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ABSTRACT

Asphaltene stability can be perturbed during oil production and transportation, leading to
asphaltene precipitation and deposition. Chemical inhibitors are usually addectodd®ilto
postpone asphaltene deposition. The interaction and potentia @tebeen asphaltene and
inhibitor molecules describe the mechanisms and efficiency of inhibitors during the prevention of
precipitation and deposition. As the asphaltene type varies from oil to oil, screening, designing
and developing inhibitors for a target aile necessaryThe screening process of selecting an
effective inhibitor will be much more efficient if actual inhibition mechanisms &rewn.
Although chemical inhibitorbiave beerused in the industry foa long time, understandingf
interaction mechanisms between asphaltenes and chemical inhibitatal in developing an
efficient inhibitor. Disclosing the interaction mechanisms usamgexperimental strateggeeds

high technologyools and itis demandig and costlyThis researclaims todevelopa simulation
workflow to understand the interaction between asphalteslecules inhibitors and surfacg

which will help tofigure outthe main prevention/aggregation mechanisms during precipitation
and deposion. In thisstudy, moleculardynamics (MD), an advanced computational chemistry
method, is employed to analyze the inhibitory effech-aictylphenol(OP) and two AButyl-3-
methylimidazolium ionic liquids for three different asphaltene structuidse employed
asphdtene structurescludeone archipelago and two continent&@ased on the knowledge gaps,
wefirst studythe impact of asphaltene struetpinhibitor concentration, pressuamd temperature

on the efficiency of asphaltene aggregation inhibitbihen,the impact of inhibitorenasphaltene
binding arrangement during the aggregation proiessvestigated Finally, we explore the

inhibitory effect of chemicals on asphaltene deposition in the calcite ptwe.asphaltene



aggregation, aggregate characterizatenmd deposit characterizati@me studiedn oil bulk and

confined oil system(pore structure) to meet the objectives

This thesisbeginswith an extensive literature review, and the first sets of simulations focus on the
impact of asphaltene structures during the precipitation process. In this section, systems with
singular and binary asphaltene types-heptanare simulated in the absence and presence of OP,
as a surfactant inhibitor. The results show that the@elaythe aggregation dhe continental
asphaltene with the potential of forming hydrogen Isoitidis also concluded that the average
aggregationnumber needs to be coupled with the gyration radius analysis to evaluate the
hierarchical paradigm of asphaltene aggregation. Aftey drssnsitivity analysiss conducted to
investigate important aspects suchtlas inhibitor concentration, thermodynigncondition, and
computational hardware. Tpart aims to optimizéhescreening and designing of inhibitdrem
bothtechnical and economic viewpoints. It is concluded that a minimum inhibitor concentration
is neededothat the inhibitorappears tde impactful. It also shows that in the pressure range of
1-60 bar, OP has the most inhibitory effect at 30 bar sincagplealtenasphalten@ggregation
energies are extremely high at 1 bach that the asphalten#hibitor energy can not cope with
thissituation In comparison, the asphalteagphaltene interaction enengyextremelyreduced at

60 barsuch that the aggregates are already unstable even in the absenceGQP @Pmost
impactful at 360 K in the temperature rarde800-360 K. The signifiant impact of the inhibitor

on aggregate shape in this study motivates us to study theedetatingement of asphaltene
aggregationwhich is directly related to the strength and stability of the aggregation. Therefore,
we concentrate on more mechaniskataik by investigating the impact of two types of inhibitor,
including surfactant and ionic liquid, on the asphaltene binding arrangement. The orgceate

the OPmainly formsbonding through hydrogen bosi@ndthe quadrupolguadrupole interaction



betweenthe OP benzene ring and asphaltene core is weaker than the quadjugdiapole
between asphaltends. contrastthe ionic liquid reduces the asphaltestacking associatioas

the cation part of ionic liguslapproaches the aromatic coretbé asphaltene and beats the
guadrupolequadrupole interaction between asphaltenes. In the next step, the asphaltene deposition
is studied when asphalteheptane iplacedin a calcite pore without/with chemical inhibitors.
According to he resultsthe OP adsorbs on the calcite surface and reduces LJ and Coulomb
energies between asphaltene and calgit¢00 and 1000 kJ/mpiespectivelywhich reduces the
asphaltene deposition on the surfatiee selected ionic liquid has a short alkyl tail on @&son,

which cannot provide a hindrance layer near the calcite surface. The combination of two inhibitors
minimizes the precipitation and deposition of asphaltene when OP to IL ratio is 3:1. At this ratio,
the aggregation number reduces from 20 to lessXBaandthedeposition rate reduces from 1 to

0.8 compared to the case with no inhibitor. This thesis is a pioneering study to demystify the
asphaltenénhibitor behavios during asphaltene precipitation and deposition, which can provide

a useful workflev to screenselectand design the effective inhibitor for the targeideoil (and
asphaltenebesidesavng time and money for the industry with effective qsedection instead of

conducting trial and error lab tests.
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1. CHAPTER ONE

Introduction and Methodology



1.1 Background

Asphaltene is the heaviest, most polarizable, and the best sacks® component among the

crude oil constituentfl]. Asphaltene is defined as a specie that is soluble in aromatic solvents
(such as toluene, benzene, or pyridine) but insoluble in alkanes (sngfeatane on-heptane)

[2, 3]; this means asphaltene does not have a unique structure. Asphaltene fraction is made of a
range of components, varying from oil to oil. For instance, if asphaltenes of different oils have a
comparable solubty, the chemical properties can be completely diffeféht The precipitation

and deposition of asphaltenes in the production and transportatiorcaidiesoil cause production
interruption via formation damage, and wellbore and production equipment plyggiig The
asphaltene damage can be handled using physical and chemical approaches before and after
precipitation/deposition. Solvent wash and scrapertypreal examples of chemical and physical
treatments for asphaltene treatment after its deposition. Nevertheless, prevention is always more
effective than treatment since it reduces production interruption and costs. The application of
chemical inhibitorsn preventing asphaltene precipitation and deposition has been proven on the
industrial scale; however, screening and designing an effective inhibitor for the target oil and
asphaltene are still a challenge for the industry. Since the chemical treatnaesigisficant
investment, such processes require detailed investigation before the operation to ensure the
pr oj ect 0 sSysteamatc mvesigatios can be conducted using experimental and
computational approaches. Tlxperimentalworks need high teahology devices, and the
experimental tests are usually expensive and time consumimig the computational approach

such as advanced computational chemistry tools can predict the material =hawaecular

scalewith an acceptable accurattyough an easy and inexpensive manner



The asphaltene molecules are known for having either one polycyclic aromatic hydrocarbon cores
(named continental type) or two polycyclic aromatic hydrocarbon cores (named archipelago type).
Two asphaltene molecules can have an attractive force througteshdipoleinduced dipole (due

to resonance bonds) and dipdipole (due to heteroatomi)]. Gray et al[8] demonstrated that

the ‘stacking is not haltere aghegatom dhey stateddthatBrondted r a ¢
acid-base interactions, hydrogen bonding, metal coordination complexes, and interactions between
cycloalkyl and alkyl groups (to form hydrophobic pockets) are also responsible for asphaltene
aggregation forcesTherefore, asphaltenes bond to each other with either of three configurations,
including faceto-face, edge n, a n dstackédf Teeechemical inhibitors also come in various

types and structures. They can be surfactants, polymers, nanopartietdgyudas, vegetable oils

or oil derivatives. The chemical inhibitors, such as surfactants, can attach to asphaltene molecules
through various bondingnd prevent asphaltene satjgregationinhibitors can besuspended in

the oil environment, such as mgarticles, and keep the asphaltene suspended for a longer duration

by adsorbing them on their top. The inhibitors such as vegetable oil and oil derivatives can also
postpone the asphaltene aggregat iamdnevemtualy c hang
changing the phase envelope and the asphaltene envelope oildadgevariousinhibitors have

different influential parameters, which digtedin Table 1.

Table 1-1. Influential parameters on inhibition mechanisms: dependent parameters.

