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ABSTRACT  

Cold mix asphalt (CMA) emulsion technology has been the subject of research for many 
decades due to its proven environmental and economic benefits. However, issues relating to 
its mechanical performance still need to be investigated in order to understand the breaking 
mechanisms of bitumen emulsions and the surface chemistry involved. Bitumen emulsions 
are designed to break in a controlled manner to achieve the required level of performance for 
producing good quality cold asphalt mixtures. In this work, experiments on the coalescence of 
two bitumen droplets were carried out on a selected grade of Nynas bitumen. In an emulsion 
environment, the cohesion between bitumen droplets as well as their adhesion to a mineral 
surface was investigated. The cohesion and adhesion properties were analyzed by varying 
selected surfactant types and adhesion promoters in the water phase. The research showed that 
the presence of emulsifiers (with concentrations above the critical micelle concentration) 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 is dominant rather than cohesion. Moreover, the kinetics of the coalescence process 
is strongly controlled by the water phase temperature. 
  
 
KEYWORDS: Cold Mix Asphalt; Bitumen Emulsions; Breaking and Coalescence; Cohesion; 
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1. Introduction  

Cold mix asphalt (CMA) emulsion technology has been the subject of research for many 
decades due to its proven environmental and economic benefits. CMA is usually produced by 
mixing bitumen emulsions (bitumen/water) or foamed bitumen (bitumen/air/water) with 
unheated minerals/aggregates at ambient temperatures. Due to its lower emissions and energy 
consumption, the demand for bitumen emulsion is growing in the market [1-3]. Bitumen 
emulsions are produced by mixing hot bitumen and a water phase containing emulsifying 
agents using a very high shear force to disperse the bitumen into small droplets [4-6]. 
Bitumen emulsions are versatile, being used for road construction and maintenance. They are 
also used in spray applications such as surface dressing or chip seal, fog seal, tack and prime 
coat, slurry or micro surfacing and cold mix paving, which is potentially the largest 
application area for bitumen emulsions [7].  
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The mechanisms for bitumen emulsion stability are governed by intermolecular forces (a 
result of a balance of repulsive and attractive forces). The correct formulation of bitumen 
emulsions requires skills and basic knowledge about surface chemistry and physics to 
understand the intermolecular force balance that will guarantee better performance. 
Developing a suitable emulsion formulation requires the selection of the right type of 
emulsifier and additives, suitable for the intended aggregate type, bitumen type and expected 
climate conditions. Surface active agents (generally referred to as surfactants or emulsifiers) 
are essential ingredients in the formulation of any dispersal system. An emulsifier acts as a 
surface active agent that concentrates at the interphase region between two immiscible liquids 
such as oil and water [8].They are amphipathic molecules consisting of two parts, a polar head 
which is hydrophilic and a long carbon chain which is nonpolar lipophilic. This carbon chain 
can be a straight or branched hydrocarbon chain containing approximately 8 – 18 carbon 
atoms, which are attached to a polar or ionic part (hydrophilic). The hydrophilic part can be 
non-ionic, ionic, or zwitterionic (amphoteric), accompanied by counter ions in the last two 
cases. The hydrocarbon chain interacts weakly with the water molecules in an aqueous 
environment, whereas the polar or ionic head group interacts strongly with water molecules 
through dipole or ion-dipole interactions [9].  
 
