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Abstract 

The environmental, social and economic sustainability of our 
infrastructure network is clearly of paramount importance to the road-
engineering sector as well to society at large. Sustainable road materials 
and reduced transport of those materials therefore play a significant role. 
Cold mix asphalt (CMA) emulsion technology could be one of the better 
options for the road industry to explore more thoroughly. Given its lower 
start-up and equipment installation costs, lower energy consumption and 
reduced environmental impact, CMA should offer a reliable alternative to 
some of the Hot Mix Asphalt (HMA) or Warm Mix Asphalt (WMA) 
options. As CMA is not a new technology, there are many reasons why 
this material is not currently being used as extensively as it might be. 
Though risk adverseness of the market may be partly to blame for this, a 
number of technical challenges and uncertainties related to material 
behavior are certainly responsible. This thesis has addressed some of the 
important technical challenges, aiming to provide more guidance in 
material selection and design, and prediction of the behavior of emulsion-
based CMAs. To do so, this research has focused on aspects of the correct 
formulation of the bitumen emulsions, how to select the correct 
combinations of material components, and how to control the breaking 
and coalescence processes in bitumen emulsions better, resulting in 
usable and predictable adhesive and cohesive bond strengths. Though 
most of the laboratory and modeling choices that were made in this thesis 
are based on theoretical considerations, the main contribution is the test 
protocol development. The systematic surface free energy measurements 
of the material components, combined with the test set-up to monitor 
controllably the breaking and coalescence behavior of bitumen droplets in 
an emulsified environment, gives a new way to approach the design of 
CMA. It is recommended that future research is focused on taking the 
developed protocols as a basis for enhanced mix design and making a 
direct link to validated long-term mechanical properties on the asphalt 
mixture scale. 
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Sammanfattning (På Svenska) 

Miljömässig, social och ekonomisk hållbarhet är av största betydelse 
för vår infrastruktur både inom vägbyggnadsområdet och inom samhället 
i stort. Där kan hållbara vägbyggnadsmaterial och minskade transporter 
av vägbyggnadsmaterial ge ett betydande bidrag. Tekniken med 
kallblandade asfaltemulsionsbeläggningar (CMA) är en av de bättre 
lösningarna för vägbyggnadsindustrin som skulle kunna användas i större 
utsträckning än som görs för närvarande. Givet teknikens låga uppstarts- 
och investeringskostnader, minskad energiförbrukning och minskad 
miljöpåverkan, kan CMA bli ett attraktivt alternativ till varmblandade 
(HMA) och halvvarma (WMA) asfaltmassor. Då CMA inte är någon ny 
teknik, finns många skäl att fundera över varför denna teknik inte 
praktiseras i så stor omfattning idag. Obenägenheten att ta risker med ny 
teknik på marknaden delvis kan beskyllas för detta, men också ett flertal 
osäkerheter kopplade till materialegenskaper hos CMA kan också bidra. 
Denna avhandling har studerat några viktiga tekniska utmaningar med 
syfte att ge mer vägledning vid materialval och utformning, samt att 
förutse materialbeteenden hos emulsionsbaserade CMA. För att nå detta 
har denna forskning fokuserats på sammansättningen av 
bitumenemulsioner, hur man väljer rätt kombination av 
materialkomponenter och hur man får en bättre kontroll på brytförloppet 
och koalescensen, med målet att kunna förutsäga adhesiv och kohesiv 
bindningsstyrka. Då de flesta laborativa och modelleringsmässiga valen i 
denna avhandling är baserade på teoretiska överväganden, är det 
viktigaste bidraget i denna rapport utvecklingen av testprotokollen. De 
systematiska mätningarna av fri ytenergi hos materialkomponenterna, 
kombinerat med testmetoder för att på ett kontrollerat sätt studera bryt- 
och koalescensbeteendet hos droppar i en emulsionsmiljö, ger en ny 
möjlighet att optimera sammansättningen av CMA. Det rekommenderas 
att framtida forskning fokuseras på att ta de föreslagna protokollen som 
bas för förbättrad proportionering och att göra en direkt koppling till 
validerade mekaniska långtidseffekter på asfaltbeläggningen. 
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1 INTRODUCTION 

1.1 Background 
 

The durability, cost effectiveness, life expectancy and environmental 
sustainability of asphalt pavements are of prime importance to the road 
construction industry. Cold mix asphalt (CMA) emulsion technology 
could become an attractive method for the road industry to use to replace 
hot mix asphalt (HMA). It offers lower start-up and equipment 
installation costs, less energy consumption and lower environmental 
impact than traditional alternatives. In the paving industry, hot mix and 
(increasingly) warm mix asphalts are frequently used, while cold mixtures 
are used much less often, and usually only for resurfacing or repairing 
minor roads. Given its potential future benefits and challenges, CMA 
emulsion technology is the focus of this study. The processes used when 
manufacturing bitumen emulsions must be tightly controlled to ensure 
that they have sufficient storability, workability and adhesion to be 
effective binders for road products [1-3]. 

 
Bitumen is a highly viscous semi-solid at room temperature. To work 

as an effective binder a higher viscosity of bitumen is better but for the 
coating of stones a lower viscosity is required. There are several ways to 
reduce its viscosity, such as heating, dissolving it in solvents (“cutting 
back”), foaming it, or making oil/water type bitumen emulsions. To 
produce bitumen-in-water emulsions, the bitumen phase is heated and 
dispersed in water in the presence of an emulsifier by the application of a 
shear force. Bitumen-in-water emulsions are designed to break in a 
controlled manner to achieve the required level of performance for 
producing cold mix asphalt (CMA). However, there are still some 
concerns which reduce its usage as compared to the traditional methods 
[4]. For instance, poor quality cold asphalt mixtures result in pavement 
distress e.g. stripping, peeling, raveling, bleeding and washing out of fines. 
By looking into molecular scale, these macroscale problems are due to 
loss of adhesion between the binder and the minerals/aggregates in the 
presence of water [5]. Additionally, due to substantial air voids in the 
structure the mechanical strength of cold mixtures in the early stages is 
usually lower than that of traditional HMA, and, as such, this may result 
in the delayed opening of roads to traffic. 
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The adhesion between the binder and the aggregates depends on the 
formulation of bitumen emulsion, the correct combinations of selected 
material components, and the breaking and coalescence processes of 
bitumen emulsions [6]. All these parameters are inter-connected. The 
mechanisms giving bitumen emulsions their stability are governed by 
intermolecular forces. The correct formulation of bitumen emulsions 
require skills and basic knowledge about surface chemistry and physics to 
understand how this intermolecular force balance can guarantee better 
performance [7]. Unfortunately, sufficient knowledge to guarantee the in-
situ behavior of bitumen emulsions when they are stored, transported or 
mixed with the minerals/aggregates has so far still not been reached. 
Moreover, formulation of emulsion mixes is most often empirical, usually 
based on some basic knowledge of asphalt surface chemistry and 
experience. There are no standards or well established formulations 
available. The structural test methods which are applied today for HMA 
might not the best to represent the in-situ behavior of emulsion mixes.  
Currently, this still limits the enhanced applicability of the cold mix 
asphalt and thus reduces some of the potential positive impacts this 
technology could have on the pavement industry. 

 

1.2 Breaking and coalescence of bitumen emulsions 
 
Bitumen emulsions usually break due to flocculation and coalescence 

(see Fig 1a). Coalescence is the last step in this breaking process, in which 
droplets merge together into bigger ones. As illustrated in Fig. 1a, during 
coalescence, pairs or groups of droplets approach each other with 
negligible initial velocities, touch and form tiny contact bridges due to 
Van der Waals interactions. The bridge contact length, rb, quickly 
expands under the influence of interfacial stress, finally resulting in 
merger of the droplets into increasingly larger droplets. The characteristic 
time for shape relaxation is controlled by competition between surface 
tension and viscous dissipation [8], and can be represented as: 

 
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  ∝  𝜂𝜂𝜂𝜂

𝛾𝛾
 ,                                                        (1) 

 
where 𝞰𝞰 is the droplet viscosity, R is the radius of the droplet and γ is 

its surface tension.  
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Fig. 1. Schematic illustrations of (a) the coalescence process in breaking 
bitumen emulsion, and (b) bitumen coatings of aggregates resulting from 
poor adhesion (right) and good adhesion (left). 

 
In coalescence, a film of bituminous binder develops that adheres to 

the aggregates, then sets and hardens (“cures”), thereby determining the 
mechanical strength of the cold asphalt mixture. Heteroflocculation and 
coagulation must take place within the desired time period and in the 
correct location. Good adhesion can be achieved if aggregates are 
completely wetted by the bitumen, but adhesion will be poor if premature 
coalescence occurs away from the surface, or water is still present at the 
interface, as illustrated in Fig. 1b. Other reasons of such premature 
coalescence could be inappropriate cold mix design or too great a 
quantity of fines in terms of dust or highly reactive mineral surfaces. Most 
of the aggregates are very sensitive to moisture due to their chemical 
composition, especially when alkali metals (sodium, potassium) are 
included. As a result, poor adhesion between bitumen and aggregates 
could lead to a reduction in the mechanical strength of the asphalt 
mixture [7].   

 
The design of a bitumen emulsion and reactivity of the stone surface 

basically define the coalescence behavior and quality of CMA. There are 
several breaking mechanisms which have been proposed in the literature 
but the setting of bitumen emulsions is a complex process which is still 
not fully understood [9]. The most important breaking mechanism is the 
absorption of emulsifiers on the surface of the stone, depleting the water 
phase of emulsifiers and causing the bitumen emulsion to break. 
However, other mechanisms have also been discussed in the literature 
such as hydrolysis reactions (releasing ionic species) occur at the surfaces 
of aggregate minerals, thereby increasing the pH of the aqueous phase 
and promoting coalescence. Hence, physico-chemical properties of 
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material components as well as the recipe of the bitumen emulsion 
designed for a selected climate and application conditions will influence 
the breaking behavior and the performance of CMA. 

 

1.3 The critical micelles concentration (CMC) and the 
adhesion mechanisms 

 
Surfactants spontaneously aggregate in water and form well defined 

structures, such as spherical micelles, cylinder, and bilayer. The surface 
tension decreases strongly by increasing the concentration of surfactants 
in the water phase. At a certain concentration, the critical micelle 
concentration (CMC), the surface tension becomes constant and above 
this concentration, CMC surfactants spontaneously form micelles. The 
hydrocarbon chains gather inside the micelle and the polar head groups 
orientate towards the aqueous phase [10]. 

