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Abstract

Waste biomass powders and waste oils are promising sustainable modifiers for asphalt
binders, but solid-phase biomass powders and oil-phase modifiers often have competing
effects on high-temperature stability and low-temperature relaxation. In this study, peanut
shell powder (PSP) and waste cooking oil (WCO) were combined at a fixed mass ratio of 1:1
to modify No. 70 base asphalt binder, and the material characteristics, physical properties,
rheological responses, and chemical interactions of unaged PSP/WCO-modified asphalt
binders with total modifier dosages of 5%, 10%, and 15% were evaluated. The results
showed that PSP had a rough, wrinkled, and locally porous lignocellulosic structure and
showed no obvious thermal decomposition near the preparation temperature of approxi-
mately 150 ◦C. As the PSP/WCO dosage increased from 0% to 15%, the softening point
increased from 50.2 ◦C to 53.9 ◦C, while penetration decreased from 66.2 to 62.6 (0.1 mm)
and ductility decreased from 74.0 mm to 69.5 mm, indicating increased binder consistency
and improved high-temperature flow resistance. DSR and MSCR results showed enhanced
high-temperature deformation resistance; at 15% dosage, Jnr at 3.2 kPa decreased from
2.35 to 1.25 kPa−1, while R increased from 0.51% to 1.36%. However, BBR results showed
increased creep stiffness and decreased m-value, indicating reduced low-temperature re-
laxation capacity. FTIR spectra showed no new strong characteristic absorption peaks,
suggesting that the modification was mainly associated with physical blending, compo-
sitional regulation, and weak intermolecular interactions. The main novelty of this work
is that it demonstrates a fixed-ratio PSP/WCO composite modification strategy that com-
bines biomass-powder reinforcement with oil-phase regulation to improve the unaged
high-temperature rheological performance of asphalt binders while promoting the resource
utilization of peanut shells and waste cooking oil.

Keywords: peanut shell powder; waste cooking oil; composite-modified asphalt binder;
rheological properties

1. Introduction
Asphalt pavements are widely used in road engineering because they provide good

driving comfort, short construction periods, and convenient maintenance [1,2]. In pave-
ment engineering, the binding phase in asphalt pavement materials is commonly referred
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to as asphalt binder or binder, whereas asphalt coating generally refers to a coating material
used for protection or waterproofing. In this study, the term asphalt binder is used to refer
specifically to the petroleum-based binder investigated. Asphalt binder exhibits typical
viscoelastic behavior. Its performance can be affected by traffic loading, temperature cycles,
and aging, which may lead to pavement distresses such as rutting, low-temperature crack-
ing, and fatigue damage [3,4]. Various additives have been used to improve the service
performance of asphalt binders. These additives include polymer modifiers, mineral fillers,
fibers, plasticizers, rejuvenators, adhesion promoters, anti-aging agents, and waste-derived
secondary materials [5,6]. According to their functions, asphalt additives can be further
classified into structural-reinforcement, plasticization-regulation, adhesion-improvement,
aging-inhibition, and composite-modification additives [7,8]. Polymers, rubber, mineral
fillers, and fibers are commonly used to improve the high-temperature stability, elastic
recovery, and permanent deformation resistance of asphalt binders. Plasticizers, rejuvena-
tors, and oil-phase components are mainly used to regulate light components and improve
flowability and low-temperature deformability. Adhesion promoters are used to enhance
the interfacial bonding between asphalt and aggregates, whereas anti-aging agents are used
to reduce performance deterioration caused by oxidative aging. In recent years, bio-oils,
bio-asphalt, and agricultural-waste-based materials have attracted increasing attention.
They are regarded as potential options for reducing dependence on petroleum resources
and expanding sustainable modification strategies for road materials [9,10]. These bio-
based modifiers differ greatly in composition and function. Therefore, their effects on the
high-temperature stability, low-temperature relaxation behavior, and aging behavior of
asphalt binders also vary [11]. In addition to conventional modifiers and waste-derived
additives, anti-aging additives such as antioxidants and some natural substances have also
been reported to mitigate asphalt binder aging [12]. Therefore, the development of asphalt
binder modifiers that can improve performance and promote waste-resource utilization
remains an important research direction in sustainable road engineering materials. In this
study, peanut shell powder (PSP) is considered a biomass-derived solid filler or reinforcing
component, whereas waste cooking oil (WCO) is considered an oil-phase plasticizer or
rejuvenating regulator.

Agricultural-waste powders and shell-based biomass materials are widely available
and low-cost. They usually have rough surfaces and well-developed pore structures. There-
fore, they have increasingly been used as solid-phase modifiers for asphalt binders in recent
years. Abdelmagid et al. used peanut shell ash to modify asphalt binder and found that
it increased the softening point, complex modulus, and high-temperature deformation
resistance. However, the low-temperature performance decreased to some extent [13].
Wang et al. further used PSP for asphalt binder modification. They reported that its porous
structure could adsorb light components in asphalt binder and affect the self-healing be-
havior of the modified binder [14]. Lv et al. prepared asphalt binder modified with waste
crayfish shell powder. Their results showed that shell-based powders could improve
the high-temperature stability, rheological properties, and stiffness of asphalt binder [15].
Studies by Guo et al. and Fan et al. on waste shell powder-modified asphalt binder
also showed that shell-based wastes could act as powder fillers with inorganic–biomass
composite characteristics. These fillers improved the high-temperature performance and
creep resistance of asphalt binder [16,17]. In addition to shell-based materials, biochar
and plant fibers have also been used to regulate the performance of asphalt binders.
Ma et al. used biochar to modify asphalt binder and demonstrated that it could improve
high-temperature performance [18]. Martínez-Toledo et al. modified PG 64-22 asphalt
binder with oat-husk biochar. They found that particle size, pyrolysis temperature, and
dosage affected the rheological response of the binder [19]. Chen et al. investigated as-
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phalt binder modified with corn-straw fiber. Their results showed that corn-straw fiber
could increase binder viscosity and high-temperature stiffness [20]. Niu et al. modified
asphalt binder with pretreated cow-dung fiber and found that biomass fibers could im-
prove high-temperature permanent deformation resistance and fatigue performance [21].
Similarly, studies on cellulose-based fibers, recycled fibers, and other fibers in asphalt
binders have shown that fiber materials can enhance structural confinement in the binder.
However, their effects on fatigue performance and low-temperature performance remain
complex [22–25]. Overall, solid-phase materials derived from agricultural wastes are gener-
ally beneficial for improving the high-temperature stiffness and deformation resistance of as-
phalt binders. However, different raw materials vary considerably in chemical composition,
pore structure, particle size, and surface polarity. Therefore, the low-temperature relaxation
behavior and overall performance balance of each specific material system should still be
further evaluated.