Dependent Parameters

Surfactants Polymers Nanoparticles lonic liquids  Qil products
Type and number o Polymerization Su_rface . .
— . chemistry and Functional group SARA ratio
< functional groups degree
2 charge
0o ;
2o Size and nu_mber o'Type gnd number (Specific surfac Size of alkyltail H/C
€ £ alkyl tails functional groups
5 < AP
a
% Acidity Molecular weight Shape and Siz Charge density  Polarity
c
Solubility




Recently, researchers put efforts into revealing the asphaltene aggregation mechanisms in different
scenarios using molecular dynamics (MDhe knowledge gap in understanding the asphaltene
inhibitor interactios, andthe importance of component structamd functional groups in both
asphaltene and chemical inhibitors need teektensivelyinvestigatedfor better screening and
designing of suitable chemical inhibitors for the target oil. Ideally, the asphaltene inhibitors should
be able to adhere to thgphaltene particles and keep them suspended in the sdhationstance,

the asphaltene polyaromatic core should bind to the chemical inhibitors instead of the asphaltene
asphaltene seliggregation and keep the asphaltene molecules sepd@tedhlso, the
heteroatoms in the asphaltene structure should form hydrogen bonds with chemicals, which have
N-H, O-H, and FH bonds, and keep the asphaltenes separated. The heteroatoms and metal
paricles that induce polarity on the asphaltene molecules allowbase interactions with the

polar head of inhibitors which can be another inhibitory mechaf@knihese characteristics and
bondingp operties are related to the asphaltene
both asphaltene and inhibitor should have suitable structures and functional groups to keep
asphaltene suspended and dispersed in the carrying9juid

The wide variations of inhibitor types in the market allow engineers and researchers to select the
most efficient inhibitor, although the variations make the screening process complex when all
aspects are considéeeA few important aspects of asphaltene inhibitor selection are stated in the
following. Some significant factors need to be considered; for instance, inhibitors such as polymers
may | ose their efficiency withicientcmagiacseaseg t em
by increasing temperature, such as some ionic liquids. Also, fluid and asphaltene characteristics,
including polarity anécidity, are key parameters when using ionic surfactant inhitf@hr€rude

oil acidity and the asphaltene polarity can limit the applicability of the inhibitors with a particular



charge or acidity9]. Therefore, the success of inhibitors applicammificantly depends on the
pre-screening and designing suitable inhibitors for the target asphaltene and oil.

MD simulation is a powerful tool for investigating physical phenomena at a molecular scale. MD
considers molecular interactions and calculéitesproperties of (bio)chemical systems, such as
temperature, pressure, and energy between molecules over the simulation period. In MD
simulation, constuents of the physical systems and atdnisract through interatomic forces
based on the atomic foifteld model. Each atom in the systenmifuencedby the potential energy
(partial charggof other atoms, and the system energy is calculated based on the relative positions
of the particles and the selected forcefielthis important featureonsidersghe intramolecular
energies as contributions of the potential energy from $dnd |, eamdyandies, and dihedrals
angles; the intermolecular energies are accounted by van der Waals and eledtOktefacious
forcefields sich as polymeconsistent fordeeld (PCFF), constant valence fofiedd (CVFF),
condensegbhaseoptimized molecular potential for atomistic silation studies (COMPASS)
forcdfield, assisted model building with energy refinement (AMBER) forcefield, chemistry at
Harvard macromole¢ar mechanics (CHARMM7) forcdield, GROningen molecular
simulation (GROMOS96forcdield, and OPLSAA forcefield have leen developed. Among the
mentioned forcefields, GROMOS96 and OPAS are the most popular ondsr modeling
organic compounds. Not all the forcefields are available in every MD software, and the best
forcefield may need to be selected based on the sekdotathtionsoftware. The accuracy of the
selected forcefield may need to be validated with either expetaiessults or previous valid
simulation resultsin fact, MD has been used to estimate the equilibrium properties such as density
or enthalpy of mixtures. It is practical to investigate the transport properties such as mass transfer

(and/ordiffusion) ceoefficients heat transfecoefficient (thermal conductivity)and momentum



transfercoefficient(viscosity). MD can simulate physical properties such as interfacial tension,
solubility, adsorption, and aggregation. However, it needs to be coupled witteanutdeling
strategy such as quantum mechanics, when a chemical reaction produces a new component
(molecule) in the system. Typically, four statistical states are consideM® jrwhich can be
implemented based on the test condgjoncluding 1) constnt number of particles, volume, and
energy (NVE), 2) constant number of particles, volume, and temperature (NVT), 3) constant
number of particles, pressure, and temperature (NPT); and 4) constant chemical potential, volume,
and temperature (UVTLO].

The molecular dynamics method has been developed to calculate the physical properties of the
chemicals and their mixtusebased on structures and molecular interactions (e.g., solubility and
selfaggregation). There are various commercial and -gpence software to perform MD
simulations. Materials Studio, which belongs to the Bidanpany is a commercial software

Other opensource softwarpackageso implement MD simulatiomclude NAMD, GROMACS,
AMBER SUITE, and LAMMPS MD has been successfully employed to model asphaltene
precipitation[11-33], and asphaltene deposition on cal¢&4-36] and silica[21, 35] surfaces.

Also, MD is able to model interfacial properties in the presence ddrdiif substances such as
asphaltend23, 3742], asphaltene and resja3], emulsifier[43], and demulsifier of water/oil
emulsion[44]. Recently, the MD approach has been used to model aspledgmegation during
enhanced oil recovery (EOR) processes such as water injptEetyY] and gas injectiof48].
However, the interactions of asphaltene and inhibitors have not been studied comprehénsively.

is vital to disclose the inhibitory mechanisms of inhibitdalss helps in effectively screenirand

designing new chemical inhibitors. Also, the molecular interastodrasphaltene and inhibitor



near surfaces kranever been studiagsing computational methstb the best of our knowledge,

while it isimportant tofigure outthe inhibitor efficiency during the asphaltene deposition.

This research is dedicated to filling the aboventioned knowledge gaps and providing a better
understanding and approach for screening and designing chemical inhibitors. Theréferg;sis
objective of this research, the MD technique is adopted to reveal the aspiraiibiter
interaction during the precipitation of various asphaltene structures in the presence of a chemical
inhibitor. In addition, the same technique is adoptedexplore the impact of an inhibitor
concentration, temperature, and pressure during the asphaltene precipitation as the second
objective of this research. During the previous simulation, the importance and impact of chemical
inhibitors on asphaltene bimd) arrangement were indirectly realized. Therefore, the effects of
various chemical inhibitors on the type of binding arrangements between asphaltene molecules
during the precipitation process are studied as the third main objective of this resealbh. Fina
the asphalten@hibitor interaction is studied for various asphaltene and inhibitor types during the
deposition of asphaltene molecules in a calcite pore using the MD technique. To obtain the goal
of this study, the energies between molecules anta#tepe aggregates characteristics are
assessed during asphaltene precipitation and deposition.

The current study shows the applicability of MD in revealing the effective mechanisms-of real
world problems, particularly in the asphaltene flassurance concern. This method can be
incorporated into screening, selecting, and designing effective and new inhibitors for asphaltene
precipitation and deposition. This work is a pioneer study in screening and designing effective
inhibitors for the targeoil and asphalteneThis thesis consists of four manuscripts (either

published or under review for publication), briefly describeBigurel-1 and listed below:



The second chapter is published in the Journal of Energy & Fuels and is dedicated to studying the
asphaltenénhibitor interaction for the systems that carry individual asdary types of
asphaltene, focusing on the impact of asphaltene type and structure. The results of this study are
validated by a recent study [30]. The highlights of this study are the discussion of the aggregation
criteria during the simulation, followely discussing the research outcomes from two main
research groups working on asphaltene and asphaitietior interactiond7, 30, 31, 49] The

third chapter is published in the Journal of Molecular Liquids and is a falfpw the first study

by assessing the inhibitor concextion and thermodynamic conditions on the inhibitor efficiency

and asphaltenmhibitor interactions. In this work, parallel computing and GPU hardware are

incorporated to minimize the simulation time compared to regular simulation using CPUs.

The fourthchapter is submitted to the Journal of Chemical Engineering Science and is devoted to
studying the coordination of asphaltene and asphaltene binding types during their aggregation.
This study tries to fill the molecular knowledge gap of binding arrangenaerat intermolecular
network formations between the asphaltenes and inhibitors, limiting the design and preparation of
chemical inhibitors. This study uses the radial distribution function, the aggregate shape index,
and the angle and distance betweemtloéecules to explore the asphaltene binding arrangement
manipulation in the presence of different inhibitors. This work introduces a new method of

distinguishing the various types of asphaltene binding arrangements.

The fifth chapter is a manuscripicceped to be published in the Journal of Industrial &
Engineering Chemistry Researchhis research manuscript focuses on asphaltene precipitation
and deposition in the calcite pore when the carrying fludhsptane in the absence and presence

of inhibitors. This work studies the impact of two types of inhibitors, including surfactant and ionic



liquid, both individually and as a mixture, during the asphaltene deposition. The last chapter covers

the summary, conclusions, and recommendations for future work.

Ch . 1> Introduce background and importance of the problem, clarify knowledge gaps and define our research goals.

Objective: Study the asphaltene-inhibitor interaction during the precipitation of asphaltene in systems with both solo and binary

Knowledge gap: Impact of asphaltene structure on inhibitory effect of Octylphenol as one the common inhibitors.
Ch .2
types of asphaltene.

Knowledge gap: Impact of chemical concentration, temperature and pressure on inhibitory effect of Octylphenol as one the
ch 3 common inhibitors.

. Objective: Study the asphaltene-inhibitor interaction during the precipitation of when inhibitor concentration changes
between 0-15wt%, temperature changes between 300-360 K and pressure changes between 1-60 bar.

Objective: Introduce a conclusive method to differentiate the type of binding arrangement and study asphaltene-asphaltene

Knowledge gap: Impact of different chemical inhibitors on the asphaltene binding arrangement.
Ch.4
binding arrangement as a result of inhibitor presence during asphaltene precipitation.

Ch 5 Knowledge gap: Impact of different chemical inhibitors on the asphaltene deposition in the presence of different inhibitors.
* Objective: Study Octylphenoland [BMIM][CI] impact on the asphaltene deposition in calcite pore.

