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Abstract: This research aims to prepare different antioxidant intercalated layered double hydrox-
ides (LDHs) and compare the thermal oxidation and ultraviolet (UV) aging resistances of different
modified asphalts. The ion exchange technique was used to intercalate three different antioxidants:
3-(3,5-di-tert-butyl-4-carboxyphenyl) propionic acid, antioxidant 1222, and sodium dibutyl dithiocar-
bamate (rubber accelerator TP) into the interlayer of LDHs. The morphology, structures, UV blocking,
and free radical scavenging properties of different antioxidant intercalated LDHs were characterized,
respectively. The effects of the anti-aging agents on the physical properties (penetration, softening
point, ductility, and viscosity); rheological behaviors (complex modulus and phase angle); and func-
tional groups (C=O and S=O) of asphalt both before and after thermal oxidation aging and UV aging
were systematically investigated. The results of the crystal structure and functional group analysis
show that the three different antioxidants can be successfully inserted into the interlayer of LDHs
without destroying their layered structures. Antioxidant intercalated LDHs exhibit a remarkable
capacity for absorbing UV rays, coupled with a moderate ability to reflect UV light. Moreover, the
inclusion of antioxidants into the interlayers of LDHs confers upon them the ability to scavenge free
radicals. After 2 h of reaction, the free radical scavenging rates of LDHs-3, LDHs-1222, and LDHs-
TP were 57.7%, 35.6%, and 17.1%, respectively. With an increase in the content of the antioxidant
intercalated LDHs, the performance of the modified asphalt varies, and 4% is the optimal content
of the anti-aging agents. Asphalts with the three antioxidant intercalated LDHs all had favorable
storage stability, and their physical and rheological properties were improved after aging compared
to LDHs-modified asphalt. The LDHs-3-modified asphalt showed the best anti-ultraviolet aging
effect, while LDHs-1222-modified asphalt showed the best anti-thermal oxidation aging effect. This
research lays the foundation for developing aging-resistant asphalt and improving the durability of
asphalt pavement.

Keywords: asphalt; antioxidant intercalated LDHs; free radical scavenging property; UV aging
resistance; thermal oxidation aging resistance

1. Introduction

Asphalt is susceptible to aging due to the influence of external conditions such as
high temperature, oxygen, and ultraviolet light [1,2]. During processing, storage, trans-
portation, mixing, and paving, high temperatures can cause asphalt molecules to undergo
dehydrogenation, oxygen absorption, and polycondensation reactions [3], resulting in
severe thermal oxidation aging of asphalt binders in a short time. Additionally, the light
components in the asphalt tend to evaporate quickly at high temperatures, increasing
the proportion of heavier components and lowering the asphalt performance [4]. During
service, asphalt pavement absorbs infrared light and electromagnetic radiation, resulting in
an increase in pavement temperature and causing long-term thermal oxidation aging of
asphalt [5]. Asphalt thermal oxidation aging is a chain reaction [6]. Under the influence
of high temperatures and oxygen, alkyl hydrocarbon bonds in asphalt break to form free

Buildings 2024, 14, 593. https://doi.org/10.3390/buildings14030593 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14030593
https://doi.org/10.3390/buildings14030593
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14030593
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14030593?type=check_update&version=1


Buildings 2024, 14, 593 2 of 22

radicals [7,8]. These free radicals then interact with the active groups in the asphalt to
produce new free radicals and intermediate products [9]. The intermediate products can
decompose into new free radicals or react with C=C of asphalt to form carboxyl groups,
which causes the deepening of asphalt aging over time [10].

Asphalt is also subjected to UV aging during service [11]. High-energy UV light will
cause some chemical bonds in asphalt to break, create free radicals, and start the chain
reaction [12]. Malinowski [13] studied the aromatization process of asphalt due to UV
radiation and explored how the aromatization process affected the electronic structures
of asphalt components and promoted the aging of asphalt. The results show that the
aromatization reaction of asphaltene is the most favorable in energy, and the significant
increase in the polarity of saturated compounds due to aromatization is conducive to the
formation of cracks in asphalt pavements. Hu et al. [14] investigated the effect of various
bands of UV light on the performance of asphalt and found that the UV light of the 300–350
nm bands had the greatest aging effect on asphalt. Zeng et al. [15] studied the aging depth
of asphalt by UV spectrophotometry and the stripping method. The findings demonstrated
that ultraviolet radiation can only age the asphalt for a limited depth of 4.5 µm, and the
aging phenomenon below this depth was mainly caused by the diffusion of the aged asphalt
at the surface. Wu et al. [16] collected asphalt materials that have been aged in the field
for 10 years and subsequently measured their aging indices. The findings indicated that
UV aging of the asphalt pavement was severe. Aged asphalt will become hard and brittle,
prone to potholes and cracks, seriously affecting the service life of asphalt pavement [17].

The service life of asphalt pavement is directly impacted by the durability of as-
phalt [18]. Therefore, enhancing asphalt’s anti-aging properties is crucial for increasing
the service life of asphalt pavement [19]. Adding antioxidants, silicate materials, inorganic
nanoparticles, organic UV absorbers, layered double hydroxides (LDHs), etc. can enhance
the anti-aging performance of asphalt. Wu et al. [20] inhibited the increase in viscosity,
softening point, carbonyl index, and sulfoxide index of asphalt during short-term thermal
oxidation aging and pressure aging by incorporating antioxidant Irganox 1010, which
effectively improved the thermal-oxidation aging resistance of asphalt. Ouyang et al. [21]
added 1% antioxidant ZDDP to the base asphalt and proved that the modified asphalt had
good thermal oxidation aging resistance. However, the anti-aging effects of antioxidants are
not long-lasting, because they will react with asphalt radicals and gradually lose their effec-
tiveness. The layered silicate materials such as montmorillonite and expanded vermiculite
have a blocking effect on heat and oxygen and are often used to improve the anti-aging
performance of asphalt. Liu et al. [22] and Wang et al. [23] found that nano-montmorillonite
can form a peeling or intercalation structure to hinder the penetration of heat and oxygen
into asphalt, thereby improving the thermal oxidation aging resistance of asphalt. Zhang
et al. [24,25] reported that adding expanded vermiculite into asphalt and peeling it into
a nanostructure in the asphalt can hinder the volatilization of asphalt light components,
inhibit the penetration of oxygen into asphalt, and thus enhance its thermal oxidation aging
resistance. However, inorganic layered silicate materials have poor compatibility with
asphalt and have a limited effect on improving the UV aging resistance of asphalt.

