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Abstract: Bitumen ageing is a very complex process and poses a threat to the performance of
pavements. In the present work, a fluorescence spectrophotometer was employed to research the
change rule of components and the structure of bitumen after the ageing process. The Thin Film Oven
Test (TFOT) and Ultraviolet (UV) light treatment were carried out as ageing methods. The properties
and components of bitumen were tested before and after aging. The 2D and 3D fluorescence spectra
of bitumen were analyzed. The vector of fluorescence peak was calculated for evaluating the ageing
process. The results indicated that the ideal concentration of bitumen- tetrachloromethane solution
was 0.1 g/L or smaller for avoiding the fluorescence quenching. The coordinates of fluorescent peak
appeared “blue-shift” after ageing due to the change of aromatics. In addition, bitumen has already
occurred serious ageing when the magnitude of a vector is more than 36.
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1. Introduction

Bitumen is one of the primary construction materials in road engineering and waterproofing.
This means bitumen is exposed to air for a long time and is directly affected by solar radiation, wind,
rain and vehicle loads. As is known to many, bitumen easily ages under the actions of the natural
environment of heat, light and oxygen, which can result in property degradation of bitumen and,
thus greatly shortened life of asphalt pavement [1–3]. In order to prolong the life of asphalt pavement,
the properties and microstructure of bitumen play a crucial role. Hence, the ageing and anti-ageing
process is one of the hot topics in bitumen researches [4–8].

Bitumen ageing is primarily associated with the loss of volatile components, progressive
oxidation and ultraviolet radiation during asphalt mixture construction (short-term ageing) and
service (long-term ageing). Researchers try to accelerate ageing of bitumen in the laboratory for
simulating the bitumen performance in the field [9]. Thin Film Oven Test (TFOT), Rolling Thin Film
Oven Test (RTFOT), Pressure Ageing Vessel (PAV) and Ultraviolet light treatment (UV) are methods
commonly employed for simulation in the laboratory [10–12]. The TFOT and RTFOT are adopted
by American Association of State Highway and Transportation Officials (AASHTO) and American
Society for Testing Materials (ASTM) as a means of evaluating the ageing of bitumen during plant
mixing. The PAV was developed by the Strategic Highway Research Program (SHRP) for simulating
the long-term, in-service oxidative ageing of bitumen in the field. The UV method is used to simulate
the long-term ageing of bitumen under the radiation in service.
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So far, a lot of evaluation methods have been established and carried out to assess the macroscale
performance, such as the three conventional properties of bitumen (penetration, softening point,
ductility), rheological properties and so on [13,14]. Moreover, spectroscopy has been widely used
in bitumen chemistry because it can provide unique fingerprints for the bitumen at molecular
(even atomic) level, for example, infrared spectroscopy (IR) to determine the change of molecular
functional groups [15–19], chromatography to determine the moving regularity of the average
molecular weight and molecular weight distribution curve [20–22], and nuclear magnetic resonance
(NMR) to analyze the molecular structure and atomic attribution of the molecular structure by
hydrogen or carbon spectrum [23,24].

The composition of bitumen is usually divided into four fractions according to similar chemical
behavior, including saturates, asphaltenes, resins and aromatics (SARA) [25,26]. Hence, bitumen is a
mixture of hydrocarbon compounds. The greater the C/H ratio, the more aromatic rings the bitumen
usually contains. The aromatic ring has a flat conjugated ring system. The bonding between atoms is
not a discrete single-double bond but is overridden by the π electron cloud [27]. The emergence and
development of fluorescence spectroscopic testing techniques provide a new way for investigating the
microstructure of bitumen materials. The fluorescence spectrum is based on the analysis of conjugated
system compounds, which makes it possible to analyze the ageing process of bitumen by fluorescence
spectroscopy [28,29].

In this study, the properties and components of bitumen were tested. The ultraviolet ageing test
and thin film oven test in the laboratory were carried out to evaluate the performance of two kinds
of bitumen. Furthermore, the proper concentration of the solution of bitumen-tetrachloromethane
was confirmed based on the fluorescence quenching phenomenon. A fluorescence spectrophotometer
was employed for obtaining the three-dimensional fluorescence spectra. Based on the coordinate of
fluorescence spectra and the displacement of the vector, the aging process of bitumen was evaluated.

