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Abstract

Molecular Dynamics (MD) simulation is a powerful tool used in various research
fields such as petroleum, geoscience, biochemistry, physics, and materials science. The
unique merit of MD simulation is that it can investigate the complex structures or systems
of interest at the atomic or molecular level, which could be inaccessible to experimental
methods. A naturally accumulated hydrocarbon reservoir is a complex multi-component
system where complex phase behavior occurs when different recovery techniques are
applied. Given that hydrocarbons are stored in nanoscale to mesoscale pores, MD
simulations have widely been used in petroleum engineering to study the interaction
between pore-wall and fluids inside the pore body. For example, MD simulation has been
widely used to observe the adsorption/desorption and diffusion of gas molecules in carbon
nanotube/nanoslit for understanding the gas behaviors in the shale reservoir. Similarly,
hydrocarbon products such as asphalts are complex mixtures that pose challenges in
molecular-level studies but can be good candidates for MD simulation. In summary, MD
has been used in this dissertation research to study the interfacial tension change for CO-

EOR and rejuvenating asphalt.

The first research project uses MD to study the options for rejuvenating aged
asphalts with waste cooking oil (WCO) and waste polyethylene (WPE). The asphalt binder
in pavement degrades over time due to oxidation and loss of volatile components resulting
from weathering and utilization. Using waste to modify and recycle aged asphalt brings
environmental and economic benefits. MD study of WCO for the aged asphalt shows that
adding 10 wt% Triglyceride (TG, the main component of WCO) can decrease the viscosity

(from 83 cP to 69 cP) and increase the self-diffusion coefficient (from 2.81 x 10~7to

Xiii



2
3.24 x 1077 %) of aged asphalt at its compaction conditions. The radial distribution

function analysis revealed that the asphaltene-asphaltene nearest neighbor distance
increased from 4.0 A to 7.5 A. The optimal dosage of TG was determined, which should
be in the range of 10-15 wt% of aged asphalt. The results illustrate the fundamental

mechanism of using the WCO to reclaim aged asphalt.

The WPE simulation shows that adding WPE could reduce the interactions between
asphaltenes-resins, asphaltenes-aromatics, and asphaltenes-saturates. Low compatibility
between asphalt and polyethylene results in phase separation of PE-modified asphalt. The
maleic anhydride functional group (MAH) is chemically grafted on WPE (WPE-g-MAH)
to enhance the compatibility and stability between PE and asphalt. The simulation results
show that adding MAH functional group enhanced the interactions between asphaltenes-
saturates and asphaltenes-aromatics, which was why MAH could enhance the
compatibility between asphalt and WPE. Moreover, the simulation results demonstrated
that both WPE and WPE-g-MAH couldn’t affect the interactions between asphaltenes-
asphaltenes and mitigate the formation of asphaltene aggregations/clusters in aged asphalt,
indicating PE and PE-g-MAH are not potential options to restore the rheological properties

of aged asphalt.

The second project in this dissertation research uses MD simulation to study the
interfacial tension between COz-rich oil and the aqueous phase, which could fundamentally
explain one of the synergetic driving mechanisms for CO»-related EOR. Recent laboratory
tests showed promising results using urea as a CO»-generating agent for in-situ CO, EOR.
However, laboratory tests could not quantify the interfacial tension changes due to CO-

Xiv



partitioning to the oil and aqueous phases. MD simulation is performed to study the
interface and properties of the CO/water/oil multi-components system in this research
project. The simulation results demonstrate that the CO2 concentration of 40% is required
to achieve a good reduction of the water/oil IFT for low-pressure conditions (<10 MPa)
with 345 K, and that the water/oil IFT decreases significantly when the CO2 concentration
is between 0 and 40%. While at higher CO concentrations of 40-80%, the IFT reduction
is small. The literature has not reported this relationship between water/oil IFT and CO>
concentration. Our findings quantify the contribution of IFT reduction to oil recovery in
CO2 EOR techniques. In addition, at low CO2 concentrations of 0~40%, CO> molecules
would change the orientation from the random distribution to parallel to the water/oil
interface. Once the contact region of water/oil is saturated by CO2 molecules at around 40%
concentration, increasing the CO> concentrations does not change much of the IFT or CO>
orientation. This study illustrates the mechanism of IFT reduction from the molecular
perspective that interfacial CO> orientation is affected by bulk CO> concentration and is
closely correlated to the IFT change between oil and aqueous phases. The fundamental
study of CO- behavior at the water-oil interface is important to in-situ CO, EOR and all
CO:- flooding mechanisms. In addition, the procedures and analysis methods can be applied
to other EOR projects for binary and multi-component systems studies for IFT analysis and

property computation.
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Chapter 1: Introduction

1.1 Research Motivations

In the late 20" century, the application of molecular simulation in science was
introduced as a “computer experiment” to fill the gap between the theory and the traditional
experimental method. In theoretical studies, mathematical equations are developed to study
the behavior of a system, while it is only expected to produce valid results under a specific
assumption or at a level at which the equations of the mathematical model can be solved.
For example, an equation of state (EoS) could only study the phase behavior of fluid under
a bulk condition, not a confined condition. The traditional experiment could provide
observations but cannot reveal fundamental mechanisms from the molecular level. The
cost of the experiments is also an issue. It is not feasible to perform experiments under
extremely high pressure and high temperature conditions. Molecular simulation is a
valuable research tool for studies and conditions where theory and experimental methods

are limited.

Covering over 90% of the roads in the United States, asphalt pavement is comprised
primarily of rock or “aggregate” held together by an asphalt binder. The asphalt concrete
degrades over time due to oxidation and loss of volatile components resulting from
weathering. The stiffer physical properties lead to cracking and fragmentation, and
eventual pavement failure. Recycling and reusing aged asphalt as the binder in pavement
brings economic and environmental benefits. For example, in the United States, it was
reported that reclaimed asphalt pavement (RAP) with estimated savings of $2.04 billion at

$600 per ton for asphalt binder in 2012°. Poor properties after aging have been cited as the
1



major impediment to asphalt recycling ®. Recycling asphalt necessitates chemical additives,
at the very least, rejuvenating agents. Rejuvenators can restore the rheological properties
of asphalt so that recycling becomes economically and functionally attractive. Some of the
wastes are considered the rejuvenator for aged asphalt reclamation, which explores a new
way of waste disposal. Among different wastes, waste cooking oil (WCOQO) and waste
polyethylene (WPE) have been experimentally shown to function effectively as
rejuvenators’®. However, their performance in a sustainable pavement will significantly
depend on favorable molecular interactions with the aged asphalt, and the molecular-level

mechanism has not been fully understood.

Understanding the molecular interactions between wastes and aged asphalt is
difficult to achieve through theoretical and experimental methods. Therefore, the first
research work is motivated to obtain a molecular-level understanding of interactions
between aged asphalt with wastes and to construct, via MD simulation, a relationship

between the microstructure of waste-modified asphalt and its macroscopic properties.

The CO2-EOR is one of the most effective tertiary EOR techniques® 1. In the United
States, CO2-EOR has been implemented in more than a thousand oil reservoirs, and more
than 100 billion barrels of crude oil have been recovered from this technology. For CO»-
based EOR, CO2 would partition into the oil and aqueous phases, which reduces the
interfacial tension and thus improves the microscopic displacement efficiency by
increasing mobilities of both displacing and displaced fluids. Because the synergetic
mechanism of the magnitude of IFT reduction between CO»-saturated brine and oil is
affected by the interfacial properties between oil and aqueous phases, it is necessary to

study the interfacial properties between oil and aqueous phases with the presence of CO..
2



However, it is hard to observe and analyze the nano-scale interface and its property via
traditional experimental apparatus. In the literature review, MD simulation has been widely
used to observe the molecular behavior at the interface and study the interfacial properties
of the binary systems of water-oil, water-CO, 0il-CO, and the ternary system of water-
0il-CO». Thus, the second research work is motivated to study the water-oil interfacial

properties with the presence of CO; via MD simulation.

1.2 Research Objectives

In the first project of rejuvenating aged asphalt, the objectives include the following:

e To develop a new aged asphalt model that could capture the nature of aged asphalt
and the chemistry change of asphalt under aging.

e To develop the wastes modified asphalt models by introducing the WCO and WPE
into new aged asphalt model

e To study the effect of additional wastes on molecular interactions in aged asphalt
and its response to macroscopic properties of aged asphalt.

e To validate the fundamental mechanism and illustrate the field performance of

waste-modified asphalt.

To study the fundamental mechanism of water/oil IFT reduction during CO2 EOR and
demonstrate the contribution of IFT reduction to oil recovery. This project has the

following objectives:

e To construct a binary system of water/oil with the presence of CO- to simulate the

realistic reservoir condition during the CO2 EOR process.



e Todetermine the relationship between water/oil IFT with the concentration of CO>
for investigating the contribution of IFT reduction to oil recovery.
e To analyze the molecular behaviors of CO, at the water-oil interface to study the

fundamental mechanism of water-oil IFT reduction during the CO2 EOR process.

1.3 Organization of Dissertation

Chapter 2 introduces the chemical composition of asphalt and its fundamental oxidation
mechanism. The research status of WCO-modified asphalt, waste plastics-modified asphalt,
and the background of CO2-EOR is concluded in this chapter as well. In addition, the core
theories of MD simulation are also introduced, including the fundamental theory, the
simulation algorithms, the simulation ensembles, the force field concept, and the periodic
boundary condition. Last, the applications of MD simulation in the petroleum industry and

asphalt modeling are summarized in this chapter.

In chapter 3, a new aged asphalt model was proposed to capture the chemistry change
of asphalt under aging. The new aged asphalt model is used to study the molecular
interaction and microstructure of aged asphalt. In addition, the relationships between the
microstructure and two of the most important macroscopic properties of aged asphalt, shear

viscosity and self-diffusion, are investigated.

In chapter 4, the WCO is used to rejuvenate the aged asphalt, particularly to restore the
viscosity and self-diffusion of aged asphalt. The corresponding rejuvenation mechanism is
investigated by analyzing the molecular interaction and microstructure of aged asphalt and

WCO-modified aged asphalt.



In chapter 5, as one of the most common waste plastics, WPE is used to modify aged
asphalt. The effects of WPE on the molecular interaction and microstructure of aged

asphalt are studied.

In chapter 6, the behaviors of CO; at the water-oil interface and its effect on water-oil
interfacial properties such as IFT, orientation, and phase interaction are studied at the low-

pressure condition of 8 MPa and 345 K.

Chapter 7 highlights the contributions and summarizes the conclusions of this research

work with recommended future work.



Chapter 2: Related Research Backgrounds

2.1 Literature Review
A comprehensive literature review related to asphalt composition, asphalt aging,

aged asphalt reclamation with wastes, and CO.-EOR is concluded in this chapter.

2.1.1 Chemistry of Asphalt

Asphalt composes millions of molecules depending on the sources and petroleum
refinery. Most asphalts consist of predominantly hydrocarbons, some heteroatoms (such as
nitrogen, oxygen, and sulfur), and minerals in the form of inorganic salts and oxides such
as nickel, vanadium, iron, and magnesium*?%°, It has been estimated that asphalt has 10°-
108 different molecules®®. To define the asphalt composition, Corbett!” proposed the SARA
fractions method by dividing the asphalt composition into asphaltenes and maltenes based
on their solubility in n-Heptane. The maltenes were divided into saturates, aromatics, and
resins according to the size and solubility in polar, non-polar, or aromatic solvents. Thus,
the composition of asphalt is divided into four fractions, saturates (S), aromatics (A), resins

(R), and Asphaltenes (A).

Asphaltenes are the largest polar components of asphalt, contributing the largest to
its viscosity!8. Asphaltenes normally constitute 5 — 25 wt% of asphalt. The asphaltenes are
insoluble in light alkanes such as n-pentane, n-hexane, or n-heptane but are soluble in
aromatic solvents such as benzene and toluene. Saturates are light and non-polar molecules
that consist of aliphatic chains with branched and cyclic alkanes®®. The saturates normally
constitute 5-15 wt% of asphalt. They show low chemical reactivity and are highly resistant

to ambient air oxidation. Aromatics constitute 30-45 wt% of asphalt. The aromatics consist
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of non-aromatic rings and non-polar carbon chains. Aromatics are more viscous than
saturates but less viscous than resins at the same temperature?®. Resins are soluble in
heptane and pentane. It consists of non-polar paraffinic groups and heteroatoms containing

oxygen, sulfur, and nitrogen.

Various chromatographic methods can be used to separate and determine the SARA
fractions of an asphalt sample based on their solubility in solvents of differing polarity and
their affinity for adsorption on solid granular packing columns, e.g., natural clays,
Silica gel and alumina?. Three chromatography methods have been employed widely for
several decades, gravimetric adsorption chromatography?? 2
High-performance Liquid Chromatography (HPLC)?*27, and Thin-Layer Chromatography
with Flame lonization Detection (TLC-FID)? 2°. However, each method has its limitations
and drawbacks, leading to controversies about its effectiveness, accuracy, and quantitative

capability.

Gravimetric adsorption chromatography, also known as clay-silica gel adsorption
chromatography, was the earliest method developed for SARA fractions. In this method,
the alkane solvent (n-pentane, n-heptane) was first used to precipitate the asphaltene
fraction. After de-asphalting, the fractions that remain dissolved (maltenes) are
successively passed through a clay-packed column and a silica-gel column
to adsorb resins and aromatics, respectively. The final remaining fraction is saturates. This
method requires large quantities of solvent and test samples and is time-consuming (up to
two weeks per test). Additionally, the analysis results are not always reproducible because
of light component losses?”. HPLC is an improved method of gravimetric adsorption

chromatography. This method conducts the de-asphalting process first via an alkane
7



solvent. In contrast, the subsequent separation of maltenes is conducted through the high-
performance liquid (high-pressure liquid) with amino, cyano, silica, or alumina columns
(stationary phases). The size of the stationary phase used in HPLD is much smaller than
that in the gravimetric method for providing a larger contact area between maltenes and
the stationary phase. This method is faster and more automated than gravimetric adsorption
chromatography since it uses high pressure to drive the fluid rather than gravity. The
limitation of this method is its high cost. The TLC-FID method uses silica rods as the
stationary phase and subsequently evaporates the elution solvents to successively pass the
rods through flame ionization detection (FID) and determines the relative amounts of
SARA fractions. The de-asphalting process is not necessary for this method. The limitation
of this method is that some of the polar compounds may remain on the rods, and some
aromatics may act like resins during the separation process, both of which cause analytical

results that show a large amount of error after repeat tests*C.

2.1.2 Aging of Asphalt

The asphalt pavement degradation over time is caused by oxidation and loss of
volatile components resulting from local weather and load conditions. Oxidative aging
occurs in short-term and long-term stages (Figure 1). Short-term aging occurs when the
asphalt is subjected to heat and air in the process of asphalt mixture production, storage,
transportation, and paving, primarily attributed to oxidation and loss of volatile
components at high temperatures. In the laboratories, short-term aging can be simulated by
Rolling Thin Film Oven (RTFO). Long-term aging of asphalt occurs over road pavement's
service life, mainly through progressive oxidation!. Long-term aging can be simulated

through the Pressure Aging Vessel (PAV) method in the laboratories®? 2,
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The aging process deteriorates the physical, mechanical, and rheological properties
of asphalt, corresponding to the performance of asphalt/asphalt binder in the pavement. An
optimal or desired performance of the asphalt binder is closely related to its flow properties,
also known as rheological properties. A change in the rheological properties can result in
a reduced asphalt performance*. For example, viscosity, one of the most important
rheological properties of asphalt, is commonly used as an indicator for asphalt aging. An
aging index can be defined as either the viscosity ratio or the relative increase of viscosity
versus time® 3¢, as shown in Figure 1. The viscosity of asphalt significantly increases with
aging®’, which hardens the surface asphalt layer and asphalt binder in the pavement and

leads to embrittlement and serious pavement cracking®!.
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Figure 1. Viscosity aging index change over time shows the deterioration of asphats®.
The short-term usually occurs within the first couple of years or shorter, while the long-
term aging mainly occurs during its service time.



The increase of asphalt viscosity during the aging process can be explained through
SARA fractions at a molecular level. According to Peterson’s and Lesueur’s studies®* ,
during the aging process, asphaltenes and resins increase, and aromatics decrease in the
asphalt; as the aromatics can be converted into resins, then the resins are converted into
asphaltenes. The high content of asphaltenes leads to the high viscosity of asphalt. In
addition, introducing oxygen-containing chemical functionalities increases the molecular
interaction between asphaltenes and forms the asphaltene gel structure in asphalt as shown

in Figure 2, which also contributes to the increase of asphalt viscosity.

Figure 2. (left) structure of asphalt with low asphaltenes, named sol-structure. (right)
Asphalt structure with asphaltenes after aging named gel-structure®. The solid black
diamond represents asphaltenes, the white diamond represents aromatics with different
molecular weights, the small circle and flash-wave represent resins with different
structures, and the small straight line represents saturates.

2.1.3 Waste Cooking Oil with Asphalt
The above discussion indicates that asphalt is prone to cracking after aging due to

its viscosity and hardness increase. Adding WCO could soften the hardness of asphalt and
reduce its viscosity, which is the conclusion widely reported and accepted by researchers*®
47_In addition, approximately 3 million gallons of WCO are produced annually in the U.S.

alone®®. Using WCO in asphalt pavement also provides a solution for WCO disposal and
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treatment*®. Thus, WCO has been a rejuvenator for aged asphalt pavement reclamation in

recent years.

