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Abstract: This study aims to investigate the adhesion properties and moisture damage resistance
between castor oil-based bio-asphalt (COBA) and aggregates under the action of thermal oxidation.
Different dosages of castor oil-based bio-oil (5%, 10%, and 15%) were used to prepare the COBA by
mixing it with petroleum asphalt. The short-term and long-term aging of COBA were simulated by
the rolling thin-film oven test (RTFOT) over 85 min and 385 min, respectively. The boiling method,
photoelectric colorimetry, contact angle test, and contact angle moisture susceptibility test (CAMSI)
were used to evaluate the adhesion and exfoliation of the COBA–aggregates before and after thermal
oxygen aging. Then, the aging degree of COBA was quantitatively evaluated by Fourier transform
infrared (FTIR), and the correlation between aging condition and COBA–aggregates adhesion was
analyzed. The results showed that the cohesion in COBA increased by 23.1% on average due to
the addition of bio-oil. And the adhesion between COBA and aggregates increased by 5% due
to the acidic compounds formed in the process of interaction with silicates on the surface of the
aggregates. After short-term thermal oxidation, the adhesion between COBA and its aggregates
was further improved as the polar components in the asphalt binder increased when the bio-oil
dosage was less than 10%. However, with the continuous increase in the bio-oil amount and thermal
oxidation degree, the adhesion decreased by 12.6% when compared to the virgin status; in addition,
the adhesion grade decreased. Also, a low dosage of bio-oil was found to also improve COBA’s
resistance to moisture damage, and helped to reduce moisture sensitivity during the interaction
with asphalt binder. However, the acidic compounds that were generated by the reaction with
hydrolyzed aggregates in the presence of asphalt binder reduced the adhesion between COBA and
the aggregates. Finally, FTIR revealed a good correlation between IC=O and adhesion between COBA
and the aggregates.

Keywords: castor oil-based bio-oil; bio-asphalt; thermal-oxidative aging; adhesion; moisture damage

1. Introduction

Bio-asphalt, as a new green environmental protection material, has a similar chemical
composition to petroleum asphalt [1–3]. It can also save costs, reduce carbon emissions,
and has good environmental benefits. Research has shown that the pyrolysis of biomass
oil is not complete in the preparation process, and that it is susceptible to undergoing
polymerization and esterification during storage, which increases its own viscosity [4,5].
Moreover, the polar and phenolic substances in bio-oil also can provide good adhesion
performance by mixing it into petroleum asphalt. However, if the adhesion between asphalt
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and the aggregates is reduced, then pavement loosening, potholes, and other distresses
will occur. This affects road performance and service life under the long-term influence of
the external environment (heat, light, oxygen, and water) [6,7].

Currently, various methods have been used to evaluate the adhesion of asphalt–
aggregate interfaces. Júnior et al. [8] analyzed the influence of asphalt–aggregate adhesion
on moisture resistance and the fatigue life of four different asphalt mixtures through
digital image processing, a modified Lottman test, and the tensile compression test. As
a result, it was found that the type of aggregate has a significant relationship with the
moisture-induced damage resistance between asphalt and aggregates. Liu et al. [9] used
photoelectric colorimetry to compare the adhesion of three asphalt binders, SK-90, SBS-
MA, and HCRA-60, to limestone and basalt. Results showed that the asphalt binders still
exhibited excellent adhesive properties after mixing a large amount of rubber powder and a
small amount of waste oil into the base asphalt. Ji et al. [10] used surface free energy theory
to study the contribution of direct coal liquefaction residue (DCLR) to asphalt–aggregate
adhesion. It was demonstrated that, as the dosage of DCLR increased, the surface free
energy and adhesion property of asphalt increased before and after aging, thus exhibiting
good adhesivity. Huang et al. [11] evaluated the factors affecting the asphalt–aggregate
bonding performance by improving the pull-off test. And it was found that the fractions
of saturates, aromatics, resins, and asphaltenes (SARA) had the greatest influence on the
bonding strength between asphalt and aggregates. Furthermore, asphaltene and resin
can enhance the adhesion of the asphalt to the aggregate. Lyu et al. [12] evaluated the
performance of bio-modified, rubberized asphalt under the conditions of thermal aging,
UV aging, and moisture with the moisture-induced shear-thinning index (MISTI) and the
contact angle moisture susceptibility test (CAMSI). They found that bio-oil could improve
the resistance of asphalt to cohesion damage by three times, and that bio-oil could also
retard the reaction of free radicals with asphalt.

Meanwhile, the aging and type of bio-asphalt also affects the adhesion performance
of bio-asphalt–aggregate. Al-Sabaeei et al. [13] found that the chemical composition of
bio-asphalt made from different plant-originated bio-oil directly affects its sensitivity to
aging. As a result, the adhesion of asphalt–aggregate under moisture damage conditions is
significantly decreased. Zhao et al. [14] prepared bio-asphalt by adding timber-originated
biochar to petroleum asphalt and tested its aging resistance. The results demonstrated that
biochar could reduce the effect of aging on the performance of asphalt binders. Ingrassia
et al. [15] found that the recycled asphalt binder containing bio-additives had a lower aging
sensitivity, better mechanical properties, and less susceptibility to cracking than original
asphalt. At the same time, Lv et al. [16] also observed that the high content of oxygen and
light components in bio-oil also make bio-asphalt generally prone to aging. Therefore, the
aging and moisture damage resistance of bio-asphalt is particularly important for the study
of adhesivity in bio-asphalt–aggregate.

