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Abstract: As a renewable biomass resource, biochar is new to modify or replace asphalt binder in
pavement engineering. This paper focuses on the effect of biochar on the anti-aging performance
of asphalt binder. The short- and long-term aging properties of biochar modified asphalt binder
were investigated using dynamic shear rheometer (DSR) and bending beam rheometer (BBR) tests.
The modification mechanism was investigated through the Fourier-transform infrared spectroscopy
(FTIR) test. The aging tests and viscosity analysis showed that the softening point of biochar
modified asphalt binder was higher than base asphalt binder, while the aging index and aging
viscosity ratio were lower than base asphalt binder. After aging, the temperature sensitivity of
biochar modified asphalt binder decreased and the high-temperature stability, reflected by dynamic
shear modulus and resistance to rutting, improved. The BBR test after long-term aging showed
that the anti-aging performance of biochar modified asphalt binder decreased with the decrease in
temperature, and control of the biochar content could ensure good low-temperature performance
of the modified asphalt binder after aging. FTIR spectra analysis showed that biochar in modified
asphalt binder is physically blended with asphalt binder.

Keywords: pavement material; modified asphalt binder; biochar; aging performance; rheology

1. Introduction

The environmental sustainability of the use of asphalt binder in pavement engineering is receiving
more and more attention [1–4]. On one hand, the imbalance between supply and demand of petroleum
asphalt binder endangers a sustainable supply for asphalt pavement construction and maintenance.
On the other hand, road asphalt binder generates a large amount of greenhouse gases during the
production process. Biomass resources have the advantages of low embodied carbon and being
renewable [5,6]. They can be used to partially replace petroleum asphalt binder or as a modifier to
improve the performance of asphalt binder [7]. They can also help to enhance asphalt binder durability
and therefore reduce maintenance needs as well as greenhouse gas emissions and construction
costs [8,9].

Through the pyrolysis process, biomass can be decomposed into gases, liquids (biomass oil) and
solid (biochar) products [10,11]. Biochar is a common renewable biomass resource. It mainly includes
charcoal, bamboo charcoal and straw charcoal, etc. Its main components are carbon and aromatic
hydrocarbons, and it also contains nitrogen (N), oxygen (O), hydrogen (H), sulfur (S) and a small
amount of trace elements. Biochar has a highly porous (carboxylic esterification and aromatization)
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structure with a large specific surface area and low solubility [12]. With its unique physical and
chemical properties, it can be used as a modifier for petroleum asphalt binder, which has a significant
effect on the pavement performance.

As a bio-renewable resource, biochar has been widely used in the agriculture sector. It can absorb
pesticides and heavy metals in the soil and thus reduce soil and groundwater pollution and address
other issues such as agricultural and forestry waste and greenhouse gas emissions [13,14]. Previous
studies on carbon-based asphalt binder modifiers have shown that carbonaceous materials such as
biochar exhibit good compatibility with asphalt binder [15]. Walters added nanoclay and biochar
produced from pig manure into asphalt binder, and results show that biochar could improve the
dispersion of nanoclay in asphalt binder and thereby the oxidation resistance of asphalt binder [16].
Chebil et al. found that the charcoal produced by wood pyrolysis as a modifier could effectively slow
down the oxidation of asphalt binder components, indicating that charcoal had an effect on slowing
asphalt binder aging [17]. Zhang et al. also found that the incorporation of biochar into asphalt binder
could hinder the aging of binder [18], which was consistent with Chebil’s conclusion. Biochar modified
asphalt binder was also found to have better rutting resistance than carbon fiber modified asphalt
binder [19]. Fu et al. reviewed the properties of biochar modified asphalt binder and its mixture,
and they found that adding biochar into asphalt binder could reduce the temperature sensitivity of
asphalt binder [20].

Previous studies on biochar modified asphalt binder have shown that biochar can improve
the performance of asphalt binder. However, there is no systematic analysis of its effect on the
anti-aging performance of asphalt binder, as oxidative aging is an inevitable process in practical
road paving and significantly affects the performance and service life of asphalt binder [21–25].
A comprehensive study was therefore conducted to investigate the properties of modified asphalt
binder with different biochar contents under different aging conditions. The objectives of this study
are to (1) investigate the anti-aging performance of biochar modified asphalt binder, and (2) analyze
the high- and low-temperature rheological properties of a variety of biochar modified binders after
short- and long-term aging.