The UV aging resistance of asphalt can be enhanced by incorporating UV-absorbing
materials such as nano-Ce2O, nano-ZnO, and nano-TiO2, which absorb UV light and
convert it into heat, visible light, etc. Zhang et al. [26] successfully used nano-TiO2, CeO2,
and carbon black to enhance the anti-UV aging properties of asphalt used in the Tibetan
Plateau. However, these inorganic nanomaterials have poor compatibility with asphalt and
inferior resistance to thermal oxidation aging. Xu et al. [27] found that adding organic UV-
absorbing materials UV326, UV531, and UV770 can also improve the UV aging performance
of asphalt by converting UV damage into heat, but these organic UV absorbers will produce
structural changes and thus gradually fail after absorbing UV rays. LDHs are an inorganic
functional material made up of an interlayer guest anion and a host bimetallic hydroxide
layer [28]. Their unique layered structure can shield UV light, and the metal cations on the
layers and the interlayer anions can absorb UV light to some extent, thus enhancing the
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anti-UV aging performance of asphalt [29]. However, there are many hydroxyl groups on
the surface of LDH laminates, which make them hydrophilic and have poor compatibility
with asphalt. Using the exchangeable characteristics of interlayer anions of LDHs, organic
anion intercalation was carried out to improve its compatibility with asphalt [30]. Xu
et al. [31] intercalated organic anions into the interlayer of LDHs, preparing organic-
modified LDHs. The results showed that the intercalated LDHs had good compatibility
with asphalt and improved the anti-aging performance of the modified asphalt. However,
LDHs cannot effectively enhance the thermal oxidation aging resistance of asphalt. How to
simultaneously enhance the thermal oxidation and UV aging resistances of asphalt is a still
big challenge for researchers.

Chen et al. [32] intercalated the antioxidant into the interlayer of LDHs and simultane-
ously improved the thermal oxidation and UV aging resistances of asphalt binders, making
it a very promising anti-aging material. However, only one antioxidant was studied in this
research, and the antioxidant intercalated LDHs have not been optimized. As antioxidants
have selectivity in capturing free radicals, it is of great importance to study the anti-thermal
oxidation aging and anti-UV aging effects of different antioxidant intercalated LDHs on
asphalt binders.

This paper aims to prepare different antioxidants intercalated LDHs and compare
their effects on the thermal oxidation aging and UV aging resistances of asphalt. LDHs
with different antioxidants intercalated were prepared using the ion exchange method and
were used to modify asphalt. The antioxidant intercalated LDHs were characterized by a
X-ray diffractometer (XRD), Fourier-Transform infrared spectroscopy (FTIR), a scanning
electron microscope (SEM), and a ultraviolet spectrophotometer (UV–Vis), and the physical
and rheological properties, aging index, and anti-aging effectiveness of several modified
asphalts were evaluated by comparing their properties before and after thermal oxidation
aging and UV aging.

2. Experiments
2.1. Materials

LDHs with a Mg/Al molar ratio of 2.0 were obtained from the Beijing University of
Chemical Technology. Antioxidant 3-(3,5-di-tert-butyl-4-carboxyphenyl) propionic acid
with purity 98%, chemical formula C17H26O3, and a relative molecular mass of 278.39 was
purchased from Guangdong Wengjiang Chemical Reagent Co., Ltd, Guangdong, China.
Antioxidant 1222 with purity 98%, chemical formula C19H33O4P, and a relative molecular
mass of 356.44 was bought from Beijing Guoyao Chemical Reagent Co., Ltd., Beijing, China.
The antioxidant sodium dibutyl dithiocarbamate (rubber accelerator TP) was obtained
from Guangdong Wengjiang Chemical Reagent Co., Ltd., which was analytically pure,
with a chemical formula of C9H18NNaS2 and a relative molecular mass of 227.37. These
antioxidants were referred to as antioxidant 3, antioxidant 1222, and antioxidant TP. The
free radical DPPH (1,1-diphenyl-2-picrylhydrazyl) with a chemical formula of C18H12N5O6
was purchased from Pharmaceutical Group Chemical Reagents Co., Ltd., Shanghai, China.
Deionized water and anhydrous ethanol were obtained in the laboratory. The asphalt
used in the experiment was penetration grade 70# petroleum asphalt produced by Hubei
Guochuang High-tech Materials Co., Ltd., Wuhan, China, and its properties as shown in
Table 1 meet the requirements of the Technical Specifications for Construction of Highway
Asphalt Pavement JTG F40-2004 [33].

Table 1. Physical properties of the penetration grade 70# petroleum asphalt.

Physical Property Unit Required Value Test Result

Penetration (25 ◦C) dmm 60~80 72.7
Softening point ◦C ≥46 48.3
Ductility (10 ◦C) cm ≥15 19.2
Viscosity (60 ◦C) Pa. s ≥180 284
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2.2. Preparation and Characterization of Antioxidant Intercalated LDHs
2.2.1. Preparation of Antioxidant Intercalated LDHs

In this paper, antioxidant intercalated LDHs were prepared by the ion exchange method.
A schematic diagram of the synthesis of LDHs antioxidants is shown in Figure 1. The specific
steps are as follows: (1) A 500 mL three-necked flask was filled with 100 mL of deionized
water and 100 mL of anhydrous ethanol, and the water–ethanol solvent was obtained by
stirring. Then, 10.0 g LDHs was added to the mixed solvent, heated to 60 ◦C, and stirred
for 1 h to obtain LDHs slurry. (2) A certain amount of antioxidant (9.2 g antioxidant 3,
11.8 g antioxidant 1222, and 7.5 g antioxidant TP) was added to 100 mL deionized water,
and the antioxidant solution was obtained after full stirring. (3) The prepared antioxidant
intercalation solution was added to the LDHs slurry, then the nitrogen protection was
introduced, and the solution was stirred and refluxed at 60 ◦C for 5 h to complete the
intercalation. (4) The antioxidant intercalated LDHs slurry was filtered and repeatedly
washed with deionized water to produce the filter cake by reduced pressure filtration after
the reaction was finished and the solution had cooled to room temperature. Then, the filter
cake was dried in a vacuum-drying oven at 70 ◦C for 24 h. The filter cake was removed and
ground to obtain the antioxidant intercalated LDHs. The LDHs after intercalation of the
three antioxidants were noted as LDHs-3, LDHs-1222, and LDHs-TP, respectively.
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2.2.2. Characterizations of the Antioxidant Intercalated LDHs

