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This study investigates the interfacial characteristics and stabilization mechanisms of anionic emulsifiers
(KDS and SDBS) and cationic emulsifiers (STAC and STAB) in asphalt emulsions through interfacial tension
analysis, storage stability testing, and molecular dynamics (MD) simulations. The results demonstrate that
cationic systems exhibit superior performance; STAC and STAB reduced interfacial tension by 63.6% and 62.6%,
respectively, significantly outperforming the anionic systems (50.8% and 47.3% ). Furthermore, cationic systems
maintained 5-day storage separation rates below 5%, whereas anionic systems exceeded 13%. MD simulations
elucidated that cationic emulsifiers form dense interfacial monolayers through robust electrostatic interactions,
characterized by an interfacial energy of —85kcal/mol and an aggregation peak of 13.26. Notably, electrostatic
forces accounted for more than 65% of the total interaction energy in cationic systems. In contrast, anionic
emulsifiers exhibited loose adsorption patterns due to electrostatic repulsion, resulting in a higher interfacial
energy of —70kcal/mol. Hydrophilic-lipophilic balance (HLB) analysis further confirmed optimal values for
cationic surfactants, whereas KDS exhibited excessive hydrophilicity. All experiments were conducted under
standard conditions (60°C for interfacial tension measurement, 25°C for storage stability testing, and pH 7.0).
These findings provide fundamental molecular-level insights for the design of high-performance emulsified
asphalt.
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1. Introduction

Emulsified asphalt serves as a cornerstone of modern pave-
ment preservation, extensively utilized in applications such
as micro-surfacing, fog sealing, slurry sealing, pavement
recycling, and thin overlays [1]. Its widespread adoption is
driven by significant advantages over traditional hot-mix
asphalt, including a mitigated environmental footprint, en-
hanced construction safety, and reduced operational costs,
all while extending pavement service life [2, 3]. By enabling
production, application, and compaction at ambient tem-
peratures, emulsified asphalt facilitates the energy-efficient
treatment of various pavement distresses, ranging from

longitudinal and transverse cracking to routine mainte-
nance of high-grade roadways [4, 5]. However, despite its
substantial potential for sustainable infrastructure develop-
ment, the inadequate interfacial stability within emulsified
asphalt systems remains a primary technical bottleneck,
hindering broader application and long-term performance
reliability.

As a complex oil-in-water (O/W) system, emulsified
asphalt is produced by mechanically dispersing molten
asphalt into an aqueous phase containing specialized sur-
factants [6]. The physicochemical properties of the result-
ing oil-water interface are governed by a synergy of fac-
tors, including asphalt composition, emulsifier type and
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concentration, pH, and temperature [7-10]. Previous re-
search indicates that cations enhance emulsion stability by
reinforcing the electrical double layer surrounding the as-
phalt droplets, thereby preventing particle agglomeration
[11]. Specifically, maintaining Na™ concentrations below
0.1 wt% typically ensures favorable stability, while the in-
corporation of nanoparticles has been shown to improve
dynamic stability and refine droplet size [12]. Furthermore,
monovalent cations can augment adsorption strength at
the interface by modulating the hydrophilicity of surfac-
tants such as SDBS [13]. However, stability deteriorates
when cation concentrations exceed critical thresholds (e.g.,
5 wt% for SDS and 4 wt% for KDS), as electrostatic attrac-
tion triggers the migration of emulsifier molecules from
the interface into the bulk aqueous phase [14]. The heating
and annealing treatment of asphalt promotes the aggre-
gation of honeycomb structures, which is manifested in
the reduction of the spacing between honeycomb struc-
tures and the formation of more and smaller honeycomb
structures [15]. Molecular architecture also plays a pivotal
role in interfacial integrity. Emulsifiers featuring long alkyl
chains can form robust hydration layers through hydro-
gen bonding with water molecules, creating microphase
structures that bolster stability. The lipophilicity of these
long-chain groups promotes dense adsorption toward the
asphalt phase, thickening the interfacial film and reduc-
ing interfacial tension by over 90% [16]. The addition of
phenyl groups or the use of specific isomers, such as the
para-isomer of SDBS (4 — 1$C12S), further enhances the
protective barrier at the asphalt-water interface [16, 17].
Similarly, long-chain Gemini surfactants and short-chain
variants with C4 spacers have demonstrated the capacity to
significantly lower interfacial tension even at low dosages
[18,19].

Despite these extensive investigations into macroscopic
variables such as emulsifier type and ionic concentration, a
fundamental understanding of the interfacial microstruc-
ture and the underlying intermolecular stabilization mech-
anisms remains elusive. Existing literature relies heavily
on macroscopic performance characterization, which lacks
direct visualization of molecular behavior at the interface.
Furthermore, the individual contributions of diverse in-
termolecular forces—including electrostatic interactions,
hydrogen bonding, and van der Waals forces—to overall
interfacial stability have not been sulfficiently quantified.

