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Abstract. Asphalt binders remain exposed to aging from mixing and placement
operations throughout their service life. The aging process is a chemical event,
often known as oxidization, which hardens asphalt binders by causing changes
to their chemical compositions. Stiffening also occurs when they are modified
chemically to make them fit in certain environmental and loading conditions.
Aging can accelerate stiffening of the modified binders because of the simul-
taneous presence of the modifier and oxidizing agents. This study evaluates the
changes in the chemical fingerprints of asphalt binders in terms of their Satu-
rates, Aromatics, Resins, and Asphaltenes (SARA) fractions and Fourier
Transformation Infrared Spectroscopy (FTIR)—based functional groups. Two
selected performance grade (PG) binders (PG 64-22) modified with Polyphos-
phoric Acid (PPA) and Styrene Butadiene Styrene (SBS) have been subjected to
Rotational Thin Film Oven (RTFO) and Pressure Aging Vessel (PAV) aging.
Asphalt binders from two different crude sources modified with different per-
centages of PPA, SBS and a combination of PPA and SBS were considered in
this study. Due to the aging effects, the modified asphalt binders became
abundant in solid phase than the unaged binders at a lower modification level,
which in turn made the binders stiff. The changes in pattern were different for
binders from two different crude origins. The findings from this study can help
setting guidelines for level of chemical modification to asphalt binders.

1 Introduction

Asphalt binder is complex mixture of numerous hydrocarbons. The chemical com-
plexity of asphalt binder is inherited from the maturation of the ancient living organ-
isms, which is very susceptible to chemical oxidation by reaction with the atmospheric
oxygen. The oxidative aging causes a mass embrittlement of asphalt binder, which is
not desirable as far as the serviceability is the concern. Oxidation is also influenced a
great deal by the mineral aggregates that stay together with the asphalt binder in the
mixture and act like a mineral catalyst toward oxidation (Petersen 2009). Although,
oxidation is not the sole cause of the mass embrittlement of the asphalt binder, it is still
an area to be research on. The aging of asphalt binder happens when heat and air (i.e.
oxygen) are present together. The pavement temperature is usually higher than that of
the ambient temperature, since it absorbs all the heat around and thus becomes highly
susceptible to oxidative aging. The sensitivity of asphalt binder to oxidative hardening
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is widely variable with the asphalt source and its chemical compositions (Petersen
2000). The Zaca-Wigmore experimental road test is regarded as the classic demon-
stration of this source dependence (Hveem et al. 1959). This aging, though happens
during hot summer days, influences the low temperature susceptibilities of an asphalt
binder. A pavement with less elasticity is vulnerable to traffic loadings. Sometimes,
loading is not necessarily required for a crack to occur during the winter days.

An asphalt binder is often modified to achieve some rheological improvement both
in the cases of low and high temperature seasons. According to the National Center for
Asphalt Technology (NCAT), some of the specific reasons that justifies a modification
of asphalt binder includes stiffening binders and mixtures to minimize rutting and
softening the binders at low temperatures to improve the relaxation properties and
strain tolerance (King 1999). With that motive, asphalt binder is often supplied to the
highway agencies with chemical modification. Polyphosphoric Acid (PPA) and Styrene
Butadiene Styrene (SBS) are some of the modifiers that have long been used in asphalt
modification by refineries to achieve those above-mentioned superiorities. However,
with all these modification asphalt binder is in fact pushed a little further toward the
oxidative aging. The aging that might cause the hardening through molecular associ-
ation in an unmodified binder can get a head start with the stiffening effect of these
modifiers. It is very likely to expect the detrimental effects way before the termination
of the life of a pavement. Therefore, the effect of aging on chemically modified asphalt
binders are needed to be explored from an engineering point of view.

