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ABSTRACT

The interaction in the emulsion-aggregate system is well known and influences the Cold Mix Asphalt
(CMA) performance. However, the electrochemical interaction indexes for the emulsion-aggregate
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systems are still not well understood. Therefore, the present investigation focussed on evaluating the

electrochemical interaction in the Asphalt Emulsion-Aggregate system (AEA-S) of Cold Mix Asphalt
(CMA). Zeta Potential (ZP), X-ray diffraction (XRD), and Surface Free Energy (SFE) analysis were carried
out in three slow-setting cationic asphalt emulsions and three common Colombian aggregates
(alluvial and quarried) to determine the electrical potential and interaction in the emulsion-aggregate
system. Zeta Potential analysis shows both dependence on the chemical compounds of the
aggregates and variation in pH conditions. Moreover, Zeta Potential shows negative values for all
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three aggregates in the entire pH range variation and decreases with asphalt emulsions pH associated
with SiO,/Al,03 ratio. Through chemical identification and electrokinetic forces is feasible to conclude
that high Zeta Potential (ZP) and Surface Free Energy (SFE) values improve the electrochemical ad of
the asphalt emulsion-aggregate system (AEA-S), demonstrating that high polarity is an essential factor

in Cold Mix Asphalts (CMA).

1. Introduction

The enhancement of Cold Mix Asphalt (CMA) performance
has been a focal point of research globally over the past
three decades. This attention stems primarily from its histori-
cally subpar performance relative to Hot Mix Asphalt (HMA),
as well as the desire to leverage its environmental and econ-
omic advantages to establish it as a dependable technology
for roads subjected to high-density traffic (Dash
et al. 2022, Day et al. 2019, Doyle et al. 2013, Jain and
Singh 2021, Lastra-Gonzalez et al. 2019, Saadoon
et al. 2017, Shanbara et al. 2021).

In Colombia, there has been a recent emphasis on the
implementation of Cold Mix Asphalt (CMA), driven by
increased interest from governmental agencies. This interest
has surged in response to observed premature pavement fail-
ures on certain highway projects during the 1990s. The grow-
ing interest in CMA aims to promote more sustainable
practices within the construction industry, which has tra-
ditionally favoured Hot Mix Asphalt (HMA) despite potential
drawbacks related to climatic conditions. Consequently, sev-
eral infrastructure agencies have begun to advocate for the
adoption of new technical specifications to encourage the use
of CMA in major roadways.

These changes in technical regulations necessitate the
development of studies aimed at enhancing CMA applications.
One crucial aspect to consider is the electrochemical inter-
action between Asphalt Emulsion (AE) and aggregate, as this
interaction significantly influences CMA performance and
poses a challenge due to various factors affecting the Asphalt

Emulsion breaking process (Cardone et al. 2018, Gorman
et al. 1998, Graziani et al. 2018, Khan et al. 2016a). Addition-
ally, the interaction between binders and aggregates plays a
several role in determining asphalt mixture performance (Bou-
langé et al 2013, Gorman et al 1998, Guo
et al. 2020, 2018, Khan et al. 2016b, Labib 1992, Junior
et al. 2019, Miller et al. 2012).

Several kinds of research have been conducted to under-
stand how this interaction works on Hot Mix Asphalt
(HMA) and which characteristics affect mechanical mix
response at the macroscopic scale (Graziani et al. 2018, Jain
and Singh 2021, Khan et al 2016a, Lee and
Ahn 2016, Ziyani et al. 2016). Furthermore, those studies
have analysed the interaction between the Residual Asphalt
(RA) and the aggregate concluding that the performance
differences of CMA concerning HMA are generally associated
with the interaction of the Asphalt Emulsion-Aggregate Sys-
tem (AEA-S). However, those studies have not represented
the behaviour of the residual asphalt from the Asphalt Emul-
sion (AE) breaking when it mixes with the aggregate. On the
other hand, few studies have analysed the electrochemical
interaction of the AEA-S in the CMA preparation
stage (Gorman et al. 1998, Lee and Ahn 2016, Wates and
James 1993, Ziyani et al. 2016). Those studies do not involve
the AE breaking process which results in the resultant force
between the Residual Asphalt (RA) and the aggregate.

The measurement of zeta potential and sessile drop (related
to surface free energy) has garnered significant interest as a
means to ascertain the surface electric charge of asphalt and
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asphalt-aggregate emulsions. These measurements serve to
investigate the electrostatic interaction within emulsion-aggre-
gate or asphalt-aggregate systems, offering insights into compat-
ibility, adhesion strength, and the phenomenon of moisture
damage, as well as shedding light on the breaking mechanism
and stability of asphalt emulsions (Thanaya 2003, Gorman
et al. 1998, Lee and Ahn 2016, Needham 1996, Wates and
James 1993, Labib 1992, Khan et al. 2016a, Ziyani
et al. 2016, Wei and Zhang 2012). However, despite extensive
research, the understanding of electrochemical interactions in
terms of electric charge and surface free energy remains
incomplete.

Consequently, the present study aims to assess the Asphalt
Emulsion-Aggregate System (AEA-S) using Colombian pave-
ment materials through the Zeta Potential (ZP) test and Sur-
face Free Energy (SFE) technique, with a particular emphasis
on the asphalt emulsion breaking process. To achieve this,
three slow-setting cationic asphalt emulsions and three aggre-
gate sources (two of alluvial origin and one quarried) were sub-
jected to evaluation at the micro-scale level.

2. Background

Several studies have focussed on understanding the phenomena
and factors involved in the binder-aggregate system interaction
to predict asphalt mixture performance (Gorman et al.
1998, Khan et al. 2016a, 2016b, Guo et al. 2020, Labib 1992, Junior
et al. 2019, Miller et al. 2012). Regarding the performance differ-
ences between cold mix asphalt (CMA) and hot mix asphalt
(HMA), they are often associated with the interaction of
the emulsion-aggregate system, as indicated in different
studies (Ziyani et al. 2016, Graziani et al. 2018, Jain and
Singh 2021, Khan et al. 2016a). They have primarily analysed
the interaction between residual asphalt (RA) and aggregate.

However, the residual asphalht (RA) studied has not rep-
resented the real conditions of RA resulting from the spon-
taneous breaking of asphalt emulsion when mixed with the
aggregate. Furthermore, few studies (Gorman et al. 1998, Lee
and Ahn 2016, Ziyani et al. 2016, Pinto and Buss 2020) have
analysed the interfacial performance in the initial stage of
CMA preparation, where the asphalt emulsion comes into con-
tact with the aggregate to initiate the breaking process. Some
approaches to evaluate the interfacial performance of the emul-
sion-aggregate system have been carried out using techniques
such as surface energy (SFE) and zeta potential to determine
the surface properties of the asphalt emulsion and aggregate
that influence their interaction. Consequently, a lack of par-
ameters to define the interfacial performance or compatible
state developed by the emulsion-aggregate system in terms of
zeta potential and surface free energy has been identified.