The current research on bio-asphalt is mainly focused on the influence of bio-oil on
its performance. However, the adhesion performance and moisture damage resistance
of bio-asphalt and aggregates when under the effect of aging have been less studied. In
addition, bio-oil is widely available, and the difference of the preparation process can make
the performance of bio-oil vary greatly. In this study, castor oil-based bio-asphalts (COBAs)
were prepared by mixing 5%, 10%, and 15% of castor oil-based bio-oil with petroleum
asphalt. The adhesion performance and moisture damage resistance of COBA–aggregate
(limestone, slag) before and after thermal oxidation were evaluated by macroscopic tests
such as the boiling test, photoelectric colorimetry, the contact angle test, and the CAMSI.
Moreover, the adhesion mechanism and moisture damage resistance mechanism of the
COBA–aggregate under thermal oxidation were revealed via the Fourier transform infrared
(FTIR) test. This study provides theoretical support for the application of biomass resources
in the field of road engineering, as well as promotes the sustainable development of
transportation infrastructure.
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2. Materials and Methods
2.1. Materials
2.1.1. Base Asphalt

The base asphalt used is Sinopec 70# petroleum asphalt. Its relevant properties were
tested according to the Standard Test Methods of Bitumen and Bituminous Mixtures for
Road Engineering (JTG E20-2011) [17], and the results are shown in Table 1.

Table 1. Physical properties of base asphalt.

Property Test Results Specification Technical
Requirements

Reference
Specification

Penetration (25 ◦C, 5 s, 100 g)/0.1 mm 63 T0604-2011 60~80

JTG F40-2004 [18]

Softening point/◦C 44.5 T0606-2011 ≥44
Ductility (10 ◦C)/cm 45 T0605-2011 ≥20

Density/(g·cm−3) 1.043 T0603-2011 -
Mass loss of RTFOT (163 ◦C, 85 min)/% 0.17 T0610-2011 ≤±0.8

Residual penetration ratio/% 63 T0604-2011 ≥58
Residual ductility (10 ◦C)/cm 8 T0605-2011 ≥4

2.1.2. Bio-Oil

The bio-oil used is castor oil-based bio-oil. It is obtained by processing the residue left
after the extraction of castor oil from castor seeds. And its basic properties are shown in
Tables 2 and 3. The physical performance indicators of COBAs are shown in Table 4.

Table 2. Chemical components of bio-oil and base asphalt.

Types Saturates/% Aromatics/% Resin/% Asphaltene/%

Bio-oil 25.5 45.6 6.7 19.4
Base asphalt 26.6 51.8 6.8 14.8

Table 3. Physical and chemical characteristics of bio-oil and base asphalt.

Types
Elements (%)

Ash (%) pH Density (g/cm3)
C H O N S

Bio-oil 71.22 10.18 10.31 0.05 0.146 2.89 7.72 0.974
Base asphalt 84.31 10.23 0.79 0.85 3.75 — 7.52 1.043

Table 4. The physical performance indicators of COBAs.

Content (%) Penetration
(0.1 mm)

Softening Point
(◦C)

Ductility
(10 ◦C/cm)

Acid Value
(mgKOH/g)

0% 63 44.6 45 0.88
5% 84 41.9 122 0.94
10% 101 41.1 145 0.97
15% 124 40 150 0.99

2.1.3. Aggregates

Limestone used commonly in road engineering and steel slag from industrial solid
waste were selected as the aggregates. The surfaces of the aggregates had neither impurities
nor obvious cracking, and their main chemical compositions are shown in Table 5.
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Table 5. Chemical compositions of aggregates.

Aggregates
Main Oxide Content/%

CaO MgO SiO2 Fe2O3 Al2O3 SO3 P2O5 MnO TiO2

Limestone 76.65 21.03 1.77 0.23 0.14 0.06 0.05 - -
Steel slag 42.26 3.77 14.87 29.03 1.55 0.29 2.62 3.40 1.10

2.2. Test Methods
2.2.1. Preparation of Bio-Asphalts

According to the previous research in our group [19], bio-oil has good compatibility
with petroleum asphalt. Therefore, the shearing apparatus can be used to mix the bio-oil
with the base asphalt under certain conditions. Firstly, the 70# asphalt binder was heated
to 145 ◦C, as well as the heated bio-oil at 135 ◦C. Then, the bio-oil with amount of 5%,
10%, and 15% by weight were mixed with petroleum asphalt, respectively. Specifically, the
mixing was performed at a rate of 3500 rpm at 130 ◦C for 15 min.

2.2.2. Aging Simulation of COBA

In this study, the rotating thin-film oven test (RTFOT) was used to simulate the short-
term and long-term aging of COBA according to the T0610-2011 in JTG E20-2011 [17].
According to previous research [20,21], the heating time for short-term aging is 85 min,
while long-term aging is 385 min as an equivalent replacement for PAV for 20 h.

