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Abstract The application of chemical analysis on
bituminous materials has increased drastically over
the past decades. One of the most common spectro-
scopic methods used in the field of research is
Attenuated Total Reflection (ATR) Fourier Transform
Infrared (FTIR) spectroscopy. Since ATR-FTIR is a
surface sensitive method, sample or specimen han-
dling of a complex material like bitumen prior to its
analysis needs to be considered, especially for people
new to the field or analysis technique. This study looks
at the impact of heating time and temperature as well
as storage time and conditions on the oxidation of the
bituminous specimen. Four binders from the same
crude oil source but different specification classes
(unmodified and styrene—butadiene—styrene polymer
modified) and two binders from different crude oil
sources were investigated. The results show that
heating small quantities of bitumen at 180 °C for up
to 30 min has little impact on the formation of
oxidized species, when proper thermal monitoring is
conducted. Special cases where oxidation does occur
are reported in detail. Furthermore, strong oxidation is
induced by day light, when bitumen is stored behind
glass with no UV radiation present, which can reach
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short-term ageing level within 1 h. Thus, heating
bitumen at 180 °C for 5-10 min followed by storage
in the dark, climatized room and measured within one
hour after preparation is recommended. These results
should act as recommendation for future specimen
handling prior to FTIR spectroscopic analysis to
ensure unbiased and comparable measurements.

Keywords Bitumen - FTIR spectroscopy - Material
handling - Heating time - Temperature - Storage

1 Introduction

Bitumen is a product widely used as a binder in asphalt
pavement or as a component in roofing membranes.
Since it derives from the crude oil refinement process,
it mainly consists of millions of different hydrocarbon
molecules which exhibit a unique temperature depen-
dent, viscoelastic behavior [1]. This molecular diver-
sity makes it very complex to characterize as it is
simply not possible to describe every single molecule
within bitumen. Therefore, chemical analysis that
provides a certain overview of the materials compo-
sition or molecular groups is desired. In addition, this
method should be able to track changes which occur
during the materials lifetime, which is usually linked
to oxidation.
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One, if not the most promising candidates to fill this
role is Fourier Transform Infrared (FTIR) spec-
troscopy. Since there are many molecules in bitumen
that are infrared active, meaning that upon absorption
of infrared light these molecules start to vibrate or
rotate, it is seen to be a fitting analysis technique.
Furthermore, the intake of oxygen during ageing leads
to the formation of functional groups like ketones or
sulfoxides, which are all infrared active. The ability to
show infrared activity depends on whether the
molecules change their dipole moment upon absorp-
tion of energy. This provides a characteristic band for
each infrared active molecule which can be accessed
and reused to characterize or fingerprint unknown
materials or substances.

The application of FITR spectroscopy, especially
for bitumen has increased drastically during the last
decades. One reason for this is the implantation of
attenuated total reflection (ATR)-FTIR, where the
specimen is applied onto a solid crystal and measured.
Before ATR, measurements in transmission mode
were standard procedure [2—4]. Since bitumen in its
solid state is not transparent, it had to be dissolved and
applied onto a suitable substrate like a KBr, Csl or
NaCl window [5]. This resulted in longer specimen
preparation and waiting times for solvent evaporation
that reduces the methods applicability and simplicity.
A measurement on an ATR-FTIR spectrometer is
much simpler and faster, as the solid bituminous
material can directly be applied onto the ATR crystal
and measured. This crystal, typically a diamond,
germanium or zinc selenide, is usually sintered into a
metal plate which makes it overall robust and resistant
to external stress.

However, even when measuring bitumen with an
ATR-FTIR spectrometer many parameters need to
considered to achieve good repeatability and repro-
ducibility, which are being touched on by researcher
and groups during the last decades. Hofko et al. [6]
have performed measurements on an unmodified and
polymer modified bitumen in regards to achieving a
sufficient repeatability and testing the sensitivity of
ATR-FTIR spectroscopy. They tested various data
treatment options including spectral normalization
followed by either baseline or tangential integration.
Other quantification methods have also been proposed
by researchers from the BRRC [7] or LCPC [8], or
participants from the MURE project [9], which
suggest the utilization of a valley-to-valley or

deconvolution method for quantification of IR bands.
While this integration can indeed provide a good
outcome for sulfoxide and ketone formation, it
neglects an overall increase in the fingerprint region
which is linked to the polarity shift in bitumen
occurring during ageing [10]. Another, more advanced
spectral data analysis methods is proposed by Weigel
and Stephan [11], which makes use of standard normal
variant (SNV) transformation and multivariance anal-
ysis to detect or predict the properties of a binder in
regards to its crude oil origin.

Beside the engagement by single researchers or
small task groups in respective countries, FTIR
spectroscopy has been touched on by various interna-
tional research committees. The RILEM TC 206 ATB
(Advanced in Interlaboratory Testing and Evaluation
of Bituminous Materials) have used FTIR spec-
troscopy and proposed an approach for spectral
interpretation [12]. The TC 252 has tested laboratory
aged bitumen at different temperatures with FTIR
spectroscopy [13]. Furthermore, the task group 1 of
RILEM TC 272 PIM has looked into a similar round
robin test with more advanced data treatment [14].
Detailed results are on their way towards journal
publication. Task group 1 of the RILEM TC 295-FBB
is currently looking to bring FTIR spectroscopy on a
way towards pre-standardization, where over 25
laboratories from all across the world are participating
and building up on the previously gathered knowl-
edge. All in all, this shows how many possibilities for
FTIR spectroscopy and data treatment are available up
to date. Ultimately, there will most likely be various
approaches on how to best address certain aspects of
FTIR spectroscopy by different data treatment
approaches which tackle questions like ageing, addi-
tives or crude oil origin.

