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ABSTRACT

This research is a comprehensive study of the sustainable modifiers for asphalt
binder. It is a common practice to use modifiers to impart certain properties to asphalt
binder; however, in order to facilitate the synthesis and design of highly effective
sustainable modifiers, it is critical to thoroughly understand their underlying molecular
level mechanisms in combination with micro and macro-level behavior. Therefore, this
study incorporates a multi-scale approach using computational modeling and laboratory
experiments to provide an in-depth understanding of the mechanisms of interaction
between selected modifiers and the constituents of asphalt binder, at aged and unaged
conditions. This study investigated the effect of paraffinic wax as a modifier for virgin
binder in warm-mix asphalt that can reduce the environmental burden of asphalt
pavements. The addition of wax was shown to reduce the viscosity of bitumen by
reducing the self-interaction of asphaltene molecules and penetrating the existing nano
agglomerates of asphaltenes. This study further examined how the interplay of various
modifiers affects the modified binder’s thermomechanical properties. It was found that
the presence of wax-based modifiers has a disrupting effect on the role of polyphosphoric
acid that is another modifier of bitumen and its interactions with resin-type molecules.

This study was further extended to using nanozeolite as a mineral carrier for wax
to better disperse wax in bitumen and reduce the wax's adverse effects such as physical

hardening at low service temperatures and rutting at high service temperatures. This



novel technique showed that using a different method of adding a modifier can help
reduce the modifier's unwanted effects. It further showed that nanozeolite could carry
wax-based modifiers and release them in bitumen, then acting as a scavenger for acidic
compounds in the binder. This, in turn, could promote the resistance of asphalt binder to
moisture damage by reducing the quantity of acidic compounds at the interface between
the binder and the stone aggregates.

Furthermore, this study shows that iso-paraffin wax can reduce oxidized
asphaltene molecules self-interaction and therefore, reduce the viscosity of aged bitumen
while cause brittleness at low temperatures.

Additionally, a cradle to gate life-cycle assessment was performed for a new bio-
modifier obtained from swine manure. This study showed that by partially replacing the
bitumen with bio-binder from swine manure, the carbon footprint of the binder can be
reduced by 10% in conjunction with reducing the cost and environmental impact of

storing the manure in lagoons.
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1 INTRODUCTION

1.1 Asphalt History

Known as a good adhesive in the construction sector, bitumen has been used in
more than 90 percent of paved roads in the U.S. (Jackson et al. 2011). The volatility in
the price of oil has made the price of bitumen unstable. The price of a ton of bitumen in
2007 was $275, which spiked to the all-time high price of $662 in 2008 and went back to
$332 in 2018 (Oklahoma department of transportation). On the other hand, innovation in
refinery techniques has led to producing more fuels such as gasoline and diesel and less
bitumen because of higher profits in the fuel industry (U.S. energy information

administration)(Figurel).
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Figure 1.1 Bitumen yield of district New Mexico refinery (U.S. energy information

administration)

To overcome the scarcity and price volatility of bitumen, researchers started to
find modifiers to better use the remaining supply of bitumen for a longer time or to use
the recycled pavements in new pavements. The use of modifiers has received rising
attention in the past decade as the need for a better performance bitumen increased. Some
asphalt cements require modification in order to meet specifications, which is another
reason to use modifiers. Some of the reasons for using modifiers are as follow (Pavement
interactive):

e Increased demand on HMA pavements. Traffic volume, loads, and tire pressure

have increased substantially in recent years, which can cause increased rutting and



cracking. Many modifiers can improve asphalt stiffness at normal service
temperatures to increase resistance to rutting while decrease its stiffness at low
temperatures to improve its thermal resistance to thermal cracking.

Environmental and economic issues. It is both environmentally and economically
sound to recycle waste and industrial byproducts (such as tires, roofing shingles, glass
and ash) to gain added benefit. Thus, when they can benefit the final product without
creating an environmental liability, they are often used as additives in HMA. The
other use is to maintain less environmental impacts, such as reduced emission and
energy consumption. It can be done by improving the workability of bitumen to use it
at less mixing and compaction temperature.

Superpave bitumen specifications. Superpave bitumen specifications developed in
the 1990s require bitumen to meet stiffness requirements at both high and low
temperatures. In regions with extreme climatic conditions, this is not possible without

bitumen modification.

1.2 Bitumen Additives to Improve Sustainability

1.2.1 Warm mix additives

The inherent benefit of using warm mix asphalt technology is to reduce asphalt

viscosity and improve its workability at lower temperatures. Warm mix additives and

warm mix technologies have recently gained attention as many countries are starting to

practice more sustainable approaches to reduce energy consumption, especially in the

3


http://www.pavementinteractive.org/asphalt-modifiers/superpave-performance-grading

construction sector. Normally asphalt is mixed and compacted at a relatively high
temperature of 150 °C or above, which makes asphalt mixing and compaction an energy
consumer industry. To reduce the cost of energy consumption, different warm-mix
technologies have been utilized. Some of which are:

e Utilizing organic additives such a low molecular weight wax

e The addition of zeolite to create a foaming effect in the mix

e Introduction of a soft bitumen and hard foamed bitumen during plant

production
In this research, we focused on the use of wax in asphalt and how it affects binder
mechanical, thermal, and molecular properties.
1.2.2 Rejuvenators
Modifying additives are utilized to rejuvenate recycled asphalt materials to reuse

them completely or partially in asphalt mixture designs, which are called rejuvenators.
Rejuvenators are products designed to restore original properties of aged (oxidized)
bitumen by restoring the original ratio of asphaltenes to maltenes. Many rejuvenators are
proprietary, making it difficult to offer a good generic description. However, many
rejuvenators contain maltenes because their quantity is reduced by oxidation.
Rejuvenators will retard the loss of surface fines and reduce the formation of additional
cracks; however, they will also reduce pavement skid resistance for up to 1 year
(Departments of the Army and the Air Force 1988).

The main usage of asphalt rejuvenators can be listed as follows (Brownridge 2010):


http://www.pavementinteractive.org/rejuvenators/asphaltenes-to-maltenes
http://www.pavementinteractive.org/rejuvenators/skid-resistance

« Introduce maltenes and saturates (light fractions) to the aged bitumen
o Soften the stiffness of oxidized asphalt pavement and flux the bitumen

o Extend the life expectancy or service life of the pavement

1.2.2.1 Different sources of asphalt rejuvenators

Some rejuvenators are petroleum-based and are obtained from oil refineries. The
other source for rejuvenators that recently gained attention is from waste oils such as
engine oil or cooking oil (Zaumanis et al. 2013). Another source is bio-modifiers that can
be used both as a modifier of virgin bitumen to improve its mechanical performance and
workability, and rejuvenator to regain the bitumen properties after aging. Bio-binder from
swine manure is one of the modifiers that can enhance the mechanical and rheological
properties of both virgin and aged bitumen (You et al. 2011). It also can be used as a
partial replacement of bitumen to reduce the demand for petroleum bitumen (Fini et al.
2011).

Straight-chain wax is one of the common parts of modifiers of bitumen, which
can be used as a modifier of virgin bitumen (used in warm-mix asphalt technologies) or
as a component of rejuvenators. On the other hand, paraffinic wax is also a part of
bitumen itself, which is a non-reactive saturate and forms a portion of virgin and aged
bitumen. Because of existence of wax in the bulk of bitumen, in the modifiers and in the
rejuvenators from different sources, it is necessary to understand its effect on bitumen at

different scales.



1.2.3 Other modifiers
Other modifiers that are used in asphalt pavements are as follow:

e Fillers (such as mineral fillers, carbon black)

Extender (such as sulfur)

e Rubber (such as natural latex, synthetic latex)
e Plastic (such as polyethylene, PVC)

e Fiber (natural and artificial)

e Oxidant and antioxidant

e Antistrips (such as amines and lime)

1.3 Specific Aim of the Research

The goal of this study is to evaluate the effect of modifiers (from a petroleum
source or a bio source) on bitumen properties and mechanical characteristics at different
scales. Form a macro-scale study, the effect of wax on rheological and mechanical
properties of bitumen is of interest. Using conventional tests to characterize the rheology
of bitumen before and after doping with paraffinic wax, this research aims at evaluating
the effects of paraffinic wax with different concentrations on both virgin and aged
bitumen. The tests that have been utilized in this study cover both high and low service
temperature characteristics of bitumen. Furthermore, the interplay between wax as a
warm mix asphalt additive and an inherent component of bitumen and polyphosphoric

acid (as a regularly used modifier of bitumen) needs to be investigated.



From a nanoscale point of view, the interaction of paraffinic wax with bitumen
constituents and mostly asphaltene molecules needs to be studied. Asphaltene molecules
play an important role in changes of the rheology of bitumen, and because of that, its

interactions with other components may result in different changes in bitumen behavior.

Providing a linkage between bitumen rheological and mechanical properties with
molecular interactions of its constituents is the unique contribution of this study and will

help to understand some of the unknown aspects of bitumen behavior.

Another modifier that was studied is bio binder from swine manure and the
viability of its use from a life cycle assessment perspective. The market analysis and
industry needs and pains to understand the usefulness of this product is another aspect of

this research

1.4 Objectives of This Study

Since the use of modifiers in the asphalt industry has gained much attention in recent years,
understanding the effect of modifiers and mechanisms of that effect plays an important role
in the design of new, sustainable, and effective modifiers to improve infrastructure quality
and resilience. To achieve this goal, understanding the underlying reason of the effect of
modifiers on bitumen is important. For this purpose, study the bitumen and modifiers’
effect should be done as a multi-scale approach by using experimental studies, rheological
analysis, chemical characterization as well as theoretical means such as molecular
dynamics.

In pursuant of stated goals for this study, the following objectives are selected to achieve:
7



e Study the effect of wax as a warm mix asphalt additive on bitumen high, medium,
and low service temperatures using experimental methods such as rheology study
and chemical characterization. Furthermore, investigation of molecular-level
interactions between wax and bitumen constituents can reveal the underlying
reason of experimental results.

e Investigation of effect of wax-based modifiers and rejuvenators on aged bitumen
mechanical properties, thermal characteristics, and chemical characteristics.
Moreover, the molecular interaction between wax and aged bitumen molecules
should be studied to explain the experimental results.

e Interplay between wax-based modifier and polyphosphoric acid (PPA) as an
elastomer needs to be investigated. This objective helps to understand the
synergistic and antagonistic effects of the two modifiers, which help explain some
adverse effects that using two or more modifiers can have.

e Proposing a novel method to use a carrier for wax molecules to better disperse the
modifier

e Environmental and economic impact assessment of the novel bitumen modifier
obtained from swine manure as a sustainable approach towards lower carbon

emission.

1.5 Research Approach

To achieve the goals of this research, a multi-scale method was proposed to

understand and explain the effect of selected modifiers on bitumen properties. For this
8



reason, the bitumen samples after modification are evaluated using experimental
mechanical tests (such as viscometry, dynamic shear rheometer, bending beam
rheometer, and direct tension test). To evaluate the effect of modifier on chemical
characterization of bitumen, further experimental studies were conducted (such as use of
gel permeation chromatography, Thin-layer chromatography, SARA fractionation of
bitumen, X-ray diffraction). The thermal properties of samples are also investigated to
determine the effect of modifiers on the thermal response of samples. Thermal properties
of samples were evaluated using differential scanning calorimetry and thermogravimetric
analysis.

Molecular dynamics simulation is a means to simulate the molecular interactions.
In this study this approach is used to explain the underlying mechanisms causing
observed material behavior in laboratory experiments and to maintain a more scientific
explanation for the effects of a modifier.

To evaluate the merits of the bio modified bitumen and its effects and impacts on
environment, life cycle assessment (LCA) approach is a well-structured and credible

means of study. Figure 1.2 illustrates the overall research scope.



Effect of wax on
bitumen properites

Paraffin wax (Warm
mix asphalt)

Bitumen Modifier

Rheology of bitumen

Thermal properties

| _|Molecular interactions

study

Chemical
characterization

Rheological effects

| | Use of nanozeolite as

a carrier

Thermal properies

Aged bitumen

Wax-based modifiers

| _[Molecular interactions

study

Rheology of bitumen

Thermal properties

| _|Molecular interactions

study

| _[Bitumen modified with

PPA

Bio-modifier from
swine manure

Life cycle assessment

Chemical
characterization

Rheology of bitumen

Thermal properties

| _|Molecular interactions

study

Figure 1.2 Schematic research scope

Feasibility of
technology transfer

10

Chemical
characterization




2 PARAFFIN WAX AS A WARM MIX ASPHALT ADDITIVE

2.1 Introduction and Literature Review

Warm-mix asphalts (WMA) are asphalt mixtures that can be manufactured and
used at temperatures of 20°C - 40°C lower than those for hot-mix asphalt (EAPA 2016).
The use of warm-mix asphalt has reduced the pollution emission and energy consumption
caused by manufacturing and utilizing hot-mix asphalt (Rubio et al. 2012). WMA's lower
viscosity and consequent improved workability at lower temperatures are the result of
using organic or chemical additives or water-based asphalt mixtures (Vaitkus et al. 2009;
You and Goh 2008).

Wax additives are different from bitumen's inherent wax. Currently, wax additives
with the chemical structure of n-alkanes are used in WMA technology and are available in
the market (Krol et al. 2013; Lu et al. 2008; Morea et al. 2012; Sanchez-Alonso et al. 2011).
Due to this difference between two substances, the n-alkane wax additive should be
selected in a way so that the changes in the original bitumen will not be degrading (Krdl et
al. 2013). Alkane is a saturated hydrocarbon (CnH2n+2), also called wax that can be in the
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 (Gawel and Czechowski 1998). The melting temperature of new n-alkane additives
is higher (ranges from 70°C to 145°C) than that of the inherent wax of bitumen (ranges
from 20°C to 40°C) (Krol et al. 2015).

Bitumen consists of four main chemicals that are specified by their polarity.

Bitumen's fractions are classified by their solubility in n-heptane. The insoluble part is
11



called asphaltene, and the soluble fraction is maltene (Merino-Garcia et al. 2009). The
soluble part can be categorized as saturates, aromatics (polar aromatics), and resins
(Corbett 1969; Lesueur 2009). The highly polar asphaltene micelles are dispersed in the
maltene phase. Research has found that different concentrations of asphaltenes in the
bitumen cause a variety of different mechanical behaviors in the asphalt matrix (Hofko et
al. 2016). In recent research, the asphaltene molecule and its micelle formation have been
characterized as primarily responsible for the mechanical behavior of bitumen
(Eberhardsteiner et al. 2015).

Previous experiments on the effect of carbon chain length of n-alkanes on the
precipitation of asphaltene molecules show a reduction of aggregation as the number of n-
alkane carbons increases in a mix of asphaltene and n-alkane solvent (Rassamdana et al.
1996). Sahimi et al. (1997) showed the same conclusion using thermodynamic models and
comparing the results with experimental results. They studied the precipitation of
asphaltene molecules in n-Cs, n-Cs, n-C7, n-Cg, n-Co, and n-Cyo (Sahimi et al. 1997).

Edwards et al., 2006 studied the effect of commercial waxes on asphalt mixtures
performance using tensile stress restrained specimen test (TSRST), dynamic creep test, and
complex modulus. Authors found that by adding 6% FT paraffin wax to a non-waxy
bitumen, the fracture temperature increases from -34 to -32, but it doesn't change for the
addition of the same amount of polyethylene wax. On the other hand, researchers showed
that the physical hardening resulted by adding wax is observed in the BBR test but not in

the TSRST test, which makes this test not suitable for identifying this effect. The results of
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dynamic shear modulus showed a higher modulus for the specimens containing wax at
lower frequencies (Edwards et al. 2006).

Edwards et al., 2007 studied the effect of commercial waxes in bitumen 160/220.
The results of this study show a small change in complex modulus at higher temperatures
while the authors stress on the probable rutting effect of wax with an n-alkane structure.
Furthermore, a lowering effect on viscosity is reported by adding wax (Edwards et al.
2007).

Su et al.,, 2009 studied war mix asphalt mixtures made at two production
temperatures (30 and 50 °C lower than control sample production temperature). Results
show that for the samples that were produced at 50 °C lower than the control, the rutting
depth is much higher (approximately 9mm more) than those produced at 30°C lower (Su
et al. 2009).

Besides the macro-scale studying of the warm mix additives, many researchers
studied the micro-scale properties of the bitumen. The so-called bee structures showed by
using atomic force microscopy (AFM) of bitumens were attributed to the effect of the
inherent wax of bitumen. De moraes et al., 2010 (De Moraes et al. 2010) studied the surface
morphology of bitumen using AFM. Researchers showed that the bee structures changed
considerably at temperatures between 50 and 56 °C, and they were completely disappeared
at temperatures above 57 °C. Furthermore, the study shows by decreasing temperature from
170 °C, the formation of bee structures starts at 57 °C. Schmets et al., 2010, Pauli et al.,

2011 and Fischer et al., 2014 have drawn a similar conclusion on wax-induced phase
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separation in bitumen (Fischer et al. 2014; Pauli et al. 2011; Schmets et al. 2010). Qin et
al., 2014 theorized that these surface morphologies are attributed to paraffin and polymer
crystallization (Qin et al. 2014).

There are other researches on the effect of using wax and polymer in bitumen at the
same time (Rossi et al. 2013), which focuses on the micro-scale study of interactions, but
research has not been done on the effect of wax at nano-scale and molecular level (Rossi
et al. 2013). Two obstacles to a full wax-bitumen study are the inherent complexity of the
molecular structure of bitumen and the difficulty in understanding the simultaneous
interaction of different molecules. Previous studies have shown that the structure and
interactions of asphaltene molecules effectively affect the rheological and mechanical
properties of bitumen (Li and Greenfield 2014; Mullins 2010). In order to understand the
aforementioned interaction and its relationship to the mechanical properties of bitumen, a
molecular-level study is needed to characterize the effect of wax on asphaltene molecules'
behavior: the interaction of wax and asphaltene molecules, the mechanism of this
interaction, its effects on the colloidal system of bitumen, and its relationship to the
mechanical properties of warm-mix asphalt.

For the purposes of this study, an equilibrium molecular dynamics simulation has
been performed using Large-scale Atomic and Molecular Massively Parallel (LAMMPS)
software in the MedeA® environment version of 2.2. The MedeA® software consists of

three levels, a graphical user interface, databases, and simulation programs.
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2.2 Experimental Plan

2.2.1 Material Preparation

The bitumen used in this study was graded as PG 64-22, which is commonly used
in the United States; it was acquired through Associated Asphalt Inc. in Greensboro, NC.
The wax that was used for bitumen modification was a paraffin wax (P31, with melting
point of 53-57°C, acquired from Fisher Scientific). The wax was introduced at 1%, 3%,
5%, and 10% dosage by weight of the initial bitumen, and was blended into asphalt at
135°C for 30 minutes.
2.2.2 Testing Methods
2.2.2.1 Differential scanning calorimetry
Bitumen samples with 1, 3, 5 and 10% added wax along with the base bitumen and wax
were tested to determine the heat capacity and glass transition temperature (Tg) and to
illustrate the effect of wax on the bitumen properties. The heat capacity was determined by
the three-run method (ASTM E1269-11 2018), and the glass transition temperature (TgQ)
was determined by MDSC® in a heating cycle (Slough and Hesse 2006). The three-run
heat capacity approach uses an isothermal — ramp — isothermal DSC method. This method
consists of empty pans, sample, and a reference material such as sapphire. A high heating
rate of 20°C/min is used to provide good signal to noise that can’t be achieved with slower
heating rates. For this method, provisions need to be made to correct or compensate the
data for differences in the mass of the sample pan and the reference pan. In order to

minimize the effect of instrument drift, the isothermal segments are used. The empty pan
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baseline was subtracted from the reference results to determine a conversion factor of heat
flow (mW) to heat capacity (J/°C). Then the heat flow difference between the sample and
the empty pan baseline is determined, divided by the sample mass, and converted to heat
capacity (J/g°) using the conversion factor. Replicate heat capacity determinations using
the three-run method typically agree within about 3% or less. The three-run method can be
done on almost any DSC with a minimal amount of instrument preparation. The test started
at -80°C to 160°C. The samples (5-7 mg) were place in Tzero aluminum pans with hermetic
lids. The traditional measurement of Cp, as outlined in ASTM E1269, requires three
separate experiments for baseline, calibration, and sample analysis (ASTM E1269-11
2018). Calculating the Cp, normally is obtained using computer software. In an MDSC
experiment, modulation of the sample temperature permits the heat flow to be split into
two components, one of which is dependent upon sample C, and changes in C,. The
measurement of C, by MDSC is more accurate than the three-run method, easily obtaining

values with 2-3% error because it is a properly calibrated system (Slough and Hesse 2006).

2.2.2.2 Rotational Viscometer

Measurements of viscosity were conducted following ASTM D4402, using a
Brookfield Viscometer RV-DVIII Ultra by applying a rotational shear on the selected
material. Test specimens were prepared by pouring 10.5 grams into a specific aluminum
chamber, then allowing it to cool to room temperature (ASTM D4402 2015). Samples were
preheated in an oven for 30 minutes before being placed into the temperature-controlled

thermoset. After thermal equilibrium within the sample was reached, three viscosity
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readings were collected at three-minute intervals until the readings had a range of less than
100 cP (0.1 Pa*s). The average of these three numbers was record as apparent viscosity.
The rotational speed chosen for this study was 20 rpm, with measurements conducted at
105°C, 120°C, 135°C, and 150°C.
2.2.2.3 Dynamic Shear Rheometer Test

A dynamic shear rheometer was used to investigate the elastic and viscous behavior
of wax-modified bitumen by measuring the shear stress and shear strain, which was then
used to calculate the complex modulus (G*) of the material. G* is typically defined as a
measure of a bitumen’s resistance to deformation when repeatedly sheared. In order to
determine G*, a relatively wide range of oscillations were applied to the sample, ranging
from 0.1 rad/s to 100 rad/s, at temperatures ranging from 70°C to 46. From the resulting
data, G* master curves were generated using the principle of time-temperature
superposition at a reference temperature of 61°C. Shift factors were generated using
Williams, Landel and Ferry (WLF) method (Williams et al. 1955). For temperatures from
70°C to 52°C, the 25 mm spindle was used; for temperatures from 52°C to 46°C, the 8 mm
spindle was used. Furthermore, the point at which the elastic and viscous modulus
intersected was determined as the crossover temperature of the specimen. Crossover
temperature is defined as the temperature at which the loss moduli and elastic moduli

become equal.
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2.2.2.4 Bending Beam Rheometer Test

The bending beam rheometer (BBR) was used to evaluate the modified unaged and
aged bitumen’s stiffness and ability to relax (m-value) at low temperature and compare it
to that of unmodified bitumen. For the low-temperature testing, -12°C was selected,
following the SuperPave bitumen PG specification, which requires the bitumen to be tested
at the low-temperature grade of the bitumen (PG 64-22) plus 10°C, as mentioned in ASTM
D6648 (ASTM D6648 2016). Bitumen sample beams were prepared by pouring the
bitumen into six 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 load of 100 grams was applied on the middle point of specimens as the

deflection was measured continuously.

2.2.2.5 Direct Tension Test

The direct tension test (DTT) was used to study low-temperature stress and strain
and fracture properties of the modified unaged and aged bitumen. Six dog-bone-shaped
bitumen specimens were prepared (dimensions of 40mm long, 6mm width, and 6mm
thick) according to ASTM D6723 . The bitumen was poured into six aluminum molds,
allowed to cool to room temperature for one hour, and then trimmed and placed in a
freezer for seven minutes before demolding, to prevent deflection. The samples were then
placed in the DTT’s cooling bath at -12°C, following SuperPave bitumen PG
specification (ASTM D6723-12 2012). Samples remained at -12°C for one hour for

thermal equilibrium. The test started when the load reached 2 N with a strain rate of 3
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percent/minute. During the test, load and displacement 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

2.3 Results and Discussion

2.3.1 Differential Scanning Calorimetry

The DSC test results show a reduction of glass transition temperature (Tg), as
shown in the graphs of cooling cycles generated from software associated with the
instrument. Figure 2.1 shows the plot from the DSC test instrument, and Table 2.1 shows
the Tg values by the bitumen paraffinic wax content. In this case, the Tg was considered
as the midpoint of the glass transition phase. As the test results illustrate, the glass transition
temperature of doped bitumen decreases as the wax content of the bitumen increases. This
phenomenon can lead to better low-temperature behavior of the bitumen, since the
formation of wax crystals can contribute to a weakening of the bitumen matrix because of
lower strength of bitumen along crystal formation lines, as shown in previous studies
(Pahlavan et al. 2016).

On the other hand, the heat capacity of the bitumen calculated from the heat flow
of a heating cycle shows an increase of heat capacity up to the 5% wax bitumen compared
to the neat bitumen, but a reduction is observed with the 10% wax bitumen. Because of the
presence of wax crystals in the bitumen matrix up to the melting point (Tmp), a higher heat
capacity is expected and seen in 1%, 3%, and 5% wax bitumen, but as the wax content

increases beyond 5%, the heat capacity shows a reduction. The melting of wax is an
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endothermic process, which cause the DSC results to peak. The DSC endotherm peaks of
paraffinic wax exhibit two characteristic peaks as shown in Figure 2.2; these are attributed
to the presence of n-paraffin structures without apparent presence of branching chains or
iso-paraffin (Qin et al. 2014). By increasing the wax content in bitumen, these two peaks
become more distinct, as shown in Figure 2.3.

Based on the Gibbs—Thomson effect (Qin et al. 2014), the depressed melting

points indicate a smaller crystal size, which is favorable for wax-modified bitumens.

Table 2.1 Glass transition and melting point temperature of neat and doped

bitumen

Pure

Property Bitumen | 1% wax | 3% wax | 5% wax | 10% wax Wax

Glass
transition
temperature
Ty (°C)
Melting
point
temperature
Tmp (°C)

-16.77 -16.95 -18.22 -21.07 -24.99 N/A

30 34 37 43 43 59.5
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Figure 2.3. Heat capacity results for 0%, 1%, 3%, 5%, and 10% wax-modified bitumen

2.3.2 Viscosity

The effect of wax concentration on the doped asphalt’s viscosity was investigated
at different temperatures. Figure 2.4 shows the viscosity measurements at 0%, 1%, 3%,
5%, and 10% wax for different temperatures at 20 rotations per minute (rpm). The graph
shows a significant decrease in viscosity values as wax dosage increases from 0% to 10%
wax at 105°C. Also, an increase in temperature reveals a rapid decrease in viscosity, with
the lowest viscosity observed at 150°C. This indicates that the addition of wax to bitumen

improves bitumen workability by lowering the viscosity.
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Figure 2.4 Viscosity versus temperature at 0%, 1%, 3%, 5%, and 10% wax at 20

rpm

2.3.3 Complex Modulus and Crossover Temperature

In Figure 2.5, the generated G* master curves for 0%, 1%, 3%, 5% and 10% wax
are shown. The corresponding graph of shift factors is shown at the upper left. Figure 2.5
shows an overall decreasing effect of doping wax on the complex modulus, resulting in a
softer bitumen. This effect is more profound at higher frequency, indicating that the
presence of wax can lead to an overall softening of the matrix based on the definition of
complex modulus which is the ratio of maximum shear stress to maximum strain (Yusoff
etal. 2011). The softening effect of wax at higher wax contents aligns with DSC test results

that show a reduction of crystal size of wax at intermediate temperatures. This phenomenon
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can cause the wax-doped bitumen to be more susceptible to rutting at intermediate
temperatures.

