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Abstract Asphalt binders in service conditions are subject
to oxidative aging that involves the reactions between oxy-
gen molecules and the component species of bulk asphalt.
As a result, significant alterations can occur to the desired
physical and/or mechanical properties of asphalt. A com-
mon practice to alleviate asphalt aging has been to employ
different chemical additives or modifiers as antioxidants.
The current state of knowledge in asphalt oxidation and
antioxidant evaluation is centered on determining the deg-
radation of asphalt physical properties, mainly the viscosity
and ductility. Such practices, although meeting direct engi-
neering needs, do not contribute to the fundamental under-
standing of the aging and anti-oxidation mechanisms, and
thereby developing anti-aging strategies. From this stand-
point, this study was initiated to study the chemical and
physical bases of asphalt oxidation, as well as the anti-
oxidation mechanisms of bio-based antioxidants using the
coniferyl-alcohol lignin as an example. A quantum chemis-
try (QC) based chemophysical environment is developed, in
which the various chemical reactions between asphalt com-
ponent species and oxygen, as well as the incurred physical
changes are studied. X-ray photoelectron spectroscopy
(XPS) was used to validate the modified and unmodified
asphalt models.
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Introduction

Asphalt materials are the primary binding and waterproofing
material in road pavements and roof shingles. As an organic
product from the remains of ancient organisms, asphalt in
service however is subject to atmospheric oxidation, which
has been the main cause of long-term deterioration of asphalt
binders in their end products [1–4]. The complex oxidation
reactions involve the various chemicals present in asphalt and
atmospheric oxygen molecules and can last throughout the
service life of the asphalt-based products.

Chemical composition and the environmental tempera-
ture are the primary factors of asphalt oxidation. Asphalts of
different origin and distillation methods oxidize differently.
Asphalt binder is composed primarily of carbon and hydro-
gen, with nitrogen and sulfur of lower percentages [4]. Often
some trace heavy metals such as vanadium and nickel are
also present. These elements combine to form the main
fractions of asphalt cement: asphaltenes, saturates, naphtha-
lene and polar aromatics (also known as light and heavy
resins, respectively) according to the Corbett’s method [5].
The three fractions, each providing different properties of
asphalt, chemically and physically interact with each other
and form the complex mixture system of asphalt. Asphal-
tenes and saturates are normally incompatible compounds,
and are brought together by aromatics. Asphaltenes are the
main contributors of viscosity and therefore hardening
effects; and an abundance of aromatics and saturates decrease
the ductility and hence elastic effects [4–12]. As for the factor
of temperature, most of the aging occurs during the process of
making asphalt-based end products, such as asphalt concrete
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in the intense heat of an asphalt plant [1]. During the short
duration of heating, the temperature can reach 135 °C–165 °C.
Long-term oxidative aging begins immediately after the end
product, such as an asphalt pavement, is put in service, which
occurs at a much slower rate than the initial oxidation of
asphalt during mixing and production. However, long-term
oxidative aging can cause failures as serious as the initial
oxidation, including a large increase in stiffness and loss of
ductility, and cracking of the end products under thermal and/
or load stresses [4].

In general, oxidative hardening of asphalt is believed to be
caused by the generation of oxygen-containing polar chemical
functionalities on asphalt molecules, which in turn can cause
agglomeration among molecules due to increased chemophys-
ical associations such as hydrogen bonding, van der Waals
force, and Coulomb force [4–10, 12]. In addition to oxygen-
containing functionalities, oxidation can also cause aromatiza-
tion of certain asphalt molecules that facilitates further agglom-
eration of asphalt components in ambient conditions [5–10].
However, the systematic study of asphalt oxidation from the
chemical perspective has not been seriously attempted due to
one underlying challenge in the state of knowledge: the com-
plexity of chemical composition in asphalt, which has naturally
led to the lack of an effective tool for studying the manifold
chemical reactions involved in asphalt oxidation [3, 8].

Various chemical agents have been studied as potential
asphalt antioxidants. The presence of some polymers in asphalt,
among various chemical antioxidants, can effectively decrease
aging rate and reduce asphalt’s temperature susceptibility, such
as the use of styrene-butadiene-styrene (SBS) and styrene-b-
butadiene (SBR) in high-volume roadways to increase the high-
and low-temperature properties of asphalt and reduce the pave-
ment’s tendency to form ruts or crack [13]. There are many
polymers that have shown anti-oxidation abilities for asphalt;
however, in the state of practices none of them truly demon-
strates satisfactory in-situ anti-oxidative performance [14]. As
such, the identification of an effective antioxidant of asphalt
binder is of great benefit to the asphalt-related industries.

Among the polymers once evaluated as antioxidants for
asphalt, wood lignin has shown anti-oxidation effectiveness
[15]. When a seven percentage by weight is added in as-
phalt, wood lignin significantly slows down its oxidation.
Being one of the most abundant organic polymers on Earth
(right after cellulose), lignins constitute 30 % of non-fossil
organic carbon and from a quarter to a third of the dry mass
of wood [16]. Lignin as a biopolymer is a cross-linked three-
dimensional hydrophobic and aromatic molecule. The de-
gree of polymerization in lignin is difficult to measure, since
it is fragmented during extraction and the molecule consists
of various types of substructures that appear to repeat in a
haphazard manner. Although different forms of lignin have
been described depending on the means of isolation, there are
three monolignol monomers in the form of a benzene ring

with a tail of three carbons, methoxylated to various degrees:
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
[16]. The coniferyl alcohol is the main monomer unit that
makes up the lignin in softwood. These lignols are incorporated
into lignin in form of the phenylpropanoids p-hydroxyphenyl,
guaiacyl, and syringal, respectively [16].

