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During ageing the chemical composition of bitumen changes, which is reﬂected by the change
in the distribution of bitumen fractions. By measuring the spectrum of fractions, and by correlating fractional changes during ageing within bitumen with the corresponding spectra, a
connection between bitumen’s age and the ﬂuorescence spectrum can be drawn. While the
age of bitumen increases, its ﬂuorescence emission intensity decreases. Therefore non-aged,
laboratory aged (rolling thin ﬁlm oven test (RTFOT) and RTFOT + pressure ageing vessel)
bitumen and bitumen extracted from asphalt slabs from a test ﬁeld after diﬀerent time periods were investigated. The test ﬁeld conﬁrmed the connection between intensity and ageing
time, further the development of an oxidation gradient over the vertical cross section of the
asphalt slabs could be observed. A modiﬁed RTFOT was conducted to study the eﬀects of different temperatures and operating times on the ﬂuorescence emission spectrum, as well as the
inﬂuence of air (containing traces of atmospheric radicals) by conducting the test with nitrogen. Even under nitrogen atmosphere the intensity decreased, which is assigned to internal
reactions.
Keywords: ﬂuorescence spectroscopy; bitumen; ageing; fractions; modiﬁed rolling thin ﬁlm
oven test

Introduction
Bitumen is a temperature dependent viscoelastic, adhesive and mostly black appearing material. It is a speciﬁc demand-orientated product, obtained as a residue from crude oil reﬁnery
and further treatments. Hence, it consists mainly of hydrocarbons and hydrocarbon derivatives
and additionally contains few heteroatoms like oxygen, nitrogen, sulphur and trace of metals.
Bitumen is a complex solution of variant molecules and a common approach is the separation
into four generic fractions (saturates, aromatics, resins and asphaltenes, referred to as SARA)
(Lesueur, 2009). The changes in the weight distribution of these fractions are used by some
studies to represent the chemical changes during ageing (Durrieu, Farcas, & Mouillet, 2007;
Le Guern, Chailleux, Farcas, Dreessen, & Mabille, 2010; Lesueur, 2009; Lu & Isacsson, 2002;
Petersen, 2009; Soenen, Lu, & Laukkanen, 2016).
Ageing involves chemical reactions, like oxidation, volatilisation and microstructural changes
(Lesueur, 2009). These processes are one of the major factors limiting the lifetime of road
constructions.
Previous studies investigating bitumen and bitumen subfractions on its ﬂuorescence properties revealed that bitumen exhibit a maximum of emission in the range of 250–280 nm excitation
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wavelength (Handle et al., 2016) and that the wavelength of maximum emission for fractions
shifts to higher wavelength with increasing condensation and polymerisation of compounds, corresponding with an increase in molecular weight and polarity (Stasiuk, Gentzis, & Rahimi, 2000).
Fractions can further be distinguished by intensity and curve progression. The generic fraction of
aromatics have the highest ﬂuorescence intensity (Handle, Grothe, & Neudl, 2012; Handle et al.,
2014, 2016), which results in the high intensity of the superordinate fraction, maltenes. Asphaltene fraction, which are deﬁned as insoluble in alkanes (Lesueur, 2009), might show ﬂuorescence
at higher wavelength (red region) and seem to be likely responsible for quenching ﬂuorescence in
regions of lower wavelengths (Handle et al., 2016; Stasiuk et al., 2000). The change in fractions
due to ageing results in a changed ﬂuorescence spectrum (Großegger, 2015; Grossegger, 2015).
Those changes in intensity or progression of normalised ﬂuorescence emission spectra were used
to identify the ageing stage of artiﬁcial aged bitumen (non-aged, short-term or long-term aged).

Materials and methods
Materials
A 70/100 bitumen, which had a needle penetration of 91 0.1 mm, was used as base bitumen.
For the separation into fractions the following supplies were used:
•
•
•
•
•

n-heptane (purity: ≥ 99%, for residue analysis; purchased from Carl Roth)
methylbenzene (purity: ≥ 99.9%, for HPLC; purchased from Carl Roth)
methanol (purity: ≥ 99.9%, for HPLC; purchased from Carl Roth)
trichloroethene (purity: ≥ 98%, for synthesis, stabilised; purchased from Carl Roth)
aluminium oxide 90 acidic (particle size 0.063–0.2 mm, ﬁltration rate: ≥ 0.3 ml min−1 ;
purchased from Carl Roth)
• ﬁlter paper (410, particle retention: 2 μm, diameter: 110 mm; purchased from VWR
International)