At lower frequencies, the difference in complex modulus between virgin and doped
bitumen is not significant. It shows that at lower frequencies (higher temperatures),

bitumen doped with paraffinic wax behaves similarly to virgin bitumen.
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Figure 2.5 Complex modulus master curves for 0%, 1%, 3%, 5%, and 10% wax-

modified bitumen at 61°C

To investigate aforementioned phenomenon more closely, the Dynamic Shear
Rheometer (DSR) was used to determine the crossover temperature, which is the

temperature at which the elastic and viscous modulus intersect (Figure 2.6). The
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unmodified bitumen was shown to have a crossover temperature of 9°C. The difference of
crossover temperature after adding 1% wax is not noticeable, as the complex modulus
shows the same results. However, at 3%, 5%, and 10% wax-doped bitumen, the crossover
temperature increased significantly. These results show that by increasing the wax content,
wax-doped bitumen reaches its elastic behavior faster as the temperature drops, which also
shows that wax-doped bitumen is stiffer at lower temperatures. To investigate the effect of
the wax further, low-temperature characterization is needed to determine if this trend can

be consistently observed.

40 -

W
th

W
=]

[
h

[y
thn

10

Crossover Temperature (°C)
(o]
=

Neat 1% Wax 3% Wax 5% Wax 10% Wax
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2.3.4 Stiffness and M-Value

Figure 2.7 shows the stiffness and m-value results that were determined using the

bending beam rheometer. The stiffness results (left axis) show that increasing the wax

percentage leads to an increase in stiffness value. This is consistent with the increased

crystallization effect of the paraffin wax. This is also reflected in the wax-doped bitumen’s

decreased ability to relax stress, as shown by a decrease in the m-value as wax dosage was

increased (right axis).
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Figure 2.7 Stiffness and m-value results for 0%, 1%, 3%, 5%, and 10% wax-

modified bitumen at -12°C
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2.3.5 Fracture energy and ductility

Figure 2.8 shows the fracture energy calculated from the area under the load-
displacement curve recorded using the direct tension test (DTT). This relates to the
bitumen’s cohesive properties, as the amount of energy required to bring the sample to
failure is determined. The results show that fracture energy was consistently reduced with
increasing the wax percentage with an increase for 10% wax sample. Since fracture energy
is a function of both peak load and ductility results, it is important to analyze both measured

properties to better understand the fracture energy results in Figure 2.8.
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Figure 2.8 Fracture energy results for 0%, 1%, 3%, 5%, and 10% wax-modified

bitumen obtained from direct tension test at -12°C
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Figure 2.9 shows that peak load increases and ductility decreases with increasing of wax
content. Having a higher peak load, and a lower ductility with increasing wax content
shows that by increasing the wax content, the samples show stiffer and less ductile
behavior. The loss in ductility can be attributed to the bitumen’s decreased compliance,
which is also reflected in the significant increase in peak loads for the corresponding
samples. Therefore, the increase in fracture energy of 10% wax sample shown in Figure 10
is a result of the increased peak load of the sample. Increasing peak loads, in combination
with decreasing ductility, indicate a more brittle failure with increased wax percentages,
compared to the neat sample. While the peak load continues to increase with increasing

wax percentage, the ductility appears to be less susceptible to wax percentage above 5%.
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Figure 2.9 Ductility and peak load of 0%, 1%, 3%, 5%, and 10% wax-modified

bitumen obtained from direct tension test at -12°C
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2.4 Investigation of Interactions of Paraffinic Wax and Unoxidized Asphaltene

An equilibrium molecular dynamics simulation was performed using Large-scale
Atomic and Molecular Massively Parallel (LAMMPS) software in the MedeA®
environment version 2.2 to study interaction between asphaltene molecules in the presence
of wax molecules.

The model was built in the MedeA® environment using the molecular builder,
which allows step-by-step interactive building 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; PCFF+ is an all-atom force field designed to provide excellent
accuracy on liquid properties and hydrocarbon modeling from ab initio simulations
(Waldman and Hagler 1993). In the context of molecular modeling, a force field (a special
case of energy functions or interatomic potentials) refers to the functional form and
parameter sets used to calculate the potential energy of a system of atoms or coarse-grained
particles in molecular mechanics and molecular dynamics simulations (Sun et al. 1994).

The asphaltene molecule proposed by Martin-Martinez et al. (Martin-Martinez et
al. 2015)has been used to perform the analysis, because of its lower energy state compared
to other model asphaltene molecules. This model is originally known as the modified Yen-
Mullins model (Dickie and Yen 1967) which was later modified by Greenfield and Li (Li
and Greenfield 2014)to alleviate the pentane effect by changing some aliphatic side chains.

Martin-Martinez et al. then further enhanced the stability of the structure using Clar sextet
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theory leading to rearranging of aromatic rings to find a model asphaltene that is a more
stable monomer of an asphaltene molecule, due to its optimized distribution of & electrons
and minimized geometrical strain. The second point at issue with the aim of exploring the
effect of wax on the rheological and colloidal systems of bitumen is specification of the
wax model. The wax model used in this study as an elementary unit of doped wax is the n-
paraffin wax that is typically selected as n-Ci11H24 and has been used by other researchers
(Pahlavan et al. 2016). The n-paraffin is a polymethylene sequence—(CH2)- that regularly
stacks in layers (Pahlavan et al. 2016). The proposed models for asphaltene and n-paraffin

wax are shown in Figure 2.10.

Asphaltene Wax

Figure 2.10 Asphaltene and wax molecular structures

In this paper to investigate the effect of wax on the formation of nano-aggregates

of asphaltene molecules, a complex of different mass percentages of wax-asphaltene matrix
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has been studied. The selected percentages are 1%, 3%, 5%, and 10%, which specify the
mass fraction of wax in the system. The average aggregate size of asphaltene molecules

was calculated using Equation 1 (Headen et al. 2017; Ungerer et al. 2014).

YXmNpy

<m>= SN,

Equation 2.1

where Nm is the number of aggregates containing m asphaltene molecules.

To examine the movement of wax molecules in the asphaltene matrix and the effect
of wax concentration, the diffusion coefficient of the wax molecules was calculated using
the Einstein Relation, which for diffusion in three dimensions can be written as Equation

2 (Einstein 1905).

<r?>= q;Dt Equation 2.2

where < r? > is the mean square displacement (MSD), D is the diffusion
coefficient,

gi is a numerical constant that depends on dimensionality, and t is the elapsed time.

The above equation can be represented conceptually by Equation 3 to measure the
diffusion coefficient:

D = [Slope of MSD curve over the elapsed time (t)]/[2d] Equation 2.3

31



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 diffusion coefficient is A%/ps (or
104 cm?/s)

In the current study, all the wax molecules were considered as one subset of the
entire system, and the mean square displacement was calculated for this subset.

To better study the effect of different concentrations of wax in bitumen and to better
interpret the relationship of that effect with simulation, different wax concentrations in an

asphaltene matrix were investigated.

2.4.1 Details of Simulations

In this study, to examine the effect of wax molecules on the stacking distance and
self-association of asphaltene molecules, an NPT ensemble (constant number of atoms,
constant pressure and constant temperature) was used comprising 120 molecules of Ci1
paraffinic wax and a dimer of asphaltene molecules at different temperatures from 105°C
to 150°C with an interval of 15°C. From the results, the stacking distance of asphaltene
dimer was measured to see the effect of temperature on stacking distance and self-
association of asphaltene molecules in a waxy (non-polar) environment. The results were
compared to the stacking distance of asphaltene dimer in a vacuum to better understand the

effect of wax molecules on asphaltene stacking behavior.
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To study the effect of wax on the formation of asphaltene nano-aggregates and
asphaltene self-association at a larger scale, five different configurations were used: pure
asphaltene, and asphaltene doped with 1%, 3%, 5%, or 10% wax. The samples were
analyzed to capture an effect of different percentages of wax on asphaltene under vacuum,
in an NVT ensemble (constant number of atoms, constant volume of the cell and constant
temperature) that is similar to what was used in previous research (Pacheco-Sanchez et al.
2003). Each ensemble has 31 asphaltene molecules and a different number of wax
molecules (from 2 to 20) to represent different dosages. The purpose of this part of the
simulation is to look at the interaction of asphaltene molecules in the presence of wax
without pressurizing the system. Simulations underwent two LAMMPS steps. The first
step raised the temperature to 800 K (526.85°C) to speed up the movement of molecules,
then gradually lowered the temperature to target temperature. Using Equation 1, the

average aggregation size of asphaltene molecules was calculated.

To measure the diffusion coefficient of wax molecules within the asphaltene
matriX, the next step of the simulation was performed in a two-stage process in which each
step was composed of an NVT ensemble followed by an NPT ensemble in a vacuum
environment with periodic boundary condition. To obtain a fast convergence of energy, the
initial simulation started at a pressure of 200 atm and a temperature of 800 K (526.85°C)
for 200 ps for each ensemble. Then decreased to a pressure of 1 atm and a temperature of

423 K (150°C). For the second stage of LAMMPS analysis, the simulation was done using
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an NVT following by an NPT for the stabilized ensemble at first-stage temperature 423 K
(150°C) in which duration was 15 ns using a time step of 1 fs at target temperature. The
diffusion analysis was performed for 5 ns.

In all simulations, the short-range interactions were computed directly; long-range
contributions were measured with the particle-particle particle-mesh method. The second-
stage molecular calculation was performed initializing with an energy minimization at
constant volume. A Nose-Hoover thermostat and barostat was used to maintain constant
temperature and pressure during all the simulations. Non-bonded terms were calculated
with a simple cutoff of 9.5 A. The matrix of asphaltene and wax was started with a low
average density to avoid molecular overlaps. 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.

2.4.2 Molecular Simulation Results and analysis

2.4.2.1 Effect of Wax on Self-Association of Asphaltene

The geometric conformation of two asphaltene monomers with the presence of wax
at four different temperatures was studied to investigate the effect of temperature on
possible conformations and to calculate the n-7 stacking distance. Because of the presence
of hetero atoms (in this case, sulfur) and saturated cycles, the occurrence of totally parallel
polyaromatic sheets is unlikely. The simulation was performed at four temperatures
between 105°C and 150°C. The stacking distance was calculated as the closest distance

between carbon atoms in the two fused aromatic sheets in the parallel portion of a dimer.
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The initial configuration was chosen according to the literature by exposing an asphaltene
dimer to 120 n-C11Ho4 paraffin wax molecules as the solvent. The NPT ensemble was used,
and the duration of the analysis was 20 ns for the system to equilibrate. The calculated
stacking distances are presented in Figure 2.11.

As shown in Figure 2.11, the presence of wax solvent causes a decrease in the
stacking distance of an asphaltene-asphaltene dimer. Increasing the temperature increases
the stacking distance of an asphaltene dimer in both cases (in a vacuum and in wax solvent),
which has a direct correlation with a reduction of viscosity by increasing temperature.
Although an asphaltene dimer in waxy solvent shows a smaller stacking distance compared
to stacking in a vacuum, there may be an intermediate component that affects the stacking

of asphaltene molecules.
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Figure 2.11 Stacking distance of an asphaltene dimer in vacuum and wax solvent at
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To evaluate the effect of n-paraffin wax on clustering of asphaltene molecules, a
complex of asphaltene-wax was investigated using an NVT ensemble equilibration at a
temperature of 423 K (150 °C), using a cubic cell with dimension of 50 A and a simulation
time of 10 ns, under vacuum conditions. The continental model asphaltene used in this
work stacks in clusters of 2 to 5 molecules with a large overlap of polyaromatic sheets. As
a reference, for two molecules to be considered as a cluster, the overlap should be more
than 50% of the area of a polyaromatic unit, which is observable by rotating the
configuration around the axis normal to the tangent plane (Ungerer et al. 2014).

Figure 2.12 shows the final ensemble for 0%, 1%, and 10% wax cell. The numbers
on Figure 2.12 show the number of molecules involved in the formation of a
nanoaggregate. It also shows one nanoaggregate formed with five asphaltene molecules at

the end of simulation and equilibration of the system.
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Figure 2.12 Studied ensembles to capture self-association of asphaltene molecules in
the presence of wax molecules: a) Final configuration for asphaltene, b) 1% wax-
asphaltene, and ¢) 10% wax-asphaltene ensemble, and d) magnified picture of a

nano-aggregate of fiv

The average aggregation size for different conformations of wax-asphaltene was
determined based on Equation 2.1. The studied ensembles were composed of 0%, 1%, 3%,
5%, and 10% wax based on overall asphaltene fraction. On the other hand, it was observed
that the number of formed nanoaggregates reduces after an increase of wax content. It
shows by inducing the wax molecules into the asphaltene matrix, the size of
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nanoaggregates (the number of molecules involved in a nano-aggregate) shows a decrease,
but the number of nanoaggregates increases. The average aggregation size and the number

of nanoaggregates in each ensemble is shown in Figure 2.13.
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Figure 2.13 Average cluster size (number of molecules) and number of nano-

aggregates in final configuration versus wax weight fraction of asphaltene

The cluster size shows a reduction with an increase of the wax weight fraction. This
can be attributed to the steric repulsion of paraffin wax with the side chains of the
asphaltene molecule, which would counteract the effect of n-m interactions between fused

aromatic cores of asphaltene molecules, reducing their aggregation.

2.4.2.2 Diffusion Analysis
For each of four concentrations of wax, the MSD of the wax subset of the

asphaltene-wax matrix was calculated over 5 ns of simulation at 423 K (150°C) using an

38



NPT ensemble. The studied ensembles were composed of 1%, 3%, 5% and 10% wax
weight fraction of asphaltene, to represent commonly used wax dosage in the asphalt
industry. The best-fit lines were then calculated, and their slopes were reported as diffusion
coefficients. The MSD trend curves are illustrated in Figure 16, and the calculated diffusion

coefficients are shown in Table 2.2.

Table 2.2 Diffusion coefficient and calculation uncertainty of wax molecules within

the wax-asphaltene matrix

(107 cm?/s)

Wax

1% 3% 5% 10%
concentration
Diffusion

5.48 10. 59 23.34 38.89

coefficient
Uncertainty 0.17 0.14 0.19 0.15

The diffusion analysis of wax shows that as the concentration of wax increases, the
diffusion of the wax molecules increases within the entire matrix to the point that at 10%

wax, the diffusion was 7 times higher than when 1% wax was present.
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Figure 2.14 MSD curves for different conformations of asphaltene-wax simulations

2.5 Summary

This chapter investigates the effect of introducing n-alkane paraffin wax into
bitumen as a warm-mix additive. To do so, the underlying interaction mechanisms between
wax and asphalt molecules were examined both experimentally and via computational
modeling. It was observed that presence of wax leads to improved workability of the
asphalt mixture; this in turn allows lowering the mixing and compaction temperatures of
the asphalt, which can promote pavement sustainability metrics. The research presents a
comprehensive rheological characterization followed by computational modeling geared

toward the use of molecular dynamics simulation to understand the mechanisms of
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interaction between bitumen and paraffin wax molecules. Based on the results of
experiments and modeling, the following conclusions were drawn:

e The glass transition temperature decreased by adding paraffinic wax to bitumen.
Furthermore, there was a depression in melting point (endothermic peak in the DSC
test) compared to pure wax, which can be attributed to reduction of wax crystal size
when wax is mixed into the bitumen.

e The viscosity results showed a decreasing trend as the wax concentration in
bitumen increased.

e The complex modulus decreased at high frequencies (at reference temperature of
61°C) as the wax content increased. At low frequencies, there wasn’t much
difference between the complex modulus of neat bitumen and that of wax-doped
bitumen. The low frequencies in the complex modulus represent temperatures close
to wax melting point. Latter temperature was determined based on DSC analysis to
the temperature at which the crystal structure of wax molecules starts to collapse.
Accordingly, it may indicate that the presence of wax (above its melting point) may
cause a disruption in asphaltenes molecular packing leading to a softer bitumen.

e Crossover temperature showed an increasing trend as the wax concentration
increased from 1% to 10% in the bitumen. This phenomenon demonstrates that by
increasing the wax content, the overall matrix of bitumen become more elastic.

e The stiffness of bitumen measured using a bending beam rheometer showed an

increasing trend as the wax concentration increased, with the stiffness of bitumen
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containing 10% wax being almost three times higher than that of neat bitumen. In
addition, the observed reduction in m-value indicates bitumen’s stress relaxation
capability is reduced as the wax content increased.

The fracture energy of bitumen decreased consistently as the wax content increased.
Further analysis shows that, increasing wax content resulted in less ductility and a
higher peak load at the failure point, which shows a more brittle fracture. This can
be due to the formation of paraffinic wax crystals that changes the behavior of
bitumen from ductile to more brittle behavior.

The stacking distance of asphaltene dimer in a wax matrix increases with the
increase of temperature, which aligns with the observed reduction in viscosity.
Furthermore, the asphaltene dimer’s stacking distance was found to be lower inside
a wax matrix compared to the scenario without presence of wax.

The average size of asphaltene aggregates reduces with an increase of wax
concentration in the asphaltene-wax complex. However, the number of clusters of
asphaltene increases as wax content increases from 1% to 10% in the system.

The diffusion coefficient of wax molecules within an asphaltene-wax complex
increased about seven times when the wax concentration was increased from 1% to

10%.
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3 ROLE OF WAX TO RESTORE MOLECULAR PACKING OF ASPHALT

3.1 Introduction and Literature Review

The bitumen used in hot mix asphalt is always susceptible to reaction with oxygen in the
air, a process called oxidative aging (Petersen 2009; Xu and Wang 2017).

Oxidative aging is a major factor responsible for hardening and rheological changes
in asphalt, resulting in degradation of desirable asphalt properties (Bowers et al. 2014;
Durrieu et al. 2007; Traxler 1961; VVargas et al. 2008). The oxidative aging process happens
in 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 bitumen (De Filippis et al. 1995; Houston et al. 2007; Ruan et al. 2003; Siddiqui
and Ali 1999; Wang et al. 2015). 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 bitumen price from $235 per ton in 2006 to $635 in 2015 and to $409 in
2018 based on asphalt price index (Oklahoma department of transportation). Another
motivation for promoting use of RAP is its abundance in the US., as well as the potential
environmental benefit from reduction of use of natural resources and virgin bitumen which
can off-set some of the consumption of depleting resources of virgin bitumen and mineral
aggregate (Oldham 2015). To allow usage of high RAP asphalt mixture, a rejuvenator is

needed to retrieve the original mechanical properties of virgin bitumen. Currently, different
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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 (Chen et al. 2014; Oldham et al. 2014; Zaumanis et al. 2013).

Many newly used rejuvenators contain paraffinic wax or paraffinic oil (Mogawer
et al. 2015); 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. (2015) used paraffinic
oil as rejuvenator and showed that it improved cracking properties of asphalt mixtures
containing 50% RAP bitumen. For instance, fatigue test shows a much higher number of
cycles (two times of control bitumen) to failure point (Mogawer et al. 2015). Zaumanis et
al. (2013) introduced waste engine oil with paraffin wax to mixtures made from 100%
RAP bitumen; the latter showed improvement in creep compliance which was increased
by 25% compared to reference bitumen (Zaumanis et al. 2013). Wang et al., 2017 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 (Wang et al.
2017). Among the four different chemical groups known as SARA (saturates, aromatics,
resins and asphaltenes) (Eberhardsteiner et al. 2015), asphaltenes are the highly polar
constituents of bitumen that are dispersed in the maltene phase (Allen et al. 2014). A
change in the concentration of asphaltenes in bitumen causes a variety of changes in the

asphalt's rheology as well as the asphalt's mechanical properties. The asphaltene
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molecules and their self-interaction are recognized to strongly affect the rheological and
mechanical behavior of bitumen (Li and Greenfield 2014; Mullins 2010). During the
aging process of bitumen, one of the major factors that contributes to the stiffening of
bitumen is the oxidation of polar aromatics, and asphatenes, leading to an increased
aggregation due in polar fraction of asphalt components (Speight 1999). It has been
documented that oxidation increases the asphaltene fraction of bitumen as the aromatics
convert to asphaltenes (Qin et al. 2014). The results of gel permeation chromatography
(GPC) indicated an increase in high molecular size species after asphalt was exposed to
oxidation; the latter was attributed to asphaltene molecules becoming more prone to
aggregation due to oxidation (Sharma et al. 2017). Other studies focused on examining
interactions of wax with other constituents of bitumen in micro scale (Pauli et al. 2011;
Schmets et al. 2010). The effects of paraffin wax on unaged bitumen at both macro scale
and nano scale was also studied by Samieadel et al., 2017 (Samieadel et al. 2017).
However, the effect of paraffin wax materials on aged bitumen and understanding the
connection between molecular interactions and rheological properties of aged asphalt is

yet to be investigated.

Furthermore, there are limited study of the effect of wax on asphaltene 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.

In this chapter, molecular conformation and packing of oxidized asphaltene

molecules in presence of paraffin wax is studied via both computational modeling and
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experiments. Accordingly, the chapter presents a comprehensive thermos-mechanical
characterization of aged bitumen doped with different dosages of paraffin wax utilizing a
rotational viscometer, a dynamic shear rheometer, a bending beam rheometer, 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 Molecular Parallel software
in the MedeA® 2.2 environment. The simulations 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 studies; 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 bitumen, and consequently its thermo-

mechanical properties.

3.2 Experiment Details

3.2.1 Material preparation

The bitumen used in this study was graded as PG 64-22 and donated by Associated
Asphalt Inc. of Greensboro NC; it was aged based on RTFO (short term aging simulator)
and PAV (long term aging simulator based on the standards (ASTM D2872-12el 2012;
ASTM D6521-13 2013) and doped with different paraffin wax dosages. For the aging

process, the bitumen was initially aged using a rolling thin-film oven followed by two
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durations of the regular aging procedure of a pressure aging vessel. The test using two
durations is known as 2XPAYV, total of 40 hours. 2XPAV has been shown to give better
results with regard to the long-term aging that happens in the field (Bowers et al. 2014).
The wax that was used for aged bitumen modification was a petroleum-based paraffin wax
(P31, with melting point of 53 to 57°C, purchased from Fischer Scientific). The wax was
blended at 1%, 3%, 5%, and 10 %wt of the initial aged bitumen, and samples were hand-

blended at 135°C for 30 minutes.

3.3 Testing Methods

3.3.1 Rotational viscometer

The viscosity results were determined using a rotational viscometer (RV).
Measurements were conducted following ASTM D4402 using a Brookfield Viscometer
RV-DVIII Ultra, by applying a rotational shear on the selected material. Samples were
prepared by pouring 10.5 grams of each sample (aged bitumen with different
concentrations) into an aluminum chamber following by cooling to room temperature
(ASTM D4402 2015). Samples were preheated in an oven for 30 minutes 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 Pa.s). 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.
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3.3.2 Dynamic shear rheometer test

The complex moduli results were determined using the Malvern Kinexus Pro
dynamic shear rheometer (DSR) following ASTM D7552 — 09 (ASTM D7552-09 2014).
The samples (three replicates for each sample) for each were tested at 31 different
frequencies ranging from 0.1 to 100 rad/s at a temperature range of 76 to 10°C with 6-
degree increments. The 25mm spindle was used for the high intermediate temperature
range of 64 to 76°C, while the 8 mm spindle was used for 58 to 10°C due to increased
stiffness of the bitumen at lower temperatures (Laukkanen 2017). From the resulting data,
master curves were generated using the principle of time-temperature superposition (TTS)
using the Williams-Landel-Ferry method (WLF) (Williams et al. 1955) 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 (Huang

et al. 2014; Samieadel et al. 2017).

3.3.3 Bending beam rheometer test

The bending beam rheometer (BBR) was used to evaluate the modified aged
bitumen’s stiffness and ability to relax (m-value) at low temperature and compare it to that
of unmodified aged bitumen. For the low-temperature testing, -12°C was selected,
following the SuperPave bitumen PG specification, which requires the bitumen to be tested

at the low-temperature grade of the bitumen (PG 64-22) plus 10°C, as mentioned in ASTM
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D6648 (ASTM D6648 2016). Bitumen sample beams were prepared by pouring the
bitumen into six aluminum molds (six 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 load of 100 grams was applied on the middle point of specimens as the

deflection was measured continuously.

3.3.4 Direct tension test

The direct tension test (DTT) was used to study low-temperature stress and strain
and fracture properties of the modified aged bitumen. Six dog-bone-shaped bitumen
specimens were prepared (dimensions of 40mm long, 6mm width, and 6mm thick)
according to ASTM D6723 (ASTM D6723-12 2012). The bitumen was poured into six
aluminum molds, allowed to cool to room temperature for one hour, and then trimmed and
placed in a freezer for seven minutes before demolding, to prevent deflection. The samples
were then placed in the DTT’s cooling bath at -12°C, following SuperPave bitumen PG
specification (ASTM D6723-12 2012). Samples remained at -12°C for one hour for
thermal equilibrium. The test started when the load reached 2 N with a strain rate of 3
percent/minute. During the test, load and displacement 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).

3.3.5 Size exclusion chromatography
The Size Exclusion Chromatography (SEC) analysis was conducted using a

Thermofisher RefractoMax 521 RI detector and Malvern H100-3078 column (7.8mm x
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300mm). A WPS-3000TSL analytical auto-sampler was fully controlled by the
Chromeleon chromatography management system. Samples (3% w/w in Tetrahydrofuran,
THF) were filtered 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 injection volumes of 25
ML were used. The separation of the multi-component 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.

3.4 Results and Discussion

3.4.1 Viscosity Test

The effect of wax content on the viscosity aged bitumen was investigated at
different temperatures (Figure 3.1). The viscosity results show that by increasing the wax
concentration from 1% to 10%, the viscosity of the blend decreases. Furthermore, the
increase in temperature shows a swift reduction in bitumen viscosity. The viscosity
difference for different dosages also decreases as the temperature increases. This change
in viscosity at high temperatures occurs when wax crystals can’t be formed and the wax

molecules can move freely in the bitumen medium.
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Figure 3.1 Viscosity vs temperature at 0%, 1%, 3%, 5% and 10% wax under 20

rpm.

