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To improve the aging resistance of asphalt, two multi-component nanocomposites, titanium diox-
ide/montmorillonite (TM) and cerium oxide/montmorillonite (CM), were prepared using the sol-gel method.
Corresponding modified asphalts (TMMA and CMMA) were fabricated via melt blending. Field emission
scanning electron microscopy (FE-SEM) and ultraviolet-visible absorption spectroscopy (UV-Vis) characterized
the microstructure and optical properties of the nanocomposites. Thermal-oxidative and ultraviolet aging were
simulated using the rolling thin film oven test (RTFOT), pressure aging vessel (PAV), and ultraviolet accelerated
aging test. Physical, rheological and chemical property changes of the modified asphalts were systematically
evaluated. FE-SEM revealed that nano- TiO, was uniformly loaded on MMT in TM, whereas nano- CeO,
tended to agglomerate in CM. UV-Vis showed TM had markedly higher ultraviolet absorbance than CM. Before
aging, the addition of appropriate nanocomposite improved low-temperature ductility and consistency. After
PAV and UV aging, both modified asphalts exhibited lower softening point increments, complex modulus
aging indexes and carbonyl index increments than base asphalt, with 2% TMMA outperforming 2% CMMA.
Results demonstrate that TM and CM effectively retard thermal-oxidative and ultraviolet aging through possible
combined effects of MMT’s layered physical barrier and the ultraviolet shielding/antioxidant properties of

nano- TiO; or nano- CeOs.
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1. Introduction

Superior road performance has led to the widespread uti-
lization of asphalt pavements. However, during service,
asphalt inevitably undergoes changes caused by environ-
mental factors such as heat, oxygen, and ultraviolet (UV) ra-
diation, leading to hardening and embrittlement, which in
turn induce cracking, rutting, and other distresses, consid-
erably reducing the lifespan of pavements [1, 2]. Therefore,
enhancing the aging resistance of asphalt materials has
emerged as a key research priority in the field of pavement
engineering.

Asphalt aging is mainly divided into two categories:
thermal-oxidative aging and UV aging [3, 4]. Thermo-
oxidative aging takes place throughout the construction
and in-service phases of asphalt pavements, mainly re-
flected in the evaporation of lightweight fractions and ox-
idative reactions. UV aging mainly affects the surface layer
of asphalt, triggering photo-oxidation reactions that gen-
erate polar oxygen-containing groups such as carbonyls
and sulfoxides. These two aging mechanisms often coexist
and promote each other, posing a serious challenge to the
durability of asphalt pavements.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6180/jase.202612_35.066

Genfu LIANG et al.,

Table 1. Nomenclature

Abbreviation Full form
M cerium oxide/montmorillonite nanocomposite
CMAI complex modulus aging index
CMMA cerium oxide/montmorillonite nanocomposite modified asphalt
DRR ductility retained rate
FE-SEM field emission scanning electron microscopy
MMT montmorillonite
PAV pressure aging vessel
RP retained penetration
RTFOT rolling thin film oven test
SPI softening point increment
FTIR Fourier transform infrared spectroscopy
CI carbonyl index
™ titanium dioxide/montmorillonite nanocomposite
TMMA titanium dioxide/montmorillonite nanocomposite modified asphalt
uv ultraviolet
UV-Vis ultraviolet-visible absorption spectroscopy

To retard asphalt aging, researchers have attempted to
add various anti-aging agents to asphalt. According to their
mechanisms of action, anti-aging agents can be mainly clas-
sified into UV shielding/absorbing agents, antioxidants,
and physical barrier materials [5-7]. With the development
of nanotechnology, nanomaterials exhibit unique advan-
tages in asphalt anti-aging modification because of their
small size effect and surface effect. Nano-titanium diox-
ide ( TiO, ) possesses outstanding ultraviolet-light absorb-
ing performance and is widely used for UV aging resis-
tance modification of asphalt. Nano-cerium oxide ( CeO,
), owing to its abundant oxygen vacancies and free radical
scavenging ability, exhibits outstanding antioxidant perfor-
mance [8]. Two-dimensional nanomaterial montmorillonite
(MMT), with its typical layered structure, can effectively de-
lay the penetration of oxygen and heat, thereby inhibiting
the thermal-oxidative aging process [9].