Laboratory ageing methods
The bitumen was aged by standard laboratory methods (rolling thin ﬁlm oven test (RTFOT)
(EN12607-1, 2014) for short-term aged bitumen and further pressure ageing vessel (PAV)
(EN14769, 2012) for long-term aged bitumen). In addition, the RTFOT was conducted at two
diﬀerent temperatures (183°C and 203°C) with standard duration of 85 min. The test was also
conducted with an increased duration of 160 min respectively 235 min at the standard temperature of 163°C. The six adjustments were conducted with air or nitrogen to evaluate oxidation and
temperature eﬀects.
Test field
A test ﬁeld, consisting of asphalt slabs (50 × 26 × 10 cm) produced with the base bitumen
(5.4% by mass, mixing temperature: 160°C). Limestone was used as ﬁller and the aggregates
were porphyritic. The test ﬁeld was created to investigate the oxidation of binder under climatic/atmospheric conditions. The ﬁeld was established September 2012 in Vienna and was not
subjected to traﬃc load. Asphalt slabs were excavated after 3, 6, and 12 months and horizontally
cut into four layers (the height of each layer cut was about 2 cm). The bitumen of each layer
was extracted according the laboratory standard EN12697-3 (2013) (solvent: tetrachloroethene).
Details concerning the test ﬁeld can be found in Hofko et al. (2014) and Stoyanova (2014).
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Separation into fractions
A modiﬁed ASTMD4124-01 (2001) was used to obtain fractions of selected samples (individual measurements). The Fractions were SARA. Around 11–12.5 g of bitumen were weighted
into a round bottom ﬂask and more than 500 ml of n-heptane were added. The dispersion was
heated until the boiling point (approximately 98°C) was reached and kept at this temperature for
at least one hour. Thereafter the ﬂask was set aside overnight to allow the asphaltene particles
to sediment. The next day the dispersion was washed through a ﬁlter. The ﬁlter, containing the
asphaltene fraction and adhered constituents of other fractions, was interfolded into another ﬁlter, corded and placed inside a Soxhlet extractor to obtain asphaltenes of higher purity. When the
solution inside the Soxhlet extractor was clear of impurities (after about 3 days), conﬁrmed by
evaporating one droplet on a glass plate, the solution from the Soxhlet extraction process was
ﬁltered to verify the absent of asphaltenes in the mixture. The solution (maltene fraction) was
then concentrated and placed on the top of a glass column dense packed with 450 g aluminium
oxide powder and prewetted with n-heptane. The eluents used were n-heptane (200 ml), methylbenzene (400 ml), an equal mixture of methanol and methylbenzene (300 ml) and trichloroethene
(500 ml). The cut points between the fractions were chosen by visual colour change (transparent
to yellow and yellow/reddish to black). The solutions were collected in 50 ml snap-cup vials.
The solvent for the fraction obtained by liquid column chromatography was removed by a rotary
evaporator at 160°C and 10 mbar. The powder like asphaltene fraction were desiccated in an oven
at 120°C.