3.4.2 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 bitumen were calculated and plotted in
Figure 3.2. The results indicate that at a higher percentage of wax content, the aged bitumen
becomes softer, especially for 5% and 10% wax. This softening effect is more noticeable
at lower temperatures. At lower temperatures (higher frequencies), the bitumen 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 °C to 76°C,
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adding more than 3% wax is needed before a noticeable softening effect in aged bitumen

starts.
1000000
Shift factor
100000 Lo
& 10000 § = \
2 ® 0 20 40 60 80 /
S~ Temperature (C)
< 1000 —— Unmodified
= aged binder
g 100 1% Wax
X 3% Wax
2 g
g— . 5% Wax
O 10% Wax
0.1
0.01

1.00E-05 1.00E-03 1.00E-01 1.00E+01 1.00E+03 1.00E+05 1.00E+07 1.00E+09
Reduced Frequency (rad/s)

Figure 3.2 Complex modulus master curves for 0%, 1% 3%, 5% and 10 % wax-

modified aged bitumen

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 bitumen, and aged with different wax concentrations are presented in

Figure 3.3. The crossover temperatures show that by aging the bitumen, the crossover
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temperature of the material increases significantly. By adding wax to aged material, a small
reduction is observed 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.
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Figure 3.3 Crossover temperatures for 0%, 1% 3%, 5% and 10 % wax-modified

aged bitumen

3.4.3 Stiffness and M-Value

Figure 3.4 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
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wax in the bulk of aged bitumen. This is also shown with the modified aged bitumen’s
decreased ability to relax stress, as shown by the constant decreasing of the m-value up to

20% less than unmodified aged bitumen after adding 10% paraffin wax (right axis).
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Figure 3.4 Stiffness and m-value results for unmodified aged bitumen, 0%, 1%, 3%,

5%,

3.4.4 Fracture Energy and Ductility

Figure 3.5 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 bitumen, the material becomes

extremely brittle. The results from ductility also show that by adding wax, the ductility of
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aged material decreases by 30 percent (Figure 3.6). A lower peak load along with lower
fracture energy and ductility does not show any improvement from added wax in aged

bitumen's low-temperature rheological properties.
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Figure 3.5 Fracture energy results for 0%, 1%, 3%, 5% and 10% wax-modified
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Figure 3.6 Ductility and peak load for 0%, 1%, 3%, 5% and 10% wax-modified

aged bitumen

This change in properties of aged bitumen can be explained as being caused by
the formation of more weak crystal networks inside the bulk of aged bitumen which
decrease the resistance of bitumen from tensile stress. The reason for ununiform trend for
fracture test is the fact that mechanism for destructive tests are different from the non-
destructive 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 interface between wax and asphalt
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3.4.5 Size Exclusion Chromatography (SEC)

Figure 3.7 shows the chromatogram of unaged bitumen, aged bitumen, and aged
bitumen + 10% wax. The Figure shows that the peak intensity at early elution time (around
4.91 minutes) is increasing, and the shoulder around 5.6 minutes converted to a noticeable
peak from unaged to aged bitumen. But after introducing 10% wax, there is a reduction in
the intensity 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 3.1 shows the cumulative
percentage of area from the start time of elution up to 5.8 minutes for all three
chromatograms. Based on size exclusion analysis, the large molecular size increase after

aging, and it was reduced after 10% wax inclusion.
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Table 3.1 SEC test results for unaged bitumen, aged bitumen, and aged

bitumen+10%wax.

Name of sample Cumulative%o (start of slice to 5.8 minutes)
Unaged 155.47
Aged 256.66
Aged + 10wt% Wax 226.02
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3.5 Paraffin Wax and Oxidized Asphaltene Molecular Interaction

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 on
oxidized asphaltene molecules. The model was built in the MedeA® environment using
the molecular builder. This study used the PCFF+ force field, which is an extension of the
PCFF force field. It includes a Lenard-Jones 9-6 potential for intermolecular and
intramolecular interactions and specific stretching, bending, and torsion terms to involve

1-2, 1-3, and 1-4 interactions .

3.5.1 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
(Eint) can be calculated by subtraction of the total energy of the complex from the sum of
the fragments’ energy (Equation 4). This method is widely used in other research (Liu et

al. 2015; Pahlavan et al. 2016; Silva et al. 2016).

Eint = Ecomplex — (Z Efragment) Equation 3.1
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To further investigate the effect of paraffin wax on the self-interaction of oxidized
asphaltene molecules, the average aggregation size of oxidized asphaltene molecules
induced with different dosages of wax was calculated. The average aggregation size (<m>)
was determined according to Equation 2 (Ungerer et al. 2014).

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 asphaltene 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 relation of Brownian motion and the definition of the diffusion

coefficient, the value of the diffusion coefficient was measured according to Equation 2.3.

3.5.2 Structure of Oxidized Asphaltene, Paraffin Wax and solvent

W W s W (s T o T e W

Figure 3.8 Oxidized asphaltene (red atoms are oxygens and blue atom is nitrogen)

(Left) and wax (C11H24) (Right) molecular structures.
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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 (Pahlavan et al. 2017). The wax model used in this study as an elementary
unit of doped wax is the n-Cy1 paraffin wax that is a polymethylene sequence of —(CH2)-
that regularly stacks in layers.

The chain length selected for this research was n-Ci1H24, which has been used
before for understanding the interactions between wax and unoxidized asphaltene
(Pahlavan et al. 2016). The selected wax structure may have a shorter length than the ones
actually used for doping bitumens, 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 Figure 3.8.

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. However, in this study, since the effect of n-Cis is of interest, the solvent
needed to have a different 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.
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3.5.3 Simulation Method

The interaction energy of a dimer of oxidized asphaltene was studied using a two-
stage LAMMPS. The first stage started with an NVT at a high temperature (800K) for
100ps and an NPT with a high pressure (200 atm) for 500 ps, both annealed to 298.15
K(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 298.15
K(25°C) followed by an NPT (constant number of atoms, pressure, and temperature)
ensemble with a temperature of 298.15 K(25°C) and a pressure of 1atm. 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 2 nanoseconds(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 latm. 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 considered 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 measured between the closest points of molecules.
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To better understand the effect of wax on the self-association formation of
nanoaggregates 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 10 ns, both at 298.15 K(25°C) and 1 atm. The diffusion analysis
was conducted over 1ns for the wax subset. To have a better understanding of the
computational cost, second stage of LAMMPS in simulation was done in 947481seconds
(approximately 74s for each step)

The short-range interactions were calculated directly, and long-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 interaction 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.
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3.5.4 Results and analysis

3.5.4.1 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 6.5 wt% 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. Figure 3.9 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 3.2. 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 molecules
are around asphaltene molecules. These results show that wax by itself doesn’t have a
peptizing effect on oxidized asphaltene molecules, because wax brings an oxidized

asphaltene dimer to a lower energy state and stabilizes it.
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Figure 3.9 The final configuration of a dimer of oxidized asphaltene in methanol

solvent: (a - left) without wax, (b - right) with the presence of wax.

Table 3.2 Interaction Energy for Oxidized Asphaltene Dimer and Stacking Distance

Without and With the Presence of Wax

Measurement

Oxidized asphaltene dimer
without wax in solvent

Oxidized asphaltene dimer
with 6.5 wt% of solvent
replaced with wax

Interaction energy (kJ/mol)

-15

-58

Stacking distance (A)

3.267

3.166
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To evaluate the effect of n-paraffin wax on the formation of nanoaggregates 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 results of the number of formed
nanoaggregate and the average aggregation size are shown in Figure 3.10. 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.
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Figure 3.10 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).

3.5.4.2 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 asphaltene portion. Figure 3.11 illustrates the results of the RDF analysis. The
most centered carbon atom of polyaromatic sheet of oxidized asphaltene molecules was

selected as a subset to calculate RDF. The results show that addition of wax content
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results in higher probability of stacking of oxidized asphaltene molecules at lower
distance. The intensity of occurrence of n-n 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.
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Figure 3.11 Oxidized asphaltene molecules g(r) after 10 ns simulation time in

methanol solvent at 298.15 K (25°C).

3.5.4.3 Diffusion Analysis
Using Equation 2.3, the mean squared displacement (MSD) of the wax subset was

calculated for 1ns to evaluate the diffusion coefficient of the wax molecules in an ensemble
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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
asphaltene matrix in solvent. The results of the diffusion coefficient are shown in Table
3.3. The results indicate that the diffusion of wax 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 increases. It was shown
that nanoaggregates size decreases 20% when wax content increases from 0% to 10%. In
the same token, it was observed that by increasing the wax concentration from 1% to 10%,
the diffusion of wax increases by over 100%.

Table 3.3 Diffusion Coefficient and Calculated Uncertainty of Wax Molecules

Within the Wax and Oxidized Asphaltene Matrix in Solvent at 298.15 K (25°C) (10

cm?/s)
Wax concentration 1% 3% 5% 10%
Diffusion coefficient 0.632 0.640 1.115 1.473
Uncertainty 0.022 0.0078 0.0051 0.0078

3.6 Summary

Using two perspectives (rheology and molecular interaction), this chapter evaluated
the effects of n-alkane paraffin wax doped into aged bitumen. Paraffin wax has previously

shown good results as an additive to aged bitumen that can improve the workability of the
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asphalt mixture along with lowering the mixing and compaction temperatures of unaged
and high RAP contained asphalt. This study also provided further insights on the
mechanisms of interaction between n-paraffin wax and oxidized asphaltene molecules that
has been shown to play an important role in bitumen rheology. These are the results from

both the rheology experiments and the molecular simulations:

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

e The complex modulus decreased as the wax concentration increased. This increase
is more distinct with a wax content of more than 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 attributed to
enhanced dimerization of asphaltene while reducing size of asphaltene nano-aggregates in
the matrix.

e Based on molecular dynamics simulation results, the interaction energy of the
oxidized asphaltene dimer reached a lower state after replacing 6.5 wt% of methanol
solvent with paraffinic wax molecules. Furthermore, the n—r stacking distance of oxidized
asphaltene molecules decreased from 3.267A to 3.166A. This shows that paraffinic wax
molecules promote dimerization of oxidized asphaltene molecules.

e Furthermore, the average aggregation size of oxidized asphaltene molecules
decreased 20% with an increase of wax concentration from 0% to 10% in studied

ensembles. This shows the ability of wax molecules to prevent the formation of
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nanoaggregates of oxidized asphaltene when they have enough mobility. This phenomenon
was observed in size exclusion chromatography at which addition of wax resulted in
smaller particles in oxidized bitumen.

e 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.

e The radial distribution function of oxidized asphaltene molecules in studied
ensembles containing 0 wt% and 10 wt% of wax (relative to oxidized asphaltene portion)
showed the first peak appeared at 4.6 A with a higher intensity in presence of wax. This
suggests that addition of wax promotes higher interactions between oxidized asphaltene
monomers (dimerization) as it was observed with interaction energy change but less
formation of nano-aggregates due to intrusion of paraffinic wax molecules which is

observed in average aggregation size and diffusion coefficient).

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

requirement:

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

wax content in aged bitumen.
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e The fracture energy of the aged bitumen, measured with a direct tension test (at
temperature of -12 °C), decreased after adding paraffin wax. This also resulted in lower

ductility of the aged material that continued to decrease with increasing wax percentage.

The crossover temperature of aged bitumen shows a significant increase compared to that
of unaged bitumen. Adding wax does not have much of an effect on this property of
bitumen. The results show a decreasing trend when 1% and 3% wax is added to aged
asphalt, with a sudden increase (to a temperature higher than that of aged bitumen without

wax) for 5% and 10% wax-doped asphalt samples.
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4 EFFECT OF WAX-BASED ADDITIVES ON THERMOMECHANICAL

CHARACTERISTICS OF OXIDATIVE AGED BITUMEN

4.1 Introduction and Literature Review

Bitumen consists of millions of different molecules including several straight-chain
hydrocarbons such as wax (Gawel and Czechowski 1998; Redelius 2004). During the
distillation of crude oil, the high boiling points of the wax components (up to 600 °C,
depending on chain length) typically cause the wax components to remain in the residue of
the refinery; this residue is referred to as bitumen (Kane et al. 2003; Musser and Kilpatrick
1998). One of the wax components commonly found in bitumen is paraffin wax, which
refers to the group of n-alkanes with no or few branches and which are gas for n less than
5, liquid for n between 5 and 17, and solid for n greater than 17 (Gawel and Czechowski
1998).

It should be noted that paraffin wax is a component of several warm-mix additives,
recycling agents, and rejuvenators. Use of a warm mix has been effective in reducing the
environmental impact of pavement construction by lowering the mixing and compaction
temperatures and extending the construction season (Chowdhury and Button 2008;
Edwards et al. 2006; Hanz et al. 2010; Kim et al. 2013; Samieadel et al. 2017). The
increased use of warm mix in the asphalt industry leads to increased use of wax-based
additives, which are components of many commercial warm-mix additives. In addition,
during oxidative aging of bitumen, the more reactive components of asphalt such as

asphaltene and resin react with oxygen, but saturates such as paraffin wax remain intact
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due to their low reactivity; the result is an increased relative ratio of saturates to other
components (Pahlavan et al. 2018). This in turn leads to disturbing the bitumen’s colloidal
balance and increasing its stiffness and susceptibility to fatigue cracking (Arega et al.
2011). Several studies have been conducted to investigate the evolution of the rheological
properties of warm-mix asphalts containing paraffin wax (Akisetty et al. 2009; Banerjee et
al. 2012). However, the underlying molecular level interactions that control the rheological
evolution have not been unveiled. Moreover, many rejuvenators that attempt to restore
aged bitumen's original properties contain paraffinic wax or n-alkane structure molecules.
Waste engine oil, paraffin wax, waste cooking oil, and paraffinic-based oil have been used
as rejuvenators for aged bitumen (Chen et al. 2014; Mogawer et al. 2015; Moghaddam and
Baaj 2016; Zaumanis et al. 2013). Therefore, there is a need for in-depth understanding of
the effect of paraffin wax on bitumen’s molecular conformation and packing, which in turn
alters bitumen's thermo-mechanical properties and ultimately pavement performance.
Based on the polarity of molecules in bitumen, four categories of molecules are
defined and referred to as the SARA fractions: saturates, aromatics, resins, and asphaltenes.
Among the four SARA fractions, asphaltenes are known to have a significant role in
bitumen's rheological properties (Fischer et al. 2014). Asphaltenes consist of molecules
with polycyclic aromatic cores with four to ten fused rings surrounded by saturated
hydrocarbon aliphatic chains; asphaltenes are insoluble in n-heptane and have an overall
molecular weight of 500 to 1000 g/mol (Pahlavan et al. 2018; Pomerantz et al. 2015). One

of the interactions between asphaltene molecules is known as a -w interaction, which may
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appear between delocalized = electrons (Hunter and Sanders 1990; Redelius and Soenen
2015). The n-m interactions are one of the most important interactions for polar molecules
such as asphaltenes, since they directly affect the physical properties of bitumen (Mullins
2010; Redelius and Soenen 2015). The strength of such interactions increases as the
number of fused aromatic rings increases. Thus, the interactions of asphaltene molecules
are stronger than those of resin molecules having a lower number of aromatic rings.

During the aging process, the reaction with oxygen increases the polarity of
bitumen molecules, causing stronger polar interactions as well as increasing the
aromaticity, which increases -7 interactions (Pahlavan et al. 2018; Redelius and Soenen
2015). The formation of polar functional groups on asphalt fractions has been introduced
as one of the dominant reasons for molecular agglomeration (Pahlavan et al. 2018).
Increases in nanoaggregates and overall asphaltene content are characteristics of an
oxidized bitumen (Le Guern et al. 2010; Pahlavan et al. 2018; Pahlavan et al. 2018).

The presence of wax in most virgin bitumen has shown a preventive effect on the
aggregation of asphaltene molecules, with a consequent decrease in the viscosity and
stiffness of the bitumen (Pahlavan et al. 2016; Samieadel et al. 2017) at high temperature.
The results of the latter study provide insight into the effect of wax on virgin bitumen, as
is the case when wax-based warm-mix additives are used in virgin bitumen. The promotion
of using recycled asphalt pavements increases the amount of aged bitumen that is

incorporated into pavement construction, exposing the aged bitumen to wax molecules
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either from warm-mix additives or recycling and rejuvenating agents. Thus, there is a need
to understand how aged bitumen interacts with wax molecules.

Therefore, this paper examines the effect of wax on the aggregation of molecules
of aged bitumen and the consequent effect on the bitumen's thermomechanical properties.
To study the effect of wax on the rheological properties of aged bitumen, a multiple stress
creep recovery (MSCR) test and a bending beam rheometer test were conducted, to
characterize the effect at both intermediate and low temperatures. To illustrate the tendency
to crystallization of paraffin wax in most aged bitumen, X-ray diffraction was performed
on bitumen samples doped with different wax dosages. Differential scanning calorimetry
and thermogravimetric analysis were conducted to illustrate wax's effect on the thermal
properties of aged bitumen. Molecular dynamics simulation was used to investigate the
intermolecular interactions of paraffin wax with stacked and agglomerated oxidized
asphaltene molecules. The result of this study helps to understand the effect of paraffin
wax on aged bitumen’s rheology, thermal properties, and the connection with the
interactions at nano-scale, to better comprehend any improvement or degrading effect on

bitumen performance from the use of wax-based additives and modifiers.

4.2 Materials and Methods

The aged bitumen used in this study was PG 64-22. The virgin bitumen was aged
in the laboratory and doped with 1, 3, 5 and 10% paraffin wax by the weight of base aged
bitumen. For the aging process, the bitumen was initially aged using a rolling thin-film

oven (RTFO) (ASTM D2872-12el1 2012) followed by a pressure aging vessel (PAV)
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(ASTM D6521-13 2013). An asphalt sample was aged a total of 40 hours (twice the
standard time) using PAV. (This process is referred to as 2XPAV.) According to the
literature, 2XPAYV better represents recycled pavement asphalt exposed to long-term aging
in the field (Bowers et al. 2014). The wax that was used in this study was paraffin wax P31
(CAS number: 64742-51-4), with melting point of 53 to 57°C, acquired through Fischer
Scientific. The wax was introduced to bitumen at 1, 3, 5, and 10 wt% dosage by the initial

weight of the aged bitumen and was blended by hand for 5 minutes at 135 °C.

4.2.1 Bending beam rheometer (BBR)

BBR test results were used to calculate stiffness and stress relaxation capability,
referred to as the m-value of the specimen. The lower of the two temperatures
corresponding to a stiffness of 300 MPa and an m-value of 0.30 is called critical cracking
temperature, based on ASTM D6648 (ASTM D6648 2016). The difference between the
two temperatures (ATc) has been related to the fatigue performance of bitumen by several
researchers (Anderson et al. 2011; Menapace et al. 2018).

To conduct the test, bitumen samples were prepared by pouring the bitumen
into aluminum molds 12.5mm wide, 127mm long, and 6.25mm thick. The samples were
allowed one hour to cool at room temperature. Afterwards, the samples were placed in a
freezer for five minutes before demolding. A constant load of 980 mN was applied at the

middle point of each specimen as the deflection was measured continuously for 5 minutes.
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4.2.2 Multiple stress creep recovery (MSCR)

The MSCR test was performed following the AASHTO T350-14 (AASHTO T 350-
14 2014) specification, in which the bitumen is subjected to 10 cycles of stress and recovery
of 1 and 9 seconds, respectively, at two stress levels of 0.1 and 3.2 kPa at 64°C. Before the
start of the test, samples were subjected to a pre-load cycle. Afterwards, non-recoverable
creep compliance (known as Jnr), the recovery percentage, and the recovery difference

between stresses of 0.1 and 3.2 kPa was determined.

4.2.3 Differential scanning calorimetry (DSC)

DSC analysis was performed using a TA Q2000 from TA Instruments to determine
the glass transition temperatures (Tg), melting temperature (Tmp), and crystallinity of aged
bitumen. Samples of approximately 5-7mg were placed in hermetic Tzero aluminum pans.
The modulation amplitude was set to = 1.00 °C every 60 seconds. Ramps of 3.00 °C/min
were applied to all three cycles. The first heating cycle was from — 80 to 160 °C, followed
by a cooling cycle down to -80 °C, and finally followed by a second heating cycle from -
80 °C to 160 °C. The second heating cycle was used to determine the desired thermal
properties to standardize the results with a uniform cooling ramp. The melting temperature
was determined using the peak maxima function in the known wax melting temperature
range. The degree of crystallinity was determined using a commercial heat of fusion value

of 220 J g for paraffin wax.
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4.2.4 Thermogravimetric analysis (TGA)

The TGA method was used to investigate the thermal resistance of each sample of
aged bitumen, using a TA Q500 from TA Instruments. The measurements were performed
from 50-600 °C with a heating ramp of 10 °C/min. Samples were placed in platinum pans

under a nitrogen blanket with a flow rate of 10 ml/min.

4.2.5 X-ray diffraction (XRD)
XRD was performed on a PANalytical Empyrean diffractometer with CuKa
radiation, running at 45 kV and 40 mA in the interval of 3-40°. The samples were placed

on an amorphous plate sample holder to capture the crystalline structure of the samples.

4.3 Molecular Dynamics Simulation

A molecular dynamics simulation was performed on a system at equilibrium state
composed of oxidized asphaltene, paraffinic wax, and methanol as a solvent medium, using
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software in a
MedeA® environment, version 2.2. The study focused on investigating interactions of
paraffin wax molecules and oxidized asphaltene molecules. Wax was introduced to the
system of oxidized asphaltene after the formation of nanoaggregates. 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 aliphatic chains and pyrrole rings.

This study used the PCFF+ force field, which is an extension of the PCFF force field.
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"Force field" refers to the functional form of parameters used to calculate the potential and
kinetic energy of the system of atoms and molecules. PCFF+ is an all-atom force field
designed to provide excellent accuracy on hydrocarbon and liquid modeling from ab initio
simulations (Sun et al. 1994; Ungerer et al. 2014; Waldman and Hagler 1993). This force
field includes a Lenard-Jones 9-6 potential for intermolecular and intramolecular
interactions and specific terms for stretching, bending, and torsion to involve 1-2, 1-3, and

1-4 interactions (Ungerer et al. 2014).

4.3.1 Structure of oxidized asphaltene, paraffin wax, and solvent

The oxidized asphaltene molecule used in this study was a continental structure
asphaltene (Pahlavan et al. 2018) containing a large core of poly-aromatic rings (Fischer et
al. 2014; Morgan et al. 2010; Wiehe 2008). The selected oxidized asphaltene-pyrrole
contains 3 carbonyl groups. The analysis of where the functional groups should be added
was based on previous studies on hetero atoms and the molecular weight of asphaltene
conducted in Strategic Highway Research Program(SHRP), taking into account the
mechanism of the formation of carbonyl groups during oxidation (Figure 4.1) (Jennings et

al. 1992; Lesueur 2009).
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Figure 4.1 Selected structures for molecules involved in the simulation: Left-
Oxidized asphaltene (red atoms are oxygen and blue atom is nitrogen); Right-

Paraffin wax

The paraffin wax molecule used in this paper is the n-Ci1 paraffin wax that is a
polymethylene sequence of -(CH2)- that regularly stacks in layers (Pahlavan et al. 2016).
To keep the portion of wax molecules in the range of 1 to 10 wt% of oxidized asphaltene,
and to prevent an increase in computational cost, the wax molecule size was chosen to be
n-Ci1. The proposed structures for oxidized asphaltene and n-paraffin wax are shown in
Figure 4.1. The solvent medium in this study is methanol, which is known to be able to
initiate asphaltene aggregation; this allows examining the extent of aggregation in an
ensemble of wax-asphaltene. Furthermore, to study the effect of wax as a straight-chain

hydrocarbon, the solvent needed to have a structure different from for the simulation to
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better illustrate the effect of paraffin wax on the assembly of oxidized asphaltenes (Painter

et al. 2015).

4.3.2 Simulation method

The simulation was composed of a sequence of two LAMMPS stages, starting with
energy minimization using the conjugate gradients method at a constant volume with a low
average density to avoid molecular overlaps. The first stage started with an NVT ensemble
(constant number of atoms, volume, and temperature) at a high temperature (800K) for
100ps, followed by an NPT ensemble (constant number of atoms, pressure, and
temperature) at pressure of 200 atm and temperature of 800 K for 500 ps to shake the
system and prevent its trapping at a local minimum energy state. The second stage of the
two-stage LAMMPS was started with an NVT ensemble with a temperature of 298.15 K
(25°C) for 2ns to reach an equilibrium with no pressure on the system, followed by an NPT
ensemble with a temperature of 298.15 K (25°C) and a pressure of 1atm for 20ns. During
all the stages of simulation, a Nose-Hoover thermostat and barostat (Plimpton 1995) was
utilized and the time step was set to 1 fs. The short-range interactions were calculated
directly, while long-range interactions were measured with the particle-particle-particle-
mesh (PPPM) method. Non-bonded terms were calculated with a simple cutoff of 9.5 A.
The average temperature and pressure during NPT simulations was checked to ensure the
system was in equilibrium.

After equilibration of oxidized asphaltenes in methanol, two different percentages

of wax with respect to the asphaltene fraction (1wt% and 10wt%) were added to the system,

82



and the simulation was continued for another 30ns in order to investigate the effect of
paraffin wax on self-assembled stacks of oxidized asphaltenes. The average pressure and
temperature were monitored during the simulation to ensure the system was in equilibrium.
During the simulation, the coordinates for the center of mass of asphaltene molecules were
recorded for aggregation study, and the radial distribution function results were calculated
for the most-centered carbon atom of oxidized asphaltene molecules. A subset was
assigned to wax molecules to track mean square displacement for calculation of the

diffusion coefficient over 10ns of simulation.

4.3.3 Methods of analysis

To investigate the effect of paraffin wax on the self-assembled oxidized asphaltene
molecules, the average aggregation number of oxidized asphaltene molecules in the
presence of wax was calculated. The average aggregation number (g;) was determined

using Equation 4.1 (Goual et al. 2014; Nagarajan 1994; Sengers et al. 2000).

_ Yinig;

- Yinig?

9: Equation 4.1

where n; is the number of aggregates containing gi monomers.

The radial distribution function (g(r)) was calculated for oxidized asphaltene
molecules before and after wax was introduced. The results of the radial distribution
function represent the most probable separation distance of oxidized asphaltene molecules.

The RDF provides a way to visualize the degree of separation between a group of atoms,
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which in this study is a subset composed of the most-centered carbon atom of oxidized

asphaltene molecules. The RDF g(r) is calculated using Equation 4.2.

g(r) = lim omzl\'zﬁlﬂr Tl]) Equation 4.2

dr—

where V is the volume, N is the number of atoms included in the
calculation,
0 is the Kronecker delta function, and rjj is the distance between the two atoms
(Levine et al. 2011; Lowry et al. 2017).
The diffusion coefficient can be calculated from the time evolution of the mean

squared displacement, u?(t), using Equation 4.3 (Chitra and Yashonath 1997).

u?(t) = —Zl o t)f ‘F(t+ 1) — T (7)]*dr Equation 4.3

where T is the duration of the simulation, and 7; is the guest atomic positions.

By fitting a straight line to the points in the closed interval [t1,t2], a least squares
straight line is obtained. The slope of this straight line is used to compute the diffusion
coefficient using the Einstein relation, using Equation 4.4.

<u?(t)> _ ul(tp)-u’(ty)

D= —
2dt 2d(ty—tq)

Equation 4.4

where d is dimensionality and is equal to 3.
In other words, the diffusion coefficient can be measured using Equation 4.5.

D = [Slope of MSD curve over the elapsed time t]|/[2d] Equation 4.5
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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 A%/ps (or

104 cm?/s).

