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Development of SBS composite modified asphalt
incorporating polydopamine-enhanced MoS:
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This study investigated the development of a novel composite modified asphalt
incorporating PDA-MoS; into styrene-butadiene-styrene (SBS) modified asphalt. The
successful synthesis of PDA-MoS, was confirmed through various characterization
techniques. The incorporation of PDA-MoS; into SBS modified asphalt resulted in
significant improvements in performance properties. With a PDA-MoS; content of 0.7 wt%,
the modified asphalt showed a notable 15.1% rise in softening point and a 24% drop in
penetration in comparison to the control SBS modified asphalt. Dynamic Shear Rheometer
tests revealed a 2.4-fold increase in the rutting factor at 60°C. Multiple Stress Creep
Recovery tests demonstrated enhanced rutting resistance, with a 72.2% reduction in non-
recoverable creep compliance at 0.1 kPa stress level. Electrochemical measurements
showed improved corrosion resistance, evidenced by lower current densities and higher
charge transfer resistance. Microstructural analysis revealed well-dispersed PDA-MoS,
particles forming a compact network structure within the asphalt matrix. The hydrophilicity
of the modified asphalt increased, with a 35.3% decrease in water contact angle. The
synergistic effect between PDA-MoS2, SBS, and asphalt components, facilitated by
enhanced interfacial interactions and chemical bonding, contributed to the observed
performance improvements. The results indicate that PDA-MoS, has the potential to

improve the characteristics of SBS modified asphalt as a modifier.
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1. Introduction

Asphalt is a widely used material in the construction and maintenance of road infrastructure.
However, the performance of conventional asphalt often falls short in meeting the increasing
demands of modern transportation, especially under heavy traffic loads and extreme weather
conditions [1,2]. In order to tackle these obstacles, scientists have investigated different approaches
to alter asphalt and improve its characteristics. One potential method involves integrating polymers,
like SBS, into the composition of the asphalt mixture [3]. SBS polymer modified asphalt has shown
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improved flexibility, crack resistance, and temperature sensitivity compared to unmodified asphalt
[4,5]. Despite the benefits of SBS modification, there are still limitations that need to be addressed.
The compatibility between SBS and asphalt can be a concern, as phase separation may occur over
time, leading to performance degradation [6,7]. Moreover, the high cost of SBS and its potential to
undergo oxidative degradation during high-temperature mixing and aging can hinder its widespread
application [8]. Hence, it is essential to investigate different additives that can improve the
characteristics of SBS modified asphalt and address these challenges.

Recently, molybdenum disulfide (MoS,) has attracted attention as a potential asphalt
modifier due to its unique layered structure and excellent mechanical properties [9,10]. MoS:
possesses high strength, good flexibility, and remarkable lubricating properties, which can contribute
to improved rutting resistance and fatigue performance of asphalt [11]. Additionally, the two-
dimensional structure of MoS, allows for easy dispersion in the asphalt matrix, promoting
homogeneity and stability of the modified asphalt. However, the hydrophobic nature of MoS; can
pose challenges in its application as an asphalt modifier. The poor water wettability of MoS, can
hinder its interaction with the asphalt binder, leading to inadequate dispersion and weak interfacial
bonding [12,13]. This may lead to decreased efficiency and longevity of the altered asphalt. Hence,
there is a need to discover methods to boost the hydrophilicity of MoS, and enhance its
harmonization with the asphalt mixture.

Polydopamine (PDA) has emerged as a promising solution to address the hydrophilicity
issues of MoS; [14,15]. It possesses excellent adhesive properties and can form stable coatings on
various surfaces through self-polymerization. By modifying MoS, with PDA, it is possible to
improve its water wettability and enhance its interaction with the asphalt binder [16]. The
hydrophilic nature of PDA can facilitate the dispersion of MoS; in the asphalt matrix, leading to
improved homogeneity of the asphalt [17,18]. The objectives of this study are twofold. First, we aim
to develop a novel composite modified asphalt by incorporating PDA-enhanced MoS, into SBS
modified asphalt. By combining the benefits of SBS, MoS,, and PDA, we expect to achieve superior
performance compared to conventional SBS modified asphalt. Second, we intend to investigate the
mechanisms behind the property enhancement of the composite modified asphalt, focusing on the
role of PDA in improving the hydrophilicity and compatibility of MoS, with the asphalt matrix. The
novelty of this study lies in the synergistic utilization of PDA, MoS,, and SBS to create a high-
performance composite asphalt. By leveraging the unique properties of each component and the
synergistic effects between them, we aim to develop an innovative asphalt material with enhanced
mechanical, rheological, and durability characteristics.

