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Abstract: Recently, nanotechnology has been effectively
used in the field of road pavement. Oxidation and aging of
asphalt cause deterioration of road pavements and increase
asphalt-related emissions. We propose an anti-aging strategy
to interrupt the asphalt deterioration by using engineered
clay/fumed silica nanocomposites. In this research, the mor-
phological, chemical, thermal, mechanical, and rheological
properties of nano-modified asphalt binders aremeticulously
analyzed in various conditions. The experiment results
proved that this composite efficiently disrupts the chemical
oxidation and decomposition in the mixture and reduces the
aging rate. Remarkably, asphalt binder rheology experiments
revealed that the addition of 0.2–0.3wt% of nano-reinforced
materials maximized their rheological resistance after short-
and long-term aging. Moreover, nanoparticles improve the
moisture resistance efficiency and in turn overcome the cri-
tical issue of moisture in low production temperature within

the framework of warm mix asphalt technology. This cost-
effective, facile, and scalable approach in warm mix asphalt
mixtures can contribute to increased sustainability and life-
span of pavements and a reduction in greenhouse gas
emissions.

Keywords: nano clay, modified bitumen, thermal oxida-
tion aging, nano-modification, nanocomposites

1 Introduction

Bitumen is generally used as the glue in road asphalt
mixtures, due to its appropriate rheological properties
[1–3]. However, modification of bitumen has developed
an emerging field in road material technology, mainly in
connection with re-using reclaimed asphalt paving, with
low-energy concepts for asphalt mixture production, and
with the increasing wish to at least partially replace the
bitumen through more sustainable and bio-based bin-
ders. A significant issue when identifying the most appro-
priate bitumen modifiers is to investigate their aging
resistance. As road asphalt materials are exposed not
only to hot temperatures during mixture production but
also to severe sun radiation, and oxygen and other radicals
that promote binder aging during their entire in-service
life [4–7], the durability of asphalt binders in terms of
aging resistance is an important material property. Binder
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aging includes ultraviolet, thermal long-term aging, and
thermo oxidative short-term aging.

To influence asphalt binder performance, a huge
variety of different types of additives can be added to
bitumen, such as polymers, fibers, recycled materials,
and nanomaterials [8,9]. This study focuses on nanoma-
terials. Among these materials, usually, nanomaterials
significantly change chemical binder properties and in
consequence mechanical rheological performance prop-
erties. Among the most important parameters describing
nanoparticles (NPs), which cause physical properties of
nanocomposites unique and different from conventional
materials, are their ratio of surface area to volume, shape,
chemical composition, and their capability to increase
interactions at phase interfaces [10,11]. Metal oxide, inor-
ganic, nanofibers, and nanocomposites are the main
class of nanomaterials particularly used in asphalt mix-
ture to modify asphaltene binders [12,13]. Metal oxide
NPs including zinc oxide (ZnO) and titanium dioxide
(TiO2) are reported to enhance the asphalt mixture’s resis-
tance to rutting and cracking [13,14]. Inorganic NPs such
as silica (SiO2), carbon nanotubes (CNTs), and nano-clay
are seen to have excellent potential in the reinforcement of
asphalt materials and improving their durability [15,16].
The rheological performance of bitumen– and consequently
the performance of the corresponding asphalt mixture –was
successfully improved through the addition of SiO2 NPs. The
thermal and mechanical stabilities of the asphalt mixture
were also improved by incorporating clay NPs [17,18]. To
the best of our knowledge, clay and silica families are
the most widely used inorganic NPs to improve the binder
resistance to aging [19–22]. Clay and silica families were
reported to be one of the excellent inorganic NPs in
improving binder aging properties. Based on the results
of different reports, nano-silica-modified asphalt binders
slightly decreased viscosity and complex modulus, while
improving fatigue and rutting resistance after short-term
aging [19–21]. In addition, some investigations have shown
that nano-silica-modified binder has a higher resistance to
thermal aging, ultimately leading to increased durability of
asphalt pavements [21,22]. SiO2 NPs have advantages such
as nonphotocatalytic, inorganic shielding, and nontoxic,
which are of crucial importance for use in asphalt mixtures
[23,24]. However, fumed SiO2 NPs are one class of synthetic
nanomaterials that has environmentally friendly and eco-
nomic justification to use on large scale. Fumed silica is a
synthetic amorphous structure nanomaterial with a large
surface area and nano-size scale [25]. Therefore, this study
focuses on clay/fumed silica nanoparticles (CSNPs).

