Fuel 220 (2018) 503-512

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Investigating molecular conformation and packing of oxidized asphaltene )

Check for

molecules in presence of paraffin wax s

Alireza Samieadel?, Daniel Oldham”, Elham H. Fini®*

@ Department of Energy and Environmental Systems, North Carolina A&T State University, 1601 E Market St, Greensboro, NC 27411, United States
® Joint School of Nanoscience and Nanoengineering, North Carolina A&T State University, 2907 East Gate City Blvd, Greensboro, NC 27401, United States
€ Department of Civil, Architectural, and Environmental Engineering, North Carolina A&T State University, 1601 McNair Hall, Greensboro, NC 27405, United States

ARTICLE INFO ABSTRACT

Keywords: This study investigates the effect of paraffinic wax (as a base component in many commercial rejuvenators) on
Oxidized asphalt binder the rheological and intermolecular properties of aged asphalt binder. Samples of oxidized asphalt binder doped
Paraffin wax ) with (1%, 3%, 5%, and 10%) paraffin wax were characterized using the rotational viscometer (RV), dynamic
M_‘;ec}ﬂar packing shear rheometer (DSR), bending beam rheometer (BBR) and direct tension test (DTT). The RV results showed an
Diffusion L . improvement trend in workability of aged binder as wax content increased. The DSR results (for a temperature
Molecular dynamics simulation R . .

Aggregation range of 10-76 °C) showed lower complex modules for wax-doped specimen than control specimen. The BBR test

results performed at sub-zero temperature showed that an increase of wax dosage led to higher creep stiffness
modulus indicating that the asphalt binder became generally stiffer in presence of wax at low temperature.
However, fracture energy measured through DTT test showed a significant reduction in presence of wax. The
latter can be attributed to plausible weak secondary bonds between wax and asphaltene molecules as well as
crystallization of wax molecules at low temperature within the asphalt matrix. This in turn can lead to wax
crystals playing as stress localization point giving rise to crack nucleation at the wax-asphalt interface reducing
overall fracture energy; it was further observed that as the wax content increased, the asphalt binder became
more brittle.

To further investigate the effect of wax on the molecular conformation and packing in aged asphalt binder, a
molecular simulation was performed on a system of wax and oxidized asphaltene. The results of molecular
simulations showed a reduction in formation of oxidized asphaltene nano-aggregates as the amount of wax
increased in the wax-doped oxidized asphaltene matrix at room temperature, which was also confirmed by size
exclusion chromatography. Furthermore, the radial distribution function results showed a less packed structure
of oxidized asphaltene molecules in presence of wax molecules. Increasing the wax content also increased the
diffusion coefficient of wax into the oxidized asphaltene matrix within a solvent medium. It was also showed that
interaction energy of a dimer of oxidized asphaltene is at a lower energy state in presence of wax molecules,
which suggests that wax molecules can promote dimerization of oxidized asphaltene molecules while suppres-
sing nano-aggregates formation.

1. Introduction

Known as a good adhesive in the construction sector, asphalt binder
has been used in more than 90 percent of paved roads in the U.S.
[27,46]. The asphalt binder used in hot mix asphalt is always suscep-
tible to reaction with oxygen in the air, a process called oxidative aging
[34,52].

Oxidative aging is a major factor responsible for hardening and
rheological changes in asphalt, resulting in degradation of desirable
asphalt properties [8,13,44,47]. The oxidative aging process happens in
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two stages; for each stage, there is a laboratory test method to simulate
it. The rolling thin-film oven (RTFO) test is used to simulate short-term
aging that happens during the construction phase; the pressured aging
vessel (PAV) test is used to simulate long-term aging of asphalt binder
[11,19,36,40,49]. The use of reclaimed asphalt pavement (RAP) has
been highly promoted by both road authorities and asphalt contractors;
mainly due to increase and fluctuation of asphalt binder price from
$235 per ton in 2006 to $635 in 2015 and to $409 in 2018 based on
asphalt price index [28]. Another motivation for promoting use of RAP
is its abundance in the US., as well as the potential environmental
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benefit from reduction of use of natural resources and virgin bitumen
which can off-set some of the consumption of depleting resources of
virgin binder and mineral aggregate [30].

