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Evaluation of chemical composition and physical properties of
bituminous binders and fractions

Panos Apostolidis 2 and Laurent Porot P
aSection of Pavement Engineering, Faculty of Civil Engineering and Sciences, Delft University of Technology, Delft,
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ABSTRACT ARTICLE HISTORY
Bituminous binders are foreseen as colloidal dispersed systems charac- Received 1 December 2022
terised by high chemical complexity containing a plethora of molecules ~ Accepted 19 March 2023
classified into maltenes and asphaltenes. The effect of these fractions KEYWORDS

on the overall response of bituminous binders remains elusive. This bitumen; binder; asphalt;
research selected two binders from the same refinery but with different dynamic shear rheometer;
paving grades. First, Dynamic Shear and Bending Beam Rheometers were Fourier transform infrared;
employed to assess their rheological properties, and results were consis- differential scanning
tent with the physical measurements conducted on binders to address calorimetry

low to high temperature rheological response. Then, the binders and

their fractions were individually analysed in a Fourier transform infrared

spectroscopy and differential scanning calorimetry to elucidate their chem-

istry associated with the structural changes. No significant difference could

be noticed in the infrared spectra of binders, even if they displayed diverse

physical properties. Differences may be identified in asphaltenes, an obser-

vation which is also supported by calorimetric measurements where steric

hindrance occurred upon heating. Maltenes contributed significantly to the

glass transition of both binders, while the impact of asphaltenes on the

heat capacity changes in glass transition was limited. The findings from this

research could be used to establish a new analytical approach for bitumi-

nous binders to understand the differences in the physical properties of

binders based on their chemistry.

Introduction

The advent of polymers and liquid additives as modification technologies and the comprehensive
research to understand the chemistry and morphology of bituminous binders have been among the
critical advances in pavement engineering of the past decades (Adams et al., 2019; Lesueur, 2009).
Recent studies have contemplated making specific changes to the endogenous species and frac-
tions of binders to enable targeted alterations on their colloidal structure. The bituminous binders
are foreseen as colloidal dispersed systems characterised by high chemical complexity containing a
plethora of molecules, classified based on their differences in polarity and solubility into maltenes
and asphaltenes (Corbett, 1969; NASEM, 2017). The asphaltenes contain the heaviest poly-condensed
naphtheno-aromatic substances associated mainly with heteroatoms (i.e. O, S and N) in the cycles or
peripheral substituents with molecular weight from 1000 to 100,000 Da. It is believed that these sub-
stances are responsible for the formation of supramolecular structures of high practical potential, such
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as hybrid nanomaterials (Kamkar & Natale, 2021; Schuler et al., 2020). Maltenes are sub-divided in sat-
urates, aromatics, and resin groups based on their polarity and form the medium where asphaltenes
are dispersed. Saturates are straight and branch aliphatic chains having small aromatic rings, non-polar
and viscous like oil, including wax and non-waxy saturates. The aromatics are molecular compounds
in the range of 300-2000 Da and are present in a larger proportion. The resins are solid or semi-solid
polar and strongly adhesive with molecular weight between 500 and 50,000 Da (Hunter et al., 2015).
Nevertheless, an in-depth understanding of the effect of individual fractions on the thermal properties
associated with the structural changes of bituminous binders remains elusive.