In comparison to the conventional way, warm mix
asphalt (WMA) technologyworks in an efficient eco-friendly

manner. In this case, asphalt is produced at a temperature
of approximately 30–60°C, which is lower than usual. This
technology reduces the emission of harmful vapors and
leads to 20–35 and 35% less greenhouse gas emissions and
energy consumption, respectively [13,26]. However, moisture
susceptibility is a commondisadvantage ofWMA technology,
leading to a decrease in its performance [27,28].

The objective of this research is to identify the potential
impacts of CSNPs on the aging resistance of road asphalt
binders that are used for road asphalt mixtures produced by
WMA technology. In detail, the morphological, chemical,
thermal, rheological, andmechanical properties of CSNP-mod-
ified asphalt binders are meticulously analyzed in various
conditions.New insights are presented toward a further under-
standing of potential changes in mechanical and rheological
binder properties due to thermal aging. Figure 1 schematically
illustrates the experimental techniques applied in this study.

2 Materials and methods

2.1 Materials

The synthesis process of CSNPs was selected according
to the authors’ previous research (as shown in Figure S1)
[29]. Nano fumed silica (Aerosil A300, Degussa Co.,
Germany), sodium bentonite (Sigma Aldrich Ltd., Germany;
see Table S1), and Bitumen 50/70 (Total Co., France) were
used in this research. The particle size analysis of materials
was performed using a dynamic light scattering (DLS)
(Malvern ZEN 3600, UK), while X-ray diffraction (XRD)
analysis was conducted using an X-ray powder diffrac-
tion (Philips PW 1730, Netherlands; Figure S2). To prepare
the WMA mixture, a new formulation of Fischer-Tropsch
(FT) wax (Sasol, South Africa; Evonik, Germany; Sigma-
Aldrich, Germany) was synthesized in this investigation.
Before use, nanocomposites were dried in an oven at 110°C
for 3 h. In the first step, samples were prepared in accor-
dance with prior works procedures [18]. Subsequently,
nanocomposites were added to bitumen in different quanti-
ties (0.1, 2, and 3wt%). In this study, bitumen was modified
using a 3% WMA additive. This value was chosen based on
the commonly used wax content used in WMA mixtures
reported in the previous study [13].

2.2 Aging process

For the rolling thin film oven test (RTFOT), according to
ASTM D1754, samples were kept at 163°C in the rolling
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thin-film oven (RTFOT 8, model of ISL, France). Based on
the pressure aging vessel (PAV) standard procedure,
samples were investigated in the PAV after long-term
aging (with a 300 psi and 100°C for 20 h). We prepared
samples in three conditions: S1–S4: unaged samples,
S5–S8: short-term aged samples, and S9–S12: long-term
aged samples. All the samples are presented in Table S2
(Supplementary materials).