 
The adhesion mechanism is mainly based on adsorption of both 

emulsifiers’ and adhesion promoters’ molecules that move to the mineral 
surface. There could be two possible explanations for the adhesion 
mechanism of emulsion systems without adhesion promoters. I) 
Emulsifiers keep their micelle shape before reaching the stone surface, 
but they collapse upon adsorption and form single or multilayered films 
on the stone surface. In case of single layer or at lower emulsifier 
concentration (below CMC) there could be an adhesion between bitumen 
droplet and a stone surface. But, in case of double or multilayered (above 
CMC), these surfactants create a repulsion barrier with the ones covering 
the bitumen droplet or stop direct contact between the minerals and the 
bitumen droplets (see Fig. 2a). II) A multilayered film would prevent 
adhesion, if the water and salts adsorb more strongly to the mineral 
surface than the emulsifier; then there will be no adhesion. In case of 
adding adhesive promoters to the water phase, molecules of surfactants 
and adhesion agents compete to sit on the mineral surface. Due to their 
smaller size, molecules of adhesion promoters cover the mineral surface 
slightly faster than the emulsifiers, which are pulled back to the oil phase 
due to their long hydrocarbon chains. Molecules of adhesion promoters 
form a layer allowing bitumen molecules to settle and bond with the 
mineral surface (see Fig. 2b).  
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Fig. 2. Proposed mechanisms for adhesion between bitumen-mineral 
surface in the presence of a) an emulsifier and b) an emulsifier with 
adhesion promoter. 

 

1.4 Aims and scope 
 
On the basis of the appended scientific articles, this thesis has been 

compiled with the aim of contributing to a fundamental understanding of 
the breaking and coalescence mechanisms of bitumen emulsions for the 
enhanced applicability of CMA. In order to achieve this aim, the specific 
research objectives of this thesis include: 

 
i) Investigation of the physico-chemical properties of the asphalt 

mixture components in order to evaluate the bitumen-mineral 
interfacial bond. 

 
ii) Finding a better way of studying the breaking and coalescence 

process in bitumen emulsions. 
 
The focus of this thesis is CMA bitumen emulsion technology. Other 

methods used for CMA, for instance foaming and cutbacks, are out of the 
scope of this thesis. Moreover, polymer modified bitumen emulsions are 
not included in this study. Additionally, it is worth mentioning that this 
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thesis covers the temperature range between 30 oC and 50 oC for bitumen 
droplet relaxation, which is a little above ambient temperature.  

 

1.5 Thesis outline  
 
This thesis consists of four chapters. Chapter 1 describes background 

information, aim of the study and outline of this thesis. The experimental 
methods used to measure the surface free energies (SFEs) of binders and 
aggregates as well as a test method to measure bitumen droplet relaxation 
in an emulsion environment are briefly explained in chapter 2. Also, 
selected materials, along with given properties, are presented. Moreover, 
the components of bitumen emulsions, especially types of emulsifiers, 
adhesion promoters, organic solvents as well as selected salts types are 
described. Chapter 3 describes the summary of results in logical order 
based on the experimental and numerical investigations. It starts with the 
SFE measurement of binders and aggregates, revealing the nature of 
surfaces, their wettability and adhesion potential. This is followed by an 
investigation into relaxation of two bitumen droplets in an emulsion 
environment (i.e water phase containing emulsifiers) with a further 
extension to real emulsions with and without additives. In addition, 
numerical investigations of bitumen droplet relaxation in the water phase 
are presented and compared with the experimental observations. Finally, 
chapter 4 summarizes the findings and makes recommendations for 
future work.  
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2 METHODS AND MATERIALS 

In this chapter, experimental methods and investigated materials 
used in this study are described.  

 

2.1 Methods  
 
In order to achieve the research objectives, both experimental and 

numerical approaches were carried out. A flow chart describing the 
experimental sections is presented in Fig.3. There are three major parts of 
this experimental study as illustrated below. 

 

 
Fig. 3. A flow chart describing the experimental section. 

 
In the first of three experimental studies, the materials properties of 

each component used in CMA were evaluated. The properties measured 
included the SFE of both binders and minerals/aggregates to evaluate the 
adhesive bond strength of bitumen-mineral/aggregate interfaces. In this 
study, surfaces of binders were characterized by measuring contact angles 
(CAs) of sessile drops of known probe liquids at the substrate surface, 
while surfaces of minerals and aggregates were investigated using both 
the CA method [11] and the vapor sorption method [6, 12,13] which used 
three probe vapors with known surface energy components.  
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To investigate the effects of emulsifiers and adhesion promoter on 

the SFEs of bituminous binders, the bitumen surfaces were prepared 
(with and without additives) in the following three ways.  

 
Method O: Pure unmodified bitumen was heated to 80-90 oC above 
softening point then spread over glass slides. Coated samples were cooled 
at ambient temperature overnight in a fume hood under cover, while 
protecting the surfaces from dust particles. 

 
Method A: Bitumen (160/220, 70/100 and 50/70) was heated to 80-90 
oC above softening point then mixed with additives at selected 
percentages (EM44 1%, Wetfix 0.8%, w/w). The hot bitumen was then 
coated on glass slides and samples were put in a fume hood overnight for 
cooling.  

 
Method B: Two step process. First, samples of pure unmodified bitumen 
were prepared as in Method O, but the next day they were placed in water 
solutions containing EM44 (1%) or Wetfix (0.8%) for 3 days. Then they 
were removed from the solutions, their surfaces were washed with 
distilled water and they were allowed to dry in a fuming hood for 48 hrs. 

 
Test samples of the selected minerals and aggregates were collected 

from representative stockpiles and prepared by washing with distilled 
water, drying overnight in an oven at 110 oC and cooling in a fume hood at 
room temperature. For CA method, the minerals’ surface was made 
smooth by polishing with Silicon Carbide paper of a fine mesh (mesh-size 
# 1000). There was no polishing aid used since this may affect surface 
tension. However, for vapor sorption method the selected minerals and 
aggregates with a size distribution of 2 – 4 mm were used to investigate 
the SFEs. 
 

A DSA100 system from KRÜSS (Germany) was used to measure the 
CAs of drops of known probe liquids on the surface of each tested 
material. Three probe liquids (diiodomethane, formamide and water) of 
known surface tensions were used in this study to characterize the 
unknown surface free energy components of the substrates [14]. 
 

A Micromeritics ASAP2020 system was used in vapor sorption [15,16] 
experiments to estimate the specific surface area (SSA) [17-19] and SFE of 
selected minerals and aggregates. The SFEs of minerals and aggregates 
were calculated from the adsorption isotherms obtained from 
experiments with the three selected probe vapors (n-hexane, ethanol and 
water) and surface areas obtained from experiments with inert vapors (Kr 
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and N2). Spreading pressures of all three probe vapors were determined 
after obtaining adsorption isotherms for them on the mineral/aggregate 
surfaces, and surface energy components were calculated using Good-
van-Oss-Chaudhury (GVOC) theory [20]. Two of the probe vapors differ 
from the probe liquids as the practical set up did not permit the use of 
toxic liquids as well as containing any volatile components.  
 

In the second part of this study, a new method was developed and 
applied to investigate bitumen emulsions’ breaking and coalescence 
processes under different test conditions [21]. The test set-up consisted of 
a camera and a light source as shown in Fig. 4a. A rectangular glass 
container with optically transparent walls was placed in the middle, 
horizontally aligned and in focus with a light source and a camera at two 
ends. Two metallic L-shaped probes with flexible position settings in 
vertical directions were placed in parallel to the glass container. At the 
bottom where the glass container was placed, there was a Peltier heating 
panel connected to a water bath. There were additional humidity and 
temperature sensors attached to the climate chamber with optically 
transparent walls which were placed over the glass container and metallic 
probes.  
 

Bitumen samples were heated in the oven to form a flowing liquid 
(160 to 180 oC, depending on bitumen grade), then droplets of various 
diameters were formed on the surface of a silicone pad (which provided a 
non-stick surface for bitumen) using a syringe and needles of appropriate 
sizes (Fig. 4b). After this, the silicone pad containing bitumen droplets 
was placed in a freezer at -20 oC for 2 – 3 hours to stabilize their shapes. 
After retaining a definite stiffness and droplet shape, bitumen droplets 
were attached to the L-shaped hooks to start the coalescence experiments. 
The process of droplet coalescence was recorded using a video camera 
and images are captured at regular time intervals. Coalescence times were 
determined from the images and used to assess the effects of variables 
such as binder grades, droplet sizes, test temperatures, types of 
emulsifiers and other additives. 
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Fig. 4. (a) Experimental set-up for studying the coalescence of 
bitumen droplets, and (b) bitumen droplets formed on a silicone 
surface pad. 

 
As illustrated in Fig. 5, the shape relaxation process induces a 

gradual reduction in the axial length L(t), a line joining the droplets’ 
centers. The contraction process was determined using the anisotropy 
factor p(t) which is defined as: p(t) = H(t)/L(t), where H(t) is length of 
contact bridge between two droplets which is perpendicular to the axial 
length L(t). In the case of two droplets with different sizes, the initial 
anisotropy ratios po will not be the same. The normalized anisotropy was 
determined where the initial radii of the two droplets were denoted R and 
βR with β ≥ 1. The normalized anisotropy can be calculated as {1-p(t)}/{1-
p0} [20]. For complete relaxation, two droplets must merge into a unique 
spherical droplet; in this case, a complete fusion of two bitumen droplets 
was considered for a H/L ratio equal to 0.8.  
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Fig. 5. Schematic representation of the start and the end points of the 
shape relaxation process. 
 

Additionally, in this experimental part, the density (ρ) and the 
equilibrium SFT-surface tension (γ) or the IFT-interfacial tension (γ) of 
the water phases, were also measured using a density meter (DMA 4500, 
from Anton Paar) and the Wilhelmy plate method, respectively [22].  
 