The phase morphology of bituminous binders is determined by the structural transitions between
the various substances under different conditions. These transitions are grouped into structural and
relaxation. On the one hand, the structural changes, over temperature, from less ordering to more
ordering conditions are recognised as a phase transition. On the other hand, the relaxation transition
reflects the material state through relaxation time and external action. Both formation mechanisms
of colloidal dispersion structures of binders can be identified by conducting studies in differential
scanning calorimetry (DSC). Especially, the glass transition temperature, which is the temperature that
corresponds to the transition region from an amorphous to a glassy state, and the melting point tem-
perature of asphaltenes, derived from vacuum residues, have been determined as 294°C and 452°C,
respectively (Kopsch, 1994). Interestingly, other studies in asphaltenes of different geological origins
have displayed different DSC thermographs reporting different glass transitions (Evdokimov & Losev,
2010; Masson et al., 2002; Yasar et al., 2007; Zhang et al., 2004). Energy changes of various intensities
are also observed in the heat flow curves of asphaltenes and the corresponding bituminous binders.
According to Masson et al. (2005), the energy changes of the asphaltenes upon heating are depen-
dent on the annealing time, reflecting the isotropization of ordered amorphous components in these
substances. It was reported in the same study that the isotropization of the asphaltenic mesophase,
or the segregation of asphaltenes in the maltenic phase, occurs at 40-50°C, and the steric hindrance
below 60°C. Nevertheless, the steric hindrance, a consequence of steric effects arising when atoms
come close together, is a phenomenon not well studied in bituminous binders. Note that the steric
effects are inter- and intra-molecular (nonbonding) interactions dominated by steric repulsive forces,
which manifest the shape and reactivity of interacting molecules. For instance, increasing the number
and/or size of alkyl side groups attached to the carbon backbone, more steric hindrance is caused,
leading to slower reaction rates.

The overall scope of this study was to examine the potential impact of the chemical composition
of bituminous binders on the physical properties. Although previous studies investigated the rela-
tionships between the different chemical fractions and the rheology of bituminous binders, limited
research was performed on elucidating the influence of the chemistry of fractions on the physical
properties, such as glass transition and heat capacity, of binders of different grades. The next section
presents the materials and characterisation methods employed to reach the objective of this study.

Materials and methods

Two binders of classes 35/50 and 70/100 according to EN 12591, labelled Bitumen-1 and Bitumen-2,
respectively, were used in this study. They came from the same refinery but with different paving
grades. Conventional physical properties of these two binders, particularly the properties with pen-
etration value at 25°C (for intermediate temperatures, EN 1426), softening point temperature (for high
temperatures, EN 1427), and Fraass Breaking point temperature (for the low temperature cracking
susceptibility, EN 12593) were measured and are reported in Table 1, indicating that Bitumen-1 was
‘harder’ than Bitumen-2. Performance Grade (PG) classes are also included in the table as used in North
America for purchase specification, resulting from additional characterisation.

In addition to the conventional physical properties, characterisation was conducted using a
Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) to address low, intermediate,
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Table 1. Properties of studies binders.

Penetration value Softening point Frass breaking
Sample at 25°C [x0.1-mm] temperature [°C] temperature [°C] PG
Bitumen-1 39 54.4 -12 70-22
Bitumen-2 85 45.8 —15 64-22

and high temperature behaviour. Firstly, DSR was run at a fixed frequency of 10rad/s, in a tempera-
ture ramp of 6°C/min between —20 and 80°C, on a single testing geometry of 10-mm parallel plate
and 2.5-mm gap height (Porot, 2019; Porot et al., 2020). The lower temperature tests were run in stress
control, and the higher temperature was in strain control. While it may differ from other standardised
testing methods, this experiment allows one to run the measurement in one single test and generate
a continuous dataset, avoiding using shifting functions when building master curves (Porot, 2019).
Moreover, BBR tests were employed to determine the low temperature properties (AASHTO M313).
These tests were run on aged binders after RTFOT follow by PAV. Two different temperatures were
used, —12 and —18°C for Bitumen-1 and —18 and —24°C for Bitumen-2, to match as close as possible
the criteria for stiffness of 300 MPa and m-value of 0.3.

