to 7 µm, being 

lowest droplet size for emulsion 70/30. This result is related to the higher emulsion 

bulk viscosity of system 70/30, which hinders droplet motion, along with an emulsion 

continuous phase more concentrated in MKL. Both facts would prevent droplet 

coalescence after emulsification and, therefore, explain the lower droplet size as 

bitumen concentration increases.  Furthermore, the results seem to demonstrate that, 

for a MKL concentration of 0.75 wt.%, pH=1 yields highly protonated MKL particles 

which performs equally well at any of the B/W ratios studied. Also, even though 

stirring efficiency decreases for a higher number of drops, the viscosity increase 

caused by a high internal phase concentration which approaches phase inversion 

(turbulent flow might approach laminar) significantly improves the stirring energy 

transfer from the device to the droplet to be broken (Salager et al. 1996). Finally, the 

influence of processing on mean droplet size is shown Table 4.5.2. A comparison of 

pH1-60-A and pH1-60-C, both with the same formulation, prepared under the same 

batch conditions with the toothed rotor-stator apparatus IKA UT T50 (constant power 

density, ε), evidences the inversely proportional contribution of the agitation time, tag, 

on the D[3,2]. Thus, D[3,2] scales with Ev-b,  where Ev (energy density) is calculated as 

the product ε· tag, and the exponent value depends on the flow regimen (Gingras et al. 

2005, 2007b). Consequently, D[3,2] data was perceived smaller for longer 

emulsification time in pH1-60-A than in pH1-60-C. In case of in-line colloid mill 

emulsification, a similar scaling regime has been established, by calculating a 



Chapter 4 – Results 

205 

 

residence time in the dispersing zone as the ratio VEM/Q, where VEM is the volumetric 

capacity of the emulsification machine and Q is the flow rate (Gingras et al. 2005, 

2007a). Yet, it is difficult to establish a comparison between these two types of 

emulsification because D[3,2] is largely influenced by geometrical considerations. DSD 

and Sauter mean diameters corresponding to pH1-60-A and pH1-60-B do not differ 

much, even though the rotor-stator speed and agitation time (10000 rpm and 4 min) 

were much higher than the colloid mill speed and residence time (6000 rpm and 3 s). 

However, a smaller gap between the shearing parts in the colloid mill as compared to 

the tooth spacing in the rotor-stator configuration may improve significantly its 

efficiency, due to higher values of shear rate. 

Table 4. 5. 2 Sauter mean diameter (D[3,2]) and Sisko model fitting parameters 

Emulsion (case) k [Pa·sn] n η∞ [Pa·s] D3,2 [µm] 

pH 

pH1-60-A 0.192 0.08 0.035 6.01 

pH3-60-A 0.067 0.15 0.029 9.20 

pH5-60-A 0.046 0.24 0.026 10.61 

pH7-60-A 0.016 0.31 0.026 20.32 

B/W ratio 

pH1-70-B 0.115 0.13 0.090 4.87 

pH1-65-B 0.103 0.17 0.039 5.24 

pH1-60-B 0.077 0.22 0.020 5.85 

pH1-50-B 0.003 0.38 0.004 6.98 

Processing 

pH1-60-A 0.192 0.08 0.035 6.01 

pH1-60-B 0.077 0.22 0.020 5.85 

pH1-60-C 0.070 0.22 0.020 9.12 
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The viscous flow behavior of the above emulsions was also studied. Figure 4.5.6 

presents the evolution of the steady state viscosity with shear rate, at 30 °C, as function 

of: a) pH, b) B/W ratio, and c) processing.  

 

Figure 4. 5. 6 Viscous flow behaviour of bitumen emulsion at 30 °C, fitted with Sisko 

model, as a function of a) pH, b) B/W ratio and c) processing 
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Within the shear rate considered, all the emulsions presented shear thinning response 

at the low shear rate region, followed by a transition regime which evolves toward a 

constant viscosity, known as the high-shear-rate-limiting viscosity. Such flow behavior 

has been typically observed on concentrated colloids, emulsions or suspensions at 

droplet volume fraction 𝜙 ≥ 0.3⁡ (Otsubo and Prud’homme 1992; Barnes 1994; 

Mueller, S., Llewellin, E.W., Mader 2009), and also applies for bitumen emulsions and 

polymer modified bitumen emulsions (Cuadri et al. 2016; Yuliestyan et al. 2016b). This 

viscosity evolution is well represented by the Sisko model, as follows: 

 𝜂(𝛾̇) = 𝜂∞ + 𝑘 · 𝛾̇𝑛−1 (4.5.5) 

where η∞ is the high-shear-rate-limiting viscosity, k is consistency index, and n is the 

flow index. These fitting parameters were summarized in Table 4.5.2, for the three 

case studies considered. In the first case, the pH of the emulsion mainly affected the k 

index, which increased with decreasing pH. Stronger inter-drop interactions provoke 

an increase in the flow resistance at low shear rates, which is related to the consistency 

index k (Otsubo and Prud’homme 1994a). Similarly, η∞ at high shear rate values was 

observed to slightly increase as pH was lower.  

The shear-thinning grade also increased (“n” became lower) as pH decreased (Table 

4.5.2). This result is clearly observed from the low shear rate zone in Figure 4.5.6a and 

is explained by the fact that, at low pH, the MKL molecules own a higher surface 

activity, yielding a large amount of smaller droplets (i.e. a larger interfacial surface 

area per unit volume, as may be deduced from the lower D[3,2] found). Under those 

conditions, emulsion presents a well-developed three-dimensional network favored 

by entanglements among surfactant adsorbed at the bitumen-water interface. Such a 

flocculated microstructure mainly affects low-shear-rate emulsion behavior (n values) 
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and is destroyed by shear until hindrance no longer exists and Newtonian behavior is 

reached, η∞. 

Similarly, B/W ratio affects both low and the high shear rate viscous behavior of 

emulsions, and the differences in n, k and η∞ are attributed to the different bitumen 

volume fractions, ϕ, (and D[3,2] values). Table 4.5.2 shows an increase in the emulsion 

viscosity and the development of shear thinning behavior (lower n values) as bitumen 

concentration is raised. Thus, a higher η∞ of 0.090 Pa·s was obtained for pH1-70-B, as 

compared to pH1-50-B with η∞ of 0.004 Pa·s.  

With regard to processing, results in Figure 4.5.6c evidence nearly coincident viscosity 

curves (both with η∞ of 0.020 Pa·s) for the emulsions pH1-60-B and pH1-60-C, and 

slightly higher η∞ of 0.035 Pa·s for pH1-60-A. The latter characterized by a narrower 

DSD. With the aim to compare all these emulsions, a study on the influence of the DSD 

on the maximum packing volume fraction was conducted referring to Frankel-Acrivos 

model (Equation 4.5.6) with an assumption of cubical arrangement of solid spheres 

 

𝜂𝑅 = 𝐶′ ⋅
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(4.5.6) 

In Equation 4.5.6, ηR is relative viscosity (a ratio between the emulsion limiting 

viscosity and the continuous phase viscosity, measured as 1 mPa·s at 30°C); ϕm is 

dispersed phase maximum packing volume fraction; and C’ is a constant with a 

theoretical value of 9/8 (Tanner 2002). Result of this relationship is presented in 

Figure 4.5.7. As can be observed, pH1-60-B and pH1-65-B were superimposed to 

fitting curves with ϕm = 0.70, whereas only a slightly higher ϕm of 0.72 was found for 

pH1-70-B (Figure 4.5.7). Interestingly, despite the different processing conditions 
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used for the manufacture of emulsion pH1-60-C, Frankel-Acrivos equation also 

predicts a ϕm of 0.7 for this system. This result indicates that, as shown by Figure 

4.5.5b, differences in DSD among emulsions pH1-60-B, pH1-65-B and pH1-60-C are 

not so large. On the contrary, emulsion pH1-60-A exhibiting the narrower DSD would 

have the lowest ϕm of 0.67 (Figure 4.5.7), which turns out in a more dense droplet 

packing and, therefore, in a higher viscosity if compared to pH1-60-B and pH1-60-C 

(Table 4.5.2). In practice, such bi/multimodal DSD has the capability to form denser 

droplet conformation, or ϕm ≫ value, that leads to lowering relative droplet fractions 

(ϕ/ϕm), and so lower η. In that sense, direct relation between ϕ/ϕm and emulsion η, 

as per equation 4.5.6, is applied, regardless their DSD curve. 