Waste cooking oil (WCO) and its derived bio-oils are typical oil-phase rejuvenators or
modifying components. Because WCO contains abundant light and polar components, it
can regulate the colloidal structure and viscoelastic response of asphalt binder. Chen et al.
investigated the rejuvenating effect of waste cooking vegetable oil on aged asphalt binder.
They found that it effectively softened the aged binder and improved its physical and
rheological properties [26]. Sun et al. used WCO-derived bio-oil to modify asphalt binder.
Their results showed that this oil-phase component reduced deformation resistance but
improved stress relaxation capacity. Fourier transform infrared spectroscopy (FTIR) results
showed no obvious chemical reaction [27]. Wang et al. further applied WCO-based bio-oil
to base asphalt binder and styrene-butadiene-styrene (SBS)-modified asphalt binder. They
found that it changed the chemical composition and rheological response of the binders [28].
In their review, Ahmed et al. noted that WCO, as an asphalt rejuvenator, generally improves
cracking resistance but may reduce high-temperature rutting resistance [29]. Luo et al.
also reported that an appropriate amount of WCO could improve the low-temperature
performance and workability of asphalt binder. However, it may adversely affect rutting
resistance and fatigue performance [30]. Oldham et al. evaluated the suitability of WCO
as a rejuvenator for aged asphalt binder from the perspective of acidic components. Their
results showed that the treatment method of WCO affected its rejuvenation efficiency [31].
In recent years, WCO has often been combined with other materials to compensate for
the limited high-temperature performance of single oil-phase modifiers. Xie et al. used
a composite rejuvenator composed of WCO and organic montmorillonite (OMMT) to
improve the high-temperature performance of recycled asphalt binder [32]. Gao et al.
prepared a composite rejuvenator using WCO and waste crumb rubber. This approach
achieved a coordinated recovery of the high- and low-temperature performance of aged
asphalt binder [33]. In addition, waste cooking oil, waste frying oil, and other vegetable-
oil-based rejuvenators have been used to restore the performance of asphalt binders with
different aging degrees. Overall, previous studies have shown that oil-phase materials can
supplement light components, reduce viscosity, and improve low-temperature relaxation
performance. However, excessive dosages often weaken the high-temperature structural
stability of asphalt binders [34,35]. Therefore, WCO is more suitable as a compositional
regulator than as an independent high-temperature reinforcing material. Combining WCO
with solid biomass materials such as PSP may help balance powder reinforcement and
oil-phase regulation.

Overall, agricultural-waste powders, shell-based materials, and fibers generally act as
solid-phase reinforcing components. They can increase the high-temperature stiffness of
asphalt binder and restrict flow deformation. However, they may reduce low-temperature
ductility and stress relaxation capacity. WCO and its derived bio-oils mainly function
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as oil-phase regulators. They can supplement light components, reduce viscosity, and
improve low-temperature creep response. However, when used alone, they often weaken
high-temperature structural stability. Therefore, single solid-phase modification or single
oil-phase regulation is unlikely to satisfy both high-temperature deformation resistance
and low-temperature relaxation requirements. Composite modification has been explored
to address this conflict. However, most reported systems have focused on WCO–inorganic
filler, waste oil–crumb rubber, or waste oil–polymer combinations. In contrast, the com-
bined use of raw agricultural-waste powders and waste oils for asphalt binder modification
remains insufficiently understood. Their performance evolution and physical interaction
characteristics have not been fully clarified. To address this research gap, PSP and WCO
were introduced into No. 70 asphalt binder at a fixed mass ratio. This study aimed to
evaluate the rheological regulation effect of this solid–oil composite system at the unaged
binder level. The main contribution of this work is to clarify the performance trade-off
in a fixed-ratio PSP/WCO system, where biomass-powder reinforcement and oil-phase
regulation coexist. This study identifies the potential advantage of this system in improving
high-temperature permanent deformation resistance and its limitation in low-temperature
stress relaxation, thereby providing a basis for the synergistic use of agricultural-waste
powders and waste oils, as well as for future ratio optimization.

2. Materials and Methods
2.1. Test Raw Materials

(1) Base asphalt binder

In this study, No. 70 paving petroleum asphalt supplied by Hualong Yitong Asphalt
Co., Ltd. (Dongying, China), was used as the base asphalt binder. To ensure the compara-
bility of the test results, the base asphalt was stored under sealed conditions before use and
heated to a flowable state at the specified temperature before specimen preparation. The
basic technical properties of the base asphalt binder are listed in Table 1.

Table 1. Basic technical properties of the base asphalt binder.

Items
JTG 3410-2025 [36]

Test Results Requirements

Penetration at 25 ◦C, 100 g, 5 s/0.1 mm 72 60~80
Softening point/◦C 47.0 Not less than 46

Ductility at 10 ◦C (5 cm/min)/cm 35 Not less than 25
Ductility at 15 ◦C (5 cm/min)/cm >150 Not less than 100
Dynamic viscosity at 60 ◦C/Pa·s 215 Not less than 180

Flash point, Cleveland open cup (COC)/◦C 287 Not less than 260
Note: The base binder was supplied as 70# A-grade paving asphalt and met the requirements of JTG F40-2004.

(2) Modifiers

Peanut shell powder (PSP) was prepared from waste peanut shells. The collected
peanut shells were manually cleaned to remove impurities, washed, dried, crushed, and
sieved through a 200-mesh sieve to obtain PSP for the modification tests. Peanut shells are
lignocellulosic agricultural wastes mainly composed of cellulose, hemicellulose, lignin, and
a small amount of ash. Therefore, the obtained powder is referred to as PSP in this study.
The air-dried-basis moisture content (M-ad) and ash content (A-ad) of PSP were 4.7% and
8.30%, respectively. Waste cooking oil (WCO) was obtained from recycled vegetable oil
generated during food processing. Before use, it was treated by static settling, filtration,
and dehydration to remove suspended impurities and residual water. After treatment, the
residual water content of WCO was 0.6%.
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2.2. Sample Preparation

The PSP/WCO composite modifier was prepared by premixing PSP and WCO at a
mass ratio of 1:1. This ratio was selected based on the design concept of combining an oil-
phase material with solid particles. Previous studies have shown that direct contact between
oil-phase components and solid particles can promote wetting, adsorption, swelling, and
dispersion in asphalt binder systems [37]. In addition, solid particles are often introduced
into WCO-based composite modification systems to compensate for the loss of high-
temperature stability caused by the softening effect of WCO alone [32]. Therefore, the
PSP/WCO ratio was determined by considering the functional complementarity between
the two components. WCO was used to wet PSP particles with rough surfaces and local
pore structures and to improve their dispersion in asphalt binder, whereas PSP was used to
provide filler-like reinforcement and structural support.

The equal-mass ratio was used mainly to ensure sufficient wetting by the oil phase
while maintaining an adequate solid-phase content in the composite modifier. If the
WCO content is insufficient, PSP particles may not be fully wetted and may agglomerate
during mixing. If the WCO content is excessive, the oil-phase softening effect may be
enhanced, which could reduce the high-temperature stability of the binder. Based on these
considerations, PSP and WCO were premixed at a mass ratio of 1:1 and added to the base
asphalt binder at total dosages of 5%, 10%, and 15% by mass of the base binder. The dosage
refers to the total mass of the premixed PSP/WCO composite modifier, rather than the
individual mass of PSP or WCO.

The PSP/WCO-modified asphalt binders were prepared using the melt-blending
method. The preparation process is shown in Figure 1. For each specimen group, 250 g
of No. 70 base asphalt binder was weighed, placed in a 1000 mL stainless-steel container,
and heated at 150 ± 5 ◦C until it became flowable. The PSP/WCO composite modifier was
then added to the base asphalt binder. During modifier addition, the binder was manually
stirred for 10 min to prevent local accumulation of PSP and promote preliminary dispersion.
The mixture was then mechanically stirred at 2000 r/min for 50 min using a JJ-1A electric
stirrer (200 W, Changzhou Surui Instrument Co., Ltd., Changzhou, China), and finally
stirred at a low speed of 1000 r/min for 10 min to reduce air bubbles and improve sample
homogeneity. The temperature was maintained at 150 ± 5 ◦C throughout preparation.

 
Figure 1. Preparation process flowchart of the PSP/WCO composite modifier.
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2.3. Test Methods
2.3.1. Characterization of Peanut Shell Powder

(1) Scanning Electron Microscopy (SEM) Test

To observe the micromorphology of PSP, the PSP samples were examined using SEM
(JSM-6510A, JEOL Ltd., Akishima, Japan). SEM images were acquired at magnifications of
100×, 200×, 500×, 1000×, 2500×, and 5000× to analyze the particle morphology, surface
features, and pore structure of PSP.