To allow usage of high RAP asphalt mixture, a rejuvenator is needed
to retrieve the original mechanical properties of virgin asphalt binder.
Currently, different types of rejuvenator for aged asphalt have been
introduced to the market; these rejuvenators have different origins such
as bio-based (wood pellets, animal waste, soybean and corn stover),
waste engine oil, and some refinery-based oils that have portions of
paraffinic oil bases [53,9,29]. N-alkane is a saturated hydrocarbon
(C,Hap +2) (also called wax) that can be in form of a gas for n less than
5, a liquid for n between 5 and 17, and a solid for n greater than 17
[16]. Many newly used rejuvenators contain paraffinic wax or paraf-
finic oil [25]; these still have the viscosity-lowering effect, but there is
still the question of their effectiveness in chemically rejuvenating aged
asphalt. Previous researches studied rejuvenators which contained
paraffinic oil base. Mogawer et al. [25] used paraffinic oil as re-
juvenator and showed that it improved cracking properties of asphalt
mixtures containing 50% RAP binder. For instance fatigue test shows a
much higher number of cycles (two times of control binder) to failure
point. Zaumanis et al. [53] introduced waste engine oil with paraffin
wax to mixtures made from 100% RAP binder; the latter showed im-
provement in creep compliance which was increased by 25% compared
to reference binder. Wang et al. [50] used a warm mix additive with
structure of a polyethylene wax as rejuvenator for high RAP mixtures
and showed improvement of high and low temperature properties.

Among the four different chemical groups known as SARA (satu-
rates, aromatics, resins and asphaltenes) [14], asphaltenes are the
highly polar constituents of asphalt binder that are dispersed in the
maltene phase [1]. A change in the concentration of asphaltenes in
asphalt binder causes a variety of changes in the asphalt’s rheology as
well as the asphalt's mechanical properties [18]. The asphaltene mo-
lecules and their self-interaction are recognized to strongly affect the
rheological and mechanical behavior of asphalt binder [22,26]. During
the aging process of asphalt binder, one of the major factors that con-
tributes to the stiffening of asphalt binder is the oxidation of polar
aromatics, and asphatenes, leading to an increased aggregation due in
polar fraction of asphalt components [42]. It has been documented that
oxidation increases the asphaltene fraction of binder as the aromatics
convert to asphaltenes [35]. The results of gel permeation chromato-
graphy (GPC) indicated an increase in high molecular size species after
asphalt was exposed to oxidation; the latter was attributed to asphal-
tene molecules becoming more prone to aggregation due to oxidation
[391.

Other studies focused on examining interactions of wax with other
constituents of asphalt binder in micro scale [12,15,33,38]. The effects
of paraffin wax on unaged asphalt binder at both macro scale and nano
scale was also studied by [37]. However, the effect of paraffin wax
materials on aged asphalt binder and understanding the connection
between molecular interactions and rheological properties of aged as-
phalt is yet to be investigated.

Furthermore, there are limited study of the effect of wax on as-
phaltene behavior (as one of the key players of asphalt properties),
especially after oxidation of asphaltene during aging process, and its
effect on asphaltene nano-aggregates formation.

This paper examines molecular conformation and packing of oxi-
dized asphaltene molecules in presence of paraffin wax via both com-
putational modeling and experiments. Accordingly, the paper presents
a comprehensive thermos-mechanical characterization aged asphalt
binder doped with different dosages of paraffin wax utilizing a rota-
tional viscometer, a dynamic shear rheometer, a bending beam rhe-
ometer, and a direct tension test. The Size exclusion chromatography
was done to study the effect of paraffin wax on the formation of nano-
particles. To further study the intermolecular interactions between
paraffin wax and aged asphaltene molecules, an equilibrium molecular
dynamics simulation has been performed using Large-scale Atomic and
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Molecular Parallel software in the MedeA® 2.2 environment. The si-
mulations took place on a simplified model of the wax and oxidized
asphaltene complex in two stage: first, the effect of doped n-Paraffin
wax on the self-association of oxidized asphaltene molecules was stu-
dies; second the behavior of wax molecules in a complex of asphaltene-
wax in methanol as a solvent medium was studied. The result of this
study provides in-depth understanding on how paraffin wax affects
molecular packing of oxidized asphalt binder, and consequently its
thermo-mechanical properties.

2. Experiment details
2.1. Experiment plan

The asphalt binder used in this study was graded as PG 64-22 and
donated by Associated Asphalt Inc. of Greensboro NG; it was aged based
on RTFO (short term aging simulator) and PAV (long term aging si-
mulator) based on the standards [2,5] and doped with different paraffin
wax dosages. For the aging process, the binder was initially aged using
a rolling thin-film oven followed by two durations of the regular aging
procedure of a pressure aging vessel. The test using two durations is
known as 2XPAV, total of 40 h. 2XPAV has been shown to give better
results with regard to the long-term aging that happens in the field [8].
The wax that was used for aged asphalt binder modification was a
petroleum based paraffin wax (P31, with melting point of 53-57 °C,
purchased from Fischer Scientific). The wax was blended at 1%, 3%,
5%, and 10 %wt of the initial aged asphalt binder, and samples were
hand-blended at 135 °C for 30 min.