2.3 Characterization methods

A dynamic shear rheometer (DSR) device (Malvern Kinexus
Pro+, UK)was applied to evaluate the rheological properties
at a frequency of 10 rad/s and temperature between 20
and 70°C. The phase angle and complex shear modulus

(G*) of base asphalt binder and aged samples weremeasured
according to the standard AASHTO T 315. This method is
generally used for characterizing asphalt binder proper-
ties in the linear viscoelastic range. Chemical properties were
tested using Fourier transform infrared (FTIR; Thermoscientific
Nicolet iS10, USA) and a TG/DTA (SDT Q600, TA Ins., USA). A
Renishaw inViaTM confocal Ramanmicroscope (Renishaw plc,
Miskin, Pontyclun, UK) with an argon laser source (633nm)
was used to study chemical bonding and aromatic sheet
size, which was equipped with a charge-coupled device
detector (4/cm spectral resolution, 90° scattering geo-
metry). The survey spectrums were recorded ranging
from 500 to 3,000/cm at room temperature (50× long
work distance objective). Atomic force microscope (AFM;
Nanowizard, JPK Ins., Germany) with cantilevers in a

Figure 1: Schematic overview of experimental techniques applied in this study.
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tapping mode (RTESP, Bruker, USA) and field emission
scanning electron microscope (FE-SEM; TE-SCAN, MIRA
III, Czech Republic) were used to study morphology and
structures of binder samples in microscales and nanoscales.
Roughness and thickness map images at 1–2 frames/s and a
set-point z were analyzed, and the results were evaluated
using the open-source software Gwyddion [30]. Themorphol-
ogies were characterized by focusing an electron beam on the

surface of the binder samples. A thermal infrared camera
(FLIR-T440, US) recorded thermographic images in specific
time steps from binder samples. Flexural creep properties at
low temperature were analyzed by using a thermoelectric
bending beam rheometer (TE-BBR; Cannon Ins., USA). In
this study, we used Petrotest© for softening point (PKA5,
Germany), automatic penetrometer (PNR 12, Germany),
and ductility test (infratest, 20-2356, Germany). A summary

Figure 2: (a) FESEM images of asphalt binder modified by CSNPs at different magnifications. (b) FESEM colored images of CSNPs on binder
surface; CSNPs coat a large surface of the binder due to the high surface area-to-volume ratio (one of the unique physical properties of
CSNPs). The red shows an aggregation of NPs, and green demonstrates the asphalt binder surface. (c) FESEM images of asphalt binder
surface at different scales and aggregation sizes of CSNPs. The first red square illustrates the aggregate of CSNPs, and the second red
square shows the surface of the asphalt binder. The average size of CSNPs is 45 nm.
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of the physical characteristics of the asphalt binder used
in this study is presented in Table S3 (Supplementary
Materials).

3 Results and discussion

3.1 Surface morphology

FE-SEMwas conducted to observe the surface morphology
of CSNP-modified asphalt binder samples in the asphalt
binder matrix (Figure 2a). FE-SEM images display uniform
dispersion of CSNPs (average particle size ∼45 nm) in the

asphalt binder matrix. Unique nanolayer shapes of CSNPs

in asphalt binder matrix significantly affect the aging

process: like a shield. In this case, CSNPs prevent the

upper structure from destruction through radiation [8]
and simultaneously trap volatile compounds and prevent

evaporation from the asphalt binder.
Due to their large surface area, clay nanolayers and

fumed silica NPs coat a wide area. To use this feature,
suitable dispersion of CSNPs in asphalt binder is essen-
tial. Distribution can be analyzed (see Figure S3) using
energy-dispersive spectroscopy (EDS). The elements alu-
minum, silica, iron, and titanium can be detected and
used to identify the distribution of CSNPs in base binders.
Clay layers in binders’ surfaces are usually detected via
titanium dioxide (with 1 µm average particle size). The

map of titanium elements shows that the distribution of
the particles in bitumen is uniform.

The nanostructure formed by CSNPs acts as a nano-
shield against oxidation and thermal destruction. Clay
layers are of high heat resistivity and avoid decomposi-
tion of chemical bonds and thus delay binder aging [8].
Figure 2b and c shows the partially uniform cover of
CSNPs on asphalt binders (green color) and dense bulks
of CSNPs (red color), respectively. Polarity and chemical
bonding [31,32] are important parameters that cause
nanolayers to adsorb together and create these bulky
components in asphalt binders.