However, individual nanomaterials still have certain
limitations in asphalt modification applications [10]. On
the one hand, nanoparticles have high surface energy and
are prone to agglomeration, making uniform dispersion
difficult. On the other hand, the mechanism of action of an
individual material is relatively singular, making it difficult
to simultaneously address the dual inhibition requirements
of thermal-oxidative aging and UV aging. Therefore, over-
coming the shortcomings of individual nanomaterials and
achieving comprehensive improvement in anti-aging per-
formance has become an urgent issue to be addressed.

To address the above problems, researchers have at-
tempted to combine nanomaterials with different func-
tions for composite modification. Among these, loading
nano- TiO, or nano-CeO; onto the interlayer or surface of
montmorillonite is a promising composite strategy, which

can not only utilize the layered structure of montmoril-
lonite to improve the dispersion of nanoparticles but also
leverage the UV shielding or antioxidant functions of the
nanoparticles to form a possible combined effect. In the
field of asphalt modification, some researchers have ap-
plied CeO, /MMT nanocomposites as a means to mitigate
asphalt aging, and found that this composite could effec-
tively prevent the rheological property decay of asphalt
after aging [11, 12]. However, comparative studies on the
anti-aging performance of different nanocomposite sys-
tems (e.g.,, MMT/TiOp and MMT/CeO; ) in asphalt are
still lacking, and their distinct advantages under different
aging modes (thermal-oxidative and ultraviolet) remain to
be elucidated.

Therefore, this study further expands on the basis of the
above research by preparing two types of multi-component
nanocomposites using the sol-gel method: titanium diox-
ide/montmorillonite ( TiO,/MMT, abbreviated as TM)
and cerium oxide/montmorillonite (CeO, /MMT, abbrevi-
ated as CM). The corresponding modified asphalts (TMMA
and CMMA) were prepared by melt blending and com-
pared with base asphalt. Field emission scanning electron
microscopy (FE-SEM) and ultraviolet-visible absorption
spectroscopy (UV-Vis) were used to characterize the mi-
crostructure and optical properties of the nanocomposites.
The RTFOT, PAV, and UV accelerated aging tests were em-
ployed to systematically evaluate the physical, rheological
and chemical property changes of the two modified as-
phalts subjected to both thermo-oxidative and ultraviolet
aging. The aim is to explore the improvement mechanism
of TM and CM composites on the anti-aging performance
of asphalt and compare their modification effects, provid-
ing a theoretical foundation and technical guidance for the
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development of high-performance anti-aging asphalt.

2. Materials and test methods

2.1. Materials

The montmorillonite (MMT) used in this study was sup-
plied by Zhejiang Fenghong New Materials Co., Ltd.,
and its basic properties are listed in Table 2. Tita-
nium oxysulfate (TiOSOy), cerium nitrate hexahydrate
(Ce (NO3) 3 - 6H,0), and citric acid were purchased from
Aladdin. All chemicals were of analytical grade.

Table 3 lists the basic properties of the base asphalt sup-
plied by Jiangsu Baoli Asphalt Co., Ltd. for this research.

