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ABSTRACT: Asphalt is subjected to aging, leading to physical and chemical
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modifications reducing its performance. Recently, the Western Research e |
Institute developed the SAR-AD method that allowed the separation of e || PAV aging
asphalt into eight fractions (saturates, aromatics 1, aromatics 2, aromatics 3, o AN\ |

resins, asphaltenes 1, asphaltene 2, and asphaltenes 3). In this work, this ° ‘DISARZ-DAD B %
analytical method was used to study asphalt aging processes in greater detail.

Several asphalts of different origins and reconstituted blends were studied.
These products were aged during several durations using a PAV (pressure
aging vessel) between 0 and 48 h to collect information on the evolution of
each SAR-AD fraction. Different evolutions were observed according to the
initial asphalt composition and SAR-AD fraction studied. The saturated
subfamily seemed to be slightly impacted by aging. The amount of three
aromatic subfamilies decreased with a larger decrease of aromatics 3 than
aromatics 2, itself larger than aromatics 1. The content of the resin subfamily increased after 48 h of PAV aging. The asphaltene 1
and asphaltene 2 subfamilies exhibited an increasing trend. Moreover, the quantity of asphaltenes 2 created seemed to correlate to
the initial asphaltene content. The evolutions of the asphaltene 3 subfamily were not significant. However, a specific behavior was
highlighted for the most asphaltenic sample. For this specific sample, the increase of resin content was weaker, the mass of
asphaltenes 1 decreased, and the amount of asphaltenes 3 increased during aging. Given the large amount of data generated, an
original approach was developed to statistically identify the most affected SAR-AD subfamily and determine correlations among
them. Two PCAs (Principal Component Analysis) were conducted on asphalt SAR-AD data. This statistical analysis indicated two
generic asphalt aging pathways. The first aging pathway could be the conversion of aromatics 2 into resins, with no evidence that
resins could contribute to asphaltene creation. The second aging pathway showed the conversion of aromatics 3 directly into
asphaltenes 2. These two aging pathways highlighted that the conversion of molecules in more polar ones during aging could skip
SAR-AD subfamilies, meaning that asphaltenes could be created without involving resins.

Determination of
aging pathways

B INTRODUCTION

Asphalt is a black viscoelastic material, often described as the
least volatile fraction of petroleum. Due to its remarkable
waterproofing and adhesive properties, it is successfully used in

road service. For the chemical characterization of aged asphalt,
several analytical techniques can be used. Elementary analysis®
quantifies five principal atoms (CHNOS) of an asphalt sample
and metal traces (vanadium, nickel, etc.) that can play a

paving. Considering durability and sustainability, there has
been much interest in asphalt aging. Many investigations have
been performed to develop a better understanding of aging
phenomena. Previous studies reported that this process
generally impacts the physical performance of asphalt, as it
results in asphalt hardening and eventually in excessive
cracking."”> However, the susceptibility to aging depends on
the chemical composition of asphalt. The composition is
directly linked to crude oils used in its production. The
physical damage was proven to be linked to chemical
composition evolution.™”

A detailed understanding of chemical composition evolution
during asphalt aging remains difficult due to the complexity of
the asphalt matrix. To better understand aging, the pressure
aging vessel” (PAV) is often used to age samples in the
laboratory. It simulates asphalt oxidation after several years of
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catalytic role during aging.”® High-resolution mass spectrom-
etry is useful in determining the detailed elementary
composition and the molecular structure of compounds
present in asphalt.”'’ The most common spectroscopic
technique used to assess aging impact is infrared spectroscopy.
It monitors the evolution of specific functional groups during
aging, specifically of oxygenated functional groups such as
carbonyls, ketones, acids, or sulfoxides.''~'> Two chromato-
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Table 1. Basic Physical Properties, Wax, and Asphaltene Contents of the Six Native Asphalt

asphalt

test method unit A B C G S E
penetration at 25 °C EN 1426 mm/10 72 81 90 77 70 115
softening point EN 1427 °C 474 46.4 46.0 48.0 48.0 46.2
kinematic viscosity at 100 °C EN 12,596 mm?/s 2558 2413 2935 2056 4464 507
density EN 15,326 g/cm? 1.020 1.018 1.036 1.027 1.037 0.990
wax content PR T66-067 wt % 3.8 4.6 3.9 5.2 0.7 8.8
asphaltene content NF T60-115 wt % 6.6 8.7 12.3 10.2 15.6 1.7

graphic techniques typically employed to study asphalt aging
are gel permeation chromatography (GPC) and thin-layer
chromatography combined with flame ionization detection
(TLC-FID). GPC'®™'® tracks the increase in apparent
molecular weight during aging due to the formation of
aggregates. TLC-FID'"'**° was used to separate and quantify
the relative amount of the four major molecular families. A
similar quantification can also be obtained using the saturates,
aromatics, resins, and asphaltenes (SARA) separation method
developed by Corbett.”' Recently, an original technology was
developed by the Western Research Institute, SAR-AD.* Itisa
high-performance liquid chromatography method allowing the
separation of asphalt into 8 molecular families instead of 4
using the common SARA separation. In fact, the SAR-AD
allows the subdivision of each aromatic and asphaltene SARA
fraction into 3 new subfamilies. As with the SARA method, a
saturated subfamily is separated, mainly composed of long
aliphatic chains.”*** Then, the aromatics 1, 2, and 3, mostly
composed of aromatic rings, are recovered. The number of
rings (between 1 and S) increases from aromatics 1 to
aromatics 3. Moreover, a low amount of heteroatoms can be
measured in aromatics 3, leading to the highest polarity of the
three aromatic subfamilies. The resin subfamily, also recovered
with the SARA separation, is more polar than the aromatic
subfamilies. The resins have a chemical structure close to that
of aromatics 3, but they contain a larger amount of
heteroatoms. The last three subfamilies separated by the
SAR-AD are asphaltenes 1, 2, and 3. Typically, they are highly
polycondensed molecules and contain a large amount of
heteroatoms (nitrogen, oxygen, and sulfur).