To further understand the effect of CSNPs on the
binder, morphological properties were analyzed through
the AFM test. The identification of the change of the
binder microstructure due to aging is of interest because
it shows the changing molecular interactions and che-
mical compounds [33,34]. The microstructures of binder
samples modified by CSNPs are shown in Figure 3.

In Figure 3, three phases Catana, Peri, and Para are
shown that indicated bee-like structures, dispersed phase,
and smooth matrix phase, respectively. The Catana and
matrix phases are considered as microstructure character-
istics of the binder [35]. Bee-like structures are attributed
to the long chains of alkyl in microcrystalline waxes,
aromatics structures, and asphaltenes, which crystallize
during cooling [36]. Bee-like structures in AFM images
indicate the possible presence of asphaltic components
(Figure 3b–d). The amount of asphaltenes and colloids is
directly related to the size of the bee-like structure in the

Figure 3: (a) AFM 3D view of the surface morphology of asphalt binder, showing bee-like structures after aging that looks like a Toblerone
chocolate bar; the bee-like structure is affected by the polarity of asphaltene molecules and is a challenging phenomenon that is directly
related to long alkyl chains of asphaltenes, high aromatic components, and microcrystalline waxes. Aging affects the size of the individual
bees and their number on the binder surface considerably, and with the increasing size and number, the binder surface stiffness increases.
(b) AFM 2D view of components of bee-like structures. (c) Colored single bee; red zone represents saturates–aromatics, violet zone shows
asphaltenes–resins, dark blue zone illustrates resins–aromatics, and light blue zone shows saturates–resins content. The scale bar is
500 nm. (d) 3D cross-section of asphalt binder and four components of asphalt binder: asphaltenes, resins, aromatics, and saturates. The
scale bar is 1 µm. 2D and 3D AFM surface images of binders: (e) morphological unaged sample, (f and g) short-term and long-term aged
samples, respectively; at three different modes: center row, phase image; left and right rows, 3D and 2D surface topography samples.
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asphalt binder; the larger the structure, the higher the
number of asphaltenes and colloids [37]. The micro-
structure morphology and the individual phases of
short- and long-term aging binder samples are pre-
sented in Figure 3e–g. The comparison of AFM images
of long-term aged and virgin samples illustrates the
disappearing nanostructure and the increasing formation
of bee-like structures. The same process can be observed
on Videos 1–3 (see Supplementary Materials), recorded
during the AFMmeasurements, which show the consequen-
tial structural change of binder aging. The addition of
CSNPs to the asphalt binder leads to significant changes
in binder morphology and microstructure. These changes
explain the role of CSNPs as a shield to binder aging.

3.2 Dynamic viscoelastic properties

Viscoelastic properties of binders were analyzed by the
DSR test. The phase angle (δ) and the corresponding

complex shear modulus (G*) were measured over the fre-
quency range (10 rad/s) and a large temperature (from 20
to 90°C). The binders’ resistance to deformation (rutting)
permanent (plastic) was investigated according to para-
meter G*/sin δ parameter [38]. The results are illustrated
in Figure 4a–c. Deformation resistance of asphalt binder
is considered with phase angle and complex modulus,
which loading frequency and temperature parameters
have the main effect on G* and δ [8].

The sample with CSNPs in an amount of 0.2 wt%
shows the highest deformation resistance before aging.
Aging leads to an increase in stiffness. The maximum
level of stiffness is always observed for aged base sam-
ples, which is linked with an increase in elastic behavior
[39] and disadvantageously with an increase in brittle-
ness [40]. The complex modulus conditions change upon
the addition of NPs to the asphalt binder. For CSNP-mod-
ified samples, the increase in stiffness upon aging is less
distinct due to the reinforcing effect of NPs. Based on the
results of this study, the addition of 0.2 and 0.3 wt% of

Figure 4: Phase angle and complex modulus of modified asphalt binder, (a) 0.1 wt%, (b) 2 wt%, and (c) 3 wt% CSNPs. Rutting resistance of
CSNP-modified binder in short- and long-term aged and unaged conditions for (d) base samples, (e) 0.1 wt% CSNPs, (f) 0.2 wt% CSNPs, and
(g) 0.3 wt% CSNPs.