 

Figure 4. 5. 7 Emulsion relative viscosity (ηr) dependence on the dispersed phase 

volume fraction (ϕ) for all emulsion as function of processing procedure 
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4.5.3.3 Evaluation of the MKL emulsions breaking rate and 

characterization of their bituminous residues 

Among other parameters, the current European specification EN 13808 identifies the 

type of cationic bitumen emulsion based on bitumen content (EN-16849) and 

breaking index class (EN-13075-1). Table 4.5.3 presents the results of these tests 

carried out on three bitumen emulsions prepared with the MKL emulsifier, at a typical 

range of 60-70 wt.% bitumen content.  

Table 4. 5. 3 Results of bitumen content (EN 16849) and breaking index (EN 13075-

1) tests for selected bitumen emulsions 

Bitumen 
emulsion 
prepared 

Bitumen 
content 
(wt.%) 

EN 16849 

Classification 

Breaking 
index 
value 

EN 13075-1 

Classification 

Potential 
uses based 
on EN 13808 
- Spanish 
national 
annex 

pH1-60-B 61.18 58-62 

 (class 6) 

110 70-155  

(class 3) 

CUR  

110-195 
(class 4) 

IMP (if 
fluxant 
added) 

pH1-65-B 65.79 63-67  

(class 7) 

102 70-155 

 (class 3) 

TRG 

pH1-70-B 70.64 67-71  

(class 9) 

90 <110  

(class 2) 

TRG 

CUR – Curing coating for water proofing of bituminous mixture 

IMP – Primary coating for water proofing of granular layer   

TRG – Chipping surface dressing 

For those selected emulsions, the bitumen content measured presented a slightly 

higher value than initially fixed, due most probably to evaporation of water during the 

emulsification. In addition, the bitumen content has also shown to affect the emulsion 



Chapter 4 – Results 

211 

 

breaking index, as found in Table 4.5.3. As a consequence of fewer interactions among 

a smaller bitumen fraction, a higher filler load is required in order to cause breakage 

for B/W ratio of 60/40 if compared to B/W ratio of 70/30. Such slower emulsion 

setting might be useful when a significant amount of fine aggregate is considered in 

several types of mixture applications such as slurry seal, primary coating of granular 

layer, dense-grade asphalt concrete, etc., in the event of avoiding premature breakage 

during mixing. 

Further, with the objective to evaluate MKL influence on the final binder properties, 

60/40 B/W emulsions (procedure A) with varying MKL concentrations of 0.25, 0.5, 1 

and 1.25 wt.% were subjected to evaporation in order to obtain residues containing 

0.41, 0.83, 1.67 and 2.08 wt.% MKL, respectively. Then, these residues were 

characterized by means of viscous flow tests, at 60°C, and dynamic temperature 

sweeps, in addition to analysis with optical microscopy. 

Figure 4.5.8 presents the results of bitumen residues viscous flow tests, at 60°C, as a 

function of the MKL concentration (CMKL) remained after water evaporation.  
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Figure 4. 5. 8 Viscous flow curves at 60 °C of bitumen residues containing the 

remaining MKL emulsifier at a concentration of 0.41, 0.83, 1.67, 2.08 wt.% and its 

neat bitumen 

All the binders showed Newtonian (or nearly) behavior (no shear rate dependence). 

Residues with MKL concentrations of up to 1.67 wt.% proved comparable viscosity of 

about 160 Pa·s, significantly higher than those for the neat bitumen. However, a 

viscosity increase up to 350 Pa·s was observed after CMKL was raised up to 2.08 wt.%, 

indicating enhanced modification which caused increased flow resistance.  
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Figure 4. 5. 9 Viscoelastic behavior of bitumen residues containing the remaining 

MKL emulsifier at a concentration of 0.41, 0.83, 1.67, 2.08 wt.% and its neat bitumen: 

a) loss tangent between 30-80 °C; and B) rutting parameter. 

In addition, their linear viscoelastic behaviors were evaluated and are presented in the 

form of the evolution of loss tangent with temperature (Figure 4.5.9a) and the “rutting 

parameter” derived from simple dynamic temperature sweep tests, |G*|/sin δ, (Figure 

4.5.9b). In Figure 4.5.9a, the loss tangent (ratio of loss modulus to storage modulus, 

G’’/G’) of neat bitumen showed prevailing viscous behavior which became more 

notorious with increasing temperature from 30 to 80 °C. The presence of MKL at any 

concentrations, however, led to significantly lower tan δ and dampened thermal 

susceptibility in the temperature interval from 30 to 55°C. Moreover, “rutting 

parameter” may be considered an easier and more hands-on way to compare the 
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degree of improvement attained after modification.  Thus, the values of temperatures 

at which |G*|/sin δ (under certain testing conditions outlined by AASHTO MP1 equals 

1 kPa significantly increased from 57 °C for neat bitumen to 63-65 °C for 0.41-1.6 wt.% 

MKL and up to 71 °C for the 2.08 wt.% MKL modified bituminous residue (Figure 

4.5.9b). So, the effect of the different MKL concentration on the elastic contribution 

results evident. It seems that a new developed structure is causing further increase in 

the elastic response when CMKL is raised from 1.67 to 2.08 wt.%.  

In order to contrast such a hypothesis, the morphology of the four bitumen residues 

was observed by optical microscopy. Their corresponding optical micrographs, at 

room temperature, are shown in Figure 4.5.10. As seen, the micrographs reveal fairly 

well distributed black/dark-brown particles on a lighter bitumen background. Those 

black/dark-brown particles are assigned for the MKL, and their number clearly 

increases as the concentration of emulsifier added does. However, even though some 

larger particles are observed in Figure 4.5.10c, there does not seem to be significant 

differences in terms of particle size and their round shape for MKL concentrations 

between 0.41 and 1.67 wt.%. On the contrary, larger and non-spherical particles are 

found when CMKL is 2.08 wt.%. This particle anomaly might be explained in terms of 

flocculation of MKL particles. In fact, at 1.67 wt.% MKL, a small number of larger 

particles proves to be, probably, the onset of the flocs formation. For this reason, a 

notorious change in the viscous and viscoelastic response was observed when the MKL 

concentration was increased from 1.67 to 2.08 wt.%. 
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Figure 4. 5. 10 Optical micrograph of bitumen residue as a function of MKL 

percentage in bitumen; A) 0.41, B) 0.83, C) 1.67 and D) 2.08% 

4.5.3.4 MKL bitumen emulsions applications 

Based on the results in Table 4.5.3, two potential applications may be proposed: 

chipping surface dressing and asphalt mixes (EN13808 2013). Related to the chipping 

application, Vialit adhesion plate shock test was performed on two selected siliceous 

mineral aggregates (sizes 4/6 and 8/11), as presented in Figure 4.5.11. As can be 

observed, some aggregates persisted attached to bitumen on the plate and others, 

though detached, were stained with bitumen. Thereby, the absence of unstained 

aggregates on both sizes suggests 100% adhesivity at the tested temperature of 5°C. 

Furthermore, fragility temperature of 4/6 aggregates could be reported to be about 

5°C, as 91% of them remained bonded to the plate (EN 12697-3). 
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Figure 4. 5. 11 Vialit plate shock test results at 5°C 

As for the potential application in asphalt mixes, several mechanical tests, including 

gyratory compaction, ITSM at 20 °C, and ITS at 15 °C, were performed on two HWMA, 

of AC 16 design, prepared with: a) 100% RAP and b) virgin aggregates (as reference). 

Figure 4.5.12 presents the evolution of the height of specimen with the number of 

gyrations, performed in a gyratory compactor, and includes the linear fitting 

compaction model curve. The workability indicator value (C), calculated according to 

the compaction model defined by Equation 4.5.2, has shown minor difference between 

both cases. This suggests a relatively comparable grading curve, as per LPC 

bituminous mixture design guide and/or EN 12697-10. However, a non-linear 

response on the 100% RAP curve, as not being able for significant further compaction, 

implies several issues in mixture design; ie. a too high percentage of fine fraction, an 
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excess of bitumen emulsion, or a partial blending (aged and fresh bitumen) to yield a 

sudden increase in binder viscosity. In that sense, a further design investigation of 

those parameters for bituminous mixtures involving 100% RAP in HWMA technology 

using particularly MKL emulsion would result of great interest, though uncovered in 

this article. 