The viscosity results were determined using a rotational viscometer
(RV). Measurements were conducted following ASTM D4402 [3] using
a Brookfield Viscometer RV-DVIII Ultra, by applying a rotational shear
on the selected material. Samples were prepared by pouring 10.5 g of
each sample (aged binder with different concentrations) into an alu-
minum chamber following by cooling to room temperature. Samples
were preheated in an oven for 30 min before testing in the temperature-
controlled thermoset apparatus. After reaching thermal equilibrium,
three viscosity results were taken at three-minute intervals until the
results had a range of less than 100 cP (0.1 Pas). The average value of
three readings was taken as the viscosity value. The speed chosen for
this study was 20 rpm performed at 120, 135, and 150 °C.

The complex moduli results were determined using the Malvern
Kinexus Pro dynamic shear rheometer (DSR) following ASTM D7552 —
09 [7]. Each sample (three replicates for each sample was tested) was
test at 31 different frequencies ranging from 0.1 to 100rad/s at a
temperature range of 76-10 °C with 6-degree increments. The 25 mm
spindle was used for the high intermediate temperature range of
64-76 °C, while the 8 mm spindle was used for 58-10°C due to in-
creased stiffness of the binder at lower temperatures [20]. From the
resulting data, master curves were generated using the principle of
time-temperature superposition (TTS) using the Williams-Landel-Ferry
method (WLF) [51] at a reference temperature of 43 °C. Furthermore,
the temperature at which the loss moduli and storage moduli meet
(known as the crossover temperature) was measured as a property of
the material. In general, viscoelastic materials with higher crossover
temperature reach their elastic behavior faster as temperature drops
and behave more as a stiffer material [17,37].

The bending beam rheometer (BBR) was used to evaluate the
modified aged binder’s stiffness and ability to relax (m-value) at low
temperature and compare it to that of unmodified aged binder. For the
low-temperature testing, —12 °C was selected, following the SuperPave
binder PG specification, which requires the binder to be tested at the
low-temperature grade of the binder (PG 64-22) plus 10 °C, as men-
tioned in ASTM D6648 [6]. Asphalt binder sample beams were pre-
pared by pouring the binder into aluminum molds (four replicates). The
samples were allowed one hour to cool to room temperature, then
placed in a freezer for five minutes before being demolded. A constant
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load of 100 g was applied on the middle point of specimens as the de-
flection was measured continuously.

The direct tension test (DTT) was used to study low-temperature
stress and strain and fracture properties of the modified aged binder.
Six dog-bone-shaped binder specimens were prepared (dimensions of
40 mm long, 6 mm width, and 6 mm thick) according to ASTM D6723
[4]. The binder was poured into aluminum molds (six replicates for
each sample), allowed to cool to room temperature for one hour, and
then trimmed and placed in a freezer for seven minutes before de-
molding, to prevent deflection. The samples were then placed in the
DTT’s cooling bath at -12°C, following SuperPave binder PG specifi-
cation (ASTM D6723-12) [4]. Samples remained at — 12 °C for one hour
for thermal equilibrium. The test started when the load reached 2N
with a strain rate of 3 percent/min. During the test, load and dis-
placement of the sample up to failure point were recorded and then
used to calculate fracture energy (the amount of energy required to
create two new surfaces) and ductility (the change in length divided by
the original length).

The Size Exclusion Chromatography (SEC) analysis was conducted
using a Thermofisher RefractoMax 521 RI detector and Malvern H100-
3078 column (7.8 mm X 300 mm). A WPS-3000TSL analytical auto-
sampler was fully controlled by the Chromeleon chromatography man-
agement system. Samples (3% w/w in Tetrahydrofuran, THF) were fil-
tered using 0.45-um Millipore PTFE to remove suspended particulates; a
pump flow rate of 1.0 mL/min with THF as the carrier solvent and in-
jection volumes of 25 uL. were used. The separation of the multi-com-
ponent mixture took place in the column. A constant flow of fresh eluent
was supplied to the column via a pump to detect analytes. The analysis
was conducted based on size separation of analytes. The resulting
chromatographic data was processed using Chromeleon software.

3. Results and data analysis
3.1. Experiment results

3.1.1. Viscosity

The effect of wax content on the viscosity aged asphalt binder was
investigated at different temperatures (Fig. 1). The viscosity results
show that by increasing the wax concentration from 1% to 10%, the
viscosity of the blend decreases. Furthermore, the increase in tem-
perature shows a swift reduction in binder viscosity. The viscosity dif-
ference for different dosages also decreases as the temperature in-
creases. This change in viscosity at high temperatures occurs when wax
crystals can’t be formed and the wax molecules can move freely in the
binder medium.