2.2.3. Boiling Test

According to the relevant provisions of T0616-1993 in JTG E20-2011 [17], the boiling
test is used to evaluate the resistance to moisture damage between COBA and aggregates.
The adhesion of 4 kinds of COBAs and 2 kinds of aggregates (limestone, steel slag) be-
fore and after thermal oxidation was clarified. After the test, the peeling of asphalt film
from the surface of the aggregate was observed and the adhesion grade was evaluated.
The test process is shown in Figure 1, and each group of test was carried out with five
parallel samples.
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2.2.4. Photoelectric Colorimetry

Since the asphalt film is easy to peel off from the surface of aggregates when soaked in
water, phenol saffron is selected as the dye in this test. The absorbance of the residual dye
solution after soaking the asphalt mixture is measured via ultraviolet spectrophotometer,
after which its concentration is converted under the standard curve. As a result, the peeling
degree of asphalt film is calculated using Equations (1)–(3).

Adsorption capacity of pure aggregate q:

q =
(C0 − C1)V

m
(1)
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Adsorption capacity of asphalt mixture after peeling test q′:

q′ =
(C0 − C′1)V

m′
(2)

where q and q′ are the adsorption of phenol saffron by aggregate and asphalt mixture
(mg/g), respectively; C0 is the starting solution concentration of phenol saffron solution
(mg/mL); C1 and C′1 are the residual solution concentrations of phenol saffron solution
after adsorption by aggregate and asphalt mixture (mg/mL), respectively; V is the volume
of phenol saffron solution (mL); and m and m′ are the weights of aggregate and asphalt
mixture (g), respectively.

Stripping degree of asphalt from the surface of aggregate, St(q):

St(q) =
q′

q
× 100% (3)

The phenol saffron staining solutions are prepared at 0 mg/mL, 0.002 mg/mL,
0.004 mg/mL, 0.006 mg/mL, 0.008 mg/mL, and 0.01 mg/mL, respectively. The absorbance
of the solutions with different phenol saffron concentrations is measured at a 510 nm
wavelength. The relationship between the absorbance A and the concentration C of the
solutions is A = 99.70871 × C − 0.0003119, R2 is 0.9998.

2.2.5. Contact Angle Test

The contact angles of base asphalt, COBA, and aggregates were measured at 25 ◦C
before and after thermal oxidation by using the sessile drop method. Four parallel tests
were performed for each COBA sample and the same test liquid is measured three times
on the same sample. The test schematic diagram is shown in Figure 2.
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Figure 2. Contact angle test.

The test liquids are selected from distilled water, formamide, and ethylene glycol,
which are stable at room temperature, have a large difference in surface free energy, and do
not react with asphalt. The surface free energy parameters of the 3 test liquids at 25 ◦C are
shown in Table 6, and the measured surface free energy of the aggregates and COBA are
shown in Tables 7 and 8.

Table 6. Surface free energy parameters of test liquids at 25 ◦C.

Test Liquids
Surface Free Energy Parameters (mJ/m2)

γL γLW
L γAB

L γ+
L γ−L

Distilled water 72.80 21.80 51.00 25.50 25.50
Formamide 58.00 39.00 19.00 1.92 39.60

Ethylene glycol 48.00 29.00 19.00 1.92 47.00

Note: γL is the total surface free energy of test liquid; γLW
L is the dispersion component of test liquid; γAB

L is the
polarity component of test liquid; γ+

L is the Lewis acid component of test liquid; γ−L is the Lewis base component
of test liquid.



Appl. Sci. 2023, 13, 10410 6 of 19

Table 7. Surface free energy parameters of aggregates.

Aggregates
Surface Free Energy Parameters (mJ/m2)

γ γd γp γ+ γ−

Limestone 43.20 12.55 30.65 8.42 25.32
Steel slag 46.48 15.05 31.43 5.29 27.95

Note: γ is the total surface free energy of aggregates; γd is the dispersion component of aggregates; γp is the
polarity component of aggregates; γ+ is the Lewis acid component of aggregates; γ− is the Lewis base component
of aggregates.

Table 8. Surface free energy parameters of COBA.

Aging
Condition

Content of
Bio-Oil (%)

Contact Angle (◦) Surface Free Energy Parameters (mJ/m2)

Distilled
Water Formamide Ethylene

Glycol γ γd γp γ+ γ− Wa

Virgin

0 106.20 91.33 83.64 20.38 18.82 1.56 0.01 1.61 40.76
5 104.11 88.40 85.40 23.00 21.33 1.67 0.02 1.73 46.00
10 103.35 87.52 86.07 25.50 23.46 2.04 0.09 1.86 51.00
15 103.04 87.00 87.12 26.78 24.56 2.22 0.14 1.88 53.56

RTFOT85

0 101.43 85.10 78.89 21.88 19.63 2.25 0.09 1.91 43.76
5 102.50 85.56 78.98 23.57 21.61 1.96 0.005 1.64 47.14
10 103.59 85.81 82.82 26.05 24.49 1.56 0.05 1.35 52.10
15 104.48 86.34 78.69 27.69 26.50 1.19 0.20 1.19 55.38

RTFOT385

0 100.90 83.79 76.13 18.19 16.23 1.96 0.68 1.68 36.38
5 101.85 84.53 77.06 18.80 17.43 1.37 0.40 1.53 37.60
10 102.02 84.94 78.56 19.92 18.65 1.27 0.20 1.60 39.84
15 103.00 85.20 79.23 22.83 21.83 1.00 0.10 1.36 45.66

Note: Wa is the cohesive work of COBA.