4.4 Results and Data Analysis

4.4.1 Critical low temperature

Figure 4.2 shows the critical low temperatures (Tc), which correspond to a critical
stiffness and stress relaxation (m-value) of 300 Mpa and 0.300, respectively. The Tc of
stiffness did not vary significantly until 10% wax, at which it showed a drastic decrease,
indicating significant stiffening of the overall aged bitumen due to the addition of wax. In
contrast, the Tc corresponding to m-value was found to be very sensitive to the wax dosage,
showing a reduction of about 12 degrees when the wax dosage increased from 0 to 10%.
ATc is defined as Tc (stiffness) - TC (m-vaiue). In Table 4.1, the calculated ATc shows an increase
in absolute value (a larger negative value), indicating that the stiffness effect becomes more
prevalent as the wax concentration increases, while bitumen loses its stress-releasing
capacity. It has been reported that the increase in absolute value for ATc is correlated to a
higher susceptibility to non-load-related cracking of asphalt pavement such as transverse
cracking and block cracking (Anderson et al. 2011). This phenomenon is related to bitumen
losing its ability to relax stress with an increase of paraffin wax in aged bitumen, as the
ATc becomes more controlled by the m-value. Other studies also related the higher absolute
value of ATc to an increase in fatigue cracking, which is a consequence of the

embrittlement (loss of ductility) of the bitumen (Bennert et al. 2016). In the current paper,
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the bigger gap between critical temperatures of stiffness of 300MPa and m-value of 0.3 is
a result of an increase in paraffin wax, which affects the embrittlement of bitumen; this
leads to a higher risk of fatigue cracking along with non-load-related cracking, due to aged

bitumen's diminishing capability to relax accumulated stress.
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Critical Low Temperature (Tc) in C°
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aT (stiffness) T (m-value)

Figure 4.2 Critical low temperatures for stiffness and m-value
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Table 4.1 Delta Tc results for control aged and 1, 3, 5, and 10wt% wax-doped aged

bitumen
Sample Delta Tc
Control Aged -7.30
Aged + 1% Wax -9.71
Aged + 3% Wax -9.87
Aged + 5% Wax -15.04
Aged + 10% Wax -14.60

4.4.2 Non-recoverable creep compliance

The MSCR results at 64°C are shown in Table 4.2. After aging, the non-recoverable
creep compliance, J, decreased significantly compared to control asphalt, showing
bitumen becoming stiffer due to aging. However, Jor was shown to increase with increasing
wax percentage, which shows more residual strain after applying creep stress. This
phenomenon can be due to partial melting of paraffin wax, causing a softening effect as
wax molecules increase the mobility of asphaltene molecules. In addition, percent recovery
shows a continuously decreasing trend as paraffin wax content increases. This can be due
to a disturbed network of asphaltene molecules in the presence of wax at high and
intermediate temperatures giving rise to its viscous behavior. Previous research showed
that the complex modulus and shear viscosity of aged bitumen decreases with an increase

in wax content (Samieadel et al. 2018).
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Table 4.2 MSCR results for control aged bitumen and 1, 3, 5, and 10wt% wax-

doped aged bitumen

Sample Jnr 3.2kPa’ Jnr diff (%0) o Reli;g\;iry 32
Control aged 0.0306 11.9 55.6
Aged + 1% Wax 0.0713 14.8 43.7
Aged + 3% Wax 0.1095 14.4 39.8
Aged + 5% Wax 0.1601 18.0 37.1
Aged + 10% Wax 0.3689 32.8 27.0

4.4.3 X-ray diffraction (XRD)

The results of the XRD analysis showed that the structure of the aged bitumen was
primarily amorphous, independent of wax content. In order to experimentally determine
the size of the particles detected, the interlayer d-spacing was calculated, using Braggs law

(Equation 4.6).

nA = 2d sin 6 Equation 4.6

where A is the incident wavelength, 6 is the reflection angle,

n is the integration constant, and d is the interplanar lattice spacing (d-spacing).
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Figure 4.3 XRD results for pure wax, control aged bitumen, and 1% 3%, 5%, and

10wt% wax-doped aged bitumen

Figure 4.3 shows the XRD results for pure wax, control aged bitumen, and aged
bitumen doped with different percentages of paraffin wax. A sharp peak appeared at 4.6°
for both pure paraffin wax and the aged asphalt doped with 10% wax, with a corresponding
d-spacing of 19.1 A. This peak can be attributed to the formation of lamellar paraffin wax
inclusions, which was also shown in previous studies using atomic force microscopy
(Pahlavan et al. 2016). The d-spacing between the lamellae is about 20nm when wax is
added to the aged bitumen (Pahlavan et al. 2016). Most commercial paraffin wax has a
highly ordered structure and therefore would not be amorphous (Zbik et al. 2006).
Reported peaks for paraffin wax are around 26 =21.6° and 20 = 24.0°, which are attributed
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to the diffractions of (110) and (200) crystal planes of monoclinic paraffin (Li et al. 2013;
Li et al. 2014; Rao and Zhang 2011). The peak at 26 =21.33° is clearly observed in aged
bitumen doped with 10% wax, corresponding to the wax component. The formation of
paraffin wax lamellae is evidenced by the d-spacing of 20nm; this can cause weak points
in the bulk of bitumen that can contribute to crack initiation at sub-zero temperatures,

where crystal formation is more stringent (Pahlavan et al. 2016).

4.4.4 Glass transition temperature and degree of crystallinity

The heat flow results for paraffin wax show two endothermic peaks that are well-
known for petroleum paraffin wax (Figure 4.4). The first peak shows a solid-solid transition
in wax crystals; it is closely followed by a melting peak (Luyt and Krupa 2008). A study
of glass transition temperature showed that aged bitumen has a higher glass transition
temperature (-17.56 °C) compared to unaged bitumen (-18.07 °C); this could be due to the
loss of volatile, light components of bitumen during aging (Kriz et al. 2008). The addition
of wax to aged bitumen led to a reduction in glass transition temperature, with 10% wax-
doped specimens having a glass transition temperature nearly 9 degrees lower than the
control sample; this can be attributed to the contribution of wax to the maltene phase (a
fraction with lower molecular weight and higher mobility) of bitumen. It has been reported
that the glass transition temperature is mainly affected by the maltene portion (Lesueur
2009), but the role of asphaltene nanoaggregates cannot be ignored (Samieadel et al. 2018).

Glass transition is a phenomenon that occurs in amorphous polymers whose chains are not
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arranged in ordered crystals; since pure paraffin wax has a highly ordered crystalline
structure, glass transition does not occur in pure paraffin wax.

However, the wax appears to have a dominant effect on melting behavior; 10%
wax-doped samples have a melting temperature closer to that of pure wax, as seen in Figure
4.5. With increasing wax content, the heat of fusion for melting also increases, but it is
lower than that of pure wax; this suggests the formation of smaller wax crystals when wax
is blended into aged bitumen, as shown in Table 4.3 (Qin et al. 2014).

A reduction in glass transition temperature can improve bitumen's rheological
properties; the embrittlement of aged bitumen would take place at a lower temperature.
However, the formation of wax crystals and a lamellar structure at low temperatures could
make the cracking behavior of bitumen be dominated by the bitumen's stiffness more than
its relaxation capability, as evidenced by the high ATcin wax-doped bitumen. The
formation of a lamellar structure can also promote crack initiation, due to the presence of
weak points at the interfaces of a lamellar structure. The latter phenomenon has been
studied using a direct tension test and atomic force microscopy (Pahlavan et al. 2016;

Samieadel et al. 2018).

91



0.0
~t—
-0.2 [f
" |
37.24°C {
-0.4
)
S
=
o
L .06+
IS
()
I
>
(0]
o
-0.8 1
50.38°C
144.7J/g
-1.0
1 54.69°C
-1.2 T T T T T T T T
-100 -50 0 50 100 150
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 4.4 Reverse heat flow results for paraffin wax
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Figure 4.5 Second heat cycle results for control aged bitumen and aged bitumen

doped with 1, 3, 5, and 10 wt% paraffin wax.

Table 4.3 Thermal properties based on the second heating cycles measured using a

differential scanning calorimeter for control aged bitumen and aged bitumen doped

with 1, 3, 5, and 10wt% wax

fusion [J/g]

Property Control Aged [1% Wax [3% Wax 5% Wax [10% Wax [Pure
Bitumen Wax
Glass transition -17.56 -25.19 -26.87  -26.56  |-26.68 NA
temperature Tg (°C)
Melting point 32.81 32.39 33.75 34.79 39.42 54.69
temperature Tmp (°C)
Measured enthalpy of 0.092 0.5643 1.614 3.111 7.982 144.7
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445 Thermal resistance

TGA was used to study the flash point and weight loss curve of each aged bitumen
doped with wax. A nitrogen environment was used to ensure that the observed thermal
decomposition of specimens was not convoluted by other mechanisms such as oxidation
in air. The degradation onset temperatures for unaged and aged bitumen were determined
to be 326.9 °C and 307.9 °C, with residual masses of 17.24% and 29.7% at 600 °C,
respectively. The lower degradation onset temperature observed in aged specimens
compared to unaged specimens can be attributed to the presence of a greater asphaltene
content in aged specimens; it has been documented that oxidative aging promotes the
conversion of resins and aromatics to asphaltenes, increasing the asphaltene fraction
(Sharma et al. 2017; Yu et al. 2014). In addition, the presence of graphene oxide (GO)-like
structures in aged asphalt has been reported (Pahlavan et al. 2018). It has also been
documented that increase in asphaltenes have a decreasing effect on the thermal stability
of bitumen (Firoozifar et al. 2011). Therefore, the relatively higher asphaltene content in
aged asphalt can contribute to its having a lower degradation onset temperature compared
to unaged asphalt.

Furthermore, all doped specimens had higher degradation onset temperatures than
the control sample (Table 4.4). Paraffin wax increased the degradation onset temperature
and restricted the decomposition of material, as also documented elsewhere (Ge et al.

2017). This phenomenon is believed to be in agreement with previous studies evaluating
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the reactivity of bitumen’s components, which showed that the saturates components (such
as paraffin wax) have lower reactivity compared to asphaltenes (Mousavi et al. 2016).
Thus, wax-doped specimens have a relatively higher amount of components with low
reactivity, and their degradation onset temperature is shifted to a higher temperature.
Figure 4.6 shows that even though the degradation onset temperature is shifted to a
higher temperature, the residual mass for each doped sample is lower than the control, with
residual mass continuously decreasing with an increase in wax percentage from 1% to 5%.
This indicates that the presence of wax increases the decomposition of the materials. This
can be attributed to the role of wax in breaking asphaltene nanoaggregates into smaller
nanoaggregates, exposing a higher surface area to degradation mechanisms. However, the
10% wax-doped specimens showed relatively less degradation than the 5% wax-doped
specimens, which could be due to significant crystalline regions formed due to a relatively

high wax concentration.
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Figure 4.6 Measurements of thermal resistance for wax, control aged bitumen, and

aged bitumen doped with 1, 3, 5, and 10wt% wax, using thermogravimetric analysis

Table 4.4 Onset temperature of degradation and residual mass of control aged

bitumen and aged bitumen doped with 1, 3, 5, and 10wt% wax, using

thermogravimetric analysis

Property Control Aged Bitumen (1% Wax [3% Wax 5% Wax (10% Wax [Pure Wax
Onset temperature (°C) 307.9 321.6 314.5 309.8 332.9 211.0
Residual mass at 600 °C [w%] [29.7 23.7 22.0 17.9 20.8 0
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4.5 Molecular Dynamics Simulation Results

45.1 The effect of wax on self-aggregation of oxidized asphaltene

To evaluate the effect of n-paraffin wax on the formation of nanoaggregates of
oxidized asphaltene, a system of oxidized asphaltene molecules was equilibrated in
methanol solvent for 20ns, and then two different percentages of wax were introduced into
the system. The purpose of this simulation is to investigate the effect of straight-chain
paraffin wax on post-aging molecular conformations. Figure 4.7 shows the equilibrated
asphaltene system before adding paraffin wax molecules. (Solvent molecules have been

removed for clarity.)
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Figure 4.7 Equilibrated system of 17 oxidized asphaltene molecules in methanol

solvent after 20ns simulation in an NPT ensemble

To study the aggregation pattern for two extreme cases of asphaltene doped with
1% and 10% wax, after equilibration of oxidized asphaltene molecules in methanol, 1 and
10 paraffin wax molecules with respect to asphaltene mass were added to the system. The
distance between each pair of oxidized asphaltene molecules was measured every 50ps
during the simulation, using the coordinates of each asphaltene's center of mass. Any two
molecules were considered as stacked if the distance between their respective centers of

mass was less than 0.85; the aggregation number was defined as the number of molecules
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involved in a cluster of stacked molecules (Goual et al. 2014). The Molecular Dynamics
(MD) simulations results show that the average aggregation number is reduced by 25%
after adding 10% paraffin wax (Figure 8). This phenomenon can be due to the intrusion of
paraffin wax molecules into self-assembled stacks of oxidized asphaltene, weakening their
n-m interaction. Such a weakening effect can lead to the formation of nanoaggregates with
fewer molecules involved in them. This dispersive effect of paraffin wax on oxidized
asphaltene can help restore the conformation of asphaltene molecules before aging. This
effect of paraffin wax is due to its mobility in the system, which is noticeable at
temperatures

around and higher than the melting point of paraffin wax (Samieadel et al. 2018).
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Figure 4.8 Average aggregation number for oxidized asphaltene in methanol solvent

with and without the presence of paraffin wax molecules, at 298.15K (25°C)

The study results shows that upon the introduction of wax to the system, wax
molecules reach to polyaromatic sheets of oxidized asphaltene, changing the positions of
the asphaltene molecules relative to each other from parallel to displaced parallel This
structural deformation can increase the interlayer spacing and facilitate the intercalation of
wax molecules into the stacks of oxidized asphaltenes. This intercalation occurs mostly
through the CH-n interaction and is followed by a disturbance in the m-m interaction
between polyaromatics in stacks. This in turn facilitates the de-agglomeration of oxidized
asphaltene molecules (Pahlavan et al. 2018). Furthermore, CH-=n interactions between the
CH sites of the aliphatic chains of paraffin wax and the acceptor n-clouds of aromatic sheets
of asphaltenes have a destructive effect on the n-n interactions of asphaltene-asphaltene
(Maresca et al. 2008). Therefore, the CH groups of the aliphatic chains of paraffin wax
molecules provide polar surfaces of interaction for the aromatic cores of oxidized
asphaltene molecules, dispersing the aggregates of asphaltenes while blocking the
reformation of nanoaggregates (Pahlavan et al. 2018).

The reduction in size of oxidized asphaltene nanoaggregates can contribute to
restoring the rheology that aged bitumen had prior to aging, as shown in previous studies
(Samieadel et al. 2018). During oxidative aging, as determined by thin-layer
chromatography with flame ionization detection, polar molecules such as resin react with

oxygen, becoming more polar and less soluble in n-heptane, and consequently increasing
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the asphaltene fraction (Zhang et al. 2011). Increased polarity promotes stronger
intermolecular interactions and plausibly the aggregation of asphaltenes (Yu et al. 2014).
This phenomenon will affect the rheology of bitumen, causing a stiffening effect in
bitumen (Epps Martin et al. 2016). However, paraffinic wax has been shown to have a
decreasing effect on the complex modulus of aged bitumen (Samieadel et al. 2018) and an
increasing effect on the creep compliance modulus, which can be due to deagglomeration
of structured oxidized asphaltene molecules and disruption of the stacking mechanism of
polar molecules.

Adding wax to bitumen leads to the formation of crystals with smaller size
compared to pure wax; the reason for this can be the trapping of paraffin wax molecules
between polar components, which will lead to a lower melting point and a lower heat of
fusion compared to pure wax. Figure 4.9 shows the mechanism of penetration,
deformation, and deagglomeration of oxidized asphaltene nanoaggregates by paraffin wax

molecules
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Attraction .,

Figure 4.9 Deagglomeration mechanism of paraffin wax molecules: a) Attraction of
paraffin wax to the center of nanoaggregate, b) Penetration of paraffin wax
molecule into the nanoaggregate by opening the interlayer space, ¢) Deformation
and deagglomeration of nanoaggregate of asphaltene molecules (Solvent molecules

and side chains of asphaltenes have been removed for clarity.)

The aforementioned CH-r interaction of paraffin wax molecules and polyaromatic
sheets of oxidized asphaltenes also contributes to blocking other asphaltenes from being
attracted to newly separated nanoaggregates. Figure 4.10 illustrates the blocking
mechanism of paraffin wax molecules to prevent the reformation of nanoaggregates of

asphaltene after deagglomeration.
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Figure 4.10 Illustration of blocking mechanism of paraffin wax molecules to

prevent reforming nanoaggregates of oxidized asphaltene

It should be noted that a reduction in the size of nanoaggregates is not directly
correlated to better mechanical properties. The simulation was done in solvent, which gives
the paraffin wax molecules a higher mobility, so they can more easily attract to polar sites
of asphaltene molecules. However, it should not be assumed that higher wax content is
beneficial to mechanical the properties of aged bitumen in general. With a lowering of
temperature, the samples with higher wax content will form more crystalline structures that

can result in more weak points, leading to more sites for initiating the formation of cracks
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(Pahlavan et al. 2016). Previous studies (Lu and Redelius 2007) proposed a limit on wax

content to prevent low-temperature mechanical deterioration.

4.5.2 Radial distribution function (RDF)

The radial distribution function (g(r)) was calculated for the most-centered carbon
atom of oxidized asphaltene in each selected subset. The results of the radial distribution
function (Figure 4.11) illustrate the degree of separation for asphaltene molecules based on
the coordinates of centered carbon atoms. The results of the RDF indicate that oxidized
asphaltene molecules form parallel stacks at 4.7A. Such a distance between asphaltene
molecules is within the range that has been reported elsewhere as parallel stacking distance
(Mousavi et al. 2016; Yaseen and Mansoori 2018). Such orientation and relative distance
between asphaltene molecules is attributed to the strong n-rt interactions of polyaromatic
sheets of oxidized asphaltene molecules. After introducing paraffin wax to the system of
oxidized asphaltene molecules, the intensity of the peak corresponding to 4.7A spacing
decreases by 50 and 23 percent for 1 and 10% wax concentration, respectively, indicating
fewer parallel stacks formed between asphaltene molecules. This can be due to paraffin
wax disturbing stacks of oxidized asphaltene while weakening self-assembled

nanoaggregates.
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Figure 4.11 Radial distribution function for the most-centered carbon atom of
polyaromatic sheets of oxidized asphaltene after 50 ns simulation in methanol

solvent at 298.15K (25°C)

4.5.3 Diffusion analysis

Using Equation 4.5, the mean squared displacement (MSD) of the wax subset was
calculated for 10ns 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 in wax concentration on the diffusion of wax molecules into the
oxidized asphaltene matrix. The results of the diffusion coefficient indicate that the
diffusion of wax molecules increases as the wax concentration increases (Table 4.5). This
can be the result of variation of aggregates' size due to the presence of wax. Accordingly,
the diffusion coefficient results are aligned with the results of average aggregation number
which shows a higher mobility of wax molecules can result in breakage of formed

nanoaggregates of oxidized asphaltene in aged bitumen. Such breakage further promote
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diffusion within a matrix of reduced nanoaggregates. This phenomenon can result in
softening of aged bitumen at temperatures where wax molecules can have higher
diffusivity into the bulk of asphalt and redistribute polar molecules; which in turn reduce
viscosity.

Table 4.5 Diffusion coefficient and calculated uncertainty of wax molecules within

the oxidized asphaltene matrix in methanol solvent at 298.15 k (25°c) (10 cm?/s)

Wax concentration 1% 10%
Diffusion coefficient | 0.534 0.854
Uncertainty 0.0085 0.0044

4.6 Summary

With increased emphasis on the use of recycled asphalt pavements, as well as usage
of wax-based additives such as many warm-mix additives, recycling, and rejuvenation
agents, there is a need for in-depth understanding of the effect of wax on the performance
characteristics of bitumen. In addition, due to the low reactivity of wax molecules, they
typically remain intact as asphalt ages during pavement service life, consequently
increasing the relative ratio of wax molecules to asphaltene molecules and making the role
of wax more prominent. This paper provides a comprehensive understanding of the
underlying molecular-level interactions controlling the thermo-mechanical properties of
aged bitumen doped with wax. This is a summary of the results:

1- The difference between the absolute values of critical low temperatures (S=300

MPa and m-value=0.3) increased from -7.3 °C to -14.6 °C when the wax content of
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aged bitumen increased from 1% to 10%; this may be attributed to the formation of
lamellar structures in bitumen. Such an increase in ATc can increase a bitumen’s
susceptibility to thermal cracking and fatigue cracking.

The percent strain recovery decreased up to 50% with an increase of wax from 1%
to 10%; this can be attributed to the role of wax in disturbing the asphaltene network
by reducing the formation of nanoaggregates.

XRD results show the formation of wax crystals in the bulk of bitumen with a
corresponding d-spacing of 19.4A at 10% wax dosage. Another peak with lower
intensity was observed at d-spacing of 4.2A for the 5% and 10% sample. No peak
could be captured in specimens containing 1% and 3% wax dosages.

The glass transition temperature decreased 9 °C after the addition of 10% wax to
aged bitumen. This decrease can be attributed to wax contributing to the maltene
component of bitumen, promoting the mobility of the overall matrix.

The melting point of a 10% wax-doped specimen was found to be 15 °C lower than
that of pure wax. This can be attributed to the formation of smaller wax crystals
when wax is blended into the bitumen; smaller wax crystals can be a result of
trapping wax molecules between polar components. A similar reduction trend was
observed in samples with lower wax concentrations.

The onset temperature for decomposition of bitumen decreases with aging, due to

an increase in reactive components. However, after the addition of paraffin wax,
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the onset temperature increases, mainly because wax is less reactive than other
asphalt components.

In simulation, paraffin wax molecules in a medium that gives them sufficient
mobility were found to be able to break the nanoaggregates of oxidized asphaltene,
leading to smaller nanoaggregates. This in turn increases the exposed surface area
in samples with high wax content, making them more prone to degradation. High
exposed surface area may be the cause of the low residual mass observed in samples
with high wax content.

In simulation, the mechanism of breakage of nanoaggregates is initiated by CH-n
interaction between paraffin wax and aromatic sheets of oxidized asphaltene,
weakening the stacked structure of asphaltene molecules. This is followed by wax
penetration into the self-assembled stacks of oxidized asphaltenes, promoting
breakage of nanoaggregates. This was also evidenced by a 25% reduction in the
average aggregation number of oxidized asphaltenes when 10 wt% paraffin wax
molecules were added to the system.

In simulation, the radial distribution function shows a reduction of peak intensity
ataround 4.7A, which is the stacking distance of oxidized asphaltene. This indicates
that after adding wax to the ensemble, asphaltene molecules are less likely to form
parallel stacks, and are mostly prevented from the formation of large stacked

molecules.
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10- In simulation, the diffusion coefficient of the paraffin wax subset increases with an
increase of wax content. An increase of wax content from 1% to 10% increases the

diffusion coefficient by 35%.
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5 INTERPLAY BETWEEN WAX AND POLYPHOSPHORIC ACID AND ITS

EFFECT ON BITUMEN THERMOMECHANICAL PROPERTIES

5.1 Introduction and Literature Review

Wax-based additives have been commonly used in warm-mix asphalts (WMA) and
many industrial rejuvenators. Warm-mix asphalts are paving mixtures that can be
manufactured and placed at temperatures of 20-40 °C lower than those for hot-mix asphalts
(Samieadel et al. 2017). One of the warm-mix additives is paraffin wax, a white crystalline
powder with a chemical structure of n-alkanes and a melting point of 50-60 °C (Krol et al.
2015; Morea et al. 2012; Samieadel et al. 2017; Sanchez-Alonso et al. 2011). Paraffin wax
can improve the workability of asphalt mixture and extend the construction season
(Edwards and Redelius 2003; Lu and Redelius 2007; Pahlavan et al. 2016). N-alkanes are
saturated hydrocarbons that are solid with carbon number higher than 17 (Gawel and
Czechowski 1998). However, wax additives can be different from a bitumen's inherent wax
(Samieadel et al. 2017). The two waxes commonly recognized in crude oils and distillates
are paraffin waxes and microcrystalline waxes(Edwards and Redelius 2003). Paraffin
waxes are mainly composed of n-paraffins (n-alkanes) with minor amounts of isoparaffins
and cycloparaffins; they crystallize as plates or needles(Edwards et al. 2006). The melting
point of paraffin wax is in the range of 50 to 70 °C; it is reduced to 20-30 °C when blended
with bitumen (Butz et al. 2000; Samieadel et al. 2017). Microcrystalline waxes are aliphatic

hydrocarbon compounds containing a considerable amount of iso-paraffins and
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cycloparaffins; they have a less distinct melting point and a high average molecular weight
(Musser and Kilpatrick 1998).

Depending on the source, bitumen can be rich in wax or almost wax free (Schmets
et al. 2010). The presence of wax can highly affect the temperature sensitivity of bitumen,
since wax has a melting point and changes its phase with temperature change (Samieadel
et al. 2018). At higher service temperatures, it has been shown that wax can soften the
bitumen and lower the viscosity; at lower temperatures, wax stiffens bitumen, causing
bitumen to be more susceptible to low-temperature cracking (Baldino et al. 2012;
Samieadel et al. 2017). The low-temperature cracking can be attributed to wax
crystallization and the formation of lamellar structures, which can play as weak points for
crack nucleation at low temperatures (Pahlavan et al. 2016).

Bitumen's chemical components have been categorized into saturates, aromatics,
resins, and asphaltenes (Bissada et al. 2016). Bitumen is known to have a colloid structure,
where asphaltenes are dispersed in the maltene phase composed of saturates, resins, and
aromatics (Redelius and Soenen 2015). Depending on the amount of each portion, the
properties of bitumen can vary significantly (Redelius and Soenen 2015). It has been shown
that there is a close relationship between the asphaltene fraction and the mechanical
properties of bitumen (Yu et al. 2014). The interplay between different components in
bitumen as well as bitumen components and modifiers can highly affect a bitumen's

rheology and compromise its mechanical performance.
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Among commonly used bitumen modifiers are elastomers, plastomers, thermosets,
sulfur, and acids such an polyphosphoric acid (PPA)(Al-Adham and Wahhab 2015;
Brasileiro et al. 2019; Gama et al. 2018; Naveed et al. 2019). PPA has gained attention as
a modifier to increase the high-temperature grade of bitumen without compromising its
low-temperature grade (Baumgardner et al. 2005; Masson 2008; Masson and Collins
2008). High-purity PPA, an oligomer of H3POg, is produced either from the dehydration
of HaPOg4 at high temperatures or by heating P.Os dispersed in H3PO4 (Corbridge 1980; r
se Averbuch-Pouchot and Durif 1996; Xiao et al. 2014). The dehydration method tends to
produce short chains, whereas the dispersion method usually produces chains with more
than 10 repeat units (Baumgardner et al. 2005). PPA can be used as a modifier to improve
the high-service temperature of bitumen and bump the grade without air-blowing the
bitumen; air-blowing is known to cause oxidation of highly polar molecules of bitumen
and increase bitumen’s aging susceptibility (Giavarini et al. 2000).

Baumgardner et al. observed that after the addition of PPA to waxy bitumen, the
asphaltene fraction increased; they concluded that the addition of PPA led to
coprecipitation of asphaltenes with insoluble PPA-adducts (Al-Adham and Wahhab 2015).
Mason and his co-workers performed a similar study and showed that the interaction of
PPA and resin molecules leads to an increase in the heptane-insoluble fraction, which is
reflected as an increase in the asphaltene portion (Masson 2008). Orange et al. proposed a
model for the interaction of PPA with bitumen components based on the reactivity of

asphaltenes with PPA; the model shows that acid-base reactions and esterification can
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cause a deagglomeration of the asphaltene aggregates, leading to an improvement in the

bitumen's rheology (Giavarini et al. 2000).