As aforementioned, optimising asphalt pavement perform-
ance, the compatibility between residual asphalt (RA) and
aggregates plays a relevant role. In the first instance, in 2018,
Graziani et al. (2018) investigated adhesion strength using
the BBS test between residual asphalt (RA), obtained via the
evaporation method, and two aggregate types (limestone and
basalt). However, despite considering variables like curing
time and temperature, the study found adhesion failure

between the RA and aggregate, indicating an unsatisfactory
indication of compatibility between the materials.

Ling et al. (2016) investigated the adhesion strength
between the RA and aggregate, alongside preparations of
CMA to compare aggregate coverage by the RA pre and post
boiling test. Additionally, they evaluated mixtures for tensile
strength under dry and wet conditions to assess moisture sus-
ceptibility based on the tensile strength ratio. However, this
qualitative approach did not fully elucidate the compatible
state between the RA and aggregate. A similar focus on RA
evaluation is noted in the study of Graziani et al. (2018).
Furthermore, Ziyani et al. (2016) examined surface properties
such as surface tension and energy of cationic asphalt emul-
sions and minerals (gneiss, diorite, limestone, and quartzite),
while also exploring the adhesion work of emulsion-mineral
systems. They observed strong compatibility between emul-
sions and minerals, suggesting their suitability for CMA prep-
aration. Despite this insightful analysis, further macro-scale
evaluations are needed to comprehensively understand the
interfacial performance between asphalt emulsion and aggre-
gate. Similarly, Khan et al. (2016a) characterised surface prop-
erties of minerals/aggregates and emulsified asphalt grades for
CMA, albeit using asphalt that did not accurately represent the
conditions of RA characteristic of asphalt emulsion.

On the other hand, there has been an interest in the surface
electrical charge, which is a relevant property in CMA
materials as aforementioned. Lee and Ahn (2016) aimed to
assess the interaction between aggregates (trap rock, Mondo-
fedo Quarry aggregates, blast furnace slag, steel slag, lime-
stone, dolomite, and gravel) and emulsions (CRS-2P, RS-2P,
and AE-90S) in terms of surface electrical charge, also
known as zeta potential, as it relates to material attraction.
They also conducted tests for aggregate loss and curing. It
was observed that the zeta potential (as a function of pH) of
an aggregate was negative at both low and high pH levels, indi-
cating an attraction interaction with asphalt emulsions that
exhibited a positive zeta potential (CRS-2P).

Gorman et al. (1998) examined the emulsion aggregate sys-
tem, characterising aggregates based on zeta potential, contact
angle, and qualitative tests of mixing time and cohesion. They
found that aggregates with hydrophobic surfaces (Washburn
contact angle > 68.1°) are suitable for pavement surface treat-
ments (Slurry). Similarly, Wates and James (1993) investigated
zeta potential measurements on asphalt emulsions and aggre-
gates, finding that acidic aggregates or those with a negative
zeta potential are compatible with cationic asphalt emulsions,
promoting strong adhesion. Conversely, basic aggregates or
those with a positive to neutral zeta potential are expected to
exhibit the opposite behaviour. Furthermore, a positive zeta
potential in asphalt emulsions is linked to rapid breaking
during mixing. However, it was noted that the results of zeta
potential and contact angle were not validated with strength
tests, hindering the assessment of interfacial performance
between asphalt emulsion and aggregate.

Likewise, it has been found that the evaluation of the
adhesion property with the asphalt emulsion has made use of
the SFE theory, evaluating mostly contact angles using the
asphalt residue (Wang et al. 2020, Alvarez et al. 2019), emul-
sified asphalts (Han et al. 2019, Tan et al 2022, Du



et al. 2023), or the asphalt emulsion (Wang et al. 2020, Meng
et al. 2023), and in some cases the SFE (Liu et al. 2020, Tang
et al. 2018). Hence, this indicates that the evaluation of SFE
on asphalt emulsions is limited, generating the need for further
characterisation of this property to further understand the
adhesion at the interface of the asphalt emulsion and aggregate.

3. Materials and methods
3.1. Specimen selection

Asphalt emulsions are commonly used to produce bound gran-
ular materials for structural layers in pavements. Asphalt emul-
sions are characterised by two relevant factors: their charge
(cationic or anionic) and their setting or breaking speed (slow,
medium, and quick). The charge in an asphalt emulsion will
be opposite to the charge of the granular material, and the choice
of setting will depend on the application. Cationic emulsions are
more frequently used as the common negative charge of soils
and granular materials. A cationic slow-setting (CSS) is primar-
ily used for dense graded cold mix asphalt (dense CMA), for full-
depth reclamation (FDR) to improvement soils in pavement
rehabilitations, and cold in-place recycling (CIR) of the
reclaimed asphalt pavement (RAP); a cationic medium-setting
(CMS) is typically used for open graded cold mix asphalt
(open CMA); and a cationic quick-setting (SQS) is primarily
used for spray applications such as chip seals and scrub
seals (Casillas and Braham 2022).

As aforementioned, slow setting emulsions are character-
ised by their longer breaking and setting times, which make
them ideal for worldwide dense graded mixtures, where
thorough coating and penetration into the aggregate are
necessary. In this way, in the current investigation three
slow-setting cationic (CSS) Asphalt Emulsions were utilised
to assess the performance of Cold Mix Asphalt (CMA): CSS-
1, CSS-1h, and CSS-1 SF (special formulation). The desig-
nation ‘h’ denotes high stability asphalt emulsions. CSS-1
and CSS-1h emulsions are currently standardised by the
Colombian highways agency for applications such as Prime
Coat and Slurry Seal. Conversely, CSS-1 SF represents a
modified asphalt emulsion with alterations in particle diam-
eter. In addition, all the asphalt emulsions (AE) used in this
study were provided by a certified supplier. They were made
using a single type of Colombian asphalt and different pro-
portions of the same emulsifier were used in their manufac-
ture. Hence, it is essential to note that these emulsions were
meticulously selected to ensure consistency and comparability
of the results in our analysis.

On the other hand, The selection of three aggregate
sources—Coello River (CR), Guayuriba River (GR), and Mon-
dofiedo Quarry (MQ)-was based on their geological compo-
sition, with CR aggregates predominantly comprising
igneous and metamorphic materials, while GR and MQ consist
mainly of sedimentary materials (Figure 1).

3.2. Zeta potential analysis

As stated (Salopek et al. 1992), Zeta Potential (ZP) or Elec-
trokinetic Potential represents an electrical property of an
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interface, whether solid or liquid. Consequently, ZP serves
as a relative measure of electric charge, employing the par-
ticle electrophoretic mobility technique. This technique
applies an electric field to charged particles in dispersion,
measuring particle velocity as electrophoretic mobility
(Castilla-Barbosa et al. 2023). In this context, ZP is deter-
mined using the equation proposed by Smoluchowski, as
shown in Equation (1), where wy denotes electrophoretic
mobility, € represents the permittivity of the dispersion med-
ium, { signifies ZP, and # denotes the viscosity of the dis-
persion medium.