(2) X-ray Diffraction (XRD) Test

To analyze the crystalline structure of PSP, XRD tests were performed using an X-ray
diffractometer (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany). Before testing, the
ground PSP samples were uniformly spread on the sample holder and gently pressed into
a flat surface. During testing, diffraction patterns were collected in continuous scanning
mode over a scanning range of 5–90◦ at a scanning rate of 2◦/min.

(3) Thermal Stability

To evaluate the thermal stability of peanut shell powder, the PSP samples were tested
using thermogravimetric analysis (TG). The test was conducted under a nitrogen atmo-
sphere at a heating rate of 10 ◦C/min over a temperature range from room temperature to
800 ◦C. TG curves were recorded simultaneously to analyze the thermal mass-loss behavior
and residue content of PSP at different temperature stages.

2.3.2. Characterization of the Physical Properties, Rheological Properties, and Chemical
Structure of Modified Asphalt Binders

(1) Conventional Physical Property Tests

Penetration, softening point, and ductility tests were conducted to evaluate the conven-
tional physical properties of PSP/WCO-modified asphalt binder. The penetration test was
conducted at 25 ◦C under a load of 100 g for 5 s. The softening point was determined using
the ring-and-ball method at a heating rate of 5 ◦C/min. The ductility test was performed
at -5 ◦C with a tensile rate of 5 cm/min. At least three parallel tests were performed for
each specimen group, and the average value was reported as the final result. All tests
were conducted in accordance with JTG 3410-2025, Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering.

(2) Dynamic Shear Rheometer (DSR) Test

DSR was used to perform temperature sweep, frequency sweep, and multiple stress
creep recovery (MSCR) tests on unaged PSP/WCO-modified asphalt binder. The tem-
perature sweep test was conducted over a temperature range of 40–70 ◦C at an angular
frequency of 10 rad/s, and the complex shear modulus (G*), phase angle (δ), and rutting
factor (G*/sinδ) were recorded. These tests were performed on unaged binders to evaluate
the high-temperature rheological response before short-term aging. The frequency sweep
test was performed at 58 ◦C, 64 ◦C, and 70 ◦C to analyze variations in the viscoelastic
parameters of the specimens under different loading frequencies. The MSCR test was
conducted at 64 ◦C under shear stresses of 0.1 and 3.2 kPa, and Jnr and R were calculated.
The DSR tests were used to evaluate the effects of the PSP/WCO composite modifier on the
high-temperature viscoelastic response and permanent deformation resistance of asphalt
binder. The relevant tests were conducted in accordance with JTG 3410-2025, Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway Engineering.
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(3) Bending Beam Rheometer (BBR) Test

Bending beam rheometer (BBR) tests were conducted to evaluate the low-temperature
creep stiffness and stress relaxation capacity of PSP/WCO-modified asphalt binders using
a TE-BBR SD bending beam rheometer (CANNON Instrument Company, State College, PA,
USA). The test temperatures were set at −12 ◦C, −18 ◦C, and −24 ◦C, and the creep stiffness
(S) and creep rate (m-value) of specimens with different PSP/WCO dosages were measured
at the specified loading time. The test was conducted in accordance with JTG 3410-2025,
Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering.

(4) Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to analyze changes in
the functional groups of the base asphalt and PSP/WCO-modified asphalt binder. The
wavenumber range was 4000–400 cm−1, the resolution was 4 cm−1, and each specimen was
scanned 32 times. By comparing the positions and intensities of the infrared absorption
peaks among different specimens, whether significant chemical reactions occurred or new
functional groups formed during the PSP/WCO modification process was determined.

2.4. Characterization of Raw Materials
2.4.1. Microscopic Morphological Characteristics

To analyze the micromorphology of PSP, SEM was used to observe the PSP samples
at multiple magnifications, and the results are shown in Figure 2. Figure 2 shows the
surface morphology of PSP at magnifications of 100×, 200×, 500×, 1000×, 2500×, and
5000×, allowing its particle morphology, surface roughness, and localized pore structure to
be identified.

 

Figure 2. SEM micromorphology and typical structural characteristics of PSP. Note: Blue dashed
circles indicate fine-particle agglomeration regions, red solid boxes indicate lamellar folds or layered
fracture structures, yellow dashed boxes indicate grooves, cracks, and interparticle pores, and yellow
dashed circles indicate larger pores or surface depression regions.

As shown in Figure 2, PSP exhibits a distinctly irregular particle morphology in the
low-magnification SEM images. In the 100× and 200× images, the particles are mainly
present as flakes, blocks, and fragments, with large variations in particle size. Fine-particle
agglomeration is observed in some localized regions, and the areas marked by blue dashed
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circles indicate the nonuniform aggregation of fine particles after crushing. This morphol-
ogy indicates that mechanical crushing did not produce a completely homogeneous PSP
system; instead, PSP consisted of fiber fragments, flake-like particles, and fine broken
particles at different scales. As the magnification increased, the surface roughness and
local structural defects of PSP particles became more pronounced. The areas marked by
red solid boxes show lamellar exfoliation, wrinkled fracture surfaces, and layered fracture
structures, indicating that the lignocellulosic tissues of the peanut shells underwent fracture
and exfoliation during crushing. The areas marked by yellow dashed boxes and circles
correspond to structural features such as interparticle pores, grooves, cracks, surface depres-
sions, and curled edges. In the 500× to 5000× images, these pores and folded structures
became clearer, indicating that PSP had relatively high surface irregularity and localized
porous characteristics. From the perspective of asphalt modification, the irregular particle
morphology, rough surface, and localized pore structure of PSP can increase its physical
contact area with asphalt, thereby providing a morphological basis for light-component
adsorption, particle filling, and interfacial adhesion. Therefore, these observations pre-
liminarily suggest that PSP is suitable as the solid-phase component of modified asphalt
binder, and its morphological characteristics may provide a structural basis for improving
the high-temperature rheological properties of asphalt.

2.4.2. Crystalline Structural Characteristics

To analyze the crystalline structure of PSP, XRD was performed on the PSP samples,
and the results are shown in Figure 3. XRD is commonly used to characterize cellulose
crystalline regions in lignocellulosic materials. The crystalline structure and the influence
of amorphous components in the samples can be identified from changes in the positions
and intensities of characteristic diffraction peaks [38,39]. Because PSP is not a pure cel-
lulose material, its diffraction response is jointly affected by cellulose crystalline regions
and amorphous components such as hemicellulose and lignin. Therefore, this study an-
alyzes its structural attributes mainly in terms of characteristic peak positions and peak-
shape changes.

Figure 3. XRD pattern of PSP.

The XRD pattern of PSP (Figure 3) shows diffraction peaks near 2θ = 14.98◦, 22.24◦,
and 34.70◦. Among these peaks, the peak near 22.24◦ exhibits the highest intensity, the peak
near 14.98◦ appears as a weak shoulder peak, and the peak near 34.70◦ shows relatively
low intensity. Based on the compositional characteristics of peanut shells, these peaks can
mainly be attributed to cellulose I crystalline regions in lignocellulosic materials. Cellulose
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molecular chains can form relatively ordered crystalline regions through intramolecular
and intermolecular hydrogen bonding, thereby producing distinct diffraction responses in
the XRD pattern. In contrast, hemicellulose and lignin are mostly amorphous or weakly
ordered, which usually weakens peak intensity and causes peak broadening. Therefore,
the main peak near 22.24◦ indicates that cellulose crystalline regions are retained in PSP.
However, the relatively broad peak shape also suggests that PSP was not chemically puri-
fied and still contained amorphous components such as hemicellulose, lignin, and a small
amount of ash. The XRD results for similar shell-based biomass materials are generally
consistent with those obtained in this study. Oulidi et al. reported that PSP/polyamide bio
composites showed diffraction peaks near 2θ ≈ 15◦ and 21.86◦, which were attributed to
cellulose crystalline regions in lignocellulosic materials [40]. Gil-Guillén et al. reported that
cellulose materials derived from almond shells exhibited characteristic peaks of cellulose
I near 2θ ≈ 16◦, 22◦, and 34◦, and that these crystalline peaks became clearer after the
removal of amorphous components [41]. The main peak positions of PSP in this study are
close to those reported in previous studies. However, the broader peak shapes indicate that
PSP is more consistent with the structural characteristics of unpurified raw lignocellulosic
powder than with those of purified cellulose materials.