All of these analytical techniques previously presented allow
the evaluation of the impact of aging on asphalt chemistry and
have been used in many studies. Mirwald*>*° studied the aging
impact on the SARA fraction and observed that the aging
process chemically results in an increase in average polarity.
The polarity increase varies with the aging method used and
asphalt origin. Generally, the content of saturates during aging
exhibited a very slight decrease, while the aromatic fraction
content showed a drastic decrease. The amount of asphaltenes
increased due to the oxidation of less polar molecules. The last
SARA fraction of asphalt is the resins, which have a polarity
between that of aromatics and asphaltenes. Usually, the
amount of resin increases during aging. Nevertheless, Hung
and Fini*” pointed out that resins could also exhibit a different
evolution throughout the aging period. In their work, the
amount of resin initially decreased during aging, followed by an
increase at a later stage. The use of the SAR-AD can permit
investigation into the evolution of the three aromatic and
asphaltene subfamilies, potentially providing additional insights
into chemical changes of saturates, aromatics, resins, and
asphaltene content compared to using the SARA separation
methodology. As a consequence of this, a finer understanding
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of aging impact can be developed, allowing the identification of
the transfer of molecules from one subfamily to another.

Multivariate analyses, such as principal component analysis
(PCA), have recently been used in asphalt fields. For instance,
PCA was recently used to identify the source of asphalt from
attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra.”®*” PCA can also be used to study asphalt
aging. For instance, Margaritis et al.*® used PCA on chemical
and rheological data of reclaimed asphalts to evaluate their
aging states. Lacroix-Andrivet et al.” applied PCA to high-
resolution mass spectrometry data to classify asphalt according
to its PAV aging state and origin. PCA appears to be an
interesting statistical tool to provide a better understanding of
aging impacts on the evolutions of SAR-AD subfamilies.

In this study, an original approach was proposed to
investigate molecular conversion from one SAR-AD subfamily
to another subfamily during PAV aging.

Six asphalts of different origins were selected to cover a large
range of initial asphaltene contents from 1.7 to 15.6 wt %. The
maltenic fraction (saturate, aromatic, and resin fractions) of
three of them was separated and collected by precipitation in
n-heptane. Furthermore, five asphalt blends were prepared by
mixing one asphalt with asphaltenes or maltenes from n-
heptane separated fractions. This sample panel allowed us to
compare the aging impact on both asphalt samples coming
from different origins and those containing the same initial
asphaltene content. Asphalts, maltenes, and asphalt blends
were aged with the PAV for 8, 16, 24, and 48 h. Neat and aged
samples were analyzed with SAR-AD to quantify the 8
molecular subfamilies. PCA was applied to the collected
dataset to highlight aging pathways.

B MATERIALS AND METHODS

Studied Asphalts. Six asphalts referenced A, B, C, F, G,
and S were selected for this study. These asphalts were
produced by the direct distillation of petroleum crudes.
According to the EN 12591 standard,”’ all of them are
classified as asphalt 70/100, except for asphalt F, which is an
asphalt 100/150 (based on their range of penetration at 25
°C). Their conventional properties measured with normalized
methods are provided in Table 1. For the study, the
codification of asphalt (Table 2) is composed of two letters:
first, there is a B (for bitumen), followed by a second letter
representing the origin (A, B, C, G, S, or F).

Asphalt Separation Protocol. The studied asphalts F, G,
and S were separated into asphaltenes and maltenes obtained
by applying a modified version of the ASTM D4124
protocol.’” Asphaltenes are defined as asphalt molecules
insoluble in an n-alkane when the soluble fraction constitutes
the maltenes. For this separation, the solvent and filter chosen
were those used in the ASTM D4124 protocol.”” The authors
want to underline that the choice of n-alkane solvent (chain

https://doi.org/10.1021/acsomega.2c07754
ACS Omega 2023, 8, 24773—-24785


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Codification and Formula of All Samples

asphalt maltene asphaltene asphaltene content
code origin origin origin (wt %)
BA A 6.6
BB B 8.7
BC C 12.3
BF F 1.7
BG G 10.2
BS S 15.6
MEF F ~1.0
MG G ~1.0
MS S ~1.0
BGAG G 15.5
BGAS G N 18.5
BSMS S S 10.0
BFAS F S 10.0
BFAG F 10.0

length) and the filter porosity have a significant impact on the
molecular composition of asphaltenes (dimerization and
agglomeration of asphaltene compounds) recovered. More-
over, this separation is solubility-based; agglomerates of
asphaltene molecules after separation, which have lost
hindering forces, will have different solubilities in the same
solvent. The experimental protocol consisted of dissolving 10 g
of asphalt in 1 L of n-heptane (purity >99.0%) while refluxing
solvent for 2 h. The samples of solution phase maltenes and
precipitated asphaltenes were cooled down at room temper-
ature over 2 h. This solution was filtered through a 10 pm
PTEFE filter. Asphaltenes were filtered and cleaned with 50 mL
of fresh n-heptane several times. The maltenes were recovered
after evaporation of the n-heptane. Maltenes are labeled with
two letters (Table 2): the first letter is M for maltenes, and the
second letter represents F, G, or S, which represents the
original asphalt from which the sample was prepared.

Asphalt Blend Preparation. In addition to the six
asphalts mentioned above, five new asphalts were prepared
to assess the effects of a change in the asphaltene content of
asphalts F, G, and S. To complete this objective, the initial
ratio between the asphaltene and maltene content of those
three asphalts was (F, G, and S) modified by adding
asphaltenes or maltenes obtained according to the protocol
previously described. The method to prepare blends by either
adding asphaltenes (powder) or maltenes (semi-pasty liquid)
to the original asphalts was different due to the physical nature
of both products and is described below.