2. Materials and methods

2.1. Materials

The base asphalt binder used in this study was SK-70A, obtained from SK Energy Co., Ltd.
(Ulsan, South Korea). The asphalt had a penetration grade of 60/70 and met the specifications
requirements of China. The SBS polymer (YH-791) was supplied by Sinopec Baling Company
(Yueyang, China) with a styrene content of 30% and a block ratio of 30/70. Molybdenum disulfide
(MoS;) was purchased from Alfa Aesar (Shanghai, China). Dopamine hydrochloride (98%),
tris(hydroxymethyl)aminomethane (Tris) was obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).
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2.2. Synthesis of polydopamine-modified MoS; (PDA-MoS>)

The production of PDA-MoS; was achieved using a self-polymerization technique. To start,
1 g of MoS, powder was mixed with 100 milliliters of Tris-HCI buffer solution (10 mM, pH 8.5)
using ultrasonication for 30 minutes until a consistent suspension was formed. Next, the suspension
was supplemented with 1 g of dopamine hydrochloride, followed by stirring at room temperature
for a duration of 24 hours. During this process, the self-polymerization of dopamine occurred,
forming a PDA coating on the surface of MoS,. Following the reaction, the PDA-MoS; particles
were harvested through centrifugation at 8000 rpm for 10 minutes, rinsed with water, and then
dehydrated in a vacuum oven at 60°C for 12 hours.

2.3. Development of SBS composite modified asphalt with the addition of PDA-MoS;

The preparation of SBS composite modified asphalt incorporating PDA-MoS; involved a
melt blending process. Initially, the base asphalt was heated to 170°C in a temperature-controlled
oil bath. Then, 5 wt% of SBS polymer was gradually added to the asphalt under high-speed shearing
at 5000 rpm for 1 h. After the SBS was completely dissolved and the mixture became homogeneous,
a designated amount of PDA-MoS; (0.1, 0.3, 0.5, and 0.7 wt% by weight of asphalt) was introduced
into the SBS modified asphalt. The blending continued for another 1 h at 5000 rpm to ensure uniform
dispersion of PDA-MoS; in the asphalt matrix. The resulting composite modified asphalt samples
were labeled as PDA-MoS,/SBS, with the number indicating the weight percentage of PDA-MoS..

3. Results and discussion

3.1. Characterization of PDA-MoS2

The morphology and microstructure of MoS; before and after PDA modification were
investigated using SEM. As shown in Figure la, the pristine MoS, particles exhibited a typical
layered structure with smooth surfaces and sharp edges. The particles were relatively uniform in size,
ranging from 1 to 3 um. After the self-polymerization of dopamine, the PDA-MoS; particles (Figure
1b) displayed a rougher surface morphology compared to pristine MoS,. The PDA coating formed
a thin and homogeneous layer on the surface of MoS, particles, which slightly increased their size.
The PDA coating also led to the formation of some interconnected structures between the MoS,
particles, indicating improved interactions and potential for better dispersion in the asphalt matrix.

Fig. 1. SEM images of (a) pristine MoS: and (b) PDA-MoS>.

The XRD patterns of MoS, and PDA-MoS, are presented in Figure 2. The pure MoS2
exhibited distinct diffraction peaks at angles of 14.3°, 32.8°, 39.4°, and 58.2°, which can be
attributed to the (002), (100), (103), and (110) planes of the hexagonal MoS; structure (JCPDS No.
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37-1492) [19], respectively. After PDA modification, the PDA-MoS, sample exhibited similar
diffraction peaks, suggesting that the crystal structure of MoS, was maintained. However, a slight
decrease in peak intensity was observed for PDA-MoS,, which could be attributed to the presence
of the amorphous PDA coating [20]. The XRD results confirmed that the PDA modification did not
alter the inherent crystal structure of MoS,.
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Fig. 2. XRD patterns of MoS; and PDA-MoS..