Fluorescence spectrometer
The setup for the ﬂuorescence measurements were produced by Edinburgh Instruments and consisted of diﬀerent power supplies (xenon lamp supply, model XE900 for the xenon lamp; power
hub, model PH 1 for the two monochromators and the sample chamber; PMT cooler, model CO
1 for the detector), a XE900 xenon arc lamp, two TMS300 monochromators, an UC920 sample
chamber and a S900 single photon photomultiplier detection system. The emission scans ranged
between 300 and 750 nm at a ﬁxed excitation wavelength of 280 nm, which was in the region of
the maximum for the bitumen used and was unvaried throughout the measurements for comparison. The scan steps were 1 nm and the dwell time was 1 s for each step. The emission wavelength
was recorded over ± 0.5 nm per step. Two scans were preformed to obtain a complete spectrum.
The ﬁrst scan range was from 300 to 540 nm and the second scan range was from 480 to 750 nm
with an inserted 340 nm cutoﬀ-ﬁlter between sample and detector to avoid the reﬂection peak
at 560 nm. The two scans were appended at 510 nm using a measurement software (Edinburgh
Instruments F900).
The samples were prepared by covering microscope slides with a ﬁlm of 1–2 mm thickness.
A ﬂat surface was obtained through short-time heating to a liquid like state. Each measurement
was conducted after the surface was cooled down to ambient temperature by placing the sample inside a sample holder within the sample chamber. The molecules within the sample were
excited by the monochromatic light from the lamp and after a brief time interval light of a longer
wavelength was emitted beside non-radiative relaxation processes. The light emitted was tuned
by the following monochromator and detected.
Comparable results were only obtained if the samples were prepared in the same way, as
described above, and the measurement in the sample chamber of the spectrometer was conducted for the sample set in the same geometry. Inﬂuence of the position within the sample
chamber can be found in Großegger (2015). The ﬂuorescence measurements of each section were
executed in a set.
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Results and discussion
Fractions and standard laboratory aged bitumen
Through separation into four main fractions it was conﬁrmed that due to ageing the amount of
aromatic fraction decreases, while the asphaltene content increases. By comparing distribution of
fractions, the asphalt slabs showed a higher oxidised state after manufacturing, than the RTFOT
would suggest for short-term ageing (Table 1). This may be contributed to the low amount of
asphalt produced within the mixing plant, providing more surfaces for oxidation processes. The
top layer had similar results after one year as the long-term aged (about 5–10 years) bitumen. This
could be assigned to the already higher oxidation state, indicated by the fractional distribution,
after manufacturing of the test ﬁeld slabs. The stability index in Table 1 (ratio of saturate and
asphaltene fraction to aromatic and resin fraction (Lesueur, 2009)) shows the same trend; an
increasing value with ageing technique and test time, and that the top layer is similar to the
long-term aged binder. It should be noted that the changes during laboratory ageing processes
and ﬁeld ageing process might be diﬀerent. And the comparison in fractural distribution serves
as clue.
The obtained emissions spectra for the snap-cup vials collected fractions showed that the aromatic fraction exhibited the highest intensity of all fractions (Figure 1). The main part of saturate
fraction (saturates 2 in Figure 1) showed less intensity than the ﬁrst and last collected ones.
Their contribution to the bitumen spectrum remained nearly constant, due to their inert reactivity, indicated by a constant remaining amount for the separated samples. Molecular structures
containing aromatic rings emit the highest intensity (Skoog, West, Holler, & Crouch, 2013),
which would favour the asphaltene fraction with the highest emission intensity. However, certain aliphatic compounds (Skoog et al., 2013) and aliphatic ketones (O’Sullivan & Testa, 1970)

Table 1. Weight per cent distribution of fractions.
Sample
Base bitumen
Short-term aged bitumen (RTFOT)
Long-term aged bitumen (RTFOT + PAV)
Asphalt slab after 0 month
Asphalt slab after 12 months, ﬁrst layer

Saturates Aromatics Resins Asphaltenes Stability index
8.6
8.6
8.7
8.2
8.5

48.9
45.5
38.7
39.0
37.3

33.4
34.9
37.0
39.1
39.5

9.2
10.6
14.8
13.1
14.6

0.22
0.24
0.31
0.27
0.30

Figure 1. Emission spectra of single fractions (ﬁrst two obtained snap-cup vials of each chromatographic
separated fractions and asphaltenes).
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Figure 2. Emission spectra of base and laboratory aged bitumen. 85 min represent the short-term aged
bitumen. With increasing duration the spectra of the rolling thin ﬁlm oven treated bitumen approaches the
spectrum of the long-term aged bitumen.

exhibit as well ﬂuorescence. Infra-red spectroscopy (complete set of ATM FT-IR spectra of
the fractions can be found in Großegger (2015)) suggested (low intensity peak) that the highest
weight fraction of the saturate fraction contains oxygen as ketone or carboxylic acid. Asphaltenes
in a solid state showed less to none ﬂuorescence (The intensity in Figure 1 was due to recorded
background noise). In solution the intensity of asphaltenes was increased but was still minor
compared to the other fractions. The low intensity in the window observed could be due to the
shift of the emissions maximum towards longer wavelengths. This is indicated theoretically by
the increase in rigidity of the molecular structure (increased condensation, polymerisation and
aromatic containing structure) (Skoog et al., 2013; Stasiuk et al., 2000) and by the observable
shift of the wavelength of the emissions maxima in Figure 1 from the saturate fraction to the
aromatic fraction and resin fraction, as the ﬁrst fraction of the resins has its maxima within the
window measured. Quenching (Handle et al., 2014; Stasiuk et al., 2000) might attribute to the
low intensity as well.
The signal intensity decreased from base bitumen to short-term aged bitumen and further
to long-term aged bitumen (Figure 2). It has been concluded that the decrease of intensity for
bitumen during ageing was largely caused by the reduced amount of the aromatic fraction. Secondary, it might be possible that asphaltene (Handle et al., 2014) and resin fraction could act as
quencher and could have decreased the signal further.