The addition of asphaltenes to asphalt required dissolving
both components in a solvent to ensure good mixing of the
powder. The solvent was subsequently removed to obtain the
new asphalt blend. Both samples were accurately weighed to
achieve the desired final asphaltene content, diluted together in
dichloromethane (10 times the sample volume, purity >99%),
and manually stirred for S min. Dichloromethane was then
removed by evaporation at ambient temperature for one night
under a laboratory hood, followed by 45 min in a vacuum oven
at 150 °C and 350 mbar. To ensure the complete evaporation
of solvent at the end of the process, an ATR-FTIR (attenuated
total reflectance-Fourier transform infrared) analysis was
performed by checking for the presence of dichloromethane
bands. If needed, the evaporation step in the vacuum oven was
repeated until the infrared dichloromethane bands totally
disappeared from the spectrum.

The addition of maltenes to asphalt is more straightforward
than blending with asphaltenes. Maltenes and asphalt were
heated at 100 and 160 °C, respectively, before adding a precise
quantity of maltene to a defined quantity of asphalt to reach
the desired final concentration of asphaltenes. The blends were
manually mixed for 2 min to achieve a homogeneous blend.

Approximately 25 g of asphalt-maltene/asphaltene blends
were prepared, which is a consistent size of the sample
required for analysis by the methods used in this study.

Regarding the addition strategy, asphaltenes from asphalts G
and S were added to asphalts G and F to reach 15.6 and 10 wt
% of asphaltenes, respectively, which corresponds to the initial
asphaltene content of asphalts S and G (Table 2). Along the
same approach, maltenes S were added to asphalt S to target a
final content in asphaltene (10 wt %) corresponding to asphalt
G (Table 2). The first objective of this blend preparation was
to compare several asphalt samples coming from the same
origin, so presenting the same molecular composition but in
different proportions (for example, asphalt S, blend S, and
maltene S). The second one was to compare asphalt with the
same content of asphaltenes but from different origins
(molecular composition). These differences in the SAR-AD
subfamily amount before PAV aging for samples coming from
the same origin could allow us to better understand the
subfamily role and their correlations during the aging process.

The addition of asphaltenes or maltenes changed the
proportion of the different molecular fractions. According to
Mousavi et al,””** these changes in chemical composition
could impact the colloidal stability as the addition of maltene
to asphalt can work as a modifier affecting asphaltene stacking.
For example, the resin molecules clearly stabilize the
asphaltene dimers.

Blends are summarized in Table 2, which also provides the
products labeled as follows: the first letter (B) means bitumen
(asphalt), the second letter (F, G, or S) indicates the origin of
the asphalt that was modified, the third letter (A or M)
indicates if the modification was made with asphaltenes (A) or
maltenes (M), and the last letter (F, G or S) informs on the
origin of used asphaltenes or maltenes. For example, asphalt
BGAS means that asphalt G was modified with asphaltenes
obtained from asphalt S.

Asphalt Aging Protocol. To assess how asphalt properties
change during aging, the PAV (pressure aging vessel) long-
term aging test was applied to studied asphalts. The PAV test
attempts to simulate asphalt aging that occurred after several
years of pavement service life. Typically, PAV test operating
conditions for temperature and pressure fixed at 100 °C and 21
bar, respectively, were used (following EN 14,769°). In this
study, multiple aging durations were chosen to determine how
asphalt composition changes with the aging time (8, 16, 24,
and 48 h). In addition, sampling cups were selected to receive
3 g of asphalt instead of SO g (for EN 14,769)—corresponding
to a diameter of 44 mm instead of 140 mm to accommodate
the limited quantity of material available for testing. Using 3 g
of asphalt in this specific sampling cup results in a thinner
sample than the sample used with the standard method (2.0
mm instead of 3.3 mm). One asphalt was aged using these two
sampling cups with different masses, 3 g in the smallest cup
and 50 g in the biggest cup, respectively. A slight increase of
the carbonyl index from 0131 to 0156 and the sulfoxide index
from 0607 to 0716 measured by FTIR analysis’® was observed
when using the smallest sampling cup.

https://doi.org/10.1021/acsomega.2c07754
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Figure 1. Example of the asphalt SAR-AD chromatogram using operating conditions previously described by the WRI, injection volume = 20 uL,

asphalt at S wt % in chlorobenzene.
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Figure 2. Polarity scale of the 8 SAR-AD subfamilies.
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Oxidation time is denoted in the sample labels. The number
in the sample label represents the oxidation time (0, 8, 16, 24,
or 48) in PAV (in hours). For example, sample BF8 means that
the asphalt F is oxidized 8 h in PAV.

SAR-AD Separation Protocol. SAR-AD (saturates,
aromatics, resins, and asphaltene determinator)** is an
HPLC (high-performance liquid chromatography) method-
ology developed and patented by the WRI (Western Research
Institute) to separate the molecular continuum of asphalt into
8 subfamilies (saturates, aromatics 1, aromatics 2, aromatics 3,
resins, asphaltenes 1, asphaltenes 2, and asphaltenes 3).

This equipment consists of a set of four columns packed
with four different stationary phases. Asphalt molecules were
separated based on their relative polarity on those columns
using four different mobile phases. Molecules were detected
after separation using an evaporative light scattering detector
(ELSD). The SAR-AD operating conditions were the same as
previously described”” by the WRI. The tested samples were
dissolved in chlorobenzene (HPLC quality) at 10% by mass.
Figure 1 provides an example of a chromatogram obtained
after asphalt separation on SAR-AD equipment. Finally, an
external calibration was used to calculate the mass of each
family.

ELSD was chosen for SAR-AD detection due to its capability
to detect all chemical compounds from asphalt. However,
ELSD response coefficients depend on mobile phase
composition, the nature of analyzed molecules, and operating
conditions.*® Moreover, the ELSD response is nonlinear as a
function of the injected sample mass. As a consequence of
these ELSD response variables, an external calibration for each
SAR-AD subfamily was used to estimate their content by mass.
Preparative separation of asphalt was performed several times
to collect sufficient quantities of all eight SAR-AD subfamilies
to use as calibration standards. For each of the eight SAR-AD
subfamilies, a calibration curve was established using these
collected standards. The calibration methodology was critical
to accurately quantify how PAV aging changed molecular
distributions across the eight SAR-AD subfamilies.