The identification of functional groups and chemical bonds in MoS, and PDA-MoS, was
carried out using FTIR spectroscopy. As shown in Figure 3, the pristine MoS, exhibited a
characteristic peak at 468 cm™, which corresponded to the Mo-S stretching vibration [21]. Following
the modification with PDA, the PDA-MoS; sample exhibited new peaks at 1615 cm™ and 1510 cm™
!, which were identified as the C=C stretching vibration of aromatic rings within the PDA structure.
The broad peak at around 3400 cm™ was attributed to the O-H stretching vibration of catechol
hydroxyl groups in PDA [22]. Furthermore, the peaks observed at 1288 cm™ and 1120 cm™ were
identified as originating from the stretching vibrations of C-O and C-N in PDA [23], respectively.
The FTIR analysis verified that PDA was effectively applied onto the MoS; particles by undergoing
self-polymerization of dopamine.
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Fig. 3. FTIR spectra of MoS> and PDA-MoS:.
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3.2. Evaluation of SBS composite modified asphalt incorporating PDA-MoS;

The impact of varying levels of PDA-MoS; on the traditional performance characteristics
of SBS-modified asphalt was examined. The softening point of the SBS modified asphalt increased,
while the penetration decreased with the addition of PDA-MoS2, as shown in Table 1. The softening
point increased from 68.2°C for the control sample to 78.5°C for the SBS modified asphalt with 0.7
wt% PDA-MoS,, indicating enhanced temperature stability. The penetration decreased from 52.8
dmm for the control sample to 40.1 dmm for the 0.7 wt% PDA-MoS; modified asphalt, suggesting
improved stiffness and resistance to deformation [24]. The addition of PDA-MoS; resulted in a
reduction in the ductility of the modified asphalt. However, even with increasing PDA-MoS; content,
all samples still exhibited ductility values exceeding 10 cm, meeting the requirements for use in
asphalt pavement [25].

Table 1. Distinctive performance characteristics of SBS modified asphalt with varying levels of PDA-MoS:.

PDA-MoS: Content (Wt%) | Softening Point (°C) | Penetration (dmm) | Ductility (cm)
0 (Control) 68.2+0.3 52.8+1.2 65.3+2.1
0.1 70.5+ 0.4 493 +0.5 587+1.2
0.3 73.8+0.3 45.6+0.9 421+1.1
0.5 76.2 £ 0.5 42.7+1.1 284+13
0.7 78.5+0.2 40.1+0.8 18.9+0.8
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Fig. 4. G’, G” and tand of SBS-asphalt with different PDA-MoS, contents at 60°C.



790

Table 2. G*/sin 6 of SBS-asphalt with different PDA-MoS; contents at 60°C.

PDA-MoS: Content (wt%) | Rutting Factor (G*/sin d) at 60°C (kPa)
0 (Control) 1.62 +0.08
0.1 2.05+0.11
0.3 2.74 +£0.07
0.5 3.38+0.12
0.7 3.85+0.14

The viscoelastic properties of the SBS modified asphalt with different PDA-MoS, contents
were evaluated using DSR. Figure 4 presents the storage modulus (G”), loss modulus (G””) and phase
angle (tand) of the asphalt samples at 60°C. The incorporation of PDA-MoS; significantly increased
the G* values and decreased the d values compared to the control sample. The increased G* indicates
improved stiffness and resistance to deformation, while the decreased & suggests enhanced elastic
behavior [26]. The rutting factor increased with increasing PDA-MoS, content, as shown in Table 2.
The 0.7 wt% PDA-MoS;-asphalt exhibited the highest rutting factor, which is 2.4 times higher than
that of the control sample. The improved viscoelastic properties of the PDA-MoS; modified asphalt
can be attributed to the reinforcing effect of the well-dispersed PDA-MoS; particles and the strong
interactions between PDA-MoS; and the asphalt matrix.