_u
o

Mg (1)
Additionally, Zeta Potential (ZP) is significantly influenced
by the dispersion medium, pH level, and particle surface
composition. Consequently, various concentrations of HT
and OH™ ions were employed to determine their capacity
to neutralise, diminish, or augment particle ZP, as suggested
by Guo et al. (2020), Lee and Ahn (2016) and Needham
(1996). Moreover, concerning surface composition, particles
may ionise in the dispersion medium, acquiring either a
positive or negative charge. In broader terms, ZP pertains
to a colloidal system that maintains stability due to repulsive
forces generated between dispersed particles sharing the
same electrical charge (+) (Thanaya 2003). Higher ZP values
(+) of dispersed particles indicate stronger repulsive forces,
thereby hindering their flocculation, while lower ZP values
(+) suggest weaker repulsive forces, resulting in
flocculation (Malvern 2015). Furthermore, ZP can range
from 0 to 100 millivolts to assess the distinction between a
stable and an unstable system (Dukhin and Xu 2020), with
values typically exceeding +30mV or —30mV to ensure
stability (Malvern 2015, Thanaya 2003).

To guarantee the representativeness of the aggregates a
classification process was developed through visual sieving to
define the clastic distribution based on the Munsell colour
charts to define the most representative three fractions
(based on colour which implies changes in chemical com-
pounds). On this way, Coello River aggregates exhibit 5B 5/
1, 10R 7/4, 5B 7/1 clasification based on Munsell Color
chart, Guayuriba River 7.5R 6/2, 10Y 2, N5, and Mondofiedo
Quarry 5Y 8/1, 10YR 8/6, 10YR 8/2. Afterward, compositional
verification was executed through Scanning Electron
Microscopy (SEM), and the most significant fractions were
selected for Zeta Potential analysis. It is important to highlight
that the preliminary Zeta Potential analysis did not show rel-
evant differences between the three relevant fractions of
Guayuriba River aggregates. Thus, a mix of representative frac-
tions was used for the Zeta Potential test.

Furthermore, all aggregates underwent a series of prep-
aration steps to ensure uniformity and suitability for analysis.
This included sieving using a 4.75mm mesh, followed by
washing with distilled water, and subsequent drying in an
oven at 110°C for 24 h. Additionally, the aggregates underwent
crushing and further sieving using a 0.075 mm mesh to hom-
ogenise the materials and achieve the required particle size for
the Zeta Potential (ZP) test, given its significant influence on
the analysis (Guo et al. 2020).
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Figure 1. Aggregates of Coello (CR) and Guayuriba River (GR), and Mondofiedo Quarry (MQ) under study. (a) Guayuriba River (GR) aggregates. (b) Coello River (CR)

aggregates and (c) Mondofiedo Quarry (MQ) aggregates.

The particle size distribution of the crushed fractions was
then determined through laser granulometry using a Mastersi-
zer 3000E granulometer, identifying the djo, dsg, and dgo. In
the initial analysis, the d50 values were found to be 24.6 m
for Coello River, 20 um for Guayuriba River, and 29.7 m for
Mondoifiedo Quarry. Similarly, the d10 values were measured
at 3.34m for Coello River, 2.70m for Guayuriba River, and
2.54 m for Mondonedo Quarry. Subsequently, all ZP tests for
both aggregates and Asphalt Emulsion were carried out
using a Zetasizer Nano Series (ZS90) (Malvern 2015). It is rel-
evant to highlight that the determination of the ds, was con-
sidered as a crucial descriptor in particle classification,
representing the median particle size and providing valuable
insights into the sample’s average particle size. Laser granul-
ometers, whether monomodal or multimodal, are commonly
employed for particle size analysis due to their accuracy and
efficiency. These instruments utilise light scattering techniques
to measure particle size distribution, ensuring precise control
over particle distribution within the sample.

The Asphalt Emulsion (AE) and aggregates underwent dis-
solution in deionised water with varying pH levels ranging
from 2 to 9. Notably, the pH levels from 2 to 5 were adjusted
using HCI (0.001 M), while pH 8 and 9 were adjusted using
NaOH (0.001 M), as prescribed by ASTM E2865 standard

and recommended by Lee and Ahn (2016). This pH range
selection was deliberate: pH 2 and 2.5 corresponded to Asphalt
Emulsion pH levels, 5 and 7 represented the aqueous environ-
ment for Cold Mix Asphalt preparation, and 8 and 9 reflected
the pH levels of the aggregates. For the Zeta Potential analysis
of both the AE and aggregates, 51 of AE was dissolved in 40 ml
of deionised water, while 0.014 g of aggregate was dissolved in
10 ml of water (see Figure 2). ZP analysis was conducted with
10 Zeta runs per pH and per sample, with 250 internal sub-
runs per Zeta Run to ensure measurement stability. Further-
more, the Zeta Potential analysis was performed at a controlled
temperature of 25°C, with a refractive index set at 1.318 for a
wavelength of 1550 nm, and a viscosity of 0.0091 poise (Lee
and Ahn 2016).

3.3. Surface free energy analysis

Surface Free Energy (SFE) serves as a fundamental indicator of
adhesion strength between materials and is commonly
employed to assess the bonding efficacy within the binder-
aggregate system (Guo et al 2020, Khan et al 2016b,
Rudawska and Jacniacka 2018). It represents the energy
required per unit area to expand the material surface and is
denoted by the symbol y (Kakar et al 2016, Ziyani



INTERNATIONAL JOURNAL OF PAVEMENT ENGINEERING . 5

Figure 2. AE and aggregates solutions for Zeta Potential tests. (a) Asphalt Emulsion solutions for Zeta Potential analysis and (b) Aggregates solutions for Zeta Potential

analysis.

et al. 2016). SFE is typically measured in ergs/cm2 or mJ/m2.
Young-Laplace formulated the basic equation (Equation 2)
for determining SFE in solid materials based on the solid-
liquid interface, which accounts for the contact angle (6)
formed as a result of the equilibrium of forces at the angle
between the surface and the tangential contact of the drop
vs (Kakar et al. 2016, Rudawska and Jacniacka 2018, Schuster
et al. 2018). This metric plays a critical role in understanding
the interaction dynamics at solid-liquid interfaces, where
surface tension phenomena occur, influencing the overall
adhesion properties (Ziyani et al. 2016).