As mentioned earlier, bituminous binders are subdivided into two fractions: asphaltenes and
maltenes. Based on the polarity, the latter can be further separated into saturates, aromatics, and
resins. Recent studies have considered these fractions of maltene and asphaltenes to provide valu-
able insights into the chemical makeup of binders and the relationship between their fractions and
mechanics (Eberhardsteiner et al., 2015; Hofko et al., 2016; Sakib et al., 2020; Sultana & Bhasin, 2014;
Wangetal, 2021).In this research, a simple fractionation approach was adopted by emphasising exclu-
sively asphaltenes and maltenes in assessing the chemistry and the thermal properties associated with
the structural changes of binders. From both binders, the asphaltenes were obtained by precipitation
in n-heptane, and the maltenes were recovered from the solvent afterward (ASTM D3279). The frac-
tional composition of binders was respectively 15% asphaltenes and 85% maltenes for Bitumen-1 and
13% asphaltenes and 87% maltenes for Bitumen-2.

Fourier Transform Infrared (FTIR) spectroscopic analyses were performed in the samples in Attenu-
ated Total Reflectance (ATR) mode to analyse the binders and their fractions chemically. The FTIR-ATR
technique is powerful in characterising the chemical species of bituminous binder by identifying the
various incorporated functional groups (Branthaver et al., 1993; Petersen, 1986). Proper model fitting
also provides consistent and reliable information on specific fingerprints for bituminous binders (Porot
etal., 2023). In this research, the measurement was run between 4000 and 600 cm ™~ with 64 scans and
4cm~ ! resolution (Hofko et al., 2018; Mirwald et al., 2022). Note that asphaltenes used for chemical
analyses in FTIR were in a solid state and stored in a sealed black tube in the dark. Applying a load
on the asphaltene samples before running the measurement is needed to ensure sufficient contact
surface on the crystal and obtain a stable signal for reliable results.

Finally, calorimetric analyses were performed on the binders and their fractions using a tempera-
ture modulated DSC (TM-DSC) to elucidate further the thermo-kinetics phenomena associated with
the structural change of binders. The thermal properties of all samples were measured with a TM-DSC
in a nitrogen flow of 50 mL/min. Firstly, the samples (6-10 mg) were heated at 165°C for 5 min. After-
ward, they were cooled down at a rate of 2°C/min to —60°C, equilibrated at this temperature for 5 min
and then heated to 300°C at 2°C/min, with 0.5°C temperature modulation of sawtooth mode every
60 s. This temperature modulation was based on a periodical step-scan signal superimposed on the lin-
ear temperature changes yielding a heating profile. All the C, calculations were performed using the
StepScan function in Pyris software (PerkinElmer). The glass transition temperature (T,) values were
determined as the temperature at the half-height between the heat capacity of onset and endpoint of
the glass transition region. With the TM-DSC, it is possible to separate kinetic processes and glass tran-
sitions by separating the overlapping reversing and non-reversing structural thermal processes upon
temperature modulation of a heat flow. More details about TM-DSC and its importance in obtaining
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Figure 1. DSR shear stiffness modulus over temperature of studied binders.

accurate thermographs are provided in (Apostolidis et al., 2021). Three TM-DSC scans were performed
for each binder and on asphaltenes and maltenes alone.

Results and discussion
Rheological analyses of binders

Figure 1 displays the shear modulus for binders as measured via DSR. The bold points were on the
upper part for the cross-over parameters and the lower part for the equi-modulus at 15 kPa. The out-
comes are consistent with the conventional physical properties, and Bitumen-1 was concluded to be
‘harder’ than Bitumen-2. The cross-over parameter, which indicates intermediate temperature, corre-
sponds to the 45° phase angle as the transition between elastic to viscous predominant behaviour. The
temperature at equi-modulus of 15 kPa is also foreseen as an indicator of high temperature, showing
a relatively good correlation with softening point temperature for both neat and modified binders
(Alisov et al., 2020; Radenberg & Gehrke, 2016). The difference between both binders was almost a
parallel shift by about 8°C.

Figure 2 shows the BBR results for binders after RTFOT+PAV conditioning. In both cases, the critical
temperature was driven by continuous stiffness temperature with a difference between stiffness and
m-value temperatures of 1.6°C for Bitumen-1 and 1.9°C for Bitumen-2. The results are consistent with
the Fraass Breaking Point temperature from Table 1, even though the latter was performed on original
binders with no aging conditioning. The Bitumen-2 showed a lower BBR temperature.