The calculation formulas of the cohesion work (Wa), the adhesion work (Was), the
exfoliation work (Wasw), and the compatibility ratio (CR) of COBA–aggregates were
calculated by Young’s formula [22] using Equations (4)–(7):

Cohesion work:
wa = 2γa (4)

Work of adhesion:
Was = 2

√
γd

aγd
s + 2

√
γ

p
a γ

p
s (5)

Work of exfoliation

Wasw = 2
√

γd
aγd

w + 2
√

γd
s γd

w + 2
√

γ+
w

(√
γ−a +

√
γ−s
)
+ 2
√

γ−w
(√

γ+
a +

√
γ+

s

)
−

2γd
w − 2

√
γd

aγd
s − 2

√
γ+

a γ−s − 2
√

γ−a γ+
s − 4

√
γ−wγ+

w
(6)

Compatibility ratio:

CR =
|Was|
|Wasw|

(7)

where γa, γd
a , and γ

p
a are the total surface free energy, the dispersion component, and the

polarity component of asphalt, respectively; γd
s and γ

p
s are the dispersion component and

the polarity component of stone, respectively; γd
w and γ

p
w are the dispersion component and

the polarity component of water, respectively; γ+
a and γ−a are the Lewis acid component and

Lewis base component of asphalt, respectively; γ+
s and γ−s are the Lewis acid component

and Lewis base component of stone, respectively; and γ+
w and γ−w are the Lewis acid

component and Lewis base component of water, respectively.



Appl. Sci. 2023, 13, 10410 7 of 19

2.2.6. Contact Angle Moisture Susceptibly Test

In this test, the interaction between COBA and siliceous aggregates was evaluated
using the interfacial energy between asphalt and glass slide [12]. Firstly, the surface of
the glass slide was cleaned with distilled water and anhydrous ethanol to remove the
impurities. Secondly, 15 mg COBA was poured on the glass slide and heated in the oven at
140 ◦C for 10 min to simulate the contact angle of COBA with the glass slide in the molten
state. And then the COBA was cooled at room temperature to ensure that COBA could
form a contact angle on the surface of the glass slide. For the samples of water conditioning,
the previously obtained dry samples were placed in a water bath in distilled water at 80 ◦C
for 2 h, and then cooled and dried on the surface at room temperature. Finally, the contact
angle of base asphalt and COBA before and after water conditioning was measured at 25 ◦C.
Moreover, the contact angle moisture susceptibly index (CAMSI) of COBA was calculated
using Equation (8):

CAMSI =
Contact Anglewet −Contact Angledry

Contact Angledry
(8)

2.2.7. Fourier Transform Infrared Reflection (FTIR) Test

In this test, the Nicolet iS10 FTIR instrument was used to characterize the microstruc-
ture of bio-oil, base asphalt, and COBA using ATR mode. The wave number range is
4000–500 cm−1 with 32 scans. The carbonyl group index (IC=O) and sulfoxide group index
(IS=O) were calculated by Equations (9) and (10) to quantitatively analyze the aging degree
of COBA:

IC=O =
A1705cm−1

∑ A4000cm−1~600cm−1
(9)

IS=O =
A1030cm−1

∑ A4000cm−1~600cm−1
(10)

where: ΣA = A2920 + A2852 + A1705 + A1600 + A1455 + A1375 + A1030 + A864 + A810 +
A744 + A723.

3. Results and Discussion
3.1. The Boiling Results

The results of the boiling test are shown in Table 9. The stripping section of the asphalt
film has been marked with a red frame, and the corresponding adhesion grades are shown
in Table 10.

It can be seen from Tables 9 and 10 that with the increase in bio-oil dosage, the overall
peeling area of the asphalt film from the aggregates was slightly increased. The low content
of bio-oil could improve the adhesion of COBA and aggregate, while the opposite was
true for the high content of bio-oil. For instance, when the content of bio-oil was 5%, there
was no obvious asphalt film shedding on the surface of the aggregates. When the content
of bio-oil was 10%, the slag surface started to show patchy peeling and a small quantity
of the asphalt film peeled off from the surface of the limestone, but this peeling area was
still smaller than that of base asphalt. While the content of bio-oil was 15%, the peeling
area of asphalt film on the surface of limestone was further increased. This is due to the
fact that the added bio-oil increases the acid value of asphalt, and the acid molecules in
asphalt will bind to the active site on the surface of the aggregate silicate to form alkyl
acids, and then crystallize to form adhesions [23]. However, this acidic compound is easy
to hydrolyze in water, which will weaken the moisture damage resistance of the COBA–
aggregate. Therefore, during the boiling process, the more serious the hydrolysis process of
the accumulated alkyl acids on the surface of the aggregates coated by COBA with high
bio-oil dosage, the larger the area of asphalt-film peeling.
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Table 9. Test results of the boiling method.

Content of Bio-Oil/% 0 5 10 15

Virgin

Limestone
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Note: Larger numbers represent the better adhesion levels of asphalt.

Under the action of short-term thermal oxidation, the adhesion between COBA and
the aggregates was basically the same as the virgin status, only the adhesion grade of 15%
COBA and the aggregates decreased to 3. However, the peeling degree of the asphalt film
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was aggravated after long-term aging, which led the peeling area to exceed 10%. This is
due to the fact that COBA becomes hard and brittle under thermal oxidation, and 15%
COBA with a higher bio-oil dosage is more prone to aging. Secondly, the polarity of water
is much larger than COBA, and its diffusion ability on the surface of the aggregates is
stronger. Therefore, the water can displace the asphalt film from the surface of aggregates
more easily, thus reducing the adhesion grade of COBA–aggregate.

