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Figure 2. Photos of ultraviolet (UV) accelerated aging test. 

2.3.3. Gel Permeation Chromatography 

GPC was used to determine the molecular size of asphalt according to different eluting times. 
During the test, the macromolecules were firstly eluted and then the micromolecules were eluted. 
The average molecular weight of asphalt samples was tested by GPC. The different molecular weight 
distribution ratios of the asphalt sample were calculated according to the molecular weight 
distribution curve of asphalt. The relationship between the molecular weight distribution and the 
physical properties of the asphalt sample was analyzed [28]. 

The asphalt samples were dissolved in tetrahydrofuran (THF) at a mass ratio of 1:400 and the 
solution concentration was 2.0 mg/mL. After the asphalt samples were completely dissolved in THF, 
they were filtered by 0.45 µm sieve and tested by PL-GPC50 gel chromatography with an HR 3 
column and an HR 4E column at 35 °C [29]. 

2.3.4. Fourier Transform Infrared Spectroscopy 

Functional groups of different asphalt samples before and after UV aging can be determined by 
analyzing the position of the characteristic peak in  infrared spectra. The aging index of a specific 
functional group can be calculated according to the corresponding peak area [30]. FTIR test was 
carried out by Nexus type Fourier transform infrared spectrometer (VEECO company, Somerset, NJ, 
USA). The infrared spectrum scanned from 4000 to 500�º1 wavenumbers�� The number of scans was 64 
times and the resolution was 4 cm�º1. 

2.3.5. Atomic Force Microscopy 

Multimode PicoForce type AFM (Thermo Fisher, Waltham,MA, USA) is used to observe the 
topography of asphalt surfaces before and after UV aging [31]. Each asphalt sample was heated to a 
melted state and dropped on a 10 × 10 mm2 glass slide. Then, the glass slides were placed in an oven 
at 90 °C until asphalt samples flowed flat. Finally,  glass slides were put into a dust-proof chamber 
and cooled to room temperature for the test. 

3. Results and Discussion 

Figure 2. Photos of ultraviolet (UV) accelerated aging test.

2.3.3. Gel Permeation Chromatography

GPC was used to determine the molecular size of asphalt according to different eluting times.
During the test, the macromolecules were firstly eluted and then the micromolecules were eluted.
The average molecular weight of asphalt samples was tested by GPC. The different molecular weight
distribution ratios of the asphalt sample were calculated according to the molecular weight distribution
curve of asphalt. The relationship between the molecular weight distribution and the physical
properties of the asphalt sample was analyzed [28].

The asphalt samples were dissolved in tetrahydrofuran (THF) at a mass ratio of 1:400 and the
solution concentration was 2.0 mg/mL. After the asphalt samples were completely dissolved in THF,
they were filtered by 0.45 � m sieve and tested by PL-GPC50 gel chromatography with an HR 3 column
and an HR 4E column at 35 ◦C [29].

2.3.4. Fourier Transform Infrared Spectroscopy

Functional groups of different asphalt samples before and after UV aging can be determined by
analyzing the position of the characteristic peak in infrared spectra. The aging index of a specific
functional group can be calculated according to the corresponding peak area [30]. FTIR test was carried
out by Nexus type Fourier transform infrared spectrometer (VEECO company, Somerset, NJ, USA).
The infrared spectrum scanned from 4000 to 500−1 wavenumbers. The number of scans was 64 times
and the resolution was 4 cm−1.

2.3.5. Atomic Force Microscopy

Multimode PicoForce type AFM (Thermo Fisher, Waltham, MA, USA) is used to observe the
topography of asphalt surfaces before and after UV aging [31]. Each asphalt sample was heated to a
melted state and dropped on a 10 × 10 mm2 glass slide. Then, the glass slides were placed in an oven
at 90 ◦C until asphalt samples flowed flat. Finally, glass slides were put into a dust-proof chamber and
cooled to room temperature for the test.

3. Results and Discussion

3.1. The Physical Parameters Test Results of Asphalt before UV Aging

Based on the previous researches, the mass content of WEO or WPE in asphalts is usually within
10 wt % [32–34]. Therefore, the asphalt samples containing 2, 4, 6 and 8 wt % of WEO are abbreviated
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to 2%WEO, 4%WEO, 6%WEO, and 8%WEO. Meanwhile, the asphalt samples containing 2, 4, 6 and
8 wt % of WEO are abbreviated to 2%WPE, 4%WPE, 6%WPE, and 8%WPE. Three physical parameters
(penetration, softening point, and ductility) of the matrix asphalt, WEO modified asphalts and WPE
modified asphalts are shown in Table 2.

Table 2. Physical properties of the matrix asphalt, waste engine oil (WEO) modified asphalts and waste
polyethylene (WPE) modified asphalt before UV aging.