Chemical compositional analyses of binders and fractions

The scope of the chemical analyses using FTIR-ATR was to provide insight and understanding of func-
tional groups in binders and their fractions by evaluating the infrared (IR) spectra. Firstly, FTIR was run
on the binders to achieve this goal. Figure 3 displays the IR spectra for both binders. Only in the part
where the significant spectra are shown, above 3100 cm™" and between 2700 and 1800cm~’, the
spectra did not show significant peaks. The wavenumbers in the region greater than 3000 cm~" are
assigned to aromatic C-H stretching, with the position of bands to be associated with the number of
rings in aromatics. As expected, the highest absorption intensity was observed in the region between
2700 and 3100cm™". Also, a different scale for absorption was used between 1800 and 600cm™'
to improve the visualisation of IR spectra differences. Both spectra almost perfectly overlapped at
this point, and no significant difference can be noticed even if they displayed different rheological
properties.
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Figure 3. IR spectra of studied binders.

In a second step, analyses were performed on the bituminous fractions with precipitated
asphaltenes and recovery maltenes. Figure 4 shows the comparison for Bitumen-1 between the binder
and its fractions. All IR spectra displayed the same peaks but not necessarily the same absorption
intensity. The asphaltene peaks were evenly spread along the spectra, while the maltenes still dis-
played higher peaks in the 2900 cm™" region. Also, the maltenes overlapped the binder in almost all
bands, with the aliphatic groups (e.g. methyl, methylene, and methine) in the region between 3000
and 2750 cm~! being the far highest one. The bands at about 2920 and 2850 cm™" are assigned to the
asymmetric stretching of methylene and the symmetric stretching of methylene, respectively. With
the asphaltenes of Bitumen-1 (i.e. Asphaltene-1), the bands were more spread with generally lower
absorption intensity for the aliphatic groups as compared to the binder. The low absorption level may
also be biased because asphaltene is in solid powder form - it may result in air voids at the contact
surface to the ATR unit. The same attribute was observed on Bitumen-2 and elsewhere (Lu et al., 2021).

Figure 5 compares the asphaltenes and maltenes from both binders separately. The IR spectra were
almost superposed, although the appeared band near 1014cm™" was sharper and more predomi-
nant for the asphaltenes of Bitumen-2 (i.e. Asphaltene-2). The 1014cm~" band is attributed to C-H
in-plane bending of aromatics and asymmetric C-O-C stretching of a mixture of (alkyl/aryl) ethers
(Asemani & Rabbani, 2020) and is also associated with sulfoxide. In other words, Asphaltene-2 poten-
tially contains aromatic rings attached to a mixture of ethers (alkyl and aryl) or sulfoxide. To this end,
these compounds may be the reason for observing steric hindrance in Asphaltenes-2 in the next sub-
section. Note that the C-H in-plane bending bands of aromatics appear as several bands from weak
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Figure 4. IR spectra of Bitumen-1 and its fractions.
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Figure 5. IR spectra of (a) asphaltenes and (b) maltenes from both binders.

to medium intensity in the region between 1200 and 800 cm~', and their position and intensity are
associated with the pattern of the substitutions in aromatic rings (Smith, 1998).

Calorimetric analyses of binders and fractions

The DSC thermograms over heating of two binders and their corresponding fractions are shown in
Figures 6-8. Especially, as shown in Figure 7, for Bitumen-1, the binder and its maltenes showed similar
calorimetric signals in the temperature range studied with the T, of maltenes (—18.0°C) to be lower
than of the binder (—16.5°C), manifesting the ductile behaviour of maltenes comparing to the binders.
The fact that binders consist of mixtures of maltenes and asphaltenes also reflects the impact of the



ROAD MATERIALS AND PAVEMENT DESIGN 7

Bitumen-1
2.00
T, , half Cp extrapolated : -16.5°C
— 150
g; Bitumen-2
S,
OQ.
1.00
T, , half Cp extrapolated : -19.9°C
0.50

-60 -40 -20 0 20 40 60 80 100 120 140 160
Temperature [°C]

Figure 6. Heat capacity curves of studied binders over heating.

later fraction on the glass transition of binders. Nevertheless, no clear glass transition was seen in the
heat capacity, C, curves of asphaltenes, as shown in Figures 7(b) and 8(b).