YsL = Ysv — Yov - cos 0 (2)

Likewise, the contact angle is analysed on an ideal solid sur-
face, which refers to a chemically homogeneous and inert sur-
face, perfectly smooth or low roughness, and within gravity or
electromagnetism. So the contact angle does not vary through-
out the solid-liquid interface contact line, for which it rep-
resents a solid surface local average (Schuster et al. 2018).
Based on Equation (2), the Good-van Oss-Chaudhury
(GVOC) method re-defined Equation (3) to determine the
SFE in terms of dispersive and polar components.

y=y"+ =V 2/ vty (3)

Dispersive and polar components are Lifshitz-Van der Waals
and Lewis acid-base interactions, respectively. Lifshitz-Van
der Waals interactions represent the non-polar component
(London dispersive force) defined as y*" and Lewis acid-base
interactions represent the polar component, which involves
interactions of acceptor y" (acid component) and donor y~
(base component) of electrons, defined as y*5. The Good-van
Oss-Chaudhury (GVOC) method is also established as pre-
sented in Equation (4) representing the solid-liquid interface
adhesion work (Kakar et al. 2016, Khan
et al. 2016b, Rudawska and Jacniacka 2018). Moreover,
adhesion work is understood as the energy needed to join two
materials, or well, as the work required to separate two phases
that are in equilibrium (Ebnesajjad 2011, Bahramian 2012).
To evaluate the surface free energy (SFE) of a solid (asphalt,
aggregate) indirect methods, such as contact angles, can be
applied with the Sessile drop (GVOC theory) or Wilhelmy

plate techniques (Kakar et al. 2016, Khan et al. 2016b). Thus,
the SFE was determined by applying the Sessile drop method.

Wis = v, (1+ cos 6)
=2/ Lot @

Initially, both aggregate and Residual Asphalt (RA) surfaces
underwent meticulous preparation to ensure smoothness,
cleanliness, and dryness before conducting contact angle
measurements. The aggregate surfaces were obtained by sliding
5-inch rocks, while the Residual Asphalt (RA) surfaces were
prepared under both cold and hot conditions. The Cold
Residual Asphalt (CRA) state was achieved by immersing a
glass sheet in the Asphalt Emulsion (AE), leading to the for-
mation of a Residual Asphalt (RA) film upon the breakdown
of the AE. This approach aimed to replicate conditions relevant
to Cold Mix Asphalt (CMA) preparation and facilitate compari-
son with Residual Asphalt (RA) obtained through conventional
methods.

The cold process, a new experiment in the laboratory, was a
key fact for this investigation. On the first instance, Glass, with
a negative charge, broke down the asphalt emulsion. Further-
more, measuring contact angles was relevant to simulate
asphalt emulsion breaking when interacting with aggregate
(without heat) in CMA manufacturing. The glass sheet was
immersed in the asphalt emulsion from 3 up to 6 times to
achieve a solid asphalt film based on the type of AE and sur-
faces were then dried for 24 h in a desiccator before contact
angle testing. In fact, the cold process was not only innovative
but also highly effective. The procedure was repeated many
times to ensure consistent, reliable results, highlighting the
meticulousness of the experimental setup.

Conversely, for the Hot Residual Asphalt (HRA) state,
Residual Asphalt (RA) was derived from the AE through the
evaporation test following ASTM D6934 standards. Sub-
sequently, the glass sheet was immersed in the Hot Residual
Asphalt (RA) to form the film. Both aggregate and Residual
Asphalt (RA) surfaces were then placed in a desiccator for
24 h to ensure thorough drying and environmental protection.
Contact angles were measured using an automated dispensing
system integrated with the Ramé-Hart goniometer, which
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Table 1. Basic characterisation and properties of aggregates under study.

Coello Guayuriba Mondoredo
Property River River Quarry Standard
Ten per cent fines 231; 196 272; 218 184; 121 BS 20290
(%) Dry; Wet
Flat and elongated 3.0 2.0 1.0 ASTM
particles (%) 4791
Absorption (%) 1.40 1.20 4.60 ASTM
c127
Specific gravity 2.73 2.25 247 ASTM
c127
Los Angeles 24.0 20.0 49.0 ASTM
Abrasion (%) C131
pH 8.68 8.24 7.75 ASTM
D4972

dispensed 101 of water, formamide, and ethylene glycol Sessile
drops onto the prepared surfaces for angle measurement.

4, Results and discussion

4.1. Basic characterisation of asphalt emulsion and
aggregates

The basic characterisation of both Asphalt Emulsion (AE) and
aggregates was conducted in accordance with the Colombian
technical regulations, as outlined in Table 2. The results of
this characterisation are presented in Table 3 for AE and
Table 1 for aggregates. Additionally, the composition of AE
was verified through Infrared Spectroscopy (IR) using an
IRTracer-100, with tests conducted for both AE and their
Residual Asphalt (RA) obtained under cold conditions. Simi-
larly, the mineral composition of the aggregates was verified
through X-Ray Diffraction (XRD) using an XRD-7000L equip-
ment and X-Ray Fluorescence (XRF) using a XRF-1800 Shi-
madzu sequential spectrometer. These analyses provided
crucial insights into the chemical composition and structural
characteristics of both the AE and aggregates, essential for
understanding their properties and behaviour in subsequent
experimental tests.

4.2. Infrared spectroscopy of asphalt emulsions

Figure 3 depicts the IR analysis results for Asphalt Emulsion
(AE) and Residual Asphalt (RA). The AE spectrum reveals
prominent O-H bands at 3416 cm ™! and 1647 cm ™!, indicative
of water content (Ge et al. 2020, Li et al. 2015, Zhang
et al. 2020). Additionally, it exhibits C-H(CH3) bands at
2923cm™! and 1375cm™!, along with C-H(CH2) bands at

Table 2. Colombian techcnical specifications fulfilment for Asphalt Emulsions
tests.

2850cm™! and 1458cm™!, corresponding to aliphatic
groups (You et al. 2020). Moreover, the presence of C=C
(1600cm™') and C-H (742cm™!) bands signifies aromatic
groups (You et al. 2020, Zhang et al. 2020). Notably, the inten-
sity of small aliphatic group bands varies among the three AE
types, with CSS-1h displaying the highest intensity, possibly
indicating greater aliphatic group content. Furthermore, a
strong peak observed in the spectrum between 2850 and
2923 cm ™! signifies the presence of abundant aliphatic C-H
(carbon-hydrogen) bonds. These bonds are associated with
the saturated and unsaturated hydrocarbon fractions of the
asphalt binder, which are relevant components for the emul-
sion’s performance (viscosity, waterproofing, and long-term
durability), as suggested Camargo et al. (2020) and Mazalan
et al. (2023).

This observation may stem from increased aliphatic group
intensity in Cold Residual Asphalt (CRA) and Hot Residual
Asphalt (HRA), suggesting slight AE breaking due to exposure
to environmental conditions. Specifically, the O-H band at
3416cm™! is present in CRA, suggesting partial breaking,
whereas it is absent in HRA. Additionally, the presence of
$=0 (1031 cm™!) and C=0 (1700 cm™!) bands, corresponding
to sulfoxides and carbonyl acid, respectively, is more pro-
nounced in HRA due to the asphalt aging process at higher
temperatures. These bands intensify with increased aging
grade (Ge et al. 2020). Hence, by detecting these aliphatic C-
H stretches through FTIR, we can gain valuable information
about the asphalt emulsion’s suitability.