Ch _6> Highlight the main research outcomes and provide recommendations for future works.

Figure 1-1. The summary of the main objectives and contributions of each ch@iptelighted chapters

are published.

1.2 Methodology

In this research, we employed GROMACS, openrce software that is freadieasy to access

for future reference. It is also available on ComputeCanada, a huge cluster available in Canada,
and we could run our simulation on numerous CPUs and GPUs depending on our need and cluster
availability. AMBER, CHARMM27, GROMOS96, and OFEAA are available forcefield on
GROMCAS software. In the literature review, various molecular forcefields are assessed,

including AMBER, OPLS, CHARMM, and GROMOS forcefields to predict and compare



thermodynamic properties of liquid benzene with experialenésults. The results have
demonstrated that OPLSA can produce more accurate resttisorganic compoundsompared

with other forcefieldd50]. Also, based on ouitérature review, OPL3A forcefield has been
usedusuallyin asphaltene studiemnd generatettustable results. Therefore, we decided to use
OPLSAA forcefield with GROMACS softwaren our studies

The molecular structure of a component is requiredafor molecular level simulation. The
asphaltene part of the crude oil consists of molecules with different structures. Two methods are
suggested in the literature to find the representative chemical structure of the asphaltene molecules.
The first analytichkmethod is based on elemental analysis and NMR tests. In this technique, the
hypothetical structure has a stronger association tendé8tyThe second method tievelop
asphaltene structures generating structure usiniglonte Carlo simulation and quantitative
molecular representation (QMR) which the structuris chosen based on the least deviation from
experimental datfp1, 52] Headen et a[31] conducted a comprehensive survey aboutypes

of asphaltene structures and introduced four strucamdsve adopted two of them in our study

[20, 29, 30, 52]

In this study, weused three different hypothetical asphaltene structures. The hypothetical
asphaltene structure Al is of archipelago type. The other two asphaltene structures, A2 and A3,
are of the continental type. We use the asphaltene structures A1 and A3 from Hehdah]es

we could validate our results. Similar to the study by Goual &3l. we modify the asphaltene
structure A3 by substituting an aromatic group with pyridine and replacing a methyl group with a
hydroxyl group to create A2. Therefore, A2 can form hydrogen bonds, while the asphaltene
structure A3 &cks such a capability. The asphaltene structures and more detail are demonstrated

in Chapter 2.
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To the best of our knowledge, surfactants (in particular, pHess®#d) are known as a potential
type of inhibitor based on techie@onomic perspectives. Iftior screening studies show that
octylphenol, nonylphenol, and ethoxylated nonylphenol are the most effective surfactants for
preventing asphaltene aggregatidd]. The ionic liquid is a novel and more environmentally
friendly type of asphaltene inhtbr. Phenols can form hydrogen bonds, and ionic liquids can have
cationrquadrupole interaction with asphaltene polyaromatic cores. Therefore, we considered
Octylphenol (OP) and two ionic liquids including-biityl-3-methylimidazolium bromide

([BMIM][Br]), and Xbutyl-3-methylimidazolium chloride ([BMIM][CI])for further investigation

1.2.1 MD simulation in the bulk of fluid s
The component structures can be built as afpellnsing various software such as Avogadro and
Gaussview. We built the asphaltenes and Octylphenol structures and adopted the structure of ionic
liquids from the literaturg55]. Subsequentlythe structures areptimized ugg Gaussian09
software at the ground s tsareatso calouthtedisihgeESP orat o ms
electrostatic potentiadpproach Quantum mechanics calculation with density functiaghabry
(B3LYP) method and 81g(d,p) basis set arapplied for structural optimization{56]. The
elecrest ati ¢ potential i s an accurate and standar
[57]. MKTOP [58] is used tagenerate topology files for the molecules based on the LS
forcefield. MKTOP considers all bosdnonbonds, and improper dihedrals for the aromatic ring
in the output file. However, the output resuftayneed a few corrections on atom type and partial
charge, which should be conducted manually. Fin#iky,optimizedodb file and topology file or
itp files are ready to be imported to GROMACS software.
A cubic box with 15x15x15 nm3 dimension is built for all simulation ten®duce the possié

overlapbetween molecule§hebox size will change when we set temperature and preasdre
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run NPT esemblebased on the material type, quantity, intermolecular interactions and the
thermodynamic conditions that lead to convergence and precise estimation of physical properties
(such as density)Afterward, the respective number of each molecule basecherdésigned
concentration of asphaltene and inhibitolt randomlybedistributed in the box.

After distributing the molecules in the box, the system is ready to start the simulation. The steepest
descent method minimizes the initial configuration for 10000 steps to relax the system. A velocity
rescaling thermostdb9] is used in NVT for 100 ps to reach the desired temperature. Velocity
rescaling thermostat and Berendsen bar¢8@jtare used in NPT fok ns to adjust the box size

and density at the designeanperature and pressufiée production runs are conducted using the
NoseHoover thermostaf6l, 62land Par r i nel | o63Rarhan@mthe systeno st at
temperature and pressure for 120 ns. Leapfrog algof@#his employed to integrate the equation

of motion for all NVT, NPT, and production runs. The timepsis fixed at 2 fs as an optimal time

step in all simulation runf29]. The outputs, including the atom position, energy, temperature,
pressure, and dsity, are recorded every 10 ps. The lwagge electrostatic interactions are
governed by the particlmesh Ewald (PME) algorithfi5, 66] for which the cutoff radius of the

van der Waals and Coulomb interactions is fixed at 1.2 nm. Periodic boundary conditions are
employed to approximate an extensive system all bond lengths are kept rigid using the LINCS
algorithm[67]. Finally, suitable analyses will be conducted usingggner and at omsd coo0
as two main outputs of the simulation. The aredyelated to each projeatedescribed in each

chapter in detail.

1.2.2 MD simulation in the pore filled with fluid (confined box)
The simulation setting, when the box is confinedjgserally similar to the case where there is no

confinementwitha f ew amendment s. First, the solid at

12



molecule will not move. As the box is confined, the box size cannot change, meaning the NPT
ensemble is not applibke. Thereforejn our study,NVT simulation usinga velocity rescaling
thermostat will baisedfor 100 pgto adjust system temperature at the desired temperature, and the
production run will be performed based on the NVT for 60 ns as the lagostigia sampling

As mentioned, the box size is fixed in the confined simulation; hence, we nedjddbthe gace

in the confined area witthe correct volume for our fluid at the desired pressure and temperature
Afterward, we are abletd e si gn t he surface sl abd size base:l
pore opening. Our approach to finding the correct velumas simulating the fluid out &t
confined space at the designed pressure and temperature, similar to the bulk siranktion
extractng the final volume as an input for simulation tine confined areaHence we will
implementenergy minimization, 100pNVT and 1 ns NPTextracting the final volume and
consideringhat aghevolumeof theconfined area athe pore volume. Considering the measured
volume and calcite pore opening, which we designed to be 10 nm, the calcite slab is constructed
by splitting calcite along the (104) crystallographic surface of a calcite unit cell using Materials
Studio software with 11.477 nm x 9.275 nm x 2.240 nm dimensidrespore is constructed by
placing one layer of slab on top of the other with a 10 nm pore openieqldt adopted the
forcefield suggested by Xiao and-emrkers as it was used to model the calcite surfaces in the
literature with satisfactory resulfg8]. Finally, suitable analyses will be conducted using energy

and atomsdé coordination as t woesreladdtoearhuptopait s o f

aredescribed in each chapter in detail.
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2CHAPTER TWO

New Molecular Insights into Aggregation of Pure and Mixed

Asphaltenes in the Presence of-Octylphenol Inhibitor

Preface

A version of this manuscript has been published inghergy & Fuels 34.10 (2020): p. 13186.
Ghamartale, A., Rezaei, l[dndZendehboudi, S. arde authos of this paper Ghamartalewith

the insight from ceauthors designed and developed the simulaticing moleculardynamics

(MD) modelsAll three authors contributed thedesignof the manuscript structure. The literature
review, execubn of the models and compariserere mainlyconduded by the first authoili
Ghamartale The first draft of the paper was also prepared by the first author and extensively
revised by Rezaei. The feedbacBmmentsfrom co-author SohrabZendehboudiand journal
reviews were applied yefirst author Both Rezaei and Zendehboudi supervisediteeduthor

through the project and edited the manuscript.
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ABSTRACT