In the third part of this study, stabilization and destabilization 
mechanisms of bitumen emulsions were investigated with real emulsion 
samples produced in the Nynas and AkzoNobel Laboratories, Sweden. A 
pilot plant set-up for preparing bitumen emulsion was used to produce 
different sets of emulsion samples stabilized with selected types of 
surfactants, and with and without salts. In the emulsion manufacturing 
mill, the temperatures of bitumen and water phases were set to 140 oC 
and 40 oC respectively, and all emulsion samples were produced between 
80 – 90 oC. 
 

Optical microscopy and droplet size distribution methods were used 
to investigate emulsion stability. The optical microscopy used an 
OLYMPUS® BX51 microscope with a Leica® DC300 Camera. A 
MALVERN MASTERSIZER 3000E was used to measure droplet size 
distribution. Both characterization techniques were used for monitoring 
coalescence process over different time intervals e.g. 1 hr, 1 day, 1 week 
and 1 month. Moreover, bitumen emulsion samples were diluted (10 
times) for optical microscopy and droplet size distribution measurements 
as they were too dense to allow enough light through. This dilution was 
carried out with the same water phase as used in manufacturing to 
preserve the real emulsion environment. The optical microscopy and 
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droplet size distribution measurements were carried out on diluted 
samples. 
 

2.2 Materials  
 
The materials used in the studies included several 

minerals/aggregates, binders and additives commonly used to promote 
adhesion. The binders were emulsion grade, unaged and unmodified 
straight-run Nynas bitumen products with 160/220, 70/100 and 50/70 
penetration grades. Their physical properties and chemical constituents 
(according to chromatographic analysis using an Iatroscan MK 6S 
instrument) and SARA (Saturates, Aromatics, Resins and Asphaltenes) 
fractions are shown in Tables 1 and 2, respectively. The penetration, 
softening point, dynamic viscosity, kinematic viscosity and fraass 
breaking point were measured by Nynas in accordance with the European 
standards EN 1426, EN 1427, EN 14596, EN 14595 and EN 14593, 
respectively; these are shown in Table 1. 

Table 1. Physical properties of the three grades of base bitumen.  

 
Table 2. SARA Fractions of the three grades of base bitumen 
obtained from chromatographic analysis. 

 

The minerals and aggregates included four samples of stones (three 
types of granite from different quarries in Sweden and a basalt rock from 
Iceland) and seven types of minerals, all with a size distribution of 2 – 4 

Bitumen 
Grade 

Penetration 
(mm/10) 

Softening 
point (°C) 

Dyn. 
Viscosity 
[Pa.s] @ 

60°C 

Kin. 
Viscosity 
[mm2/s] 
@ 135°C 

Fraass 
breaking 

point 
[oC] Min Max Min Max 

50/70 50 70 46 54 145 295 -8 
70/100 70 100 43 51 90 230 -10 

160/220 160 220 35 43 30 135 -15 

Bitumen 
Grade 

Saturates 
(%wt.) 

Aromatics 
(%wt.) 

Resins 
(%wt.) 

Asphaltenes 
(%wt.) 

50/70 3.6 52.4 22.7 21.3 
70/100 6.4 48.6 26.2 18.8 
160/22

 
9.0 54.3 22.2 14.5 
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mm. The minerals included typical constituents of granite (one type of 
quartz, two types of feldspar and two types of mica), and two others: 
gypsum and calcite.  

 
In this study, the four types of cationic emulsifiers e.g. R-tallow 

diamine, R-tallow diamine ethoxylate, R-tallow amido-amine and R-
tallow quaternary amine, were used. In addition, a non-ionic emulsifier 
redicote E-47 NPF (nonyl phenol free), which is basically an R-tallow 
ethoxylate alcohol, and two anionic (amphoteric types) emulsifiers from 
AkzoNobel Sweden were selected for this study. Amphoteric types of 
surfactants can be used for both cationic (at pH = 2.3) and anionic (at 
pH=11) emulsifiers e.g. ampholak 7TX (tallow-ampho-poly-carboxy-
glycinate) and ampholak XCE (amine-based amphoteric of the glycinate 
type). These are commercial products designed for bitumen, so the exact 
chemical composition is not given. However, most commercial 
emulsifiers consist of mixtures of more than one emulsifier to optimize 
properties for particular applications [23]. Along with these surfactants, 
different adhesion promoters were also selected to investigate their effect 
on the coagulation of bitumen on mineral substrates in the presence of 
water. These additives were Diamine OLBS, WetFix BE and WetFix N 
from AkzoNobel Sweden. 

 
In the bitumen emulsion industry, it is common practice to add salt 

as a stabilizer to equalize the water density if it is lower than the bitumen 
phase, which may reduce settling. Other reasons for salt addition include 
helping to screen the Coulomb repulsion between surfactant molecules 
and reducing the osmosis pressure at bitumen-water interface. To see the 
effects of salt addition on emulsion stability and its breaking and 
coalescence process, the ionic salts with monovalent and divalent cations 
(e.g. Na+, K+ and Ca2+), including sodium chloride (NaCl), potassium 
bromide (KBr), potassium sulfate (K2SO4) and anhydrous calcium 
chloride (CaCl2), respectively, were selected from Sigma-Aldrich at 
reagent plus grade. Hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) were used to control the pH of the water phase soap solution.  

 
Organic solvents are commonly used in bitumen emulsions to 

improve coalescence. They are usually nonpolar liquids such as kerosene. 
These solvents are known to influence the coalescence process by 
reducing the viscosity of the bitumen. In this study, the selected solvents 
were mainly water soluble and, to a very small extent, bitumen soluble, 
and had no impact on the viscosity of bitumen. For this purpose, the 
following solvents were selected: methanol (reagent grade, VWR), ethanol 
(SOLVECO analytical grade, 99.5%), 2-propanol (reagent grade, VWR), 
glycerol (Sigma-Aldrich, reagent plus 99 %) were also utilized in this 
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study. Among these solvents, adding ethanol to bitumen emulsion is 
recommended in rare cases when the temperature is below freezing point 
(0 oC).  
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3 RESULTS AND DISCUSSION 

3.1 Adhesive properties of mineral-bitumen interfaces 
 
Surface free energies (SFEs) of bituminous binders are shown in Fig. 

6. The surfaces of bitumen with emulsifiers (Redicote EM44) or adhesion 
promoters (WetFix N) were prepared using methods A and B, whereas 
bitumen surfaces without additives were prepared using method O (see 
section 2.1).  

 
Fig. 6. Surface Free Energies of named bitumen surfaces prepared with 
and without additives. 

The figure shows that adding emulsifier Redicote EM44 or Wetfix N 
to the bitumen phase (Method A) caused no significant changes to the 
SFEs of the binder, relative to those recorded for samples prepared by 
Method O. However, exposing bitumen surfaces to the water phase 
containing these additives (Method B) caused significant differences in 
the SFEs of the binders. The differences in activities of these additives 
may be due to Method B enhancing the potential for interaction of 
emulsifier or surfactant molecules with long lipophilic carbon chains (8 – 
18 C atoms), and hydrophilic head groups such as Redicote EM44 and 
Wetfix N, with both bitumen and the aqueous phase, rather than being 
embedded in the bitumen.  
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The IFTs of the pure water, Redicote EM44 and Wetfix N were found 
to be 71.7, 31.5 and 28.4 mN/m, respectively. Whereas, IFTs of water 
phases containing 1% Redicote EM44 and 0.8 % Wetfix N were 36.8 and 
31 mN/m, respectively. The polar contributions to the SFEs of binders 
prepared using method B can be correlated with the surface tensions of 
water phases containing additives. Moreover, the sensitivity of the 
binders’ SFEs to the addition of Redicote EM44 or Wetfix in the water 
phase (Method B) was positively correlated with their softness. In other 
words, these differences in SFEs may be linked to their viscous behavior. 
 

The SFEs of minerals and aggregates were obtained by both the 
contact angle and the vapor sorption methods. The SSAs of the minerals 
and aggregates were determined using the BET method due to the 
simplicity of its application [18,24,25]. In the previous studies [12,13], the 
BET surface area of aggregates was calculated based on the n-hexane 
adsorption isotherm. In this study, however, Kr and N2 vapors were also 
used, along with n-hexane vapors, to measure the surface areas of 
minerals and aggregates (Table 3); these are more conventional and the 
standard vapors used for specific surface area measurements of solids. 
Moreover, the molecular projection areas for Kr, N2 and n-hexane were 
found in the literature as 21 Å, 15.4 – 16.2 Å and 36 – 56 Å, respectively 
[26-29], but in this study, 21Å, 16.2Å and 36Å were used for Kr, N2 and n-
hexane. The precision of the SSA calculation depends on the range of 
molecular projection areas of the probe molecule. The molecular weights 
of Kr and n-hexane are similar (and approximately three times heavier 
than N2 molecules). However, the adsorption isotherms in the BET region 
for these vapors (see Paper I) show that Kr and n-hexane vapors have 
substantially different adsorption gradients, and the surfaces of the tested 
minerals and aggregates have a higher affinity for n-hexane than for Kr 
and N2. Both Kr and N2 vapors are more sensitive to the presence of 
moisture [30] and a slight change in the recorded surface area due to the 
appearance of hydrophilic sites, probably OH groups, has been reported 
[31].  
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Table 3. Measured BET SSAs of selected minerals/aggregates. 

Mineral/Aggregate 
Samples 

SSA Measured Values (m2/gm) 
with Kr/N2 with n-Hexane 

Quartz 0.06 0.15 
Biotite 0.09 3.33 
Muscovite 0.06 1.12 
Calcite 0.01 0.19 
K-Feldspar 0.02 0.29 
Plagioclase 0.02 0.17 
Gypsum 10.29 3.05 
Basalt 0.55 0.50 
Granite (Arlanda) 0.08 0.15 
Granite (Skärlunda) 0.05 0.20 
Granite (Red) 0.04 0.20 

 
 

The spreading pressures for all combinations of samples and vapors 
are shown in Fig. 7. Those of water vapor on the surfaces of minerals and 
aggregates are consistently higher than those of ethanol and n-hexane 
vapors, which was expected due to the known hydrophilic nature of the 
aggregate surface. Changes in the surface free energy of specific mineral 
or aggregate types arising from interactions with vapors, or spreading 
pressures of adsorbed vapor on their surfaces, provide information about 
the nature of their surfaces and their affinity for bonding with bitumen. 
In particular, the spreading pressure of water vapor on 
minerals/aggregates is negatively correlated with the strength of bonding 
between the minerals/aggregates and bitumen. Moreover, quartz and 
gypsum contain oxygen and sulfate, respectively, in their chemical 
structure which have high affinities for polar molecules e.g. water (bipolar) 
and ethanol (monopolar). The interfacial bond strength calculations are 
presented in more detail at the end of this section.  
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Fig. 7. Spreading pressures of adsorbed (a) water, (b) ethanol, and (c) 
n-hexane vapors on the surfaces of the named minerals. 
 