2.2. Preparation methods of multi-component nanocom-
posites and their modified asphalts

The multi-component nanocomposites were prepared as
follows: First, 1 mol of TIOSO4 or Ce (NO3), - 6H,O and 1
mol of citric acid were mixed in 50 mL of deionized water,
followed by ultrasonic treatment for 0.5 h at room tem-
perature. After aging for 24 h, MMT with a mass equal
to that of TiOSO, or Ce (NO3), - 6H,O was added under
stirring. The mixture underwent magnetic stirring at 80°C
for 2 h and then oven-dried at 100°C for 12 h. The obtained
precursor was named P-TM or P-CM. The dried P-TM or
P-CM specimens were transferred into a hightemperature
furnace and ramped to 800°C at 5°C/min, then calcined
for 10 h. The calcined samples were added to an ethanol
solution and ball-milled for 5 h. The resultant solution was
oven-dried at 100°C for 24 h, and the obtained solids were
subsequently ground and sieved to yield the TM and CM
multi-component nanocomposites. It should be noted that,
although equal masses of the respective precursors and
MMT were used, the final oxide loadings differ because of
the different molar masses of the starting materials. Based
on complete thermal conversion (1 mol precursor to 1 mol
metal oxide), the theoretical final mass ratios are estimated
to be approximately 0.50 (TiO,/MMT) for the TM com-
posite and approximately 0.40 (CeO,/MMT) for the CM
composite.

The multi-component nanocomposite modified asphalts
were prepared as follows: First, base asphalt was oven-
heated at 160 + 5°C until it attained a molten state. After
temperature equilibration, 0.5%, 1%, or 2% (by mass per-
centage of asphalt) of TM or CM modifier was incorpo-
rated into the molten asphalt. Subsequently, a high-speed
shear emulsifier was employed to shear the asphalt sam-
ples at 4000 r/min and 160°C for 1 h to obtain titanium
dioxide/montmorillonite nanocomposite modified asphalt

and cerium oxide/montmorillonite nanocomposite modi-
fied asphalt, named TMMA and CMMA, respectively.

2.3. Test methods

The conventional physical property tests of asphalt mainly
included penetration ( 25°C ), ductility (10°C), and soften-
ing point. The specific test methods were as follows: The
penetration test was measured according to the provisions
of T0604 "Asphalt Penetration Test" in JTG 3410-2025 at
a test temperature of 25°C. The softening point test was
measured in line with the provisions of T0606 "Asphalt
Softening Point Test" in JTG 3410-2025. The ductility test
was measured according to the provisions of T0605 "As-
phalt Ductility Test" in JTG 3410-2025. In this study, the
test temperature was 10°C. Three replicate tests were con-
ducted for penetration and ductility, and two for softening
point.

The rheological properties of the modified asphalts were
tested through an MCR-101 dynamic shear rheometer. Ac-
cording to the ASTM D7175 standard, the complex mod-
ulus (G*) of the asphalt specimens was obtained through
a temperature sweep mode. The test conditions were set
as follows: scanning frequency of 10 rad/s, strain of 1%,
and temperature range of 30-90°C. Two replicate tests were
conducted.

The ultraviolet-visible absorption spectrometer (UV-Vis
Spectrophotometer) is a commonly used optical analysis
instrument. The light absorption performance of MMT,
T™, CM, nano- TiO,, and nano- CeO, was analyzed by
testing their absorption degree of ultraviolet light (200-400
nm) and visible light (400-800 nm).

The micro-morphology of MMT, TM, and CM was
scanned using FE-SEM, revealing the bonding mode be-
tween nano-MMT and nano- TiO, or nano- CeO,, thereby
verifying whether the two nanomaterials were successfully
composited.

The chemical structure of asphalt was analyzed by At-
tenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy. FTIR spectra were collected over a
wavenumber range of 500 — 4000 cm ! at a resolution of
4 cm~!, with 32 scans per sample. Sample preparation was
carried out as follows: The asphalt sample is heated until
fully molten, and a small aliquot is applied uniformly onto
the ATR crystal to a thickness of about 1 mm , with care
taken to avoid air bubbles and ensure good contact. The
sample is then allowed to cool before scanning. Two repli-
cate tests were conducted. At the chemical structure level,
FTIR was used to track the evolution of characteristic func-
tional groups during aging. In particular, the change in the
carbonyl absorption peak at 1700 cm ™! was of critical im-
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Table 2. Basic properties of montmorillonite

Property Value
Appearance White or off-white fine powder
Loss on drying at 105°C <3.5%
Fineness (passing 200-mesh) > 97%
Specific gravity (g/cm?®) 1.7
Bulk density (g/cm?) <03