2. Materials and Experimental Design

2.1. Materials

The base asphalt binder used in this study was an asphalt binder with a penetration grade of
70 (70#). Table 1 provides the basic properties of the asphalt binder. The DS-510F biochar was used,
which had a powdery appearance. Table 2 lists the technical parameters of the biochar used in this
study. Figure 1 presents the scanning electron microscopy (SEM) images of biochar particles at different
magnifications. In this paper, biochar and base asphalt binder were mixed by using a high-speed shear
mixer for 45 min at 145 ◦C. The biochar modified binders were prepared with six different blending
contents, i.e., 0, 5, 7.5, 10, 12.5, and 15%, by weight of asphalt binder.

2.2. Aging Procedure

Biochar modified and base binders were both aged by thin film oven test (ASTM D1754) and
pressure aging vessel (PAV) (ASTM D6521) [26,27]. The thin film oven test was chosen to simulate the
short-term aging that occurs during production of asphalt concrete. The PAV was used to simulate the
long-term (oxidative) aging of asphalt binder that occurs during pavement service life. Residues from
the PAV test are used to estimate the physical or chemical properties of an asphalt binder after 5 to
10 years in the field. The aged asphalt binder was tested for penetration and rheological properties,
and the results were compared with those of virgin asphalt binder.



Coatings 2020, 10, 1037 3 of 19

Table 1. Technical properties of base asphalt binder 70#.

Property Test Results Technical Requirements

Penetration (25 ◦C, 100 g, 5 s) (0.1 mm) 63 60–80
Ductility at 15 ◦C (cm) 103 ≥100
Ductility at 10 ◦C (cm) 30 ≥20
Softening point (◦C) 48 ≥43

Flashpoint (COC) (◦C) 280 ≥260
Paraffin content (distillation method) (%) 1.8 ≤2.2

Density (15 ◦C) (g/cm3) 0.97 measured value
Solubility (%) 99.7 ≥99.5

Thin film oven test (163 ◦C, 5 h)
Mass loss (%) 0.02 ≤±0.8

Residual penetration ratio (%) 62.7 ≥54
Residual ductility (10 ◦C) (cm) 14 ≥4

Table 2. Biochar technical parameters.

Item Particle Size (mesh) pH Specific Surface Area (m2/g) Saturate (%) Carbon Content (%) Iron Content (%)

Biochar 150 >7 >400 <10 >90 <0.1

Figure 1. Biochar particles with different amplification ratios: (a) ×100; (b) ×500.

2.3. Physical Properties

The physical properties of asphalt binder, including mass loss, softening point, aging index and
viscosity ratio, were used to evaluate the effect of biochar. Three parallel tests are conducted for each
physical property test, and the average value of the three measured values is taken as the test result.
The allowable error of the parallel test meets the requirements of Chinese industry standards (JTG
E20-2011) to ensure the reliability of test [28]. The aging of asphalt binder is usually indicated by the
changes in viscosity, since asphalt binder is a material with rheological properties and its viscosity
increases after aging. Therefore, the aging of the asphalt binder can be measured by measuring the
change in viscosity before and after aging [29]. The smaller the viscosity ratio, the better the anti-aging
performance of the asphalt binder. The aging index C of asphalt binder is also used to evaluate the
anti-aging performance of asphalt binder. The smaller the C value, the better the aging resistance of
the asphalt binder. The aging index C and the asphalt binder viscosity ratio (Kη) can be calculated by
Equations (1) and (2), respectively [28].

C = lglg(η2 × 103) − lglg(η1 × 103) (1)
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Kη =
η2

η1
(2)

where,
C = aging index,
η1 = the dynamic viscosity of asphalt binder before aging at 60 ◦C (Pa·s),
η2 = the dynamic viscosity of asphalt binder after aging at 60 ◦C (Pa·s),
Kη = viscosity ratio.

2.4. Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed using a dynamic shear rheometer (DSR).
The frequency scanning was performed on aged asphalt binder to construct its dynamic shear modulus
and phase angle master curve and to analyze the phase structure, high temperature performance and
temperature sensitivity of the modified asphalt binder after aging. The frequency scanning ranged
from 0.1% to 100%, and the applied strain was 3%. Temperature scanning tests for six types of asphalt
binder were conducted at seven temperatures: 40, 46, 52, 58, 64, 70 and 76 ◦C. The frequency was
10 rad/s, and the applied strain was 3%.