Asphaltene stability can be perturbed during the oil production and transportation, leading to
asphaltene precipitation and deposition. Chemical inhibitors are usually added to the oil phase to
postpone asphaltene deposition. The chemical bonding betws@raltane and inhibitor
molecules, and the steric hindrance are the key mechanisms of aggregation inhibition.
Nevertheless, the interaction mechanisms between asphaltenes and chemical inhibitors still need
more research investigations. In this paper, we ars advanced computational chemistry tool,
molecular dynamics (MD), to analyze the inhibitory effeat-octylphenol (OP) on three different
asphaltene structures at 1 bar and 300 K. To meet the objectives, the asphaltene aggregation and
aggregates charterization in both cases of pure and mixed asphaltenes are studied. It is concluded
that the archipelago asphaltene (Al) does not aggregate appreciably in the absence of OP;
nevertheless, OP reduces the aggregation. The OP is more effective in redei@ggrégation

rate for the continental asphaltene with hydroxyl and pyridine groups (A2), which is due to the
formation of strong hydrogen bonds between asphalf#ecompared to the aromatic stacking
between asphalterasphaltene. The presence of hydrodgsonds significantly changes the
characteristics of aggregates in both scenarios: in the absence and presence of OP. Hence, OP
shows less efficiency for the continental asphaltene case without hydrogen bond privilege (A3).
For the mixed asphaltene syster@® considerably lowers the aggregation rate in the case of
having A2 and A3; the higher relative portion of OP to A2 is the main reason for this behavior.
This study reveals that the OP can be an effective inhibitor, depending on the portion of different
types of asphaltenes in the crude oil. The same strategy can be used to screen proper inhibitors or

inhibitor mixtures for various types of asphaltenes.
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2.1 INTRODUCTION

Although thegovernmental and international entities have promoted the use of renewable energy
as an alternative tssil fuels, a recent report by International Energy Agency 2019 predicts an
increased oil demand of 106 mb/d in 2040 according to the Stated Policies Sfdgnario

The production of oil is challenged by various factors such as sand production, water production,
and the deposition of crude oil constituents such as asphaltenes, wax, and hydrates. Asphaltene is
composd of a range of molecules with a variety of structures; it is commonly defined as a part of
crude oil that is soluble in aromatic solvents and insoluble in aliphatic solvents. The asphaltene
deposition occurs upon a change in thermodynamic conditiongdwinocarbon production and
transportation2]. Based on the solubility theory, the asphaltene is soluble in oil at reservoir
conditions[3]. A decrease in pressure and temperature duringiltipeoduction, or a change in

the composition during improved oil recovery/enhanced oil recovery (IOR/EOR) can destabilize
the asphaltene, causing asphaltene precipitation and dep@4jtn When the thermodynamic
condition approaches the onset of asphaltene stability, the asphaltene molecules begin to
agglomerate as nanoaggregates. The asphaltene nanoaggregates further aggregate to form
asphaltene clusters. The entire process of solid phase formation from lqsd i3 known as
precipitation. Upon flocculation, larger asphaltene clusters deposit on a solid surface through
sedimentationj6]. This process can happen at reservoir, near wellbore, or in tubing, and also in

surface facilities; the abpltene deposition imposes production and process challenges, such as
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increased pressure drop, reduced oil production rate, and increased operating costs for the
asphaltene removal.

Different physical and chemical methods are used to inhibit or mitigatproblems originated

from asphaltengrecipitationand deposition. The preventive approaches are moreffestive

than the treatment methods to remove depositions because the preventative strategies allow oll
production to some exterjt-9]. Although the chemical methods bring more environmental
impacts (compared to the physical methods), #reycommonly applied in practies a preventive
approachdue to their higher performance and beteonomic perspectivesThe chemical
inhibitors are added to the crude oil before asphaltene precipitation (or deposition) to keep the
asphaltenes suspemdeithin a broad range of thermodynamic conditions. Different types of
chemicals including surfactanf$0], polymers[11], nanoparticle$12], ionic liquids[13], and

organic solvents have been proposed as asphaltene inhibitors. Generally, the chemical structure of
inhibitors includes polar moieties that attach to the asphaltene moldat@esnpolar moieties

cause steric repulsion, hindering the aggregation of asphaltene molecules, and suspending them in
the solution[14]. Surfactants are considered a promising type of chemical inhibitors for
asphaltenes in the literatufg4-16]. Although controversiabehaviourshave been noticed for

some ionic surfaant inhibitors such as dodecyl benzenesulfonic acid (DB&B) 16] and

salicylic acd [9]; the nonionic surfactants such as phenols are an efficient and economical category
of surfactants. Octylphenol, nonylphenol, and ethoxylated nonylphemalksagally considered as
effective asphaltene inhibitors based on inhibitor scredding0, 14, 1722]. Although phenols

are recognize as proper surfactants in terms of inhibition efficiency and economic prospect, they
are not generally used as pure due to various technical ardatornical aspects, and usuathyey

will be mixed with specific asphaltene solvents and diesel to beiugadustrial/fieldscale[23].
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For instance, they should be used with solvents as dispersivethegdecilitate the mass transfer

to the oil phase due to a reduction in the viscdsitAnother reason is that using a concentrated
surfactant is prone to forming micelles that can be easily lost in the reservoir (through adsorption)
without reaching the oil phasdsing a solvent helpsject it at concentrations below the critical
micelle concentration (CMC). In addition, pure surfactants (@lgenols) are still relatively
expensive’. Based on the Millipore Sigma, 500 mg ebdtylphenol is 63.4 CAD24], while

100 mg of 4nonylphenol is 87.9 CAIR5]. This shows that the-dctylphenol is cheaper than 4
nonylphenol. Please note that these quantities are far away from field sale requirements; the
surfactant price (in terms of $/kg) is expected to decrease substantially for larger quantities.

The asphaltene aggregation and inhibitory mechanisms have been mostly investigated using
experimental studies and thermodynamic modeling methods such as equistate (E0SS);
however, both methods suffer from drawbacks. The laboratory tests require relatively expensive
materials and tools arateprone to safety risks due to high pressure and temperature conditions.
The EoS approactequires parameter tuning (tugh a fitting procedure) and often considers
asphaltenes as pseudomponent with hypothetical properties. In addition, both methosisiot

able to properly explore the molecular mechanisms. Recently, the application of artificial
intelligence has bearvitalized in oil industry, including the prediction of asphaltene precipitation
(and/or deposition)26]. Although this method can provide promising results, it needs a large
dataset for development of a reliable moddiich is computationally demanding aexpensive.

Also, collecting enough reliable data under various process and thermodynamic conditions for
training and testing phases of artificial neural network modeling is not always feasible

Molecular dynamics (MD) simulation has been employed to model different phenomena, such as

asphaltene aggregation and the impact of inhibitors on the aggregatiomratiecular scale, to
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better understand the governing mechanisms. In 1995, R®gelsed MD to simulate the
asphaltene aggregation for the fiigte. Rogelconsidered a-asphaltene molecule model in both
toluene and-heptane rfCv) in a small cubic box (3 nh8 nn# 3 nm) for a simulation time of 45

ps. They confirmed increasing tendency of asphaltene to form dimer when the amoGnt of
increases. After sighcant improvement in the computational capability of computers, researchers
are able to conduct simulation runs in larger scale and longer simulation p&abf#-1 shows

a summary of the progress in the MD studies of asphaltene aggregation and their progress over
time.There are only a few studies on the application of MD simulation on the inhibitory efficiency
of surfactants in asphaltene aggregn in the literatureln 2011, Headen et gR8] studied the

effect of limonene as an aggregation inhibitor for asphaltenes within a range of temperaiure (300
400 K) and pressure (10200 bar) for the first time. They used GROMACS software anratath
optimized potentials for liquid simulations (OPIAR) force-field. Six asphaltene molecules with

7 wt% concentration in carbon dioxide (§§@ere considered, using a simulation time of 20 ns.
Limonene reduced the aggregation of asphaltenes in the aspt@@esgstem, significantly. The
minimum aggregatio was observed at 350 K and 150 bar. Although they investigated the
influence of temperature and pressure on the inhibition efficiency, the effects of asphaltene
structure, inhibitor concentration, and solvent type were not studied. Goudl1€) astudied the
impact ofn-octylphenol (OP) at 300 K and 1 bar on a similar asphaltene structure as that used by
Headen et a[28]. Changes in asphaltene structungude a substitution of an aromatic ring with

a pyridine, and a methyl group with a hydroxyl group. In their study, GROMACS 4.5.5 software
and OPLSAA force-field were employed. Goual et §1.0] used 36 asphaltene molecules with a
concentration of 6.6 wt% inC7, and a simulation time of 150 ns. They concluded that the OP

interacts with the hydroxyl group and restricts asphalteneagglfiegabn; they found that its
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possible for the inhibitor molecules to satjgregate, too. The sealfjgregation of OP decreased

its effectiveness as an asphaltene inhibitor. They also observed that the OfeWenhydrogen

bonds with pyridine groups tharhg hydroxyl groups; this was in agreement with their
experimental resultfl0]. Goual and SedghiL6] comparéd the effect of dodecylbenzene acid
(DBSA) and OP on the aggregation of a similar asphaltene structure used in their previous work
(without hydroxyl group) at 300K and 1 bar. They used the same software;fieddgceand
asphaltene molecule number and @nitation, and 80 ns simulation time. The main objective of
their study was to finthe reasons for the contradictory performanceSB$A as an asphaltene
inhibitor at different conditions. The asphaltdDBSA interaction energy was 15 times stronger
thanAsp-OP due to the formation of aelthse bonds between the asphaltene and DBSA as well
as the formation of hydrogen bonds in asphalHeBS&A system. They concluded that the high
electrostatic attraction energy between the asphal&®A pairs is the maimeason for the
formation of larger asphaltene aggregation size in the presence of DBSA, compared to the case
without inhibitor addition. Sedghi and GoyaR] studied the inhibitory efficiezy of limonene

and polyvinyl acetate (PVAc) with concentration$ 30% and 15%, respectively, on asphaltene
aggregation at 308 K and 300 bar. They employed GROMACS 5.1.0 and@®fd3ce-field to
simulate aggregation of 200 asphaltene molecules with%4 eancentration in C©Ofor 80 ns
simulation time. They used two continental asphaltene structures with and without hydroxyl group.
Limonene was more effective for the case of asphaltene with hydroxyl group, while PVAc was
more suitable for the asphaltenatheut the hydroxyl group. For both inhibitors, asphaltene
aggregation decreased by increasing the concentration of inhibitors. Nevertheless, the solubility of
PVAc in CQ decreased by attaching to the asphaltenes, which revived with the addition of

limonene. In 2019, Tirjoo et al30] screened the effectiveness of six different inhibitors including

