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Abstract: The use of cold-mix asphalt is an effective approach to environmental protection. These materials are 
intended for low- to medium-traffic roads and have significant potential for secondary road networks in African 
countries. The objective of this article is to study the influence of surfactant use on the bitumen emulsion-aggregate 
interaction from a microscopic perspective. Two surfactants (designated A and B) and four types of materials 
(granite, diorite, limestone, and silica) were studied. The tests performed were: emulsion-aggregate compatibility 
tests, tests to determine the optimal water content of the mixtures, UV-visible adsorption tests by spectrometry, and 
tests to assess emulsion bond breakdown upon contact with fine minerals. The results show that the surfactant 
adsorption differed according to the surfactant-substrate pair considered and adsorption tests performed by UV-
visible spectrophotometry revealed that surfactant A adsorbed more readily onto the substrates than surfactant B. 
This could be due to the charge of the respective hydrophilic heads of the surfactants. Adsorption is stronger with 
surfactant A because its polar charge is greater than that of surfactant B at pH 2. The emulsion – aggregates rupture 
was all the more rapid as the SiO2 content increased in aggregates. At the rheological level, the behavior of the 
emulsion-filler mixtures was influenced by the surfactant nature and content, the specific surface area of the 
aggregates and the emulsion-filler mass ratio. 
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1. Introduction 

The various physico-chemical interactions taking place 
at the microscopic level between the emulsion and the 
aggregates will manifest themselves at the macroscopic 
level of the asphalt mix in terms of emulsion-aggregate 
compatibility, cohesion of the mixtures and adhesion of 
the residual binder to the aggregates. The effectiveness of 
the binder-aggregate adhesion is crucial for the water 
resistance of new and recycled asphalt mixes. The 
contribution of surfactants to all these manifestations 
remains to be elucidated in light of the various phenomena 
at the interfaces of which they are the main agents [1,2]. 
Numerous studies [3,4,5,6,7] have been conducted in the 
scientific community to explain the interactions between 
emulsions and aggregates, the mechanisms of emulsion 
breakdown on mineral surfaces, and the adsorption of 
surfactants onto the substrate.  

This research has been carried out primarily at the scale 
of the emulsion and/or the new substrate, and very often 
within the equilibrium range of the processes. Few studies 
have been conducted at the scale of cold mix asphalt, 

where the mechanisms are assumed to operate in the non-
equilibrium range [8], focusing on the interaction of the 
emulsion and the reconstituted binder with the new 
aggregate and with the asphalt pavement in the context of 
recycling. Therefore, various studies on the reactivity of 
aggregates with emulsions have been conducted in the 
scientific community. These studies [9,10] have shown 
that road aggregates can be classified into two categories 
according to their reactivity to emulsion and acid attack 
depending on the presence of certain minerals.  

Lesueur et al. [4] studied the reactivity of a wide range 
of aggregates of different petrographic nature and showed 
that some aggregates, although having a basic tendency, 
did not cause a significant rise in pH in acidic solution. 

Ziyani et al [11] studied the release kinetics of basic 
elements from gneiss, diorite and limestone aggregates in 
aqueous solution and showed that calcium ions were the 
major compounds responsible for the rise in pH. These 
authors highlighted the influence of specific surface area 
on the level of pH rise. Moreover, previous studies [12,13] 
relating to the mechanisms of rupture of emulsions in 
contact with the mineral surface have been carried out. 
These studies have shown that, for the most part, three 
mechanisms of emulsion breakdown that are supposed to 
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occur when the emulsion is mixed with the aggregates. 
This paper deals with the study of the influence of 

surfactants in the bitumen emulsion-aggregate interaction 
from a microscopic point of view. The aim is to better 
understand the mechanisms at play at the interfaces 
through observations made at the level of the interaction 
between aggregates and emulsion. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Granular Materials 
Four types of granular materials were tested: 
•  Granite aggregates of grades 0/4 and 4/10 
•  Diorite aggregates of grade 0/2, 2/6 and 6/10 
•  Limestone fillers 
•  Silica fillers. 
The particle size distribution curves of the granite and 

diorite aggregates are shown in Figure 1 and Figure 2.  

 
Figure 1. Particle size distribution curves of the different granite 
fractions 

 
Figure 2. Particle size distribution curves of the different diorite 
fractions 

Table 1 below gives the chemical composition of the 
four granular materials. 