Moreover, the observed variations are primarily linked to
fluctuations in the dosage of the emulsifying agent utilised
during emulsion preparation. On the other hand, these vari-
ations in C-H bond characteristics might correlate with
observed discrepancies in zeta potential, a measure of surface
charge. For instance, the CSS-1h emulsion exhibited a stronger
C-H peak and a higher zeta potential value compared to other
emulsions. However, it’s crucial to acknowledge that factors
beyond the chemical composition, such as particle size and
environmental conditions, can also influence zeta potential
measurements.

4.3. Mineralogical composition of aggregates

The mineralogical composition obtained through XRD/XRF
analysis is depicted in Figure 4 for all three aggregates under
study. Coello River (CR) aggregate displays a more diverse
range of chemical compounds compared to Guayuriba River
(GR) and Mondofiedo Quarry (MQ), particularly showcasing
the presence of silicon dioxide (SiO;), aluminum oxide
(AL, O3), calcium oxide (CaO), iron (III) oxide (Fe,O3), and

CSS-1 CSS-1h
\cmidrule(r}{2-3Acmidrule(l)4- Min. Max. Min. Max. Table 3. Basic characterisation and properties of Asphalt Emulsions under study.
5} Property Value Value Value Value Property CSS-1 CSS-1SF - CSS-1h Standard
pH - 5.0 - 5.0 pH 244 2.29 2.56 EN 12850
Saybolt furol viscosity (s), 20.0 200.0 20.0 100.0 Particle Sizer dqg 0.67 2.07 0.92 -
@25 °C Particle Sizer dsq 494 8.69 2.65 -
Residual Asphalt (RA) (%) 57.0 - 57 - Particle Sizer dgg 15.80 34.40 10.10 -
Electric Charge of Particles? Positive Saybolt furol viscosity (s), @25°C  32.0 27.0 39.7 ASTM D7496
: - : ! Residual asphalt (%) 58.3 58.0 59.7 ASTM D6934

2Electric Ch f Asphalt Emul ticl borated with Zet.

Peoct:nctiaI telrsgts of Asphalt Emulsion particles were corroborated wi eta Density (g/cm?), @25°C 0.90 091 088  ASTM D6937
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Figure 3. IR spectra of asphalt emulsions (AE) and Residual Asphalts (CRA and HRA).

potassium oxide (K,0). This disparity could be attributed to
MQ aggregate’s higher homogeneity resulting from its geologi-
cal facies and depositional conditions, unlike the alluvial
aggregates (CR and GR) composed of a clastic mix originating
from diverse locations along the river.

Furthermore, a correlation between the SiO, content and
the aggregate pH was observed, suggesting that the aggregate
with the highest SiO, content (84.84%) exhibits the lowest
pH value (7.75), corresponding to MQ aggregate. Conversely,
the aggregate with the lowest SiO, content (59.82%) demon-
strates the highest pH value (8.68), attributed to CR aggregate.
These SiO, content variations classify MQ and GR as acidic
aggregates (SiO, > 66%), while CR is categorised at an inter-
mediate level (59.82%) (Gorman et al. 2004).

Acidic aggregates are hydrophilic materials that generate
poor adhesion with asphalt as the asphalt film requires a
hydrophobic surface as that of basic aggregates for better
adhesion (Cala and Caro 2022, Gorman et al. 1998, Lee and
Ahn 2016, Ziyani et al. 2014). Thus, as acidic aggregates are
hydrophilic, prefer water to asphalt, which is the opposite of
basic aggregates (Tang et al. 2021). Therefore, the bond of
the asphalt-aggregate system is strongly promoted by basic
aggregates (there is the formation of insoluble salts), and
lightly promoted by acidic aggregates (there is the formation
of soluble salts) due to they develop a repulsion force with
the asphalt, but an attraction force with the
water  (Bagampadde  2005). Furthermore, Gorman
et al. (2004) showed that SiO,, Al, Na, and K increase the
polarity of the aggregate surface, therefore, undermining the
adhesion with asphalt. On the contrary, the presence of Mg,
Ca, and Fe reduces aggregate polarity and improves adhesion.

Based on the findings, MQ aggregate exhibited the highest
concentration of the polar element (SiO,) and the lowest concen-
tration of the non-polar element (Fe,0;), rendering it the most
polar aggregate among the three (Bagampadde 2005). This under-
scores the significance of the AL, O; and SiO, content, as

demonstrated by Chew et al. (2020), who indicated that these
elements reduce asphalt stiffness and enhance aggregate coating.
Moreover, the presence of calcium oxide (CaO) contributes to the
mastic’s stiffness, thereby fortifying the bond between the binder
and the aggregate. Additionally, as noted by Liu et al. (2016), CaO
and MgO can undergo reactions with water, forming calcium and
magnesium hydroxides, respectively, thereby enhancing the
asphalt mix’s resistance to moisture damage.

Given that Cationic Asphalt Emulsion (AE) needs to undergo
breaking (separation of water and asphalt) upon interaction with
the aggregate, acidic aggregates are conducive to facilitating this
process due to their negative electrical charges, which generate
an attractive force between them. Conversely, basic aggregates
alter their positive charge to negative upon exposure to water,
thereby promoting the breaking of cationic AE. Consequently,
cationic AE is regarded as versatile for effectively interfacing
with all aggregate types, making it the preferred choice for pave-
ment construction (Gorman et al 2004, Ronald and
Luis 2016, Thanaya 2003).

Moreover, Wates and James (1993) and Gorman et al. (2004)
showed that acidic aggregates are suitable for good adhesion
with cationic asphalth emulsion (AE). However, basic aggre-
gates undergo poor adhesion due to their neutral electric charge
when mixed with cationic AE. In short, Coello River (CR),
Guayuriba River (GR) and Mondofiedo Quarry (MQ) aggre-
gates are mainly composed of SiO, and Al,O; that make
them polar and acidic. Thus, it is expected an attractive force
with the three AE and a better electrochemical interaction
with MQ aggregate since it presented a higher acidic condition
and thus a higher reactive comportment to destabilise the AE.

4.4. Zeta potential of asphalt emulsions

The Zeta Potential (ZP) of Asphalt Emulsion (AE) under var-
ious pH conditions is depicted in Figure 5. Notably, CSS-1h
consistently exhibits the highest ZP values across the entire
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Figure 4. Mineralogical composition of aggregates under study through XRD and XRF analysis. (a) Mineralogical composition of CR aggregates. (b) Mineralogical com-
position of GR aggregates and (c) Mineralogical composition of MQ aggregates.



pH spectrum, while CSS-1 SF consistently displays the lowest
ZP values. It’s observed that CSS-1h maintains a positive ZP
throughout all pH levels, whereas CSS-1 and CSS-1 SF exhibit
negative ZP values at pH 5, 8, and 9. Additionally, the AE ZP
peaks at pH 2.5, with CSS-1 and CSS-1 SF displaying similar
behaviour across the pH range, unlike CSS-1h. Consequently,
CSS-1 and CSS-1 SF ZP exhibit sensitivity within the pH range,
transitioning from positive to negative charges, while AE ZP
remains positive under equilibrium conditions at pH 7, as
anticipated.