28



linear DBSA, limonene, oleic acid, stearic acid, diethylene triaspémea methylene phosphonic

acid (DETPMP), and potphosphino carboxylic acid (PPCA) for a continental asphaltene at 298

K and 100 bar. In their study, Materials Studio 6.0 software and CCB@Parcefield were
employed to simulate the asphaltene aggregation for 100 ps simulation time. It was concluded that
limonene is a weak inhibitor due to the lack of polar groups, but linear DBSA is a strong inhibitor
due to the possession of thes3@largroups, causing an aelmhse interaction with the asphaltene
molecules. For the same reason, steric acid was a more effective inhibitor than oleic acid. DETPMP
was considered as the strongest inhibitor among all tested inhibitors; it increased the minimum
distance of asphalterasphaltene (Aspsp) from 3 A to 7 A. They found an optimum number of
inhibitor molecules, using five molecules of asphaltene with 14.3 wt% in toluene. The optimum
number of inhibitors for DBSA, oleic acid, DETPMP, and PPCA was fhis optimum number

was three for limonene and ten for stearic acid. They claimed that the number of inhibitor
molecules increases the chance of inhibitor toagdfregate through hydrogen bonding.

Despite MD simulation studies on asphaltene inhibitors, some effects are overlooked. For example,
the effects of temperature, pressure, asphaltene structure, and polydispersity of asphaltene
structure are expected to be significant on asphaltene aggredaiicthey are not investigated
adequately. To the best of our knowledge, the effect of inhibitor on asphaltene structure especially
for the archipelago asphaltene type has not been explored yet. In addition, the polydispersity in
asphaltene structuresshaot been studied yet, and needs to be considered in MD simulation studies
of asphaltenénhibitor for attaining more realistic and reliable simulation req@i1s33]. Thus,

more research investigations regarding the impacts of aggregate size, density, and shape on

asphaltenénhibitor behaviors should be conducted.
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Table 2-1. Asp-Asp aggregation studausing MD

Type of T (K) Software
Asphaltene source asphaltene Space (P in bar) t (ns) (Forcefield) Remarks Ref
Venezuelan 1 Continental ToluenenCs ) 0.045 Biosym Tech. Inc T Asp solut_)lllty parameter decreases with increasing [27]
crude (PCFF) aggregation number
Continentals witf .
. Cerius2 ; o
Ratawi vacuum residu 3 to 11 aromatic Toluene - 0.25 (DREIDING, TNo Asp selfgggrega_tlon a_t 0.15 wt% Asp [34]
cores (mean 7 MOPACS) 1 Offsetstacking configuration at 5% Asp
rings)
. Vacuum, toluene, . .o . .
) Varlou.s types of pyridine, tetrahydrofurar ) 01 Insight Il fvdw T interactions ar [35]
continentals naphthalene (CVFF) self-association
Average crude of . . .
Kuwait, California, anc 1 Continental Vacuum system 298400 0.1 Cerius2 TLower aggregation number and Mw at a higher [36]
France (COMPASS) temperature
Average crude of Toluene and 300 Cerius2 1 Asp aggregatedissociate in toluene by decreasing k
Kuwait, California, anc 1 Continental NCs (ao - (COMPASS) ngfin%%rntgne ISsociate in tolu y sing [37]
France 10000)
1 Peripheral alkyl chains and heteroatom functional
Khafji, Maya, and  Continenél and Decalin and 1 373673 0.110.3 Cerius2 groups stabilize the aggregates. [38]
Iraniantlight crudes archipelago methylnaphthalene "~ 7" (DREIDING 2.02) 1 Decalin is more effective thanriethylnaphthalene to
dissociate Aspggregates.
- AccelrysDiscover 1 Asp-Asp aggregation in toluen&4<nC4<nCy
- 2 Continentals Tolueng,rllé)#ct:?nenczl, 323573 0.110.3 Program 1 Aggregation decreases for all solvents when [39]
(CVFF) temperature is increased.
Hypothetical ar? dcl?a r;gﬂie})netg: ;( Toluene,nCr, and water 2(%8 10 EBGRR%MMAC():SS) 1 Asp stacking affinity ordemCz>water> toluene [40]
1 The Asp formglimer and trimer reversibly in both
1 Continental an : GROMACS toluene anchC7 while asphaltene aggregates and
QMR Generated 1 archipelago Toluene antCy 300350 20 (OPLSAA) aggregate form were more persistence lasted longe [41]
nCs

1 The aggregation energy increases when the numbe
aromatic rings in Asp core increases
_ _ 300 GROMACS 1 The number and length of the peripheral alkyl chair
Hypothetical 8 Continentals Toluene anchCr ) 80 (OPLSAA) asphaltene structures are effective parameters. [42]
9 Heteroatoms in the aromatic core increase the
aggregation energy, compared to adding that to
heteroatom in the side chain.

Based on Violanthront . 300 GROMACS 1 Asp with short and long side chains saffgregate witt
78 4 Continentals Water Q) 60 (GROMOS) different mechanisms. [43]
. . Oil (alkanes and GROMACS 1 Carboxyl group result faem-face Asp aggregation
Prototypical 2 Continentals aromatics) 298 200 (GROMOS) configuration [44]
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1 Carboxylate groups result fate-face and also -Bhape
configuration (due to steric repulsion of anionic grot
1 The continental Asp type shows high aggregation ir

. 2 Continentals 350 LAMMPS nCz but not in toluene (larger core, higher attraction’
Heavy Arabian crude and 1 archipelag Toluene anaCy 2) 15 (PCFF) 1 The archipelago type shows no aggregation in eithe [45]
solvents.
1 Substituting heteroatoms does not change Asp
Kuwait crude, 2 Continental Toluene 298 60 GROMACS aggregation. [46]
Indonesian coal categories Q) (GROMOS) 1 Adding carboxylic group changes the Asp aggregat
affinity due tohydrogen bond.
. 1 The sulfur heteroatoms in the side chain cause-long
Prototypical 1 Cclgtneténoer;tal Toluene %%8 150 %RROO'\,A\AAOCSS) range interactions. [47
1 The sulfur heteroatoms in the core reduce aggrega
1 CO: affects Asp aggregation in crude mixture.
Oil (a saturate, an 323 GROMACS 1 COz extracts other molecules prevents other oil
Venezuelan crude 1 Continental aromatic, and a resin) at 150 20 CHARMM molecules (saturates, aromatic and resins) to be  [48]
CO. (150) ( ) involved in asphalten regation ing a den
phaltene aggregation, causing a dens
aggregate.
1 Considering Asp polydispersity improves modeling
2 Continentals results. . S
QMR generated, d2 Toluene andC 300 80 & GROMACS 1 The archipelago type Asp has lower solubility in 31]
Arabian heavy crude an 7 Q) 500 (OPLSAA) toluene than the continental type.
archipelagos . . .
1 Resin reduces the cluster density and radius of gyr:
increasing Asp solubility.
Hypothetical 1 Continental Resin, dodecane, and € (g’gg 10 Materials Studio  The Aspaggregation energy reduces when increasil [49]
400) (COMPASS) pressure.
1 Considering Asp polydispersity improves results on
. size, shape, and configuration of aggregates.
Hypothetical Va::é?ﬁ;gﬁ:zm nCr :Z’%) ZZOOSL ?ORPOL'\QQS\)S T The minimum number of Asp is 375 molecules to [32]
observe all possible aggregates
configurationsstructures.
1 The solubility of the continental Asp type increases
_ 285 400 pure toluene and binary solvent mixtures of toluene
QMR generated 1 Contln.ental anc Cy, Gs, CQ, nCy, and (300 100 GROMACS 1 The solubility of the archipelago Asp type is not [50]
1 archipelago toluene 500) (GROMOS) affected by methane or propane in the system.
1 Aggregation become larger with pressure and beco
smaller with temperature.
QMR generated, 2 Continentals Vacuum and 4 300453 80 GROMACS 1 The accuracy of the MD simulation results is limitec [33]
Arabian heavy crude and 1 archipelag =~ methylnaphthalene (1) &400 (OPLSAA) the cell size and rutime.
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In this study, we conduct MD simulation runs to investigate the effect of OP, as a surfactant
asphaltene inhibitor, for three different structures of asphaltenes at 300 K and 1 bar. The selected
asphaltenes include archipelago, continental, and modifigtheatal type that are simulated as
individual and binary systems. In all system€; is considered as the base fluid and the
concentration of asphaltene is constant and equal to 7 wt%. In systems containing OP, the
concentration of OP is 7 wt%. To analyze asphaltehibditor interactions, we consider
visualization, interaction energy inding LennardJones (LJ), Coulomb and hydrogen bond,
number of aggregations, gyration radius (for the aggregates), aggregate density, and aggregate
shape. The cluster analysis is used for the first time in asphaiteibdor simulation.