In the temperature scanning test, the rheological indicators used in the study included shear
modulus, phase angle, viscosity–temperature susceptibility (VTS) and rutting factors (G*/sinδ).
The viscosity–temperature susceptibility is a commonly used indicator to measure the temperature
sensitivity of asphalt binder, which decreases after aging. Based on the results from DSR temperature
scanning tests, the equivalent viscosity of asphalt binder can be calculated by Equation (3) according to
the Cox–Merz dynamic and static viscosity conversion method [30]. Furthermore, the relationship
between equivalent viscosity and temperature was fitted according to Equation (4). The rutting factor
(G*/sinδ) was used to evaluate the high temperature performance of asphalt binders. The critical
temperature is defined as the temperature when the rutting factor is equal to the critical value
(i.e., 1.0 kPa for original binder and 2.2 kPa for short-term aged binder). The higher the critical
temperature, the better the high temperature performance of the asphalt binder.

η = sinσ−4.8628 |G
∗
|

ω
(3)

where,
η = equivalent viscosity (Pa·s),
σ = phase angle (◦),
|G∗| = dynamic shear modulus (Pa),
ω = angular frequency (rad/s).

lglg
(
η× 103

)
= n + mlg(T + 273.13) (4)

where,
η = equivalent viscosity (Pa·s),
T = Rankine temperature (◦R),
m, n = dimensionless parameters.
The frequency sweep test was used to analyze the phase structure and master curve of the asphalt

binder. The master curve of rheological parameters at the reference temperature was obtained by
translating the results of the frequency scanning tests at different temperatures. Therefore, 40 ◦C
was selected as the reference temperature, and the Christensen–Anderson–Marasteanu (CAM) model
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was used to construct the dynamic shear modulus master curve according to Zeng et al. 2001 [31].
The modified CAM function is shown in Equation (5).

|G∗| =
|G∗|g

[1 + ( fc
f )

k
]
mc/k

(5)

where,
|G∗| = dynamic shear modulus of frequency scanning test (kPa),
|G∗|g = glass dynamic shear modulus (kPa),
fc = location parameter with dimensions of frequency (Hz),
f = frequency of scanning test (Hz),
k, mc = shape parameters.

2.5. Low-Temperature Creep Test

Low-temperature creep tests were conducted at temperatures of −12 and −18 ◦C, using a bending
beam rheometer (BBR). Prior to the tests, the sample was heated to liquid state, poured into the mold
and allowed to cool down to room temperature for about 90 min. The sample was then cooled to
around −5 ◦C for 1 min and demolded. After demolding, the sample beam was submerged in a water
bath and kept at a constant test temperature for 60 min. Standard procedure was followed in the test
and the deflection of center point was measured continuously. Creep stiffness (S) and creep rate (m) of
the sample were calculated. The creep test of bending beams was carried out on both base and biochar
modified binders with different aging conditions (short-term and long-term).

2.6. Fourier-Transform Infrared Spectroscopy Test

The Fourier-transform infrared spectroscopy (FTIR) test was conducted using a NEXUS
870 spectrometer (Waltham, MA, US). The test was conducted for both base and biochar modified
binders. The resolution was 4 cm−1 and spectrum ranged from 4000 to 400 cm−1. The modification
mechanism of biochar was studied by analyzing the chemical composition of biochar modified
asphalt binder.

3. Results and Discussion

3.1. Physical Properties

Table 3 presents the mass loss of binders with different biochar contents before and after short-term
aging. It can be seen that the mass loss of base asphalt binder was lower than that of biochar
modified asphalt binder. The aging process of asphalt binder mainly includes the volatilization of light
components and the oxidative aging of components. The volatilization of light components will reduce
the mass of the binder, and the oxidative aging process will increase the mass of the binder. The mass
loss of biochar modified asphalt binder was higher, which indicates that biochar did not inhibit the
volatilization of light components. Walters et al. studied the chemical and physical properties of biochar,
and the results show that the presence of carbon could enhance the flow properties of asphalt binder
and reduce the oxidation of asphalt binder during aging [16]. Therefore, it is preliminarily concluded
that biochar improves the anti-aging properties of asphalt binder mainly by alleviating oxidative aging
of asphalt binder components, rather than reducing the volatilization of light components. Another
finding is that the mass change peaked at a biochar content of 12.5%, indicating that biochar has limited
effect on the binder’s anti-aging performance.