Table 3. Basic properties of 70# base asphalt

Technical Indicator Value
Penetration (25°C,0.1 mm) 61.0
Softening point (°C) 48.4
Ductility (15°C) >150

Brookfield viscosity (135°C, mPae®s) 456

portance. Therefore, the carbonyl index (CI) was adopted
as the chemical indicator for evaluating the anti-aging per-
formance of asphalt. In order to accurately calculate CI
according to the equation 1, prior to integration, all spec-
tra underwent baseline correction using a two-point linear
baseline method. Specifically, two baseline points were se-
lected on the relatively flat absorption valleys on both sides
of the target peak, and a straight line connecting these two
points was constructed as the baseline. To eliminate varia-
tions in sample thickness and contact pressure, all spectra
were normalized using the area under the reference peak
corresponding to the C-H stretching vibration (centered
at 1376 cm~! ) before calculating the indices. It should be
emphasized that the integration ranges for the carbonyl
band were not fixed at predetermined, constant wavenum-
ber intervals. Instead, we employed a two-point tangent
method to determine the integration limits. For each spec-
trum, two tangential baseline points were selected on the
shoulders of the carbonyl absorption band. The baseline
was then constructed by connecting these two points, and
the intersection points of this tangent line with the peak
profile were used as the exact lower and upper integra-
tion boundaries for the carbonyl band. Similarly, for the
reference band at 1376 cm !, the integration limits were
also determined dynamically using the same two-point
tangent approach. This dynamic integration strategy en-
sures that the calculated indices objectively accommodate
minor peak-shape variations caused by different aging de-
grees, rather than introducing artificial errors from fixed

integration windows.

Area of carbonyl band centered around
_ 1700 cm~!
Cl= Area of CH3 umbrella vibration (1)
centered around 1376 cm™!

In this research, the thermal-oxidative aging simulation
tests of asphalt were conducted according to the provi-

sions of T0610 "Asphalt Rolling Thin Film Oven Aging Test
(RTFOT Method)" and T0630 "Asphalt Heating Aging Test
(PAV Method)" in JTG 3410-2025. Meanwhile, the ultravio-
let aging test was realized using a self-built UV accelerated
aging system, which consisted of a 500 W high-pressure
mercury lamp (8 W/m? irradiance) and a constant temper-
ature chamber (60 £ 2°C) [13, 13-15]. The specimens were
placed 45 cm away from the UV source and subjected to
continuous ultraviolet irradiation for 6 days.

2.4. Aging evaluation indicators

The main aging evaluation indicators used in this study
included softening point increment (SPI), retained penetra-
tion (RP), ductility retained rate (DRR), complex modulus
aging index (CMAI), and carbonyl index increment (ACI).
The specific calculation formulas are as follows. Generally,
the more severe the aging, the higher the SPI, CMAI and
ACI, while the lower the RP and DRR.

SPI (°C) = Softening point after aging
— Softening point before aging 2)

RP (%) — Penetrafcion after agir}g % 100 3)
Penetration before aging

__ Ductility after aging

 Ductility before aging x 100 @)

DRR (%)

Complex modulus after aging

Al =
M Complex modulus before aging

©)

ACI = Clgier aging — Clpefore aging (6)
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3. Results and discussion

3.1. UV-Vis absorption ability analysis of multi-
component nanocomposites

To investigate the UV shielding performance of the two
multi-component nanocomposites, TM and CM, this study
used a UV-Vis absorption spectrometer to measure their
absorbance in the wavelength range of 220 — 480 nm, and
compared them with pure MMT, nano- TiO;, and nano-
CeO,. As depicted in Fig. 1, the absorption spectra of
different materials exhibit substantial differences in the UV
region and visible light region. Individual nano- TiO, and
nano- CeO, exhibited the highest absorbance in the UV
region, indicating their optimal UV absorption efficiency.
The absorbance of the TM composite was slightly lower
than that of the two individual nanoparticles but still close
to them, and pronouncedly higher than that of pure MMT,
indicating that TM successfully retained the UV absorption
characteristics of nano- TiO,. The absorbance of the CM
composite was markedly lower than that of TM and the
two individual nanoparticles, only slightly higher than
that of pure MMT, suggesting its relatively limited UV
absorption capacity, which may be related to the loading
effect of CeO, on the MMT surface. Pure MMT exhibited
the lowest absorbance and is difficult to use alone as a UV
shielding material.
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Fig. 1. UV-Vis spectra of multi-component
nanocomposites