Table 1. Chemical composition of materials used 

 Main oxides (%) 
 Al2O3 CaO Fe2O3 K2O Na2O SiO2 

Granite 14.5 1.5 2.1 3.1 8.4 64.3 
Diorite 12.6 8.6 14.1 2.1 8.2 44.0 

Limestone 1.0 83.2 0.6 0.2 11.7 2.9 
Silica 2.3 0.3 0.4 0.1 - 94.8 

Physical properties of the granular are given in Table 2. 

Table 2. Physical properties of used materials 

 Diorite Granite Limestone Silica 

 0/2 2/6 6/1
0 0/4 4/1

0 63µm 63µm 

True 
density 
(g/cm3) 

2.90 2.8
7 

2.9
1 

2.7
5 

2.6
8 - - 

water 
absorption 
coefficient 

(%) 

0.30 0.23 - - 

Specific 
area* 

(g/cm2) 
12528±575 9475±39

0 2993±148 474±1
37 

* Realized on fillers for all the aggregates 

2.1.2. Bitumen Emulsions 
70/100 grade bitumen was used to formulate all the 

emulsion. Emulsions were manufactured in the laboratory 
using two cationic surfactant emulsifiers named A and B, 
by varying the emulsifier content at 0.9, 1.2, 1.5 wt% 
according to the mass of the bitumen emulsion. The 
surfactants were mixtures of amines and polyamines in 
different proportions in A and B. In accordance with the 
supplier's technical data sheet, B contains a higher 
proportion of molecules with long hydrocarbon chains 
than A. In addition, A includes lignin, whereas B is 
composed of fatty acids. 

Tap water was employed to make emulsions and 
hydrochloric acid (32 %) was added to protonate the 
aminated bases and to obtain for each aqueous phase a pH 
of 2.0 ± 0.1. The emulsions were all slow setting and were 
named A and B when they contained emulsifiers A and B, 
respectively. Main characteristics of bitumen emulsion A 
and B are presented in Table 3. 

Table 3. Properties of bitumen emulsion 

Emulsi
fier A B 

Emulsi
fier 

content 
0.9% 1.2% 1.5% 0.9% 1.2% 1.5% 

Binder 
content 

(%) 

63.7±0
.1 

65.4±0
.0 

64.1±0
.0 

64.9±0
.2 

64.8±0
.0 

64.9±0
.2 

Breaki
ng 

index 

155.1±
0.1 

157.1±
0.1 

185.0±
0.7 

213.6±
0.9 

228.0±
2.9 

250.5±
1.0 

Pseudo
-

viscosit
y (s) 

37±0 50±1 36±0 38±0 38±1 38±0 

Sieve 
residue 

(%) 

0.02±0
.01 

0.11±0
.05 

0.01±0
.01 

0.04±0
.01 

0.01±0
.01 

0.01±0
.01 

pH 2.1±0.
1 

2.1±0.
1 

2.4±0.
2 

2.6±0.
3 

2.3±0.
2 

2.8±0.
3 

2.2. Tests Methods 

2.2.1. Emulsion – aggregates Compatibility Test 
The emulsion-aggregate compatibility was evaluated in 

terms of adhesion of the residual binder on aggregates 
according to the European standard EN 13614 [14]. The 
test consisted of mixing 200 g of aggregate (passing 
through a 10 mm sieve and retained in a 6.3 mm sieve) 
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with the equivalent of 10 g of bituminous binder from the 
emulsion. After the complete coating of aggregates and 24 
h of curing in an oven at 60°C, these were subjected to the 
action of water at the same temperature for 20 h. Finally, 
their surface covered with the residual binder was assessed 
visually. Due to their covering with aged binder, RAP 
aggregates do not allow for an estimation of the new 
binder deposit. Therefore, RAP aggregates were not 
subjected to this test. 

2.2.2. Optimum total Water Content Test 
Emulsion-aggregate mixtures were prepared from a 

total mass of 500 g of dry aggregates, according to the 
particle size distribution curves shown in Figure 1 and 
Figure 2. To determine the optimal total water content for 
each emulsifier concentration (A and B), mixtures 
containing 5.21% residual binder and 5.21% total mixing 
water content ranging from 2.9% to 10.7% by weight 
(relative to the total mass of the mixture) were prepared. 
The formulation test protocol is based on the European 
standard EN 12697-55 [15]. 