9000
8000
7000
6000
5000

4000

Viscosity (cP)

3000
2000

1000

0

Temperature (°C)

Fuel 220 (2018) 503-512

3.1.2. Complex modulus and crossover temperature

Using the dynamic shear rheometer (DSR), the complex modulus
(G™) master curves for 0%, 1%, 3%, 5%, and 10% wax-modified aged
binder were calculated and plotted in Fig. 2-a. The results indicate that
at a higher percentage of wax content, the aged asphalt binder becomes
softer, especially for 5% and 10% wax. This softening effect is more
noticeable at lower temperatures. At lower temperatures (higher fre-
quencies), the binder becomes softer with an increase of wax content,
while at higher temperatures, there is not much change after 5% wax.
The results show that, for a temperature range of 10-76 °C, adding more
than 3% wax is needed before a noticeable softening effect in aged
asphalt binder starts.

To investigate the aforementioned phenomenon more closely using
the DSR, the point at which the storage and loss moduli intersect (at a
phase angle of 45°) was also determined as an indicator of the hardness
of a material. This point is also known as the crossover temperature and
is a physical property of a material. The crossover temperatures of
unmodified aged binder, and aged with different wax concentrations
are presented in Fig. 2-b. The crossover temperatures show that by
aging the asphalt binder, the crossover temperature of the material
increases significantly. By adding wax to aged material, a small re-
duction is observerd at lower concentrations followed by an increase at
higher dosages. This can be related to the formation of wax crystals at
lower temperatures than its melting point.

3.1.3. Stiffness and M-value

Fig. 3 shows the stiffness and m-value results that were determined
using the BBR. The stiffness results (left axis) show that an increase in
wax content leads to a higher stiffness value in which by adding 10%
wax the stiffness increases by almost 30%. This phenomenon can be due
to an increase in the formed crystallized networks of the paraffin wax in
the bulk of aged asphalt binder. This is also shown with the modified
aged binder’s decreased ability to relax stress, as shown by the constant
decreasing of the m-value up to 20% less than unmodified aged binder
after adding 10% paraffin wax (right axis).

3.1.4. Fracture energy and ductility

Fig. 4-a shows the fracture energy obtained from a DTT test by
calculating the area under the curve of load-displacement. The fracture
energy represents the cohesive strength of the material and the energy
that is needed to bring the material to cohesive failure. The results
indicate that by adding wax to aged asphalt binder, the material be-
comes extremely brittle. The results from ductility also show that by
adding wax, the ductility of aged material decreases by 30 percent
(Fig. 4-b). A lower peak load along with lower fracture energy and

% Unmodified aged binder
=Aged binder+1% wax
N Aged binder +3% wax
% Aged binder+ 5% wax

# Aged binder+10% wax

Fig. 1. Viscosity vs temperature at 0%, 1%, 3%, 5% and 10% wax under 20 rpm.
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Fig. 2. Results for 0%, 1% 3%, 5% and 10% wax-modified aged binder: (a-top) complex modulus, (b — bottom) crossover temperature.

ductility does not show any improvement from added wax in aged as-
phalt binder's low-temperature rheological properties.

This change in properties of aged binder can be explained as being
caused by the formation of more weak crystal networks inside the bulk
of aged asphalt binder which decrease the resistance of binder from
tensile stress. The reason for ununiform trend for fracture test is the fact

that mechanism for destructive tests are different from the non-de-
structive tests as DSR showing a more consistent trend with increase of
wax content. This further confirms that at specific wax content fracture
mechanism transitions from bulk fracture to a crack growth at the in-
terface between wax and asphalt

:Zz % V = Stiffness V;zm-value 7 § .
M T

= 300 % % : / / _\V’v/ 0.2

% 250 - \\/\\/ % \ \\v//%»ms%

g p % % % % > E
100 v v v v - 0.05

Fig. 3. Stiffness and m-value results for unmodified aged binder, 0%, 1%, 3%, 5%, and 10% wax-modified aged asphalt binder.
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Fig. 4. DTT test results for 0%, 1%, 3%, 5% and 10% wax-modified binder: (a - top)
fracture energy, (b — bottom) ductility and peak load.