2 Literature Review

Asphalt binder is analyzed based on the family of like chemical compounds namely
SARA fractions due to its inherent chemical complexity from the crude parent. The
families are termed as Saturates (S), Aromatics (A), Resins (R), and Asphaltenes (A).
All these compounds stay together as a mixture. The molecules in the complex mixture
stay as agglomerates and bonded together by polar association forces such as hydrogen
bonding and dipole moments (Petersen 2009). As temperature increases, this polar
association forces gets weakened and broken and eventually increase the global
hardening of the asphalt binder. The saturates fraction is a light straw colored oil,
primarily hydrocarbon in nature and having a little aromaticity. The saturates fractions
highly resistant to ambient air oxidation (Corbett and Merz 1975). The other three
fractions remains at a trend of moving from more non-polar fractions to more polar
fractions. The oxygen containing functional groups are formed due to this oxidation
reaction. The amount of ketones that form due to oxidation is linearly related to the log
viscosity of the asphalt binder (Lee and Huang 1973; Epps et al. 1986). Although the
Asphaltenes fraction has been considered to be chemically inert by some researchers
(e.g., Rostler and White 1959), the data presented in many literatures indicates that
Asphaltenes are inherently extremely reactive with oxygen.

The aging of bitumen can be categorized into two groups. The main aging that
happen due to oxidation is a irreversible process and ends up resulting in changes in the
rheology of the binder. The other is termed as reversible one, which is the physical
hardening (Bahia and Anderson 1993). The physical hardening may be attributed to
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molecular structuring which implies that the reorganisation of bitumen molecules (or
bitumen microstructures) to approach an optimum thermodynamic state under a
specific set of conditions (Branthhaver et al. 1993). The bitumen aging is a very
complex process, which includes multiple variables as a aging contributor. The bitu-
men aging happens during the handling and storage operation as well as in field
exposure for a longer period. In storage tanks, the asphalt is kept heated all the time so
that it remains sufficiently fluid and ready to be used. The other variables that govern
the aging are the mix, nature of aggregates, and even the particle size distribution, void
content of the mix, production related factors, temperature and time. All these factors
operate at the same time making the process of aging very complex (Lu and Isacsson
2002).

PPA and SBS have long been used in asphalt modification by refineries while some
state departments of transportation (DOTs) have bans on PPA alleging it to be the
cause of some premature pavement distresses such as striping. However, PPA and SBS
have some beneficial implications too. PPA is an oligomer of H;PO,, which is obtained
through dehydration of H3PO, at high temperatures or by heating P,Os dispersed in
H5;PO,4 (Jameson 1959). SBS is an elastomer, which is frequently used in asphalt
modification. SBS increases the kinematic and dynamic viscosity values of asphalt
binders (Lu and Isacsson 1997). The aging induced the changes in the components of
base binder and degradation of the SBS modifiers (Wu et al. 2009).

The aging is an oxidation phenomenon and this oxidation causes the formation of
certain functional groups such as carbonyl and sulfoxides in asphalt binder (Lu and
Isacsson 2002). The degree of formation of carbonyl and the sulfoxide functional
groups can easily be identified using FTIR spectroscopy. Hossain et al. (2012) studied
FTIR-based functional groups that developed due to warm-mix additive modification
of. The FTIR gives signal with a peak at certain wavenumber values for certain
functional groups.

3 Objectives

The study focused on finding the effects of chemical modification at macroscale.
Asphalt binders from two different crude origins were analyzed for detecting the
change in chemical composition at different aging conditions and also the functional
groups that might occur upon both modification and aging. The objectives of this study
were as follows: (i) perform short-term and long-term aging of the sample binders;
(i1) measure the chemical composition of the both unaged and aged binders; (iii) detect
any functional groups using IR spectroscopy; and (iv) analyze and interpret the data to
observe any changes or pattern due to aging.

4 Materials and Methodology

Asphalt binder samples were collected from two approved suppliers of Arkansas
Department of Transportation (ArDOT). They supply binders that fulfill the PG
requirements as warranted by ArDOT. The unmodified and modified asphalt binder
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samples used in this study are listed in Table 1. The PPA used in modifying the asphalt
binders in this study was of 105% grade. The SBS was commercially available as
Vector Dexco 2411.