Asphalt viscosity is an important property, as highly viscous asphalt is prone to
cracking. A relatively lower viscosity can reduce the mixing and compaction temperature,
which is favorable for the construction site and saves costs. However, asphalt with low
viscosity results in vulnerable rutting and fatigue resistance®. An optimal dosage for WCO
could be used to avoid the negative effect on rutting and fatigue resistance. The optimal or
desired performance of asphalt binder is closely related to its rheological properties. For
example, Zargar et al. > tested the aged 40/50 grade bitumen with different concentrations
of WCO at 135 °C and found that adding 4% WCO could achieve almost the same viscosity
of 80/100-grade bitumen. Ji et al.>? found that 6% waste cooking vegetable oil could restore
the viscosity, rutting resistance, and fatigue resistance factor of aged asphalt binder to its
virgin state. Shorbagy et al.> added the optimum dosage of 3.5% WCO into the aged 60/70
bitumen and restored the viscosity and rutting parameter (G*/sin §) of aged 60/70 bitumen
to the value before the aging. Gokalp et al.>* found that 7% waste vegetable cooking oil
could restore the rutting resistance and fatigue resistance factors of aged bitumen to its
virgin state. Cao et al.>® compared the safety, physical, and rheological properties of an
aged PEN70 asphalt sample with different dosages of waste vegetable oil to the virgin
PENT70 asphalt sample. They found the optimal dosage was 13.4 wt%. Sang et al.>® found
that the 70" aged asphalt binder with 6% waste edible animal oil has the best physical and

rheological properties.
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2.1.4 Waste Plastic with Asphalt

In the U.S., plastic wastes were mainly disposed through landfill and incineration.
The landfill has limitations such as 1) High demand for land resources®’; 2) The chemicals
leaching from the plastics into soil and water cause a serious threat to the environment; 3)
The leaching of chemicals may take at least several decades since most plastics are not
biodegradable. For the incineration method, the toxic emissions such as carbon monoxide
and dioxin into the atmosphere prevent widespread implementation®®. Since the 1980s,
waste plastic has been used to modify the asphalt in pavements to provide a new plastic

waste treatment.

Seven main types of waste plastics have been used to modify the properties of
asphalt, as shown in Figure 3. For example, waste LDPE has been widely used as a
modifier to improve the properties of asphalt worldwide since the 1990s°. Reinke and
Gidden®® studied the physical properties of LDPE-modified asphalt. They found that the
penetration rate of asphalt decreased while the softening point and viscosity increased.
Vargas et al.®* observed that LDPE could lower temperature susceptibility and improve
aging resistance, fatigue resistance, and resistance to deformation at high temperatures. Ho
et al.%? found that molecular weight and molecular weight distribution of LDPE greatly
affect its compatibility with asphalt. The recycled LDPE with lower molecular weight and
wider molecular weight distribution is more suitable for asphalt modification. Compared
with LDPE, the high crystallinity of HDPE makes it difficult to immerse in asphalt and
affects its compatibility with asphalt. Punith et al.%® found that HDPE-modified asphalt has
higher stiffness and larger viscosity but better moisture resistance. Balanghais et al.®

studied the rheological properties of plastic-modified asphalts with LDPE, HDPE, and PET.
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They found that the rheological properties of plastic-modified asphalt are very sensitive
and depend on external factors such as the mixing duration and mixing methods and
internal factors such as type of asphalt and type of plastic. In addition, the study reported
that LDPE-modified asphalt has a better rheological performance than PET-modified

asphalt and HDPE-modified asphalt.

PP could enhance the high-temperature performances of asphalt but reduce the
ductility and weaken the fatigue cracking performance®®. Recent studies®® found that
adding waste PVC could increase the viscosity and stiffness of asphalt, thus enhancing the
rutting resistance of asphalt. Ziari et al.®” indicated that waste P\VVC-modified asphalt has a
better fatigue resistance but a poorer thermal cracking resistance. PET is one of the most
recycled plastic wastes®. It was found that PET could improve the high-temperature
performance but reduce the fracture resistance of asphalt®®. Fang et al.” applied a very low-
density PS waste to reduce the stiffness of asphalt and improve its rutting resistance. Hasan
et al.®® added the waste high-impact PS in asphalt and found the stiffness was improved,
but the low-temperature properties were weakened. In addition, it has to be mentioned that

harmful substances are released when PS is heated above 70 °C.
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Figure 3. Seven main types of solid plastics (plasticsforchange.org, accessed on
9/28/2022).

The pre-treatment of waste plastic significantly affects its properties and its
modification on asphalt. There are four types of pre-treatment of waste plastics before their
application to asphalt modification: re-extrusion, mechanical method, chemical method,
and energy recovery method . The primary method of re-extrusion is re-introducing scrap,
single-polymer plastic edges, and parts to the extrusion cycle and producing products of
similar material. The limitation of this method is that it can only be applied in the case of

semi-clean scrap.

The mechanical method involves reprocessing and modifying plastic waste using

mechanical-physical means to form similar plastic products at nearly the same or lower
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performance level compared with the original products’?. The mechanical method can only
be applied to single-polymer plastic, such as PE, PP, PS, and others. It is more difficult to
use mechanical recycling on waste plastic that is more complex and contaminated.
Extrusion is the foremost secondary method’®. In this method, an extruder uses heat and
rotating screws to soften the plastic. The plastic is fed through temperature-controlled
barrel sections to produce a fixed cross-section extrudate, as shown in Figure 4 . The
major drawback of the mechanical method is that plastic products’ properties deteriorate
during every cycle, and it should be noted that each plastic can endure only a limited

number of reprocessing cycles’.

Chemical recycling involves converting waste plastic into smaller molecules,
usually liquids or gases (e.g., fuels, monomers), which can be used as a feedstock to
produce new petrochemicals and plastics. The conversion can be gone through either
solvolysis or thermolysis. During solvolysis, waste plastic is dissolved in a solvent and
treated with or without catalysts and initiators. During thermolysis, waste plastic is heated
in an inert atmosphere (e.g., N2) without air or oxygen. It consists of various further
processes, including pyrolysis, gasification, and hydrogenation”. Although the chemical
method is considered an environmentally and economically feasible technique, there are
still some challenges, for example, the complexity of reactions in the pyrolysis process and

the high cost of hydrogen in the hydrogenation process.

In the energy recovery method, the waste plastics are incinerated in a boiler or in
other industrial equipment to produce energy in the form of heat and electricity.

Nevertheless, if incomplete incineration occurs, toxic substances, such as dioxins, furans,
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and others, could be formed and released into the atmosphere, resulting in environmental

issues’®.
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Figure 4. Extrusion process of waste plastic in a single screw extruder’?.

2.1.5 CO; Enhanced Oil Recovery Techniques

The tertiary enhanced oil recovery techniques are widely implemented in

conventional oil fields since more than 50% of the original oil remains in the reservoir after

the primary and secondary oil recovery’” 8, The CO2-EOR is one of the most effective

tertiary EOR techniques 1% 1. The immiscible/miscible CO, flooding are two classical

CO,-EOR techniques. The miscible CO flooding is designed for the reservoir with

pressure above the minimum miscible pressure (MMP) of CO2 and oil. Under this pressure

condition, the injected CO2 completely dissolves into the oil. Part of the COz accumulates

at the interface between the miscible oil/CO2 phase and the aqueous phase, which reduces

the interfacial tension between oil and water’® &, The immiscible CO; flooding is designed

for the reservoir with low pressure and medium/heavy oil components®!. During the
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immiscible CO> flooding, the injected CO2z partially dissolves into the oil, leading to oil

swelling and viscosity reduction® &,

In places where supercritical CO.-EOR is infeasible, in-situ CO> generation can be
used. The In-situ CO2 EOR(ICE) combines chemical and CO2 EORs. This method injects
the chemical agent with water into the reservoir, releasing CO- and other relevant products.
Different chemical agents have been used to apply ICE, for example, ammonium
carbamate, aluminum carbamide, ammonium bicarbonate, and sodium carbonate. Shiau’s
research group used urea(NH2CONH) as the chemical agent since It exhibits a very high
water solubility(1079 g/L at 20°C) and can be safely transported as a solid form or in
concentrate solution with minimum hazard to humans and the environment®. Under the
reservoir condition with a relatively high temperature, urea produces the ammonium
carbamate in the aqueous solution (eq 1.1), and then ammonium carbamate decomposes

into CO2 and NHs (eq 1.2).

NH,COONH, 2 NH,CONH, + H,0 (1.1)

NH,COONH, + H,0 2 2NH; + CO, (1.2)
From Dr.Wang’s® and Sadam’s® study, there are at least four oil-recovery mechanisms in
the ICE process: (1) Oil swelling; (2) Oil viscosity reduction; (3) Water/oil IFT reduction;

(4) Wettability reversal of reservoir rock.

According to the review above, in classical CO2 EORs or ICE, understanding the
effect of CO2 on water-oil interfacial properties is important, especially the effect of CO>

on water-oil IFT, which significantly affects the oil recovery efficiency®-%°,
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2.2 MD Simulation and its Applications
Molecular dynamics simulation involves the application of Newton’s laws of

mechanics at the level of molecules and atoms. Complex structures of interest may be
described with atomic detail or through the coarse-grained approach, where atoms are
grouped for a simplified 3D topology representation. Inter- and intra-interactions are
accounted for, including electrostatic, van der Waals, dipole, and hydrogen bonding (HB)
forces between atoms. Molecular topology and flexibility due to bond stretching, bending,
and rotation are also accessible to MD simulations. With the advancement of high-
performance supercomputing hardware and efficient parallel software, MD simulations can
deal with complex systems of hundreds or thousands of atoms and archive system

evolutions up to microsecond scales.

The theories of MD simulation are quite straightforward. In general, the positions
and velocities of the atoms at the initial state in the system and a description of particle
interactions are needed. The particle interactions determine the forces acting on the atoms,
and with the masses of the atoms known, the accelerations of atoms in the system can be
determined. Positions, velocities, and accelerations are enough to determine the time
evolution of the system. The output of the MD simulation is a trajectory that specifies how
the positions and velocities of the atoms in the system vary with time. The simulated
motion and rearrangements of mixtures of molecules with time allow the study of static
and dynamics of the system, such as the radial distribution function, HB network, viscosity,
and self-diffusion. Other physical properties as a function of temperature and composition

can also be estimated from ensemble averages of a finite number of molecules.
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2.2.1 MD Simulation Algorithms
For a system that has N particles, if r(x, y, z) is used to describe the coordinate of

the particle in the system, then the potential energy of the system is F =
(Fix, Fiy, Fizy o Enx, Fyy, Fyz), Where F = —VV(7), V represents the potential energy.
If the mass of the particle is known as m, the acceleration of particles in the system would

be

_ 1 0V(r) 1 ov(r) 1 ov(r) 1 0v(r) 1 ov(r) 1 ov(r)
- my 0rix 'my 0ryy 'my Or; " my dryx ' my Orny ' my 0Ty,

(2.1)

Next, several algorithms can be used to determine the relationship between r(t) and r(t +
At), such as the verlet algorithm, leap-frog algorithm, velocity verlet algorithm, and others.
For example, if the verlet algorithm is used with Taylor expansion, the r(t + At) can be

expressed as:

r(t + At) ~ r(t) + At (E) + %Atzr(t) (2.2)
7(t) = v(t) (2.3)
r(t),= a(t) (2.4)

The “over dots” represent the first and second derivatives with respect to position, which

are velocity and acceleration. The r(t — At) can be expressed as:
r(t — At) = r(t) — Ati(t) + %Atzr(t) (2.5)
Summing up the above two equations, the new positions and velocities of particles are:

r(t + At) = 2r(t) — r(t — At) + At?a(t) (2.6)
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The details of other algorithms like leap-frog and velocity verlet can be found in the book
published by Frenkel and Smith®.
2.2.2 Force Fields

The force acting on the atom is the negative derivative of its potential energy. For
potential energy calculation, the molecular interaction among the atoms is defined through
a force field. In MD simulation, the force field normally includes bonded and non-bonded
terms. The bonded term describes the intramolecular interactions that include bond

interactions between two atoms(Vy,n4), angle interactions between three atoms (Vg gie),

and dihedral interactions between four atoms(Vyinedrqa), @S Shown in eq 2.8-2.10.

Vbona = Zbonds kfmnd (ri — TO)Z (2-8)
Vangle = Zangles k?ngle(ei - 60)2 (2-9)
Vainearat = Zainearats k™ [1 + cos (n;¢; + ;)] (2.10)

The non-bonded term describes the intermolecular interactions that include the Van
Der Waals (VDW) and the coulombic interactions. VDW interaction describes the
interactions between uncharged particles and is normally determined by the classical
Lenard-Jones potential equation as shown in eq 2.11. The coulombic interaction describes
the interactions between charged particles and could be determined by eq 2.12. The
definition of parameters in eq 2.8-2.12 can be found on the LAMMPS website
(https://www.lammps.org) and the value of parameters depends on the force fields the users

selected.
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2.2.3 Simulation Ensembles
Three main ensembles are often used to constrain the state variables of a system in

MD simulation, namely the microcanonical, canonical, and isothermal-isobaric ensembles.
The microcanonical ensemble is also known as the NVE ensemble. With this ensemble,
the total number of particles(N), the volume of the system(V), and the total energy of the
system(E) are constant in simulation. The canonical ensemble, also known as the NVT
ensemble, can be described as a system with a constant temperature during simulation via
thermal energy transfer between the surroundings and the system. In the NVT ensemble,
the total number of particles, the volume of the system, and the temperature of the system
are constant. Isothermal-isobaric ensemble, or NPT ensemble, is a system that keeps the
temperature constant via energy transfer with the surrounding. In contrast, the volume of
the system can change to match the pressure exerted on the system by its surroundings. In
the NPT ensemble, the number of particles, the system temperature, and the system
pressure maintains constant.
2.2.4 Periodic Boundary Conditions

Periodic boundary conditions (PBC) are used in MD simulations to mitigate
problems with boundary effects caused by the finite size and make the system like an
infinite one. The PBC is commonly applied when users want to compute the bulk properties
of a system. PBC is implemented by repeating the simulation box in all directions so that
a particle moves out of the box; an imaged particle moves into the simulation box to replace
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it. In other words, particles in the simulation box crossing a boundary enter back from the
opposite boundary, as shown in Figure 5. The minimum image convention needs to be
employed in PBD conditions that a given particle interacts with another particle only once,

regardless of the particle itself or its image.
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Figure 5. Schematic of particles moving out and re-entering the simulation box®%. The
black circles represent particles in the simulation box, and the white circles represent
their periodic image in other unit cells.

2.2.5 Molecular Dynamics Simulation of Asphalt Materials
Molecular dynamics has become an active area of research on asphalt and a

valuable tool with many papers appearing over the last 5 years®?. Simulations became
possible as chemists suggested specific examples of chemical compounds in asphalt, like
the SARA fractions theory introduced before. Researchers then created representative

structures to enable the application of MD to the study of asphalt.

Early work focused on asphaltenes and their aggregates to determine viscosity and
viscoelastic properties. Pacheco-Sanchez et al.®® used 4 structures representative of

asphaltenes to investigate their orientations within aggregates. Later work on molecular
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orientation by Zhang and Greenfield® placed asphaltenes in a more realistic environment
with compounds selected for each saturate, aromatic, and asphaltene fractions. Specifically,
their compounds were n-docosane (C22), 1,7-dimethynaphthalene, and either of two
asphaltenes proposed by Artok et al.® or by Groezin and Mullins®. Building on Mullins’s
asphaltene molecules, Zhang and Greenfield®* and Li and Greenfield®’ progressed from a
C22-alkane and 1,7-dimethylnaphthalene model mixture with 2 asphaltenes to one
containing a total of 12 representative molecules. These component systems with actual
chemical structures have served as a platform to launch MD simulation studies on the
properties of asphalt. One can vary composition with selected combinations of molecules

from this basis set to simulate asphalts with desired SARA fractions.

Wang® expanded the above set with additional aromatic, resin, and asphaltene
molecules. These systems provide a consistent framework for investigating the properties
and performance of asphalt in different situations. For example, self-healing is of great
importance as cracks evolving from microcracks can lead to the failure of pavements.
Using Zhang and Greenfield’s 3-component model structures and others proposed by
Jennings®®, Bhasin et al. employed MD simulation to investigate diffusion across a
microcrack and better understand self-healing in asphalt®. That included, for example, the
effect of SARA composition on the self-healing property. Taking an unusual approach to
micro-healing study, Sun et al. carried out MD simulations by constructing a single
“average molecule” for asphalt, thereby implicitly treating asphalt as a pure compound*°?.
A single structure would seem likely to fail in capturing the entropic complexity of a
multicomponent system and thus be unable to capitalize well on the ability of MD to
investigate the effects of temperature.
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Notwithstanding, the researchers concluded that the optimal temperature range for
self-healing was 40.3-48.7 °C. MD simulation has also been used to investigate the
formation of nano-aggregates of asphaltenes. Samieadel et al. found that nano-aggregates
of a polycyclic aromatic asphaltene were reduced on the addition of undecane wax,
providing possible insight into the underlying mechanism by which commercial wax
products function as a warm mix asphalt additive!®. MD has examined many other

properties, including glass transition temperature, viscosity, bulk modulus, and adhesion®®

104

In addition to studying virgin asphalt, many groups have looked at asphalt aging
with MD simulation. The sophistication of these simulations has improved as better
representations of virgin asphalt with model compounds appeared. Most reports emphasize
oxidation as responsible for changes in physical properties with aging, though some
consider changes in SARA composition with volatilization. Ding et al. employed Zhang
and Greenfield’s 3-component model to study aging and the diffusion of the rejuvenator in
RAP and virgin binders®. To account for aging, the number of C22 maltene molecules in
the simulation was reduced, and the number of asphaltenes increased. This failed to

consider the key factor of oxidation by modifying structures with oxygen atoms.

An early MD study with oxidation was carried out by Tarefder et al. using a system
comprised of only 3 structures taken from the literature, the asphaltene of Groezin and
Mullins and two resin species based on Venezuelan crude oil'®. Saturates were not
included, apparently based on the recognition that most of the oxidation is known to occur
in the polar resins and asphaltenes. They investigated the glass transition temperature (Tg)

with oxidation. Above Tg, asphalt is more deformable, which is interesting because some
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have suggested that it is tied to low-temperature cracking. Tg can be found as a
discontinuity in the rate of change of specific volume with temperature. Tarefder increased
the number of oxygen atoms in the asphaltenes and resins from 0.1% to 1%, 12%, 23%,
and 46.5%. They found that oxygen levels below 20% did not affect glass transition
temperature and decreased with higher percentages. A shortcoming of Tarefder et al’s work
was the absence of a description of oxidation states and functional groups present. Oxygen
functionalities differ from one to the other. Interaction between molecules having more

polar hydroxyl or acid groups will be substantially different from those with ketones.