2.4.3. Thermal Stability Analysis

To evaluate the thermal stability of PSP and the PSP/WCO composite modifier during
heating, TG curves were obtained under programmed heating conditions, as shown in
Figure 4. The analysis focused on the initial mass loss, main thermal decomposition stage,
and final residue content, with particular attention to the thermal stability of the materials
near the preparation temperature of approximately 150 ◦C.

 

Figure 4. TG curves of PSP and the PSP/WCO composite modifier.

As a biomass powder, PSP is subjected to heating and shearing at approximately
150 ◦C during the preparation of PSP/WCO-modified asphalt binder. Therefore, its thermal
stability affects its suitability for asphalt binder modification. The TG curves of PSP and
the PSP/WCO composite modifier are shown in Figure 4. From room temperature to
150 ◦C, the TG curve of PSP decreased slowly, with a mass-loss percentage of approxi-
mately 4.17%. This mass loss was mainly associated with the release of adsorbed water
and a small amount of low-boiling-point components. In the same temperature range,
the mass of the PSP/WCO composite modifier decreased from approximately 5613.00 to
5561.00 µg, corresponding to a mass loss of approximately 52.00 µg and a mass-loss percent-
age of approximately 0.93%. No obvious thermal decomposition was observed for either
material near the preparation temperature, indicating that both PSP and the PSP/WCO
composite modifier had sufficient thermal stability for asphalt binder modification. The
lower mass-loss percentage of the PSP/WCO composite modifier below 150 ◦C may be
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related to the wetting and coating effects of WCO on the PSP particle surface, which could
restrict the release of adsorbed water or low-boiling-point components. It also suggests
that WCO did not cause obvious volatile mass loss near the preparation temperature.

When the temperature increased to 250–400 ◦C, the TG curve of PSP decreased rapidly.
The sample mass decreased from approximately 2160.14 to 936.27 µg, indicating that PSP
entered the main thermal mass-loss stage. This stage was mainly associated with the
thermal decomposition of hemicellulose, cellulose, and part of the lignin structure. In
contrast, the rapid mass-loss range of the PSP/WCO composite modifier extended to
approximately 250–450 ◦C, suggesting that its thermal mass-loss process was affected by
both the decomposition of the lignocellulosic structure of PSP and the volatilization or
decomposition of oil-phase components in WCO. Above 500 ◦C, the TG curves of both
materials gradually stabilized, indicating that most volatile components and organic frame-
works had decomposed. The remaining residues were mainly carbonized products and
a small amount of inorganic ash. The final residue percentage of PSP was approximately
26.09%, whereas the final residual mass of the PSP/WCO composite modifier was approx-
imately 283.71 µg, corresponding to a residue percentage of approximately 5.05%. The
lower residue percentage of the composite modifier mainly reflected the higher proportion
of decomposable oil-phase components introduced by WCO. Overall, WCO contributed
to wetting and dispersion in the PSP/WCO composite modifier and did not weaken its
thermal stability near the preparation temperature of 150 ◦C. Therefore, the PSP/WCO
composite modifier showed basic suitability for preparing hot-mix PSP/WCO-modified
asphalt binder.

In summary, SEM, XRD, and TG analyses demonstrate that PSP possesses the funda-
mental material characteristics required for use as the solid-phase component in modified
asphalt binder, as evidenced by its morphology, crystalline composition, and thermal sta-
bility, respectively. The irregular particle morphology, rough surface, and localized pore
structure of PSP may facilitate its interaction with asphalt. XRD results show that cellulose
crystalline regions are retained in PSP, while PSP still exhibits the multicomponent char-
acteristics of raw lignocellulosic powder. TG results further indicate that PSP undergoes
no obvious thermal decomposition near the modified-asphalt preparation temperature of
approximately 150 ◦C, confirming its thermal stability during preparation. Therefore, PSP
shows basic thermal and morphological suitability for use in asphalt binder and can serve
as the solid-phase component of the PSP/WCO composite modifier.

3. Results and Discussion
This section discusses the effects of the PSP/WCO composite modifier on the physical,

rheological, thermal, and interaction characteristics of unaged No. 70 asphalt binder. The
PSP/WCO system was designed to combine the solid-phase reinforcement of PSP with
the wetting, dispersion, and oil-phase regulation effects of WCO. Therefore, the following
results are organized into two parts: the physical and rheological properties of PSP/WCO-
modified asphalt binders, and the thermal stability and physical interaction mechanism of
the modified binders.

3.1. Physical and Rheological Properties of Modified Asphalt Binders
3.1.1. Conventional Physical Properties

Conventional physical properties can preliminarily reflect the effects of the PSP/WCO
composite modifier on the consistency, thermal softening behavior, and low-temperature
ductility of asphalt binder. Penetration, softening point, and ductility correspond to the
basic responses of asphalt binder under room-temperature loading, high-temperature
softening, and low-temperature tensile conditions, respectively, and provide a reference for
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the subsequent analysis of rheological properties. The conventional physical properties of
the P-W specimens with different PSP/WCO dosages are shown in Figure 5.

 

Figure 5. Conventional physical properties of the P-W specimens at different PSP/WCO dosages.

The conventional physical properties of the P-W specimens are shown in Figure 5. As
the dosage of the PSP/WCO composite modifier increased from 0% to 15%, the softening
point increased from 50.2 ◦C to 53.9 ◦C, indicating that the composite modifier improved
the resistance of the asphalt binder to flow at elevated temperatures. In contrast, penetra-
tion at 25 ◦C decreased from 66.2 to 62.6 (0.1 mm), and ductility decreased from 74.0 to
69.5 mm. These results show that PSP/WCO incorporation increased the consistency of the
asphalt binder and restricted tensile deformation to some extent. The increase in softening
point and the decrease in penetration are generally consistent with the stiffening effect
of powder-like modifiers. As a lignocellulosic biomass powder, PSP may contribute to
particle filling, adsorption of light components, and local structural support within the
asphalt binder. Wang et al. reported that peanut shell powder could absorb light compo-
nents in asphalt and that increasing PSP content decreased penetration and ductility while
increasing softening point and viscosity, indicating an enhancement in binder stiffness
and high-temperature stability [42]. In the present PSP/WCO system, although WCO was
introduced as an oil-phase component to improve the wetting and dispersion of PSP, the
overall changes in softening point and penetration suggest that the solid-phase contribution
of PSP played a more dominant role in the conventional physical properties. It can also
be observed that the changes in softening point and penetration became less pronounced
when the PSP/WCO dosage increased from 10% to 15%. In this dosage range, the soft-
ening point increased by only 0.4 ◦C, and penetration decreased by only 0.4 (0.1 mm).
This indicates that further increasing the composite modifier dosage produced a relatively
limited additional influence on these two conventional indices. This phenomenon may be
related to the reduced additional contribution of PSP to particle filling and light-component
adsorption at higher dosages, while the presence of WCO may also have moderated fur-
ther binder stiffening. Similar oil–solid contrast has been reported for waste vegetable
oil/agricultural ash-modified binder, in which the oil phase increased penetration and
decreased softening point, whereas the ash phase decreased penetration and increased
softening point [14]. Therefore, the relatively limited changes from 10% to 15% may reflect
the combined influence of PSP-related solid-phase reinforcement and WCO-related oil-
phase regulation, rather than a simple linear stiffening response with increasing modifier
dosage. The continuous decrease in ductility indicates that the powder phase still imposed
constraints on tensile deformation. However, the reduction in ductility was relatively
small, suggesting that WCO may have partly alleviated the stiffening effect of PSP. Since
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penetration, softening point, and ductility only provide basic physical information, DSR,
MSCR, and BBR tests were further conducted to evaluate the high-temperature deformation
resistance and low-temperature creep relaxation behavior of the unaged binders.