As an asphalt antioxidant, the effects of lignins are derived
from the scavenging action of their phenolic structures on
oxygen containing free radicals [17]. Phenolic structures are
benzene rings with attached hydroxyl groups. Benzene rings
are six carbon structures with each carbon sharing a single and
double covalent bond to another carbon. In a phenolic group,
there can be one or more hydroxyl groups attached to the
benzene ring. The ability of phenolic compounds to be antiox-
idants is the functional group’s ability to neutralize free radicals
[18]. A phenol can neutralize a free radical by donating either a
proton or an electron [17]. Because of its structure, a phenol is
able to do both while remaining relatively stable. Lignin con-
tains a large amount of phenolic groups, making it an effective
antioxidant [18]. Many factors affect the antioxidant ability of
lignin, of which the source of biological origin is the most
prominent factor [17, 18]. Each plant is biologically and chem-
ically different; therefore, the lignin obtained from them will be
different. The extraction method is also very important in deter-
mining a lignin’s antioxidant ability. Lignin can be extracted
from plant material by chemicals such as ethanol, acetone, acetic
acid, methanol, and propanol, which produce lignins of different
antioxidant abilities [17].

It is noteworthy that when lignin is studied as an asphalt
antioxidant, it can also become oxidized when exposed to
oxygen or atmosphere, particularly at raised temperature. At
the temperature of≥150 °C, oxidation of lignins could be
significant [19]. Based on a comprehensive study of oxidation
of lignins from different sources (150 °C in oxygen for 4 hours),
the combined gas-liquid chromatography and a sequential
methylation technique indicated the presence of a larger num-
ber of products, including different acids of low molecular
weights (e.g., formic acid, two-carbon-atom acids, and some
three-carbon-atom and four-carbon-atom acids), and various
phenolic compounds such as vanillin, syringaldehyde, and p-
hydroxybenzaldehyde as the methyl ethers and carboxy-
containing compounds as the methyl esters or methyl ether
esters [19]. According to Bryan [20], oxygen in the early stages
of oxidation is necessary to break lignin polymer into smaller
molecular fragments. Notably, the level of temperature around
150 °C is close to those for producing many asphalt products
such as asphalt mixtures for pavements, and might be of
significance when lignin is evaluated as an asphalt antioxidant
in such products.

To form a more fundamental understanding of the phenom-
enon of asphalt oxidation and to evaluate the effectiveness of
bio-based antioxidants, a research study was recently conducted
in which the molecular-scale mechanisms of asphalt oxidation
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and anti-oxidation by lignins were studied in an atomistic-based
chemophysical environment. This manuscript presents the
results of the study, with a focus on reporting the development
of quantum chemistry (QC) based chemophysical environment
(in forms of a series of atomistic models), validation of the
models, and utilization of the models in studying asphalt oxida-
tion and specific lignin as a potential antioxidant.

Methods

Quantum chemistry perspective of asphalt oxidation

Although a fundamental understanding of asphalt oxidation is
highly desired when dealing with the problems related to asphalt
aging, this task cannot be readily accomplished within the frame
of traditional organic or polymer chemistry that has centered on
experimenting with bulk asphalt using different devices. The
past few decades has seen significant advances made in using
spectroscopic techniques for characterizing molecular and atom-
ic phenomena that involve essentially the transfer of electrons
[21–26]. Since the oxidation of asphalt is mainly a chemical
process, an approach capable of simulating electron-transfer
processes is desired. In this study, quantum chemistry (QC) is
resorted to as such an approach. In recent years, the efforts made
in atomic-level description of phenomena have been accelerated
by the availability of powerful computers and parallel computing
methods, advances in statistical mechanics and new experimen-
tal data. The QC-based methods today are readily implemented
using different computer-based programs, of which the domi-
nant one is the density functional theory (DFT) [27].

Even though recent computing capacity has significantly
improved the speed of QC computation that enables predict-
ing accurately the geometries and vibrational energies, exten-
sive use of QC computation today is still limited to small
atomic/molecular systems and therefore is not practical for
studying asphalt oxidation. From this standpoint, it is neces-
sary to have an accurate force-field based method that enables
quick evaluation of inter-atomic bonding and forces. Such a
first principle based force-field method has the advantage of
being able to simulate chemical reactions while obtaining fast
computation speed as traditional force field methods do, and
therefore is highly desired for simulating asphalt oxidation
that involves thousands of atoms for a realistic simulation.

Fundamental of reactive force field for asphalt oxidation

One first principle based force-field method is the reactive force
field (ReaxFF) developed by van Duin et al. [24] that since
advent has been parameterized and implemented to a variety of
materials and processes, including hydrocarbon reactions,
transition-metal-catalyzed nanotube formation, and high-
energy materials. Recently ReaxFF has been extended to more

materials including various metals, ceramics, silicon, and poly-
mers, and is now used as a general tool for chemical simulations.
A reactive force field of a C-H-O-S system as originally devel-
oped by van Duin et al. [24, 28] is re-evaluated and used in this
study to simulate the oxidation of asphalt in exposure to oxygen.

The overall energy of the C-H-O-S ReaxFF contains a series
of energy contributions per Eq. 1, all determined using QC. The
actual number of energy contributions of a ReaxFF system
depends on the type of chemical species and processes to be
modeled. The ReaxFF for simulating asphalt oxidation in an
oxygen environment involves complex chemical reactions be-
tween the five element species of asphalt and external oxygen.

Esystem ¼ Ebond þ Eval þ Etors þ EH�bond þ EvdWaals

þ ECoulomb ð1Þ
In Eq. 1, the bond energy Ebond describes the chemical

energy between each pair of bonded atoms. Valence angle
energy Eval accounts for the energy contribution from valence
angle; the torsion rotation energy term Etors is formulated in a
way that the torsion angle energy gradually develops with the
changes in torsion angleωijk and bond order evenwhen the bond
order approaches zero or increases to exceed 1; van der Waals
interactions energy EvdWaals accounts for the van der Waals
interactions; and the term Coulomb interactions energy ECoulomb
between all atom pairs is included to adjust energy variation due
to orbital overlap between atoms at close distances.