All the previously displayed literature has mostly
worked in different data treatment approaches. How-
ever, a factor that has not been addressed often is
handling bitumen prior to its spectral analysis which
plays a crucial role in FTIR spectroscopy. A reason for
this is the fact that infrared light in the range of
25.000-2.500 nm (4000-400 cm ™ ") is used to analyze
the material. This light only penetrates up to a couple
of microns into the material, which means that this
method investigates a small portion of molecules at the
materials surface [15]. Thus, to obtain a meaningful
result, proper representation of the materials molec-
ular composition is necessary, meaning that
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homogeneity becomes a crucial factor for spectro-
scopic analysis. To achieve a good homogenization,
continuous stirring during specimen preparation is
recommended, especially for small binder quantities.
Hence, in order to ensure that the material can be
homogenized, it needs to be in a liquid like state, thus
higher temperatures are required.

This leads to the second important parameter that
needs to be addressed during specimen preparation:
the heating temperature and time. Bitumen is typically
heated up to higher temperatures (150-200 °C) during
its processing cycle. Since it is an organic material, its
susceptibility to oxidation is given by its nature.
Therefore, the necessity arises to define a sufficient
temperature and heating time span where limited
oxidation is occurring while the material is brought
into a well workable and homogenized state.

The third and last parameter address in this study is
the storage time and conditions of the specimen. While
for most materials it does not matter how they are
stored in between specimen preparation and the
measurement, such small specimens of bitumen do
in fact show significant changes on the surface when
being stored at the wrong conditions. This was
highlighted by a recent study where bitumen specimen
showed significant oxidation when stored in daylight
under a glass lid in a climatized laboratory [16]. While
the bulk of the materials is not affected as much, the
ageing level on the surface can reach even short- and
long-term ageing level after being stored under a glass
dish for 3 or 6 days respectively. Hence, some special
care needs to be taken when storing specimen for
ATR-FTIR spectroscopy.

The goal of this study is to address various
parameters that need to be considered for preparing
bitumen for ATR-FTIR spectroscopy. This includes
the impact of heating time and temperature as well as
different storage times and conditions. Two com-
monly available heating devices, a ventilated oven and
heating plate, are used to heat up small bitumen
quantities (5 g) for 5-30 min at 180 °C. Various
binders from the same crude oil source but different
specification classes (unmodified and styrene—butadi-
ene—styrene (SBS) modified), ageing states as well as
different crude oil sources were tested. Furthermore, a
more detailed investigation on the storage time and
conditions was conducted. The main question arising
here were how long can a bituminous material be
heated and stored before showing significant signs of

oxidation and whether the binders viscosity has a
major impact on the oxidation rate. Finally, something
that should be kept in mind that while many labora-
tories have already acquired an FTIR spectrometer and
developed their routine, there are other people who
new to the field of research and are not familiar with
either working with binder or ATR-FTIR spec-
troscopy. Thus, this study intents to provide recom-
mendations on how to handle bituminous materials
prior to their analysis on the ATR-FTIR spectrometer.

2 Materials and methods
2.1 Materials

The bitumen used in this study were four binders from
the same crude oil source with the following specifi-
cation classes:

e Binder A—unmodified 50/70 penetration graded
bitumen (PG 64-28)

e Binder B—unmodified 70/100 penetration graded
bitumen (PG 58-28)

e Binder C—unmodified 160/220 penetration graded
bitumen (PG 46-34)

e Binder D—SBS modified Binder 45/80-65 (PG
82-28)—(Binder B was the base bitumen)

Furthermore, two additional 70/100 specification
graded binders from different crude oil sources were
also investigated, which will be labeled as follows:

e Binder E (PG 58-28)
e Binder F (PG 64-28)

All binders were investigated in the unaged state, as
their changes caused by oxidation would be most
notable. Merely binder B (a binder typically used in
road pavements in the central part of Europe) was
analyzed in laboratory short- and long-term aged
stated to determine the extent of oxidation that occurs
during laboratory short- and long-term ageing and
compare it to the impact of heating time and effect of
storage. The laboratory short-term ageing, a Rolling
Thin Film Oven Test (RTFOT) was performed
according to the EN 12,607-1 [17] and for the
laboratory long-term ageing, the Pressure Ageing
Vessel Test (PAV) according to the EN 14,679 [18].
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2.2 Specimen preparation

As this study was investigating five unmodified and
one SBS modified binder, a heating temperature of
180 °C was chosen, which ensures that even the PmB
can be brought into a well workable state. Two
common heating devices, a heating plate (ARGO LAB
M2-A) and a ventilated oven (Binder FD 23), which
were both set to 180 °C, were used to heat up the
binders. For specimen preparation, 5 g of the respec-
tive binder was transferred into a metal can (d: 40 mm,
h: 13 mm) and either placed on a:

e heating plate (metal can without a lid),
e ventilated oven (metal can with or without a lid)

as displayed schematically on the left side in Fig. 1.

While placed on the heating plate, the binder was
stirred continuously with a thermometer. This ensures
sufficient homogenization during the heating phase
and reduces the risk of inhomogeneity when preparing
the specimens after the heating phase. Furthermore, it
allows thermal monitoring, which ensures that the
binder does not exceed a certain temperature. Never-
theless, something to consider is that higher oxidation
could be induced due to the continuous stirring, which
will be tested throughout this study.