Indirect tensile test (IDT) results for indirect tensile stiffness modulus (ITSM) at 20 °C 

and indirect tensile strength (ITS) at 15 °C are presented in inset of Figure 4.5.12. Both 

ITSM and ITS results for 100% RAP present higher values than the reference 

specimen. The fraction of aged binder in the RAP (partially blended with the fresh 

binder coming from the bitumen emulsion) contributes to an increase in ITSM and ITS, 

if compared to the reference specimen which only contains fresh binder. This result 

has also been reported elsewhere (Zaumanis et al. 2014a; Dinis-Almeida et al. 2016) 

for technologies at higher temperature like WMA or even HMA. If compared to ITS 

values obtained by Gómez-Meijide et al. (2014) at 25°C for cold recycled mixtures, the 

ITS values in Figure 4.5.12 appear quite high. The reason is probably a lower testing 

temperature than that specified in the work above. Moreover, our higher preparation 

temperature enables a better diffusion of fresh binder into aged binder, which may 

contribute to raise the measured values in Figure 4.5.12, if compared to conditions 

used in (Gómez-Meijide and Pérez 2014). As for ITSM results, Graziani et al. (2016) 

carried out ITSM at 20°C on cold recycled mixes containing 2.5% cement. They found 

values higher than those in Figure 4.5.12. Interestingly, ITSM of 100% RAP mixture 

prepared using half warm technology and binder in the form of MKL emulsion has 

shown a ITSM value of 3.7 GPa, comparable to specimens commonly prepared with 

hot mixes procedure at 140 °C, for the same AC 16 design and test procedure followed 

(Pérez-Jiménez et al. 2014). However, as mentioned earlier, the use of MKL emulsion 
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for HWMA involving 100% RAP content requires further investigation, especially as 

far as the MKL emulsifier and aggregate grading curve contributions are concerned. 

 

Figure 4. 5. 12 Compactability of specimen containing 100% RAP and virgin aggregate (0% 

RAP), adapting AC16 design, plotted as height of 100 mm diameter specimen vs number of 

gyrations. Inset-Indirect tensile test (IDT) results: indirect tensile stiffness modulus at 20 °C 

(ITSM) and indirect tensile strength 15 °C (ITS) 

4.5.4 Concluding remarks 

The Mannich reaction has proved its potential in the preparation of a cationic 

emulsifier for bitumen emulsions. The product obtained after reaction of Kraft lignin 

with tetraethylene pentamine and formaldehyde in alkaline medium (MKL) presented 

nearly 100% of solubility in acidic aqueous solution at pH ranging from 1 to 5, interval 

within which the raw Kraft lignin remained insoluble. 
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The use of MKL in the fabrication of cationic bitumen emulsions with a bitumen 

content of up to 70 wt.% was successful. The study on model MKL bitumen emulsions 

with constant surfactant concentration showed the significant effect of pH on Sauter 

mean droplet diameter and viscous flow behavior at low shear rates. At that region, 

emulsions proved to be more viscous and sensitive to shear rate as pH decreased. On 

the other hand, B/W ratio dominates the high shear flow behavior, seen as an increase 

in η∞ with increasing B/W ratio. Under fixed pH and B/W ratio, different processing 

procedures led to evident differences in the emulsions DSD.  

Additionally, MKL has shown to improve the viscous flow resistance of the emulsions 

residues, mainly above a threshold concentration of about 2 wt.%. Beyond this value 

notorious morphology changes (larger and non-spherical MKL flocs) were perceived 

by optical microscopy observations. 

Lastly, HWMA specimens containing 100% RAP or virgin aggregates were successfully 

prepared at 80°C by gyratory compaction with a selected 60/40 MKL bitumen 

emulsion. The 100% RAP specimen showed much higher mechanical resistance as a 

consequence of the partial blending of fresh binder with RAP aged binder. However, 

further investigation on the role of MKL is required.   
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4.6 Sustainable asphalt mixes manufactured with 

reclaimed asphalt and reduced-temperature 

technologies, using modified-lignin-stabilized bitumen 

emulsions  
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ABSTRACT 

This research aims to develop asphalt mixes with maximum recycling rate and 

minimum impact to environment. Their manufacture comprises the use of 100 % 

reclaimed asphalt pavements (RAP) as source of aggregates and a bitumen emulsion 

stabilized by amine-functionalized lignin, along with application of reduced-

temperature asphalt technologies, between 80 to 130 °C. Previously, the effect of 

emulsification parameters such as emulsification device and time were evaluated by 

emulsion droplet size distribution and rheology measurements. Moreover, a study 

combining Pendant drop and Sessile drop (on a prototype polyethylene surface) tests 

proved enhanced values of the surface tension dispersive component upon addition of 

the modified lignin emulsifier to water phase. This result suggested that emulsion 

aqueous phase containing modified lignin would be able to wet the hydrophobic 

surface of RAP. Accordingly, reduced-temperature asphalt mixes (using bitumen 

emulsions stabilized by modified lignin) were successfully prepared to meet French 

design requirements. Asphalt mixes were subjected to four levels of characterization 

according to French design method for hot mixes, including gyratory compaction, 

rutting resistance, complex modulus and fatigue resistance tests. A semi-quantitative 

approach for estimating ‘active’ RAP binder content has been proposed, which would 

further minimize impact to environment, by balancing the manufacturing temperature 

and the fresh bitumen required.   
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4.6.1 Introduction 

In the last decade, soaring pressure on the global environmental challenges demand 

immediate responses, as addressed in UN development agenda (Moon 2008). 

Particularly, issues involving sustainable-environmental–economic aspects are 

mostly discussed. In transport infrastructure construction sector, an example for such 

issues is the use of fresh bituminous and aggregate material, which has a high impact, 

up to 40% of CO2eq (defined as mass of CO2 emitted in kg over a ton of each layer 

needed during the lifecycle), if the extraction and production process are considered 

within the boundaries of analysis (Giani et al. 2015). Moreover, conventionally used 

hot mixes method during road construction may be perceived unsustainable due to 

energetically unfavorable process and highly potential pollutant emitted to the air 

(Lesueur 2011). In that sense, a reduction of virgin material (bitumen and aggregates) 

and the use of reduced-temperature processes would promote more sustainable road 

designs, attending both environmental and economic aspects. 

Concerning the raw materials, the use of reclaimed asphalt pavement (RAP) is both 

economically and environmentally interesting due to the possible reduction of fresh 

binder, as well as the aggregates used. Such example reports a score, related to fossil 

depletion, lower down by 15% when RAP was employed considering ReCiPe method, 

an impact assessment according to two sets of impact categories: midpoint (single 

issue) and end-point (higher aggregation level) categories for easing the 

interpretation (Giani et al. 2015). That analysis is based on the comparison of three-

structured layers (surface, binder and base) of which, one is manufactured with all 

virgin material and the other consist of up to 30% of RAP for the base layer. A 

reduction of 13-14 % in the cumulative energy demand has also been reported for 
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15% RAP recycled (Vidal et al. 2013). Besides those benefits, mechanical performance, 

of stiffness modulus and rutting resistance, could be improved (Apeagyei et al. 2013; 

Lopes et al. 2015; West et al. 2015). Obviously, such utmost benefit may be expected 

for a higher RAP recycling rate. Today, their uses (authorized in Europe – EN 13808-

8) are yet limited to 10 % in surface layer and 20% in base layer (Delorme et al. 2007). 

The reason may be due to the difficulty in controlling the characteristics of aged binder 

and aggregates that potentially affect recomposed asphalt mixes final performance. 

For that reason, many studies focus on studying the influence of incorporating RAP at 

higher percentage, even up to 100% recycling, on their mechanical behavior, aiming 

at speeding up its authorization (Zaumanis et al. 2014a). 

Partial blending phenomena, between RAP binder and fresh bitumen, yet requires 

understanding. This concept is widely accepted (Shirodkar et al. 2013; Lo Presti et al. 

2016) that results in altering the performance of blended binder. For RAP recycled 

rate less than 25%, a study reports no particular change in binder grade is necessary 

(Kriz et al. 2014). Another study suggests an increase in the degree of partial blending 

from 70 to 96 % when mix compositions have been changed from involving 25% RAP 

and binder with PG70/28 specification to 35% RAP and PG50/28 (Shirodkar et al. 

2011). From diffusion point of view, in which diffusion coefficient and viscosity are 

related by Arrhenius function with temperature, the lower the viscosity of bitumen at 

a particular temperature (or softer characteristics), the more favorable the diffusion 

to occur due to high diffusion coefficient (Oliver 1974). The comprehension of partial 

blending in HMA seems to drive in a converging direction, yet debatable on the 

investigation method for the moment. Unfortunately, when RAP is recomposed 

following a reduced-temperature mixing procedure, partial blending is another 

challenge. Many works done on recycled warm mix mostly explain about bitumen 
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content selection (Lopes et al. 2015; Dinis-Almeida et al. 2016), with the assumption 

of fully recovered RAP binder and without partial blending. In this work, a semi-

quantitative approach, referred to thin-film diffusion phenomenon, has been proposed 

trying to understand partial blending under reduced-temperature mixing conditions. 