The fundamental ReaxFF assumption is that the bond order
BO’ij between a pair of atoms is dependent on the interatomic
distance rij according to Eq. 2, in which the parameter r0 is the
bond radius and the series of parameters ps describe the bond
order. In calculating bond orders, ReaxFF distinguishes be-
tween contributions from σ bonds, π bonds, and ππ bonds.
The bond orders BO’ij are updated in each time step. The
energy of the system is finally determined by summing up
all the energy contributions per Eq. 1. The three pairs of
parameters: pbo,1 and pbo,2, pbo,3 and pbo,4, and pbo,5 and
pbo,6 in Eq. 2 correspond to the orders of the σ bond,
the first π bond, and the second ππ bond, respectively,
of which the values are given in Table 1. The values of
the exponential terms is unity below a particular interatomic
distance r0 and negligible at a longer distance. The bond
energy is calculated from the bond order BO’ij.

BO"
ij ¼ BOσ

ij þ BOpp
ij ¼ exp Pbo1 � rij

rσo

� �Pbo2
" #

þ exp Pbo3 � rij
rpo

� �Pbo4
" #

þ exp Pbo5 � rij
rrro

� �Pbo6
" #

ð2Þ
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The connectivity related terms in Eq. 1 such as the bond
energy, valence angle and torsion angle energy terms are
also bond order dependent and will disappear upon bond
dissociation. This feature of ReaxFF ensures a smooth tran-
sition of the energy and force from a bonded system to a
non-bonded system. In addition to the valence interactions
which depend on overlap, there are repulsive interactions at
short interatomic distances due to Pauli principle orthogo-
nalization and attraction energies at long distances due to
dispersion. These interactions, comprised of van der Waals
and Coulomb forces, are included for all atom pairs, thus
avoiding awkward alterations in the energy description dur-
ing bond dissociation. In this respect, ReaxFF is similar in
spirit to the central valence force fields used earlier in
vibrational spectoscropy. The following sections introduce
these energy contribution terms.

Bond energy

Ebond of the C-H-O-S system was determined according to
Eq. 3. De and pbe,1 and pbe,2 are bond parameters. Upon the
dissociation of a bond, the bond order BO’ij approaches
zero making the bond energy term Ebond disappear
(Eq. 3). To simulate oxidation of asphalt, the energy
contributions developed by van Duin et al. [24, 28] are
used to determine the overall system energy―hence the
ReaxFF potential function―for the atomic-level model-
ing of asphalt oxidation, with the parameters given in
Table 1.

Ebond ¼ �De � BO"
ij � exp½pbe1ð1� BO"

ij

� �pbe2Þ� ð3Þ

Valence angle energy

Eval was determined according to Eq. 4. Just like bond energy,
it is important that the energy contribution from valence angle
term goes to zero as the bond orders in the valence angle goes to
zero. Equation 4 determines the energy associated with devia-
tions in valence angle Θijk from its equilibrium value Θ0. The
term f1(BO) per Eq. 4a ensures that the valence angle energy
contribution disappears smoothly during bond dissociation.
Equation 4b deals with the effects of over/under coordination
in central atom j on the valence angle energy. Atom under-
coordination/overcoordination parameter Δj is defined for
atoms as the difference between the total bond order around
the atom and the number of its bonding electrons valence. The
equilibrium angle Θ0 for Θijk depends on the sum of π-bond
orders around the central atom j and changes from around
109.47° for sp3 hybridization (π-bond00) to 120° for sp2 (π-
bond01) to 180° for sp (π-bond02) based on the geometry of
the central atom j and its neighbors. Table 2 lists the parametric
values used to determine the valence angle energy Eval.

Eval ¼ f1ðBOijÞ � f1ðBOjkÞ � f2ðΔjÞ
�fpval1 � pval1 exp½�pval2 Θo BOð Þ �Θijk

� �2�g
ð4aÞ

f1ðBOijÞ ¼ 1� exp �BOpval3
ij

� �
ð4bÞ

f2ðΔjÞ ¼ 2þ expðΔjÞ
1þ expðΔjÞ þ expð�pval4 �ΔjÞ ð4cÞ

Table 1 ReaxFF parameters for determining bond order and Ebond of asphalt (a C-H-O-S system)

Bond De (kcal/mol) pbe,1 pbe,2 pbo,1 pbo,2 pbo,3 pbo,4 pbo,5 pbo,6

C-C 145.4070 0.2176 -0.1940 5.9724 1.0000 8.6733 1.0000 -0.7816 0.3217

C-H 167.1752 -0.4421 1.0000 8.5445 0.0000 0.0000 1.0000 0.0000 0.5969

H-H 188.1606 -0.314 1.0000 5.7082 0.0000 0.0000 1.0000 0.0000 0.6816

C-O 171.0470 0.36 -0.2660 5.0637 0.0000 7.4396 1.0000 -0.1696 0.3796

O-O 90.2465 0.995 -0.1850 6.2396 1.0000 7.5281 1.0000 -0.2435 0.9704

H-O 216.6018 -0.4201 1.0000 5.9451 0.0000 0.0000 1.0000 0.0000 0.9143

C-S 128.9942 0.1035 -0.2398 5.6731 1.0000 8.1175 1.0000 -0.5211 0.6000

H-S 151.5159 -0.4721 1.0000 7.0050 1.0000 0.0000 1.0000 0.0000 0.6000

O-S 100.0000 0.5563 -0.4577 7.1145 1.0000 12.7569 1.0000 -0.4038 0.6000

S-S 96.1871 0.0955 -0.2373 6.4757 1.0000 9.7875 1.0000 -0.4781 0.6000
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Torsion rotation energy

Etors is a term defined to reflect the energy changes due to the
changes in torsion angle ωijk and bond order BO’ as the bond
order varies from zero to above one. This is given in Eq. 5 and

5a-b. Θijk and Θjkl are valence angles. Δ is the atom under-
coordination/overcoordination parameter. Parameters ptor3
and ptor4 in Eq. 5b equal zero for the specific types of elements
in this study. Table 3 lists the values of parameters V1, V2 and
ptor used to determine the torsion rotation energy Etors.