Emulsions have been classified in several ways, for example based on particle size (micro or 
macro emulsions), size distribution (mono/poly-dispersed), and concentrations (dilute, semi-
dilute or concentrated) as well as according to surfactant molecule (anionic, cationic or non-
ionic). Bitumen emulsion lies in the macro emulsion category with a typical droplet size range 
of 1 – 20 μm, and can be stabilized using anionic, cationic, or in some special cases non-ionic 
emulsifiers. Anionic emulsifiers used for bitumen emulsification are usually fatty acids, alkyl 
sulfates or sulfonates, which ionize in aqueous solutions to provide negatively charged 
organic ions that generate surface activity. The use of anionic emulsifiers started in the late 
1920s and, after three decades of development, cationic emulsifiers have changed the bitumen 
emulsion market drastically and become the most widely used; they are currently very 
common in road construction applications. Cationic emulsifiers ionize in aqueous solution 
and provide organic ions with positive charges that are responsible for surface activity. They 
are usually fatty amines and their derivatives (primary, secondary, tertiary, quaternary and 
many others). It is firmly believed by the road pavement industry that the amine-based 
additives improve adhesion, workability and also function as anti-stripping agents [10-12]. 
Non-ionic emulsifiers are different from the other two types. These surfactant molecules do 
not ionize in aqueous solution but part of their molecule has a high affinity for water. On an 
industrial scale, they represent the main category of surfactant produced throughout the world, 
but their use in bitumen emulsion applications is limited. The most typical examples and 
molecular structures of the abovementioned surfactants are shown in Fig. 1. 

 
 

  

 

 
Anionic Type 

(Sulfates, Sulfonates, 
Carboxylic Acid) 

Cationic Type  
(Amines and derivatives) 

Non-ionic Type 
 (Ethoxylated Fatty Acids or 

Alcohols, Nonyl Phenol 
Ethoxylate) 

 
Fig. 1: Types of emulsifier used for bitumen emulsions [13]. 
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Furthermore, amphoteric surface active agents ionize in aqueous solution to provide organic 
ions that are either positively charged at acidic pH with cationic polarity, or negatively 
charged at a basic pH with anionic polarity. Due to environmental concerns and economic 
reasons, the demand for this class of surfactant is growing the most rapidly of all of them [14]. 
 
In our previous work [15], we calculated the bond of adhesion in dry and wet conditions by 
measuring the surface free energies (SFEs) of both bitumen and minerals. In that work, the 
SFEs of bitumen with/without adhesion promoters were evaluated in two different ways. In 
the first method, adhesion agents were added directly to the hot bitumen, whereas in the 
second method, these additives were added first to the water phase and then bitumen samples 
were stored in that water phase for approximately two days. The SFE results for bitumen with 
adhesion promoters revealed that the surface polarity of the bitumen samples was 
dramatically enhanced when stored in the water phase containing emulsifier and adhesion 
agents. Due to the enhanced polar component of SFE, bond of adhesion calculations showed 
that there were improvements in the bond strength even in the wet conditions. However, we 
did not investigate actual contact between the bitumen and the mineral surface in the presence 
of water containing those additives. So we developed a new test procedure to investigate 
bitumen droplet coalescence and their adhesion on a mineral surface. This paper aims to 
bridge the gap between the fundamental adhesion theory of asphalt and practical emulsion-
aggregate systems. 

 
First, in the following section, the mechanisms of these processes are addressed in more 
detail. 
 

1.1. Breaking and Coalescence Processes 
 
Apart from the storage and transport stability requirements, the central property of bitumen 
emulsion is its ability to break or rupture in contact with minerals/aggregates. There are 
several breaking mechanisms which have been proposed in the literature, but the setting 
process of bitumen emulsions is a complex process which is still not fully understood [16]. 
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 the porous and 
reactive surfaces of aggregates extracting the water from bitumen emulsions and leading to 
breakage. Heteroflocculation and coagulation must take place within the desired time and at 
the right location. In the heteroflocculation process, bitumen droplets form clusters around the 
solid mineral particles before coalescence on the solid surface. In the coagulation stage, 
bitumen droplets coalesce on the stone surface, the water phase separates out and a layer of 
bitumen coats the aggregate surface. Coalescence is the last stage in the breaking process of 
bitumen emulsions in which droplets merge into bigger ones. As illustrated in Fig. 2a, 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 
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length, rb, quickly expands under the influence of interfacial stress, finally resulting in 
complete fusion of small droplets into increasingly larger ones. 

 
 

 
Fig. 2. Schematic illustrations of (a) the coalescence process in a breaking bitumen emulsion, 
and (b) bitumen coatings of aggregates resulting from good adhesion (left) and poor adhesion 
(right). 
 