The crystal structures of the LDHs and antioxidant intercalated LDHs were analyzed
by an Empyrean XRD, manufactured by Malvern Panalytical, Alemlo, Netherlands. The
X-ray source was Cu-Kα radiation (a = 0.15406 nm), the scanning rate (2θ diffraction angle)
was 10◦/min, and the angle scanning range was 5◦~70◦. A Nicolet6700 FTIR (Thermo Fisher
Scientific, Waltham, MA, USA) was used to characterize the chemical structure of LDHs
intercalated with different antioxidants [32]. The wave number range was 400~4000 cm−1,
and the scan resolution was 2 cm−1. A Zeiss Ultra plus SEM (Zeiss, Oberkochen, Germany)
was used to examine the microscopic morphology of various antioxidant intercalated
LDHs. A Lambda 750 s UV–Vis (Perkin-Elmer, Waltham, MA, USA) was used to measure
the UV absorption and reflectance of LDHs intercalated with different antioxidants. The
spectral wavelength was 200~800 nm, and the spectral resolution was 2 nm. The anti-aging
abilities of different antioxidant intercalated LDHs were tested by the free radical capture
test [34,35]. The basic idea is as below: The UV light is visibly absorbed by the purple DPPH
ethanol solution, which has a peak wavelength of 517 nm. After the reaction of antioxidant
intercalated LDHs with DPPH, the color of the solution became lighter, and the intensity
of the absorption peak decreased. The ability of LDHs intercalated with antioxidants to
capture free radicals can be identified by comparing the changes in UV absorbance at
517 nm of the DPPH ethanol solution. Formula (1) was used to calculate the free radical
scavenging rate:

D (%) = (A0 − Af)/A0 × 100% (1)
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where A0 is the absorbance of the DPPH ethanol solution, Af is the absorbance of LDHs in-
tercalated with antioxidants after a period of time, and D is the free radical scavenging rate.

2.3. Preparation and Characterizations of Antioxidant Intercalated LDHs-Modified Asphalt
2.3.1. Preparation of Antioxidant Intercalated LDHs-Modified Asphalt

Antioxidant intercalated LDHs-modified asphalt was prepared by the melt blending
method. The asphalt was heated to 140 ± 5 ◦C, and the intercalated LDHs were gradually
added by a high shear mixer at a 2000 r/min shear rate, and then, the shear rate was increased
to 4000 r/min and sheared for 90 min [36]. The asphalts modified by LDHs, LDHs-1222,
LDHs-TP, and LDHs-3 were denoted as LMB, LMB-1222, LMB-TP, and LMB-3, respectively.

2.3.2. Storage Stability Test

A storage stability test was conducted according to Chinese standard JTG E20-2011 [37],
as 50 ± 5 g of modified asphalt was injected into a vertical 25 mm diameter aluminum tube,
which was then fastened to a bracket and heated to 163 ◦C for 48 h. After cooling to 5 ◦C
for 4 h, the tube was divided into three equal pieces. The softening points of the upper and
lower ends were measured. The smaller the difference of the softening points between the
two ends, the better the compatibility between the modifier and asphalt.

2.3.3. Thin Film Oven Test (TFOT)

Using a thin film oven, the modified asphalts underwent short-term thermal oxidation
aging based on Chinese standard JTG E20-2011, as 50 ± 5 g of melted asphalt was poured
into the aging plate and aged at 163 ◦C for 5 h.

2.3.4. UV Aging Test

For the aging test, 20 g of the asphalt after TFOT aging was poured into an aging tray
and then put into a UV aging chamber, and the intensity of the UV radiation was set at
20 W/m2. The aging temperature was 50 ± 0.5 ◦C, and the UV aging was carried out for
7 days [38].

2.3.5. Physical Property Tests

The penetration (25 ◦C), softening point, ductility (10 ◦C), and viscosity (135 ◦C) of
the modified asphalts before and after aging were tested according to Chinese standard
JTG E20-2011. According to the degrees of change of the physical properties of asphalts
before and after aging, the anti-aging abilities of different asphalts were evaluated. The
evaluation parameters were the residual penetration ratio (RPR), softening point increment
(SPI), ductility retention rate (DRR), and viscosity aging index (VAI). The RPR, SPI, DRR,
and VAI were calculated according to the Formulas (2)–(5), respectively.

RPR (%) = (P2/P1) × 100% (2)

SPI (◦C) = (SP2 − SP1) (3)

DRR (%) = (D2/D1) × 100% (4)

VAI (%) = (V2 − V1)/V1 × 100% (5)

where the P, SP, D, and V represent the penetration, softening point, ductility, and viscosity
of the asphalt samples, respectively. The subscripts ‘1’ and ‘2’ represent the measured
values of the asphalt samples before and after aging, respectively.

2.3.6. Rheological Property Test

Using a dynamic shear rheometer (DSR), the rheological characteristics of the various
modified asphalts were evaluated both before and after aging by referring to Chinese
standard JTG E20-2011. The temperature scanning range was 30 ◦C~80 ◦C, the scanning
frequency was 10 rad/s, and the heating rate was 2 ◦C/min.
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2.3.7. FTIR Test

The changes in the functional groups of the modified asphalts after aging were ana-
lyzed using the FTIR test [39,40]. A thin film was created by dissolving 10 mg of bitumen
in 2 mL of CS2, which was then deposited onto a KBr electrolyzer and dried. The test was
carried out in the wavenumber range of 400 cm−1 to 4000 cm−1, and the test scanning
resolution was 2 cm−1. The aging degrees of the asphalts were quantitatively analyzed by
Formulas (6)–(8).

IC=O = A1700/ΣA (6)

IS=O = A1030/ΣA (7)

ΣA = A3780 + A3690 + A2927 + A2856 + A2721 + A2354 + A1700 + A1593 + A1455 + A1375 + A1030 + A864 + A813 + A740 (8)

where the IC=O, IS=O, and AX are the carbonyl aging index, sulfoxide aging index, and
characteristic peak area, respectively.