2. Materials and Methods

2.1. Raw Materials

PJ-70 and PJ-90 bitumen were obtained from Liaohe Oilfield, Panjin, China. The conventional
properties of bitumen are as follows. For PJ-70, the softening point was 49.5 ◦C; penetration was
72.6 dmm (25 ◦C); and ductility was 39 cm (10 ◦C). For PJ-90, the softening point was 46.7 ◦C;
penetration was 86.9 dmm (25 ◦C); and ductility was 59 cm (10 ◦C).

The organic solvent was carbon tetrachloride which was produced by the China Medicine Group
(Beijing, China), and the purity was an analytical reagent.

2.2. Experimental Methods

Conventional properties

The conventional properties of bitumen are softening point, penetration and ductility.
These properties were evaluated for both neat bitumen and aged bitumen. Following Chinese Standard
JTG E20-2011 (China) [30].

Four components (SARA) analysis

Bitumen was separated into four components (saturates, aromatics, resins, and asphaltenes,
SARA) through precipitation and chromatographic column test method. Following Chinese Standard
JTG E20-2011 (China) [30].

Thin film oven test (TFOT)

The thermal oxidation ageing of bitumen was simulated by thin film oven test (TFOT) according
to the Chinese standard (JTG E20-2011) [30]. The experimental temperature was 163 ◦C, ageing time
was 5 h.
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Ultraviolet ageing test (UV)

After the TFOT test, 15 g of the aged bitumen was moved into a stainless steel plate with 140 mm
in diameter. The thickness of the bitumen film was 1 mm. Afterwards, the plate was placed into the
ultraviolet ageing equipment. The UV lamp was a xenon lamp of straight pipe shape with a power of
1800 w. Experimental temperature was 60 ◦C. The ultraviolet radiation intensity was about 0.5 W/cm2,
the rain amounts of spray was 8 liters per day, and ageing time was 7 days.

2.3. Fluorescence Spectra

Three-dimensional fluorescence spectrum is one kind of matrix spectrum which is composed of
the excitation wavelength (Y), emission wavelength (X) and fluorescence intensity (Z). The data of
fluorescence intensity could be obtained when the excitation wavelength and emission wavelength
changed. In the present work, a Hitachi F-7000 fluorescence spectrophotometer (made in Tokyo, Japan)
was employed for obtaining fluorescence spectrum.

A 0.01 g of bitumen sample was moved into a test tube. Afterwards, the 20 mL solvent of carbon
tetrachloride was added into the test tube with a tight and mild concussion. When the bitumen was
completely dissolved, the solution was transferred into a volumetric flask of 50 mL. After 4 h standing
the solution can be diluted into a new solution with different concentrations.

For 2D fluorescence spectrum, the emission spectrum was obtained with the fixed excitation
wavelength of 260 nm and 360 nm. The scanning range was from 360 to 680 nm, the slit width was
2 nm, and the scanning speed was 2400 nm/min. The obtained data were smoothed due to the noisy
influence by using the Savitzky-Golay method.

For 3D fluorescence spectrum, the scanning range of excitation wavelength (EX) and emission
wavelength (EM) was from 200 to 800 nm, the slit width of excitation and emission was all 5 nm, and the
scanning speed was 2400 nm/min. The original data obtained by the fluorescence spectrophotometer
were converted and plotted with MATLAB (2009a, The MathWorks, Natick, MA, USA) for the
fingerprint images of bitumen samples.

3. Results and Discussion

3.1. Performance of Bitumen

Figure 1 shows the surface characteristic of bitumen before and after ageing. Before ageing,
the neat bitumen had a smooth surface with glossy black. After UV ageing, a lot of wrinkles appeared
on the surface like a matt finish. Conversely, there was no significant change after TFOT ageing.
It reveals that UV ageing can simulate long-term aging well, and TFOT aging can simulate short-term
aging well.

Figure 1. The plate with bitumen before and after ageing.