Multivariate Analysis. The six asphalts A, B, C, F, G, and
S were aged according to the protocol described in section
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Asphalt Aging Protocol. Neat and aged asphalts were analyzed
by SAR-AD according to the protocol described in the section
SAR-AD separation protocol. Ultimately, 240 data points were
generated (6 asphalts, S aging durations, on which the 8 SAR-
AD subfamilies were collected).

To evaluate the collected data, a multivariate analysis
approach was applied using XLSTAT statistical and data
analysis solution (Addinsoft software version 2022.1.2). As
part of the available multivariate methods, principal compo-
nent analysis (PCA), hierarchical cluster analysis (HCA),
discriminant factor analysis (DFA), and partial least squares
(PLS) were explored. The data were normalized before starting
the multivariate analysis.

Principal component analysis (PCA) was chosen for the
study; it is a descriptive nonsupervised method whose purpose
is to present the maximum amount of information contained in
a dataset consisting of p quantitative variables for n individuals.
PCA permits the dimensionality of the original dataset to be
reduced by calculating a set of new variables named principal
components (PCs). This data mining technique can help
researchers shed light on similarities between samples and/or a
relationship between variables.

SAR-AD data determined on asphalt-maltene/asphaltene
blends (described in Table 2) and maltenes obtained by
separation of asphalts F, G, and S, as well as FTIR data on all
products, are considered as supporting data used in a second
step for the multivariate analysis.

B RESULTS

In this paper, asphalts, maltenes, and asphalt blends were aged
during several PAV durations to monitor the evolution of
chemical composition. For the specific case of asphalt blend, it
is important to keep in mind that the asphaltene/maltene
blending after separation could have a colloidal structure
different from nonmodified asphalt. For example, as described
by Pahlavan et al,*” the addition of conjugated aromatics could
promote the deagglomeration of polyaromatic aggregates, such
as self-assembled stacks of oxidized asphaltenes.

Chemistry of the SAR-AD Families and Global Aging
Impact. In this section, an explanation is provided to describe

https://doi.org/10.1021/acsomega.2c07754
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Table 3. Association of a Model Molecule Proposed by Mousavi et al.*® for each SAR-AD Subfamily

SAR-AD Polarizability
Model molecule 3

subfamily (Bohr)*
Saturates W 353.52
Aromatics 1 35091
Aromatics 2 404.06
Aromatics 3 460.36
Resins 472.08
Asphaltenes 1 527.01
Asphaltenes 2 675.98
Asphaltenes 3 875.29

how each SAR-AD subfamily is affected by PAV aging. This
would also be related to their molecular structure and polarity.
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Knowing that asphalt aging leads to an increase in the polarity
of the molecule, it is important to be able to classify the 8 SAR-

https://doi.org/10.1021/acsomega.2c07754
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AD subfamilies according to their polarity. Figure 2 presents
the polarity scale of the 8 SAR-AD subfamilies according to
their chromatographic elution. Moreover, the SAR-AD
subfamily quantities on the original samples are provided in
Table S1.

Based on the 10 asphalt molecules and their polarizability
calculated with density functional theory (DFT),”® association
between the SAR-AD subfamily and model molecules is
proposed in Table 3.

During PAV aging, SAR-AD subfamily contents can increase
or decrease for the studied products. To follow their evolution
during the aging process, results were provided in percentages
of change and not in absolute values. This allowed the
identification of general trends and identification of specific
behaviors.

Evolution of the Saturate Subfamily during PAV Aging.
The quantity of saturates, the less polar molecules, exhibited
only small variations during aging (a slight decrease of a few
percentages was observed in some samples). This observation
was not unexpected, considering that their chemistry is mostly
composed of long aliphatic chains.””*" As a consequence of
this, they were less sensitive to oxidation, which is consistent
with previous works studying the impact of aging on saturated
fraction.”>?°

Evolution of the Aromatic 1 Subfamily during PAV Aging.
Aromatics 1 are the least polar molecules of the three SAR-AD
aromatic subfamilies. As per Adams et al.* work, aromatics 1
typically contain one aromatic ring. For this aromatic
subfamily, a decrease from 0.5 to 10.5% of their content was
observed after 48 h of PAV aging (Figure 3). Sample BF was
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Figure 3. Evolution (in %) of the three SAR-AD aromatic subfamilies
after 48 hours of PAV aging for all studied samples.
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the exception, which shows an aromatics 1 decrease of 19.0%.
In general, the aromatic 1 subfamily was the least impacted by
oxidation when compared to changes observed for aromatic 2
and 3 SAR-AD subfamilies (described later in the document)
(Figure 3) consistent with the polarity/reactivity of these SAR-
AD subfamilies.

Evolution of the Aromatic 2 Subfamily during PAV Aging.
This subfamily is slightly more polar than aromatic 1 due to a
greater number of aromatic rings, typically two or three fused
together. For all samples, the decrease in aromatics 2 was
greater than that for aromatics 1, from 8.9 to 21.5% after 48 h
of PAV aging (Figure 3). Aromatics 2 appeared to be more
sensitive to oxidation. Here, all data were regularly spread
between the two extreme values reported above for aromatics

2. BF exhibited the highest percentage from the series after 48
h of PAV aging, but the difference in results with other asphalts
was not as significant as for aromatics 1.

Evolution of the Aromatic 3 Subfamily during PAV Aging.
The aromatic 3 subfamily is characterized by the highest
polarity of the three aromatic subfamilies, with molecules
having four to five rings and a small amount of heteroatoms.
This subfamily is also the most abundant SAR-AD fraction in
neat asphalts used in this study. After 48 h of PAV aging, this
subfamily presented a decrease in aromatics 3 ranging from
23.5 to 33.2% (Figure 3). As with the aromatic 2 subfamily, the
same observations were made that asphalt BF demonstrated
the largest absolute change in aromatics 3.