Table 1: Threshold temperatures of asphalt binder before and after aging in various concentrations (S1–S12) of CSNPs

Threshold temperatures (°C)

Before aging (G*/sin δ = 1 kPa) After aging (G*/sin δ = 2.2 kPa)

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
72.8 73.0 73.4 73.1 73.0 72.4 72.9 72.7 77.4 77.4 77.6 78.0
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Figure 5: Derivative thermo-gravimetry and thermal gravimetric analysis images: unaged binder samples: (a) base samples and (b) CSNPs
modified; short-term aged binder: (c) base samples and (d) CSNPs modified; long-term aged binder: (e) base sample and (f) CSNPs
modified.

Engineered nanocomposites in asphalt binders  1057



NPs to the asphalt binder shows the highest resistance to
permanent deformation after short- and long-term aging,
respectively. An optimum content of CSNPs in the asphalt
binder can be determined for obtaining CSNP-modified
binders with the highest resistance to aging. After PAV
aging, the phase angle and complex modulus ranking
were 3.0 wt% NPs < 1.0wt% NPs < 2.0 wt% NPs < 0.0wt%
NPs, and 0.0wt% NPs > 2.0 wt% NPs > 1.0wt% NPs >
3.0 wt% NPs, respectively.

In Figure 4d–g, rutting parameters before and after
aging are displayed (at 30 and 70°C). Samples 6 and 12
demonstrated the most distinct improvement after short-
and long-term aging, respectively. The results show the
resistance to permanent deformation, which improved
upon the addition of CSNPs.

In this investigation, the efficiency of rutting resis-
tance is considered with the threshold temperature of the
rutting factor. Table 1 presents a threshold temperature of

1.0 before aging and 2.2 kPa after aging (based on SHRP-
A-369 standard [38]). The results show that CSNPs decrease
rutting resistance before aging. After aging, the threshold
temperature and hardening of base samples increase, while
the contrary is measured for CSNP-modified samples. These
observations confirm that CSNPs reduce the stiffness and
hardening due to aging. Moreover, the results showed that
0.1 wt%of CSNPsperformshigher in comparison to0.2 wt%.

3.3 Thermal and spectroscopy analysis

Thermogravimetry/differential thermal analysis (TG/DTA)
was carried out to investigate the thermal stability and the
pattern of thermal decomposition. Figure 5 shows the
results of thermogravimetric analysis (TGA), where the
weight loss of the samples is measured with the increasing
temperature up to 900°C.

Figure 6: Infrared thermal image: WMA additive (a–d) with CSNPs, (e–h) without CSNPs; without WMA additive (i–l) with CSNPs and (m–p)
without CSNP; in different thermal zones: (d, h, l, p) 120 s, (c, g, k, and o) 90 s, (b, f, j, and n) 60 s, and (a, e, I, and m) 30 s. The sample’s
diameter is 18 mm.
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Figure 7: Contact angle images: unaged binder (a) without CSNPs and (b) with CSNPs; short-term aged binder (c) without CSNPs and
(d) with CSNPs; long-term aged binder (e) without CSNPs and (f) with CSNPs.
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Three main ranges of mass loss are shown in thermal
decomposition: temperature ranges of 200–360, 370–490,
and 540°C. Over the temperature range of 480–580°C, het-
eroatom bonds of base samples are decomposed, and resins
are oxidated and dehydrogenated. In the next stage, the
polymerization/cracking process produces asphaltenes that
increase the binder weight loss [41,42].