For a basic comparison with the technical requirements of No. 70 base asphalt binder
listed in Table 1, the penetration and softening point results of the P-W specimens were
further examined. The penetration values of P-W 0%, P-W 5%, P-W 10%, and P-W 15%
were all within the range of 60–80 (0.1 mm), and their softening points were higher than
46 ◦C. These results indicate that PSP/WCO incorporation did not cause the asphalt
binders to fall outside the basic reference requirements for penetration and softening
point. Unlike penetration and softening point, the ductility test in this study was con-
ducted at −5 ◦C, whereas the ductility requirements in Table 1 correspond to 10 ◦C and
15 ◦C. Because asphalt ductility is sensitive to test temperature, ductility results obtained
at different temperatures should not be evaluated using the same limit. Therefore, the
ductility at −5 ◦C was used mainly to observe the variation in low-temperature tensile
deformation capacity at different PSP/WCO dosages. The ductility decreased from 74.0 to
69.5 mm, and the reduction was relatively small, suggesting that PSP/WCO incorporation
slightly restricted low-temperature tensile deformation but did not cause a marked decrease
in ductility.

3.1.2. Temperature Sweep Test

The temperature sweep test was used to characterize the viscoelastic response of
the P-W specimens during heating. The test was conducted at 40–70 ◦C and an angular
frequency of 10 rad/s, and the temperature-dependent curves of G*, δ, and G*/sin δ were
obtained, as shown in Figure 6. Specifically, G* reflects the ability of asphalt binder to
resist shear deformation, δ reflects the relative proportions of elastic and viscous responses,
and G*/sin δ is used to evaluate the deformation resistance of unaged asphalt under high-
temperature conditions [43].

 
(a) (b) 

Figure 6. Temperature sweep results of the P-W specimens: (a) phase angle; (b) complex shear
modulus.

The temperature sweep results of the P-W specimens are shown in Figure 6. δ gener-
ally increased with increasing temperature. This indicates that the viscous response of the
asphalt binder gradually increased during heating, whereas the elastic response weakened
relatively. For P-W 0%, δ increased from 82.2◦ at 40 ◦C to 90.0◦ at 70 ◦C. For P-W 15%,
δ increased from 81.2◦ to 88.65◦. At the same temperature, δ decreased as the PSP/WCO
dosage increased. At 64 ◦C, the phase angles of P-W 0% and P-W 15% were 89.05◦ and
87.80◦, respectively. At 70 ◦C, they were 90.00◦ and 88.65◦, respectively. These results
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indicate that the composite modifier increased the proportion of elastic response in the
asphalt system. As a result, the material maintained stronger viscoelastic structural charac-
teristics at high temperatures. G* decreased markedly with increasing temperature. This
reflects the weakening effect of high temperature on the shear deformation resistance of
asphalt binder. For P-W 0%, G* decreased from 43,260.8 Pa at 40 ◦C to 771.8 Pa at 70 ◦C.
The reduction was greater than 98%. For P-W 15%, G* decreased from 54,688.3 to 1106.8 Pa.
These results indicate that temperature remained the dominant factor controlling the high-
temperature viscoelastic response of asphalt binder. Meanwhile, at each test temperature,
G* increased as the PSP/WCO dosage increased. At 40 ◦C, 64 ◦C, and 70 ◦C, the G* values
of P-W 15% were approximately 26.4%, 35.1%, and 43.4% higher than those of P-W 0%,
respectively. This indicates that the PSP/WCO composite modifier enhanced the shear
deformation resistance of asphalt binder at high temperatures. This trend differs from that
typically observed for asphalt modified with a single oil-phase component. Lei et al. found
that WCO-derived bio-oil reduced the softening point, viscosity, complex modulus, and
creep stiffness of asphalt binder. It also increased penetration, ductility, phase angle, and
m-value. These changes indicated pronounced softening and stress relaxation effects [44].
Zhang et al. also reported that waste bio-oil (WBO) reduced the stiffness and high-
temperature deformation resistance of ethylene–vinyl acetate (EVA)-modified asphalt.
It also improved its fluidity and tensile performance [45]. Compared with these reported re-
sults, the P-W specimens in this study showed increased G* and decreased δ. This suggests
that powder reinforcement may have played a more dominant role in the high-temperature
rheological response at the fixed PSP/WCO ratio. This difference may be attributed to
particle filling, local structural support, and physical interactions between PSP and light
components in the asphalt binder. These effects may have improved the shear deformation
resistance of the system at high temperatures. In contrast, the oil-phase regulation effect of
WCO did not fully offset the structural reinforcement provided by PSP. This interpretation
is consistent with the increase in G* and the decrease in δ observed in the temperature
sweep test. However, it should be regarded as a reasonable explanation based on rheologi-
cal responses and material composition, rather than as direct evidence of the mechanism.
Together with the increase in softening point, these results indicate that the PSP/WCO
composite modifier enhanced the high-temperature viscoelastic response of the unaged
asphalt binder to some extent.

The rutting factor, G*/sin δ, further characterizes the ability of the P-W specimens to
resist permanent deformation at high temperatures. It can also serve as a reference index for
evaluating the high-temperature rheological level of unaged asphalt binder. According to
the Superior Performing Asphalt Pavements (Superpave) criterion for the high-temperature
performance of asphalt binder, the G*/sin δ value of unaged asphalt at the corresponding
temperature should be at least 1.0 kPa. The rutting factor calculated from the temperature
sweep data is shown in Figure 7.

The G*/sinδ values of the P-W specimens are shown in Figure 7. As the temperature
increased from 40 ◦C to 70 ◦C, the G*/sinδ values of all specimens decreased markedly, in-
dicating that heating weakened the high-temperature deformation resistance of the asphalt
binder. For P-W 0%, G*/sinδ decreased from 43,669.16 to 771.80 Pa, while for P-W 15%, it
decreased from 55,345.91 to 1107.13 Pa. These results indicate that temperature remained
the dominant factor controlling the attenuation of G*/sinδ. At the same temperature,
G*/sinδ increased as the PSP/WCO dosage increased. At 40 ◦C, 64 ◦C, and 70 ◦C, the
G*/sinδ values of P-W 15% were approximately 26.7%, 35.2%, and 43.4% higher than those
of P-W 0%, respectively, indicating that the composite modifier enhanced the shear defor-
mation resistance of asphalt at relatively high temperatures. For the subsequent MSCR test,
the unaged G*/sinδ ≥ 1.0 kPa criterion was used to identify a common high-temperature
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condition suitable for all P-W specimens. At 64 ◦C, the G*/sinδ values of P-W 0%, P-W 5%,
and P-W 10% were 1.261, 1.397, and 1.540 kPa, respectively, all exceeding 1.0 kPa. At 70 ◦C,
these values decreased to 0.772, 0.875, and 0.982 kPa, respectively, while P-W 15% still
reached 1.107 kPa. Therefore, 64 ◦C was selected as the MSCR test temperature because it
was the highest temperature at which all P-W specimens met the unaged G*/sinδ ≥ 1.0 kPa
criterion. The higher value of P-W 15% at 70 ◦C further indicates that the 15% PSP/WCO
dosage produced the strongest unaged high-temperature rheological response among the
tested binders. This trend is consistent with the previously observed increase in G* and
decrease in δ. It indicates that the increase in rutting factor was mainly caused by enhanced
high-temperature shear stiffness and a higher proportion of elastic response in the asphalt
system. Previous studies have shown that WCO or bio-oil used alone usually reduces the
complex modulus and rutting factor of asphalt, reflecting a softening effect. In contrast,
powder or fiber components are more likely to improve high-temperature deformation
resistance through filling, adsorption, and structural support [46,47]. In this study, the
rutting factor increased continuously with increasing PSP/WCO dosage, indicating that
the solid-phase reinforcement effect of PSP dominated the high-temperature response. The
oil-phase regulation effect of WCO did not weaken the overall high-temperature stability.