The MSCR test was used to assess the rutting resistance of the SBS modified asphalt with
PDA-MoS,. Table 3 displays the non-reversible deformation compliance (Jnr) and recovery
percentage (R) of the asphalt specimens at a temperature of 60°C. The addition of PDA-MoS;
significantly reduced the Jnr values and increased the R values compared to the control sample,
indicating improved rutting resistance and elastic recovery. The Jnr values decreased from 2.45 kPa
! for the control sample to 0.68 kPa™ for the 0.7 wt% PDA-MoS;-asphalt at 0.1 kPa stress level, and
from 3.21 kPa™' t0 0.92 kPa™ at 3.2 kPa stress level. The R values increased from 8.2% for the control
sample to 45.6% for the 0.7 wt% PDA-MoS, modified asphalt at 0.1 kPa stress level, and from 2.5%
to 35.8% at 3.2 kPa stress level. The improved rutting resistance of the PDA-MoS; modified asphalt
can be attributed to the enhanced stiffness and elasticity provided by the PDA-MoS; particles, as
well as the strong interfacial bonding between PDA-MoS, and the asphalt matrix.

Table 3. Jnr and R of SBS modified asphalt with different PDA-MoS> contents at 60°C.

PDA-MoS: Content | Jnr at 0.1 kPa | Jnr at 3.2 kPa | R at 0.1 kPa | R at 3.2 kPa
(wt%) (kPa™) (kPa™) (%) (%)

0 (Control) 2.45+0.11 3.21+0.07 82+04 2.5+02

0.1 1.98 £0.14 276 £0.11 15.6+0.5 7.8+0.7

0.3 1.42 £0.08 2.05+0.08 273+0.5 18.5+0.8

0.5 0.95+0.07 1.38 £0.02 38.9+0.2 287+13

0.7 0.68 +£0.02 0.92 +0.05 456 +0.7 358+1.1
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The corrosion resistance of the SBS modified asphalt with PDA-MoS, was investigated
using electrochemical measurements. Figure 5a displays the potentiodynamic polarization curves of
the asphalt specimens immersed in a 3.5 wt% NaCl solution. The incorporation of PDA-MoS,
shifted the polarization curves to lower current densities and higher corrosion potentials compared
to the control sample, indicating enhanced corrosion resistance [27]. Figure 5b shows the EIS
Nyquist plots of the asphalt samples. The semicircle's diameter in the Nyquist plot is a representation
of the charge transfer resistance (Rct), which has an inverse relationship with the corrosion rate. The
PDA-MoS, modified asphalt exhibited larger semicircle diameters compared to the control sample,
indicating higher Rct values and improved corrosion resistance [28]. The improved ability of the
PDA-MoS,-asphalt to resist corrosion is due to the barrier created by the evenly distributed PDA-
MoS; particles, preventing corrosive substances from penetrating the asphalt.
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Fig. 5. (a) Potentiodynamic polarization curves and (b) EIS Nyquist plots of SBS-asphalt with different
PDA-MoS: contents in 3.5 wt% NaCl solution.

3.3. Mechanisms for property enhancement

The addition of PDA-MoS; had a notable impact on the microstructure of the SBS-modified
asphalt. As shown in Figure 6, the SEM images reveal the differences in the morphology of the
asphalt samples. The control SBS modified asphalt (Figure 6a) exhibited a relatively smooth and
homogeneous surface with some SBS polymer phases dispersed in the asphalt matrix. With the
addition of PDA-MoS; (Figure 6b-d), the asphalt samples displayed a rougher surface morphology
with well-dispersed PDA-MoS; particles. The PDA-MoS; particles were embedded in the asphalt
matrix and formed a compact network structure, which contributed to the reinforcement of the
asphalt [29]. The particle size of PDA-MoS; ranged from 1 to 3 pm, and no significant
agglomeration was observed, indicating good dispersion stability. The improved microstructure of
the PDA-MoS, modified asphalt can be attributed to the enhanced compatibility and interfacial
adhesion between PDA-MoS; and the asphalt matrix, which results from the hydrophilic nature and
functional groups of the PDA coating.
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Fig. 6. SEM images of (a) control SBS-asphalt, and SBS-asphalt with (b) 0.1 wt%, (c) 0.3 wt%,
and (d) 0.7 wt% PDA-MoS..