When placed in the oven on the other hand, the
bitumen could not be stirred. However, higher
temperatures around the binders could be achieved,
as the air atmosphere is hotter compared to the heating
plate. Especially without a lid on the can, hot air is
blowing directly over the bitumen film, which can lead
to a strongly oxidized surface (which will be shown in
the results). To tackle this problem further tests with a
closed metal can in the ventilated oven were con-
ducted throughout this study, which can reduce
oxidation, as later results will show. Disadvantages
of a closed metal can are also addressed throughout the
results.

Once the binder was heated up for the respective
heating time, the thermometer was used to once again
stir’homogenize the binder one last time and apply a
droplet onto a sufficient substrate (silicone foil or
paper slip). For each binder, 4 droplets were taken
from the metal can after 5, 10, 20 and 30 min of
heating and prepared according to the right side of
Fig. 1. In this study, a silicone foil was used as a
substrate, as it is reusable for many measurements and

does not need to be thrown away, as the bitumen does
not stick on it. However, alternatively a slip of paper
can also be used as a substrate.

The four specimens per binder and heating time
were placed in a crystallization dish, covered with a
metal lid and left to cool down to room temperature for
a couple of minutes. It is important to note that the
specimens were measured within 60 min after
preparation.

2.2.1 Variation of heating temperature

In addition to the heating time tests at 180 °C another
small experimental study using a more extreme
temperature of 240 °C was conducted. It is common
knowledge that bitumen should not be heated above
200 °C as it can start smoking which is linked to an
evaporation of volatile compounds. However, it is
unclear if any significant oxidation occurs when the
material starts smoking and whether the loss of these
volatile compounds can be detected in FTIR spectra.
To keep this study as compact as possible merely
binder B was selected to investigate this question.
Specimen preparation was performed as mentioned
previously (5, 10, 20 and 30 min in the ventilated oven
and heating plate and subsequent preparation of four
specimens per heating time).

2.2.2 Variation in storage time and conditions

Beside the variation of the heating time and temper-
ature, storage time and conditions were investigated,
as they seem to show a significant effect on the
oxidation level of bitumen, as described in the
introduction. Since previous literature looked at
binders within the same specification class but from
different crude oil source, this study intended to test
whether any differences in oxidation can be linked to
the binder’s specification class (e.g. do softer binder
take up oxygen faster). Thus, only Binder A-D were
tested.

The specimens prepared for the storage study were
heated on a heating plate for 5 min at 180 °C with
continuous stirring and thermal monitoring before
being applied onto the silicone foil, placed in a
crystallization dish and covered with a metal lid (dark)
or glass lid (light) to prevent contamination from dust
(see right bottom side of Fig. 1). Four specimens for
each day and storage condition (light or dark) were
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Fig. 1 Schematic drawing of the specimen preparation using a heating plate or an oven

prepared and measured after O, 1, 2, 3, 6, 9, 14 and
20 days as well as 1, 2, 3, 4, 5, 24 and 48 h after
preparation. The reason for the second (hours) storage
study will be elaborated in the results.

2.3 Analysis method
2.3.1 ATR-FTIR spectrometer and parameters

A Bruker Alpha II FTIR spectrometer equipped with
an attenuated total reflection (ATR) unit containing a
diamond crystal and a DTGS detector was used in this
study. Spectra were recorded within a wavenumber
range of 4000-680 cm_l, a resolution of 4 cm ™! and
24 scans. Before a bitumen specimen was applied onto
the crystal, a background spectrum of the empty, clean
ATR crystal was recorded. Once the background was
recorded, the specimen was applied onto the crystal
within a time window of 1 min. Longer waiting time
can lead to a shift in the baseline, as the background
can change. Each specimen was scanned with four
repetition, resulting in four spectra per specimen.
Since 4 specimens per binder and heating time were
prepared a total of 16 spectra were recorded. After the
measurement, a suitable, nontoxic bitumen solvent
(limonene) was used to clean the diamond crystal.
Since the limonene is an oily liquid, a fast evaporating
alcohol (isopropanol) was used to remove any remain-
ing greasy film.

2.3.2 Spectral data evaluation and plotting

In order to keep the data evaluation process as simple
as possible, the recorded spectra were directly pro-
cessed in the attached software OPUS which is linked
to the Bruker device. In the first step, all spectra were
normalized to the band with the highest intensity in the
bitumen spectrum, the aliphatic band at 2920 cm™'. A
normalization in the range of
3200-2800 cm ™' was carried out, which reduces the
impact of any error coming from the ATR crystal as it
has a characteristic signal in the range between 2300
and 1800 cm™', which often represents the lowest
intensity area in the original spectrum.

After normalization a full base line integration was
performed on the three functional groups shown
below:

min—-max

e Carbonyls (Alcp): 1660-1800 cm™"

e Sulfoxides (Alsp): 1079-984 cm™!

e Reference aliphatic band
1525-1350 cm ™"

(Alcys):

The received values were then used to calculate the
ageing index (Algrr) according to Eq. (1).
Alco + Algo

Alprig = Al (1)
3

The 16 aging indices per binder (at a defined
heating time or storage time and condition) were
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statistically evaluated by mean and standard deviation
and are shown in form of bar diagrams throughout the
results.

From the 16 spectra recorded per binder, one
spectrum was selected for plotting using Origi-
nPro2021b. The spectra show only the finger print
region (1800-680 cm™ ), as it shows the most bands
and significant changes in the bitumen spectra. It
should be noted that while the min—max normalization
was set in between the ranges of 3200-2800, this had
no negative effect on the fingerprint region. A good
accordance between raw data and normalization was
found for all data.