3. Results and Discussion
3.1. Characterization of the Antioxidant Intercalated LDHs
3.1.1. Crystal Structure Analysis

Figure 2 displays the XRD patterns of unintercalated LDHs and LDHs intercalated
with various antioxidants. The graphic demonstrates that they all have robust and distinct
diffraction peaks, indicating that they all have a regular crystal structure and layered structure.
After the intercalation of several antioxidants, the d003 diffraction peak of the LDHs moved
from 11.64◦ to lower angles, the d003 diffraction peak of LDHs-3 moved to 4.06◦, the d003
diffraction peak of LDHs-TP moved to 6.00◦, and the d003 diffraction peak of LDHs-1222
moved to 5.13◦. This indicated that several antioxidant molecules were successfully inserted
into the interlayer of LDHs, replacing the original CO3

2− in the interlayer.
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According to the peak position of the d003 diffraction peak in the spectrum, the Bragg
equation, presented in Formula (9), can be used to determine the interlayer spacing of the
LDHs.

2dsinθ = n λ (9)
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where λ is the wavelength of the X-ray incident wave, and the X-ray source used in this
test is Cu-Kα radiation, λ = 0.15406 nm; n is the diffraction order, as, for the d003 diffraction
peak, n = 1; and θ is the diffraction angle. It can be calculated that the interlayer distance of
the LDHs is 0.76 nm, the interlayer distance of LDHs-3 is 2.17 nm, the interlayer distance of
LDHs-TP is 1.47 nm, and the interlayer distance of LDHs-1222 is 1.72 nm. The increases in
the interlayer distance of the LDHs indicated that antioxidants entered the interlayer of
LDHs and different antioxidants intercalated LDHs were prepared successfully.

3.1.2. FTIR Analysis

The FTIR spectra of the LDHs and LDHs intercalated with different antioxidants are
shown in Figure 3. For the spectrum of LDHs, a very strong and wide absorption peak
appeared at 3452 cm−1, which was formed by the stretching vibration of water molecules
between the layers of the LDHs. A wide shoulder peak appeared near 3071 cm−1, which
was formed by the interaction between the hydroxyl group and interlayer CO3

2−. A sharp
absorption peak appeared at 1360 cm−1, which was formed by the antisymmetric stretching
vibration absorption peak of interlayer CO3

2−. The peak did not undergo any splitting, indi-
cating that CO3

2− was in a very symmetrical position between the layers of the LDHs. After
the intercalation of the antioxidants, the absorption peaks of the LDHs changed greatly. The
absorption peak of CO3

2− in the interlayer of the LDHs disappeared at 1360 cm−1, indicat-
ing that the CO3

2− in the interlayer of the LDHs was completely replaced by antioxidants,
which was consistent with the disappearance of the diffraction peak at 11.64◦ in the XRD
spectrum (Figure 2). Moreover, the characteristic absorption peaks of antioxidant molecules
could still be observed in the intercalated LDHs. The carboxyl characteristic peaks of
antioxidant 3, the phosphorus–oxygen bond characteristic peaks of antioxidant 1222, and
the carbon–sulfur bond characteristic peaks of antioxidant TP were observed at 1700 cm−1,
1060 cm−1, and 960 cm−1, respectively. This indicated that the antioxidants did not decom-
pose after the intercalation.
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3.1.3. Micromorphology Analysis

The micromorphology of the LDHs and LDHs intercalated with different antioxidants
are shown in Figures 4 and 5.
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From Figure 4a, it can be seen that LDHs have nonuniform lamellar structures, and
their particle size varies greatly in the 0.9 µm–2 µm range. The LDHs after antioxidant
intercalation (Figure 5b–d) still maintained their lamellar structure, and the number of
particles with small particle sizes decreased. It can be seen from Figure 5 that the particle
size of the LDHs after intercalation is more uniform, and the surface becomes rough. This is
due to the secondary growth of LDHs molecules during the intercalation of the antioxidant
molecules, which makes LDHs with small particle sizes grow again. The particle size range
is about 1.2 µm–2 µm. In addition, the antioxidant molecules increase the interlayer spacing
of LDHs and thus increase its thickness.

3.1.4. UV–Vis Spectroscopy Analysis

The absorption spectra of the LDHs and LDHs intercalated with various antioxidants
to UV–Visible light in the 200–800 nm range are shown in Figure 6. It can be seen from the
figure that LDHs have a certain absorption capacity for UV light in the range of 200–300 nm
and have almost no absorption capacity in other bands. In contrast, the UV absorption
capacity of the antioxidant intercalated LDHs in the range of 200–400 nm was greatly
increased, and the order of the UV absorption ability from strong to weak was LDHs-TP
> LDHs-3 > LDHs-1222 > LDHs. The three kinds of antioxidant intercalated LDHs have
the strongest absorption peak near 300 nm, and the UV light in this band has the greatest
damage to asphalt [41], indicating that the intercalated LDHs can effectively protect asphalt
from UV damage. This is because antioxidant 3 contains a benzene ring and carboxyl
group, antioxidant TP contains a carbon–sulfur double bond, and these functional groups
can absorb the energy of UV light.
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The UV–Visible reflectance spectra of the LDHs and different antioxidants intercalated
LDHs are shown in Figure 7. The intercalation of several antioxidants reduced the reflectiv-
ity of the LDHs. Compared to Figure 6, it was found that, in the range of 200~400 nm, the
stronger the ultraviolet absorption capacity, the weaker the reflection ability of the modifier.
This also showed that the interlayer antioxidant had a strong ultraviolet absorption capacity,
because in the case of a certain incident light, the more ultraviolet light absorbed by the
modifier, the less ultraviolet light was reflected.
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3.1.5. Free Radical Scavenging Performance Analysis