Other researchers advanced the model for aged asphalt by “oxidizing” the Li-
Greenfield set of 12 molecules. In these new models, investigators created sulfoxides and
ketones, thereby indicating an appreciation of the known relationship of viscosity to the
two functional groups®®” 1%, The placement of ketones in the design of oxidation products
was guided by chemistry. In particular, Dorrence et al. noted the susceptibility of benzylic
hydrogens to oxidation to form ketones!®® so that all secondary benzylic carbons for all
structures were converted to a ketone moiety. This fits nicely with the known relative
reactivity of resins and asphaltenes being much greater than that of the naphthenic aromatic
and saturate fractions [37:42:7:1]. Later, Chang et al.!'® developed a new aged asphalt
model containing more oxygen-containing functional groups such as anhydrides,
polynuclear aromatics. A central feature of their aged asphalt model is consideration of
oxidation chemistry and reported functional group concentrations. Its details are introduced
in chapter 3. This produced a set of base molecules mixed in different combinations by
several researchers to simulate different aged asphalt samples according to SARA
composition.

25



For example, Pan and Tarefder showed oxidation resulted in greater strength of
intermolecular bonds with an increase in density, viscosity, and bulk modulus't. Qu and
colleagues performed MD with the same base set to propose correlations between micro-
and macroscopic properties*'?. G. Xu et al. found that oxidation increased the density and
viscosity while decreasing the self-diffusion coefficient of asphalt®. G. Xu et al. also
conducted MD simulations of their model compounds selection to investigate the
rejuvenator's diffusion into a binder with RAP species'*®. These studies help demonstrate

the potential of molecular dynamics for studying aged asphalt.

2.2.6 Applications of MD in Petroleum Engineering

MD simulation has been used in different research fields in the petroleum industry.
For example, the researchers employed the MD simulation to investigate the
thermodynamic properties of natural gas under conditions with ultra-high temperature or
ultra-high pressure that couldn’t be achieved in the laboratory. In addition, due to the lack
of experimental data under ultra-high temperature and ultra-high pressure conditions, the
reliability of the classical equation of state cannot be validated and used to compute the
properties of natural gas. Therefore, Aimoli et al.}** used MD simulation to determine the
viscosity, self-diffusion coefficient, and thermal conductivity of pure methane and pure
carbon dioxide under an ultra-high pressure condition of 800 MPa. Jin et al.! used MD
simulations to predict the densities of pure alkanes, methane-propane mixtures, methane-
butane mixtures, and pure hydrogen sulfide under ultra-high temperature and ultra-high
pressure conditions. With the energy consumption increase, solid mineral resources are
constantly exploited, for example, lithium resource in oil/gas field brine'*®. Kumar et al.*1¢

used MD simulation to study the LiCl in water and methanol. They studied the molecular
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interaction between LiCl with solvents via radial distribution function, void and neck

distributions, and other properties.

Furthermore, the MD simulation has been widely used to study the gas/oil phase
behavior in shale formations. The amount of adsorbed gas on the shale matrix surface and
dissolved gas in the shale matrix is a significant factor in the long-term productivity of the
shale reservoir. Although experimental measurements have been carried out to investigate
the gas adsorption and diffusion properties in the shale matrix, they cannot detail the
microscopic transport mechanism of shale gas during the gas production process. MD
simulation can accurately visualize the gas adsorption/desorption and diffusion processes
in the shale matrix, which is why the MD simulation has been extensively used to study
shale gas in the past decade. The shale matrix contains two parts, non-organic matter
(montmorillonite, illite, kaolinite, quartz, calcite, and others) and organic
matter(kerogen)!*” 118 poth of which have been constructed to study the

adsorption/desorption, diffusion behaviors of shale gas via MD simulation.

For non-organic matter, Xiong et al.**® constructed a molecular model of a quartz
slit based on oxygen and silicon atoms (shown in Figure 6A) to study the methane
adsorption in quartz slits. They found that the interaction force between methane molecules
and the pore wall is why methane molecules could be adsorbed. The interaction force
between the methane molecule and the pore wall decreases as the distance between them
increases. Sharma et al.'?° built a montmorillonite slit model based on silicon, aluminum,
oxygen, and hydrogen atoms (as shown in Figure 6B) to study the effects of slit width and
pressure on the adsorption of methane and ethane. They found methane molecules could

only form a single adsorption layer on the pore wall, while ethane could form a second
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adsorption layer. When methane and ethane are mixed in the slit, the pore wall prefers to
adsorb ethane than methane, but this preference decreases with pressure or pore width.
Zhai et al.*?! studied the effect of different formation depths on methane adsorption by
constructing a montmorillonite slit model. They found that increasing burial depth slightly
increased the methane adsorbed in the pore wall. When the burial depth is about 5 km,
methane molecules have the largest diffusion coefficient in the slit pore, so they believe
that for shale gas exploitation, the most reasonable burial depth is 3-5 km. Zhang et al.*??
studied the competitive adsorption between methane and ethane in an illite pore model. At
low pressure, the adsorption capacity of ethane on the pore wall is higher than methane on
the pore wall. With the increase in pressure, the increase of methane adsorption on the pore

wall is higher than the increase of ethane adsorption on the pore wall.

(A) (B)

Figure 6. (A) white: methane molecules, red and yellow: quartz slit pore. (B) red:
methane molecules, colorful atoms: montmorillonite slit.
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The study of shale gas in organic matter can be divided into two categories via MD
simulation. The first category is to construct a simple graphene slit or carbon nanotube
representing organic matter; the second is to construct realistic kerogen models. Graphite
slits and carbon nanotubes are mainly composed of carbon atoms. The components of the
realistic kerogen model consist of carbon, hydrogen, a small amount of oxygen, sulfur, and

other atoms.

To study the shale gas in slit pore structure, Yang et al.1?® determined the methane
isotherm adsorption curve and density distribution curve in graphite slits with different
widths, as shown in Figure 7A. By studying the adsorption capacity of methane in
graphene slits with different widths (Figure 7B), Li et al.}?* found that when the width of
the graphene slit is less than 2 nm, all methane molecules would be adsorbed on the slit
wall. Wang et al.'?® studied the adsorption of shale oil with different components in slits,
as shown in Figure 7C. They found that the number of adsorption layers of shale oil on
the pore wall mainly depends on the width of the slit pore and the composition of shale oil.
They found that the heavy oil components are more easily adsorbed to the pore wall. Wu
et al.1?® simulated using the COzand N2 molecules to displace adsorbed methane molecules
in the slit pore, as shown in Figure 7D. They found that the displacement mechanisms of
these two gas molecules for methane molecules are different. CO2 gas molecules directly
occupy the position of adsorbed methane molecules on the pore wall, while N2 gas
molecules displace adsorbed methane by reducing the partial pressure of methane

molecules on the pore wall.

29



:.?;‘:b{c":';W' AL g O SRR I R S S
PRI B N S e
(A) (B)
IS D agioes b swogme 0 0.9
b'oo’n’tﬁmo s oo
ORI G on Beopregyme o

53080 M %3 S0 BP L 0ol
o &0 20000 o D00 B 0o Gn¢

®CO, ®CH, oN,

(C) (D)

Figure 7. (A)(B) blue: methane molecules, red: slit pore. (C) black: slit pore, red: alkane
molecules. (D) black: slit pore, colorful: different gas molecules.

Besides the slit models concluded above, the nanotube model has also been widely
used to study the shale gas behaviors in organic matter. For example, Zhang et al.?’ studied
the adsorption and diffusion of CO, and methane in carbon nanotubes at different burial
depths (2-4 km), as shown in Figure 8A. They found that the adsorption of methane and
CO- belonged to the physical adsorption and 2 km is the optimal depth for producing shale
gas. Combining the local density theory and MD simulation, Chang et al.*?® 12 studied the
local density distribution of natural gas in cylindrical shale nanopores. They found that as
pressure increased, more adsorption layers of natural gas would present on the pore wall.

Ohba et al.**° found that the amount of methane adsorbed increased as the width of the
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carbon tube decreased. In addition, they found that the methane molecules would appear
as clusters in the pore with a large width (Figure 8B). Yuan et al.**! added two layers of
carbon plate on the sides of a carbon nanotube and visualized the methane displacement by
CO2 as shown in Figure 8C. They found that as the simulation time increased, the methane
molecules were gradually displaced out of the nanotube, which could make at least 14.78%

extra methane production. Zhu and Zhao'*

used a similar model shown in Figure 8D to
study methane adsorption. They found that when the pore width was less than 1.2 nm, the
amount of adsorbed methane significantly increased as the pore width increased. When the

pore width was greater than 1.2 nm, the amount of adsorbed methane decreased fast as the

pore width increased.

Figure 8. (A) red and white: methane and carbon dioxide molecules (B) blue and red:
methane molecules (C) red: carbon dioxide molecules; dark blue: methane molecules (D)
shallow blue: methane molecules.
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In addition to simple slit or nanotube models, researchers developed realistic
kerogen models for representing organic matter. Ungerer's group**® developed kerogen
models based on different H/C ratios, including one type-I1, four type-Il, and one type-III
kerogen (see Figure 9). Their kerogen models were widely used to study the gas in the
shale matrix. For example, Zhao et al.®** studied the effect of water content on the
adsorption of methane in I1-D kerogen. The results show that kerogen was more inclined
to adsorb water molecules than methane molecules. The water content on the kerogen
would significantly affect the amount of methane adsorbed on the kerogen. Michalec et
al.!® constructed 11-D the kerogen matrix to study the competitive adsorption between
methane, ethane, and propane in the matrix. The results show that the kerogen is more

inclined to adsorb propane molecules among the ethane and propane molecules.

The roughness of shale formation is another factor that could affect shale gas
behavior. Stephane and Firoozabadi'® used the 11-A kerogen model to construct a smooth
slit pore. Then, they used the different numbers of nitrogen atoms covering the slit surface
to represent the different degrees of pore wall roughness. They found that the roughness
had a large effect on the adsorption of methane. The high degree of roughness would
largely weaken methane adsorption on the pore wall. At pressures greater than 40 atm, the
methane molecules would form a second adsorption layer on the smooth slit wall, but not

on the rough slit wall.
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Figure 9. Six molecular models were developed for representing kerogen Type-I, 11, and
[11 from Ungerer's research group.

Similar to slit and nanotube models, researchers also studied the shale gas
displacement with CO; injection in realistic kerogen. According to studies by Zhou et al.**’,
Borujeni et al.13, Pathak et al.1®, and Wang et al.}*> 41 it has been found that kerogens
preferred to adsorb CO: rather than methane because of CO>'s stronger permanent
quadrupole moment. However, the kerogen's preference for adsorbing CO2 molecules
would be weakened as pressure increased. However, when the pressure exceeded the
critical pressure of CO., the preference adsorption behavior would no longer be affected as
pressure increased. In addition, decreasing temperature and increasing pressure would
increase the amount of gas mixture adsorbed on kerogen. Finally, if water was presented,
water molecules tended to be adsorbed in the kerogen matrix and reduced methane/ CO>

mixture adsorption in the kerogen matrix.
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Chapter 3: Model Development and Study of Aged Asphalt

3.1 Introduction
Understanding the aging effect on the microstructure and macroscopic properties

of asphalt provides an essential reference for its rejuvenation. In the laboratory, the
microscope scanning tools, such as the atomic force microscope, transmission electron
microscope, and scanning electron microscope, have been regularly utilized to study the
surface microstructure of aged asphalt’*?. Yet, there are two limitations to using these
scanning tools. Firstly, different processes of preparing the asphalt sample could yield
different results and conflicting outcomes'**148, For example, Kuang et al.**” found that
the size and the density of “bee-structure” in asphalt increased after aging, while Zhang et
al.}*8 found that the density of “bee-structure” in asphalt decreased after aging. Secondly,
there is controversy about whether the microstructure observed on the asphalt surface can

represent its internal structure or not 49150,

Computational studies such as MD simulation can overcome some limitations of
the microscope scanning tool on asphalt. In addition, MD simulation can reveal structural
details, dynamic evolutions, and composition-property dependence of asphalt mixtures.
The construction of an aged asphalt model that can capture the nature of real aged asphalt
significantly affects the reliability of the microstructure analysis of asphalt. As shown in
Figure 10, Greenfield and co-workers proposed virgin asphalt models of 12 representative
molecules by selecting n-docosane (C22), 1,7-dimethyl naphthalene, and asphaltenes
recommended by Artok et al.*® and by Groezin and Mullins®. Later, Wang and co-workers
expanded the set with more aromatic, resin, and asphaltene molecules. These molecular

structures have served as a platform for investigating the properties and performance of
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virgin asphalt in different situations® 1%0-1%4 More importantly, one can vary composition
by combinations of molecules from this basis set to simulate new experimental asphalt
samples with desired SARA fractions. Six functional groups have been identified as the
product during asphalt oxidation. These include ketones, sulfoxides, anhydrides,
carboxylic acids, alcohols, and polynuclear aromatics®* ', Therefore, Xu el al.?!, Pan and
Tarefder'*! added ketone and sulfoxide functional groups on the asphalt molecules to
represent aged asphalt molecules. M. Xu et al. **? recently developed an oxidized asphalt
model to include alcohols and ketones. Xu et al., Pan and Tarefder used their aged asphalt
models to study the effect of aging on the physical, and rheological properties of asphalt,

such as viscosity, self-diffusion, and moisture resistance.

However, there are some issues with the aforementioned aged models. At first, the
absence of other oxygen-containing functional groups is a limitation, such as anhydrides,
carboxylic acids, and polynuclear aromatics. Second, one of the structures resulting from
simply converting all secondary benzylic carbons to ketone without considering organic

chemistry?! !

should be revised. The diketone structure of their oxidized asphaltene-
pyrrole is doubtful since oxidation of the first ketone will almost certainly cause the
conversion to the phenol tautomer with the favorable formation of an aromatic ring.

Therefore, in this chapter, a new aged asphalt model is developed and used to study the

effect of aging on the properties of asphalt.
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Figure 10. Virgin asphalt model and its composition molecules: Li and Greenfile®’
(black); Zhang and Greenfield®* (blue); Wang et al. * (red).

3.2 New Model Development
The principles used to construct the oxidized asphalt model are introduced below. In

general, like in the previous studies®! 1!, the functional groups are added to the right sites
on the virgin asphalt molecule to represent its oxidation. From Petersen’s scheme®®3,
asphalts oxidize in two phases, a fast reaction and a slow reaction. The fast reaction phase
involves the aromatization of polycyclic structures like resin G (Figure 10) with byproduct
hydrogen peroxide or other peroxide intermediates acting to oxidize thioethers to
sulfoxides. The slow reaction phase proceeds through forming the hydroperoxide of
tertiary benzylic species, which can yield ketone and alcohol or benzylic alcohol and other
oxidation products such as sulfoxide. While this is correct, the literature indicates that

ketone is a minor product. The thermal free radical decomposition of the tertiary benzylic

hydroperoxide formed from cumene yields over 80% of the alcohol product. Therefore, the
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tertiary benzylic sites in Aromatic A, Resin E, Resin F, and Asphaltenes A-E (Figure 10)
are converted to alcohol. Most of these sites exist in the resin and asphaltene fractions in
line with the fact that they have a much higher susceptibility to oxidation than the aromatic
fraction.

Dorrence et al. found strong evidence for oxidation yielding ketones at the benzylic
position'®. In addition, it was noted that the ketone products are mainly from the slow
phase degradation of the tertiary benzylic hydroperoxide. This is because the
hydroperoxide degradation mainly yields the alcohols, not the ketones. Thus, in this chapter,
the ketone moieties were only created from the secondary benzylic carbon molecules of
the virgin asphalt molecules. The secondary benzylic sites on the asphaltenes and resins
were the first choice since the asphaltene and resin fractions are highly susceptible to
oxidation. Then some of the sites on the aromatics were selected. To account for ketones,
the secondary benzylic carbon sites were converted in these molecules: Aromatics A and
C, Resins A, B, E, and F, and Asphaltenes A, B, D, and E.

Primary benzylic carbons in the virgin asphalt model offer a site for carboxylic acids
and anhydrides. A methyl substituent with benzylic hydrogens on an aromatic ring can be
oxidized to the aldehyde and a carboxylic acid group. Aldehydes in the air are readily
converted to the corresponding carboxylic acid. Hence an aryl methyl group or primary
benzylic carbon on Aromatic A was envisioned as being oxidized to the aldehyde. Adjacent
aryl methyl structure on Resins B and D created sites for the anhydride moiety reported for

aged asphalt.
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Thioethers and thiophenes (Aromatic C, Resins B, C, F, and Asphaltenes C, D, F) were
oxidized to sulfoxide. Asphalt contains multiring molecules with both aromatic and
aliphatic portions (Resin G) that can be oxidized to a polynuclear aromatic species.

The newly developed aged asphalt model contains 14 oxidized asphalt structures, as

shown in Figure 11.
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Figure 11. Representative molecules for oxidized asphaltene, resin, and aromatic in
newly developed aged asphalt model.

At 1 atm and 404 K, Petersen and coworkers®* reported the functional group
concentrations from four aged asphalt samples (approximately 5 years service time) taken
from widely disparate sources. Values were nominally 0.60 mol/l ketone, 0.27 mol/Il
sulfoxide, 0.023 mol/l anhydride, and 0.0068 mol/l carboxylic acid. No data was reported
about the level of alcohol moiety. However, based on details in the dual oxidation
mechanism, it was expected to be in the same order as the sulfoxide. By adjusting the
number of virgin and aged asphalt molecules from Figure 10 and Figure 11, an aged

asphalt model was constructed and named it Model-1. The composition of Model-1 is
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provided in Table 1, with the SARA mass fraction of 17% saturates, 36% aromatics, 33%
resins, and 14% asphaltenes. At 1 atm and 404 K, Model-1 has concentrations of 0.60, 0.28,
0.38,0.027, and 0.0090 mol/I for ketone, sulfoxide, alcohol, anhydride, and carboxylic acid,
respectively. These functional group concentrations agree with the ones that Peterson’s
study reported. Figure 12 shows the initial configuration of Model-1 in MD simulation. In
addition, By removing all the oxygen-containing functional groups in Model-1, a virgin
asphalt model was constructed to represent the virgin state of Model-1 and named Model-

0.