MD simulations offer a robust theoretical framework
that complements experimental observations by enabling
high-resolution analysis of the spatial arrangement and ori-
entation of emulsifier molecules at the oil-water interface
[17]. This approach facilitates the direct visualization and

quantification of fundamental interfacial interactions, in-
cluding hydrogen bonding, electrostatic forces, and van der
Waals interactions [18]. Previous studies utilizing MD have
demonstrated that cationic asphalt emulsions formulated
with octadecyl trimethyl ammonium chloride develop a
wider oil-water transition region and a thicker interfacial
film, both of which are critical for enhancing storage sta-
bility [19]. Similarly, increasing concentrations of SDBS
lead to the formation of a well-defined interfacial boundary
layer, effectively extending oil-water separation times [20].
Furthermore, complex interactions such as cation-7r forces
between aromatic systems and metal ions have been shown
to influence local accumulation at the interface, with the
affinity of heavy metals for bituminous materials following
the hierarchy: Cr > Pb > Ni > Cd > Cu > Zn [21].

Despite these advancements, systematic investigations
that integrate experimental validation with molecular-level
simulations to elucidate the relationship between emulsi-
fier chemical structure and interfacial performance remain
scarce. To address this knowledge gap, the present study
comprehensively evaluates the interfacial characteristics
and stabilization mechanisms of two anionic (KDS, SDBS)
and two cationic (STAC, STAB) emulsifiers. Through a
combination of interfacial tension analysis, storage stabil-
ity testing, and MD simulations, this research quantifies
the interfacial energy, adsorption density, and the relative
contribution of various intermolecular forces. The find-
ings provide a molecular-level blueprint for the design of
high-performance emulsified asphalt systems optimized
for rapid road repair applications.

This study integrates experimental characterization
with MD simulations to systematically elucidate the inter-
action mechanisms between Asphalt, emulsifier molecules,
and the aqueous phase at the oil-water interface. By bridg-
ing microscopic molecular behavior with macroscopic per-
formance metrics, this research establishes a theoretical
framework for the rational design of high-performance
emulsified asphalt.

2. Experimental setup

2.1. Experimental Materials

In this study, a 70# penetration grade asphalt was selected
as the base binder for the preparation of the asphalt emul-
sions. The fundamental physical properties of the 70#
asphalt were evaluated in accordance with the Chinese
standard JTG E20-2011, with the results summarized in
Table 1. To further characterize the chemical composition,
the asphalt’s four fractions (Saturates, Aromatics, Resins,
and Asphaltenes; SARA) were quantified using Thin-Layer
Chromatography-Flame Ionization Detection (TLC-FID)
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Table 1. Main technical indicators of 70# base asphalt

Experimental Indicators Penetration (0.1 mm, 15°C)  Softening point (°C)  Ductility (cm, 15°C)
Experimental results 65.7 47.9 152
Experimental Requirements 60-80 43-46 > 100

Table 2. Proportion of the four components of 70# base asphalt (%)

Asphalt Type asphaltene gelatinous Aromatic fraction Saturation fraction
70# 12.44 26.62 44.62 16.32
Experimental Requirements > 10 31-55 21-47 12-27

[22]. The raw data from the TLC-FID system were pro-
cessed and analyzed using the integrated SIC-48001I soft-
ware, and the resulting fractional distributions are reported
in Table 2.

Four distinct surfactants were selected to investigate the
influence of ionic charge and molecular structure on emul-
sion stability: two anionic emulsifiers, KDS and SDBS; and
two cationic emulsifiers, STAC and STAB. To ensure the
reliability and reproducibility of the experimental results,
all emulsifiers were of analytical grade and sourced from
Shanghai Aladdin Biochemical Technology Co., Ltd. The
use of high-purity surfactants minimizes the interference of
impurities on interfacial tension measurements and molec-
ular dynamics simulations. The fundamental physicochem-
ical properties of these emulsifiers, including molecular
weight and chemical formula, are summarized in Table 3.

Asphalt emulsions with a 50% residue (solid content)
were fabricated using a laboratory-scale colloid mill (Her-
bert Rink GmbH, Germany). To ensure optimal storage
stability and interfacial performance, the emulsifier dosage
was maintained at 3.0% by total weight of the emulsion
[17]. The systematic preparation protocol is depicted in
Figure 1.
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Fig. 1. The preparation process of emulsified asphalt

2.2. Surface Tension and Interfacial Tension Measure-
ments

Surface tension and interfacial tension are critical param-

eters for evaluating surfactant efficiency. Surface tension

reflects the air-water interfacial activity of emulsifier solu-
tions, while oil-water interfacial tension directly quantifies
the energy reduction at the asphalt-water boundary, which
governs droplet formation and emulsion stability.

In this study, both surface tension and asphalt-water
interfacial tension were measured using a Dataphysics
DCAT21 tensiometer equipped with the Wilhelmy plate
method for surface tension and the Du Notiy ring method
for interfacial tension. For surface tension measurements,
emulsifier solutions (3.0 wt%) were equilibrated at 25°C.
For interfacial tension measurements, the asphalt phase
was heated to 60°C to maintain fluidity, and measurements
were conducted at the interface between the molten asphalt
and the aqueous emulsifier solution at 60°C. Each mea-
surement was repeated at least three times, with results
reported in millinewtons per meter (mN/m).