The SFEs of the selected minerals and aggregates, estimated using 
the sorption and CA methods, were compared with the values stated in 
literature, as illustrated in Table 4. The table shows that calculated 
nominal values of SFEs measured with different techniques varied and 
were not identical to values found in literature. The interfacial work of 
adhesion between the solid surface and vapor,  𝑊𝑊𝑆𝑆𝑆𝑆

𝑟𝑟 , is related to the 
equilibrium spreading pressure, 𝜋𝜋𝑟𝑟, and total SFE of the vapor, 𝛾𝛾𝑆𝑆

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, as 
follows:  
 

 𝑊𝑊𝑆𝑆𝑆𝑆
𝑟𝑟 =  𝜋𝜋𝑟𝑟 + 2𝛾𝛾𝑆𝑆

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟                                                            (2) 
    

Equation (2) is reportedly valid for high surface energy materials 
such as minerals and aggregates [12,13]. The SFE components (dispersive 
and polar) can be combined to obtain the total surface free energy using 
GVOC theory [20] as follows (3): 
 

(a) (b) 

(c) 
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𝛾𝛾𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝛾𝛾𝐿𝐿𝐿𝐿 +  𝛾𝛾𝐴𝐴𝐴𝐴 =  𝛾𝛾𝐿𝐿𝐿𝐿 + 2 �𝛾𝛾+𝛾𝛾−                                  (3) 
 

where 𝛾𝛾𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is the total surface free energy,  𝛾𝛾𝐿𝐿𝐿𝐿  and 𝛾𝛾𝐴𝐴𝐴𝐴  are the 
Lifhsitz-van der Waals or dispersive, and acid/base or polar, components, 
respectively, 𝛾𝛾+  is the Lewis acid component and 𝛾𝛾−  is the Lewis base 
component. Similarly, the work of adhesion between a solid and a vapor 
phase ( 𝑊𝑊𝑆𝑆𝑆𝑆

𝑟𝑟 ) can be calculated using GVOC theory as follows (4): 
 

 𝑊𝑊𝑆𝑆𝑆𝑆
𝑟𝑟 =  2 �𝛾𝛾𝑆𝑆

𝐿𝐿𝐿𝐿𝛾𝛾𝑆𝑆
𝐿𝐿𝐿𝐿 +  2 �𝛾𝛾𝑆𝑆

+𝛾𝛾𝑆𝑆
− +  2 �𝛾𝛾𝑆𝑆

−𝛾𝛾𝑆𝑆
+                                     (4) 

 
Total SFEs were calculated using equations (2-4), and surface energy 

components were calculated using the following equations (5-7): 
 

𝛾𝛾𝐿𝐿𝐿𝐿 =  �𝜋𝜋𝑒𝑒
𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒 + 2𝛾𝛾𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑇𝑇

𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒�
2

4𝛾𝛾𝐿𝐿𝐿𝐿
𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒                                                               (5) 

 

𝛾𝛾+ =  
�𝜋𝜋𝑒𝑒

𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑇𝑇𝑇𝑇 + 2𝛾𝛾𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑇𝑇 −�2�𝛾𝛾𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑇𝑇 𝛾𝛾𝐿𝐿𝐿𝐿��
2

4𝛾𝛾𝐸𝐸𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑇𝑇𝑇𝑇
−                                                    (6) 

 

𝛾𝛾− =  
�𝜋𝜋𝑒𝑒

𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤 + 2𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤
𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑇𝑇 −��2�𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤

+ 𝛾𝛾+�−�2�𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤
𝐿𝐿𝐿𝐿 𝛾𝛾𝐿𝐿𝐿𝐿� ��

2

4𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤
+                                 (7) 

 
The spreading pressures and total SFEs of n-hexane were used to 

calculate the dispersive energy component of the SFEs. For the Lewis acid 
component of surface free energy (γ+) and the dispersive energy 
component, the spreading pressure of ethanol vapor and n-hexane data 
were used, respectively. Similarly, for the Lewis base component (γ-), n-
hexane, ethanol and water data were used.  
 

The total SFEs of the selected minerals and their polar and 
dispersive components obtained using the sorption method (with SSAs 
calculated using Kr/N2 and n-hexane vapor data as shown in Table 3, 
respectively) were compared to values obtained using the contact angle 
method as shown in Table 4, respectively. The results indicate that 
although polar interactions are the main determinants of most minerals’ 
SFEs, they have some subtle differences that may be important. More 
specifically, minerals and aggregates with strong polar SFE components 
will have a strong affinity for water molecules and tend to form weak 
bonds with bitumen in the presence of moisture. 

 
 
 



RESULTS AND DISCUSSION ∣ 20 
 

 
Table 4. Measured SFEs of minerals and aggregates.  

 
 

Table 5 presents the SFE values that were previously published in 
the literature. A comparison among measured SFEs of the 
minerals/aggregates and SFE values found in the literature [12,13,32-35] 
revealed that the same minerals vary greatly if they originate from 
different quarry sites or have been subjected to acid cleaning, washed 
with any other chemical, or heated at elevated temperatures. The pattern 
of differences in total SFEs obtained by the three methods for muscovite 
and biotite is quite similar, and generally the results indicate that biotite 
has a higher total SFE than muscovite. This is consistent with 
expectations as muscovite and biotite are both phyllosilicates (sheet 
silicate) minerals in which a quarter of the tetrahedral sites are occupied 
by Al3+ rather than Si4+, and the charge is balanced by monovalent 
potassium in the interlayer. However, muscovite consists of dioctahedral 
sheets whereas biotite has trioctahedral sheets and is thus denser (ρ=2.82 
and 3.09 g/cm3, respectively).  Moreover, both the contact angle method 
and Kr/N2 based sorption method yielded similar total SFEs for 
muscovite and plagioclase, whereas there are substantial differences in 
the values they yielded for other minerals. Similarly, for the dispersive 
component of SFE, all of the methods provided similar results, and the 
values are similar for all of the minerals except the feldspars (K-Feldspar 
and Plagioclase), for which contact angle measurements give higher 
values than sorption data.  
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Table 5. Previously published SFEs of minerals and aggregates.  

 
 

Additionally, CA and sorption methods based on SSAs derived using 
Kr/N2 are more sensitive indicators of polar components of SFE than 
sorption methods based on SSAs derived using n-hexane. This 
presumably reflects differences in the nature of the probe vapors and 
their responses to the mineral surfaces. Moreover, surface textures, 
heterogeneity, surface chemistry and the complexity of measurement 
systems also strongly influence the heterogeneity of results obtained 
using different approaches.  

 
The idea of testing the pure minerals was based on the assumption 

that by creating a database of their surface energies, the total surface 
energies of (more complex) stones could be calculated by adding the 
fractions of its minerals as (8): 

 
∑ 𝛼𝛼𝑟𝑟

𝑟𝑟
1 𝛾𝛾𝑟𝑟 =  𝛼𝛼𝑟𝑟𝛾𝛾𝑟𝑟

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  =  1                                                         (8) 
 

Here 𝛼𝛼 is the percentage of point counts of each mineral measured 
by the petrographic method using an optical microscope (and thus its 
contribution to surface area) and γ is the surface free energy of the 
mineral.  

 
The experimentally determined SFE for the Skärlunda granite 

(mineral composition presented in Table 6), and values calculated using 
equation (8), with SSAs based on estimates obtained using Kr/N2 vapors, 
are compared in Table 6. The results differ by approximately 25% in case 
of Kr/N2 based SSA, which lies within the error margins based on surface 
area estimation. But calculations with n-hexane SSA, there is no 
difference in measured and calculated SFE of granite. 
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Table 6. Calculated SFEs of Skärlunda granite and its main 
constituents, based on specific surface areas calculated from Kr/N2 and 
n-hexane BET plots, and the experimentally determined value. 

 
 

Nevertheless, the surface energy of bitumen and aggregates have 
been claimed by some authors to be a good predictor of bond strength 
and moisture susceptibility [12,13,32-35]. The probability of bitumen 
being displaced from the surfaces by water varies among aggregates due 
to differences in their surface mineralogy composition, which also 
indicates their resistance to damage by moisture. The difference in 
absolute bond energy between aggregates and bitumen in wet and dry 
conditions can be calculated from surface energy components as shown 
below in equations (9-13). 
 

∆𝐺𝐺𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎/𝑏𝑏𝑟𝑟𝑟𝑟𝑢𝑢𝑚𝑚𝑟𝑟𝑟𝑟
𝑟𝑟𝑏𝑏𝑎𝑎𝑟𝑟𝑟𝑟𝑢𝑢𝑟𝑟𝑟𝑟 (𝑑𝑑𝑟𝑟𝑑𝑑) = 2 �𝛾𝛾𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎

𝐿𝐿𝐿𝐿 . 𝛾𝛾𝑏𝑏𝑟𝑟𝑟𝑟𝑢𝑢𝑚𝑚𝑟𝑟𝑟𝑟
𝐿𝐿𝐿𝐿  + 2 �𝛾𝛾𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎

+ . 𝛾𝛾𝑏𝑏𝑟𝑟𝑟𝑟𝑢𝑢𝑚𝑚𝑟𝑟𝑟𝑟
−   + 2 

�𝛾𝛾𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎
− . 𝛾𝛾𝑏𝑏𝑟𝑟𝑟𝑟𝑢𝑢𝑚𝑚𝑟𝑟𝑟𝑟

+  ,            (9) 

 
and  ∆𝐺𝐺𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎/𝑏𝑏𝑟𝑟𝑟𝑟𝑢𝑢𝑚𝑚𝑟𝑟𝑟𝑟/𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑟𝑟𝑏𝑏𝑎𝑎𝑟𝑟𝑟𝑟𝑢𝑢𝑟𝑟𝑟𝑟 (𝑤𝑤𝑟𝑟𝑟𝑟) =   |𝛾𝛾𝑟𝑟𝑤𝑤 + 𝛾𝛾𝑏𝑏𝑤𝑤 + 𝛾𝛾𝑟𝑟𝑏𝑏|                            (10) 
 

where a, b and w represent aggregate, bitumen and water 
respectively and 𝛾𝛾𝑟𝑟𝑖𝑖 represents the interfacial energy between two phases i 
and j that can be calculated from their individual surface energy 
components as given below: 
 

 𝜸𝜸𝒊𝒊𝒊𝒊 =  𝜸𝜸𝒊𝒊𝒊𝒊
𝑳𝑳𝑳𝑳  +   𝜸𝜸𝒊𝒊𝒊𝒊

𝑨𝑨𝑨𝑨                                                          (11) 
 

𝜸𝜸𝒊𝒊𝒊𝒊
𝑳𝑳𝑳𝑳 = ��𝜸𝜸𝒊𝒊

𝑳𝑳𝑳𝑳   −   �𝜸𝜸𝒊𝒊
𝑳𝑳𝑳𝑳  �

𝟐𝟐

                                                   (12) 

 

𝜸𝜸𝒊𝒊𝒊𝒊
𝑨𝑨𝑨𝑨 =  2 ��𝜸𝜸𝒊𝒊

+   −  �𝜸𝜸𝒊𝒊
−  �. ��𝜸𝜸𝒊𝒊

−   −  �𝜸𝜸𝒊𝒊
+  �                                   (13) 
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The work of adhesion between bitumen (with no additive and with 
either Redicote EM44 or Wetfix) and aggregates in dry and wet 
conditions has been calculated using equations (9) and (10), respectively, 
based on their surface free energies. 
 