Table 1. Asphalt binder samples and the modification dosage

Sample name | Binder sources | Original binder + modification True PG
S1B1 S1 (Canadian) | PG 64-22 68-32

S1B2 S1 (Canadian) | PG 64-22 + 0.25% PPA 70-30

S1B3 S1 (Canadian) | PG 64-22 + 0.50% PPA 72-36

S1Bex S1 (Canadian) | PG 64-22 + 0.625% PPA Not measured
S1B4 S1 (Canadian) | PG 64-22 + 0.75% PPA 74-40

S1B5 S1 (Canadian) | PG 64-22 + 2.00% SBS 78-31

S1B6 S1 (Canadian) | PG 64-22 + 0.5% PPA + 2.00% SBS | 85-34

S2B1 S2 (Arabian) | PG 64-22 69-30

S2B2 S2 (Arabian) | PG 64-22 + 0.50% PPA 71-38

S2B3 S2 (Arabian) | PG 64-22 + 0.75% PPA 72-32

S2Bex S2 (Arabian) | PG 64-22 + 0.875% PPA Not measured
S2B4 S2 (Arabian) | PG 64-22 + 1.00% PPA 74-31

S2B5 S2 (Arabian) | PG 64-22 + 2.00% SBS 76-33

S2B6 S2 (Arabian) | PG 64-22+ 0.75% PPA + 2.00% SBS | 81-32

4.1 SARA Analysis

The SARA analysis was intended for determining the percentages of certain families of
chemical constituents in the tested asphalt binders. Any improvement in rheological
properties happens through certain alteration of chemical constituents, which lead to a
change in the percentages of chemical constituent fractions. The analysis was per-
formed in accordance with “ASTM D 4124-09: Standard Test Method of Separating
Asphalt into Four Fractions” (ASTM D4124-09 2009). The test specimen was put into
reflux with n-Heptane for at least 3 h. To start a reflux, an asphalt specimen weighing
2.00 £ 0.30 g was taken in a round bottom flask. For each grams of asphalt specimen,
100 mL of n-Heptane (HPLC grade) was added to it. A stirring magnet was put into the
flask. A Liebig condenser was fitted to the opening of that flask. The assembly was
fastened with a clamp and set on a heating bath containing silicone oil or sand minus
#20 US standard sieve. The heating bath was placed on hot plate and the temperature
was set at 200 £ 50 °C and the stirring was set at 300 == 50 rpm. This reflux operation
caused the highly polar or the most solid fraction (i.e. the Asphaltenes) to precipitate.
The n-Heptane dissolved the other three fractions except the Asphaltenes. Although the
standard recommended to use iso-Octane, it was not capable enough to entirely dis-
solve the specimen. Therefore, n-Heptane was used to get the entire specimen dis-
solved. The other three fractions are collectively termed as Maltenes. The Maltenes
were loaded onto a chromatographic column containing activated alumina (pH 9-10) of
particle size 50-200 pm and allowed to elute under gravity. The Maltenes came out in a
sequence as the Saturates, the Aromatics and the Resins. The Saturates fraction came
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first out of the activated alumina with n-Heptane. The napthene Aromatics fraction was
eluted with consecutive application of toluene and toluene:methanol (50:50) solvents.
A ultraviolet (UV) light of 366 nm wavelength was shined onto the column to monitor
advancement of the Aromatics fraction. A fluorescent band was progressing down.
After collecting all the fluorescent bands, the polar Aromatics or the Resins started to
elute. It was collected lastly with trichloroethylene. The Saturates was colorless. The
Aromatics was yellow or red in color while the polar aromatics or the Resins were
black in color. All the eluted fractions were completely dried using a rotary evaporator
and were reported as the percent fractions of the original sample. Sometimes a drying
with chloroform was required to escape all the solvents out of the eluted fractions.