2.2.3. UV-visible Spectrophotometry Adsorption Test 
To study the adsorption of surfactants on aggregates, 

the technique used is UV-visible spectrophotometry 
adsorption test of surfactants on mineral surfaces. For this 
technique, granite fillers with a diameter of less than 63 
μm were used. Adsorption tests were performed using 
aqueous phases at different concentrations from surfactant 
solutions A and B prepared at concentrations of 34.6 g/L 
and 36.3 g/L, respectively. A 10 g quantity of granules 
was contacted with 100 mL of aqueous phase at different 
surfactant concentrations in a flask. A solid/liquid mass 
ratio of 1/10 was adopted in accordance with data found in 
the literature [16,17]. The minerals fines-aqueous phase 
contact time was set at 2 hours. This period was selected 
based on preliminary adsorption tests carried out over 
durations ranging from one minute to 24 hours. At the end 
of the contact time, each solution was centrifuged for 10 
minutes at 8000 rpm. After recovery, the supernatant fluid 
was vacuum-filtered using 0.45 μm membrane filters. 
Finally, the quantity of surfactants present in the 
supernatant was determined using UV-visible 
spectrophotometry (Figure 3). 

 
Figure 3. UV-visible spectrophotometer used for adsorption test 

2.2.4. Emulsion Rupture Test Upon Contact with Fine 
Minerals 

The phenomenon of emulsion rupture upon contact 
with aggregates was observed from several perspectives. 
The influences of parameters such as petrographic nature, 
emulsion temperature, and the effect of adding sodium 
hydroxide to the emulsion were studied by performing 
the conventional cationic emulsion rupture index test 
according to a procedure adapted from European 
standard [15,18].  

To investigate the influence of petrographic 
composition, three types of fine minerals were used: silica, 
granite, and limestone. The 0/4 granite fractions were 
sieved to extract particles according to the following grain 
size classes: D < 63 µm, 63 µm < D < 125 µm, 125 µm < 
D < 250 µm, and 250 µm < D < 500 µm, where D is the 
diameter of the largest grain. The limestone particles were 
smaller than 63 µm, while the silica particles were divided 
into two classes (D < 63 µm and 63 µm < D < 125 µm). 

To study the effect of temperature, only silica fillers, 
conventional materials in the fracture index test [15], were 
used. The test consisted of heating 100 g of emulsion in a 
capsule to the desired temperature using a thermostatically 
controlled bath, and then gradually adding the fillers until 
the emulsion broke, which was indicated by the formation 
of a firm paste. The capsule remained in the 
thermostatically controlled bath throughout the test. The 
tests were performed three times consecutively for 
repeatability, and three temperatures were considered: 25, 
40, and 60°C. 

To study the influence of sodium hydroxide addition on 
the emulsion-granule interaction, alkaline aqueous phases 
were prepared by dissolving sodium hydroxide crystals in 
deionized water at concentrations ranging from 0.2 to 1 
mol/L. The protocol consisted of introducing 
approximately 20 mL of sodium hydroxide solution, at a 
given concentration, into 100 g of emulsion. After 
homogenization with a spatula for approximately 30 
seconds, the fracture test was performed by adding silica 
fillers. The rupture index (RI) was calculated using the 
following formula: 

 *100f

e s

m
RI

m m
=

+
 (1) 

where 𝑚𝑚f is the mass of fines added in grams, 𝑚𝑚e is the 
mass of emulsion in grams, 𝑚𝑚s is the mass of sodium 
hydroxide solution added in grams. 

3. Results and Discussion 

3.1. Emulsion-aggregates Compatibility 
The results of the emulsion-aggregates compatibility 

are presented in Figure 4. The results show that granite 
aggregates exhibit poor binder coverage with surfactant A, 
while adhesion is excellent with surfactant B. The good 
affinity of the emulsions prepared with B for the 
aggregates seems to be due to the lipophilic nature of this 
surfactant. This is linked to the length of its hydrocarbon 
chain, which is greater than that of surfactant A. Indeed, a 
long carbon chain implies a greater affinity for oil than for 
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water [19,20]. The adsorption of this surfactant onto the 
substrates leads to better binder-aggregate adhesion [21]. 
Consequently, the final adhesion of the residual binder 
remains largely dependent on that of the emulsion, which 
is generally good for a classic cationic emulsion. It is also 
strongly influenced by the emulsion-aggregate affinity, 
itself correlated with the presence of the emulsifier. 