As a result, the fraction of ‘active’ RAP binder blended with the fresh bitumen could be 

estimated. 

Another interesting material that can be potentially be used in road infrastructure is 

lignin. A previous study reports that lignin seems to be compatible with bitumen due 

to the similarity in their aromatic molecular structure (Slaghek et al. 2015). Lignin is 

a renewable material, derived from wood in the form of lignocellulose. While the 

cellulose is the main input of pulp plant, lignin mainly ends up burnt in heat 

regenerator (Laurichesse and Avérous 2014). Due to the aromatic structure, lignin 

potential as a precursor for advanced materials could be opened through chemical 

modification. By lignin amination, for instance, cationic emulsifier for bitumen 

emulsion application could be obtained. Previous study shows that modified lignin 

(MKL) may prevent coalescence, as observed by insignificant change in average 

droplet size and its distribution profile over 15 months, hence providing good stability. 

Despite stability during storage, bitumen emulsion also requires to wet the aggregate 

surface upon application, by a balance between the negative charge of the fresh 

aggregate and the positive charge of the cationic surfactant (Ronald and Luis 2016). 

However, if the bitumen emulsion (and the emulsifier) is designed to coat a 100% RAP, 

its physical properties may not be treated equivalently to coat virgin aggregates, due 

to the difference in surface characteristics. Thus, further research regarding 

emulsion/surfactant wettability on a hydrophobic surface is required to assess their 

interactions with RAP surface. 
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With the main objective to design asphalt mixes with maximum recycling and 

minimum impact to environment, this study is divided into three subtopics with the 

aims of:  developing emulsifiers from lignin, able to partially wet RAP surface; 

optimizing processing parameters during the manufacture of bitumen emulsion; and 

producing reduced-temperature asphalt mixes containing 100% RAP without 

sacrificing their mechanical performance. 

4.6.2 Experimental 

4.6.2.1 Materials 

Kraft lignin (KL), tetra-ethylene-pentamine (TEPA) and formaldehyde (supplied as 37 

vol.% aqueous solution), purchased from Sigma-Aldrich (France), were used as 

reagents for producing cationic modified lignin (MKL). Kraft lignin used has a 

molecular weight of 10000 g/mol, an ash content of 3.14 wt.% and elemental 

composition (wt.%) consisting 61.15 of C, 6.72 of H, 26.92 of O, 2.18 of N and 2.54 of 

S. As for the reference, n-tallow alkyl tri-methylene diamine, under commercial name 

of Asfier100 from Kao Chemicals (USA) was selected. Bitumen used to manufacture 

the emulsions was kindly supplied by Repsol S.A. (Spain). Penetration test and Ring-

and-Ball softening temperature, according to EN 1426:2007 and EN 1427:2007, were 

performed on bitumen to obtain the values of 190 dmm and of 39 °C, respectively. 

Finally, RAP was kindly supplied by IFSTTAR (France) that came from the fatigue 

carrousel of a real scale road fatigue simulator under accelerated heavy traffic. 

4.6.2.2 Preparations 

MKL emulsifier reaction procedure was presented elsewhere (Yuliestyan et al. 2017). 

Afterwards, concentrated MKL was diluted with acidic water at pH 1 to attain final 
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concentrations between 0.625 and 3.75%. Bitumen emulsions were prepared by 

emulsifying 60 wt.% of bitumen into that aqueous phase, at a selected concentration 

of 1.5 wt.% of MKL emulsifier. For sake of comparison, three emulsification devices 

were used in this study: A) three batch homogenizers UltraTurrax T25 and T50 from 

IKA (Germany) and a L5M from Silverson (US); and B) an inline three-stage high-shear 

homogenizer IKA Process-Pilot 2000/4-HT (Germany), referred to as 3STCM. The first 

three devices are small capacity processing units (200 – 500 gr). A premix of 145 °C 

bitumen and 60 °C of aqueous surfactant solution yielded a blend with an approximate 

temperature of 90 °C, to avoid water evaporation. Short after, emulsification at the 

maximum speed was done for 4 min. The difference with the in-line homogenizer type 

is in the capacity and the ability for continuous recirculation of the emulsion. When 

recirculation line was employed, the maximum capacity is 5 kg, and emulsification 

time was further evaluated on 3STCM by taking sample through recirculating line 

starting from 1 to 12 minutes. For the reference emulsion, 0.5 wt.% was dissolved in 

aqueous phase with pH 1 and the rest of procedures were similarly followed 

For RAP binder analysis, sample was extracted using perchloroethylene solvent on 

automatic asphalt analyser (EN 12697-1) followed by binder recovery process in 

rotary evaporator (EN 12697-3). Details on the conditioning for mixing and 

compaction and the quantity of added water and fresh bitumen are presented in Table 

4.6.1. The mixing was performed in two steps: first water addition for moisturizing 

RAP surface followed by bitumen emulsion addition for a total mixing time of 2.5 min. 

Compaction, apart from compaction study using gyratory compactor, was done using 

tire roller compactor. Once compacted, slabs were allowed for three days curing at 50 

°C. For complex modulus and fatigues resistance tests, slabs were cut into trapezoidal 

specimen with sawing machine. 
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Table 4. 6. 1 Asphalt mixes preparation 

 

White aggregate Black aggregate 

 WMA HWMA HWMA-1 HWMA-2 

RAP aggregate 

Temperature °C 130 80 110 80 

Binder 

RAP binder (%) 3.92 3.92 4.47 4.47 

Additional bitumen (lignin 

emulsion C60) (%) 

1.6 1.6 2.6 3.4 

Bitumen emulsion  2.7 2.7 4.3 5.7 

Added water (%) 0.75 0.75 0.75 1.5 

Processing 

Compaction temp. °C 120 60 90 60 

 

4.6.2.3 Tests and measurements 

Surface tension measurements on acidic aqueous phase solution containing MKL 

emulsifier were done by the pendant drop method. The device consists of a camera 

with fixed focal length lens, pendant drop injector and LED lamp. The pendant drop 

was formed by a needle injector with outer diameter of 0.8 mm, and images were 

captured and analysed in real-time using Dinaten software, developed by the 

Department of Applied Physics at the University of Granada (Spain). Accurate surface 

tension measurements were obtained at the point that the drop was close to detach 

from the tip, when a more favorable deformation is caused by a bigger drop weight. 

With the same apparatus setup, the Sessile drop approach was used to test the contact 
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angle between a polyethylene surface (used as reference hydrophobic prototype) and 

a drop of aqueous solution at varying concentrations of the lignin surfactant studied. 

The procedure was adapted from general methodology explained elsewhere 

(Rodrı́guez-Valverde et al. 2002). 

Bitumen emulsion properties was characterized by means of droplet size distribution 

(DSD) and viscous flow tests. DSD measurements were conducted in a Mastersizer 

2000 laser diffraction analyzer from Malvern (UK), at ambient temperature. The 

refractive indices for bitumen and water were set at 1.61 and 1.33, respectively. 

Viscous flow tests at 30 °C were carried out in a controlled-stress rheometer Physica 

MCR-301 by AntonPaar (Austria), using a coaxial cylinder Z20-DIN (27 mm diameter) 

geometry, on steady rotational shear mode. Tests were performed by progressively 

increasing shear stress applied so that shear rate ranges are between 0.1 and 500 s-1, 

with an equilibration time of 2 min, at every stress applied, to achieve steady state 

conditions.   Geometry used was serrated type for avoiding wall-slip phenomena 

(Dealy and Larson 2006). For binders, flow tests between 0.01 – 50 s-1 were performed 

on extracted RAP bitumen and fresh bitumen, using plate-plate geometry in a Kinexus 

rheometer from Malvern (UK), at four temperatures of 60, 90, 120 and 150 °C.  

Characterization of asphalt mixes was performed at four levels according to French 

design method (Delorme et al. 2007). In the first level, PCG3 mlpc® gyratory 

compactor was used to analyse their compaction behaviour. Loose mixes specimen 

was compacted in a rotating 150 mm diameter cylindrical mould, inclined at 0.82° 

(internal angle), with vertical pressure of 0.6 MPa according to EN-12697-10.  The 

second level deals with rutting resistance that was done in wheel tracking device 

ORNIEREUR mlpc® (Vectrafrance, France), based on EN-12697-22. A 100 mm 
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thickness of parallelepiped specimen were subjected to sustain a 5 kN load of 

alternating wheel/tire at a frequency of 1 Hz (inside chamber at 60 °C) for up to 30000 

cycles. Afterward, complex modulus was measured using MLPC-3MC® machine 

(Vectrafrance, France), according to EN-12697-26, by applying a sinusoidal small 

deformation on trapezoidal specimen at a ramp of frequency from 1 to 40 Hz, for each 

specified temperature between -10 and 40 °C. The last test (fourth level), according to 

EN-12697-24, aimed to estimate mix service life by measuring the change of complex 

modulus of trapezoidal specimen, subjected to a repetitive load between 80 and 150 

µstrain, up to reduced-value by half at certain cycles. 