2.3. Storage Stability Test

The storage stability of emulsified asphalt signifies its abil-
ity to maintain a uniform dispersion of Asphalt droplets
within the aqueous phase over time, resisting physical or
chemical changes such as sedimentation, flocculation, and
coalescence [23]. In this study, the storage stability was
evaluated in accordance with the JTG E20-2011 T0655 stan-
dard.

2.4. Laser particle size analysis method for emulsified
asphalt

The stability of an asphalt emulsion is fundamentally gov-
erned by the orientation of surfactant molecules at the oil-
water interface. The hydrophobic tails of the emulsifiers
adsorb onto the Asphalt surfaces, while the hydrophilic
head groups extend into the continuous aqueous phase,
forming a protective barrier that inhibits droplet coales-
cence and aggregation. In this system, a smaller average
particle size typically correlates with superior emulsifica-
tion efficiency and enhanced kinetic stability. The testing
procedure is as follows:

1. Dilute the emulsion with distilled water at a ratio of
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Table 3. Properties of emulsifiers

Emulsifier ~Molecular formula Molecular weight(g/mol) CAS
KDSs C12Hp5504 K 300.48 23329-35-7
SDBS C18H29SO3Na 348.48 25155-30-0
STAC Cp1HyeNClI 348.05 112-03-8
STAB Cp1HyeNBr 393.50 1120-02-1
1:100. Asphaltene

2. Add the diluted emulsified asphalt to the sample cell
of the laser particle size analyzer.

3. Activate the circulation system and initiate particle
size measurement once the sample achieves a uniform
distribution state.

2.5. Construction and Validation of Asphalt Models

Asphalt is a chemically complex mixture comprising or-
ganic molecules with diverse molecular weights, polarities,
and functional groups [24]. To capture this complexity, this
study utilized a refined twelve-molecule, four-component
model to represent the asphaltene, resin, aromatic, and
saturate fractions [25]. This multicomponent model has
been widely validated for its ability to accurately replicate
the fundamental physicochemical properties of natural As-
phalt, including density, thermal expansion coefficients,
rheological behavior, and mechanical performance [26, 27].

The chemical structures of the representative molecules
within this twelve-component binder model are illustrated
in Figure 2. To ensure the simulation results were directly
comparable to the laboratory findings, the relative propor-
tions of these molecules were specifically adjusted to align
with the SARA fraction distribution of the 70# base asphalt
determined via TLC-FID (as reported in Table 2). This tai-
lored approach allows for a high-fidelity representation of
the specific binder used in the experimental phase, provid-
ing a robust basis for exploring the interfacial interactions
with the selected emulsifiers.

Comprehensive details regarding the molecular struc-
tures, stoichiometric ratios, and chemical formulas of the in-
dividual molecules within the asphalt model are provided
in Table 4. The resulting three-dimensional configuration
of the equilibrated asphalt binder is illustrated in Figure 3.

To achieve a stable, low-energy state, the constructed
molecular system underwent a rigorous multi-step equili-
bration protocol. Initial geometric optimization was per-
formed to eliminate high-energy overlaps between atoms.
Subsequently, an annealing procedure-comprising 30 cycles
across a temperature range of 300 K to 500 K-was imple-
mented to overcome local energy barriers and ensure a
realistic spatial distribution of the SARA fractions.

Fig. 2. Asphalt twelve-molecular model

The refined model was then subjected to a series of
molecular dynamics runs using both isobaric-isosteric and
canonical ensembles. Kinetic simulations were conducted
for a duration of 200 ps to reach thermodynamic equilib-
rium. Long-range electrostatic interactions were computed
using the high-precision Ewald summation method, while
van der Waals forces were calculated via an atom-based
summation algorithm with a defined cutoff distance. This
systematic approach ensures that the density and cohesive
energy density of the model align with experimental val-
ues, providing a robust baseline for subsequent interfacial
analysis.
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Fig. 3. Asphalt binder molecular model
Density serves as a fundamental parameter for charac-

terizing the thermal stability and brittle-transition behav-
ior of asphalt; consequently, it is frequently utilized as a
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Table 4. The number of molecules added in the asphalt molecular model

Molecular . .
Asphalt . . Simulated Experimental
Molecular Name weight Quantity
Components value (%) value (%)
(g/mol)

phenol (1#), C4oH540 575.00 1

Asphaltic pyrrole (2#), C¢sHgi N 888.50 1 12.60 12.44
Thiophene (3#), C51Hg»S 707.20 1
Quinoline Phosphate (4#), C40HsoN 554.00 2
Isoprene (5#), C4oHgoS 573.10 1

Resinous Benzobenzothiophene(6#), 200.40 4 26.98 26.62

C1sH105;
Pyridine (7#), C3sHs7N 530.90 2
Trimethylphenoxane (8#), Co9Hs0O 414.80 2
Hydrogenated naphthalene (9%#),
Aromatic CasHyy 464.80 14 44.14 44.62
Di-n-octyl cycloh -naphthall
i-n-octyl cyclohexane-naphthalene 406.80 5
(10#), C30Hae