Figure 12. Initial configuration of Model-1: blue, virgin asphaltenes; purple, virgin
resins; yellow, virgin aromatics; light pink, saturates; green, aged asphaltenes; orange,
aged resins; dark pink, aged aromatics.
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Table 1. SARA compositions of aged asphalt model

Saturates  Asphaltenes O-Asphaltenes Resins O-Resins  Aromatics O-Aromatics

Al7 A2 A2 A3 Al4 A 16 Al
B 24 B4 B2 B8 B2 B 17
C4 C1 C3 C2 C19 C1l4
D1 D2 D4 D1 D 20
E1l E1l E4 E9 E21
F5 F6 F 18
G2 G7

3.3 Simulation Details
The OPLS-AA force field has successfully described interactions of asphalt

systems®’ 94 104,154,155 ‘and thus is adopted in this research. The force field parameters are
available from publications of Li and Greenfield, Sun and Wang, and Jorgensen et al. °":
154, 156-159 " For those newly developed aged asphalt molecules, those alcohol, ketone, and
sulfoxide functional groups are also described by the OPLA-AA force field. The force field
parameters of anhydride and carboxylic acid functional groups were referenced to the work

of Ponnichamy*®® and Kamath?®?, respectively.

All simulations were performed using a large-scale atomic/molecular massively
parallel simulator (LAMMPS, 3 Mar 2020 version). The molecules were randomly placed
in a cubic simulation box with a length of 10 nm via the PACKMOL software. Periodic
boundary conditions were applied in X, Y, and Z directions. A cutoff of 1.5 nm was set for
the non-bonded interaction, while the long-range electrostatic interaction was calculated
by the PPPM method. The time steps from 0.1 to 1.0 fs were used at different simulation

stages. For Model-0 and Model-1, an entire trajectory of 40 ns has been collected at the
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NPT ensemble, with a time step of 1 fs, under 298 K/404 K and 1 atm. Several physical
properties of Model-1 were computed, and compared their values with other aged asphalt
samples from published papers at 298 K for model validation. The RDFs, shear viscosity
and self-diffusion of Model-1 and Model-0 were determined to study the aging effect on
the macroscopic properties of asphalt at 404 K.
3.4 Computational Properties of Asphalt

This chapter concludes all the asphalt properties computed for research. All of them
are calculated directly or indirectly based on the different output data from MD simulations.
3.4.1 Radial Distribution Function

The radial distribution function (RDF) can be an important measure of the
microstructure of asphalt because it can indicate how molecules are packed together. In
other words, it can be used to analyze the molecular interaction between molecules in the
asphalt. The RDF defines the normalized probability of finding a particle at a distance r

away from another particle, which is expressed as:

g(r) = lim - (3.1)

dr—0 4T Ppy T2 dr

In eq 3.1, g(r) is the RDF, p(r) is the average number of particle pairs located between
distance r and r + dr , and pp,; represents the bulk density of particle pairs in the
simulation box.
3.4.2 Viscosity

Several methods have been developed to computationally determine the shear
viscosity of a fluid in MD simulation. They fall into equilibrium molecular dynamics

(EMD) and nonequilibrium dynamics (NEMD). Green-Kubo (GK) method is the most
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widely used EMD method that results from a pressure-tensor autocorrelation calculation.
The SLLOD algorithm is the typical NEMD method in which shear viscosity is determined
from the ratio of the shear stress to the velocity gradient. This chapter employed EMD-GK

and NEMD-SLLOD to determine the shear viscosity of asphalt models.

In the EMD-GK method, the shear viscosity is determined through the integral of

the pressure-tensor autocorrelation function over a correlation length®2,
14 co
p= Efo < Pj(0)P5(t) > dt (3.2)

Where Pii- is the off-diagonal pressure tensor of element ij, V is the volume of the system,

T is the temperature, k is the Boltzmann constant, t is the time, and the angle bracket means
the ensemble average. From the EMD-GK equation, theoretically, the pressure-tensor
autocorrelation function (ACF) will converge and decay to zero in the long-time limit (long
correlation length), and its integral will achieve a plateau or be a constant value that

corresponds to the predicted shear viscosity.

NEMD-SLLOD method could avoid the high computational cost associated with
the EMD method.1® 4 With the SLLOD method, the shear viscosity is estimated by
imposing a Couette flow to the fluid. A shear field is specified to manipulate the boundary
of the simulation system and measure the shear viscosity via the off-diagonal component

of the pressure or stress tensors. The fundamental equation of the SLLOD method is:

u@) = =24 (3.3)

T
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where P;; is an off-diagonal component of the stress tensor, and 7 is the applied shear rate. i

is the flow direction induced by the imposed shear, whereas j is the direction normal to the
flow direction.
3.4.3 Self-diffusion Coefficient

The self-diffusion coefficient of asphalt can be derived from its mean-squared
displacement (MSD). MSD normally is used to indicate the translation mobility 3! and its’

generic formula is as follows:
MSD(t) =< |r;(t) — r;(0)|? > (3.4)

Where r;(t) is the position of particle i at time ¢t, r;(0) is the position of particle i at the
initial time (t=0) and the angular bracket represents the ensemble average. The self-
diffusion coefficient(D) with Fickian diffusion can be derived from the MSD via the

equation:
. 1
D = tangoaMSD(t) (3.5)
3.4.4 Cohesive Energy Density and Solubility Parameter
The cohesive energy density (CED) equals the mutual attractiveness of all
molecules in the asphalt per unit volume®®*, which can be determined through the equation

below. The solubility parameter is defined as the square root of CED. It assesses the degree

of attractive interaction between molecules inside the asphalt.

Eintra — Etotai (36)

CED =
4
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Where Ej,.rq and E;oq; are the intramolecular energy and total energy of the asphalt at

its equilibrium state at a specified condition.

3.4.5 Surface Free Energy
Surface free energy (SFE) describes the work needed to extract the molecules from

the bulk asphalt to form a new area of the surface. At the macroscopic level, SFE reflects
the ability of the asphalt to crack and form a new surface!®®. The larger SFE indicates the

increased brittleness of the asphalt'®®. The SFE is determined through the equation below!€®,

ra:(Econfined — Epuix) /24 (3.7)

Where 7, is the SFE, E oy fineq and Epy are the potential energy of the asphalt confined

and bulk models at specified conditions (as shown in the figure below). A is the area of the

surface perpendicular to the Z direction in the confined model.

Vacuum

Bulk model Confined model

Figure 13. The example of bulk and confined models of asphalt in MD simulation.
Black: asphalt molecules.
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3.4.6 Mechanical Properties
Bulk modulus(K) defines the ability of a material to resist uniform compression, which

IS the basic property of asphalt. In this dissertation, the bulk modulus is computed as the

quotient of the normal stress to the volumetric strain of asphalt. The generic equations are

shown below:
Exx = Eyy = &;; = £0.005 (3.8)
A= exx + &)y + €5 (3.9
3.10
O-average = § (Sxx + gyy + gzz) ( )
O'average (3-11)

K =
A

€ is the strain in all three directions, o is the normal stress applied in the three directions.

K is the bulk modulus.

Shear modulus(G) is the ratio of shear stress to shear strain, which characterizes the
ability of materials to resist shear strain. The shear modulus of asphalt can be related to the
field performance of asphalt pavement. The equations for computing the shear modulus of

asphalt are:

T
G ==2 1, =+0.005 (3.12)

Txy

Where G is the shear modulus, ., is the shear stress applied on the simulation box through

the X-Y direction and ., is the shear strain in the X-Y direction.

Poisson’s ratio is used to measure the “Poisson effect” which describes the
deformation of a material in directions perpendicular to the direction of pressure loading.

The Poisson’s ratio (v) of asphalt is determined by using its bulk and shear modulus:
45



3K — 2G (3.13)

VT 6K + 26

3.4.7 Glass Transition Temperature
Asphalt is a temperature-sensitive material. As the temperature increases, the

behaviors of the asphalt can be divided into three stages, Newtonian-flow state, viscoelastic
state, and vitrification state. The Tg is the temperature when the asphalt changes from the
viscoelastic state to the vitrification state. At the macroscopic level, the glass transition
process defines a reversible change of asphalt from a rubbery state to a brittle glass state,
which significantly affects the properties of asphalt. The glass transition temperature can
be determined at the intersection where two asymptotes intersect in the curve of the specific

volume of asphalt versus the temperature!®®, Figure 14 shows a Tg value determined for

Model-1.
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Figure 14. The specific volume of Model-1 at different temperatures. The Tg value could
be determined at the intersection as shown in the figure.
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3.4.8 Density
The density is an important and basic property of asphalt. In MD simulation, it can

be determined through:

p = Mm% (3.14)
NpaVv

Where N,, is the number of molecules in the asphalt, MW is the molecular weight of the
molecule, V is the volume of asphalt, and N, is Avogadro’s number.
3.4.9 Adhesion Between Asphalt and Aggregate

The adhesion energy (E_adhesion) can be used to quantify the bonding strength
between the asphalt and aggregate. The bonding strength between the asphalt and aggregate
significantly relates to the resistance of the asphalt mixture to fracture-related failure
behavior and durability*®’. Silicon dioxide (SiO,) is one of the most common components
in mineral aggregates. Therefore, the SiO> molecule was used to build the aggregate. One
unit cell of SiO- is shown in the figure below, which has lattice parameters of a = b =
4913A, c=5.405 A, a= p=90°, and y=120°. A single unit cell of SiO, was first cleaved in
the [0,0,1] direction and then followed by a geometry transformation for making o=
B=y=90°. Finally, by repeating the single unit cell in x, y, and z directions(supercell), a
three-layers aggregate with the same length and width as the equilibrium vacuum asphalt

model was constructed as shown in Figure 16(b).
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Figure 15. A single unit cell of SiOz, red: oxygen atom, brown: silicon atom.

The Eggqnesion Was determined through the equations shown below.

Eadhesion = Etotal - (Easphalt_vaccum + Eaggregate) (3-15)

Waanesion = AEinterface/A (3.16)

where Eanesion 1S the adhesive interaction energy between asphalt and aggregate; E;ota:
is the total potential energy of asphalt/aggregate system at equilibrium state with 298 K as
shown in Figure 16(c); Egsphait vaccum aNd Eqggregate @re the potential energies of
asphalt and aggregate separately in the vacuum at the equilibrium state with 298 K as
shown in Figure 16(a,b); A is the area of interface between the asphalt and aggregate.

W anesion 1S the adhesion energy per unit area of the interface.
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Figure 16. (a) vacuum asphalt system, (b) SiO. aggregate, (c) asphalt/ SiO2 aggregate
system. Red: oxygen atom, brown: silicon atom, black: asphalt molecules.

3.5 Results and Discussions

3.5.1 New Model Validation
Several physical properties of Model-1 were calculated to compare with available

reports and further validate the model development of oxidized components. The results

are provided in Table 2. All properties were calculated at 298 K, the same temperature as

the references.

Table 2 shows that satisfactory agreements have been achieved for all properties.
In addition, at 1 atm and 403.15 K (130 °C), Petersen and coworkers®* reported the
functional group concentrations of real aged asphalt models. Average values were
nominally 0.60 mol/l ketone, 0.27 mol/l sulfoxide, 0.023 mol/l anhydride, and 0.0068 mol/I

carboxylic acid. The functional group concentrations of Model-1 at 404 K were calculated
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and the values were 0.55 mol/l ketone, 0.26 mol/l sulfoxide, 0.025 mol/l anhydride, and

0.0083 mol/l carboxylic acids, which are consistent with the reported values by Petersen.

Table 2. Properties of Model-1 at 298 K and 1 atm.

Calculated Property This work References

Density, g/cm® 0.94 0.95-1,08IEL 112, 165, 169]
Self-diffusion,x 10™° cm? /s 4.5 2.0-6.0170

Surface free energy, mJ/m? 87 30-7903L.171,172]
Cohesive energy density, x 108 J/m3 3.7 3.2-4,01165, 168, 171, 173, 174]
Bulk modulus, GPa 4.5 430174

Shear modulus, GPa 1.1 0.71274

Poisson’s ratio 0.38 0.20-0.501L75-277]
Adhesion of asphalt/quartz, mJ/m? 88.24 23.31-100.61168. 173, 178]
Glass transition temperature 317.5 267.06-350.5[168. 169, 179]
Solubility, (J/cm3)*/2 19.2 18.1-19.50154 169, 171]

3.5.2 Self-diffusion and Viscosity
Viscosity and self-diffusion are two particularly important properties of asphalt.

The viscosity of asphalt affects aggregate coating at the hot mix asphalt plant and
compaction at the site of lay down. Separately, molecular self-diffusion across the crack
interface is one of the healing mechanisms of asphalt. The aging of asphalt increases its
viscosity and decreases its self-diffusion, which makes the asphalt crack easily and reduces

its self-healing rate.

The self-diffusion coefficient and viscosity are calculated under 404 K and 1 atm,
which is a condition for asphalt compaction on the road. The EMD-GK method was first
used to determine the zero-shear viscosity of Model-1. Two parameters in the GK method

significantly affect the accuracy of the predicted shear viscosity value. They are sample
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interval and correlation length. The sample interval should be relatively small, so pressure
tensor components can be written out frequently enough and accurately estimate the time
integral'®. Based on suggestions from Maginn’s study*®, the sample interval was set as
10 fs. The correlation length should be long enough to achieve the integral plateau of ACF.
A correlation length of 500 ps was used to determine the zero-shear viscosity of Model-1
at first upon three independent cases. The integral of ACFs is shown in Figure 17A. It is
not clear that the convergence plateau region shows up in the ACF integral of all cases.
The ACF integrals of case 2, case 3 and average case look like almost reaching their plateau
region. In Figure 17B, the correlation length was increased from 500 ps to 2000 ps. It can
be observed that only ACF integral of case 2 has a clear plateau region and other 2 cases

still need a long time to converge.
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Figure 17. Integral of ACF of three independent cases and their average case. (A) 500 ps
correlation length (B) 2000 correlation length.

Van-Oanh et al.!8 found that the viscosity convergence plateau can be reached only

if the correlation length is much longer than the relaxation time of the system. The asphalt
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system consists of complex and heavy molecular-weight molecules so its relaxation time
is quite long, especially under low-temperature conditions. Zhang and Greenfield*? found
the relaxation time of their asphalt system is about 7.5 x 103 ns at 358.15 K and about 0.24
ns at 443.15 K. | didn’t calculate the relaxation time of my asphalt models. However, |
believed it should be longer than the relaxation time of Zhang’s asphalt system because the
asphalt models developed in this research are much more complex than Zhang’s asphalt
model. It is necessary to significantly increase the correlation length for having a reliable
viscosity result, but this will largely increase the computational cost. Hence, due to the high
computational cost of using the EMD-GK method, the GK method was finally abandoned
in this dissertation to determine the shear viscosity of asphalt models. The final result of

the shear viscosity of Model-1 via the GK method is not reported since it is unreliable.

The NEMD-SLLOD method could avoid the high computational cost associated
with the EMD-GK method. Fallah et al.’® and Lemarchand et al.'® found that by using
the SLLOD method to determine the shear viscosity of the asphalt, the low shear rate might
result in an inaccurate viscosity result. Therefore, for the shear rate lower than < 1E8 (1/s),
its shear viscosity value was averaged over 20 independent cases. For the shear rate
between 1E8 and 1E9 (1/s), its shear viscosity value was averaged over 10 independent
cases. For the shear rate larger than 1E9(1/s), its shear viscosity value was averaged over
5 independent cases. The shear viscosities of Model-0 and Model-1 versus shear rates are
shown in Figure 18(A). The MSDs of Model-0 and Model-1 are shown in Figure 18(B),
and the corresponding self-diffusion coefficients are 6.79E-07, and 2.81E-07 (cm?/s). It is
clear that the oxidation of asphalt decreases its self-diffusion coefficient and increases its
viscosity. These findings are consistent with the previous studies®® 1%,
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Figure 18. (A) shear viscosity versus the shear rate of Model-0 and Model-1. (B) MSDs
of Model-0 and Model-1.

3.5.3 Radial Distribution Function
Asphaltene is the most viscous and polar component in asphalt, and significantly

affects the rheological properties of asphalt. Thus, | mainly focused on analyzing the
molecular interaction between asphaltenes with themselves and asphaltenes with the other
three fractions to understand the aging effect on the microstructure of asphalt. MD
simulations were conducted for another 30 ns at the NPT ensemble after the first 40 ns to
generate 3000 trajectory files for RDF analysis. In every trajectory file, the position of the

center atom in each molecule was used to determine RDFs.

The RDFs of asphaltene-SARA fractions in Model-1 and Model-0 are shown in
Figure 19. In Model-0, the RDF of the asphaltene-asphaltene pair has the largest peak at r,
around 4.5 A than the RDFs of asphaltene with the other three fractions, indicating the
strong preferential molecular interaction between asphaltene-asphaltene molecules. The
large molecular interactions between asphaltene molecules form the asphaltene

aggregations in the asphalt model, which is why the g(r) value at the first peak is larger
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than 1. In addition, the RDF of the asphaltene-resin pair also has an obvious peak at r
around 4.5, larger than 1 but much smaller than it of the asphaltene-asphaltene pair. This
means the aggregations also formed between asphaltenes and resins, but the aggregation
strength is much smaller than that formed between asphaltenes-asphaltenes. The RDFs of
asphaltene-aromatic and asphaltene-saturate have no peak versus distance, indicating that
the aromatic and saturate molecules distribute homogeneously around asphaltenes in
asphalt. The asphaltene and resin are two fractions with large polarity in asphalt. | believe
this is why the interactions between these two fractions are stronger than those between the

other two fractions with asphaltenes.