3.2. Surface microstructure analysis of multi-component
nanocomposites

To observe the surface morphology and nanoparticle load-
ing status of the two multicomponent nanocomposites, TM

and CM, this study characterized their microstructures us-
ing FE-SEM. As presented in Fig. 2(a), MMT exhibits a
typical layered structure with a flat and smooth surface
and relatively large particle size, providing sufficient load-
ing area. Fig. 2(b) shows the FE-SEM image of the CM
composite. Nano-CeO2 particles are loaded on the MMT
surface, but agglomeration can be observed in some areas,
and the overall distribution uniformity is relatively poor.
Fig. 2(c) presents the FE-SEM image of the TM composite.
The originally smooth MMT surface becomes rough, and
a large number of nano-sized particles are uniformly at-
tached, indicating that nano- TiO; has been successfully
loaded onto the MMT surface, forming a structurally stable
multi-component nanocomposite. This difference in mi-
crostructure is consistent with the conclusion from Section
3.1 that TM exhibits better UV absorption capacity than
CM, indicating that uniform loading of nanoparticles on
the MMT surface is an important contributory factor to
achieving excellent UV shielding performance, although
other factors such as differences in oxide content and parti-
cle characteristics may also be involved.

(©T™M

Fig. 2. FE-SEM images of multi-component
nanocomposites

3.3. Effect of multi-component nanocomposites on phys-
ical properties of asphalt after RTFOT aging

Fig. 3 shows the ductility data of different asphalts at 10°C
before and after RTFOT aging. Before aging, the effect of
different multi-component nanocomposite dosages on the
ductility of asphalt varied. For CMMA, at dosages of 0.5%
and 2%, the unaged ductility values were 251 mm and 282
mm , respectively, both higher than that of base asphalt
(245 mm); while at a dosage of 1%, the unaged ductility
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decreased to 187 mm, which was lower than that of base as-
phalt. For TMMA, the unaged ductility values at the three
dosages were 260 mm, 275.7 mm, and 257.7 mm, respec-
tively, all bigger than that of base asphalt, manifesting that
the addition of TM composite has no substantial adverse
influence on the ductility of asphalt. After

RTFOT aging, the ductility of all asphalts decreased to
varying degrees. The ductility of base asphalt decreased
to 48 mm, with a DRR of 19.6%. For CMMA at dosages of
0.5%, 1%, and 2%, the DRRs after aging were 21.9%, 32.6%,
and 21.6%, respectively. Notably, the CMMA ductility ex-
hibits a non-monotonic dependence on dosage. This is
likely because at 1%, CM disrupts the asphalt molecular
network [12], reducing unaged ductility; at 2%, however,
it may form a more continuous structure that better ac-
commodates deformation. Regarding DRR, it is a relative
index and is lower at 2% mainly because of its much higher
baseline; the absolute ductility after aging at 2%(61 mm) is
identical to that at 1% and considerably bigger than that of
base asphalt (48 mm), confirming effective aging resistance
at both dosages. For TMMA at dosages of 0.5%, 1%, and
2%, the DRRs after aging were 19.7%, 18.9%, and 47.3%,
respectively. In terms of DRR, TMMA showed particularly
outstanding performance at a dosage of 2%, much higher
than that of other asphalts. It is worth noting that the duc-
tility of 2% TMMA after aging was still as high as 122 mm,
indicating that it maintains good lowtemperature ductil-
ity after RTFOT aging, demonstrating an observable effect
in resisting shortterm thermal-oxidative aging. This is at-
tributed to the layered structure of MMT, which can form
a physical barrier in asphalt, delaying oxygen penetration
and the evaporation of light fractions, thereby inhibiting
the thermal-oxidative aging process of asphalt [9]. At the
same time, the introduction of nano- TiO, and nano- CeO,
may further retard aging through their antioxidant proper-
ties. When the TM dosage reaches 2%, the physical barrier
effect of MMT and the antioxidant influence of nano- TiO,
form a possible combined effect, effectively inhibiting the
thermal oxidation of asphalt, thus maintaining a high DRR.