Figure 8 shows the free radical scavenging UV spectra of the LDHs and LDHs interca-
lated with different antioxidants after 2 h of reaction with DPPH. From the diagram, it can
be known that, after adding the LDHs, the absorbance of the DPPH solution decreased. The
reason is that the free radical solution has high activity and is easily affected by external
temperature, light, oxygen, and other conditions. After calibration according to the baseline,
the absorbance of DPPH, LDH-TP, LDHs-1222, and LDHs-3 at 517 nm were 0.416, 0.345,
0.268, and 0.176, respectively. According to Formula (1), the corresponding free radical
scavenging rates were 17.1%, 35.6%, and 57.7%, respectively. Therefore, the free radical
scavenging ability of LDHs-3 is the best, the ability of LDHs-1222 is in the middle, and the
ability of LDHs-TP is the worst.
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Figure 9 shows the free radical scavenging UV–Vis spectra of the DPPH solution with
LDHs-3 at different reaction times. It can be seen from the figure that the absorbance at
517 nm after 0.5 h, 1 h, 1.5 h, and 2 h of the reaction was 0.354, 0.312, 0.206, and 0.176,
respectively. The free radical scavenging rates corresponding to different reaction times
were 14.9%, 25%, 50.5%, and 57.7%, respectively. As a result, the antioxidant intercalated
LDHs’ ability to scavenge free radicals improved with longer reaction times. The results
proved that the three antioxidants’ intercalation increased the ability of LDHs to scavenge
free radicals, and LDHs-3 had the best free radical scavenging ability.
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3.2. Effects of Antioxidant Intercalated LDHs on Asphalt Performance
3.2.1. Physical Properties

Table 2 shows the physical properties of the base asphalt and the asphalts blended
with different LDHs modifiers. The table shows that the physical properties of the modi-
fied asphalts vary according to the same pattern. As the modifier content increases, the
penetration and ductility of the modified asphalt decrease, while the softening point and
viscosity increase. This is because these several modifiers have lamellar structures, which
will hinder the movement of asphalt molecules and increase the consistency of asphalt
after being incorporated into the asphalt. The addition of LDHs will greatly decrease the
ductility of asphalt. The reason for this is the poor compatibility between LDHs and asphalt.
LDHs are prone to agglomeration, and the modified asphalt is prone to stress concentration.
LDHs and asphalt have increased compatibility after antioxidant intercalation, allowing the
LDHs modifier to be distributed more evenly throughout the asphalt and improving the
modified asphalts’ ductility. The penetration of 6% LMB decreased by 6.7 dmm compared
to that of the base asphalt, while that of LMB-3, LMB-1222, and LMB-TP decreased by
3.6 dmm, 4.1 dmm, and 4.5 dmm, respectively. The softening point and viscosity of the
modified asphalts were increased, because the modifiers increased the consistency and
internal friction of asphalt. In a word, the effect of antioxidant intercalation LDHs on the
physical properties of asphalt was less than that of the LDHs.
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Table 2. Effects of different modifiers on the physical properties of asphalt.

Asphalt Type Penetration
(25 ◦C, dmm)

Softening Point
(◦C)

Ductility
(10 ◦C, cm)

Viscosity
(135 ◦C, Pa.S)

Base asphalt 72.7 48.3 19.2 0.4725
2%LMB 70.2 49.5 17.5 0.5103
4%LMB 68.5 51.2 14.2 0.5355
6%LMB 66.0 52. 11.7 0.5870

2%LMB-TP 70.5 49.3 18.2 0.5913
4%LMB-TP 69.1 51.2 16.5 0.5988
6%LMB-TP 68.2 51.8 15.8 0.6188

2%LMB-1222 71.8 48.9 18.1 0.4794
4%LMB-1222 70.3 49.6 16.6 0.4939
6%LMB-1222 68.6 51.1 15.5 0.5015

2%LMB-3 71.5 50.3 18.4 0.5867
4%LMB-3 70.8 51.2 17.4 0.5935
6%LMB-3 69.1 52.5 15.8 0.6271

3.2.2. Rheological Properties

Figure 10 shows the effect of the modifiers with different contents on the complex
modulus (G*) of asphalt. G* reflects the resistance of the asphalt to deformation under exter-
nal forces, and a higher G* value denotes a greater resistance of the asphalt to deformation.
It can be seen from Figure 10 that, with the increase in the modifier content, the G* of LMB
increases gradually. When the content in the LDHs modifier increases from 2% to 4%, the
G* of the modified asphalt increases greatly, while the increase in G* decreases obviously as
the content of the LDHs modifier increases from 4% to 6%. The rationale is that, by adding
LDHs, the stiff component in asphalt is increased, which improves the asphalt’s ability to
withstand deformation. As the content continues to increase, LDHs particles agglomerate
in the asphalt, and their modification effect decreases. Compared to LDHs, the addition
of LDHs-3 increases the G* of the asphalt to a lower extent due to its good compatibility
with asphalt. With an increase in the LDHs-3 dose, the G* of LMB-3 rises. Compared to the
dosage of 4%, the dosage of 6% does not significantly increase the G* of asphalt, which is
probably due to the fact that the high dosage of LDHs-3 leads to segregation. Therefore, 4%
is an appropriate dosage of the LDHs modifiers, which is consistent with the findings of
Chen et al. [28].

Buildings 2024, 14, x FOR PEER REVIEW 13 of 23 
 

segregation. Therefore, 4% is an appropriate dosage of the LDHs modifiers, which is con-
sistent with the findings of Chen et al. [28]. 

 
Figure 10. Effects of different contents of the modifier on the complex modulus of asphalt. 

Figure 11 shows the influence of different modifiers on the complex modulus (G*) 
and phase angle (δ) of asphalt under the same dosage of 4%. It can be seen from Figure 11 
that, when the LDHs modifiers concentration is 4%, these several modifiers increase the 
G* of asphalt and decrease its δ. By increasing the internal friction of the asphalt flow, 
LDHs improve the asphalt’s resistance to deformation as compared to the base asphalt. 
The additions of LDHs-3, LDHs-1222, and LDHs-TP also have the same effect. Due to their 
better compatibility with asphalt, they are more evenly dispersed in asphalt, resulting in 
a lower G* and higher δ than LMB. 

 
Figure 11. Effects of different modifiers on the rheological properties of asphalt. 

3.2.3. Storage Stability 
Table 3 displays the storage stability of different modified asphalts. The smaller the 

ΔS, the better the compatibility between asphalt and the modifier. The table shows that 
the ΔS of various modified asphalts rise as the modifier concentration is increased. The ΔS 
of LMB are the largest. When the content of the LDHs is 6%, the ΔS is 2.1 °C. This indicates 

Figure 10. Effects of different contents of the modifier on the complex modulus of asphalt.