Etors ¼ f3ðBOij;BOjk; ;BOklÞ � sinΘijk � sinΘjkl

1

2
V1 � exp ptor � ðBOjk � 1þ f4ðΔi;ΔkÞÞ2

n o
� ð1� 2 coswijklÞ þ 1

2
V2ð1þ cos 3wijklÞ

� 	 ð5Þ

f3ðBOij;BOjk; ;BOklÞ ¼ ½1� expðBOijÞ�
�½1� expðBOjkÞ�
�½1� expðBOklÞ�

ð5aÞ
f4ðΔj;ΔkÞ ¼ 2þ exp ð�Δj �ΔkÞ

1þ exp ð�Δj �ΔkÞ þ exp ðΔj þΔkÞ
ð5bÞ

Table 2 Parameters for deter-
mining valence angle energy Angle atoms Θ0 (degree) pval,1(kcal/mol) pval,2(1/radian

2) pval,3 pval,4

C-C-C 70.0265 13.6338 2.1884 0.1676 1.0400

C-C-H 69.7786 10.3544 8.4326 0.1153 1.0400

H-C-H 74.6020 11.8629 2.9294 0.1367 1.0400

C-H-H 0.0000 0.0000 6.0000 0.0000 1.0400

C-H-C 0.0000 3.4110 7.7350 0.0000 1.0400

H-H-H 0.0000 27.9213 5.8635 0.0000 1.0400

C-C-O 72.9588 16.7105 3.5244 1.1127 1.1880

O-C-O 80.0708 45.0000 2.1487 1.1127 1.1880

H-C-O 66.6150 13.6403 3.8212 0.0755 1.0500

C-O-C 79.1091 45.0000 0.7067 0.6142 1.0783

C-O-O 83.7151 42.6867 0.9699 0.6142 1.0783

O-O-O 80.0108 38.3716 1.1572 0.6142 1.0783

C-O-H 78.1533 44.7226 1.3136 0.1218 1.0500

H-O-O 84.1057 9.6413 7.5000 0.1218 1.0500

H-O-H 79.2954 26.3838 2.2044 0.1218 1.0500

C-H-O 0.0000 0.0019 6.0000 0.0000 1.0400

C-H-S 0.0000 0.0019 6.0000 0.0000 1.0400

O-H-O 0.0000 0.0019 6.0000 0.0000 1.0400

H-H-O 0.0000 0.0019 6.0000 0.0000 1.0400

C-C-S 74.9397 25.0560 1.8787 0.0559 1.0400

C-S-C 86.9521 36.9951 2.0903 0.0559 1.0400

H-C-S 74.9397 25.0560 1.8787 0.0000 1.0400

C-S-H 86.1791 36.9951 2.0903 0.0000 1.0400

C-S-S 85.3644 36.9951 2.0903 0.0559 1.0400

H-S-H 93.1959 36.9951 2.0903 0.0000 1.0400

H-S-S 84.3331 36.9951 2.0903 0.0000 1.0400

H-H-S 0.0000 0.0019 6.0000 0.0000 1.0400
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Hydrogen bond interactions

Equation 6 described the bond-order dependent hydrogen
bond term for an X-H—Z system as incorporated in ReaxFF.

Table 4 lists the values of parameters r°hb, phb1, phb2, and phb3
used to determine the torsion rotation energy EHbond.

EHbond ¼ phb1 � 1� exp phb2 � BOXHð Þ½ �

� exp phb3
rohb
rHZ

þ rHZ
rohb

� 2

� �� 	

� sin8 ΘXHZ

2

� �
ð6Þ

Van der Waals interactions energy

EvdWaals accounts for the van der Waals interactions using a
distance-corrected Morse-potential given in Eq. 7. By includ-
ing a shielded interaction (Eq. 7a), excessively high repulsions
between bonded atoms (1-2 interactions) and atoms sharing a
valence angle (1-3 interactions) are avoided. Dij is the basic
energy term of an atomic pair; rvdW is the van der Waal radius.
The parameter αij is set to be 1 for the elements of this study.
The other parameters for EvdWaals are given in Table 5.

EvdWaals ¼ Dij � exp aij � 1� f5ðrijÞ
rvdW

� �� 	
� 2 � exp 1

2
� aij � 1� f5ðrijÞ

rvdW

� �� 	
 �
ð7Þ

f5ðrijÞ ¼ rpvdW1
ij þ 1

gw

� �pvdW1
� 	 1

pvdW1 ð7aÞ

Coulomb interactions energy

ECoulomb is considered between all atom pairs. To adjust for
orbital overlap between atoms at close distances a shielded
Coulomb potential ECoulomb is used (see Eq. 8).

ECoulcomb ¼ C � qi � qj
r3ij þ 1=g ij

� �3h i1=3 ð8Þ

Atomic charges are calculated using the electron equili-
bration method [29, 30]. The initial values for the electron
equilibration method parameters (η, χ, and γ) listed in

Table 6 were determined by Njo et al. [31]. The optimization
parameter γij in Eq. 8 is included for orbital overlap correc-
tion in the electron equilibration method.