CSNP-modified binder samples have increased thermal
stability. The final decomposition in CSNP-modified binders
happened sooner in comparison to base samples that this
subject may be related to fumed silica NPs (Figure S4). The
carbon residue of base samples arrives at zero at 800°C
(maximum mass loss); however, there is a 20–43% carbon
residue in the CSNP-modified binders. The CSNP-modified
binders with lowerweight loss have higher heat stability and
lower evaporation [43]. Most of the mass loss for CSNPs
binder samples occurs at temperatures above 200°C, which
is much higher than the operating temperature required for

asphalt mixtures; therefore, this nanocomposite has accep-
table thermal performance in asphalt binders.

The temperature distribution on the sample surface
during 120 s at different times (by using infrared thermal
images) – always calculated by chosen three points on
the surface [44,45] – is shown in Figure 6. Temperature
changes are shown by the color change in asphalt binder
samples. At low temperature (Figure 6a, e, i, and m), heat
distribution is uniform; however, temperature increases
from 44.6 to 136, 34.8 to 95, and 33.7 to 95°C for the
sample without WMA additive, with WMA additive, and
with WMA additive + CSNPs after 120 s, respectively.
Figure 6 shows that without WMA, additive samples
have linear heating rates and a growing surface tempera-
ture trend. Figure 6h and p shows that WMA samples can
release uniformly heat; however, base samples create heat
accumulation. In addition, WMA samples have a more
suitable temperature distribution than base samples at a

Figure 8: Schematic of action of clay/silica NPs and bitumen compositions.
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lower heat level. Figure 6a–d and i–l shows the released
heat rate of samples without and with CSNPs, which are
0.63 and 0.62°C/s, respectively. These figures indicate that
WMA additives with and without CSNPs have similar
thermal mechanisms.

The comparison of temperature distributions of sam-
ples modified by CSNPs and fumed silica NPs (Figure 6
and Figure S5) shows that the effect of CSNPs on WMA
is more effective than fumed silica NPs. In addition, the

sufficientperformance (temperaturedistribution)of samples
modified with silica NPs and clay NPs indicates the self-
healing phenomenon in the asphalt binder [46,47].

3.4 Contact angles of asphalt binders

Figure 7 shows contact angles (CAs; between water and
asphalt binder surface) for various asphalt binders before

Figure 9: (a) FTIR spectra of asphalt binders at different aging conditions (wavenumber 700–4,000/cm) and (b) sulfoxide and carbonyl
aging indexes at different aged conditions.
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and after aging. CA values higher or lower than 90° show
hydrophobicity or hydrophilicity of the samples, respec-
tively. CSNP-modified samples are more hydrophobic,
and thus, fewer water molecules are trapped in the binder
surface. To put it another way, CSNPs significantly reduce
residual molecules of water in the asphalt mixture and
alter the wettability of asphalt binders. This phenomenon
indicates that CSNP-modified binders have much higher
moisture susceptibility in comparison to the base binder
samples. Videos 4–6 (see Supplementary Materials) com-
pare CAs of modified samples before and after aging.

In Figure 7, the increase in CA from 91 to 97° of a
CSNP-modified sample is shown. This observation could
be related to the hydrophobic nature of fumed silica NPs.
The ratio of fumed silica NPs in asphalt binder could play
a key role in binder wettability (CAs of fumed silica NPs
are shown in Figure S6). In addition, CA imaging showed
that for increased aging levels, a slight increase (from6 to 7°)
in CA long-term aging is observed.