4.6.3 Results and discussion 

4.6.3.1 Characterization of aqueous phase containing modified lignin 

emulsifier 

As a preliminary attempt to foresee the expected wettability improvement caused by 

the surfactant, the polar and dispersive components of the surface tension of aqueous 

solutions containing increasing concentrations of the modified lignin (MKL) were 

determined. Calculations involved Sessile drop contact angle (θ) measurements on a 

prototype non-polar polyethylene surface, along with Pendant drop tests in order to 

find out the overall surface tensions (γ) values (Figure 4.6.1). Despite a little fraction 

of compounds providing polar interactions, bitumen nature is mainly hydrophobic, 

and its surface free energy is mostly dominated by the dispersive component, related 

to van der Waals interactions (Ziyani et al. 2016). As RAP is basically aged-bitumen-

coated aggregates, a surfactant solution with enhanced values of the surface tension 

dispersive component, at the expense of lower values of the polar component, results 
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a sensible approach to promote the interaction between MKL emulsifier (stabilizing 

bitumen emulsion) and bitumen hydrophobic surface. The selection of PE as standard 

reference for the Sessile drop method is based on the fact that it lacks polar 

component. So, the dispersive component is obtained straightforward with just one 

test. If the total surface tension of the liquid is previously determined by Pendant drop, 

the difference between the total and dispersive components gives the polar 

component. 
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Figure 4. 6. 1 A) Evolution of contact angle (θ) on polyethylene substrate with 

respect to time and B) Contact angle (θ), liquid surface tension (γL), its disperse 

component (γL
D) and polar component (γL

P), of aqueous phase as a function of 

concentration. 
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As shown in Figure 4.6.1A, Sessile drop tests were conducted in static mode such that 

the time-dependent contact angles (θ) were monitored over an image capturing 

period of 250 s, for all cases studied. It is worth mentioning that evaporation influence 

was assumed negligible due to the closed-saturated system environment employed. 

For all MKL cases, a sharp decay in contact angle occurs at the beginning of the test, 

over the first 70s, followed by a milder decrease until steady values were achieved 

after 250 s. 

The Sessile drop test is based on Young equation (Wu 1982), for a liquid drop on a 

solid surface, in equilibrium conditions, which can be conveniently arranged as 

follows: 

 𝛾𝐿 ∙ (1 + 𝑐𝑜𝑠𝜃) = 𝛾𝑆 + 𝛾𝐿 − 𝛾𝑆−𝐿  (4.6.1) 

where γS, γL and γS-L represent surface tensions (surface free energy) of solid and 

liquid, and interfacial tension solid-liquid, respectively, and γL·(1+cosθ) is the so-

called “adhesion work”. Using Owens-Wendt method (Mittal 2013), where the surface 

tension is calculated as the sum of dispersive (γD) and polar (γP) components:  

 𝛾 = 𝛾𝐷 + 𝛾𝑃  (4.6.2) 

the adhesion work is expressed as follows: 

 𝛾𝐿 · (1 + 𝑐𝑜𝑠𝜃) = 2√𝛾𝐿
𝐷 ∙ 𝛾𝑆

𝐷 + 2√𝛾𝐿
𝑃 ∙ 𝛾𝑆

𝑃  (4.6.3) 

For the PE solid used as reference, with only dispersive component of 𝛾𝑆
𝐷= 35.3 mN/m 

(literature value), no polar interaction is expected (Starkweather 1965). Thus, by 

rearranging equation (4.6.1) and given that the overall value of surface tension of the 
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liquid (γL) is previously determined via pendant drop test, the dispersive contribution 

of the aqueous phase containing MKL can be obtained by equation (4.6.4):  

 𝛾𝐿
𝐷 =

1

𝛾𝑆
𝐷 [

(1 + 𝑐𝑜𝑠𝜃) ∙ 𝛾𝐿

2
]

2

 (4.6.4) 

and, then, the liquid polar component is calculated by equation (4.6.2). 

As previously mentioned, the surface tension (γ) was first obtained from pendant drop 

technique, which is based on the fact that the curvature of the drop profile is the result 

of the balance between surface tension and gravitational forces (Stauffer 1965). As 

observed in Figure 4.6.1B, γ value of water (0 wt.% MKL), is 72 mN/m, and gradually 

decreased down to 59.74 mN/m when concentration of MKL in aqueous phase 

increases up to 3.75 wt.%, or equivalent to 1.5 wt.% MKL in a 60/40 emulsion. The 

contact angle (θ) on PE substrate (to the right Y axis) decreased fairly significant from 

0 to 0.625 wt.% MKL, but less significant between 0.625 and 3.75 wt.% (probably the 

critical micelle concentration, CMC, has been already attained at 0.625 wt.%). This 

suggests improved wettability of hydrophobic substrate when MKL is added to the 

aqueous phase. Moreover, MKL addition altered both dispersive (γD) and polar (γP) 

surface tension components. Thus, with the addition of 0.625 wt.% MKL, γP is reduced 

and γD is increased.   

It is worth noting that the higher the matched ratio of dispersive to polar component 

between liquid and solid, the more interaction may be expected (Mittal 2013). 

Therefore, the effect of the MKL may contribute to improve wetting on bitumen-coated 

RAP aggregates by the proposed emulsion.  
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4.6.3.2 Influence of processing parameter in the preparation of bitumen 

emulsion  

Figure 4.6.2A presents droplet size distribution (DSD) of 60/40 bitumen emulsions 

stabilized by 1.5% modified lignin emulsifier, prepared using different emulsification 

devices. DSD of all emulsions are fairly similar, except for the one prepared in SilL5M. 

Apart from emulsification time, study demonstrates that D3,2  values are governed by 

the dissipation energy, which is affected by processing parameters such as rotational 

speed ‘N’ where D3,2  ~ N-1.2 (Gingras et al. 2007b). For emulsions emulsified for a 

similar time of 4 min, D3,2 ~ N-1 seems valid, e.g. comparing homogenizers T25 at 

20.000rpm (D3,2(T25 @20k rpm) = 8.5 µm) and Sil5M at 5000 rpm (D3,2(Sil5M @5k rpm) =26 µm). 

Nevertheless, D3,2 of homogenizer T50 is lower than that of T25, despite emulsion was 

manufactured with lower N. In this case, geometry of T50, with larger rotor/stator 

diameters than T25, also affects D3,2 (Gingras et al. 2007b). Thus, the combined 

rotational speed and device configuration parameter results to improve energy 

dissipation, observed in the reduction of D3,2.  
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Figure 4. 6. 2 Droplet size distribution of bitumen (160/220) emulsion as a function 

of: A) different processing procedure followed (device and emulsification time); and 

B) effect emulsification time for a selected device three-stage in-line homogenizer - 

3STCM 
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Table 4. 6. 2 Sauter (D3,2) and De-Brouckere (D4,3) mean diameters of emulsion 

produced using MKL and Asfier100 emulsifier as a function of emulsification time 

Emulsification 

device 

Emulsification 

time 

MKL Asfier100 

D3,2 D4,3 D3,2 D4,3 

IKA UT T25 4 8.45 39.04 - - 

IKA UT T50 4 6.01 26.69 - - 

Silverson L5M 4 25.56 141.26 - - 

3STCM 1 6.70 29.56 2.81 9.66 

2 6.46 28.33 2.68 8.07 

4 5.56 23.31 2.78 12.96 

6 6.63 26.73 2.81 12.19 

10 6.52 25.19 3.03 10.10 

12 6.55 24.92 2.27 5.08 

For sake of comparison and scale-up, emulsification was also performed using an in-

line homogenizer (3STCM), with a much more robust three-stage-emulsification 

geometry. As may be seen in Figure 4.6.2A and Table 4.6.2, DSD and D3,2  values 

obtained were similar to those achieved by the T50 device, although in a much shorter 

emulsification time (1 min or less) and with a larger capacity (Figure 4.6.2A). 