Fig. 4 shows the penetration test results of different as-
phalts at 25°C before and after RTFOT aging. With the
dosage increasing, the penetration values of both CMMA
and TMMA before aging initially rose and subsequently
declined. When the dosage increased from 0% to 1%, the
penetration of both modified asphalts increased markedly.
Specifically, the penetration of 1% CMMA increased by
28.0% compared with base asphalt, and that of 1% TMMA
increased by 13.7%. This indicates that incorporating an
appropriate amount of nanocomposites lowers the consis-
tency of asphalt, possibly owing to the lubrication effect of
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Fig. 3. Effect of multi-component nanocomposites on the
ductility of asphalt before and after RTFOT aging

nano- TiO, and nano- CeO; particles in asphalt. However,
when the dosage further increased to 2%, the penetration of
both modified asphalts decreased to a level resembling that
of base asphalt. This may be because the layered structure
of montmorillonite begins to dominate at higher dosages,
and its rigid characteristics offset the lubrication effect of
the nanoparticles. In addition, after RTFOT aging, the
penetration of all asphalts decreased to varying degrees.
The penetration of base asphalt decreased to 41.2 dmm
after aging, with a RP of only 59.5%. Although the RP of
CMMA modified asphalt did not show an obvious trend
with dosage variation, it was pronouncedly higher than
that of base asphalt for all dosages, reaching 77.8% at a
dosage of 2%. For TMMA modified asphalt, when the
dosage did not exceed 1%, the RP showed little change, but
it substantially increased to 79.2% when the dosage reached
2%. Both multi-component nanocomposites exhibited the
highest RP at a dosage of 2%. Analyzing the reasons, the
layered structure of MMT can form a physical barrier in
asphalt, delaying oxygen penetration and the volatilization
of light components. When the composite dosage reaches
2%, the physical barrier effect of MMT dominates, while
the antioxidant properties of nano- TiO, and nano- CeO,
provide complementary protection, effectively inhibiting
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the oxidative hardening of asphalt, thus maintaining a high
RP. At lower dosages (0.5%-1%), the softening effect of
nanoparticles is more prominent, but the barrier network
of montmorillonite has not yet been effectively formed,
resulting in relatively unstable anti-aging performance.
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Fig. 4. Effect of multi-component nanocomposites on
penetration of asphalt before and after RTFOT aging

Fig. 5 presents the softening point data of different as-
phalt specimens pre- and post-RTFOT aging. Fig. 5 reveals
that the base asphalt had a softening point of 48.1°C prior
to aging. The softening point of CMMA modified asphalt
rose progressively with increasing dosage: at dosages of
0.5%, 1%, and 2%, the softening points were 48.5°C,49.8°C,
and 51.2°C, respectively, all slightly higher than that of
base asphalt, suggesting that incorporating CM compos-
ite can enhance the high-temperature performance of as-
phalt to some degree, which may be related to the rigid
layered structure of montmorillonite. The softening point
of TMMA modified asphalt marginally decreased with in-
creasing dosage: at dosages of 0.5%, 1%, and 2%, the soft-
ening points were 48.0°C, 47.9°C, and 47.8°C, respectively,
which were basically the same as or slightly lower than
that of base asphalt, manifesting that the TM composite
does not considerably affect on the high-temperature per-
formance of asphalt.