In Model-1, a notable observation is that the first peak of asphaltene-asphaltene
RDF significantly increased, indicating that oxidation could enhance the molecular
interaction between asphaltenes. It also means the oxidation could significantly enhance
the aggregations formed between asphaltenes in asphalt, which is consistent with the results
reported by Kuang et al.}*’ Such stronger asphaltene aggregations form the larger and
heavier asphaltene clusters in asphalt and thus increase the viscosity and decrease the self-

diffusion coefficient of asphalt after oxidation.

54



10 10

Model-1 Model-0
8 - 8+
Asphaltene-Asphaltene —Asphaltene—AsphaItene
6 Asphaltene-Resin 6 = Asphaltene-Resin .
% Asphaltene-Aromatic % = Asphaltene-Aromatic

Asphaltene-Saturate

Asphaltene-Saturate

0 ] T T T
20 25 0 5 10 15
rIA]

0 5 10 15
rIA]

Figure 19. RDFs of asphaltenes with SARA fractions in Model-0 and Model-1.

3.6 Conclusions
In this chapter, a new aged asphalt model is constructed. The improvements

regarding the new aged asphalt model include: (1) The new aged asphalt model covers all
the oxygen-containing functional groups. The functional groups such as anhydride,
carboxylic acid, and polynuclear aromatic should also be considered since they may be
important in affecting the asphalt properties’. (2) The placement of some ketones in the
new model was revised based on chemistry. (3) The realistic aged asphalt model is
validated and can successfully capture the nature of real-aged asphalt. By analyzing the
shear viscosity, self-diffusion coefficient, molecular interaction, and microstructure of
asphalt before and after oxidation, | believe the stronger aggregations formed between
asphaltenes due to oxidation are why asphalt has a change in viscosity and self-diffusion

coefficient after oxidation.
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Chapter 4: A Study of Waste Cooking Oil/Aged Asphalt Mixture

4.1 Introduction
Several papers have been published for studying the effect of WCO on viscosity, self-

diffusion, and other properties of asphalt via experiments and MD simulations. Zargar et
al.®! used a WCO consisting of palmitic, oleic, and linoleic acid to rejuvenate the aged
asphalt. They found that applying 4 wt% of WCO could restore the viscosity of 40/50 aged
asphalt to its original state at 408.15 K. Ji and co-workers®? used waste corn and soybean
oil to modify the properties of aged asphalt. They reported that the viscosity of the aged
asphalt decreased as the WCO ratio increased and that the addition of 6 wt% of WCO could
restore the viscosity of the aged asphalt to that of the virgin asphalt. Sonibare et al. reported
their MD simulation results that adding WCO would reduce viscosity and increase the self-
diffusion of virgin asphalt. In addition, their radial distribution function analysis revealed
that components of asphalt interacted more homogeneously due to the addition of WCO?8,
Li et al. 1"* increased the virgin asphaltene fraction to form an aged asphalt model with the
virgin asphalt components. By introducing the 6%,9%, and 12% (by the weight of asphalt
sample) WCO that consisted of hexadecenoic, linolenic, oleic, and stearic acids, into the
aged asphalt model at 1 atm and 298 K, their simulation result found the WCO reduced the
viscosity and increased the cohesive energy density of aged asphalt. Xin et al. used the
triglyceride as the WCO mixing with a virgin asphalt model at 1 atm and 413 K*®’. Unlike
the observation of the CED result from Li’s study, the simulation result from Xin’s study
found the WCO decreased the CED of virgin asphalt, indicating the intermolecular

interaction between the asphalt molecules was weakened by the WCO. Xin et al thought
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TG molecule has three long flexible molecular branches, which result in a weak

intermolecular interaction between asphalt molecules and viscosity reduction.

However, neither experimental nor simulation studies could show how the WCO
affects the viscosity and self-diffusion of aged asphalt. Therefore, in this chapter, the
rejuvenation mechanism of WCO on viscosity and self-diffusion of aged asphalt is revealed

by studying the molecular interaction between aged asphalt and WCO.

4.2 Models and Simulation Details
In addition to virgin and aged asphalt models constructed in chapter 3, a WCO-

modified asphalt model (named Model-2) is constructed in this chapter. Triglyceride, the
main component of WCO, is an ester derived from glycerol and fatty acids. It was adopted
to represent the WCO in this chapter. The molecular structure of TG is shown in Figure
20. 12 triglyceride molecules, corresponding to about 10 wt% of the aged asphalt model,
are added to construct the TG/aged asphalt mixture (Model-2). It was noted that 10 wt%
of WCO is commonly used in asphalt experiments,*8-1% and that other mass ratios of TG
have not been investigated in this chapter. It was also noted that the bulk TG density at 353
K and 1 bar was calculated to be 0.889 g/cm3 which agrees well with available

experimental (0.856) and computational (0.885) studies.
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Figure 20. Molecular structure of single TG molecule.

The force field parameters for all asphalt molecules have been mentioned in chapter
3. For TG molecules, the force field parameters were taken from the work of Paulina et al.
191 As suggested by experiments** 192195 the temperature of blending the WCO with
virgin/aged asphalts varies from 403 to 433 K. Thus, the Model-0, Model-1, and Model-2
were simulated at 404 K and 1 atm in this chapter. At the initial condition of the simulation,
the molecules were randomly placed in a cubic simulation box with a length of 10 nm via
the PACKMOL software. Periodic boundary conditions were applied in X, Y, and Z
directions. A cutoff of 1.5 nm was set for the non-bonded interaction, while the long-range
electrostatic interaction was calculated by the PPPM method. The time steps from 0.1 to
1.0 fs were used at different simulation stages. For each asphalt model, an entire trajectory
of 40 ns has been collected at the NPT ensemble, with a time step of 1 fs. Figure 21 shows

the initial configurations of Model-1 and Model-2. The virgin asphalt Model is not shown.

The computation methods described in chapter 3.4 were used to determine the shear

viscosity, self-diffusion coefficient, and RDFs of asphalt models in this chapter.
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Figure 21. Initial configurations: (Left) the aged asphalt, Model-1; (Right) the TG/aged
asphalt, Model-2. The color codes are: blue, virgin asphaltenes; purple, virgin resins;
yellow, virgin aromatics; light pink, saturates; green, aged asphaltenes; orange, aged

resins; dark pink, aged aromatics; black, TG.

4.3 Results and Discussions

4.3.1 Shear Viscosity
The SLLOD method calculates the shear viscosities of Model-0, Model-1, and

Model-2. In addition, once the shear viscosities at different shear rates of Model-0, Model-
1, and Model-2 were determined, two empirical models were used to predict their zero-
shear viscosities. The first empirical model is the cross model*3* 18 which can be expressed

as:

1= Uo + (Ho — Heo)/[1 + (K7)™] (4.1)

Where u is the shear viscosity at the shear rate 7, u, is the zero-shear viscosity, u is the
shear viscosity at the infinite shear rate, K is the cross-time constant, and m is a power-law
exponent. The second empirical model is known as the Carreau-Yasuda model*®* 1%

which can be expressed as:

1= to/[1+ (7/7)2IP (4.2)
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Where 7. means a critical shear rate for the onset of the shear-thinning region and p is a

power-law exponent.

Figure 22 shows the shear viscosities of Model-0, Model-1, and Model-2 at
different shear rates at 1 atm and 404 K. The Cross model and Carreau model were used to
fit the data of Model-1 and Model-2. The shear viscosity of Model-2 at every shear rate is
smaller than that of Model-1, even at low shear rates with a relatively large error bar (shear
rates < 1E8 1/s). This result indicates that the TG could reduce the shear viscosity of aged
asphalt. From the shear rates of 4x1078 (1/s) to 8x1079 (1/s), the shear viscosity decreases
fast, indicating a shear-thinning behavior. The shear-thinning behavior of asphalt can be
simply described as follows. The asphaltenes in asphalt tend to form nanoaggregates®!: 184
and cause the high viscosity of asphalt. As the shear rate increases, the aggregations in
asphalt are gradually broken up and sharply reduce the asphalt viscosity. In addition, |
believe the high shear rate could also separate the TG molecules from other asphalt
molecules and thus weaken the effect of TG on the viscosity of Model-1. This is why the
shear viscosities of Model-1 and Model-2 at high shear rates (>1E9 1/s) are almost the
same. In general, both empirical models fit adequately well to the viscosity data of Model-
1 and Model-2. The values of the parameters corresponding to the two empirical models
are listed in Table 3 and Table 4. The values of zero-shear viscosity (u,) predicted by two

empirical models are similar.

It is a fact that those four shear viscosity values in the low shear rate region (shear
rates < 1E8 1/s) have poor accuracy (large error bar). In the experiment, the Couette flow
induced on the asphalt sample to estimate the shear viscosity is imposed by the external

force on the macroscopic level. In contrast, the SLLOD method in the MD simulation
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induces the Couette flow on the asphalt model not by imposing the external force but by
setting the linear velocity profile on the atomic level. The linearity of the velocity profile
significantly affects the accuracy of the predicted shear-viscosity value. Good linearity of
the velocity profile means the velocity gradient can be well transported from the top layer
to the bottom layer of the model and can lead to an accurate shear viscosity value. In the
simple liquid system, the linear velocity profile can keep well in both low and high shear
rate regions due to the homogenous distribution of molecules in the system. But in a
complex liguid system, such as asphalt, the molecular structure of most asphalt molecules
is not simple but very complicated. Besides, some asphalt molecules form aggregations
and entanglements. These two factors highly affect the linearity of the velocity profile. For
example, at the low shear rate, the small shear velocity can’t break up the aggregations and
entanglements formed between asphalt molecules, which significantly disturbs the velocity
profile and predicts a viscosity value with a large error bar. At the high shear rate, the large
shear velocity can separate the aggregations and entanglements formed between the asphalt
molecules (shear thinning behavior), which keeps the linearity of the velocity profile well

and then results in a viscosity value with a small error bar.
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Figure 22.Shear viscosities of three asphalt models with different shear rates.

Table 3. Values of parameters in the Carreau model used to fit the shear viscosity curves

of Model-1 and Model-2.

Ho(cP) (s) p
Model-1 83 5.0 x 107° 0.39
Model-2 69 5.0 x 107° 0.38

Table 4. Values of parameters in the Cross model used to fit the shear viscosity curves of
Model-1 and Model-2.

Ho(cP) K(s) Hoo(CP) m
Model-1 110 2.0 x 108 0.12 0.69
Model-2 81 2.0 x 108 0.17 0.63

4.3.2 Radial Distribution Function
In chapter 4.3.1, it is observed that the addition of TG could reduce the shear viscosity

of aged asphalt, but the mechanism corresponding to this observation has not been
understood. Asphaltene is the most viscous and polar component in asphalt, and
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asphaltenes strongly contribute to the asphalt's viscosity. Therefore, to study this
mechanism, | only focused on analyzing the interaction between the asphaltene-asphaltene
molecules in Model-1 and Model-2. MD simulations were conducted for another 30 ns at
the NPT ensemble after the first 40 ns to generate 3000 trajectory files for RDF analysis.
In every trajectory file, the position of the center atom of each asphaltene molecule was
used to determine the RDFs.

The RDFs of aged asphaltene-aged asphaltene, virgin asphaltene-virgin asphaltene, and
aged asphaltene-virgin asphaltene pairs in Model-1 are shown in Figure 23. At first, the
RDFs of all these three pairs have a strong first peak around 4.0 A, indicating that the
asphaltene molecules tend to form aggregations. Three types of asphaltene aggregation are
formed: the aggregation formed between aged asphaltene with aged asphaltene molecules,
the aggregation formed between aged asphaltene with virgin asphaltene molecules, and the
aggregation formed between virgin asphaltene with virgin asphaltene molecules. Among
these three types of asphaltene aggregation, the strength of aggregation formed between
aged asphaltene molecules is the strongest since its RDF has the highest height of the first
peak. The strength of aggregation formed between virgin asphaltene molecules is the
weakest because its RDF has the lowest height of the first peak. In the aged asphaltene-
aged asphaltene pair, its’ RDF even shows a second peak around 11 A, indicating an
extension of the stacked structure. Such a nano-aggregation structure of asphaltene
molecules has also been found in other studies'®” 1%, which gives me some confidence in
the reliability of my RDF analysis. Last but not least, all three pairs have a first peak around

4.0 A, which means the interaction distance between the two asphaltene molecules is
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around 4.0 A. This distance is very close to the minimum distance between molecules

caused by the van der Waals interaction®’.
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Figure 23. RDFs of different asphaltene-asphaltene pairs in Model-1.

Figure 24 shows the RDFs of aged asphaltene-aged asphaltene pairs in Model-1
and Model-2. By directly comparing these two RDFs, there are two important observations.
The first observation is the first peak of RDF of aged asphaltene-aged asphaltene pair
moves from 4.0 A to 7.5 A after introducing the TG molecules into the aged model. This
observation indicates that the TG molecules could move between the aged asphaltene
molecules and increase the distance between the aged asphaltene molecules from 4.0 A to
7.5 A. The second observation is that the height of the first peak of aged asphaltene-aged
asphaltene RDF has a large drawdown from g(r) = 40 to g(r) = 10, and the second peak of
aged asphaltene-aged asphaltene RDF disappears as the introduction of TG molecules into
the Model-1. The g(r) = 10 means the aggregations still form between aged asphaltene
molecules in Model-2. However, the strength of aggregations formed between aged
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asphaltene molecules in Model-2 is much smaller than that in Model-1. The second
observation indicates that the TG molecule can strongly weaken the aggregation formed
between the aged asphaltene molecules. Figure 25 shows the weakening effect of TG on
the aggregations formed between the aged asphaltene molecules. It is clear that in Model-
2, the TG molecules approach and move around the aged asphaltene molecules, which
weakens the interaction between the aged asphaltene molecules. In Figure 25(a), the
aggregations formed between aged asphaltene molecules result in large-size asphaltene
clusters. While, in Figure 25(b), the size of asphaltene clusters is minimized after

introducing the TG.
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Figure 24. RDFs of aged asphaltene-aged asphaltene pair in Model-1 and Model-2.
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Figure 25. Visualization of TG weakening effect on the aggregations between the aged
asphaltene molecules. (A): Configuration of Model-1 in simulation at 27.5 ns, red: aged
asphaltene molecules. (B): Configuration of Model-2 in simulation at 32.4 ns, yellow: TG
molecules.

Figure 26 shows the RDFs of the aged asphaltene-virgin asphaltene pairs in Model-
1 and Model-2. The effect of TG molecules on the interaction between the aged asphaltene
with virgin asphaltene molecules is the same as it is on the interaction between the aged
asphaltene with aged asphaltene molecules. The g(r) value at the first peak of aged
asphaltene-virgin asphaltene RDF decreases from 10 to 4.8, which means the TG molecule
can also weaken the aggregation formed between aged asphaltene with virgin asphaltene

molecules.
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Figure 26. RDFs of aged asphaltene-virgin asphaltene pair in Model-1 and Model-2.

Figure 27 shows the RDFs of virgin asphaltene-virgin asphaltene pairs in Model-

1 and Model-2. The g(r) value at the first peak of RDF decreases from 4.0 to 1.9, indicating

the TG molecule can also weaken the aggregation formed between the virgin asphaltene

molecules. However, the weakening effect is not too strong.

- Model-1: virgin asphaltene-virgin asphaltene
{ = = = *Model-2: virgin asphaltene-virgin asphaltene

Figure 27. RDFs of virgin asphaltene-virgin asphaltene pair in Model-1 and Model-2.
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Figure 23 to Figure 27, there are some interesting observations. At first, among
those three asphaltene aggregations, the aggregation strength from the strongest to the
weakest is the aggregation formed between aged asphaltene molecules, the aggregation
formed between aged asphaltene with virgin asphaltene molecules, and then the
aggregation formed between virgin asphaltene molecules. This indicates that oxygen-
containing groups can enhance the molecular interaction between asphaltene molecules.
This observation has also been found in Xu’s study'’®. Second, the TG molecule can
weaken the aggregation formed between asphaltene molecules and thus decrease the size

of the asphaltene cluster, which is why TG can decrease the viscosity of aged asphalt.

4.3.3 Self-diffusion Coefficient
The MSDs of Model-0, Model-1, and Model-2 at 404 K were computed by

conducting another 30 ns after the first 40 ns simulation at 404 K. The MSDs are shown in
Figure 28, and their corresponding self-diffusion coefficients are listed in Table 5. From
the result, oxidation significantly decreases the self-diffusion coefficient of the virgin
asphalt model, and the additional TG can recover the self-diffusion coefficient of the aged

asphalt model.
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Figure 28. MSDs of three asphalt models at 404 K and 1 atm.

Next, the effect of TG on the self-diffusion coefficients of asphaltenes was
determined. The asphaltenes in asphalt normally have the lowest self-diffusion coefficient.
Thus, increasing the self-diffusion coefficient of the asphaltenes can improve the self-
diffusion coefficient of the entire asphalt. Figure 29 shows MSDs of asphaltene and TG
molecules in Model-1 and Model-2. The self-diffusion coefficients of TG, virgin, and aged
asphaltene molecules in Model-1 and Model-2 are listed in Table 5. The results are
consistent with the RDFs analysis in chapter 4.3.2. In Model-1, virgin and aged asphaltene
molecules highly tend to form asphaltene aggregations without the TG molecules.

Therefore, they have the smallest diffusion coefficients.

Moreover, the self-diffusion coefficient of aged asphaltene molecules is much
smaller than that of virgin asphaltene molecules in Model-1. This is because, in Model-1,
the aggregations formed between the aged asphaltenes are much stronger than those formed

between the virgin asphaltenes, which is also consistent with the RDFs in Figure 23. In
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Model-2, the TG molecules weaken the aggregations formed between the asphaltenes and
minimize the size of asphaltene clusters, so the self-diffusion coefficients of both aged

asphaltenes and virgin asphaltenes increase.
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Figure 29. Comparison of the MSDs of asphaltenes in Model-1 and Model-2 at 404 K.

Table 5. The self-diffusion coefficients of the entire Model-0, Model-1, Model-2,
different types of asphaltene and TG molecules in the Model-1 and Model-2 at 404 K.