However, it should be kept in mind that there are
many ways to do spectral data evaluation. Differences
in the normalization or integration method can lead to
different results. Since thermal oxidation of bitumen is
detected by an increase in carbonyls and sulfoxides as
well as a slight intensity increase in the fingerprint
region this rather simple data evaluation was deemed
sufficient. The normalization process is not impacted
by the scattering noise of the ATR crystal and also not
by any potential changes in the fingerprint region,
while still maintaining a good repeatability, as shown
in the results. Additionally, it enables other researches
to try out the herein proposed data analysis method
without putting a lot of effort in it (since spectral
analysis is usually performed by the software attached
to the spectrometer). Nonetheless, various data treat-
ment approaches will be tackled in the near future to
determine which provide the best outcome for answer-
ing the respective questions asked.

3 Results and interpretation
3.1 Variation of heating time
3.1.1 Comparison of different specification classes

Binder A — D were all originating from the same non-
naphthenic crude oil source and refinery procedure,
which leads to similar FTIR spectra, as their molecular
diversity is rather low compared to other crude oil
sources (e.g. the abundance of naphthenic acids that
show an initial ketone signal at 1700 cm™'). There-
fore, only the normalized spectra of binder A (50/70)
are depicted as an example in Fig. 2. Here, one can see
that heating 5 g of a bituminous material on a heating

plate at 180 °C (left side in Fig. 2) does not induce
significant oxidation. Even when the sample was
stirred continuously with a thermometer during the
entire heating duration, merely a slight formation of
sulfoxides at 1030 cm™"' or increase in the respective
region due to the increase in polarity is observable.
The significance of this sulfoxide formation will be
touched on when looking at the deviation in the aging
indices below. The right side of Fig. 2 shows the
spectra of binder A (50/70) that was heated in the open
metal can in a ventilated oven. Compared to the
heating plate, oxidation is induced with increasing
heating time, even when the sample was not stirred
during the heating process. This is amplified by the
green boxes on the righthand side in Fig. 2, which

show a slight increase in ketones at 1700 cm™!,

aromatics at 1600 cm ™" and sulfoxides at 1030 cm ™.
This indicates that the temperature of the air that is in
contact with the bitumen surface plays a major role in
the oxidation kinetics. Even when the binder itself is at
170-180 °C, no significant oxygen uptake is seen on
the heating plate, as the air atmosphere is at much
lower temperatures. However, when hot air is in direct
contact with the bitumen surface, the oxygen uptake is
significantly increased. This could be explained by the
higher reactivity of the oxygen at elevated tempera-
tures. To simply these trends for the other binders
investigated, the respective ageing indices (a combi-
nation of carbonyls and sulfoxides) will be shown
below.

Looking at the ageing indices of binder A-D, which
is shown Fig. 3, the difference between heating plate
and oven becomes obvious. The heating plate only
induces little (binder C and D) to no oxidation (binder
A and B) after 30 min of heating. This oxidation is
mainly attributed to the formation of sulfoxides, which
can be explained by comparing the electronic config-
uration of the two elements involved in the oxidation:
sulphur ([Ne] 3s? 3p4) and carbon ([He] 2s> 2p2). Since
a sulphur atom is larger, their outer electrons (3p”) are
further away from the atom core compared to the outer
electrons of carbon (2p?). Thus, the ionization energy
of sulphur (10.4 eV) is lower than of carbon (11.3 eV)
[19]. It should be kept in mind these two elements are
incorporated in a complex molecular matrix, which
can alter their respective ionization energies and
reactivity. Nonetheless, this can explain why sulfox-
ides, even at light oxidation conditions, are formed
first. The heating in the ventilated oven on the other
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Fig. 2 FTIR Spectra of unaged binder A heated on the heating plate (left) and oven (right) for 5, 10, 20 and 30 min

hand leads to a significant formation of both carbonyls
and sulfoxides with increasing heating time, as shown
on the right side in Fig. 2. Furthermore, a significant
increase in the standard deviation can be seen for
longer heating times in the ventilated oven. Thus,
longer heating times make it more difficult to reflect
the actual ageing level of a binder and achieve a good
repeatability. An interesting observation can be made
when comparing the PmB (binder D) to its unmodified
counterpart (binder B), which shows lower oxidation
susceptibility for longer heating times in the ventilated
oven. This could indicate that a PmB, which might
exhibit some pre-oxidation from the manufacturing,
can endure more thermal stress.

Comparing the ageing indices of all four binders
that originate from the same crude oil source, a
different starting level can be observed with the softest
binder exhibiting the lowest ageing indices. An
explanation can be given by the full baseline integra-
tion method, as the overall intensity level of the binder
in the fingerprint region is lower for softer binders,
resulting in a lower ageing index. This can be linked to
the binder’s polarity gradient, where the softer binder
C contains less asphaltenes compared to the harder
binders A and B [20]. Again, the hypothesis can be
made that softer binders (e.g. binder C) oxidize faster
than harder (binder A and B) or polymer modified
binders (binder D). To confirm this assumption, the
ageing index after 5 and 30 min are compared in the
form of A Algyr (5—30 min) and are given in Table 1.
Even though these tables partially replicate data

shown in Fig. 3, the comparison between 5 and
30 min as well as the exact values of the respective
deviations were deemed necessary for further inter-
pretation when defining a threshold for maximum
deivation.

Concluding the data from Table 1, storing bitumen
in an open metal can inside a ventilated oven can
cause significant increase in the oxidation during
30 min of heating (A Algrr (5-30 min) values of
0.012-0.031) as well as an increase in the standard
deviation (0.004-0.013). Heating the sample on the
heating plate induces much less oxidation, but still can
reach Algrr (5—30 min) values of 0.001-0.012 a after
30 min of heating, while maintaining a low standard
deviation of 0.001-0.002. Thus, a heating time of
5-10 min (for quantities of 5 g) are recommended.
This ensures that the material can be brought into a
well workable and homogenized state which shows
little oxidation and a small standard deviation. How-
ever, in order to determine the significance of such a
deviation of the binder’s oxidation level in regards to
heating time of up to 30 min, a comparison to the
short- and long-term ageing level was deemed useful.