After RTFOT aging, the softening point of base asphalt

rose to 54.0°C, with a SPI of 5.9°C. For CMMA at dosages
of 0.5%, 1%, and 2%, the SPIs were 4.4°C,4.5°C, and 5.8°C,
respectively. At dosages of 0.5% and 1%, the SPIs were
smaller than that of base asphalt, while at a dosage of 2%,
the SPI was comparable to that of base asphalt. For TMMA
at dosages of 0.5%, 1%, and 2%, the SPIs were 6.0°C,5°3°C,
and 2.2°C, respectively, among which 2% TMMA exhibited
the smallest SPI.
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Fig. 5. Effect of multi-component nanocomposites on
softening point of asphalt before and after RTFOT aging

In summary, the addition of multi-component nanocom-
posites markedly influences the performance of asphalt
prior to and following short-term thermal-oxidative aging.
Among them, 2% TMMA exhibited better performance
than base asphalt and modified asphalts with other dosages
in terms of DRR, RP, and SPI, while 2% CMMA also demon-
strated a certain antiaging ability. Considering that the
physical barrier network of the nanocomposites has not
been fully formed at lower dosages, resulting in unsta-
ble anti-aging performance, 2% TMMA and 2% CMMA
were selected as representative samples to further inves-
tigate their physical and rheological property evolution
under long-term aging (PAV and UV) conditions, so as to
comprehensively assess the anti-aging ability of the two
multi-component nanocomposites.
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3.4. Effect of multi-component nanocomposites on phys-
ical and rheological properties of asphalt after long-
term aging

Fig. 6 shows the softening point data of different asphalts

before and after long-term aging (PAV and UV). After PAV

aging, the SPI of base asphalt was 15.2°C, indicating no-

tably hardening after long-term aging. The SPIs of 2%

CMMA and 2% TMMA were 13.4°C and 12.8°C, separately,

both lower than that of base asphalt. Both modified as-

phalts effectively inhibited hardening during the long-term
thermal-oxidative aging process, with 2% TMMA exhibit-
ing a slightly lower SPI than 2% CMMA, demonstrating
superior resistance to long-term thermal-oxidative aging.

This is attributed to the possible combined effect of the

layered physical barrier of montmorillonite and the antioxi-

dant properties of nano- TiOy, which effectively retards the

deep oxidation of asphalt [11].

In addition, Fig. 6 shows that after UV aging, the SPI
of base asphalt was at a relatively high level, indicating
its lack of an effective light shielding mechanism. The
UV aging softening point increment of 2% TMMA was
markedly lower than that of 2% CMMA, demonstrating
superior resistance to photo-oxidative aging. Based on the
microstructure analysis in Fig. 2, nano- TiO; in the TM sys-
tem exhibits more uniform and dense loading on the MMT
surface compared with the CM system. This morphological
feature is likely associated with a more continuous physi-
cal shielding configuration within the asphalt, which may
contribute to reducing the penetration depth of ultravio-
let light. This could partially explain the better UV aging
protection capability observed for the TMMA sample.
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Fig. 6. Effect of multi-component nanocomposites on
softening point of asphalt before and after long-term aging

The CMAI reflects the degree of stiffness increase of as-

phalt after aging. A larger CMALI value indicates a more
severe increase in stiffness after aging. Fig. 7(a) displays the
CMALI curves of different asphalts as a function of temper-
ature after PAV aging. Over the entire temperature range,
the base asphalt showed the highest CMAI values, mani-
festing a severe modulus increase after long-term thermal-
oxidative aging. The CMAI curves of 2% CMMA and 2%
TMMA were both notably shifted downward, with 2%
TMMA showing lower CMAI values than 2% CMMA, indi-
cating its better performance in inhibiting rheological mod-
ulus increase. This observation is consistent with the more
uniform nanoparticle dispersion in TM (Fig. 2), which may
contribute, along with other factors such as oxide content
and particle characteristics, to enhanced barrier protection
against oxygen penetration.