The T4 values obtained from the C, curves of Bitumen-1 and its maltenes were higher than those of
Bitumen-2 and its maltenes. This attribute is linked to the fact that Bitumen-2 was a ‘softer’ binder than
Bitumen-1. In general, the T can be used as an indication of the brittleness of bituminous binders.
A binder with high Ty is a brittle material prone to low-temperature thermal cracking and, thus, a
high Fraass breaking point or BBR temperature. Thus, the maltenes are expected to show lower Ty
values than binders, as these fractions contain light hydrocarbons without heavy molecules, such as
asphaltenes.

Important information about the structure of binders and their fractions is also provided by the C,
change over the glass transition, AC,. The G, is defined as the amount of heat supplied to a mate-
rial to produce a unit change in its temperature. On the one hand, the AC, values of Bitumen-1
(0.24 J/(g-°C)) were identical to those of its maltenes (0.24 J/(g-°C)), indicating the limited influence
of asphaltenes on the ACp. On the other hand, a significant difference in the AC,, values was observed
between Bitumen-2 (0.29 J/(g-°C)) and its maltenes (0.35 J/(g-°C)) upon heating. Thus, it can be said
that asphaltenes may play a role in structuring the Bitumen-2. Here, the glass transition attribute of
asphalt bituminous binders is considered similar to the glass transition of an amorphous liquid. In this
way, the structural state of binders could be reflected by their relative size of the repeat units. The size
of these units can be estimated by calculating the ratio of AC, of a mole of the mobile repeat unit of
an amorphous liquid (ACp, ), Which is approximately 11 J/(mol-°C) (Wunderlich, 1960), to AC, of the
material of interest.

The relative size of mobile repeat units of Bitumen-2 and its maltenes was 37.8 and 31.8 g/mol,
respectively, indicating the weight of constituent units, which are covalently linked or (nano)-
aggregated in a solution. Interestingly, the size of units of Bitumen-1 (46.6 g/mol) and its maltenes
(46.2 g/mol) was larger than that of Bitumen-2. It is believed that the large repeat units of Bitumen-1
could reflect that the latter (Tg: —16.5°C) was a stiffer and more brittle binder than Bitumen-2 (Tg:
—19.9°C). Note that the values of the relative size of mobile repeat units cannot be considered as
the average molecular weight of the material, such as 300-1000, 750, and 500 g/mol of bituminous
binders, petroleum, and coal asphaltenes, respectively (Mullins, 2010).

The Ty and AC, values and the ratios of ACps of all materials during heating and cooling are
recorded in Table 2. The Ty and AC, values of both binders and their maltenes were higher in cooling
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Figure 7. Heat capacity curves of (a) Bitumen-1 and Maltene-1, and (b) Asphaltene-1, over heating.

scans due primarily to thermal lag in the samples. Also, the glass transition of asphaltenes was hard
to be revealed from the C,, curves. Thus, further analyses of heat flow curves of the asphaltenes were
conducted to elucidate the thermo-kinetics of these materials.

In Figure 9, a broad heat flow exotherm of Asphaltene-2 is revealed from 50 to 110°C, reflecting the
steric hindrance of asphaltenes upon heating. For the 50-110°C range, the total exotherm, or heat flow
released, in the heat flow curves of asphaltenes was —86.8 J/g upon heating and not apparent upon
cooling, an attribute observed elsewhere as well (Chailleux et al., 2021; Ganeeva et al.,, 2014; Masson
etal, 2005; Michon et al., 1999). The Ty and AC,, values are given in Table 2.