Buildings 2024, 14, 593 13 of 22

Figure 11 shows the influence of different modifiers on the complex modulus (G*)
and phase angle (δ) of asphalt under the same dosage of 4%. It can be seen from Figure 11
that, when the LDHs modifiers concentration is 4%, these several modifiers increase the
G* of asphalt and decrease its δ. By increasing the internal friction of the asphalt flow,
LDHs improve the asphalt’s resistance to deformation as compared to the base asphalt.
The additions of LDHs-3, LDHs-1222, and LDHs-TP also have the same effect. Due to their
better compatibility with asphalt, they are more evenly dispersed in asphalt, resulting in a
lower G* and higher δ than LMB.
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3.2.3. Storage Stability

Table 3 displays the storage stability of different modified asphalts. The smaller the
∆S, the better the compatibility between asphalt and the modifier. The table shows that
the ∆S of various modified asphalts rise as the modifier concentration is increased. The
∆S of LMB are the largest. When the content of the LDHs is 6%, the ∆S is 2.1 ◦C. This
indicates that the LDHs particles agglomerate in the asphalt and settle at the bottom of
the test tube. In contrast, ∆S can be effectively reduced after antioxidant intercalation. The
∆S of LMB-3, LMB-1222, and LMB-TP with the 6% content of the modifiers decreased to
0.4 ◦C, 0.6 ◦C, and 0.7 ◦C, respectively. This meant that the intercalation of antioxidant
significantly improved the compatibility of the LDHs and asphalt. Specifically, LMB-3 had
the highest storage stability.

Table 3. Effects of different modifiers on the storage stability of asphalt.

Asphalt Type Upper Softening Point (◦C) Lower Softening Point (◦C) ∆S (◦C)

2%LMB 49.6 50.5 0.9
4%LMB 51.3 52.8 1.5
6%LMB 52.5 54.6 2.1

2%LMB-TP 49.5 49.9 0.4
4%LMB-TP 51.4 52.1 0.5
6%LMB-TP 52.1 53 0.7

2%LMB-1222 49.0 49.3 0.3
4%LMB-1222 49.8 50.2 0.4
6%LMB-1222 51.6 52.2 0.6

2%LMB-3 50.5 50.7 0.2
4%LMB-3 51.4 51.7 0.3
6%LMB-3 52.7 53.1 0.4
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3.3. Effect of Antioxidant Intercalated LDHs on the Anti-Aging Properties of Asphalt
3.3.1. Physical Properties of Different Modified Asphalts after Aging

Figures 12–15 reflect the RPR, SPI, DRR, and VAI of different modified asphalts after
TFOT aging and UV aging, respectively, and the content of each modifier is 4%. The higher
the RPR and DRR and the lower the SPI and VAI, the stronger the anti-aging effectiveness of
the modified asphalt. The physical properties of several types of asphalt were decreased after
TFOT aging. The RPR, SPI, DRR, and VAI of the base asphalt were 75.1%, 3.1 ◦C, 45.3%, and
25.7%, respectively. The LDHs modifiers enhance the asphalt’s anti-aging capability, and the
anti-thermal oxidation aging capabilities of the modified asphalts are in the following order:
LMB-1222 > LMB-3 > LMB-TP > LMB > base asphalt. The light components in asphalt will
volatilize at high temperatures, and oxygen will permeate the asphalt to react with the active
functional groups. These several LDHs modifiers are in lamellar structures, which can inhibit
the volatilization of light components and the penetration of oxygen. The LDHs intercalated
by antioxidants exhibit greater asphalt compatibility and inhibitory action. The thermal
oxidation aging of asphalt is a free radical chain reaction process [42]. Antioxidants can
capture free radicals and thus enhance the thermal oxidation aging resistance of asphalt [43].
Therefore, these several antioxidant intercalated LDHs modifiers further enhanced the
thermal oxygen oxidation resistance of asphalt. In contrast, LMB-1222 has the best thermal
oxidation aging resistance.
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After UV aging, the aging degrees of the asphalts are significantly higher than those
after TFOT aging. The RPR, SPI, DRR, and VAI of the base asphalt were 53.3%, 7 ◦C, 24.0%,
and 59.6%, respectively. After adding several LDHs modifiers, the aging degrees of the
asphalts were reduced. The aging resistances of the different asphalts are in the order of
LMB-3 > LMB-1222 > LMB-TP > LMB > base asphalt. UV rays have high energy, which will
break some chemical bonds in asphalt and promote asphalt aging. The lamellar structure
of LDHs can reflect UV light, and after intercalation, the antioxidant molecules between the
layers can absorb UV light [28]. In addition, asphalt will also produce free radicals during
UV aging, which can also be captured by antioxidant molecules between the interlayers of
LDHs. Therefore, these several antioxidant intercalated LDHs modifiers can enhance the
UV aging resistance of asphalt. In contrast, LMB-3 has the best anti-UV aging effect. This
is because LDHs-3 has both good UV absorption and UV reflectivity. The results of this
research are consistent with the results obtained in the literature. Antioxidant intercalated
LDHs have both the functions of LDHs and antioxidants and can simultaneously enhance
the thermal oxidation and ultraviolet aging resistances of asphalt.

3.3.2. Rheological Properties of Different Modified Asphalts after Aging

After TFOT aging and UV aging, the complex modulus of asphalt underwent quan-
titative analysis. Formulas (10) and (11) were used to calculate the ratio of the complex
modulus (GAI) after TFOT and UV aging to the complex modulus before aging.
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GAI (TFOT) = GTFOT/G0 (10)

GAI (UV) = GUV/G0 (11)

In the formulas, the complex modulus of asphalt prior to aging, after TFOT aging, and
after UV aging are designated as G0, GTFOT, and GUV, respectively.

The GAI curves of modified asphalt after TFOT aging with different contents of LDHs-
TP are drawn in Figure 16 to explore the optimum dosage of the modifier for asphalt anti-
aging. The diagram demonstrates that the GAI values of base asphalt are at their maximums
during thermal oxidation aging. It shows that the aging of the base asphalt is the most
serious. The addition of LDHs-TP reduces the GAI, indicating that it delays the TFOT aging
of asphalt. With the increase in the LDHs-TP content, GAI decreases first and then increases.
When the dosage is 4%, the modified asphalt has the best resistance to thermal oxidation
aging. This is because excessive LDHs modifier will lead to segregation. Therefore, 4% of
the LDHs modifier has good compatibility with asphalt and can significantly increase the
anti-aging performance of asphalt.
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Figure 16. GAI of the modified asphalts after TFOT aging with different contents of LDHs-TP.