The structure bthis manuscript is organized as follows: after the Introduction, in Se2tihynwve
reviewthetheory of molecular dynamics, different fotfields, and analysis methods. Secti?8

is dedicated to the methods for building asphaltene molecules imthiagon framework as well as

the assumptions and settings considered to build the simulation box itself and to conduct MD
simulation runs. Sectio®4 includes the validation phaserificationof the scripted code with built

in tools in GROMACS, and theesults and discussions for both singénd binary types of
asphaltenes. In both cases, the asphaltene aggregation analysis and aggregate characterization analysis
are performed. Finally, Sectidh5 summarizes the main conclusion remarks from our stQuyr

findings can help researchers to design more effective inhibitors for aspralieeeoil systems.

2.2THEORY OF COMPUTATIO NAL APPROACH

MD simulation is goowerfultool to investigate physical phenomena at a molecular scale. It can be
combined with quantum mechanics/molecular mechanics to model various chemical reaction
systems for broad ranges of process and thermodynamic conditions. MD considers molecular

interactons and calculates the properties of (bio)chemical systems, incledipgrature, pressure,
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energy, and the distribution of molecudg®sitions and velocitiesver the simulation period. The

intra- and intermolecular potentials are assigned to the atand molecules based on the selected
forcefield, and the coordination and velocity changes are calculated based on the Newton motion
law. MD has been successfully employed to model asphaltene precipj@fiof1-52], and
asphaltene deposition on cald®3-55] and silica]49, 54] Also, MD is able to modehterfacial
properties in the presence of different substances such as aspfHites@61], asphaltene and

resin [62], emulsifier[62], and demulsifier of water/oil emulsi@8]. MD has been used to
estimate the solubility parameter for asphaltenes in different soly8@is64] diffusion
coefficients[40, 55, 65, 66]and hydrate stabtlf and dissociatioi67-69]. Recently, the MD
approach has been used to model asphaltene aggregation during enhanced oil recovery (EOR)
processes such as water injectio®-72] and gas injectiofi3]. The focus of the current study is

on the inhibition of asphaltene aggregation. There are a few research studies about sytfactants

16, 2830] and polymer$l11, 29, 30, 74hs asphaltene aggregation inhibitor, using MD.

2.2.1 Force-field
Researchers use different foffoelds to simulate hydrocarbon interactions at various
thermodynamic conditions while performing MD simulation runs. The common-fields used
for the hydrocarbon systems include polyroensistent forcdield (PCFF)[27, 45] constant
valence forcdield (CVFF) [35, 39, 63] condenseghhaseoptimized molecular potential for
atomistic simulation studies (COMPASB)cefield [30, 36, 37, 49, 64Jassisted model building
with energy refinement (AMBER) force fiel@75], chemistry at Harvard macromolecular
mechanics (CHARMMR7) forcefield [48], GROningen molecular simulation (GROMOS96)
forcefield [40, 43, 44, 46, 47, 50, 57, 58, 62hd OPLSAA force-field [10, 11, 16, 28, 29, 31,

33,41, 42, 5566, 59, 60, 774, 76] GROMOS and OPL3A are the most common fordeslds
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while dealing with hydrocarbons. In 2011, Fu and Tiéf] assessed a variety of molecular ferce

fields, including OPTFF, AMBER 03, genal AMBER force field (GAFF), OPL&\A, OPLS

CS, CHARMM27, GROMOS 53A5, and GROMOS 53A6 in prediction of the experimentally
available thermodynamic properties of liquid benzene; the @A Svas recommended as the

best forcefield. Based onthe resultsof fBund Ti ands study and previ ol
[10, 16, 29, 42, 70, #79], we choose OPL8A force-field, which is available in GROMACS

software. The total energy in this forfield is based on the summation of three intramolecular
potentials related to the stretching of bonds, bending oéanghd torsion of dihedral angles. The
forcefield also considers contributions from intermolecular interactions, namely; vdW (that is
represented by Lennadbnes 612 potential), ancelectrostatic ES) (that is represented by

Coulomb potential). The foefield is given below80]:

=8 gk (1 ) aék @ 9 Byt @ coStN /)

2
‘o qq 1 (2.1)

g B, 0
e
a LJ % 8 u(; u::EaCoulomb4p é,

wherek is the atomic potential enerdy; refers to the force constant for bonkig;introduces the

force constant for angle; argk represents the force constant for dihedral angbegh, andmi
denote the initial bond length, angle, atitiedral respectivelythe parametér adjusts phase
degree in the dihedral potentidl;is the radial distance (from a molecule) where the potential
energy is zeror;; is the distance between charggsiesembles the potential well depth;is the

permittivity of vacuum; and, refers to the charge of each atom.

2.2.2 Molecule Trajectory
One of the MD outputs is the trajectory of molecules in the simulation box throughout the

simulation rurtime (reported inxtc and.trr file). This file can be used to measure any position
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relatedc al cul ati on and to vi sualme mseg \fisadl Mateaulare s 6
Dynamics (VMD) softwarg81] and NGLview packag82]. The vi suali zati on
movement can provide searchers with better insights into interactions between molecules at a

molecular scale.

2.2.3 Energy Calculation
One of the simulation outputs is energy fileedf file), which includes box dimension,
thermodynamic properties, and contributions from diffetgmes of energy in the system. Van der
Waals (vdW), electrostatic (ES), and hydrogen bond (HB) are the main intermolecular energies
between the asphaltene molecules. The vdW force is -®aming interaction that is related to
the geometry and polarizdiby of molecules. Molecules with a larger size and surface area have
a greater polarizability and more chance to form vdW interactions. This implies that the electron
cloud for larger molecules tends to be distorted as a change of electrostatic enwvir@nisn
another norbonding interaction form, which is related to the polarity of interacting molecules.
The existence of heteroatom (in asphaltene) shrinks the electron cloud and significantly affects
polarity[83]. Hydrogen bond is a type of vdW interaction (dipdipole interaction), which occurs
between a hydrogen (an electropositive atom) attached to oxygen, nitrogen, or fluorine, and a
nearby and ighly electronegative atom. Hydrogen bond is an attractive interaction, which is
stronger than vdW interactions; it is, however, weaker than covalent or ionic [8dhdShese
three intermolecular interaction energies between-Agp and Asgnhibitor (OP) can be
calculated using the builbh tools in GROMACS; these energies explaime tinteraction
preferences between inhibitor and different asphaltene molecules, and aggregation mechanisms.

The vdW and ES energies are calculated gittx energyand HB is calculated witgmx hbond
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2.2.4 Aggregation Number
The aggregation of the asphaltenel@cules can be quantified in terms of a criterion for a binary
distance between them. There are three possibilities for such criteria: 1) the distance between the
closest atoms on two adjacent molecules; 2) the distance between a certain atom of emb adjac
molecules; and 3) the distance between the cefierass (COM) of two molecules. Researchers
have commonly used the first critef@l] or the third ond42]; they employed a certain eaff
distance for systems including asphaltene and crude dilisistudy, we use the distance between
the closest atoms and apply a-offtthreshold of 0.35 nm as a criterion for asphaltene aggregation.
This particular cubff was used previously for similar asphaltene strustboe without hydrogen
bondg[31, 50} it is applicable in our study because the range of hydrogen bond length is between
0.270.33 nm [85]. The gmx clustsizenodule in GROMACS calculates the numiaseraged
aggregation number, (see Eq. (2)). Here, we us@veraged aggregation numbeysto calculate
the aggregate size (see Eq. (3)), which is more reliable and accuraserifgf@ code in python
using the MDAnNalysis packad®6, 87]that takesgro and.xtcfiles as the outputs of GROMACS
simulation, and calculates the aggregation number. The results obdeeare compared with
GROMACS6 results for wvalidation purpose. The

aggregation number are given below:

an.g
=4, 22
g 39 (22)
9 :aincf (2.3)
fang '

In the above equations, denotes the number of aggregates contaigingpnomersi starts from

2, implying it does not consider monomers individually.
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2.2.5 Aggregate Size
The radius of gyrationRg) represents the size of macromolecules in a solution. Usesl to
measure the aggregate size independent of its shape during the simulation. In this study,

MDAnalysis and the following equation are used to calculate the radius of gyration:

R =4 (5 1)’ 24)

wherery is the position vector of atoiy andrcm introduces the position vector of the aggregate

COM.