Squalane (11#), C3oHgp 422.90 4

Saturated Hoxane (12#), CasHe, 483.00 1 16.32 16.32

benchmark to validate the structural integrity of molecu-
lar models [8]. Figure 4 illustrates the temporal evolution
of the system’s density during the equilibration process.
For the 70# base asphalt binder, the model-predicted den-
sity was determined to be 0.965 g/cm?, representing a
marginal deviation of only 1.2% from the experimentally
measured value of 0.993 g/cm?3. This discrepancy is well
within the widely accepted relative error threshold estab-
lished in literature for molecular dynamics simulations
of bituminous materials [20]. These results confirm that
the constructed twelve-molecule SARA model effectively
replicates the physical characteristics of the actual binder,
providing a high-fidelity foundation for the subsequent
analysis of interfacial interactions.
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Fig. 4. Asphalt molecular model density change over time

2.6. Oil/Water Interface Model

To investigate the molecular aggregation and orientation
behavior at the oil-water boundary, a multi-layer inter-

face model was developed. The chemical structures of
the four investigated surfactants—KDS, SDBS, STAC, and
STAB—are illustrated in Figure 5, with water molecules
represented using the high-precision TIP3P model. Follow-
ing established methodologies [17, 28], an optimal emul-
sifier concentration of 15% within the aqueous phase was
selected, equivalent to a 7.5% dosage relative to the total
mass of the emulsified asphalt system.

The emulsifier solution models were subjected to a rig-
orous equilibration protocol, including geometric optimiza-
tion, annealing cycles, and kinetic simulations, to achieve
a stable potential energy minimum. The simulations were
performed using the COMPASS force field, which is specifi-
cally optimized for organic and polymeric materials. Long-
range electrostatic interactions were resolved using the
Ewald summation method, while van der Waals forces
were computed via an atom-based summation algorithm
with a cutoff radius of 15.5 A. This substantial cutoff dis-
tance ensures that the non-bonded interactions, critical for
predicting interfacial tension and energy, are captured with

vlp‘o

Sodium dodecylbenzenesulfonat (SDBS)

%

Octadecyltrimethylammonium chloride (STAC)

high accuracy.

PR

Potassium dodecyl sulfate (KDS)

AR

Octadecyltrimethylammonium bromide (STAB)

Fig. 5. Emulsifier molecular model

To mitigate the influence of periodic boundary artifacts
and prevent unwanted interactions between periodic im-
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ages in the z-direction, a 30 A vacuum buffer layer was
integrated atop the emulsifier solution phase. The result-
ing configuration of the asphalt-water-emulsifier interface
model is depicted in Figure 6.

To ensure the elimination of any energetically unfavor-
able or sterically unrealistic structures, the composite in-
terface model underwent a comprehensive refinement se-
quence involving geometric optimization, annealing cycles,
and multi-stage kinetic simulations. The dynamic equili-
bration was executed in two distinct phases:

1. An initial 500 ps production run under the isobaric-
isosteric ensemble to allow for system volume relax-

ation and density stabilization at the interface.

2. A subsequent 500 ps simulation under the canonical
ensemble to ensure thermal equilibrium while main-

taining a constant volume.

Consistent with the bulk system parameters, long-range
electrostatic interactions were resolved via the Ewald sum-
mation method, while van der Waals forces were deter-
mined using an atom-based summation algorithm. This
staged approach guarantees that the system reaches a sta-
ble state before data collection, providing a reliable basis for
quantifying interfacial energy and molecular orientation.

"{ Emulsifier solution layer

- Oil-water interface

' Asphalt layer

Fig. 6. Oil/Water Interface Model

3. Result discussions

3.1. Surface Tension and Interfacial Tension Results

Surface tension and asphalt-water interfacial tension were
measured to comprehensively evaluate surfactant perfor-

mance. Surface tension reflects the general interfacial ac-
tivity at the air-water interface, while interfacial tension
at the asphalt-water boundary directly relates to emulsi-
fication efficiency. Figure 7 presents the surface tension
results for the four emulsifier solutions. All surfactants
effectively reduced the surface tension of pure water (72.8
mN/m). Cationic emulsifiers exhibited superior surface
activity; STAC and STAB reduced surface tension to 26.5
mN/m and 27.2 mN/m, respectively (63.6% and 62.6% re-
duction). Anionic emulsifiers showed comparatively lower
reductions, with KDS reaching 35.8 mN/m (50.8% reduc-
tion) and SDBS reaching 38.4 mN/m (47.3% reduction).
More importantly, Figure 7 presents the asphalt-water inter-
facial tension measurements, which directly govern emul-
sion droplet formation. The interfacial tension of asphalt
against pure water was 38.5 mN/m. Cationic emulsifiers
demonstrated markedly superior interfacial tension reduc-
tion: STAC and STAB lowered the asphalt-water interfacial
tension to 8.2 mN/m and 8.6 mN/m, respectively (78.7%
and 77.7% reduction). In contrast, anionic systems achieved
only moderate reductions, with KDS reaching 15.3 mN/m
(60.3% reduction) and SDBS reaching 14.1 mN/m (63.4%
reduction). The correlation between interfacial tension and
emulsion properties is evident: lower asphalt-water inter-
facial tension corresponds to smaller median particle sizes
(Figure 9) and improved storage stability (Figure 8). Specif-
ically, the cationic systems with interfacial tensions below
9 mN/m produced emulsions with median particle sizes
of 2.1-2.3 ym, whereas anionic systems with interfacial
tensions above 14 mN/m yielded larger particles (6.2-7.4
pm). This relationship confirms that asphalt-water interfa-
cial tension serves as a reliable predictor of emulsification

performance.