From the above results, it was observed that the higher the
polarity of the aromatic subfamilies, the greater the oxidation
effect. This behavior was consistent with what is typically
observed in chemistry when the level of aromatic ring
polycondensation increases. To illustrate this trend, Figure 3
presents the decrease in the three SAR-AD aromatic
subfamilies after 48 h of PAV aging for all studied samples.

Evolution of the Resin Subfamily during PAV Aging.
According to Figure 2, the SAR-AD resin subfamily is more
polar than the saturated and aromatic fractions. Their chemical
structure is not that different from that of aromatics 3
regarding the number of aromatic fused rings, but they are
characterized by more heteroatoms and polar functional
groups, such as alcohols.”® This subfamily is very sensitive to
oxidation processes. For the studied materials, their content in
the resin subfamily after 48 h of PAV aging increased from 4.5
to 65.5%, depending on the tested asphalt. Within the resin
subfamily, BF did not present a behavior significantly different
from the other studied asphalts, which was different from the
changes with the aromatic subfamilies as previously described.
In this study, regardless of the base asphalt tested, the saturated
and aromatic subfamilies were characterized by a regular and
continuous evolution of their content during the different PAV
duration applied (8, 16, 24, and 48 h) (Table S1). This trend
was also true for the resin subfamily except for asphalts BS,
MS, and BSMS. In these asphalts, 8 h of PAV aging resulted in
an increase in the resin content, followed by a regular decrease
or a constant evolution up to 48 h of aging. The 4.5% reported
above corresponded to the results obtained with BS. At this
stage, no specific explanation could be provided, except that BS
has the highest asphaltene content (15.6 wt %) of the asphalts
studied.

From the above results, a significant increase in the resin
subfamily content was observed after 48 h of PAV aging,
except for products from the asphalt S origin (Figure 4).

Evolution of the Asphaltene 1 Subfamily during PAV
Aging. Prior to describing observations made for the
asphaltene 1 subfamily, it is important to provide some
information about the asphaltenes in general. The chemistry of
the asphaltenes was studied by D’melo et al."' ~** They showed
that nitrogen, oxygen, and sulfur are largely present in those
molecules with a H/C ratio, indicating a higher level of
polycondensation than reported for other subfamilies.
Consequently, asphaltenes 1, 2, and 3 are the most polar
subfamilies in asphalt.

As SAR-AD allows the separation of asphaltenes into three
subfamilies, asphaltene 1 is the least polar fraction among the
asphaltenes (Figure 2). During the 48 h of PAV aging, there
was an increase in asphaltene 1 content in all studied samples
except for BS and BSMS (Figure 5). In general, the increase
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Figure 4. Evolution (in %) of the SAR-AD resin subfamily after 48 h
of PAV aging for all studied samples.

Figure 6. Evolution (in %) of the SAR-AD asphaltene 2 subfamily
after 48 h of PAV aging for all studied samples.
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Figure 5. Evolution (in %) of the SAR-AD asphaltene 1 subfamily
after 48 h of PAV aging for all studied samples.

ranged from 8.0 to 287.7%. Again, products from asphalt S
showed a different behavior with a decrease in asphaltenes 1
after 48 h of PAV aging. As observed for the Asphalt S resin
subfamily, until 8 h of PAV aging, an increase in asphaltene 1
content was observed, followed by a regular decrease up to 48
h of aging.

Evolution of the Asphaltene 2 Subfamily during PAV
Aging. The asphaltene 2 subfamily is the most abundant
among the asphaltenes. According to D’melo et al,*'
asphaltene 2 contained more oxygen, nitrogen, and sulfur,
and the H/C ratio was lower than that of asphaltene 1. For all
of the samples, the percentage of this SAR-AD subfamily
increased during all 48 h of PAV aging, ranging from 40.7 to
145.5% after 48 h of PAV. These results are presented in
Figure 6.

Asphaltenes 2 increased in all samples over 48 h of PAV
aging, but the absolute quantity of asphaltenes 2 created was
different for each sample. The creation of asphaltene 2
molecules appeared to be partly linked to the initial total
asphaltene content. Considering the 6 asphalts, the largest
amount of asphaltene 2 molecules created during the 48 h of
PAV aging was in BS (143 pg). It was the most asphaltenic
product (15.6 wt %), whereas the lowest asphaltene 2 quantity
created was in BF (23 ug), an asphalt with only 1.7 wt % of
asphaltenes before aging. The relationship between the
creation of asphaltenes 2 during aging and the original total

asphaltene content was consistent for all asphalts. This
observation is illustrated in Figure 7.
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Figure 7. Relationship between the amounts of SAR-AD asphaltene 2
created after 48 h of PAV aging and initial total asphaltene contents
(NF T60-115) for the 6 studied asphalts.

Evolution of the Asphaltene 3 Subfamily during PAV
Aging. Among the three asphaltene subfamilies, asphaltenes 3
is the most polar fraction; they are composed of large
molecules with a lot of heteroatoms and aromatic fused rings.
Their behaviors during PAV aging were different from
asphaltenes 1 and 2. In most of the studied samples, the
amount of asphaltene 3 exhibited an evolution of around +
20% after 48 h of PAV aging. The negative evolution observed
for BFAG, MF, BG, and BF corresponded to a decrease of
their asphaltene 3 content. However, meaningful interpretation
of observed changes with increased aging for most samples is
confounded by the small quantities and small changes of
asphaltene 3 (only a few ug), which means changes observed
are largely within experimental variability. The exceptions to
this comment were samples BS, BSMS, and MS, which
respectively presented an increase of asphaltenes 3 of 66.6,
89.1, and 136.8% over the 48 h of aging. The results are
summarized in Figure 8.