3.1.5. Size exclusion chromatography (SEC)

Fig. 5 shows the chromatogram of unaged binder, aged binder, and
aged binder +10% wax. The figure shows that the peak intensity at
early elution time (around 4.91 min) is increasing, and the shoulder
around 5.6 min converted to a noticeable peak from unaged to aged
binder. But after introducing 10% wax, there is a reduction in the in-
tensity of the areas of both peaks. In size exclusion chromatography,
material with a higher molecular weight appears at an earlier elution
time. The enhancement in the peak area shows an increase in molecular
weight after aging. Table 1 shows the cumulative percentage of area
from the start time of elution up to 5.8 min for all three chromatograms.
Based on size exclusion analysis, the large molecular size increase after
aging, and it was reduced after 10% wax inclusion.

Refreactive Index - pRIU
(=)}
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Table 1
Cumulative percentage area of refractive index.

Name of sample Cumulative % (start of slice to 5.8 min)

Unaged 155.47
Aged 256.66
Aged + 10 wt% Wax 226.02

4. Computational details and analysis
4.1. Molecular dynamics simulation

Molecular dynamics simulation (MDS) was performed on a system
at equilibrium state composed of oxidized asphaltene, paraffinic wax,
and methanol as a solvent, using Large-scale Atomic and Molecular
Massively Parallel (LAMMPS) software in MedeA® environment version
2.2 to investigate the interaction of paraffinic wax molecules as a re-
juvenating agent on oxidized asphaltene molecules. The model was
built in the MedeA® environment using the molecular builder, which
allows an interactive, step-by-step construction of polyaromatic units
with attached alkyl chains and thiophenic rings. This study used the
PCFF + force field, which is an extension of the PCFF force field. “Force
field” refers to the functional form of parameters used to calculate the
potential and kinetic energy of the system of atoms and molecules [43].
PCFF + is an all-atom force field designed to provide excellent accuracy
on hydrocarbon and liquid modeling from ab initio simulations [48]. It
includes a Lenard-Jones 9-6 potential for intermolecular and in-
tramolecular interactions and specific stretching, bending, and torsion
terms to involve 1-2, 1-3, and 1-4 interactions.

4.1.1. Methods of analysis

In this study, to study the effect of the presence of wax molecules on
the self-association or stacking of oxidized asphaltene molecules, the
change in interaction energy and stacking distance of a dimer was
measured. The interaction energy of an oxidized asphaltene dimer is a
measurement of the thermodynamic stability. The interaction energy
(Einy) can be calculated by subtraction of the total energy of the complex
from the sum of the fragments’ energy (Eq. (1)). This method is widely
used in other research [23,32,41].

Eipe = Ecomplex_( Z Efragment) (])

To further investigate the effect of paraffin wax on the self-inter-
action of oxidized asphaltene molecules, the average aggregation size of

Unaged

—— Aged

......... Aged + 10wt%
Wax

4 5 6

Time (Minute)

Fig. 5. SEC test results for unaged binder, aged binder, and aged binder +10%wax.
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oxidized asphaltene molecules induced with different dosages of wax
was calculated. The average aggregation size ( < m > ) was determined
according to Eq. (2) [45].

Z mN,,
2 N @)

where N,, is the number of aggregates containing m oxidized asphaltene
molecules

The pairwise radial distribution function or RDF (g(r)) was used in
the determination of stacking distance between atoms or molecules. In
this study, g(r) was calculated between oxidized asphaltene molecules.
The most centered carbon atom on polyaromatic sheet of oxidized as-
phaltene molecules was used to calculate the RDF.

To examine the mobility of wax molecules in an oxidized asphaltene
matrix, first a subset of wax molecules was defined and the mean square
displacement (MSD) graph was plotted. Referring to the Einstein rela-
tion of Brownian motion and the definition of the diffusion coefficient,
the value of the diffusion coefficient was measured according to Eq. (3).

3

where D is the diffusion coefficient, d is dimensionality, and t is the
time over which we are calculating the diffusion coefficient. The unit
for a diffusion coefficient is Az/ps (or 10~ *cm?/s).

<m>=

D = [Slope of MSD curve over the elapsed time t]/[2d)]

4.1.2. Structure of oxidized asphaltene, paraffin wax and solvent

The oxidized asphaltene molecule used in this study was proposed
by our research group; the molecule’s properties and structure were
developed recently. It is an oxidized asphaltene-pyrrole including 3
carbonyl groups placed at the most probable locations of the structure
[31]. The wax model used in this study as an elementary unit of doped
wax is the n-Cq; paraffin wax that is a polymethylene sequence of
—(CH2)- that regularly stacks in layers.