Table 4 displays the results of the softening point and penetration tests of base and biochar
modified binders after aging. It can be seen that, with the increase in biochar content, the penetration
of asphalt binder at 25 ◦C decreased and the softening point increased, which indicates increased



Coatings 2020, 10, 1037 6 of 19

viscosity and improved thermal stability of biochar modified asphalt binder for both the original and
aged binders.

Table 3. Mass loss of asphalt binder after aging.

Biochar Content (%) 0 5 7.5 10 12.5 15

Mass Loss (%) 0.02 0.035 0.069 0.056 0.127 0.060

Table 4. Properties of conventional asphalt binder after short-term aging.

Property Biochar Content (%)

0 5 7.5 10 12.5 15

Penetration (25 ◦C, 0.1 mm)
Before aging 63 52 49 46 44 40
After aging 39.5 37.9 38.3 32.7 32.2 31.4

Softening Point (◦C) Before aging 47.5 49.5 51.5 52.0 52.5 53.0
After aging 53.0 54.0 53.5 54.5 55.0 55.0

Residual Penetration ratio (%) 62.70 72.88 78.16 71.08 73.18 78.50
Increment of Softening Point (∆T/◦C) 5.5 4.5 2.5 2.5 2.5 2.0

According to You et al., the penetration ratio of asphalt binder after short-term aging can be used
to predict the long-term aging resistance of the asphalt binder [32]. As shown in Table 4, the residual
penetration ratio of biochar modified asphalt binder after short-term aging was greater than that of
base asphalt binder. This shows that the addition of biochar could reduce the sensitivity of road
petroleum asphalt binder to aging and improve the aging resistance of asphalt binder. This could
be attributed to the fact that the biochar particles have ionic adsorption characteristics and a porous
structure, which can adsorb asphalt binder components and interact with them [33]. To some extent,
this characteristic of biochar was the reason that the oxidative aging of asphalt binder components
was reduced.

Figure 2 displays the aging index and viscosity ratio of biochar modified asphalt binder with
different biochar contents. It can be seen that, after short-term aging, the aging index of biochar
modified asphalt binder decreased with an increase in the biochar content. This indicates that the aging
of biochar modified asphalt binder was lower than base asphalt binder. According to Zhang et al.,
this is partially attributed to better adhesion between the biochar and base asphalt binder because
of its complex fibrous and porous structure, which decreased the oxidation of asphalt binder [18].
The change in viscosity ratio was similar to that of aging index. The viscosity ratio of biochar modified
asphalt binder after aging was smaller than the base asphalt binder. This means, compared with base
asphalt binder, the viscosity of biochar modified asphalt binder is less affected by aging.

3.2. Dynamic Rheological Properties

3.2.1. Temperature Scanning Test

The influence of aging on the rheological behavior of base and biochar modified asphalt binder
(biochar 5%) is shown in Figure 3. In Figure 3a, it can be seen that a constant increase in dynamic
shear modulus occurred after short-term and long-term aging. It is evident that the increase in shear
modulus after long-term aging was greater than after short-term aging. The phase angle on the contrary
decreased after aging, and the decrease was more pronounced in low temperature areas. In Figure 3b,
for the unaged conditions, the shear modulus of biochar modified asphalt binder was 29–78% higher
than that of base asphalt binder, but the difference in phase angle was less than 1%. The phase angle is
generally considered to be more sensitive to the chemical structure of the binder [34], which indicates
that no significant chemical reaction occurred between the biochar and asphalt binder, and the mixing
was mainly physical blends. Taking the temperature of 52 ◦C, for example, to analyze the effect of
aging on the rheological parameters of asphalt binder. After short-term and long-term aging, the shear
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modulus of base asphalt binder increased by 80.17% and 465.57%, respectively, and the shear modulus
of biochar (5%) modified asphalt binder increased by 57.44% and 288.54%, respectively. Biochar reduced
the effect of aging on the shear modulus of asphalt binder, which was more obvious in long-term
aging. After short-term and long-term aging, the phase angle of base asphalt binder decreased by
3.67% and 12.11%, respectively, and the phase angle of biochar (5%) modified asphalt binder decreased
by 5.02% and 11.58%, respectively. The changes in phase angle of the two asphalt binders were similar.
The anti-aging effect of biochar was not clearly reflected by the phase angle parameter.