Under the same conditions, the adhesion grade of COBA and limestone was the
same as that of steel slag, but the peeling positions of asphalt film were slightly different.
The steel slag is more hygroscopic and has a rough surface, so the aged COBA is more
likely to be peeled off from the surface of the steel slag. Meanwhile, the main mineral
phase of limestone is alkaline CaCO3, which can react with acidic compounds in COBA to
produce some water-insoluble sticky substances. Therefore, the asphalt film on the surface
of limestone is more likely to peel off at the corners and uneven edges.

Since the results of the boiling test are affected by several factors such as the angle of
the aggregate, the surface roughness, and the thickness of the asphalt film, only a rough
qualitative evaluation of the adhesivity of the COBA and aggregates can be made. To
accurately distinguish the relationship of the moisture damage resistance of COBA and
aggregates under the same adhesion grade, it needs to be further determined through
other tests.

3.2. The Photoelectric Colorimetry Results

In this study, the peeling ratio of asphalt film from aggregates before and after thermal
oxidation was calculated, and the results are shown in Figure 3.
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As shown in Figure 3, the peeling ratio of the COBA film from the steel slag exceeded
100% before and after thermal oxidation. Meanwhile, the same phenomenon was observed
for COBA and limestone after thermal oxidation, which does not match the actual outcome.
This phenomenon persisted after three parallel tests, which we considered to have been a
result of a strong absorption impact by the test materials on the phenol saffron solution,
thus interfering with the test results.

Since biomass heavy oil is an agricultural forestry waste and steel slag is an industrial
solid waste, few have applied them in road engineering, and related studies have not yet
been found. The feasibility of photoelectric colorimetry for evaluating the adhesivity of
common asphalt and aggregates has been previously demonstrated. Therefore, for the
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phenomenon of peeling ratio greater than 100%, this study is focused on analyzing the
adsorption of phenol saffron solution by steel slag, limestone, and castor oil-based bio-oil.

From Figure 4, it can be seen that the adsorption ratio of limestone to phenol saffron
after the water bath was 4–5 times higher than before. However, the adsorption ratio
of steel slag to phenol saffron was only 6–7%, essentially indicating no adsorption. In
addition, after the water bath, the residual concentration of phenol saffron in the solution
containing steel slag mixture was lower than that only containing steel slag, demonstrating
the adsorption to the phenol saffron of COBA. At the same time, the adsorption amount of
COBA to phenol saffron was comparable to that of limestone when the COBA film was not
exfoliated from the aggregate. This further confirmed the adsorption effect of COBA on
phenol saffron. The peeling ratio was calculated by dividing the adsorption capacity of the
asphalt mixture by the adsorption capacity of aggregates after the peeling test. As a result,
the peeling ratio of the COBA film from the steel slag exceeded 100%, as shown in Figure 3.

In summary, the adsorption of phenol saffron by COBA affects the peeling ratio of bitu-
men from the aggregate surface. Moreover, limestone and steel slag have a large difference
in the absorption of phenol safranin. Therefore, the adhesion properties between COBA
and different aggregates could not be evaluated directly using photoelectric colorimetry.
However, the adhesion of the asphalt and aggregate of the same type can still be determined
by observing the color difference between the residual solution and the standard solution,
as shown in Figure 4b,d.
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Figure 4. Adsorption of phenol saffron solution. (a) Limestone–phenol safranin solution. (b) Residual
phenolic saffron solution after limestone–COBA absorption. (c) Steel slag–phenol safranin solution.
(d) Residual phenolic saffron solution after steel slag–COBA absorption.

3.3. The Contact Angle Test Results

In this research, the contact angle, polar component, dispersion component, and
surface free energy of the COBA and aggregates were measured using the sessile drop
method. The results of cohesion work, the adhesion work, the exfoliation work, and the
compatibility ratio of COBA–aggregate are shown in Figure 5.
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Figure 5. COBA–aggregate adhesion under different aging states. (a) Work of adhesion (limestone–
COBA). (b) Work of adhesion (steel slag–COBA). (c) Work of exfoliation (limestone–COBA). (d) Work
of exfoliation (steel slag–COBA). (e) Compatibility ratio (limestone–COBA). (f) Compatibility ratio
(steel slag–COBA).

(1) Surface free energy and cohesion work of COBA
As shown in Table 8, the surface energy and cohesion work of COBA increased with

the increase in bio-oil addition and short-term thermal oxidation. For the virgin samples,
the cohesion work of COBA increased by 12.9%, 25.1%, and 31.4%, respectively, compared
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with the base asphalt when the bio-oil content was increased from 5% to 15%. After short-
term aging, the surface energy and cohesion work of COBA increased by 4.0% and 16.4%,
respectively, compared with the virgin sample. This indicated that the addition of bio-oil
and short-term thermal oxidation could increase the cohesive properties of COBA.