4.2 Fourier Transform Infrared Spectroscopy

The FTIR test is a spectroscopy technique applied on an asphalt binder to detect the
presence or change in quantities of functional groups that might have occurred due to
the modification (Yildirim 2007). In this test, a vibrational Infra-Red (IR) light is
passed through the tested sample. When the natural vibrational frequency of a specific
molecule matches the frequency of the IR radiation, the molecule absorbs the energy
and increases the amplitude of the vibrational motion and detected as a peak in the
interferogram. In this study, disposable Real Crystal IR cards were used for preparing
the samples. The IR cards contained a KBr substrate. FTIR functions as a fingerprinting
tool such as the case of humans. In FTIR, the natural vibrations of the covalent bonds
among the molecules are exploited. Every type of bond has a certain natural frequency
of vibration. Two of the same type of bond in two different compounds can exist in two
slightly different molecular environments. Therefore, no two molecules of different
structures have the same IR absorption pattern, which serves as the fingerprint for that
specific compound (Pavia 2008). A Nicolet 8700 spectrometer was used in this study.
The data acquisition and analysis was done using the Omnic 6.2 software.

5 Results and Discussion

The percentages SARA fractions for all the binder samples have been reported in
Figs. 1 and 2 as stacked charts. Asphalt binder samples from the Canadian crude source
(Source-1) were high in Asphaltenes content than those from the Arabian crude source
(Source-2). Even though both binders were marketed as PG 64-22, the neat binder from
Source-2 (S2B1) had an Asphaltenes content of 13.2% and the neat binder from
Source-1 (S1B1) had an Asphaltenes content of 19.9%. On the other hand, S1B1 binder
had a low polar fraction (Resins) compared to S2B1.

The Asphaltenes fractions seemed to serve as a viscosity building component,
which resulted in an improved rutting resistance. Asphaltenes and Resins fractions are
the solid and nearly solid fractions respectively in an asphalt colloidal structure. The
overall strength is typically provided by the overall solid phase (Asphaltenes and
Resins combined) of the binder. Therefore, despite having a lower Asphaltenes content,
Source-2 binders were not poor in rutting resistance. Thus, despite having different
amounts of solid species, both were marketed as PG 64-22 binders with nearly similar
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Fig. 1. SARA fractions of Source-1 asphalt binders at different aging conditions
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Fig. 2. SARA fractions of Source-2 asphalt binders at different aging conditions

rutting resistances. As per Robertson et al. (2001), an increase in polarity results in an
increase in association and hence increases the stiffness. Source-2 samples had more
polar Aromatics (i.e. Resins), which ensured the polar environment. The amount of
PPA required to bump the PG from a neat binder could be observed in the test matrix
(Table 1). A little higher amount of PPA was required for Source-2 binder to bump one
PG grade than that from Source-1.
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Asphalt binders modified with SBS were different in composition from that of PPA
modified ones. In the case of Source-1 binders, Asphaltenes content remained the same
as that of the neat binder (Fig. 1). There was no noticeable effect on the Resins and
Aromatics contents either. Contents remained almost the same although the PG rose to
70-22. The addition of SBS did not take part in the transformation of compounds,
rather induced a different modification mechanism. The colloidal structure of asphalt
advocates such occurrence. When a polymer is added as a modifier, it is swollen by the
light Aromatics components from the parent bitumen (Kraus 1982). Asphaltenes and
polymers do not mix, but they create a phase separation, leaving the polymer swollen
by the Aromatics on one side and the Asphaltenes on the other side (Lesueur 2009).
Consequently, the colloidal matrix becomes depleted in Maltenes and hence enriched
relatively in Asphaltenes content. Thus, an Asphaltenes rich phase occurs and the
desired hardening is achieved. However, in the case of S2B5, the above-stated
mechanism was not noticeable. The constituent fractions were changed although there
was no externally added acid. The occurred change was somewhat like an acid mod-
ified binder. This could possibly be the effect of the inherent acidic environment of
Source-2 asphalt binders, which promoted the association of compounds and made the
conversion of Aromatics toward Asphaltenes easier. Although the neat binder from
Source-2 contained a lower amount of Asphaltenes, a 2% addition (same as that of
Source-1) of SBS resulted in a PG 70-22 binder. This occurrence could be attributed to
the continuous formation of Asphaltenes due to the inherently acidic environment,
which was detailed by the same authors in another article (Alam et al. 2017).