 

In coalescence, a film of bituminous binder develops that adheres to the aggregate, then sets 
and hardens (“cures”), thereby determining the mechanical strength of the cold asphalt 
mixture. Good adhesion can be achieved if the aggregate is 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. 2b.  

 

1.2. Purpose of the study 
 
The primary goal of this research work was to improve the basic understanding of the 
breaking and coalescence processes in bitumen emulsions. A clear understanding of these 
processes and mechanisms is essential for improving formulations and procedures for use in 
practical engineering projects.  
 
The objectives of this paper are:  
 
i) To visualize and characterize the coalescence of bitumen droplets and their adhesion 

to the mineral surface in an emulsion environment, using a custom-designed test. 
 

ii) To analyze the effects of different surfactants and adhesion promoters on the 
coalescence and adhesion of bitumen drops on a mineral surface. 
 

iii) To compare the adhesive properties of the mineral-bitumen interface measured in an 
emulsion environment with predictions based on the surface free energies of 
individual components. 
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This work could be significant because the breaking and coalescence mechanisms in bitumen 
emulsions have not yet been fully understood. In this experimental study, we have tried to 
address the practical issues related to the coating of a stone surface by bitumen in the presence 
of water. We believe that this work will contribute to the filling of the research gap between 
the fundamental adhesion theory of asphalt and practical emulsion-aggregate systems. 
 
The following sections of the paper describe a methodology, the experiment itself and the 
results. Then the research work is summarized, based on the experimental results, and 
conclusions are drawn.  
 

2. Methodology 

In this work, we have improved our previously used “bitumen droplet coalescence test set-up” 
[17], in order to visualize and characterize the coalescence of bitumen droplets and their 
adhesion to a mineral surface in an emulsion environment. The details of the test set-up and 
experimental design of the bitumen droplet relaxation test have been described in the previous 
study. The test set-up consists of a camera and a light source as shown in Fig. 3a. There is a 
rectangular glass container with optically transparent walls placed in the middle, which is 
horizontally aligned and in the focus of a light source and a camera at two ends. Two metallic 
L-shaped probes with flexible vertical position settings are placed parallel to the glass 
container. At the bottom where the glass container is placed, there is a Peltier heating panel 
which is connected to a water bath. There are additional humidity and temperature sensors 
attached to the climate chamber which is placed over a glass container and metallic probes.  
 
A polished mineral sample (see Fig. 3) was placed at the bottom of a glass container that was 
filled with the water phase soap solution (with/without additives). The composition of the 
aqueous phase was similar to that usually prepared for manufacturing bitumen emulsions, and 
contains selective additives e.g. emulsifiers, salt and acid or base for pH adjustment. Bitumen 
droplets of 1 – 2 mm diameter were attached to the L-shaped probes and placed in a water 
phase for pre-conditioning. There was no compression force applied while bringing the two 
droplets into contact; however, the two droplets were positioned close enough that they 
touched each other. A similar approach was used to study the coalescence of two droplets on a 
mineral surface where three point contacts were required, for instance, c1) contact between 
two droplets, c2) first droplet with mineral surface, and c3) second droplet with mineral 
surface. 
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Fig. 3. a) Experimental set-up for studying the coalescence of bitumen droplets, and b) 
bitumen droplets formed on a silicone mold. 

 

Bitumen samples were heated in an 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 provides a non-stick surface for bitumen) using a syringe and needles of 
appropriate sizes (Fig. 3b). After this, the mold and bitumen droplets were placed in a freezer 
at −20 oC for 2 – 3 hours to stabilize their shapes. After retaining a certain stiffness and the 
droplet shape, bitumen droplets were removed from the silicone pad with the help of small 
tweezers and attached to the L-shaped hooks to pre-condition them in water before starting 
the coalescence experiments. The coalescence experiments were carried out in the water 
phase soap solutions when droplets reached the selected temperatures. 
 