The study of asphaltene 3 evolution in asphalts G and F
doped with asphaltene S (BFAS and BGAS) allowed us to
potentially determine the source of this specific behavior seen
in asphalt S. BFAS and BGAS exhibited a very small increase in
their asphaltene 3 amount during PAV aging, despite the
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Figure 8. Evolution (in %) of the SAR-AD asphaltene 3 subfamily
after 48 h of PAV aging for all studied samples.

presence of asphaltenes S. The combination of these previous
observations suggested that the creation of asphaltenes 3
during PAV aging could be due to the maltenic fraction of
asphalt S.

To summarize, this study highlighted the global evolution of
each SAR-AD subfamily during aging for all studied asphalts.
In general, saturates, aromatics 1, 2, and 3, and asphaltenes 2
exhibited similar trends for all studied asphalts. The quantity of
saturates remained almost constant, the quantity of aromatics
1, 2, and 3 decreased, and the asphaltene 2 content increased
during the aging time. However, this work also allowed us to
note the particular behaviors of resins and asphaltenes 1 and 3
in asphalt S during PAV aging. A reduction in the resin and
asphaltene 1 contents after 8 hours of PAV and an increase in
the asphaltene 3 amount over 48 hours of aging were observed.

Following these specific observations for asphalt S, maltenes,
and asphalt blends were used to suggest several explanations:

o The regular decrease/constant evolution of resin content
taking place after 8 h of PAV aging was also observed in
MS and BSMS but not in the other maltenes and asphalt
blends, even BFAS, which was spiked with asphaltene S.
The origin of this particular phenomenon could be
related to the maltenic fraction of asphalt S.

e The decrease of asphaltene 1 content observed in
asphalt S after 8 h of PAV aging also appeared in BSMS
but not in MS. This observation suggested that this
specific evolution took place in samples containing both
maltenes S and asphaltenes S.

o The increase of asphaltene 3 content noticed in asphalt S
during PAV aging was also observed in BSMS and MS
but not in all other maltenes and blends, even if they
were spiked with asphaltenes S. As a consequence of
these observations, it could be suggested that the origin
of asphaltenes 3 increases was due to the maltenic
fraction of S.

Moreover, thanks to the study of products coming from the
same origin asphalt but containing different total asphaltene
contents, for example, MS, BSMS, and BS, the relationship
between the amount of asphaltenes 2 creation and the initial
total asphaltene content was confirmed.

The findings described above were made by observing how
the amounts of different SAR-AD subfamilies vary during PAV
aging. At this stage, this provided a broad picture of how the
SAR-AD subfamilies changed but did not indicate how

molecules interacted together and what the preferred aging
pathways were. To address this point, a principal component
analysis was conducted, and the results are described in the
next section.

PCA on SAR-AD Data. The SAR-AD analysis of the six
neat and corresponding aged asphalts provided a database of
30 individual samples, and for each asphalt, the 8 molecular
subfamilies were quantified, allowing the generation of 240
individual data points. Quantities of the 8 molecular
subfamilies were considered variables. The results obtained
with the 6 neat and aged asphalts were the only data used to
generate the first PCA. Asphalt blends were not used to
calculate the PCA considering that the colloidal structure
could be affected by the blending step. The first step of the
PCA study was to determine the optimum number of principal
components and to understand their significance. The second
step of the PCA study consisted of classifying asphalts and
defining preferred aging pathways (transformation of mole-
cules from one SAR-AD subfamily to another during aging).

The PCA was performed on a limited database. The findings
made from this statistical analysis are correct for the studied
samples. With a larger panel of asphalts, findings could be
adjusted.

The first step of a PCA is to choose the number of principal
components to be considered for the study without losing too
much information. The scree plot in Figure 9 shows the
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Figure 9. PCA scree plot obtained with the SAR-AD database of 6
asphalts. The Eigenvalue (blue histogram) is the variance obtained on
each principal component. The cumulative variability (red line)
represents the cumulative percentage of variance explained by the
principal components.

cumulative variability explained by PCA according to the
number of principal components (PCs) used. The first three
PCs, called F1, F2, and F3, explained 45.8, 25.5, and 23.6%,
respectively, to reach a cumulative variability of the data of
94.9%, which is an excellent result. The chosen model for the
PCA allows working with 3 new variables instead of 8 SAR-AD
variables without giving up more than 5% of the information.

The second step of the PCA analysis was to attempt to
determine the parameter represented by each PC. The three
circles of correlation in Figure 10 were constructed with the 3
PCs chosen for the study and the 8 variables corresponding to
the 8 SAR-AD subfamilies. In addition, oxidation time was
added to the PCA as an additional variable to improve the
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explained, (c) F1 vs F3: 69.38% of variability explained.

interpretation of PC significance. The interpretation of the
different correlations between variables and principal compo-
nents was facilitated by the correlation values in Table 4. In

Table 4. Correlation between Studied Variables and
Principal Components”

variables F1 F2 F3
saturates 0.959 0.172 0.143
aro 1 —0.837 0.306 —0.414
aro 2 —0.563 0.788 0.073
aro 3 —0.021 0.647 —-0.739
resins 0.384 —-0.637 —0.617
asp 1 —0.750 —0.509 —0.321
asp 2 —0.847 —0.464 0.019
asp 3 —0.549 —0.032 0.811
oxidation time in PAV —0.009 -0.713 0.110
“Bold values are values greater than at 10.620] and considered

significant.

this table, all values above 0.620 and below —0.620 (value
calculated from Anderson formula*) have been bolded
because a high value indicated a significant correlation between
the variable and the principal component.

The results in Table 4 showed that the first principal
component, F1, was highly correlated with the saturated
variable and anticorrelated with asphaltenes 1 and 2. F2 was
correlated with aromatics 2, aromatics 3, and the resins but was
anticorrelated with oxidation time; as a result, F2 translated the
PAV aging effect on the asphalt chemical composition well.
The last principal component, F3, was highly correlated with
asphaltenes 3 and anticorrelated with the aromatic 3 variable.