The performance change of bitumen after ageing was assessed by three conventional properties
of bitumen, including softening point, penetration and ductility. The results of softening point,
penetration and ductility of PJ-70 and PJ-90 bitumen before and after ageing were shown in Figure 2.
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The softening point of PJ-70 bitumen increased after TFOT ageing and UV ageing, with increments
of 4.6 ◦C and 10.2 ◦C respectively. But, the penetration and ductility decreased more significantly.
The residual penetration ratio was 54.7% and 29.8%; ductility retention rate was 53.6% and 12.6%.
Changes of the PJ-90 bitumen were similar to PJ-70 bitumen. The softening point increased after ageing,
with increments of 6.2 ◦C and 12.1 ◦C, respectively. The residual penetration ratio was 52.5% and
28.5%, respectively. The ductility retention rate was 39.2% and 10.3%, respectively. Hence, the bitumen
was easy to age through photooxidation, especially softer bitumen (PJ-90).

Figure 2. Conventional properties of bitumen before and after ageing.

3.2. Bitumen Fractions

Based on the widely accepted analytical approach of SARA, four components were separated
from bitumen. The results of composition changes in the two bitumen samples were shown in Figure 3.
In general, bitumen kept the same ageing trend as the performance changes after ageing.

The saturate fraction was nearly unchanged. It illustrated that the chains of saturates were not
broken and oxidized during the ageing process. Furthermore, the aromatics are a group of small
aromatic naphthenic compounds with low molecular weights. During the ageing process, the aromatics
was reduced because it is easy to volatilize. It is also indicated that condensation polymerization
had occurred and the chains were broken. At the same time, the oxidation of the chemical functional
groups such as carbonyl and sulfoxide resulted in the increase of resins and asphaltenes fraction,
and the bitumen became hard and brittle.

Figure 3. Compositions of bitumen before and after ageing.
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3.3. Fluorescence Quenching

A variety of reasons can result in a quenching phenomenon, such as excited state reactions, energy
transfer, complex-formation and collisional quenching. As a normal fluorescence fingerprint spectrum
which has fluorescent features, the intensity of each data point should be a linear relationship with the
concentration of fluorescent components in the bitumen.

Hence, if the fluorescence quenching can be avoided, fluorescent intensity can serve as a proof
for contents change of fluorescent material, and the fingerprint picture can be used as a basis for
parametrization and image recognition.

Therefore, two kinds of bitumen with different concentrations were tested, and the results are
given in Table 1. There was no significant fluorescence quenching in the tests when the concentration
of the bitumen diluent was 0.01 g/L, 0.1 g/L or 0.5 g/L. Comparing the different concentrations,
the 0.5 g/L is a threshold value and 0.01 g/L is too low to dilute. Thus, the optimized concentration is
0.1 g/L.

Table 1. Fluorescence quenching of bitumen diluent with different concentrations.

Type Concentration (g/L) Peak Intensity State

PJ-70

0.01 37 Not quenched, characteristic graphics
0.1 110 Not quenched, characteristic graphics
0.5 417 Not quenched, characteristic graphics
1 689 Quenching, shape deformation,

10 787 Quenched

PJ-90

0.01 33 Not quenched, characteristic graphics
0.1 114 Not quenched, characteristic graphics
0.5 458 Not quenched, characteristic graphics
1 703 Quenching, shape deformation

10 814 Quenched

3.4. 2D Fluorescence Spectrum of Bitumen

In order to obtain the emission spectrum of bitumen, two different excitation wavelengths were
employed, 260 nm and 360 nm, respectively. A wavelength of 260 nm was commonly used for
distinguishing the amounts of benzene ring in the aromatics. In addition, it was also the maximum
absorption wavelength when using UV/VIS (ultraviolet and visible) spectrometer. For 360 nm, it was
a commonly used excitation wavelength for petroleum. The results are shown in Figure 4.