Work of adhesion values or adhesive bond strengths based on 
surface energy characteristics of each selected aggregate and mineral are 
summarized in Table 7. For each aggregate or mineral and binder 
combination, the work of adhesion is high in dry conditions, but 
dramatically reduced by the presence of moisture. For a binder with no 
addition of Redicote EM44 or Wetfix (prepared using method O), the 
ratio between bond strength in dry and wet conditions is high, but 
decreases with addition of Redicote EM44 or Wetfix (prepared using 
method B). These estimates regarding adhesion between binder and 
aggregate can be correlated with the performance of asphalt mixtures and 
may be helpful for predicting impairment by moisture. 

 
The results in Table 7 clearly indicate that one of the worst 

aggregates for wet adhesion is basalt and one of the best is muscovite. 
This sharply conflicts with field experience, where basalt is generally good 
and mica poor (possibly due to the poor mechanical strength of micas, 
which so readily break along cleavage planes that crystals often form 
numerous thin layers). 

 
Table 7. Adhesive bond strengths (mN/m) between the selected 
aggregates/minerals and bitumen (with and without additives) in dry 
and wet conditions, and dry-to-wet ratios. 

 
 

It is noticeable that, in wet conditions, the adhesive bond strength 
between the binder 70/100 and each mineral or aggregate was improved 
by the addition of emulsifier (EM44) or adhesion promoter (Wet Fix). 
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The presence of these additives substantially increased the interfacial 
bond strength, and reduced the ratio between dry and wet conditions to 
close to unity. This can be attributed to the increase in polarity of the 
binder phase’ surface by the additives. Furthermore, the results may 
provide indications of the relative performance of the minerals and 
aggregates with the test binder in wet conditions such as red granite 
performs slightly better with bitumen 70/100 than Arlanda and 
Skärlunda granites (Table 7). Similarly, combinations of basalt, quartz 
and calcite perform poorly with bitumen 70/100 in the presence of 
moisture. 

 
Dry-to-wet ratios are strongly influenced by the viscosity of binder 

grades without modification, but these ratios are very similar for all of the 
modified binder grades. It should be noted that dry-to-wet ratios close to 
unity for a combination of mineral/aggregate and binder (modified or 
unmodified) suggest that bitumen coats the surface very well. In other 
words, water will not displace bitumen from the surface of the 
minerals/aggregates, or bitumen and water are roughly equally adsorbed. 

 
The bond of adhesion calculations based on SFEs of binders and 

aggregates in dry and wet conditions could assist in the selection of a 
qualitative optimum of mixture components. However, physical testing of 
real cold mixtures will still be needed to make a quantitative decision on 
its field performance.  
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3.2 Development of a new test procedure for bitumen 
droplet coalescence in an emulsion environment 

 
In stable emulsions, bitumen droplets are in an isolated state as 

individual droplets or metastable flocculates form. However, when the 
electrostatic barrier is overcome due to physico-chemical changes at the 
bitumen-water interface, droplets come close to each other due to Van der 
Waals interactions and start to relax and fuse into bigger ones.  To be able 
to study droplet coalescence in emulsion environment a new test 
procedure permitting systematic changes of parameters was developed.  

In order to develop a method to study coalescence processes in 
bitumen emulsions, several challenges had to be addressed. The first was 
to find a means to produce and handle bitumen droplets of different sizes. 
This was achieved (after various trials) by forming frozen bitumen 
droplets as already described, placing one droplet on a glass substrate, 
then bringing another droplet attached to a vertical needle into vertical 
contact with the top of the first droplet. This vertical set-up was designed 
to study the coalescence of two bitumen droplets on top of each other 
under the influence of gravity, and a successful test run was carried out in 
air at ambient temperature. However, the vertical configuration was 
found to be inappropriate for studying the coalescence process in a water 
phase due to buoyancy effects. Thus, a scheme allowing droplets to be 
brought into contact in a horizontal orientation was selected (Fig. 8a-c) 
instead to avoid buoyancy effects in aqueous environments. In this 
configuration, both droplets have the same level of immersion potential. 

   

Fig. 8. Schematic illustration of the development stages for the new setup 
to study bitumen droplet coalescence in (a) air,vertical, (b) water, 
vertical, and (c) both in air and water, horizontal. 

 
The coalescence of droplets of Nynas bitumen with three viscosity 

grades (160/220, 70/100, and 50/70) was investigated using the new set-
up, as illustrated by Fig. 9. The definition about the coalescence or 
relaxation time was already explained in experimental methods (see Fig. 
5). The results showed that the droplets coalescence or relaxation times at 

(a) (b) (c) 
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50 oC for the three binder grades (160/220, 70/100, and 50/70) in water 
were 7, 13 and 20 minutes respectively. To investigate the coalescence 
behavior in the presence of an additive, the test was repeated at the same 
temperature and for the same binder grades in a water phase containing 1% 
Redicote EM44. The relaxation times were prolonged to 28, 45 and 50 
minutes, respectively. However, the bitumen droplets of the hardest 
binder (50/70) coalesced only partially and finally settled at the bottom of 
the container due to sedimentation. Also at low temperatures, the 
relaxation kinetics for all the bitumen grades was very slow. 

 
Fig. 9. Coalescence of bitumen droplets of indicated grades in water 
at 50 oC (without emulsifiers). 

The relaxation times, τrelaxation, of the three bitumen grades were also 
studied as functions of droplet sizes and temperatures of the water phase, 
as plotted in Fig. 10(a-c), as well as for the dynamic viscosity versus 
temperatures in Fig. 10d. All experiments were repeated 2 to 3 times to 
ensure that the observed behavior was representative. Results obtained 
with droplets of three size ranges — small (1 – 2 mm), medium (2 – 3 mm) 
and large (3 – 4 mm) — of all three binder grades are shown in Fig. 10. 
The graphs show that droplet size strongly influences τrelaxation if 
temperatures are low and/or hard binders are used, but not at high 
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temperatures and/or for hard binders. Also, it should be noted that the 
change from medium to small is less than from large to medium; and the 
coalescence time is prolonged with large droplets, in accordance with 
equation (1). 

  

  

Fig. 10. Coalescence times of Bitumen (a) 50/70, (b) 70/100, (c) 
160/220 in water as a function of droplet size (small, medium and large 
are 1 – 2, 2 – 3 and 3 – 4 mm, respectively) and temperature, and (d) 
dynamic viscosities of three bitumen grades at the indicated 
temperatures. 

 
Droplet shrinkage was very rapid in the early stages of coalescence 

and the bridge contact length, rb, grows linearly with time for all three 
binders, in accordance with previously published Finite Element-based 
theoretical calculations found in literature [36]. Moreover, soft binders 
have higher surface energy to viscosity ratios (ϒ/η) than harder binders, 
which explains the difference in their relaxation times [37]. The method 
developed has also been tested on bitumen of the same penetration grade, 
but from three different (crude) origins, as shown in Fig. 11. The results 
show that the method is sensitive enough to characterize different binders 
available in the market [38].  
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Fig. 11. Coalescence of bitumen 160/220 (from indicated crude 
origins) in water at 40 oC (containing Redicote EM44 emulsifier). 
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3.3 Effects of salt addition on breaking and coalescence 
of bitumen emulsions 

 
From previous studies [10,41,42], it was found that salts with various 

ionic types and concentrations cause phase separation in emulsions. At 
high salt concentrations, the thickness of the electric double layer reduces 
such that the Van der Waals forces overcome electrostatic repulsive forces, 
leading to flocculation and coalescence. In the first part of this section, 
the investigation into the influence of salt addition on the coalescence 
mechanism using the droplet relaxation method is described. In the 
droplet relaxation method, bitumen droplets with diameters of 1 – 2 mm 
were used, while bitumen emulsions consist of droplets from typically 1 to 
20 µm. These small droplets could not be monitored in the set-up by the 
droplet relaxation method. The coalescence in real emulsions was 
qualitatively tracked using optical microscopy and droplet size 
distribution measurements. Emulsions stabilized with Redicote EM44, 
Redicote E-9 and Redicote E-47 NPF with/without salts were produced in 
the laboratory mill. It is important to note that microscopy and size 
distribution tests provide only qualitative information about the 
coalescence process. The developed test, as described earlier, has the 
potential to actually quantify the coalescence and systematically 
investigate its parameters. 

The shape relaxation test consists of two steps. First, the coalescence 
of the two droplets, when the protective barrier is penetrated, is observed. 
Then, the shape relaxation when the two droplets merge into one droplet 
is observed. In the case of bitumen at lower temperatures, its viscosity is 
very high so the shape relaxation, which is mainly a viscosity function, 
can take a long time. To investigate the relationship between relaxation 
time and viscosity, the bitumen droplet relaxation test was carried out for 
three grades of bitumen (50/70, 70/100 and 160/220) at three different 
temperatures (30, 40 and 50 oC). 