Figure 2. Aging index and viscosity ratio of biochar modified asphalt binder.

Figure 3. Effect of ageing on the rheological behavior of asphalt binder.

Figure 4 shows the results of linear fitting of the viscosity and temperature for each asphalt binder
after short-term aging. The slope of the fitted curve was VTS. The smaller the VTS, the greater the
temperature sensitivity of the asphalt binder. Figure 5 summarizes the VTS of biochar modified asphalt
binder in different aging states.

Figure 5 shows the viscosity–temperature susceptibility of biochar modified asphalt binder.
As shown, the viscosity–temperature susceptibility increased after short-term and long-term aging,
and the biochar content made almost no effect on the increase in viscosity–temperature susceptibility,
which indicates that the temperature sensitivity of the asphalt binder was reduced. This could be
attributed to the increase in asphaltene content and the decrease in oil content after aging [35–37].
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Figure 4. Viscosity–temperature relationship of different asphalt binders after short-term aging.

Figure 5. Viscosity–temperature susceptibility (VTS) of biochar modified asphalt binder before and
after aging.

Figure 6a provides the rutting factor of unaged binders at different temperatures, and Figure 6b
plots the exponential regression curves of rutting factor versus temperature for biochar modified
asphalt binder after short-term aging. The regression equations provided from top to bottom in Figure 6
in turn corresponded to the curves, i.e., asphalt binder with 0%, 5%, 7.5%, 10%, 12.5% and 15% biochar
content. From the exponential regression curve, the critical temperature of rutting resistance factor
can be obtained. This was the temperature when the original asphalt binder had a rutting factor of
G*/(sinδ) = 1.0 kPa, and the temperature when short-term aged asphalt binder had a rutting factor of
G*/(sinδ) = 2.2 kPa. Figure 6c summarizes the results.
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Figure 6. Cont.
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Figure 6. Rutting factors and critical temperatures of asphalt binders under different aging conditions.

As shown in Figure 6a, the rutting factor increased as the amount of biochar increased,
which indicates that biochar improves the high temperature performance of asphalt binder. Figure 6b
showed the same effect for aged asphalt binder. Zhao et al. conducted an asphalt binder pavement
analyzer (APA) rutting test on biochar modified asphalt mixture and found that biochar is able to
improve rutting resistance [19]. Zhang et al. found that biochar is a mixture of stiff particles with a
fibrous and porous structure [18]. As the biochar content increased, the stiff porous particles came into
contact with each other, and when the biochar content increased to a higher level, a skeleton could be
formed. Biochar could thereby still retain its ability to improve the high temperature performance of
asphalt binder after aging.

According to the change rate of rutting factor with temperature before (Figure 6a) and after
(Figure 6b) aging, the sooner the rutting factor changed to the critical value after aging, the lower the
critical temperature. It can be seen from Figure 6c that the high-temperature performance of biochar
modified asphalt binder increased as a result of adding biochar. The critical temperature of biochar
modified asphalt binder increased with the increase in biochar content after aging. Compared to the
critical temperatures of unaged asphalt binder, the critical temperatures of biochar modified asphalt
binder declined significantly after aging.

3.2.2. Frequency Scanning Test

Figure 7 illustrates the results of elastic modulus (G’) and viscous modulus (G”) of biochar
modified asphalt binder according to DSR tests at 60 ◦C.
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Figure 7. Cont.
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Figure 7. Influence of loading frequency on dynamic shear modulus of binder under different
aging conditions.

As shown, the modulus and angular frequency were approximately in a linear relationship in the
double logarithmic coordinates. The slope of the linear equation was used by He et al. to evaluate the
phase structure of asphalt binder. They found that for homogeneous polymers, the theoretical slopes
of elastic modulus and viscous modulus are two and one, respectively, and the greater the deviation
between the slope of asphalt binder and the slope of homogeneous polymer, the less homogeneous the
asphalt binder [38]. The rutting factor G*/sinδ = 1 kPa was used as a screening criterion in the same
method. Table 5 summarizes the results. This shows that the slope of dynamic shear modulus and the
angular frequency of base asphalt binder and biochar modified asphalt binder decreased after aging,
compared with the original asphalt binder. It indicates that the homogeneity of biochar modified
asphalt binder was less than the base asphalt binder, which means the biochar particles changed the
colloidal structure of asphalt binder by adsorbing asphalt binder components and interacting with
them. This interaction between biochar and asphalt binder components alleviated oxidative aging of
asphalt binder components. This is consistent with the findings by others [18].