2.2.6 Aggregate Shape
The shape of aggregates is an important factor, showing how the inhibitors bond the asphaltenes;
it also identifies the aggregate shape inghesence of an inhibitor. Three indices can be used to
identify the 3D morphology of the aggregates including: 1) relative shape anisotropy (asphericity);
2) shape factor; and 3) ratio of principal moments (shape index), which are related to the principal
moments of the gyration tensas,(a, andas) [31]. The dimensionality and symmetry of the
aggregates are estimatedtwihe relative shape anisotrog,(see Eq. (6)). The range of relative
shape anisotropy is between 0 and?0 applies for a perfectly spherical chain, whife1
applies for a linear chain. The shape fac®y Which is defined by Eq. (5), is anothmeasure to
characterize the shape of aggregates. This parameter can be bét2®&eamd 2. Negative values
refer to oblate shapes, while positive values indicate prolate shapes; a shape factor of zero value
shows a spherical shape for aggregates. Theittens of the shape facto6) and relative shape
anisotropy &) are provided below:

Ou.- 1

S=27iL (25)
@arnny

i=1
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A T (26)

The two indices: andr; are defined as = (ay/ R°andrz2= (as/ > while the principal moment
is in the following ordepy>e»>as. Aggregates are considered spherical if betindr, are equal
to one; they are of oblate shape if onlys equal to one, and they are of prolate shape when only

r» is equal to one.

2.2.7 Aggregate Density
The density of aggregates is an index to understand how much the inhibitors have penetrated into
the asphaltenaggregatesThe mass of the aggregates is calculated from the mass of each atom of
asphaltene moleculesy] in the aggregates. Thelume of each aggregate is approximated by an
Afeffectived ellipsoid with the §&a.mBasedonthisaci pal
definition, ellipsoid axes would be considered equakio %, and Bs. Therefore, the aggregate

volume {aggregaty @and density faggregatd respectively, are obtained as follows:

4
Vaggregatezép 53 ( 2/3 (2-7)
_am
raggregate_ vV (28)

aggregate
It is worth noting that since the target is the investigation of asphaltene aggregates, only asphaltene
molecules (noinC7; and OP) are considered to determine the asphaltene aggregation number,

aggregate size, agggate shape, and aggregate density.
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2.3 SIMULATION/MODELING METHODOLOGY

2.3.1 Choosing Asphaltene and Inhibitor Structure
The molecular structure of a component is required for any molecular level simulation. There are
two general structural types for the asphasertontinental and archipelago. Both structure types
include unsaturated polar aromatics, heteroatoms (e.g., nickel, vanadium, nitrogen, oxygen, and
sulfur), and alkyl chains either in the molecule (archipelago structure) or around the molecule
(continenal structure]88]. The continental type has one core, consisting @b4romatics rings
with one or more aliphatic chains. The archipelago structure has multiple small cores that are
connected withaliphatic chains. The asphaltene part of the crude oil consists of molecules with
different structures. Two methods are suggested in the literature to find the representative chemical
structure of the asphaltene molecules. The first analytical methadesl lon elemental analysis
and NMR tests. In this technique, the hypothetical structure is the one with a stronger association
tendency[39]. The second method to propose the asphaltene structurésnmsataally obtained
from Monte Carlo simulation and quantitative molecular representation (QMR); thus, it is chosen
based on the least deviation from experimental {&8a 90] Headen et al[31] conducted a
comprehensive survey about the types of asphaltene structures adddetrdour different
structureq41, 42, 45, 9Q]
In this study, we adopt three different hypothetical asphaltene structures as siogurer-1.
The hypothetical asphaltene structure Al that is showigure2-1(a) is ofarchipelagdype. The
other two asphaltene structures argéhefcontinental typeA2 and A3 in Figure2-1(b) and (c),
respectively. Weuse the asphaltersgructuresAl and A3 from Headen et 4B1]. Similar to the
study by Goual et gJ10], we modify the asphaltene structure A3 by substituting an aromatic group

with pyridine and replacing a methyl g with a hydroxyl group, to create A2 (as seeRigure
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2-1(b)). Therefore, A2 is able to form hydrogen bonds, while the asphaltene structure A3 lacks

such a capability.

(@) Al (Mw = 1250 g/mol, (b) A2 (Mw =730 g/mol, dipole (c) A3(Mw =727 g/mol,
dipole moment = 3.64 Debye moment = 4.44 Debye dipole moment = 1.2 Debye
cn‘Hrzj J_,f_w
Joss

e

CHy S \//\ S
c5H1.! CTH1§/ \

Figure 2-1. Chemical structure of the asphaltenes used in this study: (a) Al, (b) A2, and (c) A3.

The asphaltene part of the crude oil comprises a range of molecules with different structures. We
need to include various types of mulées that exist in the oil to generate more reliable results
from molecular simulation runs. In fact, itimpossible to define all asphaltene structures in oil
phase while conducting MD simulation. Thus, a fmmonstructures (three structwe the

current study) are suggested in the modeling. Based on the litddd'e], the MD simulation

results are more accuratadalogical if we consider a mixture of asphaltene molecules as more
possible interactions between molecules can be taken into account.

We choosan-octylphenol(OP) as an asphaltene inhibitor. OP has a polar head, which is capable
of forming aromatic stacksind hydrogen bonds (from hydroxyl group). It also contains an alkane
tail that is long enough to provide steric repulsion. Also, we consi@iess a good precipitant for

asphaltene.

2.3.2 Building Molecular Structure and Topology
Avogadro softwarg¢91] is a software for building, editing, and visaalg molecules. Indeed, the

software is used to generate molecules. Then, the Gaussian09 software is employed to obtain the
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optimal structure of each moleculetheground stateand t hei r at o@uwmi@umpart i a

mechanics calculation with densitynctional theory (B3LYP) method and3.g(d,p) basis set

are used for structural optimizatif®2]. Also, the electrostatic potential, which is an accurate and
common method, is used to estimate the atoms partial 8&jg&KTOP[94] is used to generate
topology files for the molecules based on the ORAASforce-field. MKTOP considers all bonds,
nontbonds, and improper dihedrals for the aromatic ring in the output file. However, the output
results usually need a few correctionsabtom type and partial charge, which should be conducted

manually for further use.

2.3.3 Setting Initial Configuration
We conduct two sets of simulations: 1) asphaHgmeipitant and 2) asphaltenshibitor-
precipitant. Both single and binary types of asphaltenes are placed in the box to analyze the effect
of polydispersity on inhibitor efficiency. df all simulation runs, a cubic box is made with
dimensions of 15x15x15 o reduce the possibility of molecular overlap. It should be noted
that the simulation cell box size will change in NPT stage based on the material type, quantity,
intermolecularmteractions and the thermodynamic conditions that lead to convergence and precise
estimation of physical properties (such as density). Thus, the lower box size is limited by the MD
estimation accuracy and the upper limit is controlled by computation &peeity.
The concentration of asphaltene in the simulation box is 7 wt%, and the asphaltene molecules are
randomly distributed throughout the simulation box. For asphaitdmigitor-precipitant system,
the concentration of asphaltene is still 7 wt% areddbncentration of OP equals 7 wt% as well.
The simulation pressure and temperature are assumed to be 1 bar and 300 K, resfedtigely.

2-2 lists the number of molecules in each simulation and properties of each asphaltene.
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Table 2-2. Asphaltene characteristics and the number ofaspte and inhibitor molecules in simulation

box.

Asphaltene  Number of asphaltene Number of OP

type molecules molecules
Al 50 0, 303
A2 50 0, 164
A3 50 0,176
Al+A2 25 + 25 0, 240
A2+A3 25+ 25 0, 177

2.3.4 Running Molecular Dynamics Simulation
All molecular dynamics (MD) simulations in this study are conducted with GROMACS[2619
96] and OPLSAA force-field. Figure2-2 describes the algorithm to conduct MD simulation runs
for asphaltengénhibitor aggregationThe initial configuration is minimized by the steepest descent
method for 10000 steps to relax the systAmelocity rescaling thermostf@7] is used in NVT
for 100 ps to rach the desired temperature. Velocity rescaling thermostat and Berendsen barostat
[98] are usedn NPT for 1 ns to adjust the box size and density at the designed pressure. The
production runs are conducted by utilizing the NBe®ver thermostat{99, 100] and
Parrinel | ol R[a0OA]noamaintdinatiie gystena temperature and pressure for 120 ns.
Leapfrog algorithm[102] is used to integrate the equation of motion for all NVT, NPT, and
production runs. The time step is fixed at 2 fs as an optimal time step in all simulati¢aljuns
The outputs, including the atom position, energy, temperature, pressure, and density, are recorded
every 10 ps. The lontange electrostatic interactions are governepasticlemesh Ewald (PME)
algorithm[103, 104]for whichthe cutoff radius of the van der Waals and Coulomb interactions is
fixed at 1.2 nm. Periodic boundary conditions are employed to approximate a large system and all

bond lengths are kept rigid using the LINCS algori{i@b).
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We script a python code using MDAnalysis package to define the asphaltene aggregates in each
time step and to obtain the aggregation number, aggregateaggregate shape, and aggregate
density. It is worth noting that after the MD simulation run, we remove the periodic boundary
conditions for posprocessing; otherwise, the aggregate characteristics are prone to uncertainties
such as a part of mole&d or aggregates being on each side of the adjacent boxes. The accuracy
and reliability of the scripted code are verified using the GROMACS-ioutthols in the next

section.Figure2-3 depicts the flowchart of the python script that is used forpastessing.