The energy change events observed in the asphaltenes of Bitumen-2 (Asphaltene-2) in Figure 9
might be associated with the presence of aromatic rings attached to a mixture of ethers (alkyl and
aryl) or sulfoxides, as observed from the chemical composition analyses in this research. In the case of
the aromatic rings with ether content and alkyl side groups, a possible explanation is that the steric
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Figure 8. Heat capacity curves of (a) Bitumen-2 and Maltene-2, and (b) Asphaltene-2, over heating.

Table 2. Thermal properties of studied binders and their fractions.

Sample DSCrun Ty [°C] AG, [J/(g-°0)] ACp et/ ACp [g/mol]
Bitumen-1 heating —-17.3 0.24 46.6
cooling —16.0 0.38 289
Maltene-1 heating —18.0 0.24 46.2
cooling —16.4 0.39 283
Asphaltene-1 heating
cooling
Bitumen-2 heating —22.0 0.29 37.8
cooling —18.5 0.33 335
Maltene-2 heating -21.0 0.35 31.8
cooling —19.2 0.40 273
Asphaltene-2 heating
cooling

hindrance observed in Asphaltene-2 might occur due to the excessive intermolecular repulsive forces,
preventing further aggregate growth. Considering the above, the large ether content containing alkyl
side groups in Asphaltene-2 could reflect the large solubility of this fraction, which might have been
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Figure 10. Yen-Mullins model demonstrating the dominant molecular architecture and colloidal structures for asphaltenes with
peripheral alkanes.

the reason for selecting Bitumen-2 for polymer modification elsewhere (Apostolidis et al., 2021). Note
that asphaltenes of low solubilities, like the large molecules of Asphaltene-1, have a more exposed aro-
matic core with fewer alkyl side groups and, subsequently less intermolecular attraction in the interior
and steric repulsion on the periphery. This attribute is well explained by the Yen-Mullins model dis-
cussed in (Mullins, 2010; Mullins et al., 2012) and shown in Figure 10. Nevertheless, asphaltenes are
still enigmatic substances and only by investigating their molecular structure and size it is possible to
understand their origin and chemical/physical processes involved in the formation of nanoaggregate
architectures.

Conclusions

The objective of this research was to examine the differences in the physical properties of bitumi-
nous binders based on their chemical composition. Two binders from the same refinery but with
different paving grades were selected in this research, and their asphaltene and maltene fractions
were separated by precipitation. After conducting rheological analyses, the binders and their fractions
were individually evaluated using Fourier transform infrared spectroscopy and differential scanning
calorimetry.

Rheological results were consistent with the conventional physical measurements conducted on
binders to address low to high temperature rheological behaviour. The binder with the higher con-
tent of asphaltenes has shown higher stiffness, BBR temperature, and glass transition temperature,
suggesting that any difference in ratio between asphaltenes and maltenes could lead to differences
in the binder behaviour.

From the chemical compositional analyses, it is challenging to correlate the physical properties of
bituminous binders with their infrared spectra. Nevertheless, asphaltenes and maltenes displayed dif-
ferent spectra in band intensity, especially near 1014 cm™". This attribute dictates that the asphaltenes
of the soft binder might be rich in large-fused aromatic rings with significant alkyl carbon content
or sulfoxide. This observation is supported by calorimetric measurements where steric hindrance
occurred in the same asphaltenes upon heating.

Comparison of heat capacity and heat flow curves of binders and their fractions have shown that,
on the one hand, maltenes contribute significantly to the overall glass transition behaviour of binders
as they form the medium where asphaltenes are dispersed. The asphaltenes considerably also affect
the steric hindrance, but the extent of influence is highly related to the solubility of asphaltenes. Note
that the impact of asphaltenes on the heat capacity changes in glass transition was limited.
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While this research investigated the contribution of asphaltenes and maltenes to the physical prop-
erties of bituminous binders, further work is needed to examine the differences in the chemistry of
binders from different refineries. The present findings from this research could be used as a first step
to establish a new analytical approach for bituminous binders toward understanding the physical
properties difference of binders based on their chemical composition.
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