Table 8 shows the relaxation time of the three penetration grades 
(160/220, 70/100, 50/70) in a water phase typical for a bitumen 
emulsion containing 0.17% Redicote EM44, with HCl to pH=2.3, without 
and with added salts, at 50 oC. The results showed that with the salt 
addition, relaxation time, τrelaxation was increased.  
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Table 8. Coalescence or relaxation time [in minutes] for the selected 
bitumen grades in a water phase (0.17% Redicote EM44 with pH2.3) 
with and without added salts, at 50 oC. 

 

Binders 

Water phase 
without salt 

 
 

 

Addition of 
calcium 
chloride 

(CaCl2) in 
water phase 

Addition of 
potassium 
bromide 
(KBr) in 

water phase 

Addition 
of 

sodium 
chloride 
(NaCl) 

in water 
phase 

(Reference) 0.1M 0.5M 0.5M 0.5M 

160/220 8 12 18 19 15 

70/100 20 26 42 40 30 

50/70 55 90 120 140 97 

  
In Fig. 12, the measured relationships between the densities of water 

and bitumen phases were compared as a function of temperature (Fig. 
12a). At lower temperatures, the density of water is a little lower than 
bitumen and a small addition of salt may help to raise the water density 
to prevent precipitation or creaming in bitumen emulsions. The densities 
of bitumen and water at 50°C, the testing temperature in the current 
experiments, are very similar. Fig. 12b shows density plots of water phase 
soap solution containing 0.17% Redicote EM44 and hydrochloric acid 
(pH = 2.3) with and without calcium chloride salt at selected 
temperatures, measured using a density meter. The results shown in Fig. 
12b and the calculated data shown in Fig. 12c are strongly correlated with 
those shown in Table 8 such as bitumen droplets in a water phase 
solution with higher density have longer relaxation times.  

 
Water with a higher salt content tends to have a higher density than 

bitumen, so the buoyancy effect causes the fusing droplets to float. When 
this happens, estimation of droplet relaxation time becomes difficult. Also, 
a coalesced droplet might not be exactly round. This kind of situation only 
happened in water phase soap solution with 0.5M CaCl2 and 0.5M KBr. 
However, the buoyancy effect was not particularly visible in a solution 
containing 0.5M NaCl. During repeated measurements of bitumen 
droplet relaxation time in solutions with 0.5M (CaCl2, KBr), only a 
qualitative comparison of nearly coalesced droplets is possible (see Fig. 
12d). In this case, the error is more than 5% from the average value of 
measured coalescence time for two bitumen droplets. It seems that salt 
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may have some influence on the physico-chemical properties, such as 
activity of the water phase soap solution, which might affect the 
coalescence process. 

  

  

Fig. 12. Density comparison at indicated temperatures for a) water 
and bitumen, b) measured densities of water phase containing 0.17% 
Redicote EM44, with and without CaCl2 salt at 20 and 50 oC, c) 
Relaxation time as a function of calculated densities of water phases at 
50 oC,  and d) buoyancy effects due to density difference during 
coalescence of bitumen droplets of indicated grades in water + 0.17% 
Redicote EM44 + salts + hydrochloric acid (to pH=2.3) at 50 oC. 

 
As mentioned earlier in this section, the coalescence in real 

emulsions was tracked using optical microscopy. At 0.5M CaCl2 salt 
content, the stabilizing effect is lost as is shown in Fig 13. Here 
micrographs show a strong flocculation followed by tendencies to 
coalescence. This observation agrees with the expected decrease in 
stability with higher salt concentrations.  
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Fig. 13. Phase separation process in CRS bitumen emulsions stabilized 
with 0.17% Redicote EM44 with 0.5M CaCl2 leading to flocculation, 
partial coalescence and gelation or network formation, in ambient 
conditions (a. 1hr, b. 1 week, c. 2 weeks, d. 4 weeks). 

The droplet size distribution measurements using a light scattering 
technique were carried out further to investigate the effect of salt on 
coalescence process.   
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Fig. 14. Effective salt compositions for rapid flocculation and 
coalescence (bitumen emulsion stabilized with 0.17% Redicote 
EM44). 
 
Fig. 14 shows changes in the average droplet size of bitumen droplets 

with respect to time in CRS bitumen emulsions with and without salts. It 
can be observed that, at very low and very high salt concentrations, the 
droplet size does not change much with time as compared to intermediate 
salt concentrations e.g. 0.3M to 0.7M CaCl2. Salt addition to cationic 
emulsions promotes the breakdown of emulsion by reducing the 
thickness of electric double layer, allowing van der Waal interactions to 
overcome the electrostatic repulsion potential. This is expected to result 
in very unstable emulsions at higher salt concentrations, in contrast to 
the observations in Fig. 14 where it appears to have good stability at high 
salt concentrations. To further confirm these observations, two more salts, 
NaCl and K2SO4 were tested at different concentrations (Fig. 15a). The 
results confirm a minimum stability at about the same ionic activity. 
There are two hypotheses. The first is that the emulsion at higher salt 
concentration was mainly broken, and the broken and coalesced bitumen 
was present in lumps or large droplets (upto 1 mm) which were not 
detected by the light scattering technique. The second is that the 
stabilization mechanism using emulsifier Redicote EM44, which consists 
of both amine groups and ethoxylate groups, is not a pure electrostatic 
stabilization.  
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Fig. 15. Droplet size distributions of bitumen-in-water emulsions 
produced with different types of emulsifiers with and without salt of 
various concentrations. (a) Emulsion with Redicote EM44 at pH=2.3, 
(b) Emulsion with E-9 NPF at pH=2.3, and (c) Emulsion with E-47 NPF 
at pH=2.3. 

 
As was not expected and seemed contradictive, some additional 

experiments were planned to understand the salts’ unusual behavior (see 
Fig. 15b-c). One emulsion was prepared with an emulsifier consisting of 
only amine groups. For this purpose, Redicote E-9 was selected. It is a 
tallow propylene diamine. The second emulsion was prepared with an 
emulsifier containing only ethoxylate as the hydrophilic group. For this 
purpose, Redicote E-47 NPF was selected. 

 
The test confirmed that electrostatic stabilized emulsions (Redicote 

E-9) showed growth in bitumen droplet size at very high salt 
concentrations. These concentrations were considerably higher compared 
to emulsions made with Redicote EM44. It was also noticed that 
emulsions could not be made using Redicote E-9 and K2SO4 which is 
likely due to formation of amine sulfates which have very low solubility in 
water. Emulsion samples containing non-ionic emulsifiers (Redicote E-47 
NPF) were stable for all salt concentrations. 

 
Emulsions prepared with non-ionic polyoxyethylene (POE) 

surfactants are stabilized by steric interactions between the adsorbed 
hydrated polymer chains on close approach of the particles in the 

(a) (b) 

(c) 
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disperse phase [42]. Non-ionic surfactants achieve stabilization of the 
emulsion by surrounding the bitumen droplet with a hydrated layer of 
surfactant. This layer acts as a steric barrier to droplet coalescence. POE 
is one of the most researched synthetic water soluble polymers due to its 
frequent use. POE based emulsifiers is the most common emulsifier in 
most household detergents. At the molecular level, two or three water 
molecules can hydrate one POE monomer and usually water molecules 
form a sheath around the POE macromolecule. The study of commercial 
POE specimens indicates that the main impurity ion is Ca2+, which is 
adsorbed by the oxygen atoms of the ethylene oxide groups, attributing a 
positive electrical charge to the polymer chain [43]. The clustering effect 
of aqueous POE solutions in the presence of salt (CaCl2) using small angle 
neutron scattering (SANS) have also confirmed that Ca2+ ions bind to the 
oxygens of POE [44]. These interactions transform the neutral polymer 
chains to a weakly charged polyelectrolyte and give rise to repulsive 
interactions between PEO/Ca2+ complexes at higher salt concentrations.  

 
A region of instability appears in the emulsion samples prepared 

with Redicote EM44 (Ethoxylated R-Tallow Amine) with salt containing 
both monovalent and divalent cations. The possible discussion and 
explanation could be based on the structural conformation of emulsifier 
connected with the types of salt ions and their concentrations. All active 
emulsifiers generate a layer of the water face on top of the organic phase 
of the system and the process is called hydration. The molecules in the 
hydrophilic part of active emulsifier arrange themselves with the 
neighbouring water molecules. Likewise oxygen in POE chains or alcohol 
head groups, nitrogen in case of amines head groups interact with water 
by forming hydrogen bonds. A Stern layer [22] is established due to these 
interactions and at least present in case of ionic emulsifiers. In case of 
nonionic emulsifiers, POE chains make a spongy type structure layer 
which absorbs water molecules. The relative motion of liquid near the 
droplet surface plays a role in damaging the hydrated Stern layer or water 
of the spongy layer. Emulsion start to coalesce when the kinetic energy of 
the emulsified droplets is enough for interfacial turbulence. The region of 
instability can be visualized from two perspectives or mechanisms that 
can be the basis for the proposed hypothesis. 

 
Mechanism A is for hydrated systems containing an amine emulsifier 

without any additional functional groups e.g. Redicote E-9 (R-Tallow 
Diamine). In this mechanism, there is a strong electrostatic repulsion 
between diamine head groups that stay at the bitumen droplet surface 
and counter ions (Cl- in the case of CaCl2 with respect to the cationic 
emulsifier), that cannot diffuse easily (see Fig. 16a). 
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Fig. 16. Mechanisms explaining the region of instability. (a) hydrated 
system represents emulsion prepared with E-9 (R-Tallow Diamine), 
(b) Hydrated system represents emulsion prepared with EM44 
(Ethoxylated R-Tallow amine). 
 