The chain length selected for this research was n-C;1Ha4, which has
been used before for understanding the interactions between wax and
unoxidized asphaltene [32]. The selected wax structure may have a
shorter length than the ones actually used for doping asphalt binders,
but it helps with regard to the limitations on simulation size and
computational cost on simulations that can be conducted. The proposed
structures for oxidized asphaltene and n-paraffin wax are shown in
Fig. 6.

In this study methanol solvent was used to provide an aggregation
effect on oxidized asphaltene molecules. In most asphaltene related
researches, n-heptane is the selected solvent but in this study, since the
effect of n-C;; is of interest, the solvent needed to have a different

Fuel 220 (2018) 503-512

chemical structure than an aliphatic chain hydrocarbon. Otherwise, the
effect of wax molecules will be overlooked.

The geometry of the system of molecules goes through a simple
force field minimization and force field dynamics to ensure that none of
the atoms are too close to each other.

4.1.3. Simulation method

The interaction energy of a dimer of oxidized asphaltene was stu-
died using a two-stage LAMMPS. The first stage started with an NVT at
a high temperature (800 K) for 100 ps and an NPT with a high pressure
(200 atm) for 500 ps, both annealed to 298.15K (25°C) and 1 atm to
shake the system and prevent trapping at local minimum energy states.
The second stage of the two-stage LAMMPS was started with an NVT
(constant number of atoms, volume, and temperature) ensemble with a
temperature of 298.15K (25 °C) followed by an NPT (constant number
of atoms, pressure, and temperature) ensemble with a temperature of
298.15K (25 °C) and a pressure of 1 atm. The ensemble was composed
of two oxidized asphaltene molecules and 600 molecules of methanol as
solvent. Methanol was chosen because of its tendency to aggregate
oxidized asphaltenes. The NVT duration was 2ns (ns) to reach an
equilibrated state for atomic and molecular configuration, followed by
an NPT simulation for 30 ns at 298.15 K (25 °C) and a pressure of 1 atm.
To measure the effect of wax on the interaction energy of oxidized
molecules, another simulation was performed with the same procedure
except for one change: the replacement of 6.5 wt% of methanol solvent
with wax molecules. For outcomes, the interaction energy and stacking
distance of oxidized asphaltene dimers were measured with and
without the presence of wax. An oxidized asphaltene dimer was con-
sidered stacked when 50 percent or more of the polyaromatic area was
overlapped, which is observable by rotating the configuration around
the axis normal to the tangent plane. The stacking distance was mea-
sured between the closest points of molecules.

To better understand the effect of wax on the self-association and
formation of nano-aggregates of oxidized asphaltene molecules, an
ensemble of 17 oxidized asphaltenes, 2000 methanol molecules and a
different number of wax molecules equal to 1%, 3%, 5% and 10% by
weight fraction of oxidized asphaltene was built. The simulation was
performed in two stages with two LAMMPS. The first LAMMPS stage
was exactly like the previous method, while the second stage started
using an NVT simulation of 2ns follow up by an NPT simulation of
10ns, both at 298.15K (25°C) and 1 atm. The diffusion analysis was
conducted over 1 ns for the wax subset. To have a better understanding
of the computational cost, second stage of LAMMPS in simulation was
done in 947,481 s (approximately 74 s for each step)

The short-range interactions were calculated directly, and long-

Fig. 6. Oxidized asphaltene (red atoms are oxygens and blue atom is nitrogen) (Left) and wax (C;1Ha4) (Right) molecular structures.
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range interactions were computed with the particle-particle—particle
mesh (PPPM) method. The first-stage molecular calculations were
performed initializing with an energy minimization at constant volume
using the conjugate gradient method. For the purpose of this study, a
Nose-Hoover thermostat and barostat was used to maintain constant
temperature and pressure during the simulation. Non-bonded interac-
tion terms were calculated with a simple cutoff of 9.5 A. The matrix of
methanol, oxidized asphaltene, and wax was started with a low average
density for both simulation methods to avoid molecular overlaps. In the
current study, all the wax molecules were considered as one subset of
the whole system, and the mean square displacement was calculated for
this subset.

4.2. Molecular dynamics simulation results

4.2.1. Effect of wax on self-association of oxidized asphaltene

The geometric conformation and stability of an oxidized asphaltene
dimer in methanol solvent was studied. For comparison purposes, two
ensembles were studied: one with methanol only, and one contained
wax equal to 6.5wt% of solvent. The solvent was replaced with wax
(instead of just adding wax to the system) to keep the mass ratio equal
in both configurations. Fig. 7 illustrates the final configuration of the
simulation (solvent molecules are hidden for clarity). The procedure
was explained earlier in the methods section. The stacking distance
(closest point of polyaromatic sheets) and the interaction energy were
calculated and are presented in Table 2. The results for the interaction
energy and stacking distance show that the presence of wax molecules
(or n-alkanes in general) promotes dimerization of oxidized asphaltene
molecules. The interaction energy of an oxidized asphaltene dimer is
showing that the dimer that is formed in the presence of wax molecules
is more stable than the one formed in undoped solvent. The stacking
distance also shows the same trend; its value is lower when wax mo-
lecules are around asphaltene molecules. These results show that wax
by itself doesn’t have a peptizing effect on oxidized asphaltene mole-
cules, because wax brings an oxidized asphaltene dimer to a lower
energy state and stabilizes it.