Several studies have investigated the relationship between
zeta potential (ZP) and the stability of amphoteric emulsifiers
(AEs). As reported by Cui and Pang (2017), a high ZP indicates
good AE stability, particularly at lower pH ranges. This is
because the formation of hydrochlorides by the emulsifier
enhances both its solubility and emulsification capabilities.
Furthermore, the research of Wates and James (1993) high-
lights the influence of pH on ZP in cationic AEs. In low pH
environments, greater emulsifier ionisation leads to an
increased ZP. Conversely, high pH conditions lead to a
reduced ZP due to unfavourable emulsifier ionisation. This
shift from positive to negative ZP in high pH environments
occurs due to the deprotonation of the emulsifier’s amine
groups and asphalt ionisation.

This behaviour of the emulsifier is known as amphoteric,
which leads to a lack of adhesion with the aggregates (Wates
and James 1993). The above remains consistent as reported
by Labib (1992), which highlighted that asphalt cement with
an amphoteric nature is expected to develop a low adhesion
interface with the aggregate when water is present, which gen-
erates its separation from the aggregate. Therefore, CSS-1h will
develop a stable interaction with the three aggregates due to its
permanent positive ZP in the entire pH range. Hence, due to
the amphoteric nature, CSS-1 and CSS-1 SF will develop a
low adhesion with the three aggregates. On the other
hand, Wang et al. (2013) established that AE stability is
favoured by a stable ZP or a slight increase in pH, causing a
delay in the AE breaking during storage. Additionally, large
ZP is associated with the AE rapid breaking during
mixing (Wates and James 1993).
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This study investigated the relationship between zeta poten-
tial (ZP) and particle size (d10, d50, and dg) for anionic emul-
sions (AE) in asphalt emulsions, as suggested by Diaz-Romero
and Braham (2022). Understanding these factors is crucial as
they influence not only the rheological properties (flow behav-
iour) of the asphalt emulsion but also its overall stability. Our
findings revealed that CSS-1 SF had the largest diameter
(8.69m) and the lowest ZP, followed by CSS-1. Conversely,
CSS-1h exhibited the smallest diameter (2.65 m) and the high-
est, most stable ZP. Interestingly, the point of zero charge
(PZC) wasn’t observed for any of the three AEs. This suggests
that the permanent positive ZP of CSS-1h prevented extreme
deprotonation of the emulsifier, thereby inhibiting residual
asphalt (RA) ionisation (which would lead to a negative ZP).
In contrast, CSS-1 and CSS-1 SF likely experienced significant
deprotonation, leading to RA ionisation and negative ZP
values at high pH. However, these negative charges weren’t
fully neutralised.

Figure 5 illustrates the Zeta Potential (ZP) of aggregates
under different pH conditions. It’s noteworthy that the ZP
remained negative across the entire pH spectrum, with the
least negative values observed at pH 2 and 2.5, and the most
negative values at pH 5, 7, 8, and 9. This phenomenon is attrib-
uted to the compression and expansion of the double layer,
respectively (John and Arnepalli 2019). Therefore, it’s plaus-
ible to infer that AE breaking in the presence of the aggregate
is favourable when the interaction pH is up to 2.5, as the aggre-
gate becomes more negatively charged, aiding in AE destabili-
sation. Furthermore, Figure 5 provides insight into the electric
charge analysis of both the three asphalt emulsions and the
three aggregates. This analysis aims to identify their attraction
potential concerning pH variations at their interface. It’s
observed that under basic pH conditions (8 and 9), both
materials exhibit negative ZP values, indicative of low electro-
chemical attraction due to charge affinities. Additionally,
Figure 11 depicts the electrostatic interaction of the AE-aggre-
gate system, derived from the independent evaluation of their
electrical charges.

The observed zeta potential (ZP) behaviour of the asphalt
emulsions (AEs) highlights the critical role of pH in their

—-15

20 \\/\
-25

—30 -
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Figure 5. Zeta Potential of asphalt emulsions and aggregates under study. (a) Zeta Potential of asphalt emulsions and (b) Zeta Potential of aggregates.
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stability and adhesion with aggregates. Around pH 2.5, the
AEs exhibit a more positive ZP, making them less prone to
breaking due to the low polarity of the aggregates at that pH.
However, both CSS-1 and CSS-1 SF display a shift towards
negative ZP at higher pH values (5, 8, and 9). Therefore, for
optimal performance, achieving a pH between 2.5 and 5
during the mixing of AE and aggregate is desirable. This pH
range promotes a favourable electrochemical interaction due
to strong affinity between the acidic minerals in the aggregates
and the cationic emulsifiers, leading to enhanced adhesion.

Conversely, mixing neutral or positively charged minerals
with cationic AEs results in poor adhesion because similarly
charged particles lack attractive forces. While Lee and
Ahn (2016) reported stability for aggregates with negative ZP
between pH 2 and 11, this study observed a decrease in ZP
for CSS-1h at pH 8 and 9, transitioning to negative values
for CSS-1 and CSS-1 SF. This shift indicates potential chemical
changes within the system at higher pH. Furthermore, the
observed emulsion breakdown across all prepared solutions,
evident from the dispersion of fine asphalt particles, under-
scores the dynamic nature of emulsion stability under varying
pH conditions. Interestingly, though increasing the pH could
theoretically make the emulsions resemble anionic emulsions,
our focus was on observing the performance of each emulsion
regarding stability variations related to protonation resulting
from formulation differences (emulsifier dosage). In this con-
text, the CSS-1h emulsion exhibited fewer ZP changes com-
pared to the others (Figure 5). This could be attributed to
changes in the dispersed phase and solubility affected by pro-
tonation due to a higher level of emulsifier.

In addition, dissolution processes refer to the surface
groups ionisation of the aggregate, which develops positive
or negative electrical charge. Acidic surface groups ionise
with a negative electrical charge and basic surface groups
with a positive electrical charge. Moreover, when AE and
aggregate particles are in an ionic medium, polar ions are
attracted to their surfaces. Thus, AE and aggregate particles
acquire positive or negative electrical charges depending on
the sign of the attracted ion (Thanaya 2003) as an ion adsorp-
tion process. According to He et al. (2022), PZC was not

24
0 T T T 1 T 1 I T .I T

25 27 2-8 29 57 58 59 7-8 7-9 89
o6pH

Guayuriba

(2)

B Coello Mondofiedo

identified with the three aggregates possibly due to the high
content of SiO,, which has a negative charge and avoids neu-
tralising the charge with the H' ions in low pH, however, ZP
was less negative for the three aggregates.