3.1.2 Comparing different ageing states

Hence, a laboratory short- and long-term aged binder
was also exposed to the same thermal treatment (5, 10,
20 and 30 min) in the oven and heating plate and
compared to the unaged binder. In order to keep this
study compact yet informative, merely binder B was
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Fig. 3 FTIR ageing indices of unaged binder A-D heated on the heating plate (left) and oven (right) for 5, 10, 20 and 30 min

Table 1 FTIR ageing indices of binder A-D prepared on the heating plate and oven after 5 and 30 min

Binder Heating device Algrr @ 5 min ~ Standard Deviation Algpr @ 30 min  Standard Deviation A Algpr (5-30 min)

A Heating plate ~ 0.316 0.003 0.317 0.003 0.001
A Oven 0.312 0.002 0.339 0.013 0.026
B Heating plate  0.303 0.002 0.309 0.002 0.007
B Oven 0.300 0.001 0.332 0.010 0.031
C Heating plate  0.280 0.001 0.288 0.003 0.008
C Oven 0.280 0.001 0.308 0.009 0.028
D Heating plate  0.314 0.002 0.321 0.002 0.007
D Oven 0.314 0.003 0.327 0.004 0.012
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selected, as it was in the middle of the penetration
grade range, commonly used in central Europe and
was also the base binder of the PmB shown previously.
Figure 4 shows the resulting FTIR ageing indices
of the unaged, RTFOT and RTFOT + PAV aged
binder B. When comparing the ageing level of the
sample prepared on the heating plate (left side) no
significant increase in oxidation can be seen after
30 min, as the A Algrr (5-30 min) for the RTOFT
(0.003) and PAV (0.003) aged binder stay below the
recommended value of 0.005 and exhibit a small
standard deviation (0.001-0.003). Heating the sample
in the ventilated oven surprisingly only induces
oxidation at the unaged level (as discussed previ-
ously). Once the binders have reached short- or even
long-term ageing state, a slight increase of carbonyls
and sulfoxides is detectable as the A Algrr
(5-30 min) values for the RTOFT (0.006) and PAV
(0.004) aged binders are close to the recommended
value of 0.005. Furthermore, their respective standard
deviations are in a range of 0.001-0.003, which is
below the recommended value of 0.005. The mean-
ingfulness of these results will be discussed later.

3.1.3 Comparison of open and closed metal container
in the oven

Since storing an open bitumen can in the ventilated
oven can lead to significant oxidation with increasing
heating times, a small study tested whether a closed
can in the oven can produce a smaller degree of

Binder B

aged

Un RTFOT RTFOT+PAV
[77] Heating Plate [\ Heating Plate == Heating Plate
B Oven BN Oven B Oven

0,45

Al [a.u]

0,304/
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Heating Time

Fig. 4 FTIR ageing indices of the unaged, RTFOT and
RTOFT + PAV aged binder B heated on the heating plate
(left) and oven (right) for 5, 10, 20 and 30 min

oxidation. Once again, binder B was used, as it also
had shown significant oxidation when an open can was
placed in the ventilated oven. Furthermore, this mainly
seems to affect unmodified and unaged binders, as the
previous results shows that an unmodified short- and
long-term aged binder or an unaged PmB did not
oxidize as strongly as their respective unaged and
unmodified counterparts.

Figure 5 shows the resulting ageing indices of
binder B heated in the open can on the heating plate,
closed and open metal can in the ventilated oven.
Looking at the right-hand side of the graph, it becomes
obvious that when covering the metal can with a lid,
the degree of oxidation, even after 30 min in the
ventilated oven, are minimal compared to an open can.
This is also confirmed by a AAlgrr (5-30 min) value
of 0.005 as well as a standard deviation of 0.004,
which are both within the recommended limit of
0.005. The only disadvantage of a closed metal can in
a hot oven arises when the lid of the metal can need to
be removed quickly from the can in order to prepare
the samples while the binder is hot. This can become
tricky with small metal cans as thick protection gear
needs to be used when touching hot metal surfaces.

3.1.4 Comparison of different crude oil sources
To broaden the significance of the results, two

additional 70/100 penetration graded binders from
different crude oil sources were exposed to the same
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L
3
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=
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Fig. 5 FTIR ageing indices of binder B heated on the heating
plate (left) in an open can in the oven (middle) and in a closed

can in the oven (right) for 5, 10, 20 and 30 min
nilem
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test program as the previous binders. Since the storage
in the ventilated oven without a lid induced significant
oxidation, the oven heating was performed with a
metal lid on and compared to the heating plate.

The resulting ageing indices of binder E and F are
shown in Fig. 6, which indicate that when placed on a
heating plate under continuous stirring, a better
repeatability could be maintained as the standard
deviation ranges between 0.001 and 0.005. However,
after 30 min of heating, binder E and F exhibit a A
Algrr (5-30 min) value of 0.005 and 0.008 respec-
tively. This indicates that after long heating times the
recommended oxidation threshold limit of 0.005 is
reached or even surpassed. The samples heated in the
ventilated oven (with a closed metal can) on the other
hand show a higher standard deviation range
(0.001-0.011) as well as higher AAlprr (5-30 min)
value for binder E (0.012) but lower for binder F
(0.004). Thus, while binder E showed higher oxidation
in the ventilated oven, binder F formed more oxidizes
species on the heating plate. Overall, the heating plate
produces lower standard deviations, compared to the
ventilated oven, which can be assigned to the lack of
continuous stirring in the ventilated oven.