Figure 4. Emission spectrum of bitumen: (a) PJ-70 and (b) PJ-90.
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For both neat bitumen samples, there was little or no difference for parabolic shape or intensity.
However, a contradictory phenomenon appeared after bitumen ageing. The intensity of bitumen
after TFOT ageing was higher than that of bitumen after UV ageing, both for PJ-70 and PJ-90. In fact,
this was caused by the fraction changes of bitumen after ageing. As mentioned, the asphaltenes
almost cannot glow fluorescent, and the content of asphaltenes fraction increased after bitumen ageing.
The more the asphaltenes fraction, the lower the fluorescent intensity. According to the results of
composition analysis, the content of asphaltenes fraction just had a good correspondence with the
fluorescent intensity. But it was hard to know why the intensity of PJ-90 bitumen was higher than that
of PJ-70 bitumen at 260 nm. Whether this variation was derived from fraction changes or due to an
experimental error needs to be further elucidated. Furthermore, the peak shifts to a higher wavelength
after ageing. It was suspected that the heteroatoms in the asphaltenes made bitumen polarity increase
by increasing oxygen content during ageing, and this influenced the physical properties of bitumen.

In addition, the intensity also means the color of light produced by bitumen. The color of light
was analyzed by OSRAM ColorCalculator (OSRAM SYLVANIA, Wilmington, MA, USA). The CIE
1931 color space was a quantitative link between wavelengths in the visible spectrum, and colors in
human color vision. The results of CIE coordinates were shown in Figure 5.

Figure 5. CIE coordinates of bitumen at 260 nm and 360 nm of excitation wavelength.

As shown, bitumen produced a greenish light at 260 nm and a bluish light at 360 nm, respectively.
It revealed that the bitumen absorbed more energy at 360 nm due to the intensity of 360 nm of
excitation wavelength being higher and holding a higher vibrational frequency for glowing strong
light. Moreover, the CIE coordinates were irregular, but not discrete whether different excitation
wavelength or ageing treatment.

3.5. 3D Fluorescence Spectrum of Bitumen

Bitumen are derived from petroleum processing, but the composition of bitumen is different
due to the different geographical environment and evolution period of petroleum products.
Therefore, the three-dimensional fluorescence spectrum of bitumen both has elemental similarities
and peak characteristics. Meanwhile, the three-dimensional fluorescence spectrum belongs to the
high-dimensional feature space. Irrelevant factors are filtered out through the debasing dimension
calculation of the matrix. Thereby, the influence of bitumen on the results of the fluorescence spectrum
is reduced to a minimum. The contour images were drawn based on the data of fluorescence spectra
of the two bitumen samples, as shown in Figures 6 and 7.
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Figure 6. 3D fluorescence spectrum of PJ-70 bitumen: (a) No-ageing; (b) TFOT ageing; (c) UV ageing.

Figure 7. 3D fluorescence spectrum of PJ-90 bitumen: (a) No-ageing; (b) TFOT ageing; (c) UV ageing.

There were two obvious characteristic lines like a wathet blue glow, which was visible rising
diagonally up to the right in the above images. For the first line, it was easy to see that the excitation
wavelength (EX) of this line was equal to the emission wavelength (EM), the phenomenon is known
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as “Rayleigh scattering”. For the other one, the EX was bigger than the EM, the phenomenon is
known as “Raman scattering”. Two scatterings were produced by the tetrachloride solution of
bitumen. When bitumen molecules absorbed lower frequency light energy, the electron only rose
to the higher vibrational level in the ground state, rather than being transited to the excited state.
Afterwards, the electron returned to the original level in 10−15 to 10−12 s. If the electron reached the
level safely it is Rayleigh scattering. Otherwise, it is Raman scattering.

For TFOT and UV ageing, the intensity of bitumen after UV ageing was more concentrated and
more shifted. Furthermore, the intensity area of bitumen after UV ageing was smaller than that of
bitumen after TFOT ageing.

Moreover, the intensity peaks of the fluorescence spectrum caused a certain displacement to
short wavelength after bitumen ageing, which can be called “blue-shift”. In fact, the fluorescence
phenomenon mainly related to the π-conjugate system of fluorescent fraction in the organic matter [31].
If the fluorescent fraction changed after ageing, the maximum absorption wavelength was shifted
to the direction of shorter or longer wavelength [27]. Hence, the greater the number of benzene
rings, the greater the π electron conjugation degree and the easier the polymer can be excited to
produce fluorescence.