To evaluate the effect of n-paraffin wax on the formation of nano-
aggregates of oxidized asphaltene, a system of oxidized asphaltene
molecules, wax molecules, and methanol as solvent was studied. Each
ensemble was composed of 2000 molecules of methanol, 17 molecules
of oxidized asphaltene, and 1 to 10 molecules of paraffin wax as a
weight fraction of the oxidized asphaltene molecules (1%, 3%, 5%, and
10% of oxidized asphaltene molecules weight fractions). The simulation
procedure was elaborated in the simulation methods section. The

Fuel 220 (2018) 503-512

Table 2
Interaction energy for oxidized asphaltene dimer and stacking distance without and with
the presence of wax.

Measurement Oxidized asphaltene

dimer without wax in

Oxidized asphaltene dimer
with 6.5 wt% of solvent

solvent replaced with wax
Interaction energy -15 —58
(kJ/mol)
Stacking distance (A) ~ 3.267 3.166

results of the number of formed nanoaggregate and the average ag-
gregation size are shown in Fig. 8. The results show a reduced size of
aggregation (number of molecules forming a nanoaggregate) after
adding wax to the system of oxidized asphaltene in solvent. Although
the results show a general reduction in size, a specific trend was not
observed. The results also show that by adding wax to the system,
oxidized asphaltene molecules pack in a smaller size of nanoaggregates
but nanoaggregates become more frequent.

4.2.2. Radial distribution function (pair correlation function)

To obtain better insight into the aggregation of oxidized asphaltene
molecules with and without presence of wax molecules, the radial
distribution function (RDF), g(r), was calculated for the system with
just oxidized asphaltene and another with 10 wt% wax relative to as-
phaltene portion. Fig. 9 illustrates the results of the RDF analysis. The
most centered carbon atom of polyaromatic sheet of oxidized asphal-
tene molecules was selected as a subset to calculate RDF. The results
show that addition of wax content results in higher probability of
stacking of oxidizied asphaltene molecules at lower distance. The in-
tensity of occurrence of m-;t stack of oxidized asphaltene molecules
(first peak) at distance of 4.6 A is higher in presence of wax molecules
compared to the ensemble without wax which is aligned with results of
interaction energy. The second peak may represent the T-shaped
stacking of asphaltene molecules which occurs at 7.3 A.

4.2.3. Diffusion analysis

Using Eq. (3), the mean squared displacement (MSD) of the wax
subset was calculated for 1 ns to evaluate the diffusion coefficient of the
wax molecules in an ensemble of oxidized asphaltene and solvent. The
purpose of this analysis was to study the effect of an increase of wax
concentration on the diffusion of wax molecules into the oxidized as-
phaltene matrix in solvent. The results of the diffusion coefficient are
shown in Table 3. The results indicate that the diffusion of wax

Fig. 7. The final configuration of a dimer of oxidized asphaltene in methanol solvent: (a - left) without wax, (b - right) with the presence of wax.
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B Average aggregation size
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N Number of nano-aggregates in final configuration

Average size of aggregation

Undoped oxidized
asphaltene

1% wax

3% wax

Number of nano-aggregates

5% wax 10% wax

Wax percentage

Fig. 8. Average aggregation size (number of molecules forming a nano-aggregate) and number of nano-aggregates in final configuration versus wax weight fraction of oxidized asphaltene

in methanol solvent at 298.15K (25 °C).

molecules increases as the wax concentration increases. This can be
attributed to the alteration of aggregates size due to presence of wax.
Accordingly, the diffusion coefficient results are in-line with the trend
observed for the change of nanoaggregate size as the wax content in-
creases. It was shown that nanoaggregates size decreases 20% when
wax content increases from 0% to 10%. In the same token, it was ob-
served that by increasing the wax concentration from 1% to 10%, the
diffusion of wax increases by over 100%.