Figure 17 shows the GAI curves of the base asphalt and modified asphalts with different
contents of LDHs-TP after UV aging. The diagram shows that, after UV aging, the asphalts’
GAI considerably increases, indicating that the aging degrees of the asphalts are further
deepened. In contrast, the asphalts’ ability to resist UV aging is greatest when the modifier
content is 4%, which is consistent with the result of previous research [32].

Figure 18 shows the GAI curves of different anti-aging agents’ modified asphalts after
TFOT aging. Compared to the base asphalt, the additions of these various LDHs modifiers
significantly lower the GAI of asphalt after TFOT aging and enhance the asphalt’s anti-aging
property. The GAI of the asphalts are in the order of base asphalt > LMB-4% > LMB-TP-4% >
LMB-3-4% > LMB-1222-4%. The LDHs after antioxidant intercalation have better anti-aging
effects; among which, LMB-1222 has the best resistance to thermal oxidation aging.

Figure 19 shows the GAI curves of different LDHs modified asphalts after UV aging.
The asphalts’ GAI after UV aging is higher than the GAI after TFOT aging, suggesting that
the asphalts have been aged more severely. The order of the GAI after UV aging is base
asphalt > LMB-4% > LMB-TP-4% > LMB-1222-4% > LMB-3-4%. It can be seen from the
previous experiments that LDHs-3 has both a good UV absorption rate and reflectivity,
which shows that LMB-3 have the best anti-UV aging effect.
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3.3.3. Changes in Functional Groups of Different Modified Asphalts after Aging

Figure 20 shows the FTIR diagrams of various asphalts before aging, and Figures 21
and 22 are the FTIR diagrams of various asphalts after TFOT aging and UV aging, respec-
tively. The peak corresponding functional group at 1700 cm−1 is carbonyl (C=O), and the
peak corresponding functional group at 1030 cm−1 is sulfoxide (S=O). After the earlier
experiments, it can be known that, when the dosage of the LDHs modifiers is 4%, the
modified asphalts have the best anti-aging qualities, so the dosage of the modifiers used in
the FTIR test is 4%. It can be seen from Figures 20–22 that there are almost no absorption
peaks at 1700 cm−1 and 1030 cm−1 when the asphalts are not aged. After TFOT aging,
these modified asphalts have a weak absorption peak at 1030 cm−1. After UV aging, the
absorption peak of each asphalt at 1030 cm−1 is obviously strengthened, and the absorption
peak can also be observed at 1700 cm−1. This shows that the aging degree of asphalt after
UV aging is deepened. The increment of the sulfoxide group after asphalt aging is larger
than that of the carbonyl group. This is owed to the asphalt’s active chemical properties,
which cause sulfur-containing functional groups to oxidize more quickly.

Buildings 2024, 14, x FOR PEER REVIEW 19 of 23 
 

peaks at 1700 cm−1 and 1030 cm−1 when the asphalts are not aged. After TFOT aging, these 
modified asphalts have a weak absorption peak at 1030 cm−1. After UV aging, the absorp-
tion peak of each asphalt at 1030 cm−1 is obviously strengthened, and the absorption peak 
can also be observed at 1700 cm−1. This shows that the aging degree of asphalt after UV 
aging is deepened. The increment of the sulfoxide group after asphalt aging is larger than 
that of the carbonyl group. This is owed to the asphalt’s active chemical properties, which 
cause sulfur-containing functional groups to oxidize more quickly. 

 
Figure 20. FTIR spectra of the base asphalt and different modified asphalts before aging. 

 
Figure 21. FTIR spectra of the different modified asphalts after TFOT aging. 

Figure 20. FTIR spectra of the base asphalt and different modified asphalts before aging.

Buildings 2024, 14, x FOR PEER REVIEW 19 of 23 
 

peaks at 1700 cm−1 and 1030 cm−1 when the asphalts are not aged. After TFOT aging, these 
modified asphalts have a weak absorption peak at 1030 cm−1. After UV aging, the absorp-
tion peak of each asphalt at 1030 cm−1 is obviously strengthened, and the absorption peak 
can also be observed at 1700 cm−1. This shows that the aging degree of asphalt after UV 
aging is deepened. The increment of the sulfoxide group after asphalt aging is larger than 
that of the carbonyl group. This is owed to the asphalt’s active chemical properties, which 
cause sulfur-containing functional groups to oxidize more quickly. 

 
Figure 20. FTIR spectra of the base asphalt and different modified asphalts before aging. 

 
Figure 21. FTIR spectra of the different modified asphalts after TFOT aging. Figure 21. FTIR spectra of the different modified asphalts after TFOT aging.



Buildings 2024, 14, 593 19 of 22Buildings 2024, 14, x FOR PEER REVIEW 20 of 23 
 

 
Figure 22. FTIR spectra of the different modified asphalts after UV aging. 

Table 4 shows the carbonyl and sulfoxide aging indices of the base asphalt and dif-
ferent modified asphalts before and after aging. Before aging, LMB-3 has the highest car-
bonyl content, and LMB-1222 has the highest sulfoxide content. The reason is that the an-
tioxidant 3 molecule contains a carbonyl group, and the antioxidant 1222 molecule con-
tains a P-O bond. The peak of the P-O bond is very close to the peak of the sulfoxide group, 
and the overlap between the two peaks makes the IS=O value larger. After TFOT aging, the 
asphalts’ IC=O and IS=O values increased, with the base asphalt’s IC=O and IS=O increments 
being 1.63 and 8.6, respectively. After adding the LDHs modifiers, the increments of IC=O 
and IS=O of the asphalt decreased, indicating that these LDHs modifiers inhibited the aging 
of asphalt. Among them, LMB-1222 has the best thermal oxidation aging resistance. The 
increments of IC=O and IS=O of these asphalts increased more during UV aging, indicating 
that the asphalts were subjected to more serious aging. The base asphalt’s IC=O and IS=O 
values were 17.63 and 22.9, respectively. Different LDHs-modified asphalts have better 
anti-UV aging effects. LMB-3 shows a minimal ΔIC=O and ΔIS=O of 7.58 and 11.75, respec-
tively, indicating that LMB-3 has the best anti-UV effect. 