For bitumen ageing, it was dominated by side chain breaking and substituting oxidation [1].
After ageing, the number of benzene rings and the conjugated degree of π electron increased,
so the maximum absorption wavelength was supposed to shift to the longer wavelength. In fact,
an opposite result was obtained. These fractured alkanes were not easy to expurgate, and continuously
accumulated in the internal bitumen molecule so that products overlapped with the benzene
rings of bitumen [32,33]. This phenomenon caused the illusion that the number of benzene rings
in the large molecular structure of bitumen reduced and suppressed the π electron conjugate.
Therefore, the intensity value of the peak dropped to the lower, and the “blue-shift” phenomenon
happened. In addition, there was an intensity zone between two characteristic lines but this
disappeared after bitumen ageing. It revealed that the fluorescent fraction in the bitumen changed to
another non-fluorescent fraction.

3.6. Vector of Fluorescence Peak

The coordinates of fluorescence peak (EX,EM) were given in Table 2, which were obtained from
Figures 6 and 7 as evaluation parameters for the bitumen ageing process. According to the (EX,EM)
coordinates, the computational formula magnitude of vector |AB| was given as Equation (1).

→
|AB| =

√
(x2 − x1)2 + (y2 − y1)

2 (1)

where the peak coordinates of non-ageing bitumen is (x1,y1), and the peak coordinates of aged bitumen
is (x2,y2). The calculated results were given in Table 2. The magnitude of the coordinate vector
was all negative value after bitumen ageing due to the EX and the EM shifting to the direction of
short wavelength.

Comparing the two ageing methods, the bitumen after UV ageing was more seriously aged as the
magnitude of the coordinate vector was larger. This result corresponded to the changes of conventional
performance of bitumen before and after ageing. It revealed that thermal oxidation was prone to
ageing of bitumen for the short-term ageing in the laboratory. The aromatics fraction in the bitumen
was vaporized causing the deterioration of bitumen. This was accelerated during TFOT due to the
high temperature. However, the energy-rich bond of the bitumen could not absorb more energy to
fracture the molecule chain during the light oxidation in 7 days [1].
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Table 2. Parametrization of peak coordinate.

Ageing Method Non-Ageing TFOT UV

PJ-70
Coordinate (358,472) (332,447) (318,456)

Vector - (−26,−25) (−40,−16)
Magnitude of vector - 36.07 43.08

PJ-90
Coordinate (362,478) (320,458) (322,451)

Vector - (−32,−20) (−40,−27)
Magnitude of vector - 37.74 48.26

From the view of different bitumen samples, PJ-90 bitumen was easy to age based on the vector
calculation and the test results of performance. According to the results of bitumen compositions,
the summation of resins and asphaltenes fraction of PJ-70 bitumen were more than that of PJ-90
bitumen, but the aromatics fraction had a slight difference. Furthermore, after the ageing of the
thermal oxidation and photooxidation, the saturate fraction remained unchanged, but more resins and
asphaltenes were produced. It revealed that the aromatics played a leading role in the ageing process.
The side chain was broken and polycondensation of aromatics were more prone to ageing. In other
words, the more the resins and asphaltenes fraction, the larger the magnitude of the peak vector and
the more serious the bitumen ageing. In addition, the magnitude of peak vector of bitumen after UV
ageing was higher than that of bitumen after TFOT ageing. This also matched the experimental results
of performance after ageing.

From the view of parametrization, in combination with the conventional performance of the
bitumen after ageing, when the magnitude of the vector was more than 36, the bitumen began to pose
a threat to performance of the pavement. However, the correlation between the ageing process and the
magnitude of the vector is still pending further study.

4. Conclusions

It is feasible to have an evaluation of bitumen ageing process by using fluorescence
spectrophotometer. Based on the results obtained through the experimental investigation, the following
conclusions were obtained.

The ideal concentration of bitumen-tetrachloromethane solution was 0.1 g/L or smaller for
avoiding the fluorescence quenching. The bitumen had a strong energy absorption at 360 nm for
producing a bluish light. The other one produced a greenish light at 260 nm.

It can be observed from the fluorescence spectra that the fluorescent intensity of bitumen had
a lot to do with the composition of bitumen. Moreover, the peak coordinates shifted to the shorter
wavelength because the aromatics had poor stability and were easily oxidized during the ageing
process. This displacement was named “blue-shift”.