5. Summary and conclusions

In this paper effects of paraffin wax on molecular conformation and
thermo-mechanical properties of oxidized asphalt was examined via
computational and laboratory experiments. It has been documented
that introduction of paraffin wax can improve the workability of the
asphalt mixture allowing for lowering the mixing and compaction
temperatures in high RAP mixtures. Accordingly, this paper provides an
in-depth examination of the interaction mechanisms between n-paraffin
wax and oxidized asphaltene molecules to explain how wax molecules
alter thermo-mechanical properties of asphalt binder. Following con-
clusion were drawn based on computational and laboratory experi-
ments:

40

g(r)

0 2 4

Oxidized asphaltene

Table 3
Diffusion Coefficient and Calculated Uncertainty of Wax Molecules Within the Wax and
Oxidized Asphaltene Matrix in Solvent at 298.15K (25 °C) (1075 ecm?/s).

1%
0.632
0.022

3%
0.640
0.0078

Wax concentration
Diffusion coefficient
Uncertainty

5%
1.115
0.0051

10%
1.473
0.0078

® Viscosity results from the RV test show that at high temperature, the
viscosity decreases as more wax is added to the aged asphalt binder.

e The complex modulus decreased as the wax concentration in-
creased. This increase is more noticeable at wax content above 3%.
The complex modulus results show an overall softening effect (at
temperature ranges of 10-76 °C) as wax content increased. Observed
softening effect at high and intermediate temperature may be at-
tributed to enhanced dimerization of asphaltene while suppressing
formation of asphaltene nano-aggregates.

e Based on molecular dynamics simulation results, the interaction
energy of the oxidized asphaltene dimer reached a lower state and
their s stacking distance decreased from 3.267 A to 3.166 A in
presence of wax molecules. This can be attributed to the role of
paraffinic wax molecules to promote dimerization of oxidized as-
phaltene molecules.

e The average aggregation size of oxidized asphaltene molecules

4.6

e

6 8

Distance

Oxidized asphaltene +10 wt% wax

Fig. 9. Oxidized asphaltene molecules g(r) after 10 ns simulation time in methanol solvent at 298.15K (25 °C).
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decreased nearly 20% when wax concentration increased from 0%
to 10%. This shows the ability of wax molecules to prevent the
formation of nanoaggregates of oxidized asphaltene when they have
enough mobility. This phenomenon was observed in size exclusion
chromatography showing that introduction of wax reduced large
molecule size (LMS) in oxidized binder.

Moreover, the diffusion coefficient of the paraffin wax molecules
increased with increasing wax concentration. The results show an
increase of over 100% when the wax content increases from 1% to
10%. This can be attributed to molecular conformation and relative
change of nano-aggregate size in presence of wax.

The radial distribution function of oxidized asphaltene molecules
showed the first peak appeared at 4.6 A corresponding to stacking
distance of asphaltene molecules. It was further observed that when
wax was introduced to the system, (at 10 wt% dosage), the intensity
of the aforementioned peak increased suggesting that addition of
wax promotes dimerization by increasing interactions between
oxidized asphaltene molecules. The latter observation combined
with reduced average nano-aggregates size is reflected in observed
rheological changes including overall reduction in complex modulus
as well as improved workability of oxidized asphalt binder doped
with wax at high and intermediate temperature; aforementioned
molecular level interaction mechanism was further verified by size
exclusion chromatography.

Following conclusion were derived from laboratory experiments at
temperature ranges for which simulations could not be performed due
to extensive computational time requirement:

The stiffness results of the aged binder measured using a bending
beam rheometer (at temperature of —12°C) show a consistent in-
crease by increasing the wax content. The ability to relax stress
(known as the m-value) decreased with an increase of wax content
in aged binder.

The fracture energy of the aged binder, measured with a direct
tension test (at temperature of —12°C), decreased after adding
paraffin wax. This can be further attributed to a change in fracture
mechanism from asphalt-dominant fracture to wax-dominant frac-
ture mechanism. Weak secondary bonds between wax and asphal-
tene molecules may play as stress localization points giving rise to
crack nucleation at wax-asphalt interface leading to low fracture
energy. Introduction of wax also resulted in lower ductility in aged
asphalt, which continued to decrease with increasing wax percen-
tage.

The crossover temperature of aged binder show a decreasing trend
with introduction of 1% and 3% wax; however, this trend follows
with a sudden increase to a temperature even higher than that of the
control specimen (aged asphalt with no wax added)) for 5% and
10% wax-doped asphalt samples. The latter change may indicate at
certain wax dosage above 3%, thermo-mechanical properties of
specimen is controlled by structuring of wax molecules which is also
evidenced by fracture properties showing a tipping point at specific
wax dosage. The result of study can provide insights on importance
of defining critical wax dosage to optimize efficacy of wax-based
additives.
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