Furthermore, Figure 4.6.2B presents DSD curves of 3STCM emulsions stabilized by 

MKL, for a longer emulsification time up to 12 mins. For comparison, emulsification 

with the reference Asfier100 emulsifier was also studied. Two major distinctive DSD 

profiles were observed at any time studied, assigned for MKL and Asfier100 cases. By 

using 3STCM, emulsification seems sufficient only in one minute of processing, 

regardless the type of emulsifier. Processing for a longer time does not cause any 
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significant DSD profile change. By analyzing average mean diameters (converted from 

DSD profile) in Table 4.6.2, the volume-weighted (D4,3) mean diameter seems to be 

more affected than the surface-weighted D3,2.   

Flow behavior of emulsion as a function of O/W ratio between 30/70 to 60/40 is 

shown in Figure 4.6.3A. As commonly observed, bitumen emulsion presents shear 

thinning response at low shear rate, followed by Newtonian behavior at high shear 

rate, known as high-shear-rate limiting viscosity (η∞). As may be seen, η∞ values are 

affected by O/W ratio, presenting a higher value as more concentrated bitumen 

emulsions are, similar results have been already reported elsewhere (Gingras et al. 

2005). All MKL-emulsions show a Newtonian region in a wide shear rate range, even 

when sheared between 0.1 and 1 s-1. Compared to MKL-emulsions, Asfier100-

emulsions present higher viscosity for each corresponding O/W ratio, showing their 

more highly-structured characteristics, clearly seen when the deformation is 

relatively small. Such phenomena might better be explained by internal phase fraction, 

related to the packing density (/m), a ratio of emulsion volume fraction () to its 

corresponding maximum packing (m), and the relative viscosity (ηR). The value of  ηR  

is calculated as the viscosity ratio of emulsion to its continuous phase, and can be fitted 

as a function of  /m by a model for concentrated suspensions, proposed by Frankel-

Acrivos, as follows (Frankel and Acrivos 1967): 

 𝜂𝑅 =
𝜂∞

𝜂𝑎𝑞𝑢𝑒𝑜𝑢𝑠⁡𝑝ℎ𝑎𝑠𝑒
= 1.125 ⋅

[
 
 
 
 (

𝜙
𝜙𝑚

)

1
3⁄

1 − (
𝜙
𝜙𝑚

)

1
3⁄

]
 
 
 
 

 (4.6.5) 
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Figure 4. 6. 3A) Bitumen emulsion flow curves for O/W ratio within interval range of 

60/40 to 30/70 and B) Frankel-Acrivos dependence of relative viscosity with 

dispersed phase volume fraction for emulsions stabilized by MKL and reference 

surfactant 
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In Figure 4.6.3B, the Frankel-Acrivos fitting curve describes fairly well experimental 

data. This result suggests η∞ can be predicted from any O/W ratio higher than 30/70, 

given that the maximum internal phase value fraction (m) is expected to be the same 

due to relatively similar DSD profiles of each set of emulsions (Figure 4.6.2B). In 

addition, the maximum packing of Asfier100 emulsion (m = 0.705) is smaller. 

Therefore, for a given O/W ratio, their packing density (/m) is always higher than 

MKL-emulsion. Such densely concentrated systems, governed by the increase in total 

interfacial area (and, therefore, by more interactions among droplets), result in more 

viscous emulsions (Otsubo and Prud’homme 1992; Barnes 1994). 

4.6.3.3 Reduced-temperature asphalt mixes study  

Manufacture of asphalt mixes composed of 100% RAP and fresh bitumen (from 

previous MKL modified bitumen emulsions), using reduced temperature technologies 

such as WMA and HWMA, will be assessed according to the standards of French design 

method for hot mixes.  

To that end, bitumen emulsion containing modified lignin as emulsifier was mixed 

with 100% RAP as aggregates, with the aim of recovering RAP binder. Previously, RAP 

(with grading 0/10) was fractioned into four, of 0/2, 2/4, 4/8, and 8/10 fractions 

(Figure 4.6.4A). This splitting into fractions is advised for better homogeneity (De la 

Roche et al. 2010). Then, sieving on ‘cleaned’ white aggregates, after aged bitumen 

being stripped down, was performed to obtain the gradation of each fraction, as 

presented in Figure 4.6.4A. The quantity of each fraction was adjusted to superpose 

the recomposed profile with the targeted gradation for AC-BBSG 10 design, as in 

Figure 4.6.4B. A first approach, called “white aggregate”, was followed for mix design 

that fixed the total bitumen (RAP binder and fresh B160/200) added to 5.5% (Table 
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4.6.1) and the grading curve was adjusted with fractions 2/4, 4/8, and 8/10, 

considering the size of cleaned RAP aggregates. Thus, “white aggregate” approach gave 

rise to the so-called WMA and HWMA mixes, prepared at 130 and 80 °C, respectively 

(Table 4.6.1). 

 

Figure 4. 6. 4 A) Sieve test results of separated RAP fractions (white aggregate), of 

0/2, 8/4, 4/8, and 8/10, from which aged binder was previously stripped; and B) 

their recomposed aggregate gradation referred to AC-BBSG-10 design. 
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The first level of evaluation, according to French design method deals with 

compactibility performance in French gyratory compactor – PCG, as presented in 

Figure 4.6.5. There are several analysis methods to observe the curve of void 

percentage evolution vs number of gyration. The first study was screened based on 

the percentage of void (% v/v) at a given gyrations. European standard EN 12697-31 

specifies an interval of void values between 5 and 10 % v/v at 60 gyrations for that 

intended design. As may be seen in Figure 4.6.5, for the white aggregate assumption 

(with a final 5.5% bitumen, composed of 3.92% RAP binder and 1.6 % of fresh 

bitumen), WMA reached a 9% void whereas HWMA (“white aggregate”) fell beyond 

expected design value, with 24.4% void. 

 

Figure 4. 6. 5 Gyratory compaction performance presenting mix void percentage and 

number of gyrations 
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As an alternative, a semi-quantitative approach consisted in adding more fresh 

bitumen, as mixing temperature decreased (Table 4.6.1). Furthermore, a new grading 

curve that considered “black aggregate” sizes (coated by RAP binder) and all RAP 

fractions (from 0/2 to 8/10) was proposed. This approach, based on previous studies 

(Shirodkar et al. 2011), assumes that a partial blending of RAP binder and fresh 

bitumen takes place in a higher extent for hot mixes asphalt (HMA). However, for 

reduced-temperature (e.g. WMA and HWMA) asphalt technologies, its blending level 

is expected to decrease, together with RAP binder quantity able to be rejuvenated, due 

to the high viscosity of RAP at such low mixing temperatures. 

Regarding binders involved upon mixing, viscous behavior of RAP binder and fresh 

bitumen were characterized as a function of temperature (Figure 4.6.6A). A Newtonian 

behavior starting from low shear rates, known as zero-shear-rate limiting viscosity 

(η0), was always found for both binders, being the aged (harder) bitumen more viscous 

than the fresh binder. Viscosities decreased with increasing temperature from 60 to 

150 °C and were fitted to Arrhenius and WLF in equation 4.6.6 and 4.6.7, respectively 

(Dealy and Larson 2006): 

 𝑎𝑇(𝑇) = 𝑒𝑥𝑝 [
𝐸𝑎

𝑅
(
1

𝑇
−

1

𝑇0
)] (4.6.6) 

 𝑎𝑇(𝑇) =
−𝐶1(𝑇 − 𝑇0)

[𝐶2 + (𝑇 − 𝑇0)]
 (4.6.7) 

Where aT is the shift factor, Ea is the activation energy, R is the universal gas constant, 

T and T0 are temperature and its arbitrarily selected reference and C1 and C2 are WLF 

constants.  
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Figure 4. 6. 6 A) Flow curve of aged binder (extracted from RAP) and bitumen 

160/220 (used as raw material for bitumen emulsion) at 60, 90, 120, and 150 °C and 

B) zero shear-rate limiting viscosity as a function of temperature and their 

corresponding fitting using Arrhenius and WLF equations. 

As may be seen in Figure 4.6.6B, WLF model, with C1 and C2 of 4.9 and 147.1 for fresh 

bitumen and 9 and 171.8 for RAP binder, fits better than Arrhenius model the viscosity 
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dependence, in the whole temperature range studied, from 60 to 150 °C. However, for 

sake of simplicity and for estimation of fresh bitumen diffusion studied below, 

Arrhenius equation was used to describe binders viscosity in the mixing temperature 

range used for WMA and HWMA (80-120 °C). Thus, Ea will be used for estimating the 

quantity of fresh bitumen required, based on a thin film diffusion approach. 

Comparing both bitumens, the higher Ea value of 127 KJ/mol for RAP binder, as 

compared to fresh bitumen with 80 KJ/mol, suggests a material more susceptible to 

temperature, arising from a more complex microstructure. Moreover, its higher 

viscosity and non-Newtonian character are due to the change in chemical composition 

(e.g. increase in carbonyl and sulfoxide groups, molecular association, etc.), which has 

been associated to long-term aging that leads to a more complex intermolecular 

interactions within the microstructure (Masson et al. 2001; Lu and Isacsson 2002).  