The content of aromatics determined the displacement of the fluorescence spectrum peak.
The vector of peak coordinates can be calculated and describes the ageing process of bitumen. When the
magnitude of the vector was more than 36, it indicated that the bitumen began to pose a threat to the
performance of the pavement.

Bitumen is a complicated mixture formed with fractions of different molecular weight, and it can
lead to uncertainty about parametrization. Hence, the correlation between the ageing process and the
magnitude of the vector is still pending further study.

Author Contributions: Conceptualization, N.T. and Q.W.; Data curation, Y.-L.Y., M.-L.Y., W.-L.W., S.-Y.C. and
W.-H.P.; Funding acquisition, N.T. and Q.W.; Investigation, N.T., Y.-L.Y., M.-L.Y. and W.-L.W.; Methodology, Q.W.;
Software, N.T., W.-L.W. and W.-H.P.; Writing—original draft, N.T.

Funding: This research was funded by National Natural Science Foundation of China grant number
(51508344, China Postdoctoral Science Foundation grant number (2016M591458), Department of Education
of Liaoning Province grant number (L2015449) and Doctoral Start-up Foundation of Liaoning Province grant
number (201601212).



Materials 2018, 11, 1325 10 of 11

Acknowledgments: Thanks for Science Program and Discipline Content Education Project of Shenyang Jianzhu
University. Special thanks Hong Kong Scholar Program and China Scholarship Council for sponsoring a technical
visit to Politecnico di Milano.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lu, X.; Isacsson, U. Effect of ageing on bitumen chemistry and rheology. Constr. Build. Mater. 2002, 16, 15–22.
[CrossRef]

2. Lu, X.; Isacsson, U. Chemical and rheological evaluation of ageing properties of SBS polymer modified
bitumens. Fuel 1998, 77, 961–972. [CrossRef]

3. Mazzoni, G.; Bocci, E.; Canestrari, F. Influence of rejuvenators on bitumen ageing in hot recycled asphalt
mixtures. J. Traffic Trans. Eng. 2018, 5, 157–168. [CrossRef]

4. Liu, G.; Wu, S.; van de Ven, M.; Yu, J.; Molenaar, A. Structure and artificial ageing behavior of organo
montmorillonite bitumen nanocomposites. Appl. Clay Sci. 2013, 72, 49–54. [CrossRef]

5. Wu, S.; Han, J.; Pang, L.; Yu, M.; Wang, T. Rheological properties for aged bitumen containing ultraviolate
light resistant materials. Constr. Build. Mater. 2012, 33, 133–138. [CrossRef]

6. Wu, S.; Pang, L.; Liu, G.; Zhu, J. Laboratory study on ultraviolet radiation aging of bitumen. J. Mater. Civ. Eng.
2010, 22, 767–772. [CrossRef]

7. Zeng, W.; Wu, S.; Wen, J.; Chen, Z. The temperature effects in aging index of asphalt during UV aging
process. Constr. Build. Mater. 2015, 93, 1125–1131. [CrossRef]

8. Pan, P.; Wu, S.P.; Xiao, Y.; Liu, G. A review on hydronic asphalt pavement for energy harvesting and snow
melting. Renew. Sustain. Energy Rev. 2015, 48, 624–634. [CrossRef]

9. Airey, G.D. State of the art report on ageing test methods for bituminous pavement materials. Int. J.
Pavement Eng. 2003, 4, 165–176. [CrossRef]

10. Hu, J.; Wu, S.; Liu, Q. Effect of ultraviolet radiation on bitumen by different ageing procedures.
Constr. Build. Mater. 2018, 163, 73–79. [CrossRef]

11. Lesueur, D.; Teixeira, A.; Lázaro, M.M. A simple test method in order to assess the effect of mineral fillers on
bitumen ageing. Constr. Build. Mater. 2016, 117, 182–189. [CrossRef]

12. Karlsson, R.; Isacsson, U. Bitumen rejuvenator diffusion as influenced by ageing. Road Mater. Pavement Des.
2002, 3, 167–182. [CrossRef]