Table 5. Slope of dynamic shear modulus and frequency curve of asphalt binder before and after aging.

Item Modulus Base 5% Biochar 7.5% Biochar 10% Biochar 12.5% Biochar 15% Biochar

Un-Aged G’ (Pa) 1.20 1.25 1.23 1.24 1.24 1.24
G” (Pa) 0.93 0.93 0.94 0.93 0.93 0.93

Short-Term Aging G’ (Pa) 1.20 1.16 1.19 1.19 1.19 1.19
G” (Pa) 0.92 0.91 0.91 0.91 0.90 0.91

Long-Term Aging G’ (Pa) 1.06 1.02 1.02 1.06 1.05 1.05
G” (Pa) 0.87 0.86 0.87 0.86 0.86 0.86

The dynamic shear modulus master curve of base asphalt binder and biochar modified asphalt
binder are shown in Figure 8. It can be seen in Figure 8a that for unaged and short-term aged asphalt
binder, the CAM model can well characterize the main curve, but the fitting accuracy of the CAM
curve decreases for long-term aged asphalt binder, especially in the low-frequency zone. Whether the
CAM model can accurately characterize the rheological properties of asphalt binder after long-term
aging is worth further study in the future. In the high-frequency zone, the shear modulus of asphalt
binder in different aging states are fairly close. As the frequency decreases, the effect of aging on
the shear modulus becomes more obvious, which indicates that the effect of aging on the rheological
characteristics of asphalt binder was limited in the low-frequency zone. In Figure 8b, the main curve of
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biochar modified asphalt binder was similar to that of base asphalt binder, but the main curve after
long-term aging was closer to the unaged curve, which indicates that biochar alleviated the effect of
aging on the rheological behavior of asphalt binder.

Figure 8. Dynamic shear modulus master curve of asphalt binder.

3.3. Low Temperature Performance

Figure 9 plots the BBR test results of biochar modified asphalt binder under different aging periods
at −12 ◦C as an example. The low temperature thermal cracking performance of asphalt mixture is
related to the creep stiffness and the slope of creep stiffness versus time curve of the asphalt binder.
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Figure 9. Bending beam rheometer (BBR) results under different aging conditions.

As shown in Figure 9a,b, the creep stiffness (S) of base and biochar modified binders increased
after aging, and the creep rate (m) decreased after aging. This indicates that aging enhanced the
cohesion of asphalt mixture and weakened the flexibility of asphalt binder under load. The greater
extent the asphalt binder is aged, the higher the stiffness and the lower the flexibility, indicating a
deterioration of low temperature performance.

Figure 10 plots the BBR test results of biochar modified asphalt binder after long-term aging
at different temperatures. As it shows, with the increase in biochar content and the decrease in test
temperature, the creep stiffness of biochar modified asphalt binder shows an upward trend, while the
creep rate shows a downward trend. This indicates that the low temperature performance of biochar
modified asphalt binder was compromised with an increase in biochar content.

Adding biochar to asphalt binder could reduce the low temperature performance of asphalt binder,
although the reduction was not significant. The low temperature grade of base asphalt binder was
−22 ◦C, and biochar modified binders with biochar content of 5%, 7.5%, 10% and 12.5% had the same
low temperature grade (−22 ◦C). However, when the biochar content reached 15%, the low-temperature
grade of asphalt binder changed from −22 to −16 ◦C, indicating a degradation of the low-temperature
performance. It is therefore necessary to control the biochar content within 12.5% in order to maintain
the low-temperature grade and low-temperature performance of the modified asphalt binder.
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Figure 10. BBR results of biochar modified asphalt binder after long-term aging.