By contrast, mechanism B represents a hydrated system as 
illustrated in Fig. 16b. Micelles are not completely hydrophilic on their 
surface. The lateral repulsion between the head groups is usually so 
strong that in between some of them, the hydrophobic inner part of the 
micelle is directly exposed to water. In this system, diffusion of counter 
ions is possible and diffused regions with negative head groups may 
change the electrostatic force balance generated by the emulsifier, and the 
coalescence starts due to Van der Waal interaction between the bitumen 
droplets which are there all the time. With increasing salt concentrations, 
water activity changes leads to the loss of some fractions and, as a result, 
POE chains start to collapse and make POE/Ca2+ complexes. There could 
be a few hypotheses to explain the instability region. For instance, i) with 
increasing salt concentrations, both adsorption of surfactant might 
change and as a result the concentration of surfactant on the bitumen 
drops might vary; ii) at high salt concentrations water/surfactant activity 
changes that leads to the loss of some POE/Ca2+ fractions and, as a result, 
POE chains start to collapse. Salt concentration up to minimum stability 
(0.5M CaCl2), bitumen drops coagulate due to screening of charges with 
adding salt. But adding more salt, POE head groups regrow and again 
stabilize the system.  
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3.4 Effects of organic solvents 
 
The second part of this section describes when some polar organic 

solvents were used, which were mainly water soluble and remain in the 
water phase of the emulsions. The selected solvents were glycerol, 
methanol, propanol and ethanol, with and without added 0.1M CaCl2. For 
these experiments, the droplet coalescence test was limited to two 
bitumen grades (160/220, 70/100) of the same crude oil origin. The 
physical properties of the aqueous mixtures, measured in the laboratory, 
are listed in Table 9. It can be seen that addition of methanol, propanol 
and ethanol resulted in a reduction in the density of the water phase. 
However, in the case of glycerol, the density of the aqueous mixture was 
slightly increased. Adding salt to the aqueous solution resulted in an 
increase in the density. Furthermore, all the aqueous mixtures containing 
10% organic solvents except glycerol exhibited a decrease in surface 
tension compared to the water phase without solvent. Addition of glycerol 
had no effect on the surface tension. 

 
Table 9. Measured physico-chemical properties of selected aqueous 
mixtures.  

 
 

The results from the droplet coalescence experiments at 40 oC in 
selected aqueous solution containing Redicote EM44, with and without 
added salt, are shown in Fig. 17a-b, respectively. Coalescence times for 
the same bitumen droplets in different aqueous environments are not the 
same, and the coalescence process here can probably be linked with the 
difference in IFT of bitumen and the water phase respectively that drives 
the coalescence. The measured IFTs of three bitumen grades (160/220, 
70/100 and 50/70) are (45.9 mN/m, 42.7 mN/m and 38.8 mN/m), 
respectively. A correlation diagram between the relaxation time and the 
IFTs of the selected aqueous mixtures at 40 oC is shown in Fig. 18. The 
results show that there is a weak correlation between the two parameters.  
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Fig. 17. Coalescence of indicated bitumen grades in 100/90% water + 
0/10% (glycerol, methanol, 2-propanol, and ethanol) + emulsifier + 
hydrochloric acid (to pH=2.3) at 40 oC, (a) without salt, and (b) with 
0.1M CaCl2. 
 

 
 

 

 
Fig. 18. Correlation diagram (τrelaxation versus IFT of aqueous mixtures) 
(a) bitumen 70/100,  without salt, (b) bitumen 70/100,  with salt, and 
(c) bitumen 160/220, without salt. 
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Moreover, microscopic and droplet size distribution observations 
confirmed that there seems to be no major coalescence between the 
droplets (see Paper III). Organic solvents do not have much influence on 
surfactant molecules and mostly change only physico-chemical properties 
of the aqueous phase such as density, viscosity and surface tension. Thus 
organic solvents seem to have very little effect on coalescence. 
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3.5 Modeling droplet coalescence using the Phase Field 
Method 

 
To further investigate the droplet size limitations using the 

(experimental) relaxation test, the droplet coalescence experiments were 
reproduced by a numerical model. After comparing the coalescence 
results between the model and the experiments, the model was then used 
to simulate the coalescence of smaller scale bitumen droplets. In this 
work, a two-dimensional phase field model was used to simulate the 
coalescence process of two bitumen droplets in the water phase. The 
numerical model is a FEM-based phase field interface and solves the 
Navier-Stokes system of equations (14-15) coupled with the Cahn-Hilliard 
equation (See Paper IV): 

ρ 𝜕𝜕𝐮𝐮
𝜕𝜕𝑟𝑟

+  ρ(𝐮𝐮. ∇)𝐮𝐮 =  ∇. [−𝑝𝑝𝐈𝐈 +  µ(∇𝐮𝐮 +  ∇𝐮𝐮𝑻𝑻)] + Fst+ Fext + F                 (14)                                  

 

 

and ∇. 𝐮𝐮 = 0                                                                                (15) 

Eq. (15) represents the continuity equation for incompressible fluids 
�𝜕𝜕𝜕𝜕

𝜕𝜕𝑟𝑟
= 0�, where ρ is fluid density, u is fluid velocity, p is fluid pressure 

and μ is fluid dynamic viscosity. The different terms correspond to the 
inertial forces (a), pressure forces (b), viscous forces (c), and the external 
forces applied to the fluid (d). The three forces on the right hand side of 
(14) are the result of surface tension, a force due to an external 
contribution of the free energy and a user-defined volume force. 
Moreover, Cahn-Hilliard coupling helps to define the kinetic, or so-called 
mobility, parameter which is related to the atomic mobility of the 
constituent elements which ensures the conservation of mass as well as 
diffusion flux balance at the interface. This parameter varies with the test 
temperature as well as with the viscosity grades of bitumen. 

 
The model predictions were compared with the experimental 

measurements for one bitumen at different temperatures. Moreover, the 
study was extended to the small size (order of μm) bitumen droplets 
which are difficult to produce and handle using experimental methods. 
The geometry considered consisted of a solid rectangle and two circles of 
equal radius representing two droplets inside the rectangle box, as shown 

(a) (b) (c) (d) 
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below in Fig. 19. For the following simulations, triangular elements were 
used for the finite element mesh. 

 
Fig. 19. Model geometry and domain boundaries for bitumen droplet 
coalescence. 

 
Fig. 20 shows the results for bitumen 70/100 droplet coalescence at 

30 oC. For complete relaxation, two droplets must merge into a unique 
spherical droplet; however, in this case, the simulated results were 
plotted until the experimental relaxation stopped. The relaxation time 
was defined similar way as mentioned in Fig. 5. The coalescence or 
relaxation times of bitumen 70/100 with an average droplet size of 1.5mm 
in a water phase at 30 oC, 40 oC and 50 oC are 4230 s, 800 s and 200 s, 
respectively. A rough estimate with the H/L ratio equal to 0.8 gives fusion 
times for 30 oC, 40 oC and 50 oC of 4230 s, 800s and 200s, respectively. 
In other words, τrelaxation of bitumen 70/100 has reduced from 30 oC to 50 
oC, for similar sized droplets.  Height H(t) and Length L(t) of the merged 
droplet can be measured as a function of relaxation time at constant 
temperature. 
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Fig. 20. Coalescence of bitumen 70/100 droplets (diameter ̴ 1.5 mm) in 
water phase at 30 oC (a) Laboratory Experiment and (b) Numerical 
Method. 

 
Different interface thickness parameters were used for the different 

ranges of droplet size. The reason for this is that, in the FEM model, the 
interface thickness is controlled by the mesh size. In the case of smaller 
droplet sizes, a finer mesh size is used along with a thinner interface. In 
this work, mobility parameters were determined from experiments by 
fixing the interface thickness with respect to the mesh size.  

 
Fig. 21. Relaxation time as a function of bitumen droplet size. 

 
The model was tested at 30 oC to allow the calculation of the 

relaxation time for bitumen 70/100 droplets of different sizes ranges, 
from μm to mm, as shown in Fig. 21.  The numerically calculated 
relaxation times as a function of droplet size are comparatively similar to 
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the experiments. Obviously, these values are not completely 
representative of real emulsion systems as these also have emulsifiers, 
different pH levels and other additives in the water phase. 

 
In short: the developed model was shown to be able to reproduce the 

coalescence experiments of the larger scale bitumen droplets only in pure 
water without any surfactants and additives present. The extrapolation of 
small scale droplets for coalescence study using this model is still very 
limited and far away from the real emulsion systems. For instance 
bitumen from other crude sources, effects of additives and other 
modifications such as polymer could be included and validated with the 
experimental study in future to accurately mimic the emulsion systems. 
Nevertheless, the model does demonstrate that a combined experimental 
and numerical effort could lead to a powerful design tool for CMAs, as it 
enables a systematic quantification of the coalescence behavior. 
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3.6 Effects of surfactants and adhesion promoters on 
coalescence and bitumen-mineral adhesion 

 
In this section, the coalescence of bitumen droplets was carried out 

on the minerals’ surface which was placed in a water phase containing 
additives in order to visualize and characterize the bitumen-mineral 
adhesion. To perform these experiments, a previous test set-up (see 
Paper II) with flexible adjustment in the vertical positions of the L-
shaped metallic probes, was used to place a polished mineral substrate 
beneath the two droplets (see Fig. 22).  

 
Fig. 22. Schematic illustration of the upgraded set-up. 

This section describes an analysis of the effects of different 
surfactants and adhesion promoters on the coalescence and adhesion of 
bitumen drops on a mineral surface. In this work, the relaxation test was 
carried out on only one grade of Nynas bitumen (pen. 70/100) at 40 and 
50 oC. Table 10 shows the water phase soap solutions with selected 
emulsifiers (A – E) and adhesion promoters (0.02%) e.g. diamine OLBS, 
WetFix N and WetFix BE with given concentrations and test temperature, 
that were used.  

Table 10. The concentrations of selected emulsifiers in the water phase 
at given pH. 
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A summary of experimental results showing droplet coalescence 
without a mineral surface are shown in Table 11 below.  

Table 11. Experimental results for bitumen (Pen.70/100) droplet 
coalescence in water phase containing selective additives (e.g. 
emulsifiers, and salt). 

 

Four sets of amine-based cationic emulsifiers from A to D were 
tested with selected concentrations of each surfactant. It can be observed 
that activity of emulsifier D depends on pH. In most of the cases, for 
cationic rapid and medium setting emulsions, the pH range was set 
between 2 to 3. The coalescence time for these emulsifiers can be 
compared at pH = 2.3, where emulsifier B and D have almost the same 
activity, but less than emulsifiers C and A, respectively. However, for 
cationic slow-setting bitumen emulsion applications, emulsifier D is used 
at neutral pH and the results given in Table 11 show that it does not 
coalesce.  