Table 4. Aging indices of the base asphalt and different modified asphalts before and after aging. 

Asphalt Types Aging Index (×10−3) 

 
Unaged TFOT Aged UV Aged 
IC=O IS=O IC=O ΔIC=O IS=O ΔIS=O IC=O ΔIC=O IS=O ΔIS=O 

Base asphalt 0.98 9.48 2.61 1.63 18.08 8.60 18.61 17.63 32.38 22.90 
LMB-4% 1.01 9.83 2.24 1.23 15.54 5.71 12.27 11.26 28.74 18.91 

LMB-TP-4% 1.05 11.15 1.96 0.91 16.36 5.21 9.25 8.20 26.48 15.33 
LMB-1222-4% 1.03 14.84 1.87 0.84 18.21 4.37 9.08 8.05 30.65 15.81 

LMB-3-4% 2.16 10.82 2.43 0.87 15.89 5.07 9.74 7.58 22.57 11.75 

4. Conclusions 
In this paper, three antioxidants (antioxidant 3, antioxidant 1222, and antioxidant TP) 

were inserted into the interlayer of LDHs by the ion exchange method to prepare different 
antioxidant intercalated LDHs, and then, they were blended into asphalt to enhance its 
anti-aging property. By characterizing intercalated LDHs and comparing the property 
changes of different modified asphalts before and after TFOT and UV aging, the following 
conclusions were drawn: 

Figure 22. FTIR spectra of the different modified asphalts after UV aging.

Table 4 shows the carbonyl and sulfoxide aging indices of the base asphalt and different
modified asphalts before and after aging. Before aging, LMB-3 has the highest carbonyl
content, and LMB-1222 has the highest sulfoxide content. The reason is that the antioxidant
3 molecule contains a carbonyl group, and the antioxidant 1222 molecule contains a P-O
bond. The peak of the P-O bond is very close to the peak of the sulfoxide group, and the
overlap between the two peaks makes the IS=O value larger. After TFOT aging, the asphalts’
IC=O and IS=O values increased, with the base asphalt’s IC=O and IS=O increments being 1.63
and 8.6, respectively. After adding the LDHs modifiers, the increments of IC=O and IS=O of
the asphalt decreased, indicating that these LDHs modifiers inhibited the aging of asphalt.
Among them, LMB-1222 has the best thermal oxidation aging resistance. The increments
of IC=O and IS=O of these asphalts increased more during UV aging, indicating that the
asphalts were subjected to more serious aging. The base asphalt’s IC=O and IS=O values
were 17.63 and 22.9, respectively. Different LDHs-modified asphalts have better anti-UV
aging effects. LMB-3 shows a minimal ∆IC=O and ∆IS=O of 7.58 and 11.75, respectively,
indicating that LMB-3 has the best anti-UV effect.

Table 4. Aging indices of the base asphalt and different modified asphalts before and after aging.

Asphalt Types Aging Index (×10−3)

Unaged TFOT Aged UV Aged

IC=O IS=O IC=O ∆IC=O IS=O ∆IS=O IC=O ∆IC=O IS=O ∆IS=O

Base asphalt 0.98 9.48 2.61 1.63 18.08 8.60 18.61 17.63 32.38 22.90
LMB-4% 1.01 9.83 2.24 1.23 15.54 5.71 12.27 11.26 28.74 18.91

LMB-TP-4% 1.05 11.15 1.96 0.91 16.36 5.21 9.25 8.20 26.48 15.33
LMB-1222-4% 1.03 14.84 1.87 0.84 18.21 4.37 9.08 8.05 30.65 15.81

LMB-3-4% 2.16 10.82 2.43 0.87 15.89 5.07 9.74 7.58 22.57 11.75

4. Conclusions

In this paper, three antioxidants (antioxidant 3, antioxidant 1222, and antioxidant TP)
were inserted into the interlayer of LDHs by the ion exchange method to prepare different
antioxidant intercalated LDHs, and then, they were blended into asphalt to enhance its
anti-aging property. By characterizing intercalated LDHs and comparing the property
changes of different modified asphalts before and after TFOT and UV aging, the following
conclusions were drawn:
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1. Different antioxidant intercalated LDHs were prepared by the ion exchange method.
The d003 diffraction peaks of the LDHs migrated to the smaller angle direction af-
ter intercalation, indicating that the antioxidant molecules entered the interlayer of
the LDHs. FTIR spectra confirmed that the absorption peak of CO3

2− of the LDHs
disappeared, and the characteristic peak of antioxidant molecules appeared after
intercalation. The antioxidants did not decompose after the intercalation.

2. The LDHs after antioxidant intercalation had good ultraviolet absorption capacity, cer-
tain reflection ability, and good free radical scavenging ability. Among the three kinds
of antioxidant intercalated LDHs, LDHs-3 had the best free radical scavenging effect.

3. The addition of different LDHs modifiers decreased the penetration and ductility and
increased the softening point and viscosity of the asphalt binders. The three kinds of
antioxidant intercalated LDHs had less impact on the physical properties of asphalt
compared to LDHs, and LDHs-3 had the least impact on the asphalt physical properties.

4. The intercalation of antioxidants significantly improved the storage stability of LDHs-
modified asphalt, indicating that the antioxidant intercalated LDHs had better com-
patibility with asphalt than LDHs. LDHs-3 had the best compatibility with asphalt.

5. The antioxidant intercalated LDHs could simultaneously enhance the thermal oxi-
dation and UV aging resistances of the asphalt binders. LMB-1222 showed the best
anti-thermal oxidation aging performance, while LMB-3 had the best anti-UV aging
performance.

6. LMB-1222 can be used to enhance the thermal oxidation aging resistance of asphalt
binders with high viscosity and high mixing temperatures, while LDHs-3 can be used
to enhance the UV aging resistance of asphalt binders used in the areas with high UV
radiation intensity. A combination of LDHs-3 and LMB-1222 will bring about the best
thermal oxidation aging and UV aging resistance enhancements on asphalt binders.

The output of this research will lay the foundation for developing aging-resistant
asphalt and improving the durability of asphalt pavement. The long-term anti-aging effects
of the antioxidant intercalated LDHs will be explored in future research.
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