(2) Work of the adhesion of COBA–aggregate
The work of adhesion characterizes the adhesion performance between asphalt and

aggregates under anhydrous conditions. The larger the work of adhesion value, the better
the adhesion of asphalt to aggregates. According to Figure 5a,b, for the virgin samples,
the work of adhesion between COBA and aggregates had an average increase rate of 5%
with the increase in bio-oil content, among which, the adhesion work increased up to 15.7%
when the bio-oil content was 15% compared with the base asphalt. This indicated that the
bio-oil had a positive effect on the adhesion work between COBA and aggregates. After
short-term aging, the effect of bio-oil content on the adhesion of COBA to aggregates was
reduced. In addition, the work of the adhesion of base asphalt and 5% COBA to aggregates
increased compared with virgin samples. This was because, after short-term aging, the light
components in COBA gradually volatilized, and the macromolecular substances began
to migrate qualitatively, which increased the polar components. The polar components
adhered to aggregates via chemical adsorption, with high strength, which was not easy to
be peeled off, so the adhesion was improved. However, the high content of bio-oil made
COBA more prone to aging, and more resin were converted into asphaltene under thermal
oxidation. Therefore, when the bio-oil content exceeds 10%, the adhesion between COBA
and aggregate decreases. This is consistent with the decrease in adhesion grade via the
boiling method.

After long-term aging, the adhesion work between COBA and aggregates was lower
than that of base asphalt, and decreased by 12.6% on average compared to the virgin
samples. This is due to the rapid increase in heavy components such as asphaltene and
polar functional groups in COBA caused by long-term thermal oxygen, which makes
the asphalt molecules harden. In addition, these components are easily converted into
carboxylic acid and other substances under these conditions, making the asphalt brittle,
thus leading to a decrease in the adhesion between COBA and aggregates.

In terms of the effect of aggregate type, the adhesion work between different aggregates
and COBA increased at a similar rate with the increase in bio-oil content. However, the
adhesion work between COBA and steel slag was higher. Before and after short-term
thermal oxidation, the adhesion work between COBA and steel slag was 7% and 9% higher
than that between COBA and limestone, respectively. The adhesion work between 15%
COBA and steel slag was up to 55.16 mJ/m2, which was 6.9% higher than that between
COBA and limestone at the same bio-oil dosage. This was because the content of SiO2
in steel slag is higher than that in limestone, and the acid molecules in COBA are more
likely to react with a high-valence metal salt to form alkyl acids, which accumulate and
crystallize on the surface of aggregates to form adhesion [24]. Moreover, based on the
physical adsorption theory, the greater the roughness of the aggregate surface, the more
effective the contact area, and subsequently the more favorable to asphalt adsorption. Steel
slag is also more conducive to COBA adsorption, forming adhesion because of its porous
surface and higher roughness than limestone.

(3) Work of exfoliation of COBA–aggregate
The work of exfoliation refers to the energy released by asphalt during the displace-

ment of water from the surface of aggregates. The smaller the absolute value of exfoliation
work, the greater the bonding strength of asphalt and aggregates under water conditions,
and the stronger the ability of the mixture to resist water damage. According to Figure 5c,d,
for the virgin samples, the exfoliation work between COBA and aggregates decreases with
the increase in bio-oil content. This indicates that bio-oil exhibits the effect of improving the
anti-stripping at the interface of asphalt–aggregate. Under the action of thermal oxidation,
the work of the exfoliation of COBA increased, probably due to the decrease in internal
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resin content and increase in asphaltene content in COBA after aging. This accordingly
reduces the adhesion of COBA–aggregate, thus weakening its resistance to water damage.

In terms of aggregate type, the exfoliation work of COBA–limestone was much smaller
than that of COBA–steel slag, which was only half of it. According to Table 4, the SiO2
dosage in steel slag was 8.4 times that in limestone, so COBA interacted with steel slag to
form more acidic compounds, which could provide better adhesion. However, carboxylic
acid compounds can ionize readily underwater and increase the moisture susceptibility of
asphalt concrete, which results in a rapid decrease in the interfacial adhesion [25]. Also, the
silicate in the aggregates and the H in the water produce a coulomb interaction and combine
in the form of hydrogen bonds, causing steel slag to demonstrate a stronger hygroscopicity
than limestone. In addition, the steel slag itself will have a hydration reaction with water,
which can replace water during the hydration process, so the exfoliation work increases
and the resistance to water damage stripping decreases.

(4) Compatibility ratio of COBA
The compatibility ratio is used to characterize the compatibility of asphalt and aggre-

gates. The greater the compatibility ratio, the better the adhesion stability of the asphalt
mixture. From Figure 5e,f, the compatibility ratio of COBA and limestone was twice higher
than that of COBA and steel slag. The steel slag had a higher hygroscopicity and limestone
was less affected by water, with a much lower exfoliation work than that of steel slag.
Furthermore, with CaCO3 the as main component, limestone is more alkaline than steel
slag, so it has a stronger acid-base reaction with COBA and better adhesion stability. Of
course, the large adhesion work between steel slag and COBA is accompanied by large
exfoliation work. This indicated that its adhesion with asphalt cannot work stably in the
presence of water, which needs to be further explored.

3.4. The Contact Angle Moisture Susceptibly Results

In this study, the moisture susceptibility of COBA was evaluated by observing the
change in the contact angle of COBA before and after water conditioning on the slide
surface. Typically, the smaller the contact angle, the better the adhesion of the asphalt to
the solid surface [26]. The contact angle of COBA is shown in Table 11.