Self-diffusion coefficient (cm?/s)

Model-0 6.79E-07

Model-1 2.81E-07

Model-2 3.24E-07

Model-1: Aged Asphaltenes 2.80E-08
Model-1: Virgin Asphaltenes 9.30E-08
Model-2: Aged Asphaltenes 1.38E-07
Model-2: Virgin Asphaltenes 1.50E-07
Model-2: TG 3.29E-07
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4.3.4 Consideration of WCO Dosage on Aged Asphalt Reclamation
Determination of the optimal WCO dosage is important because it directly affects

the performance of WCO-modified aged asphalt. In most experimental studies, the optimal
dosage of WCO is decided when it can restore the properties of aged asphalt to its virgin
state. The optimal WCO dosage determined in previous studies is in a wide range because
it depends on several factors, such as the aged asphalt sample tested, the type of WCO used,
and the aging state of the asphalt sample. For example, Ji et al.>? found that 6% of waste
cooking vegetable oil could restore the viscosity, rutting resistance factor, and fatigue
resistance factor of aged asphalt binder to its virgin state. Shorbagy et al.>® added the
optimum dosage of 3.5% WCO into the aged 60/70 bitumen and restored the rutting
parameter (G*/sin &) of aged 60/70 bitumen to the value before the aging. Gokalp et al.>*
found that 7% of waste vegetable cooking oil could restore the rutting resistance and
fatigue resistance factors of aged bitumen to its virgin state. Cao et al.>® compared the
safety, physical, and rheological properties of an aged PEN70 asphalt sample with different
dosages of waste vegetable oil to the virgin PEN70 asphalt sample and found the optimal
dosage was 13.4 wt%. Sang et al.®® found that the 70* aged asphalt binder with 6% waste
edible animal oil has the best physical properties. In this chapter, the effect of WCO dosage
on several important properties of aged asphalt was analyzed, such as molecular interaction,
self-diffusion, cohesive energy density, surface free energy density, bulk modulus, shear
modulus, and Poisson’s ratio. Comparing the properties of virgin asphalt and aged asphalt
with different dosages, this chapter determines the optimal WCO dosage for restoring a 5

years service-time aged asphalt. The compuational method of these properties is described
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in chapter 3. The simulation temperature and pressure were set as 298 K and 1 atm, similar

to the most of local weather conditions in the U.S.

The RDF analyses between asphaltenes-TGs and asphaltenes-asphaltenes with
different TG dosages were used to study the effect of dosage on the molecular interaction
and microstructure of aged asphalt. The RDFs of the asphaltene-TG pair in the TG-
modified model with different TG dosages are shown in Figure 30A. In Figure 30A, the
g(r) value at the first peak increases from 10% to 15% and keeps the same from 15% to
25%. This result indicates that, from 0-15% dosage, as more TG molecules are added into
the aged asphalt model, the number of TG molecules around the asphaltene molecules
increases. At the dosage of 15%, | believe the number of TG molecules around asphaltene
molecules achieves a saturate condition. Therefore, even more TG molecules (> 15%) were
added in the aged asphalt model; there were no more TG molecules that could approach
the asphaltene molecules, which is the reason why the g(r) value at the first peak keeps the
same as TG dosage increases from 15% to 25%. Figure 30(B) and Figure 30(C) show the
RDFs of the asphaltene-asphaltene pair in the TG-modified asphalt model with different
TG dosages. At first, in Figure 30B, the height of the first peak in RDF decreases due to
the introduction of TG molecules. This means the additional TG molecules in the aged
asphalt model can weaken and mitigate the aggregations formed between the asphaltene
molecules. As the dosage increases from 0% to 15%, the more TG molecules approach the
asphaltene molecules and separate the asphaltene molecules, which makes the mitigation
effect stronger and results in a lower height of the first peak in asphaltene-asphaltene RDF.
While, in Figure 30C, with the dosage from 15% to 25%, the height of the first peak in
asphaltene-asphaltene RDF does not change. This means the mitigation effect of TG on the

72



asphaltene aggregations is limited and it is related to the number of TG molecules around
the asphaltene molecules. The number of TG molecules around the asphaltene molecules
reaches its maximum value (saturate condition) at the 15% dosage, so the mitigation effect
of TG on the asphaltene aggregation is also maximized at the 15% dosage. The mitigation
effect on asphaltene aggregations helps restore the rheological properties of the aged
asphalt (for example, viscosity and self-diffusion discussed in the previous chapter).

Therefore, from this point of view, the optimal TG dosage should be 15%.
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Figure 30. (A) RDFs of TG-asphaltene pair in TG-modified asphalt model with different
TG dosages at 404 K. Asphaltene contains both virgin and aged asphaltene molecules.
(B) (C): RDFs of asphaltene-asphaltene pair in TG-modified asphalt model with different
TG dosages.

Figure 31(left) shows the CED increases after oxidation. This is because the
polarity of the asphalt components is enhanced after oxidation, which increases the
intermolecular interaction in the aged asphalt'®®. The increase of CED in asphalt is
consistent with the increase in asphalt viscosity after oxidation. The TG molecules weaken
the interactions between the asphaltene molecules, leading to decreased CED in the aged
asphalt model. At the dosage of 15%, the CED in the aged asphalt model could be almost

restored to the level of its virgin state. SFE reflects the ability of the asphalt to crack and
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form a new surface. The large SFE of asphalt represents the strong brittleness of asphalt®®:
200 In the right of Figure 31, the SFE of the virgin asphalt model increases after oxidation,
which is consistent with the brittleness of asphalt increases after oxidation. The addition of
TG has a positive effect on restoring the brittleness of aged asphalt because it decreases
the SFE of the aged asphalt model. When the TG dosage is between 10-15%, the SFE of

the aged asphalt model could be restored to the level of its virgin state.
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Figure 31.The cohesive energy density(left) and surface free energy density(right) of
virgin asphalt model, aged asphalt model, and TG-modified asphalt model with different
TG dosages at 298 K.

The bulk modulus can evaluate the resistance of the asphalt to uniform compression
and the shear modulus can be used to evaluate the ability of asphalt to resist shear strain,
both of which can be indicators for evaluating the deformation resistance of asphalt. Figure
32(left) shows the bulk and shear modulus of asphalt increase after oxidation, which is
consistent with the observation that the hardness of asphalt increases after oxidation. The
Poisson’s ratio is an elastic constant that can reflect the lateral deformation of the asphalt.

The Poisson’s ratio of asphalt is not affected significantly by oxidation, only a slight
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increase after the oxidation. The additional TG in the aged asphalt model decreases the
bulk modulus, shear modulus, and Poisson’s ratio of the aged asphalt model, indicating
that the TG can soften the hardness of the aged asphalt model. When the TG dosage is
between 10-15%, all these three mechanical properties of the aged asphalt model could be

approximately restored to the level of its virgin state.

The self-diffusion coefficient is an important property of asphalt because it can be
related to the self-healing rate of the asphalt. The higher self-diffusion coefficient brings a
better self-healing behavior of asphalt. The MSD of virgin asphalt model, aged asphalt
model, and TG-modified model with different TG dosages are shown in Figure 32(right)

and their corresponding self-diffusion coefficients are 1.15E-08, 4.51E-09, 5.67E-09,
8.83E-09, 1.10E-08, 1.10E-08 cm”2/s, respectively. According to the result, the self-

diffusion coefficient of the virgin asphalt model decreases after oxidation. The additional
TG can increase the self-diffusion coefficient of the aged asphalt model. When the TG
dosage is between 20-25%, the self-diffusion coefficient of the aged asphalt model could

be restored to the level of its virgin state.
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Figure 32. Mechanical properties(left) and MSDs(right) of virgin asphalt model, aged
asphalt model, and TG-modified asphalt model with different TG dosages at 298 K.

The optimal TG dosage for restoring every property to its virgin state separately is
listed in Table 6. Considering them together, the final optimal TG dosage should be in the

range of 10-15%.

Table 6. The optimal TG dosage for each single asphalt property, separately.

Asphalt properties Optimal TG dosage
Microstructure analysis (RDF) 15%
Surface free energy 10-15%
Cohesive energy density 15%
Shear modulus 10-15%
Bulk modulus 15%
Poisson’s ratio 10%
Self-diffusion coefficient 20-25%

4.4 Conclusions
In this chapter, the effect of WCO on the viscosity, self-diffusion, and microstructure

of aged asphalt was studied. Since the TG is the main component of the WCO, 10 wt.%
TG was introduced in the aged asphalt model to study its effect on the properties of the
aged asphalt model at 404 K and 1 atm. It was found that TG decreased the viscosity and
increased the self-diffusion coefficient of aged asphalt, which was consistent with the
observation from previous studies®® 2. The RDF was determined to study the
microstructure of the aged asphalt/TG mixture. TG could decrease the viscosity and
increase the self-diffusion coefficient of aged asphalt by weakening the aggregations
formed between asphaltenes and decreasing the size of asphaltene clusters in aged asphalt.
This finding describes the fundamental mechanism of using the WCO to restore aged

asphalt.
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In addition, the optimal dosage of TG was determined to restore a 5 years service-time
aged asphalt model from microscopic and macroscopic views. At the microscopic level,
the TG in the aged asphalt model has a mitigation effect on the aggregation formed between
the asphaltenes. However, this mitigation effect is limited. When the TG dosage is around
15%, the mitigation effect is maximized. In other words, it means the aggregations formed
between the asphaltenes in the aged asphalt are hard to break down fully by only using the
TG. At the macroscopic level, the effects of TG dosage on self-diffusion, cohesive energy
density, surface free energy density, bulk modulus, shear modulus, and Poisson’s ratio of
the aged asphalt model were studied. Generally, the TG can soften the aged asphalt model
and reduce its hardness, consistent with previous experimental studies. Hence, as TG
dosage increases, the self-diffusion rate of the aged asphalt model increases while the
cohesive energy density, surface free energy density, and mechanical modulus decrease.
Finally, based on macroscopic and microscopic analyses, the optimal TG dosage is decided,

which should be in the range of 10-15% (on the weight percent of the aged asphalt model).
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Chapter 5: A Study of Waste Polyethylene/Aged Asphalt Mixture

5.1 Introduction
Researchers have recently used waste plastics to restore and improve the properties of

aged asphalt. It is found that plastics could restore the properties of aged asphalt, such as
workability, rutting resistance, fatigue resistance, low-temperature cracking resistance,
mechanical properties, softening point, ductility, and so on® 2°!2%_ PE has become more
popular among various plastics due to its excellent resistance to heat and oxidation and low
price?®. For example, Peng et al.?°® combined the waste engine oil and WPE to modify the
asphalt that experienced the ultraviolet aging process. They found that the combination of
waste engine oil and WPE could improve the storage stability of aged asphalt. In addition,
using the AFM, they observed the WPE dispersed in the aged asphalt and retarded the

1?%7 made several

formation of the “Bee-like” structure in the aged asphalt. Ye et a
rejuvenators by combining different proportions of waste vegetable oil and LDPE. They
used rejuvenators to modify the aged asphalt. They found that the workability and low-
temperature performance of the rejuvenated asphalt were restored to the level of its virgin
state. The fatigue and high-temperature performance of rejuvenated asphalt were better
than its virgin state. Finally, they noted that the 15% waste vegetable oil combined with 4%
LDPE would yield the best rejuvenator for modifying the aged asphalt. Guo'”® studied the
effect of LDPE on the adhesion ability between aged bitumen with aggregate minerals. He
found that the adhesion ability between the bitumen and mineral increases when the LDPE
mixes with aged bitumen via the wet method. While the adhesion ability between the

bitumen and mineral decreases once the LDPE is introduced by the dry method. Two

experimental studies?®® 2% and one simulation study?* found that PE could reduce the
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viscosity of virgin and aged asphalt under high-temperature conditions.

As mentioned above, various properties of asphalt could be modified or restored by
PE, but the corresponding mechanism hasn’t been understood well. In this chapter, the
effect of WPE on the microstructure of aged asphalt was investigated via RDF analysis,
which could be a reference for understanding the modification mechanism of PE/WPE on
aged asphalt. In addition, since the maleic anhydride functional group (MAH) grafted on
PE could enhance the compatibility and stability between PE and asphalt?!-?'?, the MAH
was also added on WPE to build the maleic anhydride grafted polyethylene (WPE-g-MAH)
and study its effect on microstructure structure of aged asphalt, which hasn’t been reported

before.

5.2 Models and Simulation Details
Three different asphalt models were built in this chapter. They are the aged asphalt

model, the WPE-modified asphalt model, and the WPE-g-MAH asphalt model. The details
of the aged asphalt model are described in chapter 3, and its configuration is shown in Error! R
eference source not found. The molecular weight of PE used in Yan’s experimental study?®
was between 540 to 3418. Thus, the WPE used in this chapter had an MW of around 1400
g/mol (CiooH202). Guo™ and Chang et al.'>® used the branched alkane model representing
the LDPE molecule in their MD simulation. However, in this chapter, a typical polymer
structure with only one linear straight chain was used for representing WPE molecules’
214218 The single PE model is shown in Error! Reference source not found. The molecular
model of WPE-g-MAH was constructed by adding MAH functional groups into the PE

model as shown in Error! Reference source not found.
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According to the experimental studies®? 21223 the dosage of PE mixed with asphalt
normally was in the range of 2-12% by weight of asphalt. Thus, 9 WPE molecules (about
8 wt%) were introduced into aged asphalt to build WPE-modified asphalt (simply written
as PE-modified asphalt in the following content). Similarly, 9 WPE-g-MAH molecules
(about 13 wt%) were introduced into aged asphalt to build WPE-g-MAH modified asphalt

(written as PE-g-MAH modified asphalt in the following content).

The OPLS-AA force field has been adopted to describe the interaction potential
between the asphalt molecules. The partial charge for each atom in the asphalt molecule
was determined using the Charge Equilibration method??*. The united atom (UA) model is
used to describe the PE molecule, which means each methyl (CH3) and methylene (CH2)
unit in PE is treated as one interaction site. The force fields for describing the potential of
PE and MAH came from Siepmann’s study?”® and Mayo’s study??®, respectively. The
method of computing RDFs is described in chapter 3. The temperature and pressure were

set as 298 K and 1 atm.
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Figure 33. (a) Initial configuration of aged asphalt model in MD simulation. The color
codes are blue, virgin asphaltenes; purple, virgin resins; yellow, virgin aromatics; light
pink, saturates; green, aged asphaltenes; orange, aged resins; dark pink, aged aromatics.
(b) molecular model of a single PE molecule. (c) molecular model of a single PE-g-MAH
molecule. Red: -CH2-, -CH3 groups, Blue: MAH group.

5.3 Results and Discussions
As discussed before, the asphaltene fraction plays a key role in the property

behavior of asphalt. Therefore, 1 still only analyze the interactions between
asphaltene/SARA fractions as shown in Figure 34. Without introducing PE molecules, the
RDF of the asphaltene-asphaltene pair has the largest g(r) value at its first peak, indicating
strong preferential interactions between asphaltene molecules. Such strong interactions
between asphaltene molecules result in the formation of asphaltene aggregations/clusters
in the aged asphalt (as shown in Figure 25) which significantly contributes to the
rheological properties of aged asphalt. The RDF of the asphaltene-resin pair has the second
largest g(r) value at its first peak, indicating preferential interactions also exist between

asphaltene and resin molecules. However, its interaction strength is much smaller than that
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between the asphaltene and asphaltene molecules. The RDFs of asphaltene-aromatic and
asphaltene-saturate pairs have a g(r) value close to 1 (around 1.25) at their first peak,
indicating very small preferential interactions between asphaltene molecules with
aromatic/saturate molecules. These molecular-level structural observations are consistent
with the colloidal structure of asphalt observed by Lesueur??’. In the colloidal structure of
asphalt, asphaltenes highly tend to aggregate and form asphaltene micelles. Resins form
the shells around micelles as a stabilizer of the micelle, while aromatics/saturates behave

as a dispersion medium.

With the introduction of PE in aged asphalt, the RDF of the asphaltene-asphaltene
pair didn’t have an obvious change, indicating the additional PE would not affect the
interactions between asphaltene molecules and thus would not mitigate the formation of
asphaltene clusters in aged asphalt. While the RDFs of asphaltene-aromatic, asphaltene-
resin, and asphaltene-saturate pairs show that their first peak value had decreased,
indicating the additional PE could weaken the interactions between asphaltenes with

aromatics, resins, and saturates.
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Figure 34. RDFs of asphaltene-SARA fractions in aged asphalt model and PE-modified
asphalt model. (a) RDFs of asphaltenes-asphaltenes pair. (b) RDFs of asphaltenes-resins
pair. (c) RDFs of asphaltenes-aromatics pair. (d) RDFs of asphaltenes-saturates pair.

Figure 35 shows the RDFs of PE-SARA fractions. The RDF of the PE-asphaltene
pair has the smallest g(r) value at its first peak, indicating that the interaction between the
PE and asphaltene is smaller than that between the PE with the other three fractions
(maltenes). The RDFs of PE-saturate and PE-aromatic pairs have the first peak value larger
than 1, indicating the PE molecules prefer to attract or adsorb low-MW and small polarity

molecules.
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Figure 35. RDFs of PE-SARA fractions in PE-modified asphalt model.