 
Fig. 23 shows the cohesion and adhesion of bitumen droplets. Here, 

bitumen droplet relaxation time was measured in pure water without any 
additives, with coalescence of two bitumen droplets away from a mineral 
surface and flush with a mineral surface, as shown in Fig. 23a and Fig. 
23b, respectively. At the end of the experiments shown in Figs. 23 – 25, 
the vertical positions of both L-shaped hooks were moved upwards using 
a screw to detach the bitumen droplets from the stone surface to observe 
the adhesion. Moreover, the surface activity of the emulsifiers with and 
without adhesion agents was correlated with the bitumen droplet 
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coalescence and their adhesion on the granite mineral in the presence of 
water. A qualitative comparison was made based on the experimental 
results, for instance, poor, strong or no adhesion in the water phase 
consisting of selected surfactant types and adhesion promoters. 

 
Results show that the relaxation time of two bitumen droplets is the 

same in both cases. Moreover, bitumen made a good adhesive bond with 
the mineral surface in pure water but the coating was not uniform under 
the neck region of the two bitumen droplets (see Fig. 23b at t = 53 mins).  

 
Fig. 23. Bitumen (Pen.70/100) droplet coalescence at 50 oC, a) in a 
water phase away from a stone surface and b) in a water phase on a 
granite surface. 

 
In the next step, bitumen droplets were tested for coalescence in a 

water phase containing 0.2% R-tallow ethoxylated diamine at pH=2.3, 
with and without salt (see Fig. 24a – b). The relaxation time of bitumen 
droplets in this environment exactly corresponds to the results shown in 
Table 11. It can also be seen that the presence of the emulsifier made the 
mineral surface non-stick for bitumen droplets. However, very small 
additions of adhesion promoters (0.02%) to the water phase containing 
R-tallow ethoxylated diamine reversed this action completely. As shown 
in Fig. 25a – c, all three adhesive agents such as diamine OLBS (Fig. 25a), 
WetFix N (Fig. 25b) and WetFix BE (Fig. 25c) improved the coating of 
bitumen on the mineral substrate. 
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Fig. 24. Bitumen (Pen.70/100) droplet coalescence on a granite 
surface at 50 oC, a) in a water phase containing emulsifier (R-Tallow 
Ethoxylated Diamine) at pH=2.3, without salt and b) with 0.1M CaCl2. 

 

 
Fig. 25. Bitumen (Pen.70/100) droplet coalescence on a granite 
surface at 50 oC in a water phase containing emulsifier (R-Tallow 
Ethoxylated Diamine) and adhesion promoters at pH=2.3,  a) Diamine 
OLBS, b) Wetfix N, and c) Wetfix BE. 
 

A qualitative comparison was made based on the experimental 
results, for instance, poor, strong or no adhesion in the water phase 
consisting of selected surfactant types and adhesion promoters. 
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The corresponding IFTs of the water phases containing additives are 
plotted in Fig. 26. By adding adhesion promoters to the water phase 
containing emulsifiers reduced IFTs in all cases. For instance, in the case 
of a water phase containing surfactant A (R-tallow diamine), adding 
diamine OLBS resulted in a greater decrease in IFT than adding WetFix N 
and WetFix BE. However, in the case of surfactant B (R-tallow diamine 
ethoxylate), adding diamine OLBS and WetFix BE reduced the IFT at the 
same level. In contrast, adding WetFix N yielded a very small decrease in 
IFT. This small reduction in IFTs of water phases due to addition of 
adhesion promoters may prolong the coalescence process. However, the 
surface activity of these soap solutions showed a little effect on the 
coalescence process. Overall, the study shows a weak correlation between 
the kinetics of bitumen droplet coalescence and the IFTs.  

 
Fig. 26. Surface tensions of selected aqueous phase compositions 
measured at ambient temperature using the Wilhelmy Plate method. 

 
In this study, it was noticed that bitumen droplets in an emulsion 

environment with/without adhesion promoters behaved differently. In 
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the presence of emulsifiers, bitumen droplets did not adhere to the 
granite surface. However, adding adhesion promoters to the water phase 
resulted in good adhesion in the case of cationic and non-ionic soap 
solutions but, for anionic solutions, there was no such effect observed (see 
Paper V). The reason adhesion promoters work is likely that the affinity 
for adhesion promoters for the stone surface is stronger. This kind of 
behavior may be linked with the CMC of the emulsifier in the water phase. 
In this study, all the selected concentrations of the prepared water phases 
containing emulsifiers were above the CMC (see Table 10). However, 
bitumen drops in water phases without any surfactant and with lower 
concentrations of surfactants (below CMC) have shown some adhesion to 
the minerals surface (see Fig. 27). 

 
Fig. 27. IFT as a function of emulsifier concentration (%) in the water 
phase, and of coalescence and adhesion of bitumen (Pen.70/100) 
droplets on a granite surface at indicated concentrations. 

   
Materials properties, such as specific surface area and surface free 

energies of minerals, and acid/base interactions, could be the controlling 
parameters for wettability and adhesion between bitumen and aggregates 
[45,46]. Minerals-bitumen adhesion bond in the presence of moisture 
will indicate the cold asphalt mixture performance. 
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4 CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 
 

The focus of this thesis was developing an understanding of the 
breaking and coalescence mechanisms of bitumen emulsions for the 
enhanced applicability of CMA. In the first part, SFEs of the asphalt 
mixture components were investigated in order to evaluate the bitumen-
mineral interfacial bond. In the second part, a new test procedure was 
developed for the coalescence of two bitumen droplets in an emulsion 
environment and under controlled climate conditions. Using this test set-
up, the influence of different factors such as types of binder grades, test 
temperatures, water phase additives and the presence of a mineral 
surface were investigated. The test procedure developed for studying the 
coalescence of bitumen droplets in emulsion environment is based on two 
assumption, i) bitumen droplets in a stable emulsion are completely 
isolated from each other, and ii) the coalescence behavior of larger scale 
(order: mm) bitumen droplets in relation to the investigated parameters 
are qualitatively similar to the smaller scale (order: µm) bitumen droplets. 

Based on the research presented in this thesis, the following 
conclusions can be drawn: 

I. The development of a new test protocol for studying bitumen 
droplets coalescence in emulsion environment is the major 
contribution of this doctoral study. This method seems very 
promising for the quantitative analysis of bitumen droplets 
coalescence as compared to microscopy and size distribution 
techniques. The developed test method also enables the effects of 
viscosity and temperature on the coalescence of bitumen. Any 
small variation in the constituents of the water phase such as 
surfactant type, concentration, and other additives, determines 
the bitumen droplets relaxation time in that particular 
environment. Furthermore, the coalescence test method in 
combination with the traditional approaches such as optical 
microscopy and size distribution methods revealed some 
important aspects which can be considered as new knowledge. 
For instance, studying coalescence process by investigating 
effects of salts addition to the water phase or adding organic 
solvents to it, which are not very evident or common practices. 
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II. The nominal values of SFEs measured with different techniques 
varied and were not identical with values found in the literature. 
This also highlights the complexity of actually using these values 
nominally for design purposes. It was however possible to 
calculate the SFE of a granite, based on the measured SFE of its 
individual minerals, and this value was very close to the 
experimentally determined value by using n-hexane SSA based 
SFEs. This shows the SFE measurement can absolutely be of 
value. The uncertainty of SFE measurement and differences are 
originated from adopted test techniques, test theory, surface 
composition, surface treatment history, as well as human and 
instrumental errors. So one should be careful in the direct 
implementation of SFE. 

III. The research showed that the presence of emulsifiers (above CMC) 
in the water phase inhibits the adhesion of bitumen droplets to 
the mineral surface. However, a very small addition (0.02%) of 
adhesion promoter reverses the situation completely, and 
adhesion dominates as compared to cohesion. This is valid under 
the experimental conditions in this investigation. Experience 
from fully cured CMA show generally better adhesion than HMA 
with the same binder. 
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4.2 Recommendations 
 

• Further development of the coalescence test should be made in 
order for the engineering practice to be able to embed it in its 
routines to make a practical improvement of CMA design: 
 

o The overall test procedure required standardization so 
that repeatability and reproducibility can be guaranteed. 
 

o More bitumen from various crudes should be 
investigated, to get a better idea of its range of 
application. 

 
o More investigation towards the effects of surfactants and 

adhesion promoter and salts could be made. 
 

o A standardized method to handle density differences 
(floating or sinking of bitumen in water) that will reduce 
errors to quantify the coalescence time should be further 
explored. 
 

o Further investigation on possible handling of smaller size 
droplets should be considered.  
 

o The relevance of the size of the droplets with relation to 
the qualitative and quantitative conclusions for CMA 
should be further explored, for instance by using 
numerical models. 

 
o The importance of surface breaking in relation to viscous 

relaxation can be investigated further. 
 
• Binder surfaces were air-cooled in both SFE measurements and 

droplet relaxation test. Surfaces of air cooled binders showed 
similar characteristics as compared to ones stored in water for 
more than couple of days. The study on SFEs of binders can be 
further extended: 
 

o Investigate whether SFEs changes depend on the contact 
medium. Instead of using pure water for surface 
conditioning, other conditioning environments could be 
explored for storing bitumen samples. The conditioning 
environment may facilitate the light polar constituents of 
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bitumen to diffuse out at the surface and may change the 
bitumen surface energy. 
 

o Instead of cooling the binder surfaces in air, inert gas like 
Ar or some other gas atmosphere should be used, and 
these treated surfaces should be characterized for droplet 
relaxation and SFE measurements.  
 

o Similarly, bitumen surface characterization after 
exposure to sunlight or UV light could be carried out to 
further understand their effect on bitumen SFE. 

 
• Finally, this thesis has focused on the development of a 

coalescence test and explored the use of employing SFEs of the 
components of CMA in order to ultimately be able to improve the 
design and prediction of CMA properties. But it should of course 
not be forgotten that CMA is more than this process alone. For 
instance:  
 

o A better understanding of the breaking process and water 
push-out from the mix could significantly help to 
optimize CMA mix design.  
 

o Further characterization techniques that focus on the 
characterization of the mechanical strengths and linking 
this to the information from the smaller scales. 
 

o The mixture scale should be further investigated in which 
the bitumen coatings operate with larger scale aggregates 
to form the asphalt mixture that ultimately gives the 
long-term mechanical strength. 
 

o The long term effects of the combined environmental-
mechanical loading on CMA, and linking this to 
information from the breaking and coalescence stages. 
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