 

Figure 4. Binder Coating levels of granite aggregates by the residual 
emulsion binder 

3.2. Optimal Total Water Content of 
Mixtures 

Based on consistency tests on emulsion-aggregate 
mixtures, the optimal total water contents for the 
respective residual binder contents of 5.21 and 4.76 wt% 
are shown in Figure 5. A decrease in the optimal total 
water contents is observed with the increase in surfactant 
content. This can be explained by the phenomenon of 
surfactant adsorption on minerals, which tends to make 
their surface more hydrophobic with the increase in 
surfactant concentration and thus favor their wetting by the 
bitumen droplets from the emulsion [10]. Likewise, a 
difference in the optimum total water content can be noted, 
depending on the nature of the emulsifier used to 
manufacture the emulsion. This discrepancy can be 
explained by the relationship between each surfactant and 
water. The hydrophilic character of emulsifier A is 
favorable for the presence of water on the surface of the 
aggregate. Emulsifier B drives out water more effectively 
from the aggregate interface, which tends to rewet the 
mixture. Therefore, less water is required to achieve the 
optimum formulation conditions, consistency and cohesion. 

 

Figure 5. Variation in the optimal total water content of emulsion-
aggregate mixtures versus emulsifier content 

3.3. Evaluation of Surfactant Adsorption on 
Substrates by UV-visible 
Spectrophotometry 

Absorbance measurements on samples of the aqueous 
phases, at different initial concentrations (calibration of 
the aqueous phases of surfactants A and B at pH 2) and 
after contact with the aggregates, allow the final 
concentrations to be determined. The adsorbed quantities 
are then calculated by subtracting the final concentrations of 
the samples from the initial concentrations. Figure 6, Figure 
7 and Figure 8 respectively show the adsorption isotherms 
of surfactants A and B on diorite, granite and silica. 

 
Figure 6. Adsorption isotherms by measuring the absorbance of 
surfactants A and B on diorite 

 
Figure 7. Adsorption isotherms by measuring the absorbance of 
surfactants A and B on granite 

 
Figure 8. Adsorption isotherms by measuring the absorbance of 
surfactants A and B on silica 
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Figure 6, Figure 7, and Figure 8 show that the two 
surfactants adsorb differently depending on the nature of 
the aggregate. From the point of view of the nature of the 
surfactants, the quantities adsorbed at low concentrations 
(< 200 mg/l) are identical. At high concentrations (> 200 
mg/L), surfactant A adsorbs more than surfactant B, 
regardless of the aggregate type. These figures also 
indicate that the amount adsorbed is greater with diorite 
(adsorption values are greater than 8 mg/g), and that 
adsorbed with granite (values are greater than 4 mg/g) is 
greater than with silica (adsorption values are less than 4 
mg/g). These differences in adsorption quantities can be 
explained by the specific surface area of the aggregates 
(see Table 2). Indeed, the order of increase in specific 
surface area follows the same direction as that of the 
amount adsorbed. This result is in agreement with those 
reported by Tanhei et al. [22] and Zaman et al. [23]. The 
larger the specific surface area, the greater the amount 
adsorbed. 

3.4. Emulsion Rupture upon Contact with 
Fine Minerals 

The results from the emulsion rupture upon contact 
with fine minerals were presented from several 
perspectives such as petrographic nature of the aggregates, 
emulsion temperature, and the effect of adding sodium 
hydroxide to the emulsion. 

3.4.1. influence of the Petrographic Nature of Fine 
Minerals on the Emulsion Rupture Index 

Figure 9 shows the emulsion rupture index vs 
petrographic nature of fines minerals.  