Xiao et al. showed that adding 0.5% PPA to bitumen can account for using 1% less
rubber while maintaining the same high-temperature grade (Xiao et al. 2014); however, it
was noted that the effect of PPA on bitumen is dependent on the bitumen's composition
(Schmets et al. 2010). Baldino et al. showed that the rheological glass transition
temperature of bitumen is reduced with an increase in PPA (Baldino et al. 2012). Liu et al.
studied the effect of PPA on warm-mix asphalt and showed that PPA causes an increase in
the complex modulus and a decrease in the phase angle when measured at intermediate
service temperature (Liu et al. 2016). It was also observed that PPA decreases the creep
stiffness at subzero temperatures but it does not affect the m-value at the studied
concentration (Liu et al. 2016). Yan et al. showed that adding PPA to bitumen causes a
decrease in the resin fraction of bitumen and an increase in the asphaltene fraction, while

the saturates and aromatic portions remain unchanged (Yan et al. 2013).

While there are several studies of the effect of PPA on bitumen solubility and
rheology, there is limited research on a molecular-level understanding of the effect of PPA
and its interplay with bitumen’s inherent wax and/or wax-based additives. Therefore, this

paper incorporates laboratory experiments and molecular dynamics simulations to relate

113



the molecular interactions between PPA and the components (including wax) of bitumen

on its phase changes and rheological properties.

5.2 Materials Preparation

The bitumen used in this study was graded as PG 64-22, which is commonly used
in the United States and has been found to have a very low content (<0.5%) of inherent
wax. Here, we refer to it as a low-wax bitumen. The wax that was used for bitumen
modification was a petroleum paraffin wax (CAS number: 64742-51-4, with melting point

of 53-57 °C, acquired from Fisher Scientific). The wax was introduced at 5% and 10%

dosages by weight of the initial bitumen and was hand-blended at 135 °C for 10 minutes.
In this study, the bitumen with 5% wax is called medium-wax bitumen, and the bitumen
with 10% wax is called high-wax bitumen. After mixing the wax into the bitumen, the PPA

was hand-blended for 10 minutes at a concentration of 1% (of total mass of sample).

5.3 Test Methods

5.3.1 Differential scanning calorimetry (DSC)

Differential scanning calorimeter (DSC 2500) by TA instrument was used to
determine glass transition temperature and melting peak of each specimen. The glass
transition of bitumen was measured using modulated DSC with a modulation of +1 °C
every 60 seconds and a ramp of 3 °C/min. The calculation was done using data collected
in the second heating cycle. To provide a more precise measurement of glass transition

and remove the noise of regular DSC the modulated DSC was used for samples with wax
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and PPA. In an MDSC experiment, modulation of the sample temperature permits the
heat flow to be split into two components, one of which is dependent upon sample Cp
and changes in Cp. The measurement of Cp by MDSC is more accurate than the other
methods (such as three-run method), easily obtaining values with 2-3% error because it is
a properly calibrated system (Pilaf et al. 2014)

For this experiment, the samples (5-7 mg) were placed in Tzero aluminum pans

with hermetic lids. It should be noted that for this method, provisions need to be made to
correct or compensate the data for differences in the mass of the sample pan and the
reference pan. To minimize the effect of instrument drift, the isothermal segments are used

for 15 minutes.

5.3.2 Dynamic shear rheometer (DSR)
A dynamic shear rheometer by Anton Paar Modular Compact Rheometer MCR 302

was used to perform several rheological characterization tests as described below.

5.3.2.1 Frequency sweep test

An oscillatory test was performed at 0.01strain rate and frequencies of 0.1 rad/s to
100 rad/s at temperatures ranging from 76 °C to 4 °C. To perform the test, parallel plate
spindles of diameter 8mm and 25mm were used for temperatures below and above 40 °C
respectively to measure shear stress and shear strain. From the measured shear stress and

shear strain, the complex modulus (G*) and phase angle were calculated, to investigate
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the elastic and viscous behavior of each specimen. The complex modulus is defined as a
measure of bitumen’s resistance to deformation when repeatedly sheared. Complex

modulus is calculated based on equation 5.1.

G = max Equation 5.1

Ymax

Where tmax = maximum applied stress and y max = maximum resultant strain.
Phase angle is the time lag between occurrence of Tmaxand y max. The time lag can
be measured in seconds and then converted to an angular measurement by dividing it by

the oscillation frequency and then multiplying by 360° (or 2= radians).

5.3.2.2 Shear rate sweep test

To further investigate the change in particle size and the intermolecular
interactions of wax and PPA-modified bitumen, a shear rate sweep test from 0.1 to 30
(1/s) was performed at 52 °C using an 8mm parallel plate. This test reveals the thixotropy

characteristic of bitumen, which is indicative of the intermolecular interaction in bitumen.

As the shear rate increases (>10 1/s), shear thinning occurs, and the data can be
fitted to a power law model (Chhabra 2010) using Equation 5.2.

o = Ky" and n=Ky*1? Equation 5.2
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where 1 is viscosity, y is shear rate, ¢ is shear stress, and n is the power law
index. K is the flow consistency index, a measure of viscosity under non-Newtonian

flow (Ajienka and Ikoku 1990).

5.3.2.3 Multiple stress creep recovery (MSCR) test

The MSCR test was performed following the AASHTO T350-1433 (AASHTO T
350-14 2014) specification, in which the bitumen is subjected to 10 cycles of stress and
recovery of 1 and 9 s, respectively, at two stress levels of 0.1 and 3.2 kPa at 58 °C. Before
the start of the test, samples were subjected to a preload cycle. Afterward, the
nonrecoverable creep compliance (known as Jn) and the difference between creep

compliance of 0.1 and 3.2 kPa were determined.

5.3.3 X-Ray powder diffraction method

X-ray diffraction (XRD) analyses were carried out by employing a Siemens D5000
Diffractometer equipped with an FK 60-04 air insulated X-ray diffraction tube with Cobalt
anode, the XRD spectrums were taken with Co Ka radiation (1.7889 nm) at 45 kV and 40

MA in the range of 20 = 5°-50° with a rate of 1°/min.

5.3.4 Thin-layer chromatography with flame ionization detection (TLC-FID)
The fractional composition of the bitumen modified with PPA and wax was

investigated using an latroscan MK-6s model TLC-FID analyzer. The hydrogen flow rate
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and air flow rate were set to 160 mL/min and 2 L/min, respectively. The part insoluble in
n-heptane, the asphaltene content, was separated and determined following the (ASTM
D3279-07 2007) standard. Later, 20 ug of n-heptane soluble (maltene) was spotted on the
chromrods; pentane, toluene, and chloroform solutions were used for solvent development.
The chromrods were developed in a pentane tank for 35-40 minutes, then dried in the air
for 2-5 minutes. The dried chromrods were then transferred into a second developing
chamber filled with a 9:1 ratio of toluene:chloroform solution for 9 minutes. Finally, the
rods were dried in the oven at 85 °C, and each prepared specimen was scanned for 30s

using the latroscan with FID detector.

5.3.5 Moisture susceptibility index using contact angle measurement

A ramé-hart Model 260 standard contact angle goniometer was used to image a
droplet of each specimen at room temperature. The contact angle between the droplet and
the substrate was measured using the DROPimage Advanced software package. The
percent of change in contact angle after conditioning the specimen in water was calculated
as an indicator of moisture susceptibility (Equation 5.3).

The equipment is composed of a light source, a sample stage, a lens, and image
capturing tools. The contact angle is defined as the angle between the tangent to the
bitumen interface and the tangent to the bitumen-solid interface. A lower value of the
contact angle indicates good wettability between the droplet and the substrate (Lamarre et
al. 2016). In this study, contact angles were measured in dry conditions and wet conditions

to study the effect of water exposure on the adhesion of bitumen samples. The substrate
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used was silica platelets as representative of siliceous stone aggregates. Figure 5.1
illustrates a droplet of bitumen before and after water conditioning.

To prepare specimens, the glass slides were sterilized in acetone, isopropanol, and
water, followed by sonication and drying with nitrogen gas for 10 minutes, using the
procedure in the literature (Hung et al. 2017). The slides then were placed into UV ozone
for 15 minutes to ensure any monolayers were removed from the surface. About 15 mg of
each bitumen sample was placed on sterilized glass slides that were placed in an oven for
30 minutes at 150 °C to promote proper coating, followed by cooling at room temperature
for 1 hour. To study the effect of moisture on the adhesion properties of bitumen, the
samples were conditioned in a vial containing 5mL of deionized water at 80 °C for 2 hours.
The percent of change in contact angle before and after water exposure was used as an

indicator of moisture susceptibility, as shown in Equation 5.3 below.

(Contact Angleyer— Contact Anglepyy) 5

100

Contact Angle Moisture Susceptiblty Index =
Contact Anglepry

Equation 5.3

Figure 5.1 Image of a sample bitumen on glass slide: Left —a dry sample, Right:

after wet conditioning
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5.3.6 Bending beam rheometer (BBR)

BBR test was used to characterize the fatigue performance of bitumen at subzero
temperatures and to measure stiffness and m-value of bitumen. M-value is known as the
ability to relax the stress (ASTM D6648 2016) by bitumen beam sample (12.5 mm wide,
127 mm long and 6.25 mm thick) while a constant load of 980 mN is applied at the middle
point of the beam. After applying the load, the deflection of beam was measured, and the
stiffness and the m-value was calculated at 60 second point.

By the ASTM standard, bitumen sample should have stiffness of lower than 300
MPa and m-value of higher than 0.3 at test temperature specified for each PG grade (10 °C
higher than lower PG grade) which in case of PG 64-22 is -12 °C. In this study, BBR test
results are used to calculate the temperature at which the stiffness is equal to 300MPa and
m-value is equal to 0.3. The lower of the two temperatures is called critical low temperature
and the difference between the two temperatures (AT¢) has been related to non-load-related
cracking of asphalt pavement and the fatigue performance of pavement by several

researchers (Anderson et al. 2011; Menapace et al. 2018).

5.4 Molecular Dynamics Simulation

A molecular dynamics simulation was performed on a system at equilibrium state
composed of several fused aromatic molecules to represent bitumen components, PPA, and
paraffinic wax in heptane as a solvent medium; paraffinic wax was included in scenarios

where the wax effect was being examined. Large-scale Atomic/Molecular Massively

120



Parallel Simulator (LAMMPS) software in a MedeA® environment version 2.2 was used
for simulation. The study focused on investigating the interaction of PPA molecules with
resin-type molecules, with and without the presence of wax. 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 aliphatic chains and pyrrole rings.
This study used the PCFF+ force field, which is an extension of the PCFF force field. The
force field refers to the functional form of parameters used to calculate the potential and
kinetic energy of the system of atoms and molecules. PCFF+ is an all-atom force field
designed to provide excellent accuracy on hydrocarbon and liquid modeling for ab initio
simulations (Sun et al. 1994; Waldman and Hagler 1993). This force field includes a
Lenard-Jones 9-6 potential for intermolecular and intramolecular interactions and specific
stretching, bending, and torsion terms to involve 1-2, 1-3, and 1-4 interactions (Ungerer et
al. 2014).
5.4.1 Simulation method

In this study, a simulation box of resin molecules with a concentration of 20 wt%
in heptane was created containing 20 resin molecules. The molecular structures of resin
were selected from the literature (Fischer et al. 2014; Mousavi et al. 2016). The chemical
structures of PPA and paraffin wax are presented in Table 5.1. To investigate the effect of
PPA and wax on the interaction of resin-like molecules, a simulation box containing
heptane was made with the supercell feature of Medea software. The simulation

contained two LAMMPS stages: an NVT ensemble (constant number of atoms, volume,
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and temperature), followed by an NPT ensemble (constant number of atoms, pressure,
and temperature). Both ensembles started with a high temperature and pressure of 800 K
and 200 atm, with an annealing pressure and temperature to target values of 350 K and 1
atm. The second LAMMPS stage was set to simulate the resin in heptane for 20 ns to
reach equilibrium. After that, the PPA and wax molecules were added to the system and

the simulation continued for another 10 ns to reach a total simulation time of 30 ns.

Table 5.1. Molecular structures used in molecular simulation

Sample ID Chemical formula Chemical Structure Reference
Resin C40NHsg p (Fischer et
al. 2014)
Polyphosphoric p..,’”' Vs (Masson
1. Fdfpn |0
I*O—I‘:‘——O H n,
OH OH n ‘
%
Paraffin wax CuHa4 . , (Samieadel
. Y %’ etal.
) 2018)

The radial distribution function (RDF) (gr) was calculated for the subset comprising
the most-centered carbon atom of each resin molecule. The RDF results help to understand
the extent of the interaction between molecules based on the increase or decrease of

distance between them. The RDF is calculated in histogram from binning of pairwise
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distance to the maximum force cutoff of 9.5 A using the “compute rdf” command of
LAMMPS source code. The results of the radial distribution function represent the most
probable separation distance of resin molecules. The RDF helps to visualize the degree of
separation between a group of molecules, which in this study is a subset comprised of resin

molecules. The RDF g(r) is calculated using Equation 5.4.

- lim— Y  YNVYN o .
9(r) = c}11~r—r>loN(N—1)4nr2drzi f¢i6(r rl]) Equation 5.4

Where V is the volume, N is the number of atoms included in the calculation, 6 is
the Kronecker delta function and rij is the distance between the two atoms (Levine et al.

2011; Lowry et al. 2017).

5.5 Results and Discussion

5.5.1 Glass transition and melting peak test results

The modulated method that was used in this study starts with an isothermal
equilibration at -80 °C for 5 minutes. Then the heating ramp of 3 °C/min starts with
modulation of +/-1 °C every 60 seconds up to 160 °C. The data in the second heating

cycles was used for analysis (Figure 5.2).
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Figure 5.2. Heat flow plot for control and modified bitumen

Table 5.2 shows the results of the modulated DSC for samples of bitumen with
low wax, medium wax, and high wax, with and without PPA modification. The results in
this table show a glass transition temperature decrease as the wax content increases,
which aligns with previous studies. In other words, the presence of wax shifts the glass
transition temperature toward a more negative value (a larger absolute value) (Samieadel
et al. 2017). The observed reduction in glass transition temperature is attributed to wax
molecules having low weight and high mobility compared to other components of
bitumen. The presence of PPA has shown a further reduction in glass transition
temperature toward even lower (more negative) values. This lowering effect is more

pronounced at a higher dosage of wax.
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Table 5.2 Results of MDSC for control sample and samples containing different

percentages of wax and PPA

Sample Onset of Glass End temperature | Melting
glass transition of glass transition | Peak
transition temperature (°C) (°C)
(°C) (°C)

Low wax -36.83 -24.06 - 8.27 43.61

Low wax +1%PPA | -40.71 -28.17 -13.03 43.65

Medium wax -44.94 -33.84 -21.55 31.08

Medium wax -43.25 -34.22 -25.01 31.44

+1%PPA

High wax -42.33 -24.99 -15.41 34.78

High wax +1%PPA | -40.22 -29.94 -19.57 35.31

5.5.2  Frequency sweep test results

Figure 5.3 shows the complex modulus results for two service temperatures: one
at high range (58 °C), and one at low range (22 °C). These particular temperatures were
selected since one is above melting temperature of wax and one is below based on MDSC
results of melting peak. The results show that wax at high temperature has a softening
effect on bitumen, since the complex modulus is lower in wax-doped specimens.
However, the results at low temperature show that wax has a hardening effect when the
test temperature is below the melting point of wax as obtained from the DSC. This
phenomenon can be due to the formation of wax crystals at low temperature. However,
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the addition of PPA to waxy bitumen has a softening effect at temperatures lower than
the melting point of wax. This shows that presence of PPA can mildly soften the overall
bitumen containing wax crystals. It has been documented that presence of wax crystals
stiffen bitumen at temperatures lower than melting point of wax in bitumen (Pahlavan et

al. 2016; Samieadel et al. 2018; Samieadel et al. 2017).
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Figure 5.3. Complex modulus vs. Frequency: Top) High service temperature (58 °C);

Bottom) Low service temperature (22 °C)
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Figure 5.4 illustrates the phase angle values for two service temperatures of 58 °C
and 22 °C. At low temperature, adding PPA reduces bitumen’s phase angle, indicating
that bitumen is behaving as a more elastic solid. This trend doesn’t change dramatically
with the presence of wax crystals. However, at high temperature, adding wax leads to a
bitumen with a more viscous behavior, due to the softening effect that paraffin wax
imparted on bitumen above the melting point of wax. The presence of PPA improves the
elastic behavior of wax-doped bitumen. This in turn can lead to better resistance to
rutting, which is a problem typically observed in high-wax bitumen. High decrease in
phase angle of bitumen after addition of PPA can be due to the enhanced intermolecular
interactions as explained later via our computational analysis. In addition, it has been
documented that addition of PPA increases the asphaltene fraction (insoluble part in
heptane) fraction of bitumen (Baumgardner et al. 2005); this in turn can promote elastic

behavior of bitumen.
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Figure 5.4. Phase angle vs. frequency: Top) High service temperature (58 °C);

Bottom) Low service temperature (22 °C)
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The crossover frequency and modulus results at 40 °C are shown in Table 5.3.
The crossover point in rheological terms is the point at which the loss modulus and
storage modulus are equal. The results indicate that at 40 °C, the crossover frequency is
highly affected by the addition of PPA, since it shifts to lower values.

The reducing effect of PPA on the crossover frequency shows that bitumen
preserves its elasticity for a longer time as temperature increases. The lower the crossover
frequency, the higher the polydispersity index. This indicates that the average molecular
weight is higher than number averaged molecular mass, leading to wider distribution of
molecular mass (Setz et al. 2013). Increase in solid fraction of bitumen results in an
increase in relaxation time of the structures.

This phenomenon takes place when there is high interaction between molecules of
a colloid, which in bitumen's case shows that PPA increases the average molecular
weight of nano-particles. However, this happens while the complex modulus (the overall
stiffness) of bitumen reduces, showing the material becomes softer at crossover. Wax
appears to have a reduction effect on crossover frequency, which can be due to formation
of wax clusters. But it is significantly less pronounced than PPA’s effect on crossover
frequency. This could be attributed to role of PPA on promoting self-assembly in resins

and formation of secondary bonds as explained later in our computational analysis.
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Table 5.3 . Crossover modulus and frequency of control sample w/o modifier at 40 °C

Sample Crossover Crossover Crossover | Crossover
frequency | modulus (MPa) frequency | modulus
(rad/sec) % change | % change
Low-wax bitumen (PG 64-22) 11257.46 1.35E+07 NA NA
Low-wax bitumen +1%PPA 816.84 3.11E+06 -02.74 -76.98
Medium-wax bitumen 7327.66 8.79E+06 -34.91 -34.96
Medium-wax bitumen +1%PPA 410.53 9.97E+05 -96.35 -92.62
High-wax bitumen 13030.52 7.75E+06 15.75 -42.63
High-wax bitumens +1%PPA 1695.57 1.59E+06 -84.94 -88.24

The complex viscosity of modified bitumen at 22°C and 58 °C is shown in Figure

5.5. The obtained shear rate and viscosity values can be used to characterize how a

material is likely to flow under an imposed shear stress (Xiao et al. 2014). Based on the

Krieger-Dougherty equation, by increasing the volume fraction of solid particles in a

colloid, the viscosity increases (Ogawa et al. 1997). In the case of PPA-modified

bitumen, the increase of solid fractions (as demonstrated later in the TLC-FID results)

can cause the bitumen to show stiffer behavior in terms of viscosity. However, an

increase of wax reduces the absolute value of the viscosity while the reduction trend

versus frequency does not change at 58 °C. This trend is reversed at 22 °C, when the

presence of wax imparts a stiffening effect on bitumen when measured at low

temperature, and the addition of PPA alleviates the stiffening effect.
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The results presented in Figure 5.5 further illustrate that at temperatures lower
than the melting point of wax, bitumen shows higher responsiveness to change of

frequency.

132



1.0E+08

0.

1 1 10
Frequency (rad/sec)

100

A
A
DDS‘A
mp S A,

. LOE+07 | oha,

8 éééé Oola,

< A OsA

[ i eﬁe Og4a :

m] ﬁ A O-A @ Low-wax bitumen

> Dog O8a, Opha

3 LOE+06 DD‘:‘DD DDééAf“Eh O Low-wax bitumen+1%PPA

o 1.0E+ O O—-aA

2 ° Hog DDAAADDA A Medium-wax bitumen

> ....... E‘|:||:||:||:||:|AAI:|AAA

) ®%e0se, t ngé§gE§‘A O Medium-wax bitumen+1%PPA

%‘ 0...EEEHE§Q“ A High-wax bitumen

[ J . .

o ° - 9
1.0E+05 ..E% OHigh-wax bitumen+1%PPA
1.0E+04

0.1 1 10 100
Frequency (rad/sec)
1.0E+04
DDDDDUDDDD
foog Oop
O o

] DDDDD DDDDDD

7] O

S 1.0E+03 Dogp i

= fumeessasaceccee Uo @ Low-wax bitumen

2 0 (Y YY) )

8 8 Oonp oo ......’QQU O Low-wax bitumen+1%PPA

3 DDDD ; i

& AAAAAAAAAAAAAAAAAAAAAAAQQQQWNQ A Medium-wax bitumen

3 f O Medium-wax bitumen+1%PPA

g LO0E+02 t22222222ia AHigh-wax bitumen

o A AAAAAAAAAAAAAL . .

$) AAAAAL  OHigh-wax bitumen+1%PPA
1.0E+01

133




Figure 5.5. Complex viscosity vs. frequency: Top) Lower service temperature (22

°C);Bottom) Higher service temperature (58 °C) above wax melting point

5.5.3 Shear rate sweep test results

To further investigate the intermolecular interactions of bitumen modified with
wax and PPA, a shear rate sweep test was done for bitumen containing wax and PPA at a
temperature of 52 °C (Figure 5.6). Equation 1 was used to calculate the power law index
and consistency parameter of each sample (Table 5.4). The power law index value
increased (in absolute value) after the addition of PPA to control bitumen, indicating the
nano-particle size of the solid fraction increased (Chhabra 2010). When PPA is added to
wax-doped samples, the power law index increases, which is a result of an increase in the
solid fraction because of the formation of PPA-resins assemblies. However, the presence
of wax moderates this increase in overall particle size by increasing the volume of

low-molecular weight fraction.
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135



Table 5.4 . Power law parameters of shear-thinning for low-, medium-, and high-wax

samples with and without PPA

Sample Temperature [Power law index |Consistency parameter
°C (n) (K)

Low-wax bitumen (PG64-22) | 52 -2.35 4.0E+06
Low-wax bitumen+1%PPA 52 -3.21 1.9E+03
Medium-wax bitumen 52 -1.65 3.0E+07
Medium-wax 52 -2.12 3.8E+04
bitumen+1%PPA

High-wax bitumen 52 -1.58 3.0E+07
High-wax bitumen+1%PPA | 52 -2.36 9.7E+05

5.5.4 Multiple stress creep recovery test results

Multiple stress creep recovery results for bitumen, wax-doped bitumen, and PPA-
modified wax-doped bitumen at 58 °C are presented in Figure 5.7 and Table 5.5. The
results show that the addition of PPA to bitumen reduces the deformation, indicating that
bitumen behaves as a more elastic solid. However, the addition of wax leads to higher
deformation, indicating a more viscous behavior. The results show that the stiffening
effect of introducing PPA is more dominant than the softening effect of wax.

The non-recoverable compliance (Jnr) shows an overall reduction compared to
control and waxy samples. This can improve the rutting resistance associated with wax-
modified bitumen and reduce permanent deformation. The high-wax samples showed the

same trend as the medium-wax samples.
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Figure 5.7 Creep recovery of first cycle of MSCR test at 0.1 kPa

Table 5.5 . Multiple stress creep recovery test results

MSCR Low- Low-wax | Medium- | Medium-wax High- High-wax

Test wax bitumen+ | wax bitumen+1%PPA | wax bitumen+1%PPA
Parameter | bitumen | 1% PPA | bitumen bitumen

Jnr 1.80 0.12 4.08 0.21 17.79 1.21

0.1(1/kPa)

Jnr 1.99 0.17 4.70 0.48 21.06 | 2.95

3.2(1/kPa)

Jor diff 10.69 | 35.49 15.03 118.90 18.34 | 142.39

(%)

137




5.5.5 X-ray diffraction test results

The XRD results presented in Figure 5.8 illustrate the effect of PPA on wax
crystallization in the bulk of bitumen. The results show that the presence of PPA did not
change the extent or structure of wax crystals. The location of peaks associated with the
wax in modified specimens is the same as that of the pure wax, which shows PPA doesn’t
affect wax crystallization.

It has been documented that low m-value and high stiffness of wax-doped
bitumen is due to wax crystallization at low temperatures (Samieadel et al. 2018;
Samieadel et al. 2017). On the other hand, Liu et al. showed that PPA is able to improve
the rheological properties of wax-doped bitumen at low temperture (Liu et al. 2016).
However, our XRD results show that PPA was not able to eliminate wax crystallization;

therefore, the documented improvement is not due to change in crystallization of wax.
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Figure 5.8. XRD results for medium-wax bitumen with and without PPA

5.5.6 TLC-FID analysis results

The fractions of saturates, aromatics, resins, and asphaltenes (SARA) were
determined using TLC-FID and are presented in Figure 5.9. The results show that the
addition of PPA to wax-doped bitumen reduces the resin fraction and increases the
asphaltene fraction. Based on the mechanism explained by Baumgardner et al.
(Baumgardner et al. 2005), this increase can be explained by interaction between resins
and PPA, adding to the fractions which are insoluble in heptane or categorized as

asphaltene.
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5.5.7 Moisture susceptibility index test results

The moisture susceptibility index calculated by Eq 5.3 for low-, medium-, and
high-wax bitumen with and without the presence of PPA are shown in Figure 5.10. The
results show that the presence of wax increases the moisture susceptibility of bitumen,
which can lead to less adhesion of bitumen to stone aggregate. However, the addition of

PPA significantly reduces the moisture susceptibility of each wax-doped bitumen.
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Figure 5.10. Moisture susceptibility index (percent change in contact angle before and

after water exposure)

5.5.8 Critical low temperature results from BBR test

The results of stiffness and m-value at -12 °C are shown in Figure 5.11-top. The
results indicate that addition of wax stiffens the bitumen while presence of PPA can
moderate this effect of wax and reduce the stiffness. To further investigate the effect of
each modifier, the critical low temperatures were studied using two temperatures of -12
°C and -18 °C.

Low temperature limits are referred to temperatures at which stiffness is 300 MPa
or m-value is 0.3 (Figure 5.11) (Samieadel et al. 2018); the lower value between these
two are referred to as critical low temperature (T¢). The difference between these two are
referred to as Delta Tc (ATc) and is shown in Table 5.6. It can be observed that presence

of wax leads to reduction of Tc from -17 °C in low wax to -12C in medium wax; this is a

141



clear evidence of wax increasing susceptibility of bitumen to cracking at low
temperature. It can be also observed that PPA has opposite effect on the low-wax and
medium-wax bitumen. PPA addition found to have positive effect on Tc in low-wax
bitumen, however its effect on medium wax bitumen was negative. Addition of wax
increases the stiffness of material and lowers the m-value which has been evidenced in
previous research (Samieadel et al. 2018).