The analysis of zeta potential in the context of asphalt emul-
sions and aggregates elucidate several aspects. Firstly, the vari-
ation in zeta potential with pH offers valuable insights into the
stability and interaction dynamics of these systems. The
observed ZP values for different emulsions (CSS-1h, CSS-1,
and CSS-1 SF) reveal distinct electrochemical characteristics.
Notably, CSS-1h exhibits a consistently positive ZP, suggesting
superior stability throughout the pH range compared to CSS-1
and CSS-1 SF, which lose their positive charge at certain pH
levels. Hence, the observed correlation between zeta potential
(ZP) and emulsion stability, substantiated by prior research,
underscores the critical importance of determining the optimal
pH range during mixing. This targeted pH management strat-
egy ensures optimal adhesion between emulsions and aggre-
gates. Likewise, the dynamic changes in ZP highlight the
importance of considering formulation variations and emul-
sifier dosages to achieve the desired performance character-
istics in asphalt emulsions, the stability, and adhesion.

On the other hand, SiO, and Al,O3; are common com-
ponents in all three aggregates. Therefore, the Zeta Potential
(ZP) under basic or natural pH conditions was correlated
with the SiO,/AL,O; ratio. Figure 6 illustrates the change in
ZP (8¢) from pH 2 to 8, showing that GR exhibits the largest
6, while MQ shows the largest change from pH 7 to
9. Although the 8¢ is not distinctly clear from pH 2 to 8 for
all three aggregates, a clear trend emerges from pH 7 to 9. Fur-
thermore, the 6{ from pH 7 to 9 was modelled against the
SiO,/AL, O3 ratio using a logarithmic model (Figure 6(b)),
yielding an R? coefficient of 0.99. This indicates that the higher
ZP observed in MQ is attributed to its higher SiO,/AL, O; ratio,
while the lower ZP in CR is associated with its lower
Si0,/AL, 05 ratio. Hence, the ZP of both AE and aggregates
emerges as a crucial parameter influencing their interaction.
A highly charged AE fosters a strong attractive force with
the aggregate, facilitating rapid breaking (Needham 1996).
However, it’s important to note that AE pH reduction affects
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Figure 6. Changes in Zeta Potential (8¢) with pH change (6pH). (a) Zeta Potential change (8¢) with pH change (6pH) and (b) Zeta Potential with Si/Al ratio.
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Figure 7. Contact angle for CRA and HRA Residual Asphalts under study. (a) Contact angle of CRA Residual Asphalt and (b) Contact angle of HRA Residual Asphalt.

the ZP of aggregates, thereby influencing the degree of
interaction.

4.5. Surface free energy tests

Initially, the assessment of surface free energy focussed solely
on the asphalt residue. This choice was driven by the require-
ment of the sessile drop method for a smooth and dry surface
to ensure accurate measurement. The primary objective was to
obtain a quantitative parameter for each material’s surface free
energy and subsequently analyse their interaction comprehen-
sively. However, it’s important to note that due to the testing
conditions of the sessile drop method, evaluating the inter-
action during the coalescence stage, when the Asphalt Emul-
sion (AE) remains in a liquid state, posed significant
challenges. Despite attempts, this aspect proved to be a com-
plex process to address.

Hence, the contact angles of Cold Residual Asphalt (CRA)
and Hot Residual Asphalt (HRA) are presented in Figure 7. It
is observed that CRA contact angles are lower than those from
HRA, and most of the contact angles formed with water are
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less than 90°, except for the HRA CSS-lh-water system
(92.86°) as showed in Figure 8. This suggests that most
Residual Asphalt (RA) samples are hydrophilic (Wu
et al. 2020, Ziyani et al. 2016), with HRA CSS-1h being the
most hydrophobic. However, HRA is less hydrophilic than
CRA. In general, low contact angles are associated with a
high wetting surface (Ziyani et al. 2016). Surface Free Energy
(SFE) with its components for Residual Asphalt (RA) are indi-
cated in Figure 9. Moreover, it is observed that CRA SFE is
higher than that of HRA, which is consistent with the contact
angle results. Even so, the CRA and HRA SFE follow an
ascending order of CSS-1 < CSS-1 SF < CSS-1h, with non-
polar components being higher representatives except for
CSS-1 HRA.

As noted by Latifi and Amini (2020), high values of non-
polar components indicate low polarity for the asphalt. Con-
versely, high Surface Free Energy (SFE) values indicate high
polarity (Wu et al. 2020). Consequently, Cold Residual
Asphalt (CRA), with the highest SFE values, is more polar,
while Hot Residual Asphalt (HRA) loses that polarity when
exposed to temperature. The SFE values for HRA closely
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Figure 8. Contact angles in tests with residual asphalt and aggregates under study. (a) Contact angle test of Residual Asphalt and (b) Contact angle test of aggregates.
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Figure 9. Surface Free Energy for CRA and HRA Residual Asphalts under study. (a) Surface Free Energy of CRA Residual Asphalt and (b) Surface Free Energy of HRA

Residual Asphalt.

match those reported for asphalts in previous studies (Guo
et al. 2014, Howson et al. 2011, Kakar et al. 2016, Wei and
Zhang 2012), which fall within the range of 12.95m]J/mm?
to 35.78mJ/m? and exhibit the highest non-polar
component.

Figure 10 illustrates that all contact angles are below 90°,
indicating a hydrophilic character (Wu et al. 2020, Ziyani
et al. 2016). Furthermore, the contact angles of MQ aggregate
with formamide and ethylene glycol are the lowest, and the
contact angles formed with all three aggregates and ethylene
glycol are generally the smallest. Additionally, MQ aggregate
exhibits the highest Surface Free Energy (SFE) value, followed
by CR and GR aggregates. Hence, the SFE of MQ can be com-
pared with that of quartzite, considering its high SiO, content,
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as demonstrated in the study by Ziyani et al. (2016), where
quartzite exhibits the highest surface free energy (SFE).

The composition of components emerges as a key factor
shaping interaction dynamics. Notably, the balance between
non-polar and polar components delineates the Surface Free
Energy (SFE) of Coello River (CR), Guayuriba River (GR)
and Mondofiedo Quarry (MQ) aggregates. A preponderance
of polar components in an aggregate implies a stronger
affinity for water, potentially compromising bonding with
asphalt in moist conditions, as suggested by Khan
et al. (2016a). Conversely, asphalt, with a lower polar com-
ponent compared to the aggregate, requires increased polarity
to enhance compatibility and bonding strength, a point
emphasised by Tanzadeh and Shafabakhsh (2020).
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Figure 10. Contact Angle and Surface Free Energy for aggregates under study. (a) Contact Angle of aggregates and (b) Surface Free Energy of aggregates.
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Figure 11. Asphalt emulsions and aggregates interactions.