 

Figure 7. Rutting factor of the P-W specimens.

3.1.3. Frequency Sweep Test

Frequency sweep tests were used to further analyze the viscoelastic response of the
P-W specimens under different loading frequencies. Unlike temperature sweep, which
mainly reflects performance attenuation during heating, frequency sweep characterizes the
dynamic mechanical behavior of asphalt under different loading durations. In this study,
frequency sweep tests were conducted on the P-W specimens at 58 ◦C, 64 ◦C, and 70 ◦C.
The tests were used to analyze the response of G* to changes in frequency, temperature,
and PSP/WCO dosage. The results are shown in Figure 8.

The frequency sweep results of the P-W specimens at 58 ◦C, 64 ◦C, and 70 ◦C are
shown in Figure 8. The G* values of all specimens increased with increasing loading
frequency. This indicates that shorter loading durations restricted viscous flow within the
asphalt. As a result, the material exhibited stronger resistance to shear deformation. As the
temperature increased from 58 ◦C to 70 ◦C, G* at the same frequency decreased markedly.
This indicates that heating weakened the interactions among internal components and
reduced the structural confinement capacity of the asphalt system. The material therefore
became more prone to viscous flow. Under the same temperature and frequency conditions,
G* increased as the PSP/WCO dosage increased. P-W 15% exhibited a higher modulus at
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all test temperatures. At the upper test angular frequency of 100 rad/s, the G* values of
P-W 15% at 58 ◦C, 64 ◦C, and 70 ◦C were 34,592.1, 15,431.3, and 7943.26 Pa, respectively.
These values were approximately 38.0%, 21.4%, and 27.9% higher than those of P-W 0%,
respectively. This result indicates that the PSP/WCO composite modifier improved the
structural stiffness of asphalt binder under dynamic shear loading. This enhancement
was still maintained at 70 ◦C. This phenomenon occurs because an increase in frequency
shortens the duration of a single shear loading cycle. The viscous components in asphalt
binder therefore have less time to flow and rearrange. As a result, the elastic contribution
to the material response increases, leading to an increase in G*. Increasing temperature
weakens intermolecular interactions and intercomponent constraints in asphalt. This
makes light components more prone to viscous flow. Consequently, G* decreases at the
same frequency. In the P-W specimens, PSP/WCO incorporation improved the structural
retention capacity of the system under dynamic shear action. This allowed the modified
asphalt binder to maintain a relatively high modulus under high-temperature and high-
frequency conditions. This result indicates that the composite modifier improved static
or quasi-static high-temperature indices. It also regulated the viscoelastic response under
different loading durations. Previous studies have shown that incorporating cellulosic
materials or biomass powders into asphalt usually increases binder stiffness and improves
the high-temperature rheological response. In contrast, WCO components used alone
are more likely to produce softening and fluidity-regulating effects [48,49]. In this study,
G* increased with increasing PSP/WCO dosage. This result suggests that the PSP-related
solid-phase reinforcement may have been more pronounced in the frequency response of
the P-W system, whereas WCO may have mainly contributed to compositional regulation
and dispersion assistance. This trend is consistent with the results of the temperature sweep
test and rutting factor analysis.

 
(a) (b) 

 

 

(c)  

Figure 8. Frequency Sweep Results of the P-W Specimens: (a) 58 ◦C; (b) 64 ◦C; (c) 70 ◦C.
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3.1.4. Multiple Stress Creep Recovery Performance

The MSCR test was used to further evaluate the deformation accumulation and recov-
ery capacity of the P-W specimens under high-temperature repeated shear loading. Unlike
the rutting factor, which is mainly based on linear viscoelastic parameters, MSCR obtains
Jnr and R through loading–unloading cycles. A smaller Jnr indicates less unrecoverable
deformation after repeated loading and stronger resistance to permanent deformation. A
larger R indicates stronger elastic recovery capacity after unloading. Based on the unaged
G*/sinδ criterion used for MSCR temperature selection, 64 ◦C was selected as the test
temperature because it was the highest common temperature at which all P-W specimens
satisfied G*/sinδ ≥ 1.0 kPa. It should be noted that this criterion was used only to deter-
mine a suitable common test temperature for MSCR analysis of the unaged binders, rather
than to assign a formal high temperature at 64 ◦C. MSCR tests were conducted on the P-W
specimens at two stress levels: 0.1 and 3.2 kPa. The results are shown in Figure 9.

 
(a) (b) 

Figure 9. MSCR test results of the P-W specimens: (a) 0.1 kPa; (b) 3.2 kPa.

The MSCR results are shown in Figure 9. The P-W specimens exhibited a consistent
dosage-dependent response at both stress levels of 0.1 and 3.2 kPa. As the PSP/WCO
dosage increased, Jnr gradually decreased, whereas R gradually increased. At 0.1 kPa,
Jnr decreased from 1.55 kPa−1 for P-W 0% to 0.72 kPa−1 for P-W 15%. This corresponds
to a reduction of approximately 53.5%. Meanwhile, R increased from 3.98% to 11.39%.
These results indicate that the composite modifier reduced unrecoverable deformation
at the low stress level and enhanced elastic recovery after unloading. At 3.2 kPa, Jnr
decreased from 2.35 to 1.25 kPa−1. This corresponds to a reduction of approximately
46.8%. R increased from 0.51% to 1.36%. These results indicate that the P-W specimens still
showed improved permanent deformation resistance as the PSP/WCO dosage increased,
even under higher shear stress. Compared with those at 0.1 kPa, the Jnr values of all
specimens at 3.2 kPa were generally higher. In contrast, R decreased markedly. This
indicates that the higher stress level amplified viscous flow and unrecoverable deformation
in the asphalt binder. It also weakened the elastic recovery capacity of the binder. This
phenomenon can be attributed to the reinforcing role of PSP and the regulating role of
WCO. As a lignocellulosic powder, PSP can provide particle confinement and interfacial
blocking effects under repeated shear loading. These effects reduce the unrecoverable flow
of the asphalt system. WCO helps improve the dispersion and compatibility between PSP
and asphalt. Thus, the composite system enhances deformation resistance while avoiding
excessive stiffening. Similar trends have also been reported in studies on other biomass
fiber-modified asphalt binders. Yan et al. used WCO to modify asphalt binder. They
found that increasing the WCO dosage improved the low-temperature cracking resistance
of modified asphalt binder. This indicates that biomass oil-phase materials can improve
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the low-temperature rheological properties of asphalt [50]. Mo et al. prepared modified
asphalt binder using waste frying oil and waste polyethylene (PE) plastic. They evaluated
its high-temperature performance using DSR and MSCR. They also pointed out that Jnr and
R can reflect the cumulative deformation and recovery capacity of asphalt [51]. Compared
with these studies, the P-W specimens in this study showed decreased Jnr and increased
R as the PSP/WCO dosage increased. This result suggests that the improvement in high-
temperature performance of the PSP/WCO composite system may be mainly related to the
solid-phase reinforcement effect of PSP. The role of WCO may be more closely associated
with compositional regulation and dispersion assistance.