The determination of the correlation between variables in
Figure 10 was conducted upon the study of a vector’s size and
direction. A variable is well represented in a circle of
correlation if the vector is close to the ring. Moreover, to
determine a correlation between two variables, it is necessary
to study angles formed between vectors. If two vectors are
superimposed (angle ~ 0°), they are correlated, and if they
form an angle of & 180°, they are anticorrelated. However, if
an angle of & 90° is formed, there is no correlation between
the variables. Plan F1—F2, represented in Figure 10a, was the
most informative, with 71.4% of the variability explained. In
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this plan, 6 active variables were well represented (saturates,
aromatics 1 and 2, resins, and asphaltenes 1 and 2) due to the
significant length of their vectors. The second circle of
correlation presented in Figure 10b was made with the
principal components F2 and F3. It only revealed 49.1% of the
variability. In this figure, only 4 active variables had a vector
near the circle (aromatics 2 and 3, resins, and asphaltenes 3).
The F1—F3 plan (Figure 10c) was not linked to the oxidation
time because this variable was only correlated with F2, which
was perpendicular to this plan by definition. Consequently,
correlations between variables were not studied in detail in this
plan because they were not linked to aging phenomena. From
the 2 circles of correlations taking into account the oxidation
time (Figures 10a,b), all observed correlations between the
different variables are summarized in Table S.

Table 5. Summary of Correlations between Variables
Deduced from the Two Circles of Correlation Considering
Oxidation Time

plan anticorrelation correlation no correlation
F1-F2 aro 2—resins asp 1—asp 2 aro 2—asp 1
aro 2—asp 2
aro 3—ox time resins—asp 1
resins—asp 2
saturates—ox time
F2—-F3 aro 2—ox time aro 2—asp 3

aro 3—resins

asp 3—ox time

An explanation of these correlations is provided in the
following lines. First, aromatics 2 and 3 were the least polar
fractions, which were anticorrelated with oxidation time,
indicating a decrease in their contents. The aromatic 2 and 3
subfamilies could be considered the starting points of the aging
process—the molecular classes most kinetically susceptible to
change. In contrast, saturates and asphaltenes 3 were not
correlated with oxidation time, meaning that they were not
affected by the aging process. Only one anticorrelation
between the active variables aromatics 2 and the resins was
observed. This anticorrelation suggested the existence of a link
between these two SAR-AD subfamilies during PAV aging,
meaning a transformation of aromatics 2 into resins. As
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Figure 11. Score plots of 6 asphalts:
explained variability.
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variability; and (c) F2 vs F3, 49.1% explained variability.

asphaltenes 1 and 2 were correlated, their content increased
together during aging. The last type of observation addressed
the lack of correlation between variables. Aromatics 2,
aromatics 3, and resins presented several noncorrelations
with other SAR-AD subfamilies. Aromatics 2 were not
correlated with asphaltenes 1, 2, and 3, indicating that
aromatics 2 were converted into resins and that the process
seemed to stop at this stage. A lack of correlation between
aromatics 3 and resins was observed, meaning that aromatics 3
were converted into asphaltenes. The conversion of aromatics
3 to asphaltenes was not correlated with any specific
asphaltene subfamily type. The resins were not correlated
with asphaltenes 1 and 2, meaning that they were not
converted into those two subfamilies. However, for asphalt S,
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the resin content decreased during aging, and conversion into
asphaltenes 3 was observed.

The last part of the statistical study is the examination of the
six asphalts in the 3 plans of the PCA. The 3 score plots
combining PCs two by two presented in Figure 11 show the
outcomes of this analysis. With the score plots F1 vs F2
(Figure 11a) and F1 vs F3 (Figure 11b), it was possible to
confirm the significance of the F1 PC. By studying the
repartition of the different asphalts along axis FI, it was
possible to separate the 6 asphalts into 3 major classes. On the
positive F1 values of approx. 4, there was asphalt F, which has
the lowest asphaltene content from the sample series with 1.7
wt %. On the intermediate F1 value of approximately 0, it was
possible to identify asphalts A, B, and G, which are
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characterized by intermediate asphaltene contents of 6.6, 8.7,
and 10.2 wt %, respectively. On the negative F1 values around
—2, the last two asphalts C and S presented the highest
asphaltene contents of 12.3 and 15.6 wt %, respectively.
According to these observations, it was suggested that axis F1
was driven by the asphaltene content of the studied neat
asphalts.

The second PC F2 is represented in Figure 11a (F1 vs F2)
and Figure 11c (F2 vs F3). In those figures, it was observed
that data for neat and aged samples from the same asphalt were
classified according to their oxidation time on axis F2. The F2
values decreased when the oxidation time increased. It seemed
that PC F2 was correlated with the PAV aging time, which is
confirmed by the observations previously described with the
correlation circles.

The significance of the third PC F3 is determined in Figure
11b,c. Figure 11b shows that data points representing neat and
aged samples for S of the 6 asphalts (asphalts A, B, C, G, and
F) were agglomerated. For these samples, the F3 values
remained unchanged during PAV aging. However, data points
corresponding to neat and aged asphalt S samples exhibited a
different evolution. Asphalt S showed an increase in the F3
value according to the PAV aging time. By connecting this
observation with the observations previously made in this
paper that only asphalt S exhibited an increase in asphaltene 3
during PAV aging, an additional focus was placed on
asphaltenes 3.

To confirm previous results, maltenes and asphalt blends
were studied as additional observations to observe their
behavior in the previously defined F1, F2, and F3 systems
(Figures 12 and 13). Figures 12a—c and 13a—c could be used
to confirm the significance of F2 PC. For each sample, F2
values decreased with increasing PAV aging time, confirming
that F2 PC corresponded to a classification according to
oxidation time and its impact on SAR-AD subfamilies during
aging. By analyzing the evolution of asphalt blends presented
in Figure 12b,c and that of maltenes presented in Figure 13b,c,
it was possible to confirm the hypothesis made earlier for F3
significance. Among all studied samples added as additional
variables, only 1 of the S asphalt blends and 1 of 3 of the
maltenes displayed a particular behavior on the F3 axis; BSMS
and MS, the two products made from asphalt S, showed this
behavior. In contrast, for all other samples (BFAS, BFAG,
BGAG, BGAS, MS, and MF), the amount of asphaltene 3
remained almost constant during PAV aging. As described
previously, BSMS and MS presented the same increase in the
asphaltene 3 amount as asphalt S during PAV aging,
reinforcing that F3 PC corresponded to the evolution of the
asphaltene 3 subfamily.