Relaxation of bitumen droplets can be defined as a three step process as shown in Fig. 4. The 
first step is usually called pre-relaxation, where bitumen droplets are placed in a water phase 
for some time to retain their circular shape. This step is also called the pre-conditioning step. 
In the second step, actual relaxation or coalescence of bitumen droplets starts where two 
bitumen droplets merge into a single one. In the last step, the relaxed droplet is retained in a 
water phase to note any change in its shape. If the droplet does not relax further in the post 
relaxation process, then the experiment is stopped and the time of relaxation is noted which is 
the last step of relaxation. 
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Fig. 4. Different stages in the relaxation process of bitumen droplets in water phase. 
 
 
The process of droplets coalescing when brought together was filmed with a video camera. To 
follow the contraction kinetics, images recorded at regular time intervals were analyzed using 
standard image processing software (Image J). The dimensions of fusing two bitumen drops 
in the horizontal and vertical axial directions at time t were measured. Then coalescence times 
were determined from the images and used to assess the effects, on the process, of variables 
such as binder grades, bitumen droplet sizes, test temperatures, types of emulsifiers in the 
water phase (soap solution), additives (salts at various concentrations and adhesion 
promoters), soap solution pH and other organic solvents. 
 
As can be seen in Fig.4 and Fig.5, the shape relaxation process causes a gradual decrease in 
the axial length L(t), being 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 
the length of the contact bridge between two drops and perpendicular to the axial length L(t). 
In the case of two drops with different sizes, the initial anisotropy ratios po will not be the 
same. We determined the normalized anisotropy where the initial radii of the two drops were 
denoted R and βR with β ≥ 1. The normalized anisotropy can be calculated as {1-p(t)}/{1-p0} 
[18]. For complete relaxation, two droplets must merge into a unique spherical droplet; 
however, in this case, a complete fusion of two bitumen droplets was observed for a H/L ratio 
of 0.8.  
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Fig. 5. Diagram representing the start and the end points of the shape relaxation process. 
 
 

3. Experimental design and investigated materials 

 
In asphalt mixtures, the bitumen-aggregate adhesion has always been an issue when moisture 
is present. Specifically, in CMA, water could be the most dominant factor affecting the bond 
of adhesion between bitumen and aggregates as water molecules are always in competition 
with the bitumen molecules to displace each other from the aggregate surface. This, of course, 
can be linked to the activity of the stone surface in terms of bonding with bitumen in the 
presence of water. Also, in the breaking behavior of bitumen-in-water emulsions, an 
important factor to understand is the water push out and wetting of the stone surface by 
bitumen [15]. For these reasons, an experiment was developed based on the flow chart of 
experimental design factors as shown in Fig.6.   
 
In this work, an emulsion grade of unaged and unmodified straight run Nynas bitumen with 
penetration grade 70/100 was used for the droplet relaxation experiment, at two different 
temperatures of water phase with selective additives. The water phase soap solutions were 
prepared using cationic, anionic and non-ionic surfactants with selected concentrations. The 
cohesion between bitumen drops, as well as their adhesion to the mineral surface (granite), 
were analyzed with varying selected surfactant types and adhesion promoters in the water 
phase soap solution.  
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Fig. 6. Experimental design factors and levels. 
 