Atomistic modeling of asphalt oxidation

Petroleum asphalt is composed of different chemical ele-
ments, including carbon (~85 %), hydrogen (~11 %), and
some trace species such as sulfur (1 – 5 %), nitrogen (0 –
1.1 %), oxygen (0.2 – 0.8 %), vanadium (4 – 1400 ppm),
and nickel (0.4 – 110 ppm) [32]. Bulk asphalt consists of
molecules with different structures formed by atoms of these
chemical species. Like in general organic substances, struc-
tures of the asphalt molecules are more important than the
amount of each element present. Some heteroatoms, i.e.,
sulfur, nitrogen, oxygen, are attached to carbon atoms in

Table 3 Parameters for determining torsion rotation energy (X repre-
sents any of the elements C, H, O, and S)

Torsion angle V2 (kcal/mol) V3 (kcal/mol) ptor

C-C-C-C 23.2168 0.1811 -4.6220

C-C-C-H 45.7984 0.3590 -5.7106

H-C-C-H 44.6445 0.3486 -5.1725

X-C-H-X 0.0000 0.0000 0.0000

X-H-H-X 0.0000 0.0000 0.0000

X-C-O-X 16.7344 0.5590 -3.0181

X-H-O-X 0.1000 0.0200 -2.5415

X-O-O-X 68.9706 0.8253 -28.4693

X-C-C-X 0.9305 0.0000 -24.2568

X-C-S-X 30.3435 0.0365 -2.7171

X-S-S-X -42.7738 0.1515 -2.2056

X-H-S-X 0.0000 0.0000 0.0000

Table 4 Parameters for hydrogen bond interactions energy

Hydrogen bond r°hb phb1 phb2 phb3

O-H-O 2.0431 -6.6813 3.5000 1.7295

O-H-S 2.6644 -3.9547 3.5000 1.7295

S-H-O 2.1126 -4.5790 3.5000 1.7295

S-H-S 1.9461 -4.0000 3.5000 1.7295

Table 5 Parameters for determining van der Waals interaction energy

Atom units Dij (kcal/mol) rvdW (Å) γw αij PvdW1

C 0.1818 1.8857 2.0784 9.5928 1.5591

H 0.0600 1.603 4.4187 9.3951 1.5591

O 0.088 1.9741 7.7719 10.219 1.5591

S 0.2099 2.0677 4.9055 9.9575 1.5591
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different configurations, forming different polar molecules
or functional groups due to imbalance of electrochemical
forces which are weaker than the primary chemical bond—
the covalent bond that holds atoms within asphalt mole-
cules. Molecular interactions among the polar molecules of
asphalt are the primary mechanism of agglomerations that
strongly influence the physical properties and macroscopic
performance of asphalt. Usually a small amount of polar
molecules can have a great effect on most engineering
behavior of asphalt, such as the resistance to binder-
aggregate stripping that in general is believed to be con-
trolled by the adsorption of polar molecules to the surface of
mineral aggregates [9, 12].

It is therefore important to maintain a proper balance
among the different functional groups in durable and resis-
tant asphalts against oxidative aging [21]. A classic method
for separating asphalt into different functional groups is per
their solubilities in a series of organic solvents, supple-
mented with chromatographic analyses (namely, the Corbett
method) [5, 12]. To study the oxidation of asphalts in their
service conditions, a typical petroleum asphalt can be divid-
ed in three representative functional groups: asphaltenes
(relatively large molecules insoluble in straight-chain alka-
nes such as n-heptane or n-pentane), resins (naphthene aro-
matics—alkane-soluble and elute in aromatic solvents such
as benzene, and polar aromatics—alkane-soluble and elute
in more polar solvents, such as an aromatic/alcohol mix-
ture), and oils or saturates (molecules that elute immediately
in n-heptane) [5, 12]. The resin and oil portions together
also are known as maltenes or petrolenes. Asphaltenes, with
higher molecular weight and polarity than resins and satu-
rates, if not properly dispersed by the resinous components
of maltenes can cause reduced asphalt compatibility and
asphalt durability thereby [5, 12].

To model asphalt oxidation and the anti-oxidation mech-
anisms of lignins, a bulk asphalt model is made by mixing a
portion of each component functional groups under general
service conditions. The bulk asphalt model was originally
proposed by Zhang and Greenfield in strict accordance to a
real asphalt type [33]. The normal-docosane (n–C22H46), a
saturated aliphatic hydrocarbon with the highest concentra-
tion in the speciation reported by Kowalewski et al. [34] was
selected to represent the saturate/oil portion of asphalt. Its
melting point Tm044 °C and boiling point Tb0369 °C are

consistent with the waxy component of asphalt. An asphal-
tene component of asphalt taken from the NMR studies by
Artok et al. [35], i.e., C64H52S2, was adopted to represent a
portion of the asphaltene molecules. This asphaltene mole-
cule contains a moderate-size aromatic core and a few
branches that represent a statistically average asphaltene mol-
ecule in general bulk asphalt. For the resin group, the 1,7-
dimethylnaphthalene with the number of aromatic rings and
side chains intermediate between that of saturates and asphal-
tenes was selected, that resembles some asphalt molecules
depicted earlier [36]. The lignin used for this study was from
a commercial source, i.e., the coniferyl alcohol as the main
monomer unit of lignins in softwood. The coniferyl-alcohol
lignin contains large amounts of phenol structures, giving it
antioxidant ability. The ball-stick schemes of the selected
asphalt and lignin molecules are shown in Table 7.

Thermodynamics and kinetics are two distinct aspects of
a chemical reaction. While thermodynamics describes the
possibility and direction of a reaction in terms of the free
energy, ΔG, released or consumed during a chemical reac-
tion; kinetics concerns how fast the chemical reaction can
reach equilibrium, i.e., the rate of the reaction, as influenced
by factors of reaction condition such as the temperature and
concentrations of reactants. The thermodynamics aspect of
asphalt oxidation in this study is evaluated by observing the
oxidation behavior of the individual asphalt molecules in a
domain of oxygen molecules all at the same concentration.
The kinetics of asphalt oxidation depends on factors such as
asphalt composition, products formed in oxidation, reaction
temperature, oxygen partial pressure, and other chemophysi-
cal effects of the system. Accordingly, the kinetics of the
different molecular species was evaluated by studying the
bulk asphalt model oxidized under the same condition, i.e.,
at one standard atmospheric (1 ATM) pressure (oxygen only)
and 130 °C or 150 °C using the fractions shown in Table 7.