 
Figure 9. Rupture index vs petrographic nature of the aggregates 

The results show that for a given type of aggregates, the 
emulsion breaks down faster with emulsifier A than with 
emulsifier B. This trend can be explained by the chemical 
composition of each surfactant: A is the one that has a 
hydrophilic head with high polarity (larger than that of B), 
and the greater the polarity of the hydrophilic head, the 
less the surfactant forms micelles, as indicated by previous 
work [20]. Therefore, the emulsifier A has more free 
molecules in the emulsion than in the case of emulsifier B. 
In addition, the results show that for the same type of 
emulsifier, the breakdown of the emulsion is slower when 
the emulsifier content increases. This finding, consistent 
with previous work, would be due to the effect, on the one 
hand, of the increase in electrostatic repulsions and, on the 
other hand, of the formation of the double layer of 
surfactants on the surface of the aggregates which delays 
the rupture of the emulsion [10,24]. 

3.4.2. Influence of Temperature on the Rupture of the 
Emulsion upon Contact with Fines Particles 

The effect of emulsion temperature on rupture was 
evaluated.  

 
Figure 10. Variation of the rupture index vs the emulsion temperature 

The results illustrated in Figure 10 show a decrease in 
the rupture index with increasing emulsion temperature. 
This decrease is independent of the emulsifier content. 
With increasing temperature, the effect of the nature of the 
emulsifier on rupture decreases; this rupture is a function 
only of the emulsion content. At 60 °C, with identical 
emulsifier content, the rupture index is practically the 
same for both surfactants (A and B). Temperature lowers 
the surface tension of the droplets as well as the interfacial 
barriers, which accelerates flocculation and hetero-
flocculation. Similar results were reported by 
Hempoonsert et al. [25] and Khelifa et al. [26] in their 
work on the effect of temperature on the stabilization of 
oil droplets by mineral fines. 

3.4.3. Influence of Adding Sodium Hydroxide on the 
Rupture of the Emulsion upon Contact  
with Fine Particles 

The influence of adding a destabilizing agent on 
emulsion failure upon contact with the mineral was 
evaluated by adding a sodium hydroxide solution at 
different concentrations (0 to 1 mol/L) to the emulsion 
before contact with the siliceous fines. The test results are 
presented in Figure 11 below. 

 
Figure 11. Variation of the breaking strength index vs the amount of 
sodium hydroxide added 

 



128 American Journal of Civil Engineering and Architecture  

The test was conducted on emulsions A and B at 
identical concentrations. In both cases, an increase in the 
breakdown index was observed with increasing sodium 
hydroxide concentration. This result appears to contradict 
the work of [27], who showed that breakdown should be 
faster with the addition of sodium hydroxide. The increase 
in the breakdown index was smaller for emulsifier A 
(IREC ranging from 161 to 182) than for emulsifier B 
(IREC ranging from 230 to 320) when increasing the 
sodium hydroxide concentration from 0.2 to 1 mol/L. This 
increase in the mass of fines required to reach fracture, as 
the amount of sodium hydroxide added increases, can be 
explained by the reduction in the SiO2 surface area of the 
minerals. Indeed, the addition of sodium hydroxide leads 
to a progressive increase in the pH of the emulsion, from 
2.8 to approximately 11 with the addition of a 0.2 mol/L 
solution, and to approximately 13 with 1 mol/L sodium 
hydroxide. In a basic medium, silica dissolves via an 
alkali-silica reaction [28]. The increase in sodium 
hydroxide concentration causes an increase in the surface 
area attacked, thus reducing the contact area of the SiO2 
with the emulsion, thereby requiring a greater amount of 
silica minerals for fracture. 

4. Conclusion 

Studies carried out to understand the mechanisms of 
emulsion-substrate interaction have made it possible to 
address many aspects by taking into account different 
parameters relating to the nature and content of surfactants 
and the petrographic nature of aggregates, through several 
experimental techniques. Adsorption tests performed 
using UV-visible spectrophotometry revealed that 
surfactant A was more readily adsorbed onto substrates 
than surfactant B. This may be due to the charge of the 
respective hydrophilic heads of the surfactants. 
Adsorption is stronger with surfactant A because its polar 
charge is higher than that of surfactant B in the pH 2 range. 
The emulsion-substrate interaction was studied through 
the phenomenon of rupture. The results on the rupture of 
emulsions in contact with different types of fillers are 
consistent with those obtained in previous work, 
particularly regarding the correlation between specific 
surface area and rupture index. Furthermore, this study 
highlighted the effect of temperature on the rupture 
mechanism. Increasing the temperature accelerates 
emulsion rupture. 
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