Delta Tc (TC (corresponding to stiffness of 300MPa) — T C (corresponding to m-value of 0.3)) IS controlled
by stiffness in low-wax scenario as shown by positive values, but it becomes m-
controlled in medium-wax scenarios (negative values). This in turn shows strong effect of
wax on dismantling stress relaxation capability of bitumen irrespective of its stiffness.
The change in delta Tc due to addition of PPA to low-wax scenario is not significant,
however in medium-wax scenario addition of PPA caused delta Tc to increase by nearly
5 times; this is a strong evidence of PPA’s amplifying negative effect of wax on

bitumen’s low temperature performance.
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Table 5.6 ATc results for low wax and medium wax bitumen samples with and

without presence of PPA

Sample AT
Low-wax bitumen 2.43
Low-wax bitumen+1%PPA 2.9
Medium-wax bitumen -1.34
Medium-wax bitumen+1%PPA | -5.85

5.6 Molecular dynamics simulation results

5.6.1 Radial distribution function

Figure 5.12 shows the results for the radial distribution function for 20 resin
molecules in a box of heptane medium (blue line) calculated based on Eq 5.2. The radial
distribution function shows an increase in the presence of PPA, with a peak appearing at
7.5 A, this can indicate higher accumulation of resins in the presence of PPA.
Furthermore, in snapshots presented in Figure 5.13 an accumulation of resin molecules
close to PPA molecules can be observed. This can be attributed to the formation of
hydrogen bonds between the hydrogen in a PPA molecule and the nitrogen in resin

molecules (Figure 5.14). The criteria for hydrogen bond are defined in forcefield
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equations which in PCFF+ forcefield the maximum hydrogen donor and acceptor
distance should be 3A.

However, after the addition of wax to the box, the resin molecules become more
dispersed, resulting in a reduction of RDF (Figure 5.11). A lower RDF means that resin
molecules are less probable to locate at a specific distance with respect to each other,
indicating smaller size of fluctuates of resin-PPA. This may be attributed to wax

hindering the effect of PPA in bringing resins together.

2.5
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W —— Resin+PPA
Resin+PPA+Wax
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Figure 5.12. Radial distribution function results for 20 resin molecules with and without

the presence of PPA and wax
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Figure 5.13. Snapshot of resin molecules: Left- Isolated resin molecules; Middle- Resin
and PPA combination; Right- Resin with both PPA and wax (heptane molecules are
hidden for clarity). Red circle in middle snapshot shows accumulation of resin molecules

around PPA molecules.
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Figure 5.14. Formation of hydrogen bond (red dashed line) between PPA hydrogen

(yellow) and resin nitrogen (blue) indicated by software outputs

5.7 Summary

Using comprehensive laboratory experiments and computational modeling, this
paper examined the interplay between wax and PPA in a bitumen matrix. The results of
computational modeling showed that PPA has a strong interaction with fused aromatics
such as those classified as resins in bitumen. This strong interaction was attributed to
hydrogen bonding between PPA oxygen as donor and resin’s nitrogen as acceptor atoms.
Computational analysis further showed that the interaction between resin molecules was

amplified in the presence of PPA, leading to a 70% increase in the radial distribution
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fucntion. However, resin molecules intercation was reduced when wax was present,
causing resins to become more scattered, as evidenced by a 60% decrease in the radial
distribution function.

Such interactions were evidenced in laboratory experiments by the reduced
solubility of resins in heptane, causing the resins to precipitate out in heptane. This in
turn led to 8.1% decrease in resin content upon introduction of 1% PPA. The
abovementioned interactions further promoted elastic behavior within the bitumen matrix
through the formation of resin-PPA assemblies and improvemed bitumen’s glass
transition temperature (Tg). The results showed that crossover frequency was reduced by
93% and Tg was reduced from -36 °C to -40 °C when 1% PPA was introduced to
bitumen. A study of moisture susceptibility showed all bitumen specimens containing
PPA (regardless of wax content) had better resistance to de-wetting when exposed to
water than their counterparts without PPA.

The interplay of PPA and wax showed to be temeprture dependent since paraffin
wax changes its phase with temperature. The presence of wax showed to hinder the
effects of PPA on bitumen at high temperture, and applify it as low temperture. The
effect of the above interplay was more evident when the wax content increased from low
to medium to high concentrations.

Previous studies showed that wax crystallization can lead to higher stiffness and
lower m-value (Pahlavan et al. 2016; Samieadel et al. 2018; Samieadel et al. 2017).

Addition of PPA to wax modified bitumen has shown to increase m-value and decrease
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stiffness (Liu et al. 2016); our study confimed the reduction of stiffness but did not show
any increase in m-value of waxy bitumen upon addition of PPA. Also, our XRD results
didn’t show any change in crystallization of wax with presence of PPA suggesting that
reduction of stiffness of waxy bitumen is not due to prevention of wax crystallization.
The observed reduction in stiffness can be due to wax preventing self-assmebly of resins
molecules. The critical low temperatures cracking of bitumen showed that interplay of
wax and PPA amplifies negative effect of wax on bitumen’s low temperture performance
causing the bitumen to be more prone to cracking as evidenced by a five times increase in
delta Tc of waxy bitumen upon introduction of PPA. The study results help inform
formulators and manufacturers about unseen interplay between bitumen additives such as

wax and PPA causing unwanted consequences on pavement performance.

149



6 USING NANOPARTICLES AS CARRIER FOR WAX DISPERSION

6.1 Introduction

Paraffin wax has been used as a softener and to improve the workability of asphalt
(Samieadel et al. 2017). The term “wax” usually refers to a material that is a white solid at
ambient temperature and melts at higher temperature to form a low-viscosity liquid
(Soenen et al. 2014). All bitumen contains a fraction of wax that can affect the rheological
properties of the bitumen (Canestrari et al. 2013). Besides the natural wax in bitumen,
adding wax to bitumen lowers the mixing and compaction temperature of asphalt by 20 to
40°C, which helps to reduce energy consumption and extend the construction season
(Croteau and Tessier 2008; Edwards and Redelius 2003; Lu and Redelius 2007; Pahlavan
et al. 2016). This type of asphalt, which maintains lower viscosity at lower temperatures,
is known as warm-mix asphalt (WMA.).

The two waxes commonly recognized in crude oils and distillates are paraffin
waxes and microcrystalline waxes (Edwards and Redelius 2003). Paraffin waxes are
mainly composed of n-paraffins (n-alkanes), with minor amounts of isoparaffins and
cycloparaffins. Paraffin waxes crystallize as plates or needles (Edwards et al. 2006), and
their melting points are in the range of 50 to 70°C; their melting points are reduced to 20-
30°C when blended with bitumen (Butz et al. 2000; Samieadel et al. 2017).
Microcrystalline waxes are aliphatic hydrocarbon compounds containing a considerable
amount of isoparaffins and cycloparaffins. Microcrystalline waxes have a less distinct

melting point and a high average molecular weight (Musser and Kilpatrick 1998).
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Paraffin wax also has some adverse effects. Paraffin wax is able to decrease the
viscosity of bitumen and make bitumen softer, but its melting point at 60°C (Rathod and
Banerjee 2014) will increase bitumen's sensitivity to rutting distress. Furthermore, wax
easily crystallizes at low temperature, which results in an increase in stiffness and cracking
at low temperature (Richter 2002; Samieadel et al. 2018; Samieadel et al. 2018). The low
adhesive property may also cause issues with stripping of aggregates in pavements (Lu and
Redelius 2007).

In order to solve the problem of wax crystallization in the bulk of bitumen and to
better blend paraffin wax with bitumen, this study introduces nano-zeolites as carriers for
paraffin wax. Nano-zeolites are the nanocrystalline form of zeolites, which are a type of
nanoporous (pore size < 2 nm) crystalline aluminoslicate material. Compared to
conventional micron-sized zeolites, nano-zeolites not only have improved external surface
area due to the reduction of size to nanoscale, they also have additional inter-particle meso-
pores (2 — 50 nm) and small macro-pores (50 — 200 nm). Because of these unique features,
nano-zeolites have demonstrated an improved efficiency in their conventional catalysis
(Choi et al. 2009), separation (Xu et al. 2019), and other emerging applications in areas
such as medicine, antimicrobials, and the food industry (Chen et al. 2017; Mintova et al.
2015). In this study, nano-zeolites are believed to be a promising carrier for large paraffin
molecules due to nano-zeolites' large external surface areas and large pore volumes. The
scalable synthesis recently developed (Chen et al. 2019) makes nano-zeolites more

promising for further practical uses.
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The hypothesis is to use nano-zeolite impregnated with paraffin wax molecules as
a warm-mix additive to make paraffin wax more dispersed in the bulk of asphalt.
Theoretically, nano-zeolite has a stiffening effect, so once it is mixed with paraffin wax to
modify bitumen, it is capable of counteracting the softening effect of paraffin wax at higher
intermediate temperature and reducing the susceptibility of wax-modified bitumen to
rutting. Second, paraffin wax will be melted and mixed with nano-zeolite prior to mixing
with bitumen. Nano-zeolite pores will be impregnated with melted paraffin wax to promote
an isomerization process to better disperse paraffin wax and prevent the crystallization
process. Furthermore, the chance of agglomeration of nano-zeolite particles will decrease,
and nano-zeolite will be able to play the role of a carrier for paraffin wax. As a result, wax
molecules are released after addition of Winz (nano-zeolite impregnated with wax) to
asphalt. The acidic compounds of bitumen then replace the wax on nano-zeolite. As a
result, the released wax will be less prone to crystallization while diversion of acidic
compounds help improving resistance of interface of bitumen and stone aggregate to

moisture damage.

6.2 Material Preparation

Nano-zeolites for this study were synthesized by first preparing an aluminosilicate
precursor mixture with the composition of 2.5Na>O: 1.0Al;03: 4.0SiO2: 33H20. The
mixture was prepared by dissolving 17.028 g of NaOH pellets (acquired from Sigma-
Aldrich) and 55.046 g of water glass (also from Sigma-Aldrich) in deionized water (35.498

g), followed by the addition of 27.473 g of metakaolin (MetaMax® from BASF, SiO;:
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53.0%, Al;03: 43.8%, Na20: 0.23%, K20: 0.19%, TiO2: 1.7%, and Fe»Oz: 0.43%). After
stirring with a mechanical mixer (IKA RW 60 digital mixer) at 800 rpm for 40 min, a
visually homogeneous and free-flowing solution was obtained. The solution was then
poured into 500-ml autoclavable polypropylene bottles, and the bottles were tightly closed
and placed in a laboratory oven at 90 °C for 48 hours. After the heating, the products were
taken out and washed with deionized water multiple times until the pH of the supernatant
was about 8. The final product was collected after centrifugation; then it was dried in a
laboratory oven at 90°C overnight and stored in sealed glass vials at room temperature for
further use.

The bitumen used in this study is graded as PG 64-22, which is commonly used in
the United States; it was acquired through Western Asphalt Inc. in Arizona. The wax that
was used for bitumen modification is a paraffin wax (P31, with melting point of 53-57°C,
acquired from Fisher Scientific). The wax was introduced at 1%, 3%, and 5% dosage by
weight of the initial bitumen and was blended into the bitumen at 135°C for 30 minutes.

To impregnate the nano-zeolite with paraffin wax, the nano-zeolite was first heated
in the oven at 100°C for two hours to reduce the moisture content. Then the weighted nano-
zeolite was placed in a glass container on a hot plate at 100°C. The wax granules were then
poured around it and hand-blended until there was no remaining liquid paraffin wax. The
samples were sieved by a 425 um sieve. Figure 6.1 shows the process of preparation of
nano-zeolite impregnated with wax (Winz). To prepare the Winz-modified bitumen, the

amount of Winz was calculated based on the amount of wax to reach the same percentages
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of 1%, 3%, and 5% of bitumen. For instance, 2g of Winz was added to 20g of bitumen to
produce a 5% Wax (Winz) bitumen sample, since each gram of Winz has equal portions of
wax and nano-zeolites. For the sake of comparison, in a second scenarios nano-zeolite and

wax were added to bitumen separately; the latter scenario was titled as

“Control+5%Wax+5%NZ".

Figure 6.1 Different stages of producing Winz particles: a) nano-zeolite powder and
wax were placed on a hot plate. b) nano-zeolite and melted wax are mixed with a

spatula. ¢) The Winz powder was saved for bitumen modification.
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6.3 Testing Methods

6.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images of Winz samples and nano-zeolite
samples were collected using an XL30 environmental FEG (FEI) microscope operating at
10 kV acceleration voltage. For SEM, the sample powders were sprinkled onto the SEM
stub affixed with carbon conducting tape, and the samples were then coated with Au/Pt
for ~ 6 nm before imaging. The coupled energy dispersive X-ray spectroscopy (EDS)

analysis was performed at 20 kV and ~ 11 mm working distance.

6.3.2 Rotational Viscosity

Measurements of viscosity were conducted following ASTM D4402 (ASTM
D4402 2015), using a Brookfield Viscometer RV-DVIII Ultra by applying a rotational
shear on the selected material. Test specimens were prepared by pouring 10.5 grams into a
specific aluminum chamber, then allowing it to cool to room temperature. Samples were
preheated in an oven for 30 minutes before being placed into the temperature-controlled
thermoset. After thermal equilibrium within the sample was reached, three viscosity
readings were collected at three-minute intervals until the readings had a range of less than
100 cP (0.1 Pa.s). The average of these three numbers was recorded as apparent viscosity.
The rotational speed chosen for this study was 20 rpm, with measurements conducted at

105°C, 120°C, 135°C, and 150°C.
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6.3.3 Dynamic shear rheometer: frequency sweep test

A dynamic shear rheometer was used to investigate the elastic and viscous behavior
of wax-modified bitumen by measuring the shear stress and shear strain, which was then
used to calculate the complex modulus (G*) of the material. Complex modulus is typically
defined as a measure of a bitumen’s resistance to deformation when repeatedly sheared. In
order to determine G*, a relatively wide range of oscillations were applied to the sample,
ranging from 0.1 rad/s to 100 rad/s, at temperatures ranging from 76°C to 4°C at 6-degree
intervals using 31 frequencies. From the resulting data, G* master curves were generated
using the principle of time-temperature superposition at a reference temperature of 40°C.
Shift factors were generated using the Williams, Landel, and Ferry (WLF) method
(Williams et al. 1955). For temperatures from 70°C to 40°C, the 25 mm spindle was used;
for temperatures from 40°C to 4°C, the 8 mm spindle was used. The frequency at which
the graphs for elastic modulus and viscous modulus intersect is the crossover frequency of
the specimen. The crossover temperature is the temperature at which the loss modulus and

elastic modulus are equal.

6.3.4 Dynamic shear rheometer: shear rate sweep test (SRST)
To further investigate the change in particle size and the intermolecular
interactions of wax and WINZ-modified bitumen, a shear rate sweep test from 0.1 to 30

(1/s) was performed at 52°C using an 8mm parallel plate. This test reveals the thixotropic
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characteristics of bitumen, which is indicative of the intermolecular interaction in
bitumen.

As the shear rate increases (>10 1/s), shear thinning occurs, and the data can be
fitted to a power law model (Chhabra 2010) using Equation 1.

o= Ky" and n=Ky*1? Equation 6.1

where 1) is viscosity, ¥ is shear rate, ¢ is shear stress, and n is the power law index.
K is the flow consistency index, a measure of viscosity under non-Newtonian flow

(Ajienka and Ikoku 1990).

6.3.5 Multiple stress creep recovery (MSCR)

The MSCR test was performed following the AASHTO T350-1433 (AASHTO T
350-14 2014) specification, in which the bitumen is subjected to 10 cycles of stress and
recovery of 1 and 9 s, respectively, at two stress levels of 0.1 and 3.2 kPa, at 58 °C. Before
the start of the test, samples were subjected to a preload cycle. Afterward, nonrecoverable
creep compliance (known as Jnr) and the recovery difference between stresses of 0.1 and

3.2 kPa were determined.

6.3.6 Differential scanning calorimetry (DSC)

Bitumen samples with 1%, 3%, and 5% of added wax along with the base bitumen
and wax were tested to determine the heat capacity and glass transition temperature (TQ)
and to illustrate the effect of wax and the method of impregnation of nano-zeolite with wax
on the bitumen properties. The heat flow measurements were determined by the three-run

method (ASTM E1269-11 2018), and the glass transition temperature (Tg) was determined
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in a second heating cycle (Slough and Hesse 2006). The three-run heat capacity approach
uses an isothermal — ramp — isothermal DSC method. This method consists of empty pans,
sample, and a reference material such as sapphire. A high heating rate of 20°C/min is used
to provide good signal to noise that can’t be achieved with slower heating rates. For this
method, provisions need to be made to correct or compensate the data for differences in
the mass of the sample pan and the reference pan. To minimize the effect of instrument
drift, the isothermal segments are used. The empty pan baseline was subtracted from the
reference results to determine a conversion factor of heat flow (mW) to heat capacity
(J/°C). Replicate heat capacity determinations using the three-run method typically agree
within about 3% or less. The three-run method can be done on almost any differential
scanning calorimeter with a minimal amount of instrument preparation. The test started at
-80 and ended at 160°C The samples (5-7 mg) were placed in Tzero aluminum pans with
hermetic lids. The calculations of glass transition point and enthalpy associated with

endothermic peaks were done using TRIOS software developed by TA Instruments.

6.3.7 Bending beam rheometer (BBR)

The BBR test was used to characterize the mechanical performance of bitumen at
subzero temperatures and to measure the stiffness and m-value of bitumen (ASTM D6648
2016). The M-value measures the ability of a bitumen beam sample (12.5 mm wide, 127
mm long, and 6.25 mm thick) to relax stress while a constant load of 980 mN is applied at
the middle point of the beam. After applying the load, the deflection of the beam was

measured, and the stiffness and the m-value were calculated at the 60-second point.
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To meet the ASTM standard, a bitumen sample should have a stiffness lower than
300 MPa and an m-value higher than 0.3 at the test temperature specified for each PG grade
(10°C higher than the lower PG grade). In the case of PG 64-22, the test temperature is -
12°C. In this study, BBR test results are used to calculate the temperature at which the
stiffness is equal to 300MPa and the m-value is equal to 0.3. The lower of the two
temperatures is called the critical low temperature; the difference between the two
temperatures (AT¢) has been related to non-load-related cracking of asphalt pavement and

the fatigue performance of pavement (Anderson et al. 2011; Menapace et al. 2018).

6.4 Molecular Dynamics Simulations

A molecular dynamics simulation was performed on a system at equilibrium state
composed of three parts: a slab of silica (SiO2) in crystal form with a separation of 80 A,
to represent nano-zeolite particles; wax molecules of C11H24; and decanoic acid, which is
commonly found in the acidic part of bitumen. The study of acid-silica interaction in
bitumen is due to the increase in moisture susceptibility of bitumen because of the presence
of the acidic part. This increase is because of the hydrophilic nature of acids and the
consequent interaction with water, which results in a reduction in the cohesion and
adhesion properties of bitumen.

To investigate the interaction of silica-based structures with wax and acid, Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software in a MedeA®
environment version 2.2 was used for simulation. The study focused on investigating the

interaction of wax and acid molecules with silica. The model was built in the MedeA®

159



environment using the molecular builder. In this study, the PCFF+ force field, which is an
extension of the PCFF force field, is used. The force field refers to the functional form of
parameters used to calculate the potential and kinetic energy of the system of atoms and
molecules. PCFF+ is an all-atom force field designed to provide excellent accuracy on
hydrocarbon and liquid modeling for ab initio simulations (Sun et al. 1994; Waldman and
Hagler 1993). This force field includes a Lennard-Jones 9-6 potential for intermolecular
and intramolecular interactions and specific stretching, bending, and torsion terms to

involve 1-2, 1-3, and 1-4 interactions (Ungerer et al. 2014).

6.4.1 Simulation method

A slab of silica (SiO2) was made using the MedeA interface with periodic boundary
condition applied. The ensemble of wax molecules was simulated separately and then
merged to the cell that includes the silica structure. The silica walls were separated by a
distance of 80 A, to simulate the nano-pores of nano-zeolite. Initially, the wax and silica
were equilibrated in an NVT ensemble for 500 ps; then the decanoic acid molecules (at
equilibrium state) were added to the system to study the interaction preferences of the three
materials (wax, acid, and silica). The simulations started at a high temperature of 800K,

annealing to 370K, which was selected as the target temperature.
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6.5 Results and Discussion

6.5.1 Scanning electron microscopy images

The morphology of the 5% Winz sample and its wax distribution were investigated
by scanning electron microscopy (SEM) (Figure 6.2). As shown in the low-magnification
SEM image (Figure 6.2 a), the particle sizes macroscopically are quite large and
heterogeneous, ranging in size from a few um up to 500 um. Higher-magnification imaging
reveals that each of those large particles consists of sub-micron-sized particles that
agglomerate together (Figures 6.2 b — ¢). Those sub-micron-sized particles exhibit smooth
surfaces and relatively uniform sizes in the range of 200 — 500 nm (Figure 6.2c). The sizes
of primary Winz particles are consistent with those of pure nano-zeolites before wax
impregnation. However, the pure nano-zeolites show surfaces that are much more textured
(Figure 6.2d); this confirms that in the Winz samples, the nano-zeolites are impregnated
by waxes, leading to the smooth surfaces. Notably, areas examined in the Winz sample
revealed a homogeneous distribution of smooth-surface wax-impregnated particles,
without segregation of a region of pure wax. Nonetheless, small regions of pure wax were
still observed, as shown in the SEM image and EDS result in Figure AALl (Appendix A);

this could be due to a limitation of the hand-blending method.
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Figure 6.2 Scanning electron microscopy (SEM) images of nano-zeolite impregnated
with wax (Winz). Samples (a — ¢) are different magnifications. Sample (d) is pure

nano-zeolite.

6.5.2 Rotational viscosity

Figure 6.3 shows the viscosity results for control samples and samples modified
with either wax-impregnated nano-zeolite (Winz), or separately added nano-zeolite and
wax. The results show that the addition of wax decreases the viscosity at all temperatures.
The addition of nano-zeolite and wax separately had the same effect as wax-impregnated
nano-zeolite; this suggests that wax molecules are released from nano zeolite and blended

into the bitumen.
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Figure 6.3 Rotational viscosity results for bitumen modified with either nano-zeolite

impregnated with WINZ, or separately added nano-zeolite and wax

6.5.3 Complex modulus and crossover frequency

Figure 6.4 shows the results for the complex modulus of bitumen modified with
either wax, nano-zeolite impregnated with wax (Winz), or separately added nano-zeolite
and wax. All the graphs were made using time-temperature superposition laws at a
reference temperature of 40°C. The complex modulus at higher frequency shows lower
values for the samples containing wax, which is an indication of softer bitumen at higher
frequency or lower temperatures. The 5% Winz sample is slightly stiffer than the 5% Wax
modified sample, which can be due to the presence of nano-zeolite particles. The results

also show there is no difference in high temperature properties between adding nano-
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zeolite and wax separately and adding wax-impregnated nano-zeolite. The latter is an

indication of wax being released when added via wax-impregnated nano-zeolite.
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Figure 6.4 Complex modulus results for samples containing wax, wax-impregnated

nano-zeolite (Winz), and wax and nano-zeolite added separately

Figure 6.5 shows the graphs for storage and loss modulus, and Table 6.1 presents
the values for crossover frequency and modulus at 13°C. Crossover frequency is a measure
of stiffness: material with a higher value of crossover frequency has less molecular
interaction, and material with smaller value of crossover frequency has higher molecular
interaction (Oldham et al. 2019). This result shows that as the wax amount increases in
bitumen, the crossover frequency shifts to a lower value. A lower crossover frequency is

an indication of stiffer material, which can be attributed to crystallization of wax in
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bitumen. Furthermore, the results show that when wax was introduced through nano-zeolite

instead of being directly added to bitumen, the resulting sample showed a higher crossover

frequency that can be due to enhanced dispersion of wax due to presence of nano-zeolite.

It further shows that wax is released from nano-zeolite into the bitumen.
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Figure 6.5-a. Elastic modulus results of control and modified samples at reference

temperature of 13 °C
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Figure 6.5-b. Loss modulus results of control and modified samples at

reference temperature of 13 °C

Table 6.1.Crossover frequency and crossover modulus at reference temperature of

13°C

Sample Crossover Frequency (rad/sec) [Crossover Modulus
Control 26.8 7.95
Control+1%Wax 23.55 8.40
Control+3%Wax 1.02 3.27
Control+5%Wax 0.05 1.12
Control+1%Wax (Winz) 27.97 0.46
Control+3%Wax (Winz) 3.93 5.79
Control+5%Wax (Winz) 0.30 3.22
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6.5.4 Rutting performance criteria

From the complex modulus results, the values at 10 rad/s were determined and used
to calculate the Superpave specification parameter as an indicator of the material’s
susceptibility to rutting, based on ASTM D6373-16 (ASTM D6373 - 16). The results
(presented in Figure 6.6 and Table 6.2) show that adding wax changes the grade of bitumen
based on the limit of 1 kPa for G*/sin (8). However, when wax was added via nano-zeolite,
stiffness and rutting resistance parameters increased. The latter effect is an improvement
for rutting performance of bitumen modified with wax. Adding wax and nano-zeolite
separately (Control+5%Wax+5%NZ) or as wax-impregnated nano-zeolite (Winz)

appeared to be nearly the same in terms of rutting performance (Figure 6.6-b).
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Figure 6.6 Rutting performance measurements results: a) Rutting parameter for
control bitumen and modified samples. b) Comparing the results of adding Winz

powder and adding nano-zeolite and wax separately.
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Table 6.2 High service temperature test results of G*/sin(d)

(Winz)

Sample G*/sin(8) (Pa) Criterion High-
temperature
52 58 64 70 76 grade
Control 8821 3592.7 | 15706 | 736.9 | 367.45 | >1000 64
Control+1%Wax | 7430.6 | 2523.6 | 1129.4 | 541.66 | 276.72 64
Control+3% Wax | 3300.6 | 1431.3 664.5 328.8 173 58
Control+5% Wax | 2077.2 | 920.6 | 439.84 | 222.71 | 120.45 52
Control+1%Wax | 6413.9 | 2675.9 1194 571.93 | 291.31 64
(Winz)
Control+3%Wax | 37935 | 1644.4 | 757.86 | 374.81 | 196.71 58
(Winz)
Control+5%Wax | 24407 | 10738 | 514.94 | 263.29 | 142.69 58

6.5.5 Shear rate sweep test (SRST)

The shear thinning behavior of dry and water-conditioned samples were compared

to examine the effect of moisture on intermolecular interactions in asphalt (Figure 6.7). To

investigate the effect of moisture on internal structure of bitumen containing Winz, a

sample of bitumen doped with 5% Win was conditioned in water for 24 hours at a

temperature of 60 °C. The power law parameters calculated from Equation 1 for the shear

thinning part of the graph are presented in Table 6.3. The results show that after water

conditioning, the internal forces in asphalt specimens doped with Winz are significantly

reduced as evidenced by a lower onset frequency for shear thinning and a lower power law

index. These observations are attributed to hydrolysis of acidic compounds at the interface

of Winz and bitumen when exposed to water. Such phenomenon has been associated to
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dissolution of acidic compounds of bitumen which are migrated to siliceous surfaces as
documented by Fini’s groups (Hosseinnezhad et al. 2019; Hung et al. 2017; Hung et al.