3.2 Variation of heating temperature

The previous results show that a heating temperature
of 180 °C can, when neglecting certain parameters,
induce oxidation. However, this was only the case for
open can stored in a ventilated oven and long heating
times, which is not recommended for heating small
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Heating Plate
0.40 1 Oven
B
8,
o« 035
[
<
0.30 |
025 T T T T T T T T T
5 10 20 30 5 10 20 20

Heating Time [min]

sample quantities of bitumen. Other than that, 180 °C
did not induce significant oxidation within 5-10 (or
even 30) minutes of heating using the oven or the
heating plate and was deemed suitable as it brings
many binders into a workable state. Thus, lower
temperatures were not interesting to investigate, since
these cannot be applicable for polymer modified
binders or strongly aged binders. Once again, this
study was only performed on binder B, as it was the
most used binder in this study. Figure 7 compares the
resulting ageing indices of binder B heated at 180 °C
(left) and 240 °C (right).

Here, one can see that while higher temperature
does induce a slight increase in oxidation over time,
resulting in a AAlgpr(5-30 min) value of 0.008
(heating plate) and 0.009 (closed can in ventilated
oven) with an overall small standard deviation
(0.001-0.002). Thus, only a slight increase in oxida-
tion occurs during the heating time of 30 min. The
meaning of these results will further be elaborated in
the discussion.

3.3 Variation in storage time and conditions

As previously mentioned in the introduction, the
impact of storing bitumen specimens in the dark or
under light has a significant impact on the oxidation
level on the surface [16]. Since these specimens were
always covered with a glass that absorbs UV light, it
indicates that visible light causes major oxidation on
the bitumen surface. However, the study by Mirwald
et al. [16] only looked at two 70/100 penetration
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Fig. 6 FTIR ageing indices of unaged binder E (left) and F (right) heated on the heating plate and oven for 5, 10, 20 and 30 min
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Fig.7 FTIR ageing indices of unaged binder B heated at 180 °C (left) and 240 °C (right) on the heating plate and oven for 5, 10, 20 and

30 min

graded binder from different crude oil sources which
showed both a similar increase in carbonyls and
sulfoxides with rising storage time. Furthermore, it
only looked at larger time windows (days). This study
tries to solve the questions whether the specification
class (which is linked to differences in physical
parameters like viscosity) has an impact on the
oxidation rate on the surface. It could be assumed
that e.g. softer materials with a higher molecular
movement can incorporate more oxygen which would
lead to a higher formation rate of carbonyls and
sulfoxides. Furthermore, beside a larger time span of
up to 20 days, a shorter time span looks at the
formation of carbonyls and sulfoxides within the first
5 h after specimen preparation.

Figure 8 shows the spectra of binder B (unmodified
70/10) and D (PmB) stored in the light (left) and in the
dark (right). On the left side, both binders stored in the
light show the previously reported increase in ketones
(1700 cm™ "), aromatics (1600 cm™') and sulfoxides
(1030 cmfl) as well as overall increase in the region
between 1350 and 900 cm ™" (and even further down
to 680 cm™"). This increase in the finger print region
can be linked to an overall increase in the polarity of
the material [20]. Upon longer storage in the light, a
small shoulder appears at 1760 cm ™" which could be
assigned to other oxidation products like esters (e.g.
cyclic esters) that exhibit a C=0 stretching band in this
region [21]. A second shoulder at 1110 cm™ ', which
can be assigned to the C-O vibration of esters further

indicates or confirms their presence. The band at
1260 cm™', an increase in the region around
1100 cm™" as well as an increase at 810 cm™' was
previously assumed to be linked to the presence of
organic sulphate esters (ROSO;7) [16, 21, 22]. Up to
date no further chemical analysis has been conducted
to identify them. While the overall oxidation in the
material is drastically high, no deterioration or degra-
dation of the polymer becomes visible for binder D, as
the butadiene band at 960 cm ™" and the styrene band
at 690 cm™' remain after 20 days of storage. This
indicates that the oxidation caused by visible light is
only affecting the bitumen component, not the poly-
mer. This behaviour is completely different from the
thermal behaviour, where the PmB as a whole showed
lower oxidation susceptibility to thermal stress. This
highlights the difference between thermal and pho-
tolytic oxidation potentials, which will be addressed in
future research.

Looking at the right side of Fig. 8, no significant
change can be seen when the specimens are stored in
the dark. A slight formation of sulfoxides at
1030 cm ™' coupled with an increase in the surround-
ing fingerprint region as well as the appearance of the
bands assigned to the organic sulphate esters
(ROSO37) can be seen with increased storage time.
This sulfoxide formation at mild conditions has been
addressed previously.

The resulting ageing indices of Binder A—D, which
were stored in the light and dark are shown in Fig. 9. A
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Fig. 8 FTIR spectra of binder B (top) and D (bottom) stored in the light (left) and the dark (right) after up to 20 days of storage

similar trend in increasing level of oxidation with
storage time can be seen for all four binders,
independent of the specification class or modification
(with binder D being a PmB). By looking closer at all
four graphs it becomes obvious that when specimens
are stored in the light for one day, they surpass the
ageing level of a short-term aged (RTFOT) binders.
When stored in the dark, this level is only reached after
6-10 days. However, this is just due to the formation
of sulfoxides, possible sulphate esters, not carbonyls,
which becomes obvious when looking at the spectra
on the right-hand side of Fig. 8.