This variation stems from the distinct adsorption mech-
anisms of different emulsifier types at the interface. The
quaternary ammonium group (—N*1(CHj3)3) of cationic
emulsifiers exhibits strong electrostatic attraction with neg-
atively charged polar components in asphalt (e.g., carboxyl
and phenolic hydroxyl groups in asphaltenes), promoting
their oriented arrangement at the oil-water interface. Si-
multaneously, the C;g long-chain alkyl group penetrates
the oil phase, forming a tightly ordered monolayer. This
dual mechanism of head-group anchoring and tailchain
insertion ensures the compactness and stability of the in-
terfacial film. In contrast, the sulfonate groups (—SOj3’) of
anionic surfactants exhibit electrostatic repulsion with neg-
atively charged asphalt components, weakening interfacial
adsorption strength. Furthermore, the shorter Cj, alkyl
chain of KDS results in weaker hydrophobic interactions.
Although SDBS contains a benzene ring structure, its over-
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all interfacial activity remains lower than that of cationic
systems.
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Fig. 7. Surface tension of emulsifier aqueous solution

The HLB is a critical semi-empirical parameter that
quantifies the relative affinity of a surfactant for the aque-
ous and oil phases. The HLB value dictates the functional
application of the emulsifier: values between 1 and 6 indi-
cate lipophilic dominance, suitable for water-in-oil (W/O)
systems, while the range of 7 to 9 represents a transitionary
balanced character. Surfactants with HLB values between
8 and 18 are predominantly hydrophilic, rendering them
ideal for stabilizing oil-in-water (O/W) emulsions, such as
the asphalt systems investigated here. Beyond an HLB of
18, the molecules exhibit extreme hydrophilicity, which is
generally used for solubilizing water-insoluble substances.
In this study, the HLB values of the selected emulsifiers
were evaluated to correlate their chemical structures with
their observed emulsification efficiency. While the cationic
surfactants (STAC and STAB) fell within the optimal range
for O/W stability, the anionic emulsifier KDS exhibited
an HLB exceeding the ideal threshold. This excessive hy-
drophilicity likely weakens its adsorption at the asphalt
interface, as the molecule prefers the bulk aqueous phase,
thereby contributing to the higher separation rates ob-
served in the laboratory storage stability tests. The HLB
value is calculated as follows:

HLB =7x Zthdrophilic - ZLlipophilic ]

In the formula: Hyydrophilic is the weighting factor for

the hydrophilic group, and Lyjpophilic is the weighting factor
for the lipophilic group.

The HLB values of the emulsifier molecules are shown

in Table 5. The HLB values of each emulsifier vary signifi-

Table 5. The HLB value of the emulsifier

Emulsifier ). thdrophilic )y Hlipophilic HLB
KDS 38.7 57 40
SDBS 19.1 8.057 18.025
STAC 9.40 8.55 7.85
STAB 9.40 8.55 7.85

cantly, reflecting their structural differences and affecting
their interfacial behavior in asphalt emulsion systems. KDS
exhibits a calculated HLB value of 40, indicating strong
hydrophilicity stemming from the highly hydrophilic sul-
fonate group (—SOj3) and its relatively short Cyp alkyl
chain. An excessively high HLB (> 20) causes the emul-
sifier to preferentially remain dispersed in the aqueous
phase rather than adsorb at the asphalt-water interface,
resulting in poor interfacial coverage and reduced emulsifi-
cation efficiency. SDBS possesses a calculated HLB value of
18. Although it shares a sulfonate hydrophilic group with
KDS, its aromatic benzene ring and longer Cyg alkyl chain
provide enhanced lipophilicity, resulting in a more bal-
anced hydrophilic-lipophilic ratio. However, the molecule
remains predominantly hydrophilic (HLB > 15), which
still limits its effectiveness for asphalt-in-water emulsions
compared to more balanced surfactants.

Conversely, the cationic emulsifiers (STAC and STAB)
exhibit calculated HLB values of approximately 7.9, which
aligns more closely with the optimal HLB range (8.0-8.5) for
stable asphalt-in-water dispersions in this study. The qua-
ternary ammonium group (—N* (CH3)3) provides moder-
ate hydrophilicity, while the C;g longchain alkyl group
offers sufficient lipophilicity. This more balanced am-
phiphilicity ensures effective partitioning to the oil-water
interface and formation of a protective adsorption layer.
Importantly, counterion type (chloride in STAC vs. bro-
mide in STAB) exerts negligible influence on HLB values,
as expected from HLB theory.