The strong preferential interactions among asphaltene molecules result in large-size
asphaltene clusters in aged asphalt. Reducing the interactions between asphaltene
molecules and mitigating the formation of asphaltene clusters could efficiently restore the
rheological properties of aged asphalt, for example, viscosity and self-diffusion. The MAH
functional groups were added on the WPE molecule to enhance its polarity, wishing the
PE-g-MAH molecules could interact with asphaltene molecules and reduce the interactions
between asphaltene-asphaltene molecules. The effect of PE-g-MAH on RDFs of
asphaltene-SARA fractions is shown in Figure 36 below. By comparing the RDFs of PE-
g-MAH modified asphalt and aged asphalt, only the RDF of the asphaltene-resin pair
decreased its g(r) value at the first peak, indicating the additional PE-g-MAH reduced the

interaction between asphaltene and resin molecules. By comparing the RDFs of PE-
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modified asphalt and PE-g-MAH modified asphalt, an obvious observation is that the RDFs
of asphaltene-aromatic and asphaltene-saturate pairs had an increase in the g(r) value at
their first peak, indicating the MAH functional group enhanced the interactions between
asphaltene-aromatic and asphaltene-saturate molecules. However, the RDF of the
asphaltene-asphaltene pair still did not be affected by MAH functional group, indicating
that the MAH functional groups could not reduce the interaction between asphaltene

molecules and mitigate the formation of asphaltene clusters.
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Figure 36. RDFs of asphaltene-SARA fractions in aged asphalt, PE-modified asphalt,
and PE-g-MAH modified asphalt model s. (a) RDFs of asphaltenes-asphaltenes pair. (b)
RDFs of asphaltenes-resins pair. (¢) RDFs of asphaltenes-aromatics pair. (d) RDFs of
asphaltenes-saturates pair.
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Figure 37 shows the RDFs of MAH-SARA fractions. In Figure 37, only the RDF
of MAH-asphaltene pair had a strong first peak, indicating that MAH functional groups
preferentially interacted with only asphaltene molecules, which could enhance the
interaction between PE-g-MAH and asphaltene molecules. However, | believe the strength
of interaction between MAH and asphaltene molecules was smaller than that between
asphaltene-asphaltene molecules, which is why the RDF of the asphaltene-asphaltene pair

still did not be affected by PE-g-MAH.
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Figure 37. RDFs of MAH-SARA fractions in PE-g-MAH modified asphalt model.

Due to the difference between the density and polarity of PE and asphalt
components, the phase separation of PE-modified asphalt was commonly observed in
experimental studies as shown in Figure 38. At a low PE concentration, the PE phase

normally acted as a dispersed phase in asphalt, as shown in Figure 39(b). As PE
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concentration increased, the number and the size of the dispersed phase increased, and

finally connected and separated from the asphalt phase, as shown in Figure 39(e).

Figure 38. Scanning of asphalt microstructure with three different PEs. (A) Black:
asphalt, white: HDPE??, (B) Black: asphalt, white: LLDPE??, (C) Black: asphalt, while:
LDPE®!.

Figure 39. Scanning of asphalt microstructure with different concentrations of recycled
PE, (a):0%, (b): 2%, (c): 4%, (d): 6%, and (e): 8%%%.
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At 8% PE concentration, the visualization of PEs distribution in aged asphalt from
MD simulation is shown in Figure 40. It didn’t show there was any aggregation formed
between PE molecules. The PE molecules were homogeneously distributed in the aged
asphalt, indicating that the PE was completely miscible with aged asphalt and no phase
separation existed. There are two likely reasons why my MD simulation couldn’t model
phase separation of PE-modified asphalt with 8% PE concentration. At first, the length of
the PE molecules used in my simulation was too small to entangle with each other and
form the dispersed phase. From another point of view, if the PE used to modify the asphalt
has a small MW and short-enough chain length, the phase separation likely could be
avoided. Second, the simulation scale size was not large enough to observe the formation
of a separated PE phase in aged asphalt. For example, the scale of my MD simulation was
on a nanoscale, while the scale of PE-modified asphalt scanned in the laboratory was on a

microscale.

Figure 40. Visualization of PE molecules in PE-modified asphalt. (A). minimize the
molecular size of asphalt molecules for clarity. (B). hide the asphalt molecules for clarity.
Black: asphalt molecules, Blue: PE molecules.
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5.4 Conclusions
In this chapter, the MD simulation was used to investigate the effect of PE and PE-g-

MAH on the microstructure of aged asphalt. The result shows that PE preferentially
interacts with the maltenes, thus weakening the interactions between asphaltenes and
maltenes. The MAH functional group preferentially interacts with only asphaltenes and
enhances the interaction between PE-g-MAH with asphaltenes. | believe this is why MAH
could increase the compatibility between PE and asphalt. Besides, the MAH functional

group enhances the interactions between asphaltenes-saturates and asphaltenes-aromatics.

Last but not least, PE and PE-g-MAH couldn’t affect the interactions between
asphaltenes-asphaltenes and mitigate the formation of asphaltene clusters in aged asphalt.
However, it must be noted that the difference existed between the microstructure of PE-
modified asphalt observed from MD simulation and experiments. Unlike the observation
from experimental studies, the phase separation phenomenon of PE-modified asphalt
hasn’t been observed in MD simulation. According to this, a new point of view is that if
the PE used to modify the asphalt has a small MW and short-enough chain length, the phase

separation likely could be avoided.

89



Chapter 6: Low-pressure CO: in the Water-oil Interface for Enhanced
Oil Recovery

6.1 Introduction
Tertiary-enhanced oil recovery techniques are widely implemented in conventional

oil fields to recover residual oil. Out of available choices, the supercritical CO2-EOR of the
immiscible and miscible CO; flooding methods are effective tertiary EOR techniques?®
231 The miscible CO; flooding is designed for the reservoir with pressure above the MMP
of the CO. and oil system. On the other hand, immiscible CO; flooding is popular for
reservoirs with low pressure and medium/heavy components rich in oils®!. Both techniques
require COz injection in the supercritical or vapor phase. The EOR is achieved via oil
swelling and viscosity reduction. It is worth pointing out that even though the pore-level
displacement efficiency is high, CO2-EOR techniques may yield unfavorable sweeping
efficiency due to gravity segregation and viscous fingering. The in-situ CO2 generation
method was recently proposed and developed, demonstrating improved sweeping
efficiencies?32234,

As for the in-situ CO2 EOR, three factors are important: the oil swelling, the viscosity
reduction, and the IFT reduction between water and oil. IFT and interfacial properties of
various systems, such as binary systems of (water + CO>), (oil + CO>), and the ternary
system of (oil + water + CO>), have been experimentally studied to understand the water-
oil IFT reduction mechanism during CO,-EOR. For example, Georgiadis et al.?®
implemented the pendant drop method to determine the IFT for the (H2.O + CO3) system
in the temperature range of 298 and 374 K with pressures up to 60 MPa. Abedini and co-

workers?36-241 determined the equilibrium IFT of the crude 0il-CO, system at 30°C and
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pressures from 0.66 t014.64 MPa in the laboratory. They observed that IFT piecewise
decreased linearly with the increasing equilibrium pressures, as the decline slope is larger
when the pressure is less than 6.84 MPa. They also measured the MMP of the 0il-CO>

system at 23, 30, 50, and 90°C. Georgiadis et al.?*> observed that as CO, concentration

increased in the (oil + water + CO») system, the water-oil IFT decreased.

However, it is challenging to experimentally quantify and distinguish the CO behavior
at the microscopic water-oil interface and reveal the corresponding mechanisms. For
instance, many laboratory CO2 EOR studies only reported incremental oil recovery due to
synergetic mechanisms but couldn't quantify the contribution of oil swelling, oil viscosity
reduction, and the IFT change 84 In recent years, MD simulations have been utilized to
gain a molecular-level understanding of the CO2 EOR process. Promising results have been
reported to reveal the water/oil interface and how the injected CO2 could affect interfacial
properties. For example, Liu et al.?*® reported that CO2 molecules preferentially
accumulated at the water/oil interface at 10 MPa and 313 K. They attributed such
accumulation to the IFT difference between water/CO, and water/oil. As the CO:
concentration increased, they observed an increase in the water/oil interface roughness, an
increase in the fluid mobility at the interface, and a decrease in water/oil IFT. Such
observation is consistent with the experimental observation from Georgiadis et al. 2. Zhao
and co-workers?* calculated the brine/CO2/hexane system at 330 K and 20 MPa. They
observed that the width of the interface region and the interface roughness between brine
and hexane increased as CO» concentration increased, both of which caused the decrease
of IFT between brine and hexane. Mohammed and Mansoori?*® conducted MD simulations

to study the water/COz/alkane mixtures at 10 MPa and 350 K. They reported that the
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hydrogen bonds between water and CO> account for CO> adsorption and the IFT reduction
of the water/oil interface. In addition, Sun and co-workers®46-24% applied MD simulations
to study the alkane/water and alkane/brine systems in the presence of CO; at pressures up
to 200 MPa. Their results suggest that as the pressure increases, the water-oil IFT slightly
increases with the same amount of CO2, which is consistent with the experimental report®*°,
In addition, their simulation results indicated that the water salinity affected the solubility
of COz in the water-rich phase. For example, as the salinity increases, the solubilities of
COz decrease in the water-rich phase. However, the interfacial properties such as IFT, CO-
adsorption at the interface, and CO- orientation at the interface were not explicitly affected
by salinity. Mohammed and Mansoori?** conducted MD simulations to study the effect of
supercritical CO2 on the interfacial properties of a water-oil system with the heaviest oil
fraction (asphaltene) at 10 MPa and 350 K. They found that the aromatics, CO2, and
asphaltenes accumulated at the water-oil interface with low CO. concentrations. As COz
concentration increased, CO> displaced the aromatics and asphaltenes away from the
interface and into the bulk oil phase.

In this chapter, different from previous studies on pressure above 10 MPa, MD
simulations were performed to study the CO./water/oil mixtures at 345 K and 8 MPa.
Compared with previous studies, this chapter focused on low-pressure CO, with varying
molar factions and its effect on the water-oil IFT. This study is important for the in-situ
CO2 generation EOR method as the CO»-generating agents are usually injected well under
10 MPa. By analyzing the properties of the interface region and studying how CO;

concentration would affect the adsorption amount, the molecular orientation, and the
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interaction energy between oil and water, this chapter provided a molecular-level

understanding of CO2 contribution to EOR by the IFT reduction.

6.2 Simulation Details
Fakher and Imgam?? compiled more than 200 laboratory experiments and 20 field tests

of supercritical CO; flooding and showed that immiscible CO: injection had been the most
frequently used EOR. According to their study, the most frequent oils used in experiments
and tests have molecular weights above 500 g/mol, and the second oil MW frequency is
between 80.7 to 200 g/mol. However, when the oil MW is more than 500 g/mol, their
molecular structures and atomic compositions have too many uncertainties to handle by
the MD method. Furthermore, even for high molecular weight oils, the mixture molecular
weight in the reservoir could be significantly less given the natural gas solution. Therefore,
the oil used in my binary and ternary systems would be selected from C6-C16 alkane
groups.

Moreover, it was found that the IFT between water and different alkanes (C6, C10, C12,
C16) when the pressure is less than 30 MPa is very similar, and the largest difference was
smaller than 5 mN/m?*® 247 Therefore, this chapter only used n-octane representing the oil,
and | believed it could be used to study the IFT. Furthermore, the choice of hydrocarbon is
also aligned with laboratory experiments on the IFT study for EOR purposes®>3 2%,

LAMMPS was utilized for MD simulations of two systems in this chapter: (a) the binary
system of CO-/oil at pressures of 2, 4, 6, and 8 MPa and a temperature of 345 K; For the
binary system, the CO- solubility in the oil was calculated under those four pressures and
was compared with experimental data to validate the simulation setup and force field

details. (b) the ternary system of CO2/oil/water at a pressure of 8 MPa and temperature of
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345 K. For the ternary system, interface properties such as IFT, molecular orientation, and
CO; adsorption behaviors were studied as a function of the CO, concentration. The
solubility of CO-in the oil calculated from the binary system at 8 MPa was used to decide
the CO- concentration employed in the ternary system.

United-atom TraPPE force field was used to model n-octane. The TraPPE force field
has been developed and successfully applied to describe alkane systems?>®. EPM22%: 257,
and TIP3P?8 were adopted to model CO, and water, respectively. The PPPM method was
used for the long-range electrostatic interactions. The 12-6 Lennard-Jones potential treated
the non-bonded van der Waals interactions.

The simulation of the binary system was initialized by placing 2000 CO2 molecules on
the right side and 2000 n-octane molecules on the left side of a simulation box. The
simulation box had a length of 5.2 nm and a width of 5.2 nm. The height of the simulation
box was set as 19.02 nm, 9.42 nm, 6.22 nm, and 4.62 nm for 2, 4, 6, and 8 MPa,
respectively. The 20 ns simulation with NVT ensemble was applied at first to the system
to reach its equilibrium state, where the size of the simulation box, the simulation
temperature, and the number of atoms were fixed during the simulation. Then, another 5
ns simulation was applied to collect the data. Pu et al.?®® used an NVT ensemble on their
COq/n-octane binary system to determine the CO> solubility in n-octane at 343.15 K, and
their simulation value was consistent with the experimental value. | also utilized the NVT
ensemble for binary systems. But it is worth pointing out that NVT and NPT ensembles
shall provide identical results for sufficiently long MD simulations. Therefore, there is no
advantage to using the NVT ensemble. During the simulation, periodic boundary

conditions were employed in all three spatial directions. The leapfrog algorithm with a
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timestep of 1 fs was implemented. Figure 41(a) shows the equilibrium state of the binary
system.

The simulation of the ternary system was initialized by placing 2000 n-octane molecules
in the middle and 1000 water molecules on each side of a simulation box. Apart from the
water and n-octane molecules, the different numbers of CO, molecules were randomly
placed in the simulation box to represent the different concentrations of CO: in the ternary
system. The simulation box had an initial length of 5.5 nm and a width of 5.5 nm. The
height of the simulation box was initially set as 50 nm for all different concentrations of
COo. The 20 ns simulation with NPT ensemble was applied to the ternary system to reach
its equilibrium state, where the number of atoms, the simulation pressure, and the
simulation temperature was fixed during the simulation. After a 20 ns equilibration run,
another 5 ns simulation with NVT was applied to collect the data. Periodic boundary
conditions were employed in all three spatial directions of the simulation box during the
simulation. Finally, the leapfrog algorithm with a timestep of 1 fs was implemented. Figure

41(b) shows the equilibrium state of the ternary system along with the Z direction.
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Figure 41. (a) The equilibrium state of the binary system at 8 MPa and 345 K: Grey, n-
octane; Red, CO3;(b) The equilibrium state of the ternary system at 8 MPa and 345 K:
Grey, n-octane; Red, CO2; Blue, water.

6.3 Interfacial Properties Computation
The interfacial tension between the water and n-octane in the ternary system was

calculated through the Gibbs IFT formulation?®°:

1 PrxtPyy

r= 5 (T - ZZ)LZ (61)
where L, is the length of the simulation box along the z-direction. P, P,,, and P,, are
three diagonal elements of the pressure tensor. The coefficient % represents the two existing

interfaces. As illustrated in Figure 41(b), two interfaces exist in the ternary system,
perpendicular to the z-direction.

The orientational order parameter (S) of CO2 molecules was also calculated, which
could describe the preferential orientation of CO2 molecules as the function of their
positions along the z-direction?®!:
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S = 2 <3cos?(6) —1> (6.2)

The 6 was defined as the angle between the centerline of the CO, molecule with the z-

direction.

6.4 Results and Discussions

6.4.1 Binary System
To determine the solubility of CO> in n-octane, the number density profile of n-

octane and CO; along the z-direction was calculated, respectively. For example, at 8 MPa,
the number density profile of the binary system is shown in Figure 42(a). In this density
profile, the right boundary of the interface region between CO2 and n-octane could be
determined when the n-octane density is zero in the CO- phase. The left boundary is where
the local density of CO; is larger than its bulk density. The previous study?® indicated that
the CO2 molecules could accumulate at the interface between CO. and n-octane. Thus, it
was expected that a larger CO> density should be in the interface region. The number of
CO; and n-octane molecules in the region | was used to calculate the CO2 solubility in n-
octane. The CO2 solubilities in n-octane at different pressures are shown in Table 7 and
compared with the results from the previous studies in Figure 42(b)?%% 263, The relative
errors to the experimental and simulation results are also shown in Figure 42(b). It is worth
noting that the experimentally measured gas solubilities in hydrocarbons have relative

errors from 10% to 35%2%%4,
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Figure 42. (a) Region I: the n-octane rich phase. Region I1: the CO2/n-octane interface
region. Region I1I: the CO2-rich phase. (b) the solubilities of CO> are around 350 K with
different pressures reported in previous studies and this study.

Table 7.The values of CO- solubility in n-octane at different pressures with 345 K.

Pressure (MPa) 2 4 6 8
Solubility (mole fraction) 0.235 0.425 0.631 0.783
6.4.2 Ternary System

To construct the ternary system, 2000 water and 2000 n-octane molecules were
mixed with the different mole fractions of CO2 molecules. As shown in chapter 6.4.1, the
solubility (mole fraction) of COz in n-octane is 0.783 at 345 K and 8 MPa. Under the same
condition, the solubility of CO2 in water is reported to be 0.015%%, Therefore, in this

chapter, the mole fraction of CO2, X, in the ternary system was defined as:

[0} w
_ Xco2+Xcoz

XCOZ - T (63)
Where X¢,, and X¢,, are the number of CO2 molecules in octane and water, respectively,
and N° is the total number of octane molecules. 11 ternary systems have been constructed
accordingly for MD simulations, with CO2 mole fractions of 0%, 6.5%, 11.5%, 21.5%,

26.5%, 36.5%, 46.5%, 51.5%, 61.5%, 70%, and 79.8%. The maximum CO> mole fraction
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is 0.798: 0.783 of CO; in n-octane, see Table 7, and 0.015 of CO; in water (written as 79.8%
concentration). The minimum CO, mole fraction is 0.065: 0.05 of CO: in n-octane and
0.015 of CO; in water (written as 6.5% concentration). Lake et al.?®® concluded that the
injected volume of CO> into the reservoir could be in the range between 25-60% pore
volume(PV), commonly around 30% PV. By considering residual oil saturation, the

maximum CO. mole fraction of 0.798 | set in the ternary system is reasonable.

Similar to Figure 42, the ternary system is divided into three regions according to
the density profile. The density profile analysis is shown in Figure 43 for the ternary
system with a 61.5% CO. concentration. The location of the interface was defined through
the Gibbs Dividing Surface (GDS)?’, where the excess oil molecules in the water-rich
region equal the number of excess water molecules in the oil-rich region. In addition, the
interfacial width is determined by the "90%-0%" rule. The right and left boundaries are

where water density equals 90% and 0% of bulk water density.
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Figure 43. (a) The density profile of the ternary system with 61.5% CO> at 345 K and 8
MPa: n-octane (black), CO> (red), and water (blue). The orange dashed line indicates the
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GDS interface. Regions I, 11, and 111 correspond to the n-octane-rich phase, the interface,
and the water-rich phase, respectively. (b) the zoom-in density profile, where CO> has a
higher density in the interface region.