 
As previously found [19], several parameters influence this bond of adhesion e.g. roughness 
and porosity of aggregates, surface wettability and chemical composition at the interface. 
Most of the aggregates are very sensitive to moisture due to their surface porosity and 
chemical composition, especially those containing alkali metals (sodium, potassium). In this 
paper, we have used non-porous granite which is acidic by nature. A typical granite contains 
quartz (SiO2), feldspar (KAlSi3O8, CaAl2Si2O8) and mica {KAl3Si3O10 (OH)2, 
K(Mg,Fe)3AlSi3O10(OH)2} [20]. Acidic and basic rocks are classified as hydrophilic and 
hydrophobic, respectively. The acidic or basic nature of rocks can be classified based on their 
silica (SiO2) or calcite (CaCO3) content, respectively. Igneous rocks have been divided into 
four types based on overall silica content e.g. acidic (63 – 100%), basic (45 – 52%), ultrabasic 
(0 – 45%) and intermediate (52 – 63%). According to [21], the worldwide average of the 
chemical composition of granite, by weight percentage, is 72.04% SiO2, 14.42% Al2O3, 
4.12% K2O, 3.69% Na2O, 1.82% CaO, 1.68% FeO, 1.22% Fe2O3, 0.71% MgO, 0.30% TiO2, 
0.12% P2O5 and 0.05% MnO. The overall silica content in other aggregates are as follows: 
marble (0 – 25%), limestone (0 – 50%), dolomite (35 – 55%), basalt (40 – 50%), diorite (50 – 
65%), sandstone (60 – 100%) and quartzite (85 – 100%) [22]. Hence, the chemistry of the 
aggregate affects the degree of water sensitivity of the bitumen–aggregate bond and, in 
particular, the overall silica content in the minerals/aggregates. 
 
In this study, granite was cut into a rectangular shape using a granite and marble saw blade. 
Then, the surface texture was made very smooth by polishing with silicon carbide (SiC) 
sandpaper (from coarse to fine mesh) without using any additional polish. All samples were 
washed with distilled water and dried in an oven at 110 oC overnight. 
 
A general chemistry of selected cationic and amphoteric (both cationic and anionic) 
surfactants from AkzoNobel Sweden is shown in Fig. 7. The four types of cationic emulsifiers 
e.g. R-tallow diamine, R-tallow diamine ethoxylate, R-tallow amido-amine, and R-tallow 
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quaternary amine were used in this study. Additionally, one non-ionic emulsifier Redicote E-
47 NPF (nonyl phenol free), which is basically an R-tallow ethoxylate alcohol, and two 
anionic (amphoteric types) emulsifiers 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) etc.  
 

 
Fig. 7. Chemical structures of selected emulsifiers [3, 13-14]. 

 
 
Along with the above surfactants, different adhesion promoters were also selected to 
investigate their effect on the coagulation of bitumen on a mineral substrate in the presence of 
water. These additives were Diamine OLBS (for active adhesion), WetFix BE (for passive 
adhesion) and WetFix N (for active and passive adhesion) from AkzoNobel Sweden. 
 
Anhydrous CaCl2 from Sigma-Aldrich with reagent plus grade was also used in this study. 
Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to control the pH of the 
soap solution. 
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4. Results and discussion 

In the first experiments using the droplet relaxation method, the coalescence or cohesion of 
two bitumen droplets was investigated with various surfactants in the water phase. 

4.1. Coalescence or cohesion of bitumen droplets 

 
The bitumen droplet coalescence or cohesion test consists of two steps. First, coalescence of 
the two droplets occurs when the protective barrier or electric double layer is penetrated. 
Then, there is shape relaxation of these two droplets when they merge into one. In this work, 
the relaxation test was carried out on only one grade of Nynas bitumen (pen. 70/100) at 40 
and 50 oC. Since the viscosity of bitumen is very high at lower temperatures, the shape 
relaxation takes a very long time. For that reason, an intermediate temperature range was 
selected to carry out the bitumen droplet coalescence test in an emulsion environment. 
Moreover, the relaxation kinetics of bitumen droplets were investigated in a water phase 
containing four cationic [(A) R-tallow diamine, (B) R-tallow diamine ethoxylate, (C) R-tallow 
amido-amine, and (D) R-tallow quaternary amine], one non-ionic [(E) R-tallow ethoxylated 
alcohol], and two anionic (amphoteric) [(F) amine-based amphoteric of the glycinate type, 
and (G) R-tallow-ampho-poly-carboxy-glycinate] emulsifiers.   
 

 
Fig. 8. Coalescence of bitumen droplets of indicated grade in water + emulsifier + 

with/without salt + hydrochloric acid (to pH=2.0) at 50 oC. 
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The results of the droplet coalescence test in a water phase with selected compositions 
containing emulsifiers and salt are shown in Fig. 8. The relaxation time increases by adding 
emulsifiers as well as salt to the water phase. Similarly, a higher concentration of emulsifier 
slows down the coalescence process. A summary of experimental results illustrating droplet 
coalescence without a mineral surface is given in Table 1.  
 