3.2. Storage Stability of Emulsified Asphalt

The 5-day storage stability results for the various emulsi-
fied asphalt formulations are presented in Figure 8. As
asphalt emulsions are inherently thermodynamically un-
stable systems, the separation rate for all formulations in-
creased progressively with extended storage time. This
phenomenon is driven by the density differential between
the asphalt droplets and the aqueous phase, which triggers
gravitational sedimentation over time. However, cationic
emulsified asphalt demonstrated superior storage stability.
The STAC system exhibited separation rates of 1.2%, 2.8%,
and 4.5% at 1, 3, and 5 days, respectively, while the STAB
system showed 1.3%, 3.1%, and 4.8%. Both systems main-
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tained separation rates below the 5% technical requirement
at 5 days. In contrast, anionic emulsified asphalt demon-
strated relatively poorer stability: the KDS system exhibited
separation rates of 3.5%, 8.7%, and 15.6% at corresponding
time points, while the SDBS system showed 2.9%, 7.2%,
and 13.4%. Both anionic systems exceeded specification
limits after 5 days. This discrepancy is closely related to the
interfacial structures formed by the emulsifiers. This gen-
erates strong electrostatic repulsion that prevents particle
agglomeration. Simultaneously, the Cyg long chain creates
steric hindrance between particles. This dual stabilization
mechanism ensures long-term storage stability. Conversely,
the anionic system exhibits unstable interfacial adsorption
due to electrostatic repulsion. This is compounded by the
limited steric hindrance from the shorter alkyl chain (Cj5)
of KDS; furthermore, SDBS—despite the strengthening ef-
fect of its benzene ring—tends to undergo desorption and
rearrangement of the interfacial film during prolonged stor-
age. This leads to gradual aggregation and sedimentation
of asphalt particles, resulting in diminished stability.

N
=

Storage stability(%)
o
(9]

1.0
0.5
0.0
KDS SDBS STAC STAB
Emulsified asphalt type

Fig. 8. Storage ability of emulsified asphalt

Temperature and pH are known to influence the inter-
facial stability of emulsified asphalt systems. Preliminary
experiments were conducted to evaluate these effects on
the cationic system (STAC, 3.0% dosage). Storage stabil-
ity tests performed at 5°C, 25°C, and 60°C revealed that
STAC-stabilised emulsions maintained acceptable stabil-
ity (5d residue difference < 4%) across this temperature
range, demonstrating good thermal robustness. In contrast,
anionic systems (KDS) showed significant deterioration
in stability at 60°C (residue difference > 8%), attributed
to enhanced thermal desorption at elevated temperatures.
Regarding pH effects, emulsions prepared at pH 4, 7, and

10 showed that cationic emulsifiers performed optimally
under acidic to neutral conditions (pH 47, with a residue
difference < 2.5%), while anionic emulsifiers performed
better under alkaline conditions (pH 10, with a residue
difference of 3.8%). These observations are consistent with
the electrostatic interaction mechanisms discussed above:
cationic surfactants interact more strongly with the neg-
atively charged asphalt surface under acidic conditions,
whereas anionic surfactants benefit from enhanced ionisa-
tion at elevated pH.

3.3. Test Results for Emulsified Asphalt Particle Size Dis-
tribution

The median particle size is a critical indicator of emulsi-
fication efficiency, as smaller droplet diameters generally
correspond to higher kinetic stability and reduced sedimen-
tation rates. Figure 9 illustrates the particle size distribution
of the asphalt emulsions stabilized by the four different sur-
factants. In contrast, the cationic emulsifier systems demon-
strate significantly smaller particle sizes: approximately 2.3
pum for STAC and 2.1 ym for STAB. The median particle
size in the cationic systems is reduced by approximately
65-70% compared to the anionic systems. A smaller aver-
age particle size serves as a definitive indicator of superior
emulsification performance. This refinement is facilitated
by the formation of a stable and uniform amphiphilic layer,
where the hydrophobic tails of the surfactants anchor into
the asphalt surface while the hydrophilic heads extend into
the continuous aqueous phase.

Median particle size (um)
[ T -
T T T T T

p—
T

KDS SDBS STAC
Emulsified asphalt type

(=]

STAB

Fig. 9. Median particle size of emulsified asphalt.

The fundamental cause of particle size variation lies in
differences in interfacial adsorption strength and interfa-
cial film compactness. Cationic emulsifiers exert strong
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electrostatic attraction to negatively charged polar compo-
nents in asphalt via their quaternary ammonium groups
(—N*(CH3)3). During mechanical emulsification, they
rapidly adsorb onto newly formed asphalt droplets to form
a dense protective film, effectively preventing collision and
coalescence of small droplets. Simultaneously, the C;g long
chain provides strong hydrophobicity and steric hindrance,
constructing a stable interfacial layer. With an HLB value
of 7.9—close to the ideal 8 for O/W emulsions—it exhibits
moderate hydrophilic-lipophilic balance. Under high shear
forces, it readily forms fine, uniform droplets while effec-
tively reducing interfacial tension to 2627 mN/m. An-
ionic emulsifiers exhibit loose adsorption due to electro-
static repulsion between the sulfonate group (—SO;’) and
the negatively charged components of asphalt. KDS pos-
sesses an excessively high HLB value of 40, causing its
strong hydrophilicity to favor retention in the aqueous
phase rather than interfacial adsorption. The hydrophobic-
ity and steric hindrance provided by its Cy, short chain are
also insufficient, resulting in an incomplete protective layer
that facilitates the coalescence of small droplets into larger
particles. The particle size distribution results, interfacial
tension measurements, storage stability data, and molecu-
lar dynamics simulations mutually corroborate each other.
Collectively, they validate that cationic emulsifiers achieve
small particle size and high stability through a synergis-
tic mechanism involving strong electrostatic anchoring, a
dense interfacial film, and an appropriate HLB value. This
supports their preferred status in rapid road repair projects
(recommended dosage: 2.5%-3.5%).