The combined effect of PPA and SBS (the polymer) is stated as synergetic and
contribute more efficiently in asphalt modifications (Lesueur 2009). The Asphaltenes
rich phase experiences a two-fold increase due to the combined effect. PPA causes
Asphaltenes to rise which is later reinforced by the addition of SBS. SBS causes the
“physical distillation” of the phases (Lesueur 2009). As evident in Figs. 1 and 2, both
S1B6 and S2B6 had an increased Asphaltenes and Resins contents that resulted in a PG
76-22 binder through the so-called physical distillation process.

The SARA fractions of unaged, RTFO-aged, and PAV-aged binder samples have
also been reported in Figs. 1 and 2. The only distinguishable thing was a change in
Asphaltenes content. The Asphaltenes content had increased upon the short-term aging
in the case of both binder sources. The changes in other fractions did not happen in any
consistent pattern and that is expected since the Asphaltenes are the final phase of the
constituent fractions. All other constituent fractions were either continuously fed by the
previous fractions or continuously contributing to the formation of the subsequent polar
fractions. Hence, the change in their constituent fractions was not consistent. However,
there was a small but consistent change in the Saturates content. The Saturates content
was reduced upon the RTFO-aging process. This phenomenon is analogous to the
reduction in the sample mass in the RTFO-aging process. Upon PAV aging
Asphaltenes content reached to a considerably higher percentage. The binders S1B6
and S2B6 were modified with the same amount of PPA as that of SIB3 and S2B3. In
B6 binders from both sources, there was SBS in combination with PPA. It is claimed
that SBS does not contribute to any sort of association process that might cause the
formation of more Asphaltenes or polar species.
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FTIR tests were conducted on both unaged and aged binder samples from both
sources. From the FTIR spectra it was revealed that neither of PPA and SBS modifi-
cation added any new functionality to the binder samples. The peak at certain
wavenumbers displayed a higher signal, which implied that the aging introduced some
increment in certain functional groups. Per Lamontagne et al. (2001), the change in the
quantities of the functional groups could be obtained using the following equations.

Carbonyl Index (C=0),

_ Area of the Carbonyl band around 1700 cm™!
" Area of the spectral band between 4000 cm—! and 650 cm~!

()

Ic—o

Sulfoxide-Index (S=0),

_ Area of the Sulfoxide band around 1030 cm™!
 Area of the spectral band between 4000 cm—! and 650 cm~!

)

Is—o

Tables 2 and 3 list the areas under the curves corresponding to the 1700 and
1030 cm™" peaks and the corresponding indices based on Eqs. 1 and 2. The carbonyl
index was the one that appeared in the spectra only after the PAV aging process. The
oxygen molecules from the air got attached to the carbons upon aging. In the process of

Table 2. Different indices obtained from FTIR spectra for Source-1 binders

Samples | Aging condition | Total area (4000-650 cm ') | Wavenumber | Wavenumber
(1700 cm™Y) | (1030 cm™ Y
Area |I (C=0) | Area |I (S=0)
S1B1 Unaged 1691.934 0.00 | 0.0000 | 11.33|0.0067
S1B2 1533.226 0.00 | 0.0000 | 7.58/|0.0049
S1B3 1904.361 0.00 | 0.0000 | 10.06 | 0.0053
S1B4 1212.173 0.00 | 0.0000 | 0.02|0.0000
S1B5 1772.973 0.00 | 0.0000 | 0.820.0005
S1B6 952.508 0.00 | 0.0000 | 0.00|0.0000
S1B1 RTFO-aged 1713.094 0.00 | 0.0000 | 6.82|0.0040
S1B2 2091.482 0.00 | 0.0000 | 8.57|0.0041
S1B3 1791.154 0.00 | 0.0000 | 8.760.0049
S1B4 1429.215 0.00 | 0.0000 | 4.34|0.0030
S1BS 1954.239 0.00 | 0.0000 | 8.870.0045
S1B6 2267.321 0.00 | 0.0000 | 9.66|0.0043
S1B1 PAV-aged 1323.595 2.48 | 0.0019 | 7.24|0.0055
S1B2 1578.001 2.63 | 0.0017 | 9.86|0.0062
S1B3 2077.899 2.93 [0.0014 |15.14|0.0073
S1B4 1965.288 2.22 [0.0011 |24.25|0.0123
S1B5 2218.208 477 10.0022 | 16.08|0.0072
S1B6 1726.161 2.52 10.0015 | 7.71]0.0045
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Table 3. Different indices obtained from FTIR spectra for Source-2 binders