As observed in Table 11, for the virgin samples, the contact angle between COBA
and the glass slide decreased with the addition of bio-oil before water conditioning. It
demonstrated the increase in adhesion between asphalt and siliceous aggregates by bio-oil.
With the process of water conditioning, the contact angle between COBA and the glass slide
increased, indicating the decrease in adhesivity. This is because the affinity of COBA and
water for SiO2 is different under chemically driven moisture damage [27]. Initially, COBA
covers the surface of the dry slide with a low contact angle. But water gradually penetrates
into the interface of COBA–slide and replaces COBA on the aggregates, increasing the
contact angle between COBA and the glass slide.

After aging, the contact angle between COBA and the slide increased gradually. Under
thermal oxidation, the light components in COBA decreased, accompanied by the increase
in colloidal components, asphaltene, and other heavy components. As a result, the diffusion
of COBA on the surface of the slide decreased and the contact angle increased. Meanwhile,
the contact angle of COBA changed more after water conditioning, and the moisture
damage resistance also changed significantly. Therefore, the moisture damage resistance
of COBA was evaluated by calculating the CAMSI of COBA before and after thermal
oxidation. The results are shown in Figure 6.
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Table 11. Contact angle images of COBA before and after water conditioning.
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The increase in CAMSI indicates a decrease in the adhesivity of asphalt with silica
when it is exposed to water [12]. As shown in Figure 6, for the virgin samples, the CAMSI
of mixtures with 5% and 10% COBA decreased by 7.5% and 4.4%, respectively, compared
to base asphalt, while the CAMSI of mixtures with 15% COBA increased by 58.5%. This
is consistent with the water-boiling method, demonstrating that low bio-oil dosage can
improve the moisture damage resistance of COBA. This is due to the fact that low bio-oil
dosage can better interact with asphalt and prevent moisture sub-penetration into the
binder, reducing its moisture susceptibly [28]. In fact, while bio-oil changes the rheological
properties of asphalt, it also weakens the durability of its mixture. The presence of a
large amount of bio-oil in 15% COBA will cause the acidic compounds inside to diffuse
rapidly and interact with the siliceous aggregate to produce carboxylic acid, etc. They will
accumulate and crystallize at the interface of the aggregates, and then hydrolyze upon
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contact with water, which is also the reason for the weakening adhesivity between the
aggregates and COBA with a high dose of bio-oil [29,30].

Under the effect of thermal oxidation, the CAMSI after short-term aging was the
smallest, while the CAMSI after long-term aging was even smaller than the original status.
It demonstrated that COBA still has good adhesion property to silica when exposed to
water and the short-term thermal oxidation effect has good advantage to improve the
moisture damage resistance of COBA. Hung et al. found that the improved moisture
damage resistance of bio-asphalt can be attributed to the ability of bio-oil to delay the
formation of acidic compounds [31].

Rajib et al. [32] proposed that aged asphalt molecules have a higher interaction energy
with SiO2 and thus can form more hydrogen bonds between the interface of the binder and
the surface of SiO2. In addition, the increased colloids and asphaltenes in the asphalt after
thermal oxidation also play an important role in increasing the adhesion between COBA
and aggregates. In general, the light components of COBA will evaporate after thermal
oxygen, and the adhesion will also be slightly reduced. Ābele A et al. [33] found that using
elastomers (SBS, rubber, etc.) to modify the bio-asphalt makes the polymer or rubber absorb
the bio-oil to expand, thus improving the high- and low-temperature performance of the
bio-asphalt. Therefore, the follow-up research group is also conducting research on the
adhesion properties between composite modified bio-asphalt and aggregates.

3.5. FTIR Results

In this study, FTIR was used to compare and analyze the functional groups of COBA,
as shown in Figure 7.
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As shown in Figure 7, no new absorption peaks appeared in asphalt after the addition
of bio-oil, but only the intensity of the peaks was different. Therefore, bio-oil was mainly
physically dispersed in asphalt. As the thermal oxidation occurred, the area of characteristic
peak for COBA at 1705 cm−1 and 1030 cm−1 increased gradually. It was found that asphalt
is susceptible to thermal oxidation, resulting in the breaking of C=C to form C=O. At
the same tine, the H atoms are oxidized to hydroxyl groups, and the sulfur-containing
functional groups react with oxygen to form the polar functional group of S=O. These
increase the number of oxygen-sensitive functional groups inside asphalt. For example, the
bio-oil showed a clear absorption peak of C=O at 1705 cm−1, and the larger the content
of bio-oil, the more obvious the absorption peaks. Therefore, in order to quantify the
variation of the oxygen-sensitive groups of COBA, IC=O and IS=O were calculated as shown
in Figure 8.
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According to Figure 8, the IC=O increased 20, 144, and 340 times compared to that of
base asphalt when the bio-oil content was increased from 5% to 15% in the virgin sample.
However, the IC=O of base asphalt was only 1.7× 10−4, which was extremely low, indicating
that bio-oil brought a large amount of C=O to COBA. On the contrary, IS=O decreased with
increasing bio-oil, which is due to the very low content of S in bio-oil and the dilution of S
content after blending with base asphalt.