 
Table 1. Experimental results for bitumen (Pen.70/100) droplet coalescence in a water phase 

containing selective additives (e.g. emulsifiers, salt). 

Water Phase Composition Coalescence or Relaxation Time [mins] 
At 50 oC At 40 oC 

Water 11 45 
0.2% A + HCl [pH 2.3] 30 180 
0.2% A + HCl [pH 2.3] + 0.1M CaCl2 65 205 
0.5% A + HCl [pH 2.3] + 0.1M CaCl2 153 250 
0.2% B + HCl [pH 2.3] 16 100 
0.2% B + HCl [pH 2.3] + 0.1M CaCl2 26 120 
0.5% B + HCl [pH 2.3] + 0.1M CaCl2 40 185 
1.0% B + HCl [pH 2.3] + 0.1M CaCl2 60 220 
0.2% C + HCl [pH 2.3] 22 120 
0.2% C + HCl [pH 2.3] + 0.1M CaCl2 90 210 
0.2% D + HCl [pH 2.3] 15 150 
0.2% D + HCl [pH 2.3] + 0.1M CaCl2 20 170 
0.2% D + [pH 7.0] No Coalescence observed 

(Relaxation kinetics are extremely slow) 0.2% D + [pH 7.0] + 0.1M CaCl2 
 
 
Four sets of amine-based cationic emulsifiers (A to D) were tested with selected 
concentrations of each surfactant. It can be seen that activity of emulsifier D depends on pH. 
In most of the cases, for cationic rapid and medium setting emulsions, the pH was set between 
2 to 3. The coalescence time for these emulsifiers can be compared at pH = 2.3, where 
emulsifiers B and D exhibit almost the same activity, although less than emulsifiers C and A, 
respectively. However, for cationic slow setting bitumen emulsion applications, emulsifier D 
is used at neutral pH. Moreover, the coalescence test confirmed, as shown in Fig. 9, that 
bitumen droplets do not coalesce and that the relaxation kinetics are extremely slow in the 
case of emulsifier D at neutral pH.  
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Fig. 9. Coalescence of bitumen droplets of indicated grade in water + emulsifier + 

with/without salt + ( pH=7.0) at 50 oC. 
 
The presence of surfactants or surface active molecules at the interface also changes the 
surface tension, and their variation in concentration gives rise to surface tension gradients. 
Moreover, the contraction or expansion of the interface may also affect concentrations of 
surfactants, which leads to variations in surface tension. In the early stages of coalescence, 
during neck opening, droplet interfaces contract and if emulsifiers are present then such 
interface shrinkage will increase their concentration, thereby reducing surface tension. 
However, if surfactant concentrations are already high, above the critical micelle 
concentration (CMC), further increases (or small variations in surface area) will have very 
small effects on the surface tension.  
 
The water phases shown in Fig. 10 consist of soap solutions with emulsifiers A – D (Table 1) 
as well as some additional emulsifiers (E – G) and selected adhesion promoters such as 
diamine OLBS, WetFix N and WetFix BE. Table 2 shows the concentrations of selected 
emulsifiers in the water phase at a given pH. 
 

Table 2. The concentrations of selected emulsifiers in the water phase at a given pH. 

 
 
The surface tensions of the water phases containing additives were measured using the 
Wilhelmy plate method [23] at ambient temperature. It can be seen in Fig. 10 that the surface 
tensions of the water phases changed with different functionality of the surfactant molecules 
as well as salt addition.  
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Fig. 10. Surface tensions of selected aqueous phase compositions measured at ambient 
temperature using the Wilhelmy Plate method. 