2019; Zadshir et al. 2019). This observation was further confirmed by our molecular

dynamics results presented in following sections of this paper.
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Figure 6.7 Shear rate sweep test results on bitumen containing Winz
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Table 6.3. Shear Rate Sweep Test Results in wet and dry conditions

Sample Temperature Zero shear Power law (Consistency
°C viscosity (Pa.s) findex (n) |parameter (K)
Control+5%Wax 60 320 -3.25 9.0E+08
(Winz)-Dry
Control+5%Wax 60 420 -1.89 1.0E+07
(Winz)-Wet
6.5.6 Multiple stress creep recovery (MSCR) test

The results for the MSCR test at 58 °C are shown in Table 6.4. The non-recoverable
creep compliance (Jnr) is higher for samples with higher percentages of wax, indicating
that bitumen samples show higher flow as percentages of wax increases. However, samples
modified with Winz have a lower Jnr for all scenarios at both 0.1 and 3.2 kPa. This in turn
indicates more elastic behavior of bitumen containing Winz due to presence of nano zeolite
which indicates better resistance to permanent deformation and rutting in pavment. The

values of Jnrgitr increases as the content of Winz in bitumen increases with Jnrgifs increasing

from 11% in control asphalt (0% Winz) to 15% in samples having 5%Winz.

Table 6.4. Multiple stress creep recovery test results at 58 °C

Samples Jnr 0.1 Jnr 3.2 Jnr diff (%)
Control 2.69 2.99 11.13
1% wax 3.60 4.05 12.65
3% wax 7.01 7.78 10.91
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5% wax 10.91 12.24 12.25
1% Wax(Winz) 3.48 3.93 12.64
3% Wax(Winz) 6.21 7.03 13.1

5% Wax(Winz) 9.38 10.84 15.57

6.5.7 Glass transition and melting enthalpy

Figure 6.8 and Table 6.5 show the results from differential scanning calorimetry.

After the addition of wax, the glass transition temperature didn’t change dramatically. On

the other hand, the melting temperature shows a reduction for Winz samples compared to

that of wax samples. Presence of nano-zeolite in 5% wax sample led to higher enthalpy of

melting meaning a higher amount of energy needed to melt wax. This can be due to

adsorbing of energy by nanozeolite particles or higher number of wax crystals in the bulk

of bitumen.
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Figure 6.8 Second heat cycle results for control and modified bitumen samples
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Table 6.5. Thermal properties of control and modified bitumen samples

Sample Onset Glass End Onset Peak Enthalp
glass transition point of | melting melting y of
transition | midpoint(°C) | glass temperature | temperature | melting
(°C) transition | (°C) (°C) (J/9)

(C)

Control - | -28.56 -10.89 N/A N/A N/A
42.73

Control+3% - |-28.36 -9.98 13.22 34.61 5.14

wax 43.06

Control - |-28.95 -10.62 13.22 34.15 5.29

+3% Wax 44.37

(\Alinz\

Control+5% - | -29.42 -12.5 16.01 36.15 5.38

Wax 43.91

Control+5% - |-27.25 -5.89 15.58 35.63 7.99

Wax (Winz) | 44.34

6.5.8 Critical low temperature

Figure 6.9 shows the stiffness and m-value for different samples at -12°C. To be

able to decouple the results, a control sample was also prepared by adding separately the

same amounts of wax and nano-zeolite as in the Winz samples, to investigate whether

impregnation makes a difference. As the results illustrate, the addition of wax increases the

stiffness and reduces the m-value at subzero temperatures. However, the addition of wax

in the form of impregnated nano-zeolite particles reduced the stiffness and increased the
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m-value at the same time. Furthermore, modifying the bitumen by adding the wax and
nano-zeolite separately also resulted in approximately the same values for stiffness and m-
value. The results suggest that the presence of nano-zeolite is the most effective factor on
stiffness and m-value. In the presence of nano-zeolite, there was little difference between

impregnating the wax and just adding the wax separately.
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Figure 6.9 Stiffness and m-value for different samples at -12°C

To study the effect of modification on critical low temperatures (the temperature
where the material meets the standard criteria), data from at least two points need to be
acquired. The second temperature was selected as -18°C. The results of critical low
temperatures for all samples are presented in Figure 6.10. The measures of the difference
between the critical low temperatures (Tstiffness- Tm-value) for control, control+5% wax,
control+5%winz, and control +5%wax+5% NZ are -1.25, -8.64, -8.5, and -8.94°C,

respectively. The results show that the addition of nano-zeolite particles lowers the stiffness
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and increases the m-value at both -18°C and -12°C. This in turn indicates improved stress
relaxation capacity in the case of winz where wax is carried within nano-zaolite. This can
be attributed to reduced stacking and crystallization of wax in bitumen due to enhance
dispersion enabled by nanozeolite. This was also evidenced in higher value of delta Tc for

samples where wax was directly added to bitumen.
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Figure 6.10. Critical low temperatures of tested samples

6.6 Molecular Simulation Results

The MD results show that at NVT ensemble, the wax molecules are attracted by

active sites of the silica structure, as it can be seen in Figure 6.11.
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Figure 6.11. Interaction between wax molecules (white) and silica (orange and red)

Figure 6.12 shows the initial ensemble for the second stage of the simulation, which
starts with the addition of a droplet of acid to the wax-silica system. After 500ps of
simulation, the final ensemble (Figure 6.13) suggests that acid molecules will replace wax
on the surface of silica and also occupy the vacant active sites of a silica crystal. This
phenomenon results in the release of wax, which was shown in the results of experiments.
Absorbing the acid from bitumen can

improve the moisture susceptibility of pavement (Mousavi et al. 2019).
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Figure 6.13. Acid molecules replaced the wax on the surface of silica, releasing the wax.
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6.7 Summary

In this study, a new method for blending paraffin wax with bitumen was introduced.
The purpose of this method is to reduce the adverse effects of wax on the low-temperature
properties of bitumen due to wax crystallization, which is the underlying reason for the
stiffening and embrittlement of bitumen containing wax. The study results can be
summarized as follows:

e SEM images confirmed that the nano-zeolites were impregnated by paraffin waxes
producing wax-impregnated nanozeolite referred to as Winz.

e Rheometry study showed the crossover frequency of bitumen containing Winz are
nearly twice that of bitumen containing isolated paraffin wax; this can be a result
of enhanced wax dispersion preventing formation of wax crystals.

e Study of the thermal properties showed that the Winz samples had a higher enthalpy
of melting compared to bitumen containing isolated paraffin wax. This could
indicate smaller but more frequent wax crystals. This was in-line with the above
rheometry results indicating enhanced dispersion.

e At high service temperatures, bitumen modified with wax-impregnated nano-
zeolite showed the same softening effect as wax-modified samples as evidenced by
complex modulus and viscosity results. This was expected due to wax being in
liquid form.

e Asphalt containing Winz showed to have higher G*/siné indicating enhanced

elasticity and higher resistance to rutting than asphalt modified with isolated wax.
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The significant change in shear thinning behavior of bitumen containing Winz
when exposed to water showed that nano-zeolite adsorbs acidic compounds of
bitumen.

At sub-zero temperatures, bitumen containing wax and nano zeolite had a lower
stiffness and higher stress release capacity compared to bitumen containing isolated

waxX.

The molecular dynamics simulation results show that the siliceous surfaces absorb
wax molecules. However, the adsorbed wax can be easily replaced by carboxylic
acids present in bitumen. In addition, adsorption of acids by nano zeolite detract
them from the interface of bitumen and stone aggregate, which can enhance

resistance to moisture damage in asphalt mixture.
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7 LIFE CYCLE ASSESSMENT OF A SUSTAINABLE BITUMEN MODIFIER

7.1 Introduction and Literature Review

In the United States, there is increasing demand for new roads as well as the
widening, maintenance, and rehabilitation of existing roads. Additionally, more attention
is being paid to sustainable development in civil engineering. Sustainable development
can be defined as development that meets the needs of the present without compromising
the ability of future generations to meet their own needs. Construction that fits this
description is known as sustainable construction (WCED 1987).

Bio-binder produced from bio-mass is a promising partial replacement for
bitumen that has been shown to improve the mechanical properties of the bitumen (Fini et
al. 2011). The production of bio-binder is performed using a hydrothermal liquefaction
(HTL) process on swine manure. HTL turns swine manure into bio-oil and also prevents
carbon dioxide (CO2) and other greenhouse gases from being emitted into the air
(Cantrell et al. 2008). Because bio-binder and bitumen have some similarities in their
rheological and chemical properties, bio-oil can be considered a good resource to produce
the bio-binder to be used as an additive to asphalt pavement to improve the asphalt's
properties (Fini et al. 2012; Fini et al. 2010; Mills-Beale et al. 2014). Furthermore, the
chemical characterization and similarity in chemical compounds made bio-binder a
prominent candidate for the production of bio-modified bitumen (Fini et al. 2011; Fini et

al. 2010). It has been documented that in the presence of bio-binder, the stiffness of
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bitumen at subzero temperature reduces, and the ability to relax the stress increases (Fini
et al. 2012). It also showed that bio-binder has a reducing effect on the viscosity at high
temperatures, which in turn, can improve the workability and consuming less energy to
bring the bitumen to the desired state to mix with aggregates (Fini et al. 2012).
Researchers also concluded that adding bio-binder to bitumen can decrease the critical
cracking temperature of virgin bitumen when bio-binder is added at 10 wt% of the base
bitumen (Fini et al. 2011). Overall, the bio-binder has shown to be a promising candidate
as a modifier for conventional bitumen to enhance its mechanical and chemical
properties. In terms of cost, there has not been an exact procedure of cost estimation yet,
but as an approximation (Goudriaan et al. 2000) estimated a cost of $0.54/gal for bio-oil
obtained from different sources using an HTL process.

Because bio-oil and bituminous bitumen have some similarities in their
rheological and chemical properties, bio-oil can be considered a good resource to produce
the bio-binder to be used as an additive to asphalt pavement to improve the asphalt's
properties (Fini et al. 2010). Using a closed system to convert biomass to oil, pollution
problems caused by runoff of the manure to ground and surface waters can be prevented
(Ocfemia et al. 2006). In general, manure decomposition can cause the production of
greenhouse gases and cause a significant burden on the environment. Storing swine
manure in lagoons or using it as fertilizer leads to emission of CO2, methane (CH4), and
N20. Only about 5% of U.S cropland is fertilized with livestock manure, which is a very

small portion (Fini et al. 2011). On the other hand, using bio-binder from swine manure
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as a partial replacement for bituminous bitumen was shown to be promising in both
mechanical and sustainability aspects (Fini et al. 2011). Also, the production of bio-oil
from swine manure and then converting it to bio-binder as an additive to asphalt can
increase the value of manure and assimilate the carbon into bio-binder instead of emitting
it to the air (Fini et al. 2011).

HTL usually takes place between 200 °C and 374 °C and from 4 to 20 MPa
(Akiya and Savage 2002). To produce bio-binder, the operating temperature of HTL at a
laboratory scale is in the range of 200 °C to 400 °C, and the time required for the process
(residence time) is less than 2 hours. HTL is followed by filtration under vacuum and
vacuum distillation to obtain bio-binder. During vacuum distillation, the pressure above
the liquid mixture is reduced to less than its vapor pressure, which causes the most
volatile liquids to evaporate (Harwood et al. 1989).

The question of whether a product meets the sustainability criteria, or even
whether the product is beneficial from an environmental perspective, can be investigated
using an LCA of that product. 1ISO14014 and 1SO14040 define the LCA as the compiling
and evaluation of the inputs and outputs and also the environmental impacts associated
with a product over its life cycle (Finkbeiner et al. 2006; 1SO14040 2006). An LCA can
identify the environmental hotspots of a product or process and use the information to
optimize the process from an environmental perspective. As a very first step in an LCA, a
life cycle inventory (LCI) should be developed that involves creating an inventory of

flows from and to each process in the life cycle of a product. Inventory flows include
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inputs of water, energy, and raw materials and releases to air, land, and water (Rebitzer et
al. 2004). For new products in which there is limited data available on the impacts and
other implications, a cradle-to-gate analysis is appropriate (Franklin Associates 2011).
Cradle-to-gate is an assessment of a partial product life cycle from resource extraction
(cradle) to the factory gate, which in this case would be bio-binder being used in an
asphalt mixture. The use phase and disposal phase of the product are omitted in this case,
due to a lack of data on the long-term performance of bio-asphalt and also the end-of-life
of this product.

In this study, the energy consumption and greenhouse gas emissions of 10% bio-
binder have been compared with those of neat unmodified bitumen. To compare the
environmental impact of the two products, the global warming potential index (GWPI) is
used. Global warming potential (GWP) is a relative measure of how much heat a
greenhouse gas traps in the atmosphere compared to carbon dioxide (Lashof and Ahuja
1990). This research uses different methods to build the inventory, create a cradle-to-gate
LCA of bio-modified bitumen, and compare the results to conventional bitumen. A
further study has been conducted beyond the boundaries of the LCA to show the effects
of releasing the swine manure to nature and the environmental burdens of that compared
with using it to produce bio-binder. GaBi software and databases were used to build the

life cycle inventory.
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7.2 Research Scope and Functional Unit

In the bio-binder production process, the HTL process uses a high pressure and
temperature reactor to heat the slurry feedstock and convert it to bio-oil. After purging
the residual air, the reactor is then heated to the designated experiment temperature, and
the temperature is kept constant for the proper reaction time. After the reaction is done,
the reactor is rapidly cooled by running tap water through the cooling coil inside the
reactor. Afterward, the gas is released, and the pressure is reduced. After obtaining bio-
oil through this process, acetone is added to the product, and by filtration under vacuum,
the bio-char is separated. The light components of the product are separated using a
vacuum distillation process.

Figure 6.1 shows the bio-binder production process chain studied in this research.
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Figure7.1 Bio-binder Production Process Chain Overview

To build the life cycle inventory of the bio-binder production process, experiment

procedures are utilized. The system boundary of the comparative LCA selected for this

research is shown in Figure 7.2 for the production process chain is from the first phase,

which is material preparation for production of bio-binder and conventional bitumen to

the mixing of the bio-binder and bitumen to have 10% bio-modified bitumen.
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To perform an LCA on a product, the functional unit should be defined. A
functional unit quantifies a standard amount to be compared between alternatives that
serve this function. Equivalent functionality shall be maintained for all candidates of an

LCA model (Yu and Lu 2012). In this study, the LCA of the production of 50 kg of bio-
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modified bitumen (required for the production of 1000 kg (1 ton) of bio-modified asphalt

mixture) is compared with the production of 50 kg of conventional petroleum-based

bitumen. The results are shown for bio-modified bitumen containing 10 wt% bio-binder.

7.3 Materials and Methods

The yield of bio-oil based on a residual time of 120 minutes at 340 °C shows 51%

of the conversion of swine manure slurry (Hosseinnezhad et al. 2016). After vacuum

distillation, 10% of the bio-oil is converted to bio-binder.
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7.3.1 Energy consumption
7.3.1.1 Bio-binder production

Energy consumption in the production of bio-binder occurs in two stages. First,
the reactor provides enough heat through three heat sleeves with a total power of 2,300
W. The second stage is vacuum distillation, in which the light components of bio-oil are
separated under vacuum and blowing nitrogen gas. The heat needed to increase the slurry

temperature to the setpoint of 340 °C can be calculated as equation 7.1 (Ocfemia et al.

2006):
MC [} CpwdT+(1-MC) [} CpsdT )
E, = 20 . 20 =mX Cpy, X AT Equation 7.1
where: E; = energy input (kJ/kg),
MC = moisture content of slurry feed,

m= mass of manure slurry (kg),

AT = temperature difference (°C),

Cow = specific heat capacity of pure water,
Cps = average specific heat of the solids, and

¢ = efficiency of heating

As a simplifying assumption, the specific heat capacity of the manure slurry was
approximated to be equal to that of pure water (4.18 kJ/kg °C), based on the assumptions
that almost 80% of the feedstock is water including the inherent water in manure-based
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on literature (Xiu and Shahbazi 2012; Xiu et al. 2010) and the presence of solids would
lower the specific heat insignificantly. Furthermore, the heat losses from the processes
were neglected (e=1.0, assuming 100% heating efficiency).

The vacuum filtration and distillation process consume energy to separate the
biochar and the light component (acetone) that was added to increase the separation of
biochar from bio-oil. The amount of these energies was calculated using GaBi software
and the specifications of the instruments used.

7.3.2 Mixing and compaction

Mixing and compaction temperatures can be obtained through different methods;
the most popular method uses AASHTO T 245 and T 312 (AASHTO 2004). This method
uses a viscosity of 0.17+0.02 Pa-s for mixing and 0.28+0.03 Pa-s for compaction for
unmodified bitumens (AASHTO 1998; AASHTO 2004)(AASHTO, 1998 and 2004).
There are other studies on mixing and compaction temperatures of asphalt, which
documents the HMA plant mixing temperature to be in a range of 265 to 320 °F with a
midpoint of 292 °F (Asphalt Pavement Environmental Council and Association 2000).
The rheological analysis of bio-binder showed that the addition of bio-binder to the base
bitumen could allow for the reduction of mixing and compaction temperatures because it
reduces the viscosity of the base bitumen (Fini et al. 2011).

Because bio-binder lowers the viscosity of the base bitumen, it is reasonable to
use the same criteria as the AASHTO method to calculate the mixing and compaction

temperature of bio-modified bitumen.
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Another method for calculating mixing and compaction temperatures is the
Casola method, which considers the phase angle for that purpose (West et al. 2010).
According to recent research on bio-binder's effects on asphalt mixtures, bio-binder can
allow reduction of the mixing and compaction temperature by 15 °C (Mogawer et al.
2012).

To calculate the energy needed to increase the bitumen temperature to get suitable
viscosity and workability, the heat capacity of the bitumen is required. For this study, the
heat capacity of the neat bitumen as well as the bitumen modified with 10% bio-binder
was calculated using a differential scanning calorimetry (DSC) test. The heat capacity
was determined using the three-run method (ASTM E1269-11 2018). This method uses
empty pans, the sample, and reference materials such as sapphire. A high heating rate of
20 °C/min is used to provide a good signal-to-noise ratio that cannot be achieved with
slower heating rates. For this method, provisions need to be made to correct or
compensate the data for differences in the mass of the sample pan and the reference pan.
To minimize the effect of instrument drift, isothermal segments are used. The empty-pan
baseline was subtracted from the reference results to determine a conversion factor of
heat flow (mW) to heat capacity (J/°C). Then the heat flow difference between the
sample and the empty pan baseline was determined, divided by the sample mass, and
converted to heat capacity (J/g°) using the conversion factor. Replicate heat capacity
determinations using the three-run method typically agree within about 3% or less. The

three-run method can be done on almost any DSC with a minimal amount of instrument
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preparation. The test was performed from -60 °C to 160 °C. The samples (5-7 mg) were
placed in Tzero aluminum pans with hermetic lids. Using the DSC test results, the
amount of energy needed to raise the temperature of the bitumen from ambient

temperature to achieve the desired workability was then calculated.

7.3.3 Feedstock energy and energy intensity factors

There are some controversies regarding the inclusion or exclusion of the
feedstock energy of an asphalt mixture in LCA methodology. As a hydrocarbon, bitumen
has a specific amount of inherent energy that is trapped in the asphalt mixture. By 1SO
standards, this chemical energy needs to be included in any energy assessment
(1SO14040 2006; Santero et al. 2011). Four pavement LCA studies considered this
energy in their inventory (Athena Research Institute 2006; Hakkinen and Makela 1996;
Nisbet et al. 2001; Stripple 2001). Different feedstock energy estimates that result in the
exclusion or inclusion of this energy change lead to different conclusions within
pavement LCA studies. The feedstock energy in bitumen is reported to be 40.2 MJ/kg
(Intergovernmental Panel on Climate Change 1995), which is over six times the
maximum energy factor of bitumen production. On the other hand, the energy intensity
factors for bitumen covers a range of 0.7 to 6.0 MJ/kg, due to different scopes and system
boundaries used in different methodologies (Santero et al. 2011). A 2010 pavement LCA-
related workshop defined the feedstock energy as the heat of combustion of a material
input that is not used as an energy source to a product system, measured in higher heating

value or lower heating value (Santero et al. 2011).
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7.4 Emissions to Air

Different test methods are used to measure pollutant emissions to air through the
whole process chain.

Three different test methods were used to determine the amount of each pollutant
in HTL gases. (ASTM D1946-90, 2015) and EPA method 18 were utilized, which
describes the process to measure volatile organic compounds by gas chromatography.
(ASTM D1946-90 2015)( EPA measurement of gaseous organic compound emissions by
gas chromatography, 2017) was used to measure sulfur compounds in the exiting gas of
the HTL process reactor. As positive sample pressure is required by the analytical
process, samples with insufficient pressure are pressurized with helium to the minimum
required pressure for the analysis (usually 5 psi). Dilution factors for pressurized samples
are calculated and used to correct the corresponding analytical results. Data resulting
from ASTM D1946 and D1945 fuel gas and natural gas analyses are reported in mole
percentage and are normalized (components sum to 100%) in the analytical section of

this report.

7.5 Results and Discussion

7.5.1 Life cycle inventory (LCI) analysis

Different sources have been used to obtain data for a better understanding of the
uncertainty of the system. For clarity, five different references are mentioned for energy
consumption of bitumen production with different system boundaries and scopes in Table

7.1 to emphasize the importance of attention to system boundary. However, to produce
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the life cycle inventory of bitumen, the results from Gabi software was used. The

feedstock of crude oil is excluded to be able to compare the results with that of bio-

binder. The emission amounts are showing the direct emissions of the production of bio-

binder. The life cycle inventory data for the production of bitumen and bio-binder is

presented in Table 7.2 and Table 7.3, respectively.

Table 7.1 Bitumen production energy consumption in different studies

Amount Unit Reference

0.63x10° J/Ton of Material (Stammer Jr and Stodolsky 1995)

0.42x10° J/Ton of Material (National Crushed Stone Association
1977)

6x10° J/Ton of Material (Hékkinen and Makela 1996)

2.93x10° JITon of Material (Stripple 2001)

5.81x10° J/Ton of Material (Athena Research Institute 2006)

Table 7.2 Life cycle inventory of conventional bitumen

Parameter Amount Unit Reference

Production energy 6.58x10° J/Ton of Material Gabi software database
consumption

Mixing and compaction 0.47x10° J/Ton of Material DSC test results

temperature energy

consumption for 10% bio-

modified bitumen

Feedstock Energy 41.28x10° J/Ton of Material Bomb calorimeter measurement
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Emissions from production of

bitumen
Carbon dioxide 401.18 Kg/Ton of Material GaBi software database
Nitrous oxide 0.0027 Kg/Ton of Material GaBi software database
Methane 4,71 Kg/Ton of Material GaBi software database

Table 7.3 Life cycle inventory of bio-binder and 10% bio-modified bitumen

Parameter Amount Unit Reference

Production of bio-binder 1.19x10° J/Ton of Material (Ocfemia et al. 2006)
energy consumption

Vacuum distillation 0.19x10° J/Ton of Material Readings from device

Emissions of production of

bio-binder
Carbon dioxide 76.87 Kg/Ton of Material Gas chromatography
Nitrous oxide 0.0017 Kg/Ton of Material FTIR test
Methane 1.6 Kg/Ton of Material Gas chromatography
Mixing and compaction of 0.21x10° J/Ton of Material DSC test results

10% bio-modified bitumen

Feedstock energy of 10% bio- 41.23x10° J/Ton of Material Bomb calorimeter measurement
modified bitumen

7.5.2 Life cycle impact assessment (LCIA)

This study takes into consideration the emissions related to the process stages of
the production and preparation of bitumen and bio-modified bitumen.

The results of a batch HTL process developed at North Carolina A&T State

University yields almost 18% bio-binder. This is in good agreement with Ocfemia et al.,
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2006 study. The results of the following batch are as shown in Figure 7.3. The process of
hydrothermal liquefaction of swine manure generates 2.5 kg slurry of biomass for each
batch, with a yield of 450 g bio-binder. The comparative results of emissions from the
production of Bio-binder and conventional bitumen are shown in Figure 7.4. A
significant reduction in all three studied GHG gases is observable. Furthermore, the
results of emission for the products of bio-modified bitumen and conventional bitumen
show that using bio-binder reduces the emission factors of the bitumen. To have a better
reference of comparison, the emission factors and the global warming potential index of
50 Kg of each product have been calculated and presented in Figure 7.5. The conversion
factors of 1 for carbon dioxide, 21 for methane, and 310 for nitrous oxide are used based
on (Chan et al., 2015) research. The results show an improvement of this index after

using bio-binder as a sustainable modifier.

bio-binder
18% Solid
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Gas
20p

water
T75%

Figure 7.3 Product Mass Distribution
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7.6 Beyond the Boundaries

To better understand the effect of the production of bio-binder on the
environment, this study compared the environmental impact of not converting swine
manure to bio-binder and instead letting it be landfilled. A literature review has been
conducted to estimate the emission of each gas from the manure produced by one swine
in each day. Then it is compared with the equivalent amount that is needed for HTL and

the production of bio-binder.
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7.6.1 Swine manure in a lagoon

7.6.1.1 CO2 emission from pig manure

There are three approaches to the estimation of CO2 emissions. The level of CO>
due to pig manure was omitted in some studies because the main CO> release was from
pigs' exhalation(Anderson et al. 1987; Van't Klooster and Heitlager 1994).

There are other studies that estimate the CO2 released from pig manure is about
4-5% of the CO> from exhalation (Dong et al. 2007; Pedersen and Sallvik 2002; Sousa
and Pedersen 2004). Other studies have reported the CO> release at 10-30% of the
respiratory production (Jeppsson 2000; Pedersen et al. 2008; Philippe et al. 2007;
Philippe et al. 2007; Philippe et al. 2012). Ni et al. (1999) stated that emissions from
manure are about 40% of the tranquil CO2 exhalation rate. For the purpose of this
research, the average amount of 30% of exhalation CO is used (Ni et al. 1999).

Table 7.4 shows four different equations for estimating the exhaled CO>
emissions of pigs. In these equations, "BW" is the bodyweight of a pig.

Table 7.4 Equations proposed to estimate CO2 exhalation by pigs (E-COz2 pig, in

kg/day)
REFERENCES EQUATIONS
(Ni et al. 1999) E-CO, PIG = 0.224 BW04
(Brown-Brandl et al. 2004) E-CO,, PIG = 0.123 BW%®
(Pedersen et al. 2008) E-CO,, PIG = 0.0998 BW?646
(Philippe and Nicks 2015) E-CO, PIG = 0.136 BW?5™3
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7.6.1.2 CHgj emission from pig manure

The emission of methane from swine manure initiates from the temporal
succession of microbial processes (Hellmann et al. 1997; Monteny et al. 2006). There are
several parameters that increase the CH4 emission: lack of oxygen, high temperature, high
moisture content, high level of degradable organic matter, low redox potential, neutral
pH, and C/N ratio between 15 and 30 (Amon et al. 2006; Kebreab et al. 2006; Mgller et

al. 2004).