Under thermal oxidation, the growth of IC=O in COBA was similar in both short-
term aging and long-term aging, while IS=O grew rapidly in long-term aging. When the
content of bio-oil increased from 5% to 15%, IC=O increased by 2.4, 0.32, and 0.19 times
compared to the virgin sample, respectively, after short-term aging; and 5.69, 0.85, and
0.31 times, respectively, after long-term aging. IS=O increased by 0.03~0.36 and 2.45~3 times,
respectively, in short-term and long-term aging, indicating that the production of S=O in
COBA occurs mainly in the long-term aging. By considering the change of various groups
in COBA and base asphalt before and after thermal oxidation, it can be assumed that the
generation of C=O in COBA is mainly contributed by bio-oil, while S=O mainly originates
from the base asphalt.

3.6. Correlation Analysis

As the IC=O exhibited to have been the most sensitive to oxygen, the relationship of
IC=O to the adhesion of COBA–aggregate was analyzed before and after thermal oxygen
aging, as shown in Figure 9.
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Figure 9. Correlation between IC=O and adhesion work and pull-out strength. 

As illustrated in Figure 9, there is a high linear relationship between IC=O of COBA 

and adhesion work between COBA and aggregates, and R2 is mostly around 0.9. This 

indicates that the change of COBA oxygen-sensitive functional groups before and after 

thermal oxidation is well correlated with the adhesion property of COBA–aggregate. IC=O 

can be used as the evaluation index of asphalt–aggregate adhesion under thermal oxida-

tion. After short-term aging, the R2 of IC=O and adhesion work is low. This is likely because 

after short-term thermal oxidation, IC=O increased with bio-oil content, and C=O with a 

higher concentration is easily converted to form alcohols and carboxylic acids, which 

makes the asphalt brittle. At the same time, C=O is prone to pyrolysis reaction at high 

temperatures, which makes the COBA molecular chain break, thus leading to asphalt 

aging and peeling. Notably, the increase in adhesion work between the COBA and ag-

gregates is abrupt at 10% of bio-oil content, and the two follow an inconsistent trend 

change, so the correlation is low. 

4. Conclusions 

In this study, the water-boiling method was used to observe the peeling area of as-

phalt film from the surface of aggregates and to obtain the adhesion grade. The surface 

free energy method was used to calculate the adhesion work and exfoliation work of 

COBA. Meanwhile, the moisture damage resistance of COBA was analyzed using the 
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As illustrated in Figure 9, there is a high linear relationship between IC=O of COBA
and adhesion work between COBA and aggregates, and R2 is mostly around 0.9. This
indicates that the change of COBA oxygen-sensitive functional groups before and after
thermal oxidation is well correlated with the adhesion property of COBA–aggregate. IC=O
can be used as the evaluation index of asphalt–aggregate adhesion under thermal oxidation.
After short-term aging, the R2 of IC=O and adhesion work is low. This is likely because after
short-term thermal oxidation, IC=O increased with bio-oil content, and C=O with a higher
concentration is easily converted to form alcohols and carboxylic acids, which makes the
asphalt brittle. At the same time, C=O is prone to pyrolysis reaction at high temperatures,
which makes the COBA molecular chain break, thus leading to asphalt aging and peeling.
Notably, the increase in adhesion work between the COBA and aggregates is abrupt at 10%
of bio-oil content, and the two follow an inconsistent trend change, so the correlation is low.

4. Conclusions

In this study, the water-boiling method was used to observe the peeling area of asphalt
film from the surface of aggregates and to obtain the adhesion grade. The surface free
energy method was used to calculate the adhesion work and exfoliation work of COBA.
Meanwhile, the moisture damage resistance of COBA was analyzed using the contact angle
moisture susceptibly test. Finally, the quantitative evaluation of the aging of COBA was
performed via FTIR, and the correlation between the aging of COBA and COBA–aggregate
adhesion was analyzed. The following conclusions were drawn:

(1) Since COBA has a strong adsorption effect on phenosafranine, and steel slag has
almost no absorption, photoelectric colorimetry is not suitable to evaluate the adhesion
between steel slag and COBA.

(2) The cohesion in COBA increased by 23.1% on average due to the addition of bio-oil,
and the adhesion between COBA and aggregates increased by 5% due to acidic compounds
that formed in the process of the interaction with Si inside the aggregates.

(3) Under short-term aging, the work of adhesion between COBA and aggregates
increased within a 10% dosage of bio-oil due to the increase in colloidal and polar sub-
stances in COBA. As the content of bio-oil and thermal oxidation degree continued to
increase, the heavy component of COBA increased, and the excessive C=O content was
converted to carboxylic acid and other substances that made asphalt brittle. At the same
time, the microcracking of COBA during the aging process also increased the risk of
moisture damage.
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(4) Regarding the effect of aggregate types on COBA adhesion, the adhesion grades of
COBA–limestone and COBA–steel slag were always consistent during the boiling process.
Under dry conditions, steel slag formed acidic compounds and higher roughness; its work
of adhesion with COBA was 7% and 9% higher than that of COBA–limestone before and
after short-term thermal oxygen aging. However, under the influence of water, the acidic
compounds that formed at the aggregate interface are easily hydrolyzed, and with the high
hygroscopicity of steel slag and hydration reaction, the exfoliation work of COBA–slag is
still higher than that of COBA–limestone.

(5) The change of oxygen-sensitive groups of COBA correlated well with the change
of the adhesion of COBA–aggregate before and after thermal oxidation. And the adhesion
performance of COBA–aggregate under thermal oxidation could be evaluated by calibrating
the internal C=O content of COBA with the adhesion performance of COBA–aggregate.
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