3.5 Mechanism of CSNPs and bitumen

Several mechanisms affect the anti-aging process of asphalt
bindermodified by CSNPs. In this interaction, an increase in
surface energy causes an increase in hydroxyl groups bonds
between silica NPs and bitumen [8,48]. Besides, the high
surface area-to-volume ratio of clay nanolayers increases to
combine asphalt binder molecules with clay layers [49].
Bitumen molecules could be created chemical bonds with
silica NPs, and also, NPs support components of bitumen by
physical reactions (van der Waals force) [50]. Asphaltene
plays a key role in the rheological properties of bitumen.
Based on the bitumen’s colloidal structure (Figure 8), oil
and asphaltene are dispersed in the solvent phase. As
shown in Figure 8, due to the appropriate size of the CSNPs
(average particle sizes of silica particles and clay layers
are about 33 and 12 nm, respectively), they are easily dis-
persed between these colloidal dimensions and cover the
asphaltene molecules (average diameter, 0.5–40 nm [51]);

Figure 10: Raman spectra of the binder samples: (a) unaged, (b) short-term aging, and (c) long-term aging.
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hence, the mechanical and thermal properties can be mod-
ified with this molecular chemical improvement. Further-
more, nanolayers of clay have superb abilities to change the
properties on the bitumen surface. Clay nanolayers are dis-
persed in bitumen’s colloidal structure and prevent the
penetration of oxygen into the matrix of bitumen at the
nanoscale [52]. Other physical and chemical properties of
CSNPs such as wettability alteration [53] and ion exchange
reactions enhance the stability of modified bitumen and
avoid decomposition of the bitumen’s chemical structure.

3.6 Fourier transform infrared and Raman
spectroscopy analysis

To study the chemical bonds of asphalt binder, FTIR
spectroscopy was used in the range of 650–4,000/cm

(Figure 9a). Figure 9 shows the change rate (CR) of sulf-
oxide and carbonyl index for short- and long-term aging.
As to UV-aged samples, the carbonyl index increasedmore
than for the base binder. The sulfoxide and carbonyl index
were reduced for CSNP-modified asphalt binders. In addi-
tion, expansion of aging time increases sulfoxide and car-
bonyl index.

The equations in the SupplementaryMaterials (see Table S4)
have been used to investigate chemical bonds –Aromatic
(C]C), ethylene (CH]CH), carbonyl (C]O), aliphatic
(C–H of CH3), aliphatic (C–H of −(CH2)n–), and sulfoxide
(S]O) indexes [54,55].

The change in the ratio of bands is shown in Figure 9b
for all binder samples. During the short- and long-term
aging process, carbonyl, sulfoxide, and aromatic indexes
increased; however, after aging, results show that the sulf-
oxide and carbonyl indexes reduced for CSNP-modified
binders. Due to the aging process, asphaltene is hydro-

Figure 11: Creep stiffnesses (S) and creep rates (m-value) of asphalt binders: (a) nonmodified and (b)modified by NPs after long-term aging
at different temperatures. (c) IVA of base binder and NP-modified asphalt binder.
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genated into the polycyclic aromatic or hydroaromatic
hydrocarbons and leads to an increase in the aromatic
compounds. Conversely, after aging, due to the opposi-
tion between compounds of aliphatic and aromatic, there
was a decrease in aliphatic molecules. In addition, in the
CSNP-modified binder, the ethylene (CH]CH) index increased
after the aging, which indicates that CSNP is an appro-
priate protective shield to decrease oxidative and thermal
reactions [54,56]. In other words, particles of nano-
diameter have an excellent capability to be used as
an anti-aging shield [57].

The average size of the aromatic sheet of bitumen
was determined by Raman spectroscopy (Figure 10). The
Raman spectra of each sample are composed of D and G
bands, except fresh bitumen [58,59]. The G and D bands
show the carbon atoms sp2 stretching vibration within
the aromatic sheet of hexagonal and the boundary of
an ordered-like structure of asphaltene, respectively
[58]. The band peak position of G and D (IG and ID) in
Figure 10 is in 1,585–1,599 and 1,264–1,377/cm, respec-
tively (Figure S7) [59].