Test field
The spectra of the four layers were similar and were less distinguishable for time intervals three
months and six months. After 12 months the spectra spread slightly (Figure 3) and showed to
be ordered according to a suggested oxidation gradient. The ﬁrst, weather exposed, layer had
the weakest signal intensity. The signal intensity of the fourth layer also decreased, due to a
higher surface area to the surrounding, but lesser than the ﬁrst layer (Figure 4). The second
and third layer were still similar and had the highest signal intensity. This trend of oxidation
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(a)

Figure 3.
(a)

(b)

Emission spectra of asphalt slab layers after six (a) and 12 months (b).
(b)

Figure 4. Emission spectra of asphalt slab of the ﬁrst layer (a) and fourth layer (b), excavated form the
test ﬁeld after 3, 6 and 12 months.

gradient over the asphalt slab was veriﬁed with conventional and performance orientated methods (Hofko et al., 2014; Stoyanova, 2014), though a change in ATM FT-IR spectra could not
be veriﬁed (spectra not shown). The signal intensity decreased clearly for the ﬁrst and fourth
layer (Figure 4), due to higher exposure, over 3, 6 and 12 months. The diﬀerence in intensity decreased for the ﬁrst respectively fourth layer reﬂected the diﬀerence in exposure period
of three and six months, their surface orientation and the inﬂuence of the season. During the
winter period (within the ﬁrst six months) the asphalt slabs were cleared from snow, but the
lower temperature and covering of pores with snow slows down the oxidative reactions. Higher
concentration of atmospheric radicals (reactive species of the troposphere) like ozone or nitrogen oxide and the exposure to UV radiation aﬀected the ﬁrst layer primarily during summer,
which could explain the drop in intensity. The signal intensity of the second and third layer
remained nearly unchanged. Their variations were within the ﬂuctuation of repeated measured
spectra.
Modified RTFOT
Conducting the RTFOT at 183°C for 85 min or at 163°C for a duration of 160 min led to similar spectra (Figure 5). The same applied in the case of 203°C for 85 min or at 162°C for
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(b)

Figure 5. Emission spectra of bitumen treated by the modiﬁed RTFOT at diﬀerent temperature (a) and
with diﬀerent durations (b). The solid lines represent eﬀect of air performance and the dashed lines represent
conduction under nitrogen atmosphere.