3.4. Analysis of the Influence of Emulsifier Molecules on
the Oil/Water Interface

The relative concentration distribution (C,4) of the emulsi-
fied asphalt components serves as a high-resolution metric
for characterizing their spatial dispersion and local density
at the interface. In MD simulations, higher concentration
peaks are indicative of more pronounced molecular aggre-
gation, which directly reflects the packing efficiency and
structural integrity of the interfacial film [21]. Figure 10
depicts the molecular distribution at the oil-water inter-
face for the various emulsified asphalt models, providing
a direct visualization of the equilibrium configurations.
In terms of interfacial aggregation, cationic emulsifiers
demonstrated the highest adsorption capacity. The aggre-
gation peaks for STAC and STAB at the interface were 13.26
and 13.09, respectively, which are substantially higher than
those observed for the anionic systems (KDS: 5.99; SDBS:
7.98). The intense aggregation observed in the cationic sys-
tems is fundamentally driven by the potent electrostatic

attraction between the quaternary ammonium head groups
(—N™(CHj3)3) and their respective halide counterions (C1~,
Br™). This interaction promotes the oriented alignment
and close packing of emulsifier molecules at the interface,
forming a dense and stable interfacial film. Conversely,
although anionic surfactants exhibit higher hydrophilic
group peaks (KDS: 17.76; SDBS: 23.04), indicating strong
hydrophilicity of the sulfonate group (—SO3’) and the for-
mation of a hydration layer on the aqueous side, this exces-
sive hydration actually weakens their anchoring ability at
the oil-water interface, leading to reduced interfacial aggre-
gation. From an ionic interaction perspective, in cationic
systems, the strong association between the quaternary am-
monium headgroups and halide ions enhances the ordered
arrangement of emulsifier molecules. In anionic systems,
while electrostatic repulsion between sulfonate groups and
metal ions (Na™, K*) helps prevent asphalt particle aggre-
gation, it also disrupts the regular arrangement of emul-
sifier molecules at the interface, reducing the mechanical
strength of the interfacial film. Therefore, the strong in-
terfacial aggregation characteristic of cationic emulsifiers
confers better thermal stability and demulsification resis-
tance, whereas the relatively loose interfacial adsorption of
anionic emulsifiers results in poorer long-term stability.
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Fig. 10. Relative concentration distribution of each
molecule at the emulsified asphalt oil /water interface

Note: The interfacial aggregation peak refers to the maximum
relative concentration of emulsifier molecules at the oil-water
interface; physically, it represents the location where molecular
aggregation is most concentrated.
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3.5. Radial Distribution Function of the Oil-Water Inter-
face in Emulsified Asphalt

The radial distribution function (RDF) was employed
to provide a quantitative assessment of the interaction
intensity and spatial arrangement between the emulsi-
fier hydrophilic head groups and the surrounding water
molecules. Figure 11 presents the g(r) curves for these
interfacial interactions across the investigated surfactant
systems. Anionic surfactants exhibit strong hydration ef-
fects. The sulfonate groups (—SO;3’) of KDS and SDBS show
sharp peaks with water hydrogen atoms within the 2-4 A
range, with g(r) values reaching 3.8 and 3.5, respectively.
This indicates the formation of strong hydrogen bonds
(O —H — Obond length ~ 2.8 A) and a coordination num-
ber of 68 water molecules within the first hydration layer.
A distinct peak persists in the secondary hydration layer at
4-6 A (g(r) ~ 1.5), indicating hydration extends to this sec-
ondary layer. This multilayer hydration structure results in
the sulfonate group being "enveloped" by water molecules,
forming a stable hydration shell. In contrast, cationic surfac-
tants exhibit markedly weaker hydration. The quaternary
ammonium groups of STAC and STAB show only broad,
diffuse peaks with water molecules within the 3-5 A range,
with g(r) max values of 1.8 and 1.6, respectively. The first
hydration layer coordinates only 3—4 water molecules, and
no distinct second layer is observed. This indicates that
quaternary ammonium groups primarily interact with wa-
ter molecules via weak dipole-dipole forces, resulting in
limited hydration. This hydration difference significantly
impacts the application performance of emulsified asphalt.
While the strong hydration of anionic systems enhances
initial emulsion stability, demulsification requires overcom-
ing a higher hydration energy barrier (approximately 15-20
kcal/mol). This results in slow demulsification, hinders wa-
ter evaporation after application, and prolongs asphalt cur-
ing time. Conversely, the weak hydration characteristic of
cationic systems results in a lower demulsification energy
barrier (approximately 5-8 kcal/mol). Water molecules
readily desorb from the interface, accelerating demulsifica-
tion and curing processes, making them more suitable for
rapid construction requirements.