With the selected representative molecules of asphalt and
lignin, a series of single-molecule models—one for each
representative molecule (see Fig. 1), and a bulk asphalt
model (Figs. 2a, c, and e) were developed, to study the
thermodynamic and kinetic aspects of the oxidation/anti-
oxidation of asphalt and lignin molecules. For the bulk
asphalt model, the coniferyl-alcohol lignin was mixed with
the asphalt at 130 °C, and then subject to two different levels
of temperature, 130 °C and 150 °C, to evaluate its anti-
oxidation effect. Chemical functionality developed in as-
phalt at 130 °C is similar to that develop during normal
pavement aging at ambient temperatures [37–39]. Also,
oxidation of asphalts in exposure to 100 % oxygen at 1
ATM is believed to be equivalent to that under the 300 psi
atmospheric pressure (such as in a Pressure Aging Vessel
(PAV)), or that of five or more years in pavements [40]. As
such, three oxidation conditions are evaluated in this study:
1) temperature of 25 °C and one ATM, 2) temperature0

Table 6 Parameters for determining Coulomb interactions energy

Atom type η (eV) χ (eV) γ (Å)

C 6.9235 5.7254 0.8712

H 9.8832 3.8196 0.7625

O 7.8386 8.500 1.0804

S 8.2545 6.500 1.0336
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Table 7 Molecules included in the unmodified and lignin-modified asphalt model

Designation Molecule Oxidation Molecule Oxidation

Asphaltene 
(C64H52S2)

(25°C) (130°C)

Naphthalene (C12H12)

(25°C) (130°C)

Saturate (C22H46)

(25°C) (130°C)

Beech-Lignin-1 
(C146H94O52)

(130°C) (150°C)

Beech-Lignin-2 
(C113H128O41)

(130°C) (150°C)

Fig. 1 Thermodynamics study
of model asphalt and lignin
molecules (1 ATM oxygen
pressure, 10 hours)
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130 °C and one ATM, and 3) temperature of 150 °C and one
ATM. In each condition, in addition to the asphalt and/or
lignin molecules only oxygen molecules are included that
are separated at an average distance of 1.2 nm (equal to the
average air molecule distance at 1 ATM). The use of 1 ATM
pressure for modeling is important for studying the escape
of existing small-molecule-weight components of asphalt or
newly generated ones during asphalt oxidation from bulk
asphalt, which might be an important mechanism contribut-
ing to asphalt hardening.

The overall mixture composition, i.e., the relative amounts
of the three ingredient functional groups used for making the
bulk asphalt, was determined based on the measurements by
Storm et al. [41], who applied NMR to asphalt fractions
separated by the common alkane precipitation method (hep-
tane used) and identified the balance among aromatic and
alkane carbons in the asphaltene, resin, and saturate mixtures
through the different peak positions of different kinds of carbon

atoms. An asphaltene fraction of 19.6 wt% was selected in this
study, which is close to the 22wt% reported by Storm et al. [41].
The coniferyl-alcohol lignin is 23 wt% in modified asphalt.

As such, each ReaxFF model contains an individual (for
thermodynamic study) or a number (for kinetics study) of
the saturate, resin, asphaltene and lignin molecules, forming
a domain embedded in oxygen molecules (see Fig. 1 for the
single-molecule models, and Fig. 2 for the bulk asphalt
model). The bulk asphalt was packed to a density of
1000 kg/m3 prior to adding oxygen molecules into the
modeled domain, a typical value for asphalts at ambient
conditions. The ReaxFF models were run at a Velocity
Verlet plus Berendsen ensemble [42, 43] at a time step of
0.25 femtoseconds (fs) using a parallel computing algorithm
developed based on the message-passing interface (MPI)
standard. The Virginia Tech’s suite of high performance
computers―System X, a supercomputer comprising 1100
Apple PowerMac G5 cluster nodes and capable of running

 Bulk Asphalt without Lignin(a) before Oxidation (b) After Oxidation at 130°C for two Hours

Bulk Asphalt with Ligni n before Oxidation (d) After Oxidation at 130°C for two Hours

Bulk Asphalt with Lignin before Oxidation (f) After Oxidation at 150°C for two Hours

(c) 

(e) 

Fig. 2 Oxidation of unmodified
and lignin-modified bulk
asphalts at 130 °C and 150 °C,
a bulk asphalt without lignin be-
fore oxidation; b after oxidation
at 130 °C for two hours; c bulk
asphalt with lignin before oxida-
tion; d after oxidation at 130 °C
for two hours; e bulk asphalt
with lignin before oxidation; f
after oxidation at 150 °C
for two hours
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at 12.25 Teraflops was used for the computation. Each
ReaxFF model was kept running until the oxidation equi-
librium is reached, with no more new species observed for
one hour. The modified and unmodified asphalt models after
oxidation are also shown in Fig. 2.

Validation of the atomistic model

X-ray photoelectron spectroscopy (XPS) as a powerful sur-
face technique was used in this study for determining and
thereby validating the oxidative aging of asphalt binders and
the anti-oxidation performance of lignin, following well
established procedures in which a sufficiently thin sample
(e.g., a few μms) was prepared and oxidized with uniform
level of oxidation throughout the entire depth of the sample
in a relatively short period of time at 130 °C [44–47].
Specifically, XPS was used to determine and compare the
amounts of generated functional groups before and after
asphalt oxidation.

XPS analysis is based on the photoelectric effect of
ejected electrons from the surface of a sample in exposure
to electromagnetic radiation of sufficient energy. Electrons
emitted have characteristic kinetic energies proportional to
the energy of the radiation, according to Eq. 9, in which KE

is the kinetic energy of the electron, h is Planck’s constant, ν
is the frequency of the incident radiation, Eb is the ionization
or binding energy, and φ is the work function—a constant
dependent on the X-ray photoelectron spectrometer used. In
an XPS analysis, a level of energy radiation is used to expel
core electrons from a sample, and the kinetic energies of the
resulting core electrons are measured. Using Eq. 9 with the
kinetic energy KE and known frequency ν of radiation, the
binding energy Eb of the ejected electron can be determined.
By Koopman’s theorem, which states that binding or ioni-
zation energy is equivalent to the negative of the orbital
energy, the energy of the orbital from which the electron
originated can be determined. These orbital energies are
characteristic of the element and its state.