235 min. From a spectroscopic point of view it could roughly be stated that an increase of
20°C in temperature reduces the duration approximately by 75 min (valid in the tested temperature and time range, Figure 5). In comparison with unaged bitumen and standard long-term
aged (RTFOT + PAV) bitumen the spectra of the modiﬁed RTFOT is between these spectra and approximates towards long-term aged bitumen (Figure 2). Similar were the results
for the samples performed under nitrogen ﬂow. The increased duration of 160 min at 163°C
seemed to decrease the spectrum intensity slightly stronger than the increases temperature of
183°C for 85 min did (Figure 5(b)). It is assumed that diﬀusion controlled reactions beneﬁts
more from the longer duration than the increase of mobility respectively decrease of viscosity would contribute. Further the spectrum at temperature of 163°C for 85 min air is similar to
the spectrum for 160 min conducted with nitrogen and the same is nearly valid for the spectra
for 160 min air and 235 min conducted with nitrogen (Figure 5). This showed that the oxidative reactions, which occur when air is used, exploits from the increase in temperature. The
signal intensity of the nitrogen ﬂowed spectra were always higher compared to the corresponding air spectra with atmospheric radical oxidation reactions. However the decrease of signal
intensity was not only caused by oxidation, due to air exposure. By inhibiting the reactions of
atmospheric radical (a complete ﬂush of the oven might not occurred, due to its geometry) the
share in intern radical reactions, leading to polymerisation, disproportionation and recombination, were made visible. Volatilisation of lighter compounds or new-formed fragments could
be neglected due to the ﬁnding of a slight increase of weighted mass (about 0.17% for longer
duration of 235 min, but unchanged at a temperature of 203°C). These results were similar to
Herrington, Patrick, and Ball (1994). Aromatic compounds have the tendency to form larger
aromatic containing molecules by polycondensation (Simanzhenkov & Idem, 2003), a form
of polymerisation, resulting in a transition from molecules classiﬁed as aromatic fraction to
resin fraction and asphaltene fraction (Petersen, 2009; Soenen et al., 2016). Compounds containing aromatic structures show the highest emissions, but substitutions cause shifts in the
ﬂuorescence maxima and aﬀect the intensity. An increasing number of aromatic rings, hence
a higher degree of condensation, shifts the spectrum maxima to higher wavelengths (Hollas,
2004; Skoog et al., 2013; Stasiuk et al., 2000). Therefore, as former noted, ﬂuorescence of the
asphaltene fraction were not observable in the set emission window (limit: 900 nm emission
wavelength).
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Conclusion
In this study, ﬂuorescence spectroscopy was applied to investigate and monitor the ageing of
bitumen. The base bitumen sample was short-term and long-term aged according to standards.
A test ﬁeld was set up and further a modiﬁed RTFOT was conducted to investigate the eﬀects of
time, temperature and oxidation process.
A fractional analysis of bitumen extracted from the test ﬁeld asphalt slabs and laboratory
aged bitumen showed signs of advanced oxidation after manufacturing. This is indicated by a
fractional distribution which is between those of short and long-term aged bitumen. The same
is valid for the spectra, as the spectra of the recovered bitumen is between short and long-term
aged bitumen, yet similar in curve progression and intensity to long-term aged bitumen. After the
ﬁrst year the distribution of fraction of the ﬁrst layer resembles those of long-term aged bitumen.
The ﬂuorescence signal intensity of the bitumen recovered from the ﬁrst layer decreases significantly and was lower than the intensity recoded from long-term aged bitumen. This indicates
that changes caused in the fractions are possible based on a diﬀerent mechanism, though leading to the same shifted towards resin (higher polarity) and asphaltene (higher molecular weight)
fraction.
Comparing signal intensities of the spectra obtained from the fractions, a trend known in
the literature was observable that the signal intensity decreased as the aromatic fraction, which
exhibit the highest ﬂuorescence signal, decreased and the asphaltene fraction, which had the
lowest intensity in the wavelength range observed, which results from a shift of the emission
maxima to higher wavelengths, and are likely to quench the ﬂuorescence signal, increased during the ageing steps. The shift in emission maxima to higher wavelengths can be observed as
the maxima for the fractions shifts to higher wavelengths from the saturate fraction towards the
resin fraction, which had its maxima at the end of the wavelength range measured. The saturate
fraction exhibit a ﬂuorescence signal, which indicated that this fraction does not consist entirely
of saturated hydrocarbons.
The spectra of the layers from the asphalt slab of the test ﬁeld slowly started to split over the
ﬁrst year and the ranking in signal intensity after 12 months resembles the propagated oxidation
gradient over the vertical cross section of the test slab. The lowest intensity had the ﬁrst layer. It
is assumed this layer had the highest exposure to atmospheric radicals and additionally to solar
radiation. The fourth layer, bottom layer, had a similar surface area exposed to air, and water
and therefore the signal decreased, though less as not exposed to radiation. The second and third
layer were similar in intensity. The ﬂuorescence signal decreased for each layer with ongoing
exposure.
A modiﬁed RTFOT conducted with air showed that a temperature increase by 20°C or an
extend of duration by 75 min leaded nearly to the same changes in the spectrum. The ﬂuorescence
intensity decreases with increasing time or temperature. By conducting the RTFOT with nitrogen
instead of air, it was observed that the spectra showed an aged state by a general decrease in
intensity compared to the signal of the base bitumen. This indicates internal chemical reactions
happening at higher temperatures. However, the decrease was less compared to air conducted
tests. An extended duration of 75 min decreased the signal more than an increase in temperature
by 20°C. This results suggest that production under nitrogen can not prohibit ageing, but might
prolongate lifetime.
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