Although there are great similarities between the Raman
spectra among the bitumen samples, there exist several
main variations. For example, the relative proportion of aro-
matic rings was considerably higher in the long-term aging
sample, compared with lower aromatic fused rings in the
base samples. In the presence of NPs, the change in G and
D band peaks can be attributed to the ability of the nano-
particle itself to change the aromatic ring interactions in the
bitumen solution.

Upon closer inspection of Figure 10, adding NPs to
the bitumen samples changes the intensity of asphaltene
sheets. This is owed to the interactions between NPs and
aromatic fused rings. The most intense peak in the D
band is in the long-term aging sample, which is based
on the vibrational mode of a disordered graphitic lattice
with an A1g symmetry [60]. Conversely, base bitumen
shows that the molecules of occupied aromatic are extre-
mely low compared to other samples due to low asphal-
tene aromatic sheet size [61].

3.7 Low-temperature performance and
viscosity aging

The BBR test was used to calculate the creep rate (m-value)
and creep stiffness (S) of asphalt binders in the function of
loading time at low-temperature conditions [62]. S and
m-value are key parameters for low-temperature cracking
of asphalt materials [63].

In this study, S and m-value were determined for NP-
modified asphalt binders at three different temperatures
(Figure 11a and b). The observed creep stiffness values of
NP-modified asphalt binders were reduced significantly.
Hence, CSNPs improve the resistance to low-temperature
cracking. Samples 7 and 11 with 0.2 wt% of CSNPs showed
the most significant improvements after short-/long-term
aging. The creep rate (after the aging process) decreased
with the aging degree; however, nanoparticle additives
significantly increased the creep rate. Fumed silica NPs
improved the cracking resistance of asphalt. This owes to
the fact that the NPs promote the asphalt binder surfaces
and molecules, consequently decreasing aging, and in
turn, modified asphalt binder samples gain sufficient elas-
ticity at low temperatures [16,64].

Figure 11c shows the index of viscosity aging (IVA)
asphalt binder samples after short- and long-term aging.
The IVA is used to study the aging properties (Table S4 in
Supplementary Materials).

The IVA in the NP-modified samples after short-term
aging is smaller than the IVA of base samples. Thus, the
aging resistance of the asphalt binder increases with NPs
modification. According to the results shown in Figure 11c,
the IVA is directly related to aging and increases with the
duration of aging. The asphalt binder sample modified by
0.2wt% of NPs has appropriate IVA after short-term aging,
and the samplemodified by 0.3wt% of NPs has the smallest
level of IVA after long-term aging. The results indicate that
the IVA reduces with the increasing concentration of NPs.

4 Conclusion

Themodification of asphalt binders through NPs can offer
new perspectives in asphalt binder technology and might
be of great use to develop the next generation of road
asphalt paving materials. New types of nanocomposites
might be able to significantly increase technical dur-
ability and sustainability while remaining eco-friendly
and cost-effective.

This research presents the latest findings on a new
nano-composite asphalt binder, modified by CSNPs. This
new binder type represents considerably improved thermal,
chemical, and mechanical properties when compared to
conventional asphalt binders. Interesting advantages are
proved in improved aging resistance and moisture resis-
tance, reduction of asphalt mix production temperature,
and improved long-term performance.

The experimental results presented in this research
demonstrate that binder modification by using CSNPs
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change wettability advantageously and enhance the
hydrophobic properties of conventional asphalt binder.
Our findings show great potential to solve one of the
most challenging problems in WMA technology, which is
moisture susceptibility. Furthermore, detailed chemical
and rheological studies indicate a significant improvement
in the aging resistance of CSNP-modified asphalt binders.

Asphalt binder modification through CSNPs and WMA
technology can be considered as an interesting low-cost
and eco-friendly technique in asphalt pavement engi-
neering providing novel perspectives in making asphalt
materials more durable. From a broader perspective, our
findings of molecular interactions between NPs and asphalt
binder will open up a new avenue that will be an inspiration
in the nanotechnology concept in asphalt.
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