3.4. FTIR Analysis

Figure 11 displays the infrared spectrum of biochar, base asphalt binder and biochar modified
binders (take 5% biochar modified asphalt binder as an example). Figure 11a shows that the most
obvious absorption peaks of biochar were observed at 3440, 2920, 1640, 1100, 793 and 467 cm−1.
The peaks at 3440 cm−1 were attributed to stretching vibrations in hydroxyl. The small peaks at 2930
and 1640 cm−1 were corresponding to methylene and aromatic aldehyde, respectively. The peak of
ester carbonyl and peak of aromatic ring were observed at 1100 and 793 cm−1. These indicate that the
main components of biochar were aromatic rings, alkanes and hydroxyl groups.

Figure 11b shows that the five most obvious absorption peaks occurred at 2920, 2850, 1600, 1460
and 1380 cm−1. In terms of the absorption peak strength, the content of the methylene (–CH2–) group
in base asphalt binder was higher than that of CH3– group. This indicates that there were a lot of
long chain alkanes in the base asphalt binder. The absorption peak strength at 2720 cm−1 was low,
which was the stretching vibration frequency of aliphatic aldehyde-based CH. It can be concluded that
the main components of base asphalt binder were long chain alkanes, hydrocarbon derivatives and
aromatic compounds. Among them, methylene –CH2 was the most abundant, followed by methyl
–CH3. Figure 11c indicates that the infrared spectrum of biochar modified asphalt binder was similar
to that of base asphalt binder. The absorption peaks on the two curves appeared at almost the same
wavenumber/cm−1. The FTIR spectra of biochar modified asphalt binder did not have an obvious
new absorption peak. The main chemical components of biochar modified asphalt binder were also
aromatic compounds and hydrocarbon compounds. Therefore, biochar in modified asphalt binder is
mainly blended physically with the asphalt binder. This indicates that biochar improved the anti-aging
performance of asphalt binder mainly by physical effects rather than chemical reactions.
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Figure 11. Cont.
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Figure 11. FTIR spectra of base and modified binders with 5% biochar.

4. Conclusions and Recommendations

Biochar is a renewable biomass resource with potential to improve aging resistance of asphalt
binder used in road pavements. In this study, the anti-aging performance of biochar modified asphalt
binder was investigated by conducting DSR and BBR tests. Based on the results, the following
conclusions can be drawn:

(a) Based on the analysis of aging index and viscosity ratio, the anti-aging performance of biochar
modified asphalt binder was better than that of base asphalt binder. The mass loss of biochar
modified asphalt binder was higher than base asphalt binder. This indicates that biochar improves
the anti-aging properties of asphalt binder mainly by alleviating oxidative aging of asphalt binder
components, rather than reducing the volatilization of light components.

(b) When the aging continued, the viscosity–temperature susceptibility of biochar modified asphalt
binder increased, and the temperature sensitivity decreased. Biochar adsorbs asphalt binder
components because of its porous structure, which reduces the homogeneity of asphalt binder
and alleviates oxidative aging of asphalt binder components.

(c) The creep stiffness increased, and creep rate decreased after aging of biochar modified asphalt
binder, which indicated that the low temperature performance of biochar modified asphalt binder
declined. However, the impact of biochar on low temperature performance of asphalt binder was
not significant. When the biochar content reached 15%, the low temperature grade of asphalt
binder could not reach −22 ◦C. Therefore, the effect on low temperature performance of asphalt
binder could be attained by controlling the amount of biochar, which should not exceed 12.5%.

(d) The shapes of the infrared spectrum curves of the base and biochar modified asphalt binder
were substantially the same. The main components of biochar were aromatic rings, alkanes and
hydroxyl groups. Biochar in modified asphalt binder is mainly blended physically with the
asphalt binder.

This paper studied the anti-aging performance of biochar modified asphalt binder from
macroscopic indexes. Although all indexes indicate that biochar can improve the anti-aging performance
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of asphalt binder, further studies are needed to identify the level of improvement by different indexes.
For example, the FTIR analysis indicated that the biochar in modified asphalt binder was mainly blended
physically with the asphalt binder. Future research includes using the microscopic index (carbonyl
index) obtained by FTIR to quantify the difference in anti-aging performance of base and biochar
modified binders. In the current study, only 5% biochar was used in the FTIR tests. More contents
of biochar can be tested in the future to further verify the conclusion and/or find optimum biochar
content for maximizing the enhancement of anti-aging performance.
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