13. Chen, M.; Leng, B.; Wu, S.; Sang, Y. Physical, chemical and rheological properties of waste edible vegetable
oil rejuvenated asphalt binders. Constr. Build. Mater. 2014, 66, 286–298. [CrossRef]

14. Xiao, Y.; Wang, F.; Cui, P.D.; Lei, L.; Lin, J.T.; Yi, M.W. Evaluation of Fine Aggregate Morphology by Image
Method and its Effect on Skid-resistance of Micro-surfacing. Materials 2018, 11, 920–932. [CrossRef] [PubMed]

15. Nivitha, M.R.; Prasad, E.; Krishnan, J.M. Ageing in modified bitumen using FTIR spectroscopy. Int. J.
Pavement Eng. 2016, 17, 565–577. [CrossRef]

16. Zhang, F.; Yu, J.; Han, J. Effects of thermal oxidative ageing on dynamic viscosity, TG/DTG, DTA and FTIR
of SBS and SBS/sulfur-modified asphalts. Constr. Build. Mater. 2011, 25, 129–137. [CrossRef]

17. Feng, Z.G.; Bian, H.J.; Li, X.J.; Yu, J.Y. FTIR analysis of UV aging on bitumen and its fractions. Mater. Struct.
2016, 49, 1381–1389. [CrossRef]

18. Feng, Z.G.; Wang, S.J.; Bian, H.J.; Guo, Q.L.; Li, X.J. FTIR and rheology analysis of aging on different
ultraviolet absorber modified bitumens. Constr. Build. Mater. 2016, 115, 48–53. [CrossRef]

19. Liu, X.; Wu, S.; Liu, G.; Li, L. Effect of ultraviolet aging on rheology and chemistry of LDH-Modified bitumen.
Materials 2015, 8, 5238–5249. [CrossRef] [PubMed]

20. Zargar, M.; Ahmadinia, E.; Asli, H.; Karim, M.R. Investigation of the possibility of using waste cooking oil as
a rejuvenating agent for aged bitumen. J. Hazard. Mater. 2012, 233, 254–258. [CrossRef] [PubMed]

21. Asli, H.; Ahmadinia, E.; Zargar, M.; Karim, M.R. Investigation on physical properties of waste cooking
oil–rejuvenated bitumen binder. Constr. Build. Mater. 2012, 37, 398–405. [CrossRef]

22. Redelius, P.; Soenen, H. Relation between bitumen chemistry and performance. Fuel 2015, 140, 34–43.
[CrossRef]

23. Filippelli, L.; Gentile, L.; Rossi, C.O.; Ranieri, G.A.; Antunes, F.E. Structural change of bitumen in the
recycling process by using rheology and NMR. Ind. Eng. Chem. Res. 2012, 51, 16346–16353. [CrossRef]

http://dx.doi.org/10.1016/S0950-0618(01)00033-2
http://dx.doi.org/10.1016/S0016-2361(97)00283-4
http://dx.doi.org/10.1016/j.jtte.2018.01.001
http://dx.doi.org/10.1016/j.clay.2013.01.013
http://dx.doi.org/10.1016/j.conbuildmat.2012.01.019
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000010
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.022
http://dx.doi.org/10.1016/j.rser.2015.04.029
http://dx.doi.org/10.1080/1029843042000198568
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.014
http://dx.doi.org/10.1016/j.conbuildmat.2016.05.003
http://dx.doi.org/10.1080/14680629.2002.9689920
http://dx.doi.org/10.1016/j.conbuildmat.2014.05.033
http://dx.doi.org/10.3390/ma11060920
http://www.ncbi.nlm.nih.gov/pubmed/29844303
http://dx.doi.org/10.1080/10298436.2015.1007230
http://dx.doi.org/10.1016/j.conbuildmat.2010.06.048
http://dx.doi.org/10.1617/s11527-015-0583-9
http://dx.doi.org/10.1016/j.conbuildmat.2016.04.040
http://dx.doi.org/10.3390/ma8085238
http://www.ncbi.nlm.nih.gov/pubmed/28793501
http://dx.doi.org/10.1016/j.jhazmat.2012.06.021
http://www.ncbi.nlm.nih.gov/pubmed/22818590
http://dx.doi.org/10.1016/j.conbuildmat.2012.07.042
http://dx.doi.org/10.1016/j.fuel.2014.09.044
http://dx.doi.org/10.1021/ie301899v