3.1.5. Low-Temperature Bending Beam Rheological Performance

BBR tests were conducted to evaluate the creep stiffness and stress relaxation capacity
of the P-W specimens at low temperatures. In this study, three test temperatures were
selected: −12 ◦C, −18 ◦C, and −24 ◦C. The S value and m-value of asphalt specimens
with different PSP/WCO dosages were measured. The results are shown in Figure 10. In
general, a lower S value indicates a lower degree of stiffening in asphalt at low tempera-
tures. It also indicates less accumulation of thermal shrinkage stress. A higher m-value
indicates stronger stress relaxation capacity. This is more favorable for reducing the risk
of low-temperature cracking. In the Superpave low-temperature performance evaluation,
S ≤ 300 MPa and m ≥ 0.300 are commonly used as evaluation criteria.

 
(a) (b) 

Figure 10. BBR test results of the P-W specimens: (a) creep stiffness; (b) m-value. The gray horizontal lines
represent the Superpave limiting criteria for low-temperature performance (S ≤ 300 MPa and m ≥ 0.300).

The BBR results of the P-W specimens are shown in Figure 10. As the temperature
decreased from −12 to −24 ◦C, S increased markedly for all specimens, whereas the m-
value continuously decreased. This indicates that low temperature substantially increased
binder stiffness and weakened its stress relaxation capacity. For P-W 0%, S increased
from 76.4 to 548.2 MPa, whereas the m-value decreased from 0.49 to 0.29. For P-W 15%,
S increased from 94.2 to 621.7 MPa, whereas the m-value decreased from 0.46 to 0.25.
These variations indicate that decreasing temperature restricted the movement of asphalt
molecular chains and promoted the accumulation of low-temperature shrinkage stress. The
effect of the PSP/WCO composite modifier on the low-temperature creep response was
reflected by increased S and decreased m-value. At −12 ◦C, S increased from 76.4 MPa
for P-W 0% to 94.2 MPa for P-W 15%, while the m-value decreased from 0.49 to 0.46. At
−18 ◦C, S increased from 198.6 to 235.8 MPa, while the m-value decreased from 0.38 to
0.34. At −24 ◦C, S increased from 548.2 to 621.7 MPa, while the m-value decreased from
0.29 to 0.25. These results indicate that increasing PSP/WCO dosage increased the low-
temperature stiffness of asphalt binder and reduced its stress relaxation capacity. Unlike
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the improvement observed in high-temperature performance, the composite modifier did
not simultaneously enhance low-temperature performance. According to the Superpave
low-temperature criteria, all specimens satisfied the requirements of S ≤ 300 MPa and
m-value ≥ 0.300 at −12 ◦C and −18 ◦C. However, none of the specimens satisfied these
criteria at −24 ◦C, because S exceeded 300 MPa and the m-value was lower than 0.300 for
all binders. This result indicates that the current PSP/WCO-modified asphalt binders may
be more suitable for regions where extremely low-temperature service conditions are not
dominant. In colder regions, especially under very low pavement-temperature conditions,
the low-temperature stress relaxation capacity of this system may limit its application.
Therefore, before this system is considered for cold-climate applications, the PSP/WCO
dosage and mass ratio should be further optimized to better balance high-temperature
deformation resistance and low-temperature stress relaxation capacity.

This variation may be attributed to the reduced mobility of light components in asphalt
at low temperatures, which limits the oil-phase regulation effect of WCO. In contrast, PSP,
as a lignocellulosic powder, may enhance the internal structural constraints of the system,
leading to higher S values and weaker relaxation capacity under low-temperature bending
loads. Similar studies have shown that biomass fibers, such as corn straw fibers, can
alter the low-temperature creep response of asphalt binder. Fibrous materials in asphalt
mortar may increase low-temperature stiffness and decrease the m-value, thereby increasing
susceptibility to low-temperature cracking [52,53]. In this study, the P-W specimens showed
increasing S values and decreasing m-values as the modifier dosage increased, indicating
that, at the current PSP/WCO ratio of 1:1, the solid-phase constraint effect of PSP was more
pronounced in the low-temperature response.

Overall, the physical and rheological tests indicate that PSP/WCO incorporation
increased the consistency and high-temperature deformation resistance of the unaged
asphalt binder. The softening point, G*, rutting factor, and recovery percentage increased,
whereas penetration and Jnr decreased. These results show that the PSP/WCO composite
modifier improved the high-temperature rheological response and repeated-load perma-
nent deformation resistance of the binder. However, the BBR results showed that creep
stiffness increased and the m-value decreased with increasing PSP/WCO dosage, indi-
cating a reduction in low-temperature stress relaxation capacity. Therefore, the current
PSP/WCO formulation presents a performance trade-off: it is favorable for improving high-
temperature resistance, but its low-temperature performance should be further balanced
through dosage control and component-ratio optimization.

3.2. Thermal Stability and Physical Interaction Mechanism of PSP/WCO-Modified
Asphalt Binders
3.2.1. Thermal Stability of P-W Asphalt Binder Specimens

To further investigate the influence of PSP/WCO incorporation on the thermal stability
of asphalt binder, TG curves of the P-W asphalt binder specimens with different PSP/WCO
dosages were obtained under programmed heating conditions. The results are shown
in Figure 11.

As shown in Figure 11, the thermal mass-loss processes of P-W 0%, P-W 5%, P-W
10%, and P-W 15% were similar and could be divided into three stages: initial slow mass
loss, main thermal decomposition, and residual stabilization. From room temperature
to approximately 200 ◦C, all specimens showed only slight mass loss. The masses of
P-W 0%, P-W 5%, P-W 10%, and P-W 15% decreased from 6537.00, 6087.00, 6875.00, and
6020.00 µg to 6443.06, 5983.00, 6754.00, and 5894.00 µg, respectively, corresponding to
mass-loss percentages of approximately 1.44%, 1.71%, 1.76%, and 2.09%. Because this
temperature range covers the preparation temperature of approximately 150 ◦C, the results
indicate that no obvious thermal decomposition occurred in either the base asphalt binder
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or the PSP/WCO-modified asphalt binders during the heated preparation process. As the
temperature further increased to approximately 250–500 ◦C, all specimens entered the main
thermal decomposition stage, which was mainly associated with the volatilization and
decomposition of organic components in the asphalt binder and the PSP/WCO composite
system. The modified asphalt binders showed TG trends similar to that of P-W 0%,
indicating that PSP/WCO incorporation did not cause premature decomposition at lower
temperatures. Above approximately 500 ◦C, the TG curves gradually stabilized. The final
residual masses of P-W 0%, P-W 5%, P-W 10%, and P-W 15% were 1316.00, 1227.00, 1352.00,
and 1212.00 µg, corresponding to residue percentages of approximately 20.13%, 20.16%,
19.67%, and 20.13%, respectively. The similar residue percentages further indicate that
PSP/WCO incorporation did not markedly change the overall thermal mass-loss behavior
of the asphalt binder. Therefore, the PSP/WCO composite modifier did not significantly
reduce the thermal stability of the asphalt binder under the heated preparation conditions.

 

 

Figure 11. TG curves of P-W asphalt binder specimens.

3.2.2. Fourier Transform Infrared Spectroscopy Analysis

FTIR was used to identify changes in the main functional groups of the P-W specimens.
It was also used to examine whether obvious changes in functional groups occurred during
PSP/WCO modification. The infrared spectra of the P-W specimens are shown in Figure 12.
By comparing the positions and intensities of the absorption peaks among specimens with
different PSP/WCO dosages, the possible interaction characteristics among PSP, WCO,
and base asphalt binder can be discussed. If no new characteristic absorption peaks
appear after modification, and only slight shifts in the original peak positions or changes
in peak intensity are observed, the results may suggest that the PSP/WCO modification
process is mainly associated with physical blending, compositional regulation, and weak
intermolecular interactions, rather than obvious chemical reactions.
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Figure 12. FTIR spectra of the P-W specimens.