To summarize all of the findings from the first PCA and
SAR-AD analysis, the following aging pathways could be
proposed. For the six studied asphalts A, B, C, F, G, and §, it
was identified that only aromatics 2 were converted into resins.
For asphalts A, B, C, F, and G, no further conversion was
observed, and the process stopped at this stage. However, for
asphalt S, resins were converted into asphaltenes 3, but this
creation of asphaltenes 3 was limited. For the six studied
asphalts A, B, C, F, G, and §, it was identified that aromatics 3
were converted into asphaltenes 1 and/or 2. The PCA study
did not identify that this pathway involved a transition through
the resin subfamily with the samples used in the study. The
saturate and aromatic 1 subfamilies were not affected or were
minimally affected by the aging process.
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Due to the particular chemical composition of asphalts F
and S (asphaltene content), a second PCA was performed on
the four remaining asphalts (A, B, C, and G) with similar
origins to confirm or show new conversion pathways during
aging. This second PCA was calculated with a database of 160
individuals (4 asphalts, S aging durations, and 8 subfamilies),
and three PCs were once again considered to reach 95.7%
cumulative variability. For this PCA, oxidation time was
anticorrelated with PCs F3 and F1 (Table 6).

Table 6. Correlation Values between 8 Variables and the 3
Principal Components Calculated from Asphalts A, B, C,
and G*

variables F1 F2 EF3
saturates 0.762 —-0.323 —0.491
aro 1 0.138 0.605 0.746
aro 2 0.979 0.054 0.121
aro 3 0.388 —0.551 0.730
resins —0.800 -0.515 —0.142
asp 1 —0.950 0.131 0.182
asp 2 —-0.873 0.435 —0.143
asp 3 0.573 0.726 —0.342
oxidation time in PAV —0.564 0.148 —0.723

“Bold values are values superior at 10.620! and considered significant.

The best representation of oxidation time appeared to be on
the F1-F3 plan (Figure 14), with a correlation coefficient
reaching 0.917. In this figure, the 8 SAR-AD variables were
well represented on this plan with a significant correlation (It
> 0.620)." The first principal component F1 once again
seemed to express the asphaltenic character of the neat asphalt,
with the most polar subfamilies on the left and the least on the

Circle of correlation F1 vs F3 calculated
with asphaltA, B,C and G : 73.47%

0.75

0.5

3{19.20 %)

a .
Ox Time

-1 0.7 0.5 -0.25 0 0.25 0.5 0.75

F1 (54.27 %)

» Active variables o Additional variables

Figure 14. Circle of correlation calculated with the 4 asphalts A, B, C,
and G: F1 vs F3: 73.5% of variability explained.
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right. As previously performed with the first PCA, the
outcomes of this second PCA are summarized in Table 7.

Table 7. Summary of Correlations between Variables
Deduced from the F1-F3 Circle

plan anticorrelation correlation no correlation
F1-F3 saturates—asp 1 saturates—asp 3 saturates—aro 3
aro 2—resins aro 1—asp 1
aro 2—asp 2 aro 3—asp 3
asp 1—asp 3 resins—asp 2 aro 3—asp 1

aro 1—ox time saturates—ox time

aro 3—ox time asp 3—ox time

In this second PCA, Table 7 confirms the observations and
conclusions made with the first PCA regarding the two main
asphalt aging pathways proposed above, namely, only
aromatics 2 were converted into resins and aromatics 3 were
converted into asphaltenes 1 and/or 2. The second PCA also
generated additional insights into the behavior of the subfamily
conversions during oxidation, and the aromatics 1 were
anticorrelated with the oxidation time but did not exhibit
any anticorrelations with SAR-AD active variables. This
observation suggested a conversion of aromatics 1 into
different more polar SAR-AD subfamilies, but no specific
pathway could be identified.

In addition, asphaltenes 3 were not correlated with the
oxidation time, which confirmed that this SAR-AD subfamily
(even if it is the more polar one constituting the asphalt) did
not play a key role in the aging process. This also confirmed
that asphalt S presented a particular behavior during PAV
aging with an extra aging pathway not observed with the other
asphalts. Investigation of asphalt S chemistry using mass
spectrometry and/or elementary analysis for each subfamily
could be useful to explain the creation of asphaltenes 3. For
example, this phenomenon could be hypothetically due to a
higher content of sulfur in some SAR-AD subfamilies of
asphalt S.

B CONCLUSIONS

This study, which sought to assess if the SAR-AD technology
could help to better understand asphalt PAV aging impact on
asphalt chemistry, provided interesting and innovative
learnings. Several asphalts, maltenes, and asphalt blends were
selected for their difference in chemical composition. They
were aged with the PAV method and analyzed with the SAR-
AD. This chromatographic technology combined with
principal component analysis is an innovative approach
allowing the observation of new aging pathways vs those
generally observed using SARA data. From the correlations,
anticorrelations, and no correlations given by the PCA, two
aging pathways were proposed with aromatics 2 and 3 as
starting points.

(1) The first aging pathway was the conversion of aromatics
2 into resins without further creation of asphaltenes for
five of the six tested asphalts. Only one asphalt (S)

showed a conversion of the resins into asphaltenes 3.

(2) The second one was the conversion of aromatics 3 (the
most abundant and polar aromatic subfamily) directly
into asphaltenes 1 and/or 2.

(3) Saturates and aromatics 1 (sometimes described as
naphtheno-aromatics) were the least affected by the
aging process.

To conclude, this study suggested that the conversion of
SAR-AD subfamilies during PAV aging was not necessarily to
the closest subfamily in terms of polarity. Consequently,
asphaltene molecules could be created without involving
resins.
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