Asphalt Samples Penetration (25 ◦C,
100 g, 5 s) (0.1 mm)

Softening Point
(◦C)

Ductility (5 cm/min,
10 ◦C) (cm)

Ductility (5 cm/min,
15 ◦C) (cm)

Matrix asphalt 86.1 49.6 23.0 99.5
2%WEO 101.3 45.0 29.4
4%WEO 111.4 43.7 37.7
6%WEO 138.9 41.8 64.6
8%WEO 214.1 37.8 >100
2%WPE 48.3 52.7 12.8
4%WPE 34.6 55.0 8.6
6%WPE 26.9 59.6 7.4
8%WPE 21.7 65.3 5.2

In the pink section of Table 2, it displays that the penetration and ductility of each WEO modified
asphalt are larger than those of matrix asphalt, but the softening point of each WEO modified asphalt is
lower than that of matrix asphalt. With the increasing contents of WEO, the penetration and ductility
of WEO modified asphalt show an increasing trend while the softening point of WEO modified asphalt
exhibits a decreasing trend. The results indicate that WEO softens the asphalts and enhances the
low-temperature cracking resistance of asphalt.

In the yellow section of Table 2, it can be seen that the penetration and ductility of WPE modified
asphalts are lower than those of matrix asphalt, while the softening point of WPE modified asphalt
is higher than that of matrix asphalt. As the contents of WPE increase, the penetration and ductility
of WPE modified asphalts decrease, while the softening point increases. Comparing with the matrix
asphalt, WPE modified asphalt flows more difficult and becomes tougher. Therefore, high-temperature
deformation resistance of WPE modified asphalt is improved.

As shown in the pink section of Table 3, the penetration and ductility of WEO/WPE mixture
modified asphalts are smaller than those of matrix asphalt when the contents of WEO and WPE are
the same. With the increase of the contents of the WEO/WPE mixture, the modified asphalts have
smaller penetration and ductility but a more significant softening point. In addition, the ductility of
WPE modified asphalt is lower than that of matrix asphalt, which is shown in Table 2. It indicates
that the same content of WPE has a more considerable influence on asphalt’s ductility than WEO. The
reason may be that WPE increases the discontinuous phase structure of the asphalt, thereby making
the asphalt more easily broken.

Table 3. Physical properties of the matrix asphalt and WEO/WPE mixtures modified asphalts.

Type of Asphalt Penetration (25 ◦C, 100
g, 5 s) (0.1 mm) Softening Point (◦C) Ductility (5 cm/min,

15◦C) (cm)

Matrix asphalt 86.1 49.6 99.5
2%WPE + 2%WEO 64.6 51.7 16.3
4%WPE + 4%WEO 69.5 53.7 18.1
6%WPE + 6%WEO 66.9 54.3 6.9
8%WPE + 8%WEO 64.9 60.5 5.1
2%WPE + 4%WEO 87.9 47.9 23.7
2%WPE + 6%WEO 110.9 44.7 36.5
2%WPE + 8%WEO 131.0 44.6 58.4
4%WPE + 6%WEO 94.1 48.3 22.8
6%WPE + 8%WEO 84.3 49.5 20.0
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In the yellow section of Table 3, 2% of WPE is mixed with different contents of WEO. As the
content of WEO increases, the penetration and ductility of the WEO/WPE modified asphalt increase
and the softening point decreases. This shows that the addition of WPE causes a significant reduction
in asphalt ductility but WEO recovers the ductility of asphalt to some extent. In particular, 2%WPE +

4%WEO has similar penetration and softening point with those of matrix asphalt.
In the blue section of Table 3, the content of WEO in modified asphalt is 2% greater than that of WPE

in modified asphalt. As the contents of WPE and WEO both increases, the penetration, and ductility
of WEO/WPE modified asphalt decrease, but the softening point of WEO/WPE modified asphalt
increases slightly. Based on the above results, it can be concluded that three similar physical parameters
(penetration, softening point, and ductility) of the WEO/WPE modified asphalt are difficultly close to
those of matrix asphalt. If only the penetration and softening point are considered, these two physical
parameters of 4%WPE + 6%WEO and 6%WPE + 8%WEO are closest to those of the matrix asphalt.

3.2. GPC Analysis

Weight-average molecular weight, number-average molecular weight, and peak molecular weight
of matrix asphalt, 6%WEO, and 6%WPE were determined by GPC. The molecular weight results of
asphalt samples are shown in Table 4.

Table 4. The molecular weights of the matrix asphalt, 6%WEO, and 6%WPE.