In the case of Cold Residual Asphalt (CRA) and Hot
Residual Asphalt (HRA), their polar components are oversha-
dowed by those of the aggregates. However, CRA demon-
strates a notable propensity for interaction with aggregates,
as noted by Latifi and Amini (2020). The correlation between
higher SFE values and stronger bonds, as elucidated by Latifi
and Amini (2020), suggests the likelihood of robust bond for-
mation between aggregates and CRA due to their elevated SFE
values and greater polarity compared to HRA, as discussed
by Wu et al. (2020).

A critical aspect of optimising mixture performance lies in
comprehending the relationship between the surface chemistry
of the aggregate and its adhesion to asphalt. Figure 10 exem-
plifies this concept by establishing a correlation between the
Surface Free Energy (SFE) and contact angles of three distinct
aggregates, and their potential for adhesion to the asphalt resi-
due remaining from the studied emulsions. Notably, the Mon-
dofiedo aggregate exhibits the highest SFE, and the lowest
contact angles, relating it to a higher adhesion potential with
the residual asphalt. Figure 11 serves to complement this
analysis by directly evaluating the attractive forces between
each emulsion and aggregate using zeta potential. Further-
more, the Mondofiedo aggregate consistently exhibits the
strongest attractive forces, thereby associate its potential to
destabilise the asphalt emulsions. Hence, these findings under-
score the critical importance of considering both the inherent
properties of the aggregate (SFE) and its interaction with the
emulsion (zeta potential) when selecting materials to ensure
optimal mixture performance.

4.6. Electrochemical interaction of the asphalt
emulsion-aggregate system

Figure 11 illustrates the interaction between AE and aggregates
based on the ZP results. Previous studies (Lee and
Ahn 2016, Labib 1992) proposed multiplying the ZP of AE and
aggregates at pH 2.5 to assess their interaction. The electrostatic
interaction results were negative, indicating attractive forces
between three AE and three aggregates (Lee and Ahn 2016).
Notably, CSS-1h demonstrated the strongest attraction with
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aggregates, whereas CSS-1 SF showed the weakest. Among aggre-
gates, Mondofiedo Quarry (MQ) exhibited the strongest attrac-
tion with AE, while Guayuriva River (GR) the weakest. This
aligns with MQ’s acidic nature, which enhances its affinity to cat-
ionic AE (Gorman et al. 2004, Wates and James 1993).

Generally, electrochemical interaction results correlate with
the highest and lowest ZP values at pH 2.5 in the order of MQ
> CR > GR and CSS-1h > CSS-1 > CSS-1 SF. Thus, higher posi-
tive and negative ZP values lead to stronger attractions for
AEA-S compared to lower ZP values. Overall, superior per-
formance is anticipated for CMA with CSS-1h and the three
aggregates, particularly with MQ, compared to CSS-1 SF and
the three aggregates, primarily with GR. It is relevant to high-
light, the efficacy of interactions is represented by the tallest
bars in the graph, corresponding to higher values of zeta
potential and surface free energy (SFE) observed for both
AE/RA and aggregates. This suggests more favourable bonding
between the components. Consequently, CSS-1h emulsion and
Mondoifiedo aggregate exhibited the most promising inter-
actions, implying potential for improved mechanical perform-
ance in the mixture.

On the other hand, Figure 12 illustrates interaction results
between Residual Asphalt (RA) and aggregates according to
the SFE results. In the first instance, all the adhesion work
values are positive which means that the Residual Asphalt
(RA) and aggregates have adhesion potential (Wei and
Zhang 2012). Moreover, CRA presents greater adhesion
work with the three aggregates than HRA which is associated
with greater bond strength (Wei and Zhang 2012, Wu
et al. 2020). The above is related to the highest SFE values
for the CRA and aggregates with an ascending order of CSS-
1 < CSS-1 SF < CSS-1h and GR < CR < MQ, which in fact,
agrees with the adhesion work order as the highest SFE values
lead to the greatest adhesion work (Guo et al. 2014, Wei and
Zhang 2012). However, the HRA and aggregates adhesion
works did not agree with the ascending order of their SFE
(CSS-1 < CSS-1 SF < CSS-1h and GR < CR < MQ). The
above lies with the calculation of the adhesion work since it
is a function of the SFE components (non-polar, acid, and
base components) and not directly of the total SFE.

5. Conclusions

In light of the research findings, a compelling conclusion
emerges regarding the behaviour of asphalt emulsions. The
Zeta Potential values, intricately tied to particle size (d;o, ds,
and dgp), as these factors not only influences the rheological
properties of asphalt emulsion but also drives stability. Notably,
asphalt emulsions characterised by smaller diameters exhibit
remarkable stability (CSS-1h), whereas their larger-diameter
counterparts (CSS-1 SF) demonstrate notably lower stability.
This dichotomy arises from the potent repulsive forces gener-
ated by the small-diameter asphalt particles, overpowering the
weaker forces within the larger-diameter particles.
Furthermore, a captivating revelation unfolds concerning
the Zeta Potential of the three Colombian aggregates. These
aggregates consistently manifest strong negative values across
the entire pH spectrum, a phenomenon attributed to the domi-
nant presence of SiO, and its intricate correlation with the
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Figure 12. Residual Asphalts and aggregates interactions. (a) CRA and (b) HRA.

SiO,/AlL, 05 ratio. Particularly noteworthy is the quarry aggre-
gate (MQ), which boasts the highest Zeta Potential, while the
alluvial aggregates (CR and GR) exhibit comparably lower
Zeta Potential values. This divergence stems from the signifi-
cant homogeneity characteristic of the quarry aggregate’s
facie and depositional conditions, juxtaposed with the more
varied nature of the alluvial aggregates.

By employing XRD and XRF analysis, we successfully uncov-
ered a range of chemical compounds within the alluvial aggre-
gates, including silicon dioxide (SiO;), aluminum oxide
(AL, O3), calcium oxide (CaQ), iron (III) oxide (Fe,03), and pot-
assium oxide (K,O). In contrast, the quarry aggregate exhibited a
more limited composition. These findings have significant impli-
cations for performance disparities, with the quarry aggregate
displaying higher polarity compared to the alluvial aggregates.
This heightened polarity led to pronounced electrochemical
interactions within the Asphalt Emulsion-Aggregate system
(AEA-S). At the micro-scale, the AEA-S system demonstrated
higher robust electrochemical interaction through elevated
Zeta Potential and Surface Free Energy values. As we delve deeper
into the implications, it becomes evident that the CSS-1h-MQ
system holds the promise of outperforming CMA applications.
This underscores the role of accurate aggregate chemical identifi-
cation in establishing an electrochemical affinity within the AEA-
S system. As we move forward, a nuanced understanding of these
interactions stands to enhance the overall performance of the sys-
tem and open avenues for innovation and improvement.
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