 
 
The coalescence of bitumen droplets as a function of the interfacial tensions (IFTs) of the 
water phases is plotted in Fig. 11, as measured using the Wilhelmy Plate technique. The study 
shows a weak correlation between the kinetics of bitumen droplet coalescence and the IFTs. 
Moreover, 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. 
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Fig. 11. Correlation diagram of the bitumen droplet relaxation time as a function of IFT of 
the aqueous phases containing selected emulsifiers types, and with and without adhesion 

promoters. 
 

4.2.Cohesion and adhesion of bitumen droplets 

 
The cohesion and adhesion of bitumen droplets were investigated together. Fig. 12 shows 
bitumen droplet relaxation in pure water without any additives, where coalescence of two 
bitumen droplets occurred away from the mineral surface (Fig. 12a) and flush on the surface 
(Fig. 12b). At the end of the experiments shown in Figs. 12 – 18, the vertical positions of both 
L-shaped hooks were moved upwards to detach the bitumen droplets from the stone surface in 
order to observe the adhesion. The results show that the relaxation times of two bitumen 
droplets are the same in both cases. Moreover, bitumen makes a good adhesion bond with the 
mineral surface in pure water but the coating is not uniform under the neck region of the two 
bitumen droplets (see Fig. 12b at t = 53 mins).  
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Fig. 12. Bitumen (Pen.70/100) droplet coalescence at 50 oC, a) in a water phase away from 

stone surface and b) in a water phase on the granite surface. 
 

 
Fig. 13. Bitumen (Pen.70/100) droplet coalescence on the 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. 
 

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. 13a-b). The 
relaxation time of bitumen droplets in this environment exactly corresponded to the results 
given in Table 1. However, it can be seen that the presence of emulsifier rendered the mineral 
surface non-stick for bitumen droplets. Adding very small amounts of adhesion promoters 
(0.02%) to the water phase containing R-tallow ethoxylated diamine reversed this completely. 
As shown in Fig. 14 a-c, all three adhesive agents e.g. diamine OLBS (Fig.14a), WetFix N 
(Fig.14b) and WetFix BE (Fig.14c) improved the coating of bitumen on the mineral substrate. 
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Fig. 14. Bitumen (Pen.70/100) droplet coalescence on the 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 has been 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. 
 
 
This kind of behavior may be linked to the critical micelles concentration (CMC) of the 
emulsifier in the water phase. Surfactants spontaneously aggregate in water and form well-
defined structures such as spherical micelles, cylinders, and bilayers. The surface tension 
decreases strongly with increasing concentration of surfactants in the water phase (see Fig. 
15). At a certain concentration, the critical micelle concentration (CMC), the surface tension 
becomes constant and above the CMC, surfactants spontaneously form micelles. The 
hydrocarbon chains gather inside the micelle and the polar head groups orientate towards the 
aqueous phase [24]. In this work, all the selected concentrations of the prepared water phases 
containing emulsifiers were above the CMC. There is a further discussion about adhesion 
mechanisms at the end of this section. 
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Fig. 15. IFT as a function of emulsifer concentration (%) in the water phase and coalescence 
and adhesion of bitumen (Pen.70/100) droplets on the granite surface at indicated 
concentrations. 

 
 

 
Fig. 16. Bitumen (Pen.70/100) droplet coalescence on the granite surface at 50 oC in a water 
phase containing emulsifier (R-Tallow Diamine) at pH=2.3, a) without adhesion promoters, 

and with adhesion promoters b) Diamine OLBS, c) Wetfix N, and d) Wetfix BE. 
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The bitumen droplet coalescence test on a mineral surface was also carried out on a water 
phase containing 0.2% R-tallow diamine which did not have any ethylene oxide functional 
groups at pH=2.3, with and without adhesion promoters. The results are shown in Fig.16a-d, 
where (a) shows the results for the relaxation test without adhesion agent and (b-d) show the 
results when adding diamine OLBS, WetFix N and WetFix BE to the water phase, 
respectively. The results are qualitatively similar to the previously investigated emulsifier R-
tallow diamine ethoxylate as shown in Fig.14, but the kinetic reactions were slower. 
 