Fig. 7(b) presents the CMAI curves of different asphalts
as a function of temperature after UV aging. The CMAI of
base asphalt was markedly higher than that of modified
asphalts over the entire temperature range, and 2% TMMA
was superior to 2% CMMA in inhibiting modulus increase.
According to the UV absorption spectrum in Fig. 1, TM
exhibited higher absorbance than CM in the UV region,
indicating its better UV shielding capability.
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Fig. 7. Effect of multi-component nanocomposites on
rheological properties of asphalt before and after different
long-term aging conditions



Journal of Applied Science and Engineering 35 (2026) 26035066 9

3.5. Effect of multi-component nanocomposites on chem-
ical structure of asphalt after long-term aging

Fig. 8a presents the FTIR results of different asphalts be-
fore and after different longterm aging conditions. The
corresponding carbonyl index (CI) and carbonyl index in-
crement ( ACI') are shown in Fig. 9. Compared with the
control sample, both CMMA and TMMA exhibit lower ACI
values under both PAV and UV aging conditions, indicat-
ing that the multicomponent nanocomposites effectively
inhibit the oxidative aging of asphalt, with TM showing
a more obvious effect. This finding is consistent with the
previously observed results of SPI and CMAL

— Control sample
CMMA
——TMMA |

Absorbance

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavernumbers / cm’!

(a) Unaged
Control sample
—— CMMA |
TMMA |
i
v‘\
1700 |
3 AN i M‘
2|V Y -
g |
£ |
2 ||
£ {
< I
) ——
. I N ‘\
A || ||
U o
: T v T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumbers / cm'
(b) PAV
Control sample
—— CMMA

—— TMMA |

Absorbance

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers / cm!

(¢) TM

Fig. 8. FTIR results of different asphalts before and after
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Fig. 9. CI and ACI results of different asphalts before and
after different long-term aging conditions

4. Conclusions

In this study, two multi-component nanocomposites, TM
and CM, were successfully prepared using the sol-gel
method. The microstructure and optical properties of
the nanocomposites were characterized by FE-SEM and
UV-Vis spectroscopy. The physical and rheological prop-
erty changes of the two modified asphalts subjected to
thermal-oxidative and UV aging were systematically as-
sessed through RTFOT, PAV, and UV accelerated aging
tests. The main findings are as follows:

(1) Two multi-component nanocomposites, TM and CM,
were successfully synthesized via the sol-gel route.
FE-SEM characterization revealed that nano-TiO; in
TM was uniformly dispersed and loaded onto the
MMT surface, whereas nano-CeO, in CM exhibited
agglomeration and poor spatial distribution. UV-Vis
analysis indicated that the UV absorbance of TM was
markedly higher than that of CM, aligning with mi-
crostructural observations and demonstrating that uni-
form nanoparticle dispersion, alongside intrinsic oxide
characteristics and loading content, critically enhances
UV shielding performance.

(2) Prior to aging, incorporating an optimal dosage of
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multi-component nanocomposites improved both the
low-temperature ductility and consistency of the as-
phalt binder; however, the extent of modification de-
pended heavily on modifier type and concentration.
Following RTFOT aging, 2% TMMA demonstrated
significantly higher DRR and RP alongside a substan-
tially lower SPI compared to base asphalt, confirming
superior resistance to short-term thermal-oxidative

aging.

Following either PAV or UV accelerated aging, 2%
TMMA consistently exhibited lower SPI, CMAI, and
ACI values than 2% CMMA, demonstrating enhanced
inhibition against long-term thermal-oxidative and
UV-induced degradation. These macroscopic aging
trends closely corroborate the microstructural disper-
sion and UV-shielding advantages identified via FE-
SEM and UV-Vis analyses.

Comprehensive physical, rheological, and chemical
evaluations confirmed that both TM and CM effec-
tively mitigate asphalt aging through synergistic mech-
anisms: the tortuous physical barrier provided by lay-
ered montmorillonite platelets combined with the UV-
shielding and antioxidant activities of nano-TiO, or
nano-CeO,. Among all formulations, 2% TMMA ex-
hibited optimal aging resistance across all condition-
ing regimes at the binder scale. Nevertheless, mixture-
level mechanical evaluations and long-term field vali-
dation remain essential prior to correlating these labo-
ratory binder metrics directly with pavement service
life.
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