Samples | Aging condition | Total area (4000-650 cm ™) | Wavenumber | Wavenumber

(1700 cm™Y) | (1030 cm™ Y

Area |1 (C=0) | Area | I (S=0)
S2B1 Unaged 1656.524 0.00 | 0.0000 | 4.16|0.0025
S2B2 1470.115 0.00 | 0.0000 | 2.86(0.0019
S2B3 1811.484 0.00 | 0.0000 | 6.75|0.0037
S2B4 1817.391 0.00 | 0.0000 |10.590.0058
S2B5 2013.758 0.00 | 0.0000 | 4.66|0.0023
S2B6 2149.632 0.00 | 0.0000 | 5.530.0026
S2B1 RTFO-aged 1723.880 0.00 | 0.0000 | 7.290.0042
S2B2 2010.876 0.00 | 0.0000 | 7.260.0036
S2B3 1205.605 0.00 | 0.0000 | 3.980.0033
S2B4 1470.358 0.00 | 0.0000 | 5.440.0037
S2B5 1660.154 0.00 | 0.0000 | 4.97 0.0030
S2B6 1775.001 0.00 | 0.0000 | 8.31|0.0047
S2B1 PAV-aged 1000.137 0.97 | 0.0010 | 7.160.0072
S2B2 1662.012 1.43 10.0009 | 7.56|0.0045
S2B3 1843.490 1.45 10.0008 |10.920.0059
S2B4 1795.892 1.37 1 0.0008 | 13.08 | 0.0073
S2B5 1242.380 1.38 [0.0011 |11.43{0.0092
S2B6 1791.672 2.16 [0.0012 | 7.86|0.0044

aging, the oxidation, dehydrogenation and crosslinking reactions occur at the same time
(Siddiqui and Ali 1999). This occurrence leads to the appearance of more carbonyl
(C=0) and sulfoxide (S=0O) groups. Both the carbonyl and the sulfoxide indices
increased upon the PAV aging. Like the Source-1 binders, both the carbonyl and
sulfoxide indices increased upon aging. The carbonyl group was only visible for the
PAV aged binders.

6 Conclusion and Recommendation

The Canadian crude binders were high in Asphaltenes fraction, whereas the Arabian
Crude binders were much lower in the Asphaltenes content. However, both binders met
the required Performance Grade (PG) specifications. The solid fraction alone does not
contribute in the physical properties rather a combination of all the components
implement changes in the physical properties of an asphalt binder. The required amount
of PPA to cause a grade bump for Arabian crude source binders was higher than that of
the Canadian crude source binders for similar grade bumps. It implies the influence of
crude origin in setting up a binder modification methodology. The FTIR test data
revealed that PPA modification did not introduce any new functional groups in the
asphalt binder samples. Only the short-term and long-term aging caused the increase in
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certain functional groups especially the species that respond to oxidative aging. The
recommended action for an asphalt binder to have the enhanced capability of sustaining
severe aging could be making the binder deficient of polar species. This action could be
performed either by taking out the highly polar fractions or adding the some less polar
oil fractions like Aromatics from. This could prolong the saturation of the binder’s
colloidal structure and thus delay the aging.
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