The FTIR spectra of the P-W specimens are shown in Figure 12. For P-W 0%, distinct
absorption peaks appeared near 2922.51 and 2853.11 cm−1. These peaks corresponded to
the asymmetric and symmetric stretching vibrations of aliphatic C–H in asphalt, respec-
tively. The absorption peaks near 1456.48 and 1371.47 cm−1 were mainly associated with the
bending vibrations of -CH2- and -CH3 groups. The peak near 1595.28 cm−1 was assigned
to the C = C skeletal vibration of aromatic rings. The peak near 1029.69 cm−1 was generally
associated with C–O stretching vibrations or vibrations of sulfur-containing oxygen func-
tional groups. The peak near 741.69 cm−1 was associated with the out-of-plane bending
vibration of aromatic C–H. These peak positions reflect the combined characteristics of
aliphatic structures, aromatic structures, and polar functional groups in the base asphalt.
After the incorporation of the PSP/WCO composite modifier, the main absorption peaks of
P-W 5%, P-W 10%, and P-W 15% remained within wavenumber ranges similar to those
of P-W 0%. No new strong characteristic peaks appeared. The original major absorption
peaks did not disappear. As the modifier dosage increased, slight shifts occurred in some
peak positions. For example, the carbonyl-related peak shifted from approximately 1735.81
to 1749.63 cm−1. The aromatic C = C-related peak shifted from 1595.28 to approximately
1608.06 cm−1. The C–O or sulfur-containing oxygen functional group-related peak shifted
from 1029.69 to approximately 1050.62 cm−1. These changes may be related to peak overlap
and weak interactions among different components. These components include hydroxyl
groups, ether bonds, and oxygen-containing functional groups in cellulose, hemicellulose,
and lignin of PSP. They also include ester groups and long-chain hydrocarbon structures
in WCO, as well as polar components in asphalt. In particular, the variation in the peak
position near 1735–1750 cm−1 may be jointly affected by ester carbonyl groups in WCO and
oxygen-containing structures associated with hemicellulose and lignin in PSP. Therefore, it
cannot be simply interpreted as the formation of new chemical bonds.
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The FTIR changes in the P-W specimens were mainly reflected by slight shifts in
the original peak positions and changes in peak intensity. No new functional groups
were formed. This indicates that the PSP/WCO modification process was mainly gov-
erned by physical blending, compositional regulation, and weak intermolecular interac-
tions. Similarly, Lai et al. reported that no new absorption peaks appeared in the FTIR
spectra of WCO-based bio-asphalt after modification. This indicated that the interac-
tion between WCO and asphalt was mainly physical [54]. Wei et al. also concluded in
their review of WCO-modified asphalt binder that the FTIR results of WCO and base
asphalt generally showed characteristics of physical blending. No obvious chemical reac-
tions were observed [55]. Compared with these findings, the slight peak shifts observed
in the P-W specimens suggest possible hydrogen bonding, dipole interactions, or peak-
overlap effects. These effects may occur between PSP/WCO and the polar components
of asphalt. Nevertheless, physical modification should still be regarded as the dominant
modification mechanism.

In summary, the TG and FTIR results indicate that PSP/WCO modification did not
significantly reduce the thermal stability of the asphalt binder near the preparation temper-
ature, nor did it produce new strong characteristic absorption peaks. The main changes
were reflected in similar TG mass-loss behavior and slight shifts or intensity variations
in the original FTIR peaks. These results suggest that the interaction among PSP, WCO,
and asphalt binder may be mainly associated with physical blending, oil-phase regula-
tion, particle wetting and dispersion, and weak intermolecular interactions. Therefore,
the improvement in high-temperature performance may be attributed to the combined
effects of PSP-related solid-phase support and WCO-related oil-phase regulation. This
explanation should be regarded as an interpretation based on TG, FTIR, rheological results,
and previous studies, rather than as direct evidence of a specific chemical mechanism.

4. Conclusions
Peanut shell powder (PSP) and waste cooking oil (WCO) were combined as a fixed-

ratio composite modifier to evaluate their effects on the properties of unaged No. 70
paving petroleum asphalt binder. This study did not evaluate PSP or WCO as separate
single additives. Instead, it investigated a waste-derived composite system in which a
lignocellulosic solid-phase component and an oil-phase component were jointly introduced
into the asphalt binder. The main conclusions are as follows:

(1) PSP exhibited irregular particle morphology, a rough surface, lamellar folds, and
localized pores. XRD results showed that PSP retained cellulose I crystalline regions.
TG results indicated that no obvious thermal decomposition occurred near the prepa-
ration temperature of approximately 150 ◦C. These results demonstrate that PSP is
basically suitable as the solid-phase component of the composite modifier.

(2) FTIR results showed no new strong characteristic absorption peaks in the P-W spec-
imens. Only slight shifts in the main peak positions and changes in peak intensity
were observed. This indicates that the interaction between PSP/WCO and asphalt
binder was mainly characterized by physical blending, component regulation, and
weak intermolecular interactions. No obvious evidence of new chemical structures
was detected by FTIR.

(3) As the PSP/WCO dosage increased from 0% to 15%, the softening point increased
from 50.2 ◦C to 53.9 ◦C, while penetration decreased from 66.2 to 62.6 (0.1 mm) and
ductility decreased from 74.0 to 69.5 mm. These results indicate that the composite
modifier increased the consistency and high-temperature flow resistance of the asphalt
binder, while imposing certain constraints on tensile deformation. The relatively small
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changes from 10% to 15% suggest that the additional influence of PSP/WCO on the
conventional physical properties became limited at higher dosages.

(4) The temperature sweep, frequency sweep, and MSCR results showed that the
PSP/WCO composite modifier increased G* and the rutting factor, reduced δ and
Jnr, and increased R. P-W 15% still satisfied the unaged G*/sinδ ≥ 1.0 kPa crite-
rion at 70 ◦C, showing the strongest high-temperature rheological response among
the tested binders. These results indicate that the composite system enhanced the
high-temperature deformation resistance and repeated-load permanent deformation
resistance of asphalt binder.

(5) BBR results showed that increasing the PSP/WCO dosage increased S and decreased
the m-value. This indicates enhanced low-temperature stiffening and weakened stress
relaxation capacity. All specimens satisfied the low-temperature criteria at −12 ◦C
and −18 ◦C. However, none satisfied the criteria at −24 ◦C. Therefore, the PSP/WCO
ratio should be further optimized to balance high- and low-temperature performance.

Overall, this study evaluated a fixed-ratio PSP/WCO solid–oil composite modification
system at the unaged asphalt binder level. The results clarified a performance trade-off in
this system: PSP/WCO improved high-temperature stability and permanent deformation
resistance, but reduced low-temperature stress relaxation capacity with increasing dosage.
Based on FTIR, TG, and rheological results, the modification process can be interpreted
as mainly involving physical blending, particle filling, local structural confinement, and
oil-phase component regulation, rather than the formation of new chemical structures. It
should be noted that these findings are based on unaged binder-level tests, and potential
pavement behavior was not directly verified by mixture-level experiments. Future studies
should optimize the PSP/WCO ratio and dosage and further evaluate aged-binder behavior,
storage stability, mixture-level performance, and field applicability.
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Abbreviations
The following abbreviations are used in this manuscript:

PSP Peanut shell powder
WCO Waste cooking oil
PSP/WCO Peanut shell powder/waste cooking oil composite modifier
P-W Asphalt binder modified with PSP/WCO composite modifier
SEM Scanning electron microscopy
XRD X-ray diffraction
TG Thermogravimetry
DSR Dynamic shear rheometer
MSCR Multiple stress creep recovery
BBR Bending beam rheometer
FTIR Fourier transform infrared spectroscopy
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