Type of Asphalt
Weight-Average

Molecular Weight
(Mw)

Number-Average
Molecular Weight

(Mn)

Coefficient of
Dispersion (d)

Peak Molecular
Weight (Mp)

Matrix asphalt 2489 1005 2.4766 895
6%WEO 2228 957 2.3281 811
6%WPE 2395 963 2.4870 878

The weight-average molecular weight (Mw) is the statistical average molecular weight by weight.
The Mw of WPE modified asphalt is larger than that of WEO modified asphalt. The intermolecular forces
become stronger due to the more substantial molecular weight of asphalt. Thus, the high-temperature
deformation resistance is enhanced. The molecular weight polydispersity coefficient (d) of 6%WEO
is the smallest among these three asphalts. This means the distribution range of different molecular
weight is narrow and the molecular weight distribution is more concentrated. Therefore, the molecular
phase changes within a specific range of molecular weight are more vigorous and the temperature
sensitivity of asphalt is increased. The d value of 6%WPE is larger than that of 6%WEO. It indicates
that the molecular weight becomes less concentrated. The peak molecular weight (Mp) is the molecular
weight of the most abundant component is asphalt. The Mp of 6%WEO is smaller than other asphalts.
It implies that the content of low molecular weight components in WEO modified asphalt is relatively
large, while the content of high molecular weight components is relatively small. The Mp of 6%WPE is
larger than that of 6%WEO. It indicates that the content of low molecular weight components in WPE
modified asphalt is relatively small, but the content of high molecular weight components in WPE
modified asphalt is relatively large [35].

The proportion of different molecular weight components in the total molecular weight of asphalt
can be expressed by the distribution curve. The curve of weight fraction on the molecular weight
is called the differential distribution curve and the curve of cumulative weight distribution on the
molecular weight is called the integral distribution curve. Based on the physical properties test results
of asphalt samples, 6%WEO, 6%WPE, 4%WPE + 6%WEO, and 6%WPE + 8%WEO with a similar
performance to matrix asphalt were selected for GPC test. The molecular weight distribution curves
of asphalt samples are shown in Figure 3. The red curve is the integral distribution curve and the
blue curve is the differential distribution curve. The x-coordinate is the molecular weight (MW). The
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y-coordinate on the left is the weight fraction w (molecular content distribution) and the y-coordinate
on the right is the cumulative weight distribution Ht.Polymers 2020, 12, 602 8 of 19 

 

 
Figure 3. (a) Molecular weight distribution curves of matrix asphalt; (b) molecular weight distribution 
curves of 6%WEO; (c) molecular weight distribution curves of 6%WPE; (d) molecular weight 
distribution curves of 4%WPE + 6%WEO; (e) molecular weight distribution curves of 6%WPE + 
8%WEO. The red curve is the integral distribution curve and the blue curve is the differential 
distribution curve. 

According to the molecular weight distribution curves of asphalt samples, different molecular 
weight distribution ratios of asphalts can be calculated. The results are shown in Table 5. 

Table 5. Different molecular weight ratios (%) of asphalt samples. 

Type of Asphalt M a < 1000 1000–2000 2000–4000 4000–6000 6000–8000 8000–10000 10000–30000 M > 30000 
Matrix asphalt 42.203 26.338 15.137 5.739 3.607 2.218 4.470 0 

6%WEO 45.152 26.494 14.123 5.151 3.268 2.034 3.778 0 
6%WPE 44.158 25.738 14.724 5.524 3.432 2.086 4.216 0.121 

4%WPE + 6%WEO 43.523 26.217 13.953 5.156 3.238 1.995 4.833 1.085 
6%WPE + 8%WEO 44.770 27.205 14.531 5.210 3.177 1.889 3.216 0.001 

a M represents the molecular weight. 

According to the relevant researches on the molecular weight distribution of asphalt, the date in 
Table 5 is divided into three ranges: low molecular weight range (M < 4000), medium molecular 
weight range (4000–8000), and high molecular weight range (M > 8000) [36]. The results are shown in 
Table 6. 
  

Figure 3. (a) Molecular weight distribution curves of matrix asphalt; (b) molecular weight distribution
curves of 6%WEO; (c) molecular weight distribution curves of 6%WPE; (d) molecular weight distribution
curves of 4%WPE + 6%WEO; (e) molecular weight distribution curves of 6%WPE + 8%WEO. The red
curve is the integral distribution curve and the blue curve is the differential distribution curve.

According to the molecular weight distribution curves of asphalt samples, different molecular
weight distribution ratios of asphalts can be calculated. The results are shown in Table 5.

Table 5. Different molecular weight ratios (%) of asphalt samples.

Type of Asphalt M a < 1000 1000–2000 2000–4000 4000–6000 6000–8000 8000–10,000 10,000–30,000 M > 30,000

Matrix asphalt 42.203 26.338 15.137 5.739 3.607 2.218 4.470 0
6%WEO 45.152 26.494 14.123 5.151 3.268 2.034 3.778 0
6%WPE 44.158 25.738 14.724 5.524 3.432 2.086 4.216 0.121

4%WPE +
6%WEO 43.523 26.217 13.953 5.156 3.238 1.995 4.833 1.085

6%WPE +
8%WEO 44.770 27.205 14.531 5.210 3.177 1.889 3.216 0.001

a M represents the molecular weight.