3.6. Analysis of Oil/Water Interface Interactions

Interfacial energy serves as a fundamental parameter for
quantifying the interfacial bonding strength and the mag-
nitude of molecular interactions between the asphalt and
aqueous phases [29]. From a thermodynamic perspective,
elevated interfacial energy values signify lower stability,
which heightens the probability of droplet aggregation and
sedimentation, eventually leading to emulsion coalescence
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Fig. 11. RDF between emulsifiers and water

and phase separation. Conversely, a minimized interfa-
cial energy state facilitates the formation of a more stable
dispersion by reducing the driving force for phase separa-
tion. In this study, the calculated interfacial energies for the
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cationic systems were significantly lower than those for the
anionic systems. This reduction indicates that the cationic
emulsifiers more effectively lower the interfacial free en-
ergy, thereby enhancing the kinetic and thermodynamic
stability of the resulting asphalt emulsions. The formula
for calculating interfacial energy is as follows:

Etota — (EAsp + EEmul) @)
n

In the equation: E;y,; is the total energy of the oil /water

Err =

interface system (kcal/mol), Eg,,,; is the energy of the
emulsifier solution system (kcal/mol), E 45, is the energy
of the asphalt phase (kcal/mol), and 7 is the number of
emulsifier molecules.

Figure 12 presents the calculated oil-water interfacial
interaction energy for the different emulsified asphalt sys-
tems obtained from molecular dynamics simulations. The
interfacial interaction energy derived from MD simulations
represents the enthalpic contribution to interfacial stabiliza-
tion and provides insights into molecular-level interactions
at the oil-water interface. While this metric does not consti-
tute true thermodynamic free energy (which would require
proper free-energy calculation methods such as umbrella
sampling or thermodynamic integration), the magnitude
of interfacial interaction energy serves as a useful indicator
of the relative stability differences between systems when
compared qualitatively. Regarding the interfacial interac-
tion energy, the cationic emulsifier systems demonstrate
more favorable (lower) values compared to the anionic
variants. The interfacial interaction energies for STAC and
STAB are —85.2 and —84.7 kcal/mol, respectively, which
are markedly lower than those observed for the anionic sys-
tems (KDS: —69.8 kcal/mol; SDBS: —71.3 kcal/mol). This
difference of approximately 15 kcal /mol suggests stronger
favorable interactions between cationic surfactants and the
asphalt-water interface, which qualitatively correlates with
the observed macroscopic storage stability and particle size
results.

Energy component analysis reveals that van der Waals
forces are largely consistent across systems (approximately
—50 kcal/mol), indicating similar dispersion forces be-
tween alkyl chains and asphalt molecules. Electrostatic
interactions constitute the primary source of interfacial
energy differences. The cationic systems exhibit electro-
static interactions of approximately —35 kcal/mol, a con-
tribution substantially larger than that of the anionic sys-
tems (approximately —20 kcal/mol). This strong electro-
static interaction stems from the attraction between the
quaternary ammonium groups (—NT(CHj3)3) and nega-
tively charged asphalt components (e.g., carboxyl, phenolic
hydroxyl groups). In contrast, the sulfonate group (—SOj3’)

in anionic systems exhibits electrostatic repulsion with neg-
atively charged asphalt components, resulting in weaker
interfacial adsorption.
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Fig. 12. Emulsified asphalt oil/water interface energy

4. Conclusions

This study systematically investigated the interfacial mech-
anisms of different emulsifier types under laboratory stan-
dard conditions (25°C storage temperature, pH 7.0, atmo-
spheric pressure). However, the following factors warrant

consideration in future research:

1. Cationic emulsifiers enhanced interfacial stability
through strong electrostatic anchoring while main-
taining optimal hydrophilic-lipophilic balance. This
formed dense monolayers at the oil-water interface,
thereby reducing interfacial energy to —85 kcal/mol
and achieving superior storage stability (5-day separa-
tion rate < 5%).

2. The interfacial aggregation peak of cationic systems
increased significantly compared to anionic systems (a
peak value of 13.26 vs. 5.99-7.98). Quaternary ammo-
nium groups established strong electrostatic interac-
tions with halide counterions, contributing over 65%
of the total interaction energy to stabilize the interfa-

cial film.

3. The interfacial tension reduction efficiency of cationic
emulsifiers exceeded that of anionic emulsifiers (by
approximately 13-16 percentage points), effectively
preventing phase separation and maintaining uniform
dispersion of asphalt particles in the aqueous phase.
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Anionic emulsifiers demonstrated excessive hydra-
tion effects that weakened interfacial adsorption
strength despite strong hydrogen bonding with water
molecules (RDF peak > 3.5), resulting in loose inter-
facial packing and elevated interfacial energy (—70
kcal/mol).

. HLB analysis revealed an optimal hydrophilic-

lipophilic balance in cationic emulsifiers (HLB = 7.9).
This value approached the ideal requirement for O/W
emulsion systems (HLB ~ 8), while anionic KDS ex-
hibited excessive hydrophilicity (HLB = 40) that com-
promised long-term stability and oil-phase encapsula-
tion efficiency.
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