KE ¼ hu� Eb � 8 ð9Þ
A Physical Electronics 5600 XPS setup was used, which

provided the relative frequencies of binding energies of
electrons. The binding energies were then used to identify
the elements to which each peak corresponded, as elements
of the same kind in different states and environments usually
have different characteristic binding energies. Furthermore,
comparing the areas under the peaks gave relative percen-
tages of the elements detected in a sample. In preparing
samples for XPS analysis, the asphalt samples were vac-
uumed at room temperature following the procedure estab-
lished by Ruiz et al. [47]. The samples (in dry powders)
were then pressed onto a piece of thin indium foil (0.1 mm

thick) as the sample substrate. The graphite tape was not
used as sample substrate for the carbon-based asphalt to
avoid peaks from the graphite tape, which would otherwise
add to the carbon peak potentially skewing or overwhelming
the data in XPS spectrum.

An initial survey XPS scan was conducted to identify the
elements present in the unmodified and modified asphalt
samples before and after oxidation (Figs. 3a and 4a), fol-
lowed with a subsequent high-resolution scan of the peaks
of interest, i.e., the carbon and sulfur in this study, to
identify functional groups such as ketones, sulfoxides,
ethers, and acids as observed in atomistic simulation
(Figs. 3b and 4b). For the high-resolution scan, the comput-
er software associated with the Physical Electronics 5600
XPS device detected the transform of sigma carbon–carbon
single bonds (before oxidation) to the different carbon-
oxygen bonds (after oxidation), and the transform of sul-
fides (before oxidation) to sulfoxides (after oxidation) at the
carbon and sulfur peaks, as predicted by the ReaxFF-based
atomistic models as shown in Figs. 1 and 2.

For the unmodified asphalt, the XPS spectra given in
Fig. 3b clearly show the generation of ketones and sulfox-
ides during oxidation. For the asphalt modified with
coniferyl-alcohol lignin, the XPS spectra given in Fig. 4b

Survey Scan

High-Energy Scan of Carbon and Sulfur Zones

(a)

(b)

Fig. 3 XPS spectra of unmodified asphalt before and after oxidation, a
survey scan; b high-energy scan of carbon and sulfur zones
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show the generation of ketones, ethers, acids, and sulfoxides
during oxidation. The quantitative determination of these
functional groups in both unmodified and modified asphalts
all well conform to the predictions from the ReaxFF-based
atomistic models. Furthermore, the generations of functional
groups during oxidation are plotted in Fig. 5 for both XPS
measurements and atomistic predictions. The XPS measure-
ments further validate the ReaxFF-based bulk asphalt model
by showing close results in the amounts of newly generated
ketones, ethers, acids, and sulfoxides. The slight difference
between the experimental results and numerical predictions
might come from the machine and/or operation errors relat-
ed to XPS.

Results and discussions

From the thermodynamic aspect of asphalt and lignin oxi-
dation after two hours at 25 °C, 130 °C, and 150 °C (Fig. 1),
asphalt molecules do not show signs of oxidation at 25 °C,
however they do get oxidized at 130 and 150 °C; while the
lignin molecules are not oxidized at 25 and 130 °C, however
are oxidized at 150 °C during the simulation period. Also,

under the same oxidation condition (at 130 °C, 1 ATM) the
different asphalt molecules oxidize at different rates and
lead to different products. The carbon atoms in chain alkane,
i.e., Saturate—C22H46, are quite resistant to oxidation; in-
stead, the chain can break into shorter segments relatively
easily. This could constitute an important mechanism for
asphalt hardening as liquid portions of asphalt vaporize into
air under general service conditions. The carbon atoms in
aromatic (C12H12) show a partial level of oxidation, i.e.,
oxidized at the benzylic position, not the carbon atoms
forming benzene rings, resulting in a ketone structure.
Among the asphaltene molecules, i.e., the Asphaltene—
C64H52S2, sulfoxidation occurs to one sulfur atom forming
a sulfoxide (S0O), and ketonization occurs to one benzylic
carbon atom. In asphaltenes, sulfoxidation seems to be
easier than ketonization as the sulfoxide appears earlier than
the ketone in the same asphaltene molecule. However, no
aromatization was observed for the individual asphalt
molecules.

The snapshot of the oxidation of the unmodified bulk
asphalt as shown in Fig. 2b, displays two obvious phenom-
ena: 1) generation of light-molecular-weight saturate mole-
cules (with shorter chains than the two original saturates),

(a) Survey Scan

(b) High-Energy Scan of the Carbon Zone

Fig. 4 XPS spectra of lignin-
modified asphalt before and af-
ter oxidation, a survey scan; b
high-energy scan of the carbon
zone
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which tend to leave the bulk asphalt via diffusion; and 2)
agglomeration of asphaltenes and aromatics as attracted by
the oxygen-bearing functional groups. Some unbroken long
saturates were also entangled with such agglomeration due
to larger molecular weight and/or electrostatic forces. These
two observations are in agreement with the phenomena of
chain breaking of saturates, sulfoxidation, and ketonization
as observed in the preceding thermodynamics models (on
individual molecules). Probably, the two mechanisms con-
tribute much to the oxidative hardening of asphalt.