 
Fig. 17. Bitumen (Pen.70/100) droplet coalescence on the granite surface at 50 oC in a water 
phase containing a) 1% Redicote E-47 NPF (nonionic emulsifier) at pH=7, b)1% Ampholak 
XCE at pH=11, (amphoteric emulsifiers behave as anionic emulsifiers at higher pH), and c) 

1% Ampholak 7TX at pH=11. 
 

The relaxation tests of bitumen droplets on a mineral surface were also carried out in the 
water phases prepared with non-ionic and anionic (amphoteric) emulsifiers (see Fig.17). The 
results show that with the non-ionic emulsifier, droplets relaxed very quickly as compared to 
the anionic (amphoteric) emulsifiers. In all cases without using an adhesive agent, bitumen 
droplets did not stick to the mineral surface in the presence of water. However, bitumen 
droplets made a very good adhesion bond to the stone surface in the presence of adhesion 
agent in the non-ionic soap solution, as shown in Fig. 18. However, in the case of the anionic 
emulsifier, there was no such effect even after adding the adhesion agent to the water phase 
soap solutions. 
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Fig. 18. Bitumen (Pen.70/100) droplet coalescence on the granite surface at 50 oC in a water 
phase containing adhesion promoter Diamine OLBS (0.02%) and a) 1% Redicote E-47 NPF 

(nonionic emulsifier) at pH=7, b) 1% Ampholak XCE at pH=11, (amphoteric emulsifiers 
behave as anionic emulsifiers at higher pH), and c) 1% Ampholak 7TX at pH=11. 

 
The adhesion mechanisms 
 
In this study, it was noticed that bitumen droplets in an emulsion environment with/without 
adhesion promoters behaved differently. In the presence of emulsifiers, bitumen droplets did 
not adhere to the granite surface. However, the addition of 0.02% adhesion promoters to the 
water phase resulted in good adhesion. The reason adhesion promoters work is likely that the 
affinity of adhesion promoters towards the stone surface is stronger. Additionally, it is 
commonly believed by the surface chemistry experts that the adhesion mechanism is mainly 
based on adsorption of both emulsifiers and adhesion promoter’s 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 drops or prohibit the direct contact between the mineral surface 
and the bitumen droplets (see Fig. 19a). 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. 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 
faster than the emulsifiers, which are pulled back to the oil phase due by their long 
hydrocarbon chains. The molecules of adhesion promoters form a layer allowing bitumen 
molecules to settle and bond with the mineral surface (see Fig. 19b).  
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Fig. 19. Proposed mechanisms for adhesion between bitumen-mineral surface in the 
presence of a) emulsifier and b) emulsifier and adhesion promoter. 

 
As with the surfactant molecules, the structure of adhesion promoters consists of a 
hydrocarbon chain and a functional group, usually an amine. These are typically prepared 
from the higher molecular weight ethylene amines and fatty acids. These molecules work as a 
contact bond between the hydrophilic aggregate and the hydrophobic bitumen. The amine 
group reacts with the aggregate surface, whereas the hydrophobic hydrocarbon chain interacts 
with the binder through interdiffusion. Moreover, the length of the hydrocarbon chain is an 
important factor in both the emulsifier and the adhesion promoter.  

Materials properties, such as the specific surface area, the surface free energies of minerals 
and the acid/base interactions, could be controlling parameters for wettability and adhesion 
between bitumen and aggregates [27, 28].  

 

5. Conclusions 

 
The research showed that the presence of emulsifiers in the water phase inhibits the adhesion 
of bitumen droplets to the mineral surface. However, very small additions (0.02%) of 
adhesion promoters reverse the situation completely, and adhesion, rather than cohesion, is 
the dominating factor. 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. 
 
Based on research shown in this paper, it is recommended that the fundamental mechanisms 
and material properties that control the breaking and coalescence process in bitumen 
emulsions are further identified. This could lead to detailed coalescence control functions and 
parameters in bitumen emulsion technology and cold mix design. This, in turn, could provide 
the asphalt community with some better methods and tools to overcome the existing issues 
with CMA and overlap or completely replace the traditional old alternatives. 
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