7.6.1.3 N20 emission from pig manure
In pig houses, N2O originates only from manure. Its formation mainly occurs
during incomplete nitrification/denitrification processes performed by micro-organisms

that normally convert NH3 into non-polluting N2 (Philippe and Nicks 2015).

7.6.2 Results and Discussion

7.6.2.1 GHG emissions (manure in lagoons)

This study used GHG emissions from manure in lagoons for 5,000 head of pigs. A
regular pig’s body weight starts at 65 1b and finishes at 265 b after full fattening that
takes 20 weeks. The average amount of manure over 20 weeks is 3.5 Ib per day. The
manure management system is pit storage.

The CO2 emissions were calculated using four different methods (Table 7.5), and

the average value was used in the analysis.
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Table 7.5 CO2z emission from pig manure in lagoons for one pig

References Equations CO: (kg/pig/day)
(Ni et al. 1999) E _COg, PIG = 0.224 BW%4 2.345798
(Brown-Brandl et al. 2004) E _COg, PIG =0.123 BW?*¢2 2.915716
(Pedersen et al. 2008) E _CO2, PIG =0.0998 BW°%% | 2.701626
(Philippe and Nicks 2015) E _COg, PIG =0.136 BW?573 2.536046
Average 2.624796

CHa4 emission from manure can be estimated using the following equation, based
on three assessments: the excreted volatile solids (VS) or organic matter (OM) in kg; the
maximum methane-producing capacity (Bo) in m® CHg per kg VS or OM; and the methane
conversion factor (MCF), in percentage (IPCC Intergovernmental Panel On Climate

Change 2006).

E_CH4 = VSxBoxMCF Equation 7.2

The recommended value for VS for North America in the IPCC publication is
0.27 kg/pig/day. In the literature, Bo has a value from 0.29 to 0.53 m® per kg VS (Chae et
al. 2008; Jarret et al. 2011; Maller et al. 2004; Vedrenne et al. 2008). For the purpose of
this study, the Bo value selected is 0.48 m® CHa/kg VS specified for Northern America. In
the literature, MCF values range from 2% to 80%, according to manure type (Dd&mmgen

et al. 2012; Jarret et al. 2011; Magller et al. 2004; Rodhe et al. 2012).
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According to the (IPCC Intergovernmental Panel On Climate Change 2006), the
amount of MCF for a liquid/slurry manure management system for the average
temperature of Greensboro, North Carolina, is 27%. Table 7.6 shows the assumptions and

the calculated amount.

Table 7.6 CHa4emission from manure in lagoons for one pig

Bo (m® CHa per kg VS(kg/pig/day | MCF CHs CH4
VS) ) (%) (m*/day) (kg/pig/day)
0.48 0.27 0.27 0.034992 0.027889

The guidelines for the National Greenhouse Gas Inventories (IPCC
Intergovernmental Panel On Climate Change 2006) recommend estimating direct N.O
emissions by multiplying the N excreted by animals (Nex) by a specific conversion factor
for each type of manure management system. For North America, the estimate for
excreted nitrogen is 20 kg/animal/year, and the emission factor for pit storage under
animals is 0.2% (Gibbs et al. 1999). So, it is reasonable to assume that the average
amount of 0.11 g N0 is produced by each pig during a day.

To make 50 kg of a 10% bio-modified bitumen, the production of 5 kg Bio-binder
is required. Using 1.25 kg for the solid portion of manure in a batch of slurry used to
produce 450g of Bio-binder, the production of 5 kg Bio-binder requires enough manure
to have 13.9 kg of solids. Data gathered from farmers of North Carolina states that the
average amount of manure per pig over 20 weeks is 1.58 kg/day; of this amount, 10 wt%
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is solid waste, and the rest is liquid. Therefore, one pig produces 0.158 kg/day of manure
solids, and 88 pigs produce 13.9 kg/day of manure solids from 139 kg/day of manure.
Figure 6-a shows the comparative results of emissions from storing 139 kg of manure in
lagoons versus using it to produce 5 kg of Bio-binder. Using the previously used
conversion factors of 21 for methane and 310 for nitrous oxide, the GWPI for bio-binder

and for swine manure in nature are presented in Figure 7.6.
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7.7  Summary

In this study, a comparative life cycle assessment was conducted on conventional
bitumen and a bio-modified bitumen that is 90 wt% bitumen and 10 wt% bio-binder
obtained from HTL of swine manure. The results of the analysis show an improvement in
the environmental impact of the bitumen after replacing 10 wt% of it with bio-binder
from swine manure. Both the GWP and the energy consumption of the cradle-to-gate
LCA show a lower impact of the bio-modified bitumen. Mixing and compaction energy
needed to maintain the proper workability of asphalt showed a reduction of over 50%.

The emission results showed that the production of conventional bitumen emitted
over 5 times more carbon dioxide and approximately 3 times more methane to the
environment compared to that of bio-binder. Global warming potential index of bio-
modified bitumen improved by 7.8% compared to that of conventional bitumen.
Furthermore, a comparative analysis of gas emissions from storing 139 kg of manure in a
lagoon versus using it to produce 5 kg of bio-binder showed a decrease of over 80% in

the global warming potential index.
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8 EEASIBILITY OF TECHNOLOGY TRANSFER

In this chapter, we are going to discuss the economic viability of bio-binder (bio-
rejuvenator) from swine manure as a partial replacement for bitumen and/or using as a
rejuvenator to revitalize aged bitumen from reclaimed asphalt pavement (RAP) and

recycled asphalt shingles (RAS).

8.1 Industry Pain

Bio-rejuvenator provides a sustainable solution to treat swine manure, which is a
major challenge, both environmentally and economically. One pig produces more than
5000 gallons of manure per year. With more than 120,000,000 hogs being produced a
year, we have more than 6 billion gallons of swine manure for treatment each year, and
this is just the US. Swine manure is either stored in open lagoons — resulting in serious
health and environmental issues - or being sold to the farmers as fertilizers —with added
costs to the hog farmers to store and deliver it. This disruptive technology completely
resolves these issues by converting swine manure to the bio-rejuvenator, which is then
used as liquid asphalt for paving and construction applications or as a rejuvenator to reuse

the recycled asphalt pavements.

From the demand side, the price of liquid asphalt has increased dramatically from
$250 per ton in 2003 to $605 per ton in 2015 and $560 per ton in late 2018. The

fluctuation of price makes decision making in the asphalt industry harder each year. The
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pavement/construction industry is looking to use recycled asphalt pavements (RAP) and
recycled asphalt shingles (RAS). Currently, in the US, more than 90 million tons of
asphalt pavement were reclaimed every year, making asphalt the most frequently
recycled material. In the process of construction of asphalt pavement (including
materials, plant production, trucking, and lay down), materials are the most expensive
production cost category, comprising about 70 percent of the cost to produce hot mix

asphalt. There are pains on both sides of the supply chain.

According to the survey conducted by National Asphalt Pavement Association
(NAPA), about 66.7 million tons of reclaimed asphalt pavement (RAP) and 1.2 million
tons of reclaimed asphalt shingles (RAS) were collected in the U.S. during 2011 for use
in new pavements. In 2017, RAP usage in new asphalt pavement mixtures reached 76.2
million tons, a greater than 36 percent increase from 2009. An additional 3.4 million tons
of RAP were used as aggregate. At year-end 2017, some 102.1 million tons of RAP was
estimated to be stockpiled for future use across the country. More than 99 percent of
asphalt pavement reclaimed from roads, and parking lots were reclaimed for use in new
pavements instead of going into landfills. In the survey, 98 percent of producers reported
using RAP in their mixes for new construction, pavement preservation, rehabilitation, and
other projects. RAS usage also continued to be widespread, with nearly 950,000 tons

being used in 2017. RAS includes both manufacturers' scrap shingles and post-consumer
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roofing shingles, and about 9 percent of the total supply of waste shingles nationwide are
reclaimed for use in asphalt pavements.

The use of RAP and RAS during the 2011 paving season translates to a saving of
21.2 million barrels of liquid asphalt binder, saving taxpayers some $2.2 billion. When
reclaimed asphalt pavement and shingles are processed into new pavement mixtures, the
liquid asphalt binder in the recycled material is reactivated, reducing the need for virgin
bitumen. Using reclaimed materials also reduces demands on aggregate resources. With
RAP, old roads can be effectively mined for the raw materials needed to create their
replacements. As per the findings of Asphaltrecycling.com, recycled asphalt is a huge
cost saver for the local government. The savings amount to $30-$80 a ton. Contractors
and municipalities recycle asphalt at $18/ton using a PT-PRO series Recycler. A hot mix
costs $78/ton. Therefore, the saving is phenomenal at $60/ton. Hence, if a person uses 50

tons of asphalt for 30 days, he could save up to $90,000. The same logic applies to

recycled asphalt shingles (RAS). Currently, over 11 million tons (22 billion Ibs) of
asphalt roofing materials are dumped in U.S. landfills each year. At an average of $125
per ton to dispose of this material, contractors are taking a gigantic hit on their job cost,
which ultimately gets passed down to the homeowners looking to re-roof. Asphalt
shingles can be turned into RAS, or recycled asphalt shingles, which can be reused for
products such as roads, asphalt-based sealants, and more. At the same time, dump fees

can be reduced to as little as $75 or less depending on the location.
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Presently, state DOTs permit a limited use of RAP and RAS in asphalt pavements
due to the degrading effect on the performance of the final product. A survey of U.S.
States conducted by the Materials Engineering and Research Office of the Ministry of
Transportation of Ontario, Canada, (MTO) found that for base and binder courses, 20-50
percent RAP was typically permitted. Permitted levels of RAP were higher in base
courses and for light traffic roadways, as compared to medium or heavy traffic roadways.
Some States commented that although high amounts of RAP were permitted, contractors
typically did not submit mix designs for amounts greater than 25 percent. The goal of
asphalt rejuvenators is to return aged asphalt materials to a pre-aged conditions and
restore the pavement’s desired performance in areas such as ductility, strain and
resistance to various forms of cracking.

On the environmental side, it is documented that storing swine manure in lagoons
increases the global warming potential 6 folds compared to the production of bio-binder.

In both cases, hog farmers pay to get rid of their manure._The innovative and
revolutionary (patented) process converts swine manure to a bio-rejuvenator that can be
used to restore desirable properties of asphalt binder in recycled asphalt pavement and
shingles. Bio-binder is a sustainable (low cost, durable and eco-friendly) alternative
resource developed from a thermochemical conversion of swine manure; it sequesters

manure’s carbon and greenhouse gases otherwise released into the atmosphere.
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The following results were observed during our research on the feasibility of

usage of bio-rejuvenator from swine manure:

e Bio-rejuvenator reduced stiffness of RAP by 40%

e Bio-rejuvenator improved workability of RAP

e Bio-rejuvenator improved cracking characteristics and had no negative
effect on moisture susceptibility

e Bio-rejuvenator had a good degree of compatibility with both RAP and

bitumen

And in case of using bio-rejuvenator for RAS:

e Bio-binder led to the improvement of recycled asphalt shingle (RAS)
properties (You et al. 2011).

e Addition of bio-binder improved low-temperature properties of RAS
asphalt (You et al. 2011).

e Application of 10% bio-binder alleviated the negative impacts of RAS on
asphalt.

e Bio-modified RAS showed four degrees improvements in cracking

temperature.
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e Rheological properties of RAS asphalt were improved after bio-

modification.

8.2 Customer/Market Analysis

Worldwide annual consumption of asphalt is 150 million tons, which makes it a
$90 billion industry in 2013. According to a Specialists in Business Information (SBI)
report, the U.S. market for liquid asphalt totaled $16 billion in 2013, up 45% from $8.7
billion in 2007. Global demand for asphalt is expected to increase 8.2 percent annually to
reach to more than 198 million barrels in 2015. As the refineries are using coking
technologies to convert crude oil into other value-added products, there has been a
shortage of liquid asphalt in the market. According to the industry reports, the need for

liquid asphalt is growing across the globe while the supply is shrinking.
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9 CONCLUSION AND FUTURE RESEARCH

Asphalt pavement behavior at a macro-scale and its mechanical properties have
been well studied. However, the underlying reasons for the occurrence of that behavior
have not been well explained. Given the continuing pavement failures despite many
experiments on asphalt pavement and macro-scale studies, it is necessary to understand
the relationship between asphalt binder's mechanical behavior, chemical components, and
molecular interactions. Using a multi-scale approach to characterize the effect of a
modifier on bitumen can be one of the first steps towards a better understanding of the
shortcomings and failure mechanisms of asphalt pavements. The following sections
explain the conclusions of this research and the contributions to the body of knowledge,

followed by recommendations for future work.

9.1 Contributions to the Body of Knowledge

In this research, a multi-scale approach was used to understand bitumen behavior
and make a connection between macro-scale, micro-scale, and nano-scale behavior of the
material before and after modification. The experiment part of the study was used to
characterize bitumen based on thermo-mechanical and chemical characteristics. The
molecular dynamics simulations were used to study the nano-scale interactions between
bitumen molecules and modifier molecules to explain the underlying mechanisms

controlling the macro-scale behavior of modified asphalt.
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The modification of virgin bitumen containing straight-chain wax was studied as
an analogue for wax-based modifiers in warm-mix asphalt. Wax-based modifiers are
commonly used to reduce the mixing and compaction temperature of asphalt by
increasing the workability of asphalt. It was shown that the softening effect of wax at
higher service temperature could be due to disruption in the agglomeration of asphaltene
molecules. However, at lower temperatures than the melting point of the wax, the
crystallization of wax made the bitumen stiffer and more brittle.

Wax is also a constituent of many rejuvenators such as waste engine oil and waste
vegetable oil that are used as softening agents and rejuvenators for aged bitumen.
Therefore, to understand the working mechanism of wax-based rejuvenators, interactions
between wax and aged bitumen were studied. It was shown that wax molecules could
deagglomerate oxidized asphaltene molecules due to the CH-pi interaction between the
wax's aliphatic chain and the asphaltene's polyaromatic structure. The results of
experiments showed that the overall molecular size of bitumen was reduced after
modification with wax. at lower temperatures, wax caused bitumen stiffening; the
increased stiffness reduced the capability of bitumen to relax stress. Such a finding is
critical to help synthesize and design highly effective rejuvenators and avoid unexpected
side-effects from the application of wax-based rejuvenators.

The use of multiple modifiers in asphalt binder is common; for instance,
introducing wax-based additives to a bitumen containing polyphosphoric acid (PPA) is

commonly practiced. However, the interplay of modifiers and its plausible negative
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effects on asphalt properties are not well understood. Therefore, we studied the interplay
of wax-based modifiers with polyphosphoric acid, and we showed how polyphosphoric
acid affects bitumen's mechanical properties as an elastomer. In this study, it was shown
that wax molecules could hinder the effectiveness of PPA by counteracting the PPA
mechanism of forming hydrogen bonds with the resin fraction of bitumen.

One of the concerns with the use of wax-based modifiers is their crystallization
and lack of proper dispersion in asphalt. The crystallization of wax could lead to asphalt’s
brittle behavior, making it more prone to cracks at low temperatures. To enhance
dispersion and avoid crystallization, we examined the role of nanoparticles as carriers for
wax. It was found that nano zeolite particles can absorb paraffin wax molecules in their
pores and release them when added to bitumen. After releasing the wax molecules, the
nano zeolite particles continue by adsorbing the acidic molecules of bitumen, thereby
reducing the moisture susceptibility of bitumen.

In addition, this study assessed the economic and environmental impact of a bio-
based modifier as a partial replacement for bitumen, using a life-cycle assessment to
emphasize the fact that rejuvenators should provide beneficial changes over neat bitumen.
To facilitate the transition of research outcomes to the market, a market analysis was
performed to highlight the opportunities and challenges associated with the adaptation
and deployment of research outcomes. It was shown that a bio-modifier derived from
swine manure has the merits of meeting market needs and competing with similar

products currently available by enhancing bitumen's properties at a lower cost.
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9.1.1 Critique of Current Literature

In the case of warm-mix asphalt technology using chemical additives such as
wax, the literature explains that the presence of wax can soften the bitumen and make it
workable at temperatures 20 - 40°C lower than conventional asphalt (Kristjansdottir et al.
2007). The same effect was observed for the use of wax or additives that contain
paraffinic materials in aged bitumen obtained from reclaimed asphalt pavement (RAP) or
recycled asphalt shingles (RAS). At intermediate service temperatures of asphalt (25-
70°C), the presence of wax (with melting temperature of 30 to 70 °C) increases the
chance of rutting due to the softness of asphalt. On the other hand, a number of research
studies showed that the use of Fischer—Tropsch wax could improve the rutting behavior
of asphalt due to its branched structure (Richter 2002; Richter 2002).

On the other hand, the use of wax in asphalt pavement or the presence of wax in
asphalt additives such as rejuvenators has been shown to increase the embrittlement of
asphalt at sub-zero temperatures. This stiffening effect of wax on asphalt and the severity
of the effect again depend on the wax structure as well as the chemical composition of the
bitumen. Therefore, there is a need for understanding the relationship between the
mechanical properties of bitumen and its chemical composition.

Furthermore, it is important to understand the interplay between different
modifiers and their synergistic and antagonistic effects on asphalt performance. For
instance, bitumen can contain some level of PPA that can raise the grade of bitumen and

make it more elastic at higher temperatures. This usually isn’t mentioned when the
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bitumen is being purchased from refineries. Modifying the PPA-modified bitumen with
wax or waxy modifiers could cause adverse effects and intensify asphalt failure. The
literature lacked a comprehensive study of the interplay between modifiers and their
effect on bitumen properties.

Due to oxidative aging, bitumen changes chemically, and this affects the
bitumen's mechanical properties and makes the pavement prone to cracking. In order to
recycle asphalt pavement at the end of its service life, and to use this as material for new
pavement at a rate beyond 30% of new material, the asphalt's original properties need to
be chemically restored. This should be done by using rejuvenators that contain some of
the lighter components of asphalt that have escaped the pavement during the service
years. The literature covers experiments characterizing the effect of rejuvenators on
bitumen and its mechanical properties such as viscosity and complex modulus. However,
the mechanism of rejuvenation, the molecular interaction of rejuvenator and bitumen, and
the connection between molecular interaction and asphalt's mechanical properties are yet
to be investigated. This is especially important when a rejuvenator improves some asphalt
properties such as viscosity but worsens other properties such as low-temperature
cracking.

The economic and environmental aspects of bitumen modification are usually
overlooked, while most research focuses on the experiment side of bitumen
modifications. In other words, a modifier may be desirable from an experimental point of

view, but its cost of production and environmental impact make it economically
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infeasible. The use of life-cycle assessment (LCA) can especially help to understand the
advantages of modification of bitumen from an environmental point of view, and

knowing the industry’s difficulties can help to optimize the product for the public need.

9.1.2 Conclusion of research
The findings of this dissertation can be grouped in five categories:

e Wax as a warm-mix additive: The study of wax as a warm-mix additive showed
that paraffin wax has a lowering effect on the viscosity of asphalt at high
temperature and can lower the mixing and compaction temperatures significantly.
This effect is present at temperatures above the melting point of wax. Under the
melting temperature of the wax, the binder starts to become stiffer as wax crystals
start to form. This causes the complex modulus of modified bitumen to become
higher than that of virgin binder. At sub-zero temperatures, wax-modified
bitumen becomes highly brittle, which is evident by the stiffness and m-value
measured from a bending beam rheometer (BBR) test. The direct tension test
(DTT) also showed that the tensile strength of bitumen is greatly compromised
after modification with wax. The results of molecular simulation showed that
straight-chain wax could reduce the size of nanoaggregates of asphaltene
molecules. This can be the reason behind the softening effect of wax at high
temperatures, where wax molecules have higher mobility.

e Wax as a part of rejuvenators: The effect of wax on the properties of aged

bitumen was studied by doping aged binder with wax at different concentrations.
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The experiments showed that wax can reduce viscosity of aged bitumen at high
temperature similar to that of virgin bitumen. Furthermore, wax increased the
elasticity of aged bitumen, as illustrated by a multiple-stress creep-recovery
(MSCR) test. At low temperatures, wax caused the bitumen to become stiffer and
more brittle, which can increase the chance of fatigue cracking. At the nano-scale,
using gel permeation chromatography, it was shown that the average molecular
size of aged bitumen decreases after the introduction of wax. The same effect was
observed in molecular simulation results, where wax molecules could prevent the
formation of oxidized asphaltene agglomerates. This phenomenon was shown to
be due to CH-pi interaction between the aliphatic chain of a wax molecule and the
aromatic core of an asphaltene molecule. The molecular simulations showed that
wax molecules could disperse asphaltene molecules in a medium of solvent while
being mobile (not crystallized).

Wax as an inherent component of bitumen: Paraffin wax is an inherent
component of many kinds of bitumen, especially those from the Middle East,
which are known as waxy asphalt or heavy-crude asphalt. The addition of
polyphosphoric acid to soft bitumen is an old practice to overcome the softness of
asphalt. Polyphosphoric acid has been shown to enhance high-temperature
properties without negatively impacting the low-temperature performance of
asphalt pavement. However, due to the interplay between wax and

polyphosphoric acid, it is hypothesized that the presence of wax may moderate
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polyphosphoric acid-bitumen interactions. The results of the molecular dynamics
simulation showed that polyphosphoric acid has a strong interaction with fused
aromatics such as those classified as resins in bitumen; such interactions lead to
the reduced solubility of resins in heptane, causing them to precipitate out in
heptane and fall into the asphaltene category. The presence of wax appeared to
reduce the efficacy of polyphosphoric acid at increasing bitumen’s elasticity, as
evidenced by a lower complex modulus and a higher creep compliance compared
to no-wax bitumen doped with polyphosphoric acid. This was further observed in
computational analysis, which showed a good interaction between resin molecules
and PPA molecules. However, the interaction between resins and PPA was
reduced when wax was added; the wax caused resins to become more scattered, as
evidenced by a significant reduction in the radial distribution function of resin
molecules.

Using nanozeolite as a carrier for wax: At high temperatures, the effect of wax
on bitumen's rheological properties was found to be independent of using
nanozeolite as a carrier for wax or adding wax and nanozeolite to bitumen
separately. This was expected, due to wax being liquid above its melting point.
However, at low temperatures, bitumen containing wax-impregnated nanozeolite
(Winz) showed an improved resistance to low-temperature cracking, which can be
attributed to reduced wax crystallization when wax is dispersed via nanozeolite.

In addition, wax-impregnated nanozeolite was found to adsorb the acidic
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compounds of bitumen while releasing the wax. Computational analysis showed
that even though wax interacts with nanozeolite, acid molecules have preferential
adsorption and easily replace wax on the nanozeolite surface. Adsorption of acids
to the nanozeolite surface was also evidenced by a laboratory experiment showing
a significant change in the shear-thinning behavior of bitumen doped with wax-
impregnated nanozeolite when exposed to water. Hydrolysis of acidic compounds
at the surface of nanozeolite caused a 42% reduction in the shear-thinning rate
after water conditioning. Nanozeolite was shown to effectively adsorb acids from
bitumen and release wax to bitumen. Therefore, it can be a promising candidate to
facilitate the introduction of wax-based additives to bitumen to alleviate wax
crystallization while adsorbing acids, thereby reducing the quantity of acids at the
interface of bitumen and stone aggregates. This, in turn, can improve bitumen's
resistance to both low-temperature cracking and moisture damage. The results of
this paper facilitate the use of wax-based additives to reduce energy consumption
during construction while enhancing the performance of the resulting pavements.
Environmental assessment and cost analysis of a bio-modifier from swine
manure: The use of a bio-binder obtained from a hydrothermal liquefaction
process of swine manure as a partial replacement for bitumen was found to be
effective to reduce the environmental impact of asphalt pavements. The results of
the analysis show an improvement in the environmental impact of the asphalt

binder after replacing 10 wt% of it with bio-binder from swine manure. Both the
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global warming potential (GWP) and the energy consumption of the cradle-to-
gate life-cycle assessment (LCA) showed a lower impact of the bio-modified
binder. There was a reduction of over 50% in the mixing and compaction energy
needed to maintain the proper workability of asphalt. The emission results showed
that the production of conventional bitumen emitted over five times more carbon
dioxide and approximately three times more methane to the environment
compared to the production of bio-binder. The index of global warming potential
of bio-modified bitumen was improved by 7.8% compared to that of conventional
bitumen. Furthermore, a comparative analysis of the gas emissions from storing
139 kg of manure in a lagoon versus using it to produce 5 kg of bio-binder

showed a decrease of over 80% in the index of global warming potential.

9.2 Recommendation for Future Research

This research showed that the effect of a modifier on bitumen could be
advantageous or disadvantageous, depending on factors such as the chemical
compositions of the modifier and the bitumen, the molecular structures involved, and the
temperature. Further research is recommended to extend the findings of this study:

e This study focused on binder-level characterization. We showed that wax

crystallizes in bitumen at intermediate temperature; this may affect the
bitumen’s binding to stone aggregates. Therefore, the effect of wax on the

adhesion of bitumen to stone aggregates should be investigated.
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Considering the significant interplay between wax and acidic compounds, it
is recommended that bitumen with various concentrations of acids be used to
study adhesion and moisture susceptibility.

Considering that we showed that the presence of wax facilitates the mobility
of asphalt molecules, and that healing is highly affected by molecular
diffusivity, the effect of wax on the healing process of asphalt pavement
should be investigated.

In this study, it was shown that wax crystallization could lead to unwanted
effects such as promoting low-temperature cracking. Inhibitors are used in the
oil industry to prevent wax crystallization. The study of inhibitors such as
polyacrylates and polymethacrylates in bitumen containing wax is
recommended.

In this research it was shown that PPA can reduce the moisture susceptibility
of bitumen. It is recommended to research on the interaction of PPA-silica and
the mechanism of effect of water molecules on PPA modified bitumen
adhesion with aggregate surface.

The merits of using nanozeolite impregnated with wax was evaluated in this
study. However, it needs further research to evaluate where in the supply
chain of asphalt pavement we need to add this modifier for the best results.
Our life-cycle assessment study showed that Bio-binder from swine manure is

a promising replacement for asphalt. It is recommended to develop a
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deterioration model based on operational factors (such as traffic volume) for
bio-modified asphalt pavement to extend the evaluation beyond the current

boundary of cradle-to-gate.
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APPENDIX A

SCANNING ELECTRON MICROSCOPY RESULTS OF NANO ZEOLITE

IMPREGNATED WITH WAX
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Figure Al (a) Scanning electron microscopy (SEM) image of 5% wax Winz sample and

(b) zoomed-in image of the area in (a). Energy dispersive spectra (EDS) and quantitative

elemental results of area 1 (c) and area 2 (d) in (b). Area 1 shows a significant amount of

Na, Al and Si, indicating the presence of nano-zeolites. In contrast, no obvious Na, Al

and Si EDS signal was observed for area 2, suggesting the sole presence of waxes. (The

Au signal is due to the coating for imaging, and carbon signal is due to the presence of

paraffin wax and the carbon tape used for loading sample).
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