Looking at the ageing indices of the binders stored
in light for 20 days, it can be seen that polymer
modified binder (binder D) exhibits the highest ageing

index (0.82). This is followed by the 50/70—binder A
(0.79), the 160/220—binder D (0.77) and 70/100—
binder B (0.73). However, as previously mentioned, it
needs to be kept in mind that the binder initial ageing
index (AIFTIR @ Day 0) are slightly different which
can be linked to differences in their SARA fractions
[10]. Therefore, in order to judge the oxidation
behaviour of all four binders, a previously reported
power law fit was applied, as shown in the red curve in
Fig. 9, which is summarized in Table 2. Herein, the
oxidation rate is given by the coefficient b (in a
logarithmic relation to time). All four binders stored in
the light show an oxidation rate between 0.297 and
0.310, which indicates that the oxidation rate is more
dependent on the crude oil source compared to the
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Fig. 9 FTIR ageing indices from binder A-D stored in the dark and in the light from day 0, 1, 2, 3, 6, 9, 14 and 20

Table 2 Results from the
power law fit of the ageing
indices from binder A-D
stored in the light and in the
dark for up to 20 days

Binder a b

A—Dark 0311  0.059
A—Light 0324 0.297
B—Dark 0306 0.054
B—Light 0.314 0.301
C—Dark  0.284 0.058
C—Light 0305 0.301
D—Dark 0315 0.050
D—Light 0317 0.310

specification class (from the same crude oil source).
One could argue that the 50/70 (binder A) exhibits the
lowest oxidation rate, which indicates that softer
binders incorporate more oxygen due to the lower
viscosity and higher molecular dynamics, the

deviation is however little. However, since this is a
purely empirical observation, more sophisticated
fitting would be necessary to really come to a
conclusion in this regard.

Looking at the values from the storage in the dark
an average oxidation rate of 0.05-0.06 can be seen.
This is significantly smaller than the oxidation rate
when stored in light (0.31-0.30), which shows that
storage in the dark can prevent significant oxidation on
the surface. Furthermore, the only oxidation occurring
is a slight formation of sulfoxides, no carbonyls are
formed (see right hand side of Fig. 8).

Since all these binders have already surpassed the
ageing level of a RTFOT aged binder after being
stored in the light for one day, further storage in the
light testing at shorter time intervals after preparation
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was conducted. The only difference between the first
and the second study was, that they were conducted
3 months apart from each other (Feb. 2021 and May
2021). Figure 10 shows the resulting ageing indices of
the four binder specimens stored for 0, 1, 2, 3, 4, 5, 24
and 48 h in the light. Surprisingly, even after one hour
stored in the light (binder A, C and D), the RTFOT
ageing level was reached, which highlights the
importance of proper storage conditions. Merely
binder B’s ageing index after 1 h of storage in the
light is slightly below the RTFOT ageing level.
Looking at the ageing index after 48 h, which is also
displayed in Table 3, a similar trend than for the
20 days storage test program was seen as all three
unmodified binders show similar oxidation rates,
which is again given by the coefficient b (in a
logarithmic relation to time) from the power law fit.
Merely binder D (PmB) exhibits a slower oxidation
rate. Looking at right bottom side of Fig. 10, one can
see that the fitting curve of the PmB is significantly
below the final ageing index after 48 h, which explains
these results. However, once again it should be kept in
mind that the fit is not entirely appropriate but a rough
approximation that captures the oxidation rate to a
certain extent.

Another very interesting observation can be made
when comparing the ageing indices of 48 h in Fig. 10
to the 2 days ageing indices in Fig. 9, which resemble
the same storage time. Even though their ageing
duration was the same, the binders from the hour
storage study show significantly more oxidation than
the binders from the 20 days storage study. A possible
explanation can be given by the fact that the storage
days study was conducted in February 2021, the hours
storage study in May 2021. Since the specimens were
stored in a climatized laboratory, temperature of the
surrounding air was not a concern. Another factor that
differs substantially is the sunshine duration. Looking
at values from a local centre of metrology and
geodynamics for the respective months it can be
found that February 2021 had significantly lower
values of sunshine (108 h) compared to May 2021
(182 h).! This indicates that the amount of daylight in
combination with differences in sunshine on the

! The values for the average sunshine duration are taken from
local centre of metrology and geodynamics from the following
source: https://www.wien.gv.at/statistik/lebensraum/tabellen/
luftsonne.html

specimen surface leads to significantly more oxida-
tion, which is caused by the energy from light in
combination with oxygen from the atmosphere. Fur-
ther investigation on the impact of visible light will be
conducted in the future, to see how significant this
factor can be when investigating the phenomenon of
bitumen oxidation.

4 Discussion

The previously displayed results have shown how
parameters like heating time, temperature and storage
time and conditions can cause oxidation which is well
detectable by the increase in oxidized species with the
ATR-FTIR spectrometer. While the overall impact of
heating time does only become relevant at extreme
conditions and times (e.g. an open metal container in a
ventilated oven at 180 °C or longer heating times), the
impact of storage can be quite significant, depending
on environmental conditions (sun shine duration and
temperatures during storage).

Thus, in order to obtain a good repeatability with
ATR-FTIR spectroscopy various specimen of a bitu-
minous sample should be prepared and measured. The
herein proposed number of four specimen, which is
combined with four repeated measurements and yield
a total of 16 spectra per binder, which is sufficient for
spectral analysis and statistical significance. While the
proposed data evaluation has its advantages and
disadvantages, the overall quality of the raw data
was considered, which should be the first step for
evaluation of FTIR spectroscopic results. However,
when following the simple data evaluation approach
proposed (min—max normalization followed by full
baseline integration), a statistical deviation in the
resulting ageing indices should be kept as low as
possible, as it is linked to the binders ageing and the
materials homogeneity. Thus, the results indicate that
a value below 0.005 is sufficient for resembling good
repeatability when following the data evaluation by
min—max integration and full baseline integration with
the software OPUS.