Figure 43 demonstrates that the CO> density reaches the maximum in the interface
region. The Gibbs Dividing Surface could help identify where CO2 molecules accumulate.
This preferential accumulation (or adsorption) holds for all studied CO2 concentrations.
The density profile for different CO2 concentrations has been analyzed in Figure 44(a),
where the CO> accumulation is observed in the interface region for all calculated cases. To
quantify such preference, the CO> density in the interface region was calculated and
compared with bulk CO2 density. Figure 44(b) reveals that the interface region expands as
the overall CO2 mole fraction increases. This confirms the EOR basic principle that the n-
octane could be separated from water by adding adequate CO2 molecules.

Meanwhile, the interfacial CO> density increases as more CO> molecules are added to
the same n-octane/water mixture. Figure 45 illustrates the configuration details of the
interface region for low, medium, and high initial CO2 mole fractions. As CO;
concentration increases, the number of CO. molecules in the interface region also

increases.
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Figure 44. (a) the CO2 density profiles with different CO concentrations at 8 MPa and
345 K. (b) the density of adsorbed CO2 molecules in the interface region and the volume
of the interface region as a function of CO, concentration.
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Figure 45. The configuration details of the interface region with low, medium, and high

CO- concentrations. The dashed lines define the boundaries of the interface region. CO:
red; H20: blue. N-octane molecules are not shown for clarity.

Figure 46 illustrates the n-octane/water interfacial tension, the density of accumulated

(adsorbed) interfacial CO2 molecules, and the intermolecular interaction energy between
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n-octane and water in the interface region from those studied 11 ternary systems. As
defined in the 12-6 LJ potential, when the distance between two non-bonded atoms (r) is
larger than the zero-crossing distance for the potential (o), the intermolecular interaction
energy would be the attractive negative interaction. Thus, the observed negative
intermolecular interaction energy suggests the attraction force between n-octane and water
in the interface region. The such attractive force decreases as CO> concentration increases.
This is because when more CO2 molecules get adsorbed at the interface, they generally
increase the distance between water and n-octane molecules, which weakens the interaction
between n-octane and water. Therefore, the decrease in n-octane/water interaction is
responsible for the IFT decrease, as indicated by the black curve in Figure 46. As shown
in Figure 47, the intermolecular interaction energies between CO,-octane and CO»-water
have also been determined as a function of CO2 concentration, both of which increase when
the CO. concentration increases. Since the solubility of CO2 in n-octane is larger than that
in water, more CO2 molecules are dissolved in the oil-rich phase, causing a larger increase
in the intermolar interaction between CO; and n-octane.

Similarly, the slight increase in the intermolar interaction between CO> and water is
attributed to more adsorbed CO, molecules at the interface when the CO2 concentration
increases. Since the pressure effect on the water-oil IFT is very small, the water/n-octane
IFT was compared with an experimental value®®® at 3.45 MPa and 338.15 K to validate the
reliability of IFT values calculated in this chapter. The water/n-octane IFT without CO: is

about 49 mN/m, which is consistent with the experiment value of 47 mN/m.
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Figure 46. The interfacial tension (IFT, black), the density of adsorbed CO2 (red), and
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Figure 47. The intermolecular interaction energy between different molecules versus

CO: concentration.

In Figure 48(a), two linear functions were used to fit the IFT curve and indicate

the rate of the IFT change. The slopes indicate about 10 mN/m reduction from 0% to 40%
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concentrations, followed by about 2 mN/m decrease from 40% to 80% concentrations. To
describe this phenomenon, the density profile of the ternary system with 61.5% CO:
concentration was analyzed, as shown in Figure 48(b). The likely reason is that the first
contact region (region A) exists between n-octane and water that dominates the water/n-
octane IFT. Region A was gradually filled with the adsorbed CO2 as CO> concentration
increased from 0-40%, significantly decreasing the water/n-octane IFT. However, with
around 40% concentration, region A was almost saturated with the adsorbed CO;
molecules. Further increasing the CO> concentration (40%-80%) couldn't effectively
decrease the water/n-octane IFT. The visualization of region A in the interface region is
displayed in Figure 49. The results in Figure 50 show the pressure effect on the water-oil
IFT with a specific CO2 concentration. The data points in Figure 50 are collected from 3
MD simulation studies?*®-2#¢ and 3 experimental studies?*? 20269, Those results suggest
that the pressure effect on water-oil IFT is small. The largest difference between these data
points is around 5 mN/m. Therefore, it could be concluded?4? 246-248.250.269 that the pressure
effect on water-oil IFT below 10 MPa is negligible and that the model in Figure 48(a)
could be used to describe the water-oil IFT with CO2 presence under low-pressure

conditions below 10 MPa.

104



(b)

0.20

55
1 Il A n

50 ~ § 0.15
s £
E L 2
Z =
£ 45 \_ £ 010
T Tm S
W \ L

-"-\l § i
404 " g, 9 0.054
.m"’*\«.. .
35 T T T T T 0.00 T T T T T T :’?1
0 20 40 60 80 20 16 12 -8 4 0 4 8
Z(A)

Figure 48. (a) The fitted IFT curve for studied CO> concentrations. (b) The density
profiles of the ternary system with 61.5% CO> concentration: n-octane, black; CO, red;
water: blue. The GDS is illustrated by the orange dashed line. Regions of I, I, and 111
represent the n-octane-rich phase, the interface, and the water-rich phase, respectively.
Region A, a subsection of the interface region, illustrates the initial contact of water and
n-octane.
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Figure 49. Configurations of n-octane/water interface region with different CO>
concentrations. Two dash lines define the boundaries of the interface region. CO2: red;
H20: blue. N-octane molecules are not shown for clarity. The yellow color region defines
Region A.
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Figure 50. (a) CO./decane/water system with a 0.5-mole fraction of CO, under different

temperature conditions. 248 (b) CO,/decane/water system with a 0.8-mole fraction of CO>

under different temperature conditions?*®. (c). CO2/alkane/water system with CO-/alkane
ratio = 1:1. C6, C12, and C16 data points were simulated at 374 K24’ C10 data points

were simulated at 323 K24, (d) Laboratory data 24?: H,0+(0.5 n-decane+0.5 CO2) system

with black square symbol; H.O+(0.8 n-decane+0.2 CO>) system with red circle symbol,
Sun et al. %% H,0+(0.659 0il+0.341 CO;) system, and Yang et al.?®: H,O+(0il+CO>

saturated) system.

6.4.3 Molecular Orientation

The orientation order parameter S(0) of CO2 molecules was calculated to show its
preferential orientation along the Z-direction in the binary and ternary systems. Egn (6.2)
shows that the S value approaching -0.5 would indicate that CO2 molecules prefer to be
parallel to the interface. While the S value approaching the unity would indicate that CO>
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molecules are perpendicular to the interface. For the random orientation, the S value would
be zero.

Both the order parameter and the density profiles of CO, molecules are shown in Figure
51(a). The S value was about zero for the Z direction, which indicates that CO2 molecules
are randomly orientated along the Z direction for the binary CO2/n-octane system. For the
ternary system of 61.5% CO> concentration, as illustrated in Figure 51(b), the S value of
COs- is almost zero in both the water-rich and n-octane-rich regions. However, the S value
is about -0.07 for the interface region, suggesting a preferential orientation of CO;
molecules in this region.

To further understand CO; orientation in the interface region, the S value for different
CO; concentrations was analyzed and presented in Figure 52. As CO. concentration
increases, the S value for the interface region becomes more negative, suggesting the
parallel orientation of CO. molecules. Interestingly, for higher CO. concentrations,
namely, 46.5%, 61.5%, and 79.8%, the S values are similar (~ -0.06) for those ternary
systems. This observation is consistent with the previous IFT analysis in Figure 48(a).
Thus, it could be concluded that once the contact region of n-octane/water has been
saturated with CO, no more CO- could be adsorbed. Thus, there shall be little change to
the CO2 orientation and the IFT. The orientation analysis in Figure 52 also reveals that the
change in CO2 concentration affects CO: orientation near the interface, which is a

fundamental descriptor of the IFT change.
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Figure 51. (a) Region I: the n-octane rich phase; Region II: the CO2/n-octane interface;
Region I11: the CO»-rich phase. (b) Region I: the n-octane rich phase; Region II: the
water/n-octane interface; Region I1l: the water-rich phase.
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Figure 52. CO> orientational profiles for ternary systems of different CO. concentrations.

6.5 Conclusions
MD simulations have been performed in this chapter to understand the n-

octane/water interfacial properties with the addition of CO.. The water/n-octane interfacial

tension, the adsorption, and the orientation of CO> have been analyzed as a function of the
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CO2 mole fraction. The simulation results demonstrate that the CO, mole fraction of 0.4 is
required to reduce the water/n-octane interfacial tension. Because the water/n-octane IFT
significantly decreases when the CO> concentration is between 0% and 40%. While at
higher CO2 concentrations of 40% to 80%, the IFT reduction is small. My literature survey
did not show any similar observations in past studies. The analysis of CO2 molecule
orientation adds a different understanding to the water/n-octane interface. At low CO:
concentrations of 0~40%, CO> molecules would change the orientation from the random
distribution to parallel to the water/n-octane interface. Once the contact region of water/n-
octane has been saturated by CO. molecules, increasing the CO> concentrations does not
change much of the IFT or CO> orientation. From the molecular perspective, interfacial
CO- orientation is affected by bulk CO2 concentration and is closely correlated to the IFT

change of those studied ternary systems.
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Chapter 7: Conclusions and Suggested Future Work

7.1 Conclusions

MD simulations were performed to study multiple hydrocarbon component systems
and their fundamental mixing behaviors and compute important application parameters.
The applications include rejuvenating aged asphalts with waste cooking oil, waste

polyethylene, and CO2 EOR. The main conclusions are summarized as follows.

(1). A new aged asphalt model was constructed in this dissertation. A central feature
of this new asphalt model is the consideration of oxidation chemistry and
reported functional group concentrations since the properties of asphalt are
known to be significantly related to the amounts of functional groups. Model
oxidation compounds include proposed representative asphalt structures based
on Peterson’s dual reaction pathways for the degradation of benzylic
hydroperoxide intermediates while taking the observed product distribution of
cumene oxidation into account. Other oxygen-containing functional groups,
such as anhydrides, carboxylic acids, and polynuclear aromatics, have been
incorporated to account for the critical physical characteristics of aged asphalt.
By extending the molecular basis set of asphalt components developed in this
new model, the researchers could now construct more realistic models to
represent varying SARA content, different oxidation levels, and functional
group composition.

(2). The main component of WCO could decrease the viscosity and increase the
self-diffusion coefficient of the aged asphalt at 404 K and 1 atm. The TG

significantly weakens the molecular interaction between asphaltenes and
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mitigates their aggregations formed in aged asphalt, which is why the TG could
decrease the viscosity and increase the self-diffusion coefficient of the aged
asphalt. However, the mitigation effect of TG on the formation of asphaltene
aggregation is limited.

(3).At 298 K and 1 atm, the PE preferentially interacts with the maltenes in the
aged asphalt, weakening the interactions between asphaltenes and maltenes.
The MAH functional group grafted on PE improves the compatibility between
PE and aged asphalt because it enhances the interaction between asphaltenes
and PE. Besides, the MAH functional group enhances the interactions between
asphaltenes-saturates and asphaltenes-aromatics. Last but not least, PE and PE-
g-MAH couldn’t affect the interactions between asphaltenes-asphaltenes and
mitigate the formation of asphaltene aggregations in aged asphalt. By
comparing the phase separation of PE-modified asphalt observed in my MD
simulation and reported from previous experimental studies, a new point of
view is that if the PE used to modify the asphalt has a small MW and short-
enough chain length, the phase separation likely could be avoided.

(4).In CO2-EOR techniques, the water-oil IFT reduction is an important oil
recovery mechanism as it affects the endpoint mobility of oil. The research
shows that under low-pressure conditions (< 10 MPa) with 345 K, the CO;
concentration of 40% (0.4 mole fraction in the oil and water phases totally) is
required to reduce the water/oil interfacial tension tangibly as the IFT change
in a bilinear fashion. The IFT reduces relatively fast when the CO:

concentration increases to 40%. After that, the IFT reduction is much slower.
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(5).The CO2 molecule orientation can fundamentally explain the relationship
between water/oil IFT and CO> concentration. When CO> concentrations are
between 0 and 40%, CO> molecules change the orientation from the random
distribution to parallel to the water/n-octane interface and significantly decrease
the water/oil IFT. Once the interface is saturated by CO, molecules at around
40% concentration, increasing the CO> concentration does not change much of
the CO- orientation at the interface and water/oil IFT.

(6). The relationship between water/oil IFT and CO2 concentration could be directly
implemented in the numerical reservoir simulator (like CMG) to quantify the
contribution of water/oil IFT reduction to oil recovery in CO, EOR under

pressure conditions below 10 MPa.

7.2 Future Work

The following recommendations should be considered for future work.

(1). Several methods have been developed to compute the shear viscosity of fluid
via MD simulation. They fall into equilibrium molecular dynamics (EMD) and
nonequilibrium dynamics (NEMD). The GK method is the most widely used
EMD method, and the SLLOD algorithm is the typical NEMD method. In
Chapter 4, EMD-GK and NEMD-SLLOD methods have been used to
determine the shear viscosity of asphalt models. In Figure 53, the values of
shear viscosity determined from other MD simulation studies around 400 K %%
104, 172, 182, 184, 186, 270, 271 gre |isted, all of which are relatively smaller than the
experimental values*! 5t 52 184 272274~ ot |east one order of magnitude

underestimation. Different SARA fractions of asphalt samples tested in the
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simulations and experiments are one of the reasons causing such a significant
difference.

In addition, the methods used in these simulation studies are GK, SLLOD,
and Muller-Plathe methods. The limitations of the GK and SLLOD methods
have already been discussed in Chapter 4, which can be the reasons causing
such a significant difference. The Muller-Plathe method is a reverse
nonequilibrium method that reverses the cause-and-effect theory from the
nonequilibrium method. In the SLLOD method, the “cause’’ is the imposed
velocity gradient, and the “effect” is the momentum flux measured through off-
diagonal elements of the stress or pressure tensor. While in the Muller-Plathe
method, it imposes the momentum flux(“cause”) on the system and forms the
shear rate or velocity profile(“effect”) to estimate the viscosity. The
shortcoming of the Muller-Plathe method is that at high momentum flux, the
velocity profile shows significantly non-linearity, which leads to low accuracy

of viscosity prediction?™.
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Figure 53. Reference viscosities reported from the MD simulations and experiments.
Under similar pressure and temperature conditions, most of the viscosities determined via
MD simulation are much smaller than those determined in the laboratory, except for the
viscosity determined from Simulation-3.

To find or develop new methods that can narrow the difference between the
viscosities determined by MD simulation and experiment is necessary. For
example, in the GK method, Van-Oanh et al.'®* found that the viscosity
convergence plateau can be reached only if the correlation length is much
longer than the relaxation time of the system. Zhang and Greenfield*®? found
the relaxation time of their asphalt system is about 7.5 x 103 ns at 358.15 K
and about 0.24 ns at 443.15 K. However, 7.5 x 103 ns is too long for MD
simulation to achieve. Thus, they point out that the GK method can only
accurately predict the shear viscosity of asphalt systems at high temperatures.

Therefore, in simulation 3, Li and Greenfield directly used the GK method to
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predict the viscosity of their asphalt system at 533.15 K and then applied the
Debye-Stokes-Einstein (DSE) theory to predict the viscosity at 400.15 K based
on the viscosity and reorientation relaxation time determined at 533.15 K. The
DSE theory can be used to relate molecular reorientation relaxation time and
viscosity for temperatures above the glass transition temperature?’®. Figure 53
shows that the viscosity predicted by DSE theory is relatively consistent with
experiment data around 400 K. In the future DSE should be tried.

(2). The ICE method resolves traditional supercritical CO; injection issues such as
CO. availability, high transportation cost, and infrastructure investment.
Therefore, it potentially be very attractive for thousands of stripper wells that
produce oil on marginal economic feasibility. Previous efforts mainly focus on
laboratory tests and mechanisms study. The actual field performance of this
technology is likely dependent on reservoir heterogeneity and its economic
viability is expected to be closely related to its optimization. Sadma et al.?”’
used CMG to study the field performance of ICE and quantify the contributions
to oil recovery factors from several plausible mechanisms.

However, in their study, the relative permeability remained the most
uncertain parameter during history matching and modeling the ICE synergetic
mechanisms. The relative permeability curve varies with the IFT change
between water and oil due to CO» adsorption and in-situ surfactant produced at
the water-oil interface. The relationship between water-oil IFT with the amount

of CO2 adsorption could be described by the study published by Chang et al®’®.
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In contrast, the effect of in-situ surfactant produced from the reaction between
ammonia and oil acid has not been studied and needs to be done in the future.
(3). The difference truly existed between the microstructure of PE-modified asphalt
simulated via MD simulation and observed from experiments, which may result
in the difference between macroscopic properties of PE-modified asphalt
determined from MD simulation and experiment. Developing a PE-modified
asphalt model that could capture the nature of PE-modified asphalt is necessary

for studying the PE-modified asphalt with MD simulation.
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Nomenclature
ACF Autocorrelation function

AFM Atomic force microscopy

CED Cohesive energy density

EOR Enhanced oil recovery

HDPE High-density polyethylene

ICE In-situ CO2 enhanced oil recovery
IFT  Interfacial tension

LDPE Low-density polyethylene

MAH Maleic anhydride functional group
MMP  Minimum miscible pressure

MSD Mean-squared displacement

PE Polyethylene

PET Polyethylene terephthalate

PVC Polyvinyl chloride

PS Polystyrene

PP Polypropylene

RAP Reclaimed asphalt pavement

RDF Radial distribution function
SARA Saturates, Asphaltenes, Resins, Aromatics
SFE  Surface free energy

TG  Triglyceride

WCO Waste cooking oil

WPE Waste polyethylene

WPE-g-MAH Maleic anhydride grafted polyethylene
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