Trying to maintain “rejuvenated binder” content similar for both WMA (“white 

aggregate” approach) and HWMA (“black aggregate”) technologies, it is necessary to 

estimate the amount ‘active’ RAP binder (i.e. RAP thickness) available for blending 

with the fresh bitumen added. This approach based on the diffusion of fresh bitumen 

penetrating RAP binder film thickness. The fraction of penetration ‘xT’, for a certain 

length of aged binder coating RAP aggregates, may be estimated for every temperature 

of mixing (WMA, HWMA-1 and HWMA-2), with respect to a reference conditions (e.g. 

Hot Mix Asphalt-HMA processing conditions (Shirodkar et al. 2011)) as follows, 

 
𝑥𝑇

𝑥𝑟𝑒𝑓
≈ (𝑒𝑥𝑝 (

−𝐸𝑎

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)))

0.5

 (4.6.8) 
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where for a HMA Tref is 150 °C and xref  takes values between 0.9 and 1 (leading to red 

and black curves of Figure 4.6.7, respectively), assuming a high partial blending 

(within the range of 90 to 100% penetration depth of binder RAP (Shirodkar et al. 

2011)). As for Ea value, based on a linear relationship between diffusion coefficient 

and apparent viscosity (Oliver 1974), diffusion coefficient can be estimated by the 

Arrhenius equation on diffusion (Oliver 1974; Kriz et al. 2014) and Ea in Equation 4.6.8 

could take value previously calculated from Figure 4.6.6B for the soft bitumen. As a 

result, xT values calculated for WMA, HWMA-1 and HWMA-2 can be used for the 

estimation of the RAP concentration involved in the diffusion process (Figure 4.6.7),  

 “Active”⁡RAP⁡binder⁡(%) ⁡= ⁡xT · [Total⁡RAP⁡Binder⁡(%)] (4.6.9) 

Based on those results, the quantity of fresh bitumen, required to maintain the 

designed binder content should increase as manufacturing temperature decreases, e.g. 

by increasing the amount of added MKL-stabilized bitumen emulsion. Thus, Figure 

4.6.7 estimates about 1.8 % “active” RAP in WMA and Table 4.6.1 shows 1.6% fresh 

bitumen was added, giving 3.4% total binder involved in compaction and performance 

of the mix. Accordingly, it can be estimated from Figure 4.6.7 and Table 4.6.1 that 3.4% 

and 3.6% bitumen (“Active” RAP+B160/220) should be involved in HWMA-1 and 

HWMA-2, respectively.  
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Figure 4. 6. 7 Semi-quantitative approach for estimating rejuvenated “active” RAP 

binder as a function of temperature, based on fraction of penetration into the RAP 

film (xT) of the fresh bitumen. 

In any case, when black aggregate assumption (or semi-quantitative approach) is 

used, with design values of 3.4-3.6% total bitumen involved, both HWMA-1 and 

HWMA-2 were sufficiently compacted (Figure 4.6.5).  However, when using “white 

aggregate” assumption, mixes prepared at 80 °C (HWMA in Table 4.6.1) suffered from 

poor workability and were unable to be compacted to the expected void percentage 

(Figure 4.6.5). This would be related with the small amount of fresh (soft) bitumen 

added, in combination with the high RAP binder viscosity at 80 °C (Figure 4.6.6), which 

affected mix deformation and flow during compaction. According to Figure 4.6.7, 

about 0.20 % “active” RAP is expected to be available in HWMA (“white aggregate”), 
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which makes only 1.8% total binder involved in compaction of the mix, when 1.6% 

fresh bitumen was added (Table 4.6.1).  Thus, “black aggregate” assumption was 

proposed for HWMA technology.  

Furthermore, analysis of void content at 10 gyrations, that represents the state of 

materials subjected to low load, was performed to estimate the rutting performance 

(Figure 4.6.5). For this analysis, EN 12697-31 specifies a minimum value of 11% voids. 

HWMA-1 presented the lowest value at 13% that suggests a good workability with a 

drawback of the increasing chance of a poorer rutting performance. In this sense, the 

rutting resistance to permanent deformation was assessed according to EN 12697-

22+A1 using wheel tracking device. Figure 4.6.8 shows the evolution of deformation 

depth to the number of cycles. HWMA-2 (“Black aggregate”) specimen for rutting test 

could not be well-compacted with the common method using a tire roller compactor, 

which was probably due to inability for water removal, even though the good 

workability previously exhibited in the gyratory compactor (Figure 4.6.5). During 

preparation with gyratory compactor, clean water was observed expelled from the 

specimen to allow void content at 60 gyrations to be within the specification. The 

presence of clean water also means that bitumen (and emulsifier) adheres to aged 

binder surface, and the remaining water (with the lowest viscosity) leaves the 

specimen mix. Conversely, the absence of such phenomenon may suggest that water 

remains in the specimen and only moves from one side to the other depending on 

which part is subjected to the load. For this reason, only WMA and HWMA-1 rutting 

performance are evaluated in Figure 4.6.8. After 30000 cycles, the deformation depths 

are 5.2 and 8% for WMA and HWMA-1 respectively, which are within specification 

below the maximum admissible value of 10% for class 1. A higher penetration depth 
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value for HWMA-1 come to agreement with one predicted by the lowest value of void 

content after 10 gyrations.  

 

Figure 4. 6. 8 Rutting performance at 60 °C (by rut depth) as a function of number of 

tire-cycles, of 1000, 3000, 10000, and 30000 cycles. 

The evolution of complex (E*) and loss (E”) moduli as a function of reduced frequency 

is presented in Figure 4.6.9A. Similar to rutting test preparation, HWMA-2 specimen 

underwent compaction issues in the tire roller compactor, which resulted in high 13 

% void. Although trapezoidal specimen for complex modulus test and fatigue tests 

were successfully cut from the slab. Conversely, WMA and HWMA-1 were within the 

designed void percentage that correlate to the prediction made by gyratory test.  
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Figure 4. 6. 9Master curve by applying time-temperature superposition, of A) 

isothermal plot of moduli vs reduced frequency and B) isochronal plot of moduli vs 

temperature (obtained by using modified Arrhenius equation) 
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For AC-BBSG 10 mix, the complex modulus (E*) at 15 °C and 10 Hz should be either 

higher than or equivalent to 5500 MPa for class 1 or 7000 MPa for class 2 and 3. E* of 

WMA is 11267 MPa and E* of HWMA-1 is 7063 MPa that satisfy the requirement for 

class 1. However, test failed for HWMA-2 with E* of 2492 MPa (Figure 4.6.9). The 

differences in the magnitude among them are likely related to the theoretical blended 

binder properties, which can be measured for instance by means of technological 

penetration value (Pen). Thus, by applying logarithmic mixing rule,  

 log(𝑃𝑒𝑛_𝐴𝐵) = 𝑎 ∙ 𝑙𝑜𝑔(𝑃𝑒𝑛𝐴) + 𝑏 ∙ 𝑙𝑜𝑔(𝑃𝑒𝑛_𝐵) (4.6.10) 

where the estimated fraction ‘a’ of RAP binder (with Pen_A in Table 4.6.1) and fresh 

binder fraction ‘b=1-a’ (with Pen_B in Table 4.6.1) are calculated from Figure 4.6.7 and 

added fresh bitumen gathered in Table 4.6.1. By using Equation 4.6.10, the blended 

binder penetrations (Pen_AB) for WMA, HWMA-1 and HWMA-2 are expected to be 40, 

99 and 162 dmm, respectively, assuming “active” RAP binder and total fresh bitumen 

are fully blended. Therefore, as emulsion-RAP mixing temperature decrease, the 

observed lower E* values of asphalt mixes at particular reduced frequency (Figure 

4.6.9A) and poorer rutting performances (Figure 4.6.8) may be due to the increase in 

penetration values of the resulting blended binder. It is worth noting LCPC design 

advises the use bitumen with penetrations 35/50 and 50/70 for AC-BBSG-10 

(Delorme et al. 2007). 