Materials 2018, 11, 1325 11 of 11

24. Varanda, C.; Portugal, I.; Ribeiro, J.; Silva, A.; Silva, C.M. Influence of polyphosphoric acid on the consistency
and composition of formulated bitumen: Standard characterization and NMR insights. J. Anal. Methods Chem.
2016, 2016, 2915467. [CrossRef] [PubMed]

25. Eberhardsteiner, L.; Füssl, J.; Hofko, B.; Handle, F.; Hospodka, M.; Blab, R.; Grothe, H. Towards a
microstructural model of bitumen ageing behaviour. Ind. Eng. Chem. Res. 2015, 16, 939–949. [CrossRef]

26. Zhu, J.; Birgisson, B.; Kringos, N. Polymer modification of bitumen: Advances and challenges. Eur. Polym. J.
2014, 54, 18–38. [CrossRef]

27. Handle, F.; Füssl, J.; Neudl, S.; Grossegger, D.; Eberhardsteiner, L.; Hofko, B.; Hospodka, M.; Blab, R.;
Grothe, H. The bitumen microstructure: A fluorescent approach. Mater. Struct. 2016, 49, 167–180. [CrossRef]

28. Hofko, B.; Eberhardsteiner, L.; Füssl, J.; Grothe, H.; Handle, F.; Hospodka, M.; Grossegger, D.; Nahar, S.N.;
Schmets, A.J.M.; Scarpas, A. Impact of maltene and asphaltene fraction on mechanical behavior and
microstructure of bitumen. Mater. Struct. 2016, 49, 829–841. [CrossRef]

29. Grossegger, D.; Grothe, H.; Hofko, B.; Hospodka, M. Fluorescence spectroscopic investigation of bitumen
aged by field exposure respectively modified rolling thin film oven test. Road Mater. Pavement Des. 2018,
19, 992–1000. [CrossRef]

30. Ministry of Transport of China. Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering; JTG E20-2011; China Communications Press: Beijing, China, 2011.

31. Hoeben, F.J.M.; Jonkheijm, P.; Meijer, E.W. About supramolecular assemblies of π-conjugated systems.
Chem. Rev. 2005, 105, 1491–1546. [CrossRef] [PubMed]

32. Fujitsuka, M.; Tojo, S.; Shibahara, M. Delocalization of positive charge in π-stacked multi-benzene rings in
multilayered cyclophanes. J. Phys. Chem. A 2010, 115, 741–746. [CrossRef] [PubMed]

33. Pahlavan, F.; Hung, A.M.; Zadshir, M. Alteration of π-Electron Distribution to Induce Deagglomeration
in Oxidized Polar Aromatics and Asphaltenes in an Aged Asphalt Binder. ACS Sustain. Chem. Eng. 2018,
6, 6554–6569. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1155/2016/2915467
http://www.ncbi.nlm.nih.gov/pubmed/27579214
http://dx.doi.org/10.1080/10298436.2014.993192
http://dx.doi.org/10.1016/j.eurpolymj.2014.02.005
http://dx.doi.org/10.1617/s11527-014-0484-3
http://dx.doi.org/10.1617/s11527-015-0541-6
http://dx.doi.org/10.1080/14680629.2017.1281833
http://dx.doi.org/10.1021/cr030070z
http://www.ncbi.nlm.nih.gov/pubmed/15826018
http://dx.doi.org/10.1021/jp110916m
http://www.ncbi.nlm.nih.gov/pubmed/21194194
http://dx.doi.org/10.1021/acssuschemeng.8b00364
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raw Materials 
	Experimental Methods 
	Fluorescence Spectra 

	Results and Discussion 
	Performance of Bitumen 
	Bitumen Fractions 
	Fluorescence Quenching 
	2D Fluorescence Spectrum of Bitumen 
	3D Fluorescence Spectrum of Bitumen 
	Vector of Fluorescence Peak 

	Conclusions 
	References