While this threshold has its significance for heating
times of unaged materials, it is reduced for aged
binders, as their overall susceptibility to oxidation
during the heating is little as the material is already in
an aged state. A potential error could mainly occur
from inhomogeneity. While this is common
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Table 3 Results from the power law fit of the ageing indices
from binder A-D stored in the light for 048 h

Binder a b

A 0.310 0.165
B 0.306 0.168
C 0.288 0.163
D 0.315 0.149

knowledge for handling the material for mechanical
investigations, no differences can be assumed for
spectroscopic analysis. Nonetheless, the heating times
should be kept as short as possible throughout a
specimen preparation routine to keep the potential for

oxidation as limited as possible while maintaining a
good homogeneity. In addition to the heating time
(independent of binder or ageing state) the heating
conditions (closed or open container) for small binder
quantities around 5 g can have a significant impact on
the oxidation state of an unaged material. While
heated on a heating plate, continuous stirring with a
thermometer provides not only thermal monitoring but
also proper homogenization. Heating the binder in an
oven, the metal container must be covered with a lid to
prevent excessive oxidation near the surface. Since
different binders have already been measured and
compared with ATR-FTIR spectroscopy, the respec-
tive impact on different preparation times and heating
parameters have not been reported to such detail. The
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data acquired will be further used and different data
treatment procedures mentioned in the introduction
[7-9, 11] will be applied. This will hopefully answer
which evaluation method yields the best results in
regards to the respective question.

While FTIR spectroscopy seems to be capable of
answer many important questions regarding the ageing
state of a binder, the results of the extremely high
heating temperatures (240 °C) highlighted a potential
disadvantage of FTIR spectroscopy, since it does not
provide spectral information whether the binder has
been excessively heated (spectra—not shown—but
they do not exhibit differences). However, it needs to
be kept in mind that this is very binder specific. While
this binder also did not show drastic smoking even at
240 °C, others can start even below 200 °C. Thus, to
validate this assumption, more samples would need to
be tested at 240 °C. Furthermore, it could be interest-
ing to investigate the rheological properties of such a
highly heated binder and see whether changes are
detectable when comparing 180 °C to 240 °C. This
could provide an answer whether the smoking of the
material causes significant changes on the mechanical
level which are not detectable by FTIR spectroscopy.
Nonetheless, it shows that temperature alone does not
have a significant impact on the formation of the two
oxidized species during the heating, when following
the presented parameters.

Discussing and reflecting the results of the second
part, the storage study, it can be said that specimen
storage can have a significant impact on the resulting
spectrum as surface oxidation triggered by light is
detected rapidly. This provides further insight into the
impact or sample storage reported earlier [16], espe-
cially in regards to different specification classes.
While it appears to be more or less independent of
specification class, the actual weather conditions
(daylight and sun light duration) can change this
oxidation rate significantly. Beside the overall strong
formation of carbonyls and sulfoxides an overall
intensity increase in the fingerprint region can be
detected. The findings recommend that bituminous
specimen should be stored in the dark immediately and
measured within an hour after preparation to induce no
further oxidation on the specimen surface which
ensures to reflect the actual ageing state of the material
investigated with ATR-FTIR spectroscopy. An over-
view of these concluding remarks can be found below.

5 Conclusion

This study shows results on how different heating
times and temperatures as well as storage times and
conditions can affect bituminous materials when they
are analyzed with ATR-FTIR spectroscopy. Four
binders from the same crude oil source and refinery
(hard-soft and a PmB) as well as two additional
70/100 penetration graded binders were investigated
in an unaged state and partly in the laboratory short-
and long-term ageing state.

These findings recommend heating small quantities
(~ 5 g) of bituminous binders (independent of spec-
ification class or modification) on a heating plate while
stirring for 5 min at 180 °C. This ensure proper
homogenization and ideal thermal monitoring which
will yield a good repeatability and low standard
deviation (threshold value of 0.005 considering min—
max normalization at the main aliphatic band and full
baseline integration with broad ranges). Alternatively,
the binder can be heated in a closed metal can inside a
ventilated oven for 5-10 min. Leaving the metal
container open can induce significant oxidation after
longer heating times and will reduce repeatability.
While the standard temperature used in this study
(180 °C) was sufficient to bring all binders into a well
workable state, a rather extreme temperature (240 °C)
did no show significant differences in the spectra. This
suggests that ATR-FTIR spectroscopy is not capable
to measure whether a bituminous material has been
heated too much.

Sample storage after preparation is a crucial
parameter, as surface oxidation can occur even after
one hour and are independent of the binder specifica-
tion class but more linked to external conditions like
daylight and sunshine duration during storage. Thus,
storage in the dark (cover with a metal lid) for a
maximum of 1 h before measurement on the ATR-
FTIR spectrometer is recommended.

While the investigations tried to cover as many
preparation parameters as possible, it needs to be seen
whether they applicable to other laboratories and
binders. Furthermore, topics like data evaluation have
not been dealt with in detail. Further evaluation of the
data by different approaches are planned in the future.
However, these recommendations should act as a basis
for handling bituminous materials prior to their
analysis and achieve a good repeatability as it becomes
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one if not the most established spectroscopic method
in the field of road engineering.
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