Aiming to further predict mixes behavior for its low temperature performance, a 

conversion of moduli (E) vs reduced frequency (aT·f) into temperature domain (T) 

could be performed based on empirical application of time-temperature superposition 

principle and using a rearranged Arrhenius equation relating shift factor and 

temperature (Cuadri et al. 2013a): 
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 𝑇 =
𝐸𝑎 ∙ 𝑇𝑟𝑒𝑓

𝑅 ∙ 𝑇𝑟𝑒𝑓 ∙ ln(𝑎𝑇) + 𝐸𝑎
 (4.6.11) 

The activation energy is initially obtained by taking the slope of a regression line of ln 

(aT) vs T plot (not shown) at a reference temperature of Tref=15 °C. Where the 

activation energy for WMA is 237 KJ/mol, whilst for HWMA-1 is 228 KJ/mol. Figure 

4.6.9B presents the converted master curve into temperature domain that shows a 

shift in the maximum peak of loss modulus, a representative event of the glassy region 

onset (Partal et al. 1999), to a lower temperature for HWMA-1 and, much lower, for 

HWMA-2 (Figure 4.6.9B). Changing binder type, from soft to hard characteristics (i.e. 

lowering Pen25), a statistically higher fracture temperature on porous and dense 

graded asphalt mixture is expected (Isacsson and Zeng 1998). Thus, this is perhaps 

relevant with WMA, having a low penetration blended binder (54% ‘active’ RAP binder 

and 46% fresh bitumen), which exhibits high mechanical glass transition temperature 

(from E’’ max) at 19 °C. Accordingly, it is expected a poorer low temperature fracture 

behavior for this system, compared to others studied. In addition, given a WMA E* at 

25 °C of 8 GPa and pulling a line crossing HWMA-1 and HWMA-2 E* vs T profiles, 

readings yield temperatures of 15 and -2 °C, respectively. Such reduction in 

temperature for a given E* value is attributed to the changes in binder hardness 

toward softer characteristic, that was similarly reported by others (Quintero Q. et al. 

2016). This result may validate that the semi-quantitative approach works.  

Finally, in level 4, fatigue resistance was evaluated by means of fatigue tests, 

determining parameter ε6, a term that represents a maximum deformation for a 

flexible pavement to cause the stiffness reduction by half over a million cycles. This 
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value was obtained on a regression line of twelve data points in the logarithmic plot of 

number of cycles vs deformation (Figure 4.6.10).  

 

Figure 4. 6. 10 Fatigue life test by flexion, via two-points bending procedure, and 

fitting curve of load deformation (µstrain) vs number of cycles (NF) 

The design specification mentioned a minimum value of 100 for ε6, and both WMA and 

HWMA-1 satisfactorily meet the specification, unlike HWMA-2. For a comparative 

analysis, a correction to ε6 could be applied for a certain value of compaction degree, 

which in this case was 7%, using equation 4.6.12 (Delorme et al. 2007; Lopes et al. 

2015).  

 ∆𝜀6 = 3.3 ∙ ∆(%𝑣/𝑣) (4.6.12) 
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Where ∆ means the difference between the measured and targeted value for fatigue 

parameter (ε6) and void percentage (%v/v). Hence, WMA with 6% and HWMA-1 with 

8% have ε6 corrected value of 103.7 and 107.3 µstrain, respectively. If HWMA-2 was 

successfully compacted from 13% to 7%, its ε6 is 99.8 which is fairly close the range to 

satisfy that criteria. LCPC design guide advice an increase of 25 µstrain for an increase 

in binder content by 1 % (for asphalt mixes with binder content less than 7%), which 

was not observed if the assumption used in partial blending with semi-quantitative 

approach does not proceed. Based on that, it is difficult to analyze fatigue performance 

on one specific temperature, which in this study was at 10 °C for all mixes, when 

blended binder properties changes. This is based on other studies that report the 

change in critical temperature to cause minimum ε6 is affected by binder hardness 

(Quintero Q. et al. 2016). 

Finally, considering a minimum quantity of 5.5% bitumen is required for AC-BBSG-10 

design [8], a saving of fresh bitumen by 70 and 50 % could be obtained for WMA and 

HWMA-1, thus expectedly reduce the impact to environment, in addition to the fact 

that performance quality fits the specification. 

4.6.4 Concluding remarks 

Asphalt mixes with maximum recycling and minimum impact to environment may be 

manufactured, between 80 and 130 °C, with a 100 % reclaimed asphalt pavements 

(RAP) as aggregates and a bitumen emulsion stabilized by modified lignin.   The 

assessment of aqueous phase containing modified lignin suggests that MKL can play 

roles of emulsion stabilizer along with RAP coating agent. As for the latter, a partial 

RAP wetting is likely to occur, as may be deduced from its lower contact angle with 

polyethylene substrate (hydrophobic) compared to water. Regarding its surfactant 
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activity, the surface tension decreased with the increase in concentration from 0 to 

0.625% and both polar and dispersive components of surface energy remained 

constant for higher concentrations.  

By using a three-stage in-line homogenizer, the emulsification time shortens below 1 

min, since no significant change in D3,2 (about 6 µm) is observed for longer times. 

Compare to reference Asfier100 emulsions, MKL-stabilized bitumen emulsions show 

a lower viscosity, related to its higher maximum packing volume fraction, and a less 

non-Newtonian character, both factors would favour their use in reduce-temperature 

asphalt technologies. 

Asphalt mixes prepared by WMA and HWMA procedures fulfilled up to the 4th level of 

French design method. In addition, a reduction of fresh bitumen content of 70 and 50 

% was reported for WMA and HWMA-1 mixes, respectively, according to minimum 

binder requirement for a mix AC-BBSG 10. In this regard, a semi-quantitative approach 

becomes relevant in the design of mixes using reduced-temperature method, 

especially when high rate of recycled asphalt is used. Based on the relation between 

mixing temperature and fresh bitumen penetration into RAP binder film, a lower 

manufacturing temperature needs to be compensated by a higher amount of fresh 

bitumen. Thus, a balance between both parameters should be considered in search of 

the optimum reduction in lifecycle impact.   
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This work has been conducted under European research framework of Marie Curie 

“Sustainable Pavement and Railways Initial Training Network”, which aims to 

investigate alternative sustainable technologies, for both road pavement and railways. 

Particularly, the results contained in this manuscript have focused on the development 

of more sustainable asphalts through: A) the use of reduced-temperature technologies 

based on polymer-modified bitumens applicable at lower temperatures and bitumen 

emulsions; B) use of a bio-based surfactants and bitumen modifiers such as the 

synthetized lignin-derived cationic emulsifiers; and C) use of reclaimed asphalt 

pavement materials. Referring to each specific topic, main conclusions achieved are 

listed as follows: 

• EVA modified bitumen performance-related properties at medium-to-high in-

service temperatures, like resistance to permanent deformation, were strongly 

affected by the vinyl acetate (VA) content in the copolymer in such a way that 

the lower the VA content (higher crystallinity), the better performance.  

• In relation to the first conclusion, the total crystalline fraction in the modified 

binder, resulting from the product of EVA copolymer concentration and its 

crystalline fraction, governs the aforementioned performance. 

• The use of EVA copolymers with high Melt-flow indexes (MFI) facilitates its 

mixing with bitumen and workability of the final asphalt mix, with the 

consequent reduction in process temperatures. On the other hand, the addition 

of EVA copolymers with low MFI seems to provide better rheological 

performance at low in-service temperature, as denoted by a shift of the 

mechanical glass transition to lower temperatures and the enhanced ability of 

the PMB to sustain higher strains before experiencing thermal fracture. 
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• If material performance in a wide temperature range and its facility of 

processing are put in priority, balancing low VA content and high MFI is a must. 

• The Mannich reaction enabled to valorize lignin through the inclusion of amine 

groups which gave rise to cationic emulsifiers for road paving applications. 

• Within the set of reaction conditions studied, an alkaline medium reaction 

route and tetraethylene-pentamine (TEPA) as amine reagent were chosen as 

optimum preparation conditions, such that the resulting cationic surfactant 

provided the expected emulsion stability and workability when used with 

typical formulation for road paving applications. 

• The steady shear flow viscous behavior of modified-lignin-stabilized bitumen 

emulsions are governed by: emulsifier concentration, pH of aqueous phase, 

bitumen phase concentration, and energy input during emulsification. 

• Water was able to wet a hydrophobic polyethylene surface upon addition of the 

modified-lignin emulsifier above, because the resulting aqueous phase 

presented increased and decreased values of surface free energy dispersive 

and polar components, respectively. 

• The preparation of reduced-temperature asphalt mixes containing 100% 

reclaimed asphalt pavement (RAP) by using modified-lignin-stabilized 

bitumen emulsion was successful. 

• For reduced-temperature asphalt technologies, calculations based on thin film 

diffusion proved to be a useful approach in order to predict the quantity of fresh 

bitumen needed for aged RAP to achieve a certain level of rejuvenation and a 

suitable mix workability and performance.  
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