The chemical composition of the SBS-asphalt was altered by the incorporation of PDA-
MoS,, as evidenced by the FTIR spectra shown in Figure 7. The control SBS modified asphalt
exhibited characteristic peaks of asphalt binder, such as the C-H stretching vibrations at 2920 cm’'
and 2850 cm™', and the C=C stretching vibration at 1600 cm™ [30]. With the addition of PDA-MoS,,
new peaks emerged in the FTIR spectra. The peak observed at 3420 cm™ was identified as the O-H
stretching vibration of catechol hydroxyl groups in PDA. Additionally, the peaks at 1510 cm™ and
1288 cm™! were assigned to the C=C stretching vibration of aromatic rings and the C-O stretching
vibration in PDA, respectively, as reported in previous studies [31]. The intensity of these peaks
increased with increasing PDA-MoS, content, confirming the successful incorporation of PDA-
MoS; into the asphalt matrix. The presence of PDA functional groups in the modified asphalt
enhances the interfacial interactions and chemical bonding between PDA-MoS, and the asphalt
components, leading to improved performance properties.
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Fig. 7. FTIR spectra of SBS-asphalt with different PDA-MoS; contents.

The addition of PDA-MoS; greatly enhanced the water affinity of the SBS-asphalt mixture.
The control SBS modified asphalt showed a water contact angle of 105.2 + 1.5°, indicating a
hydrophobic surface. With the addition of PDA-MoS,, the water contact angle gradually decreased,
reaching 68.1 + 1.8° for the 0.7 wt% PDA-MoS; modified asphalt. The increased water affinity of
the PDA-MoS, modified asphalt is due to the inclusion of hydrophilic functional groups like
catechol hydroxyl and amine groups within the PDA layer [32]. The enhanced hydrophilicity
facilitates the dispersion and compatibility of PDA-MoS:; in the asphalt matrix, leading to better
interfacial adhesion and improved performance properties. Moreover, the hydrophilic nature of
PDA-MoS, can also enhance the moisture resistance of the modified asphalt by preventing the
penetration of water into the asphalt matrix [33].

The improved performance characteristics of the PDA-MoS, enhanced asphalt can be
credited to the combined impact of its components working together. The PDA coating on the surface
of MoS; particles acts as a compatibilizer, improving the interfacial interactions and chemical
bonding between MoS; and the asphalt matrix. The catechol and amine groups in PDA can form
hydrogen bonds and m-m interactions with the polar functional groups in the asphalt, such as
sulfoxide and carbonyl groups. These strong interfacial interactions enhance the adhesion and
compatibility between PDA-MoS; and the asphalt matrix, leading to better dispersion and
reinforcement effects. Moreover, the SBS polymer in the modified asphalt can also interact with the
PDA-MoS; particles through physical entanglement and van der Waals forces, further enhancing the
network structure and mechanical properties of the asphalt. The synergistic effect between PDA-
MoS,, SBS, and the asphalt matrix results in improved rheological properties, rutting resistance, and
durability of the composite modified asphalt.

4. Conclusion
In conclusion, this study successfully developed a novel SBS composite modified asphalt

incorporating PDA-MoS; with superior performance characteristics. The addition of PDA-MoS,
significantly enhanced the properties of SBS-asphalt, with optimal results achieved at 0.7 wt% PDA-
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MoS, content. Viscoelastic properties were markedly improved, with the rutting factor at 60°C
increasing by 137% compared to the control sample. MSCR tests revealed enhanced rutting
resistance, with Jnr values decreasing from 2.45 kPa™ to 0.68 kPa™ at 0.1 kPa stress level, and
percent recovery increasing from 8.2% to 45.6%. Corrosion resistance was also significantly
improved, as evidenced by electrochemical measurements. The mechanisms behind these
enhancements were elucidated through microstructural and chemical analyses, revealing well-
dispersed PDA-MoS; particles forming a compact network structure within the asphalt matrix. The
synergistic effect between PDA-MoS,, SBS, and asphalt components, facilitated by improved
interfacial interactions and chemical bonding, resulted in the observed performance improvements.
The hydrophilicity of the modified asphalt increased, with the water contact angle decreasing from
105.2° to 68.1°. These findings demonstrate the potential of PDA-MoS; as an effective modifier for
SBS modified asphalt, offering a promising solution for enhancing the durability and performance
of asphalt pavements under challenging conditions.
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