Figures 2c and d show, respectively, the snapshots of the
lignin-modified asphalt before and two hours after oxidation
at 130 °C. At 130 °C the lignin does show effectiveness in
anti-oxidation, which can be seen by comparing the levels of
agglomeration in the bulk asphalt before (Fig. 2c) and after
(Fig. 2d) oxidation. This anti-oxidation effect is owing to the
scavenging action of lignin’s phenolic structures on oxygen

containing free radicals, i.e., the ketones and sulfoxides
formed in asphalt oxidation [17]. Phenolic structures are
benzene rings with attached hydroxyl groups, which can
form π–conjugation regions that promote the formation of
donor-acceptor complex in modified asphalt. Such com-
plexes act as catalysts or activators for scavenging the
ketones and sulfoxides generated in asphalt oxidation [18,
48]. However, when the temperature is raised to 150 °C the
lignin molecules started to become oxidized and generated
vanillin and glycolaldehyde, and their scavenging action
began to decrease. Further oxidation of lignin at 150 °C will
lead to glycolic acid as observed in both atomistic simula-
tion and XPS analysis. The increased level of agglomeration
as lignin molecules started to become oxidized can be clear-
ly seen in Fig. 2f in comparison to Fig. 2e.

The generated new species at 130 °C and 150 °C are
summarized in Fig. 5. In unmodified asphalt the generation

(a) Generation of New Functional Groups at 130°C

(b) Generation of New Functional Groups at 150°C

Fig. 5 Experimental vs.
numerical results of oxidized
unmodified/modified bulk
asphalt (two hours), a
Generation of new functional
groups at 130 °C; b generation of
new functional groups at 150 °C
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rate of ketones seems to exceed that of sulfoxides due to the
higher percentage of benzylic carbon atoms than sulfur atoms
in asphalt. The generation rate of shorter chains shows a similar
trend as ketones but at a slightly lower rate, both showing a
higher generation rate than sulfoxides which might contribute
more to the agglomeration of aged asphalt in the long run.
When modified with lignin, the asphalt demonstrated a signif-
icantly slower oxidation rate at 130 °C than the unmodified
asphalt. At 150 °C however, the generation rates of shorter-
chain saturates and ketones are higher than those at 130 °C, also
with a low rate of sulfoxide generation.

Based on this QC-based atomistic study, ketones and sulf-
oxides are the major oxidation products formed in oxidative
aging of asphalt, which is in agreement to results of existing
laboratory experiments such as by functional group analyses [5,
12]. Moreover, such oxidation products formed are consistently
observed among field asphalts from different sources [37–40],
and are in good agreement with the general oxidation chemistry
of hydrocarbon and sulfur-containing molecules [44–46].
Ketones are a group of organic compounds carrying a carbonyl
group, C0O, in which the carbon atoms is bonded to two
adjacent carbon atoms. Ketones are weak acids due to the α-
proton adjacent to the carbonyl group that aremuchmore acidic
compared to simple hydrocarbons, and can be removed by
common bases such as HO- and RO-. Sulfoxides are another
group of chemical compounds, containing a sulfinyl functional
group, S0O, attached to two carbon atoms. The generation of
ketones and sulfoxides are thermodynamically and kinetically
favorable in general asphalt under the typical open-to-air con-
ditions. Although the bond between sulfur and oxygen atoms
differs from conventional double bonds like that between car-
bon and oxygen in ketones, sulfoxides and ketones are both
polar, containing an electronegative oxygen atom producing a
dipole in interaction or association with other dipoles or in-
duced dipoles, thus both contributing to agglomeration of ox-
idized asphalt.

Lignins, when added in asphalt and not oxidized, will
slow down the aging speed of asphalt. Also, usually added
in solid powders, lignins can increase asphalt’s stiffness.
Lignins in general are more resistant to oxidation than
asphaltenes and resins of asphalt under the same conditions.
However, lignins do become oxidized at temperature of
150 °C and/or raised oxygen partial pressure, generating
vanillin and glycolaldehyde for coniferyl-alcohol lignin.
Sustained oxidation of the new species can lead to the
generation of vanillic acid (from vanillin) and glycolic acid
(from glycolaldehyde) that can be further oxidized to oxalic
acid. When oxidized to low-molecular acids, methyl ethers,
methyl ether esters, and methyl esters that have smaller sizes
than oxidized asphaltenes and even naphthalenes, these new
products help reduce the viscosity (as caused by ketones and
sulfoxides in oxidized asphaltenes and naphthalenes) and
recover the lost flowability and ductility of asphalt.

However the benefit owing to the smaller-size molecules is
limited as can be seen from Fig. 5b, in which significant
amounts of ketones and sulfoxides were generated from
both asphalt and lignin molecules when the temperature is
raised. Therefore, the anti-oxidation effect of lignins, if
demonstrated, comes mainly from its scavenging actions at
a non-oxidative temperature.

Summary and conclusions

Based on a QC-based reactive force field re-evaluated for
the C-H-O-S system, the oxidation of asphalt and the anti-
oxidation mechanism of coniferyl-alcohol lignin are mod-
eled and validated with XPS analyses. Important conclu-
sions are made as follows.

1. Two distinct stages of asphalt aging can be identified
based on the composition and structure of generated
chemical species and their generation speeds. Asphalts
initially exhibit a high chain-breaking trend and a high
reactivity with oxygen, causing a rapid spurt in the
formation of light-molecular-weight alkanes, ketones
and sulfoxides. This spurt is followed by a slower rate
of oxidation and hardening.

2. The oxidation of asphalt and lignin involves many stable
radicals, and a number of intermediate chemicals that can
only be observed at the atomic scale due to the high
chemical instabilities of such intermediate products. Sig-
nificant decomposition of saturates and evaporation of
small-molecular-weight hydrocarbons were observed in
the simulation. Ketones and sulfoxides account for most
of the oxidative reactions in the simulated asphalt; how-
ever, the ratio of ketones to sulfoxides formed depends on
sulfur content in asphalt. Therefore for the oxidative
hardening of asphalt in typical service conditions, chain
breaking of saturates, sulfoxidation, and ketonization at
benzylic carbons are the major mechanisms.

3. The coniferyl-alcohol lignin can be used as antioxidant for
petroleum asphalt, with the maximum radical-scavenging
effectiveness achieved in a non-oxidative condition of the
lignin (e.g., < 130 °C under 1 ATM oxygen partial pres-
sure). This means that when added in asphalt the mixing
temperature must be controlled to prevent lignin oxidation.
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