Choose representative asphaltene molecule
suitable inhibitors. Start

Y

A

Build molecules and optimize the structy Import MDAnalysis, numpy module

plus gro, and .xtc files.

Select suitable software and force field,

build topology. Y :
Calculate the minimum distance

between every two asphaltene

4 molecules in the box for each framg.

Calculate the number of molecules
representing concentratians

A

Find the attached molecules in evq
aggregate for each frame.

Build boxand insert molecules.
N
\ Neglect the monomers and calculg
Minimize system energy, NVT, NPT, an aggregate propgrties and asphaltgne
production run. aggregation number.
\ Y
Conduct posprocessing with software
built-in tools aml script a code with pytho End

and MDAnalysis packages.

Figure 2-3. A flowchart of python scripted code

Figure 2-2. A flowchart to simulate asphaltene

e _ . that is used for pogirocessing.
inhibitor interactions using MD.
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2.3.5 Challenges and Limitations
One of the main challenges in molectdaale simulation of asphaltene systems is to discover the
dominant asphaltene structure for a target oil. Also, the intramolecular forces should be defined in
the selected foredeld for the asphaltene structure ska for MD simulation; alternatively, the
relative parameters can be found in the literature and insémedforcefield manually.
Constructing the topology file is commonly challenging in MD analysis; researchers simplify this
stage by developing commutcodes such as MKTOP. However, the code mighaledys be
accurate for different systems, and usually needstfinmg. Another challenge is analyzing the
MD outputs. There are buiih tools in MD software packages such as GROMACS that enable a
preliminary analysis. Auxiliary packages (or software) such as MDAnalysis or MDtraj are
developed to help with detailed analysis of the MD outputs.
Although the MD simulation has a huge benefit in terms of understanding molleudhr
interaction mechanisma,is limited by system size, simulation time, and computational costs. The
periodic boundaries are suggested to cope with the limitations in the system size. The simulation
time is on the scale of nanosecond, which is far from an industrial perspebt@ D simulation
strategy is considered an advanced chemistry computation; however, the MD computation time
usually is long, and depends on the number of atoms in the system, simulation run time, and

computer storage capacity (and speed).

2.4 RESULTS AND DISCUSSION

2.4.1 Result Validation and Code Verification
Result validation: Headen et dI31] simulated an asphaltene similarAt and A3, usinqiC- as
a precipitant. Similar to the case study by Headen et al., we use asphaltene concentratién of 7 wt

However, we increase the number of asphaltene from 27 molecules (in their study) to 50
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molecules. The simulation time is also increased from 80 ns to 120 ns in ourFgude.2-4
compares the average aggregate gyration radius for A1 and A3 in both studies. As it is evident,
there is an overall similarity between the trends. The reasdinddalifferences is due to the longer
simulation time for adrger system (in terms of number of molecules and volume), causing bigger

aggregates over the simulation run time, and eventually a higher probability of forming aggregates

with a certain size.

(b)

(a)
0.187 0.30
—— Calculated Gyration Radius_A1 027 —— Calculated Gyration Radius_A3
s Headen et al. 2017_A1 ' ~  Headen et al. 2017_A3

013 0.24
=~ 20.21
7 0.124 7
5 5018 o
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Figure 2-4. A comparison between thesults of our modelling and the study by Headen 13].(a)
average aggregate gyration radiug\@fnC;, and (b) average gyration radius of-AG.

Verification of scripted code: As mentioned in the previous sectjdne simulation outputs are
recorded every 10 ps this work. Since the aggregates can be formed and dissociated, the average
aggregation number can fluctuate in short time steps. Therefommlyweeport data every 500 ps

in all average aggregation number plots to decrease the number of fluctaatibmsake them

more understandable. Theripted code enables us to determine the average aggregation number,
aggregate size, aggregate shape, and aggregate densityuile?2-5, the average aggregation
number is shown using both scripted code (indicated with scatter data points) and -inegbuxit
clustsizemodule in GROMACS Since both match each other, the code can recognize the

aggregategperfecty; the code is valid for using in any calculations related tcatgregatesit
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should be mentioned that thenx clustsizeonsiders the asphaltene monomers in the calculation
of average aggregation number; we do not consider monomers in our calciatiepsto verify

the code in this section.

30

Scripted code

& Built-in tool

0 20 40 60 80 100 120
Time (ns)
Figure 2-5. Comparison of average aggregation numbers using GROMACS and python scripted code for

A3 without inhibitor.

2.4.2 Asphaltene Aggregation
Single-type asphaltenesSix MD simulation runs are considered for three sitgie asphaltenes
(only one among Al, A2, and A3) for 120 ns, with and without the inhibitor (OP)z-&kerage
aggregation numbegd) is used as a preliminary analysis of #sphaltene aggregatidfigure2-6
demonstrates the aggregation intensity for three different simulations. Without the inhibitor, the
asphaltene A1 molecules aggregate and dissociate during the simulation, showing agreement wit
previous research worK81]; the OP addition reduces the asphaltene aggregatior-igee
2-6(a)). The main interaction energy for safigregation of A1 and ADP is aromatic stacking,
which is characterized with LJ and Coulomb energy. The average values féspspspOP,

and OPROP interaction energies for the final 20 ns simulations are preseniabl@2-3. The
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negative values ifable2-3 show the attraction energy, and positive values repteke repulsion

energy. The LJ energy among the asphaltenes is an attraction type, and the Coulomb energy is a
repulsion type, which is nearly twice the value of the LJ. The high repulsive energy between the
asphaltene molecules causes the Al to exlbibw aggregation tendency, for which the
asphaltene aggregates dissociate during the simulation even without OP. Upon the addition of OP,
the LJ energy between the A8gp significantly decreases, and the LJ energy betweerO&Rsp
becomes considerably highoreover, the Coulomb energy accounting for the repulsion between
Asp-Asp pair increases significantly aftadding OP (becomes more repulsive). The energy
changes due to OP addition verify the efficient inhibitory effect of OP foFiglire2-7 illustrates

frames at 60 ns and 120 ns for both the pure asphaltene and aspb@tsiraulations. The
asphaltenes do not aggregate appreciably; nevertheless, the aggregation rate decreases after OP
addition, confirming that the inhibitors reduce the adehal aggregation rate.

In the simulation of A2, the-average aggregation number is calculakgure2-6(b)). Although

the asphaltene aggregates dgsate over time, the aggregates grow and eventually reach the
maximum number of asphaltenes in the simulation box. The addition of OP lowers the asphaltene
aggregation significantly at the beginning of the simulation, until 80 ns; after thatatlezag
aggregation number increases and eventually becomes stable. The asphaltene A2 can form
hydrogen bonds with itself and with OP due to having hydroxyl and nitrogen in its chemical
structure.Table 2-3 reports the values of Asfasp, AspOP, and OFOP interaction energies.
FurthermoreTable2-4 lists the average hydrogen bond number of-Asp and AspOP in three

time spans. Because both LJ and Coulomb energies are the attraction types between the
asphaltenes, the asphaltene A2 rooles aggregate gradually and persistently. In addition, the

average number of hydrogen bonds of Agp increases over the simulation. The OP addition
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reduces the LJ attraction energy between the asphaltenes; also, the LJ energyOBrid\bmgher
thanthat for OROP. The Coulomb energy of Agsp is slightly reduced after the addition of OP,

but it is comparable with As@PP Coulomb energy. The addition of OP dramatically reduces the
average number of hydrogen bonds between adjacent asphaltenes,mdmletdanically increases

the average number of hydrogen bonds for-@h Therefore, OP enables aromatic stacking and
hydrogen bonds with asphaltene A2; consequently, OP can be considered an effective inhibitor.
The hydrogen bonds are formed in the peripheral of the asphaltene molecules due to the orientation
of the hydroxyl group and nitrogen; also, the aromatic stacking force foeORs|s weaker than

the AspAsp force due to the small aromatic core in OP. Hefde prefers to form hydrogen

bonds with asphaltene and can only postpone the asphaltene aggregation, asigas?i6(b),

which is in agreement Wi previous results by Goual et §0]. Figure 2-8 verifies that the
existence of OP in the system decreases aggregation at 60 ns; however, aggregation eventually is
increased during the simulation, and there is no difference in the aggnelgatiavior with and

without OP at 120 ns. As it is obvious, at 120 ns, the OP will be inside and around the aggregates.
It means that OP reduces the aggregation of A2 at the beginning; but, the A2 and OP agglomerate
and form larger aggregates. In thisega@P will not reduce deposition; in fact, it will causere

severe asphaltene deposition.

In the system of A3(C7, the molecules of asphaltene A3 can aggregate and dissociate during the
simulation Figure2-6(c)). Hence, the Aspsp interaction for asphaltene A3 is weaker, compared

to that of A2, due to less dipole momefigure 2-1) and the lack of a hydroxyl group. The
asphaltene A3 is more prone to samifgregation than Al due to having a larger aromatic core.
Table 2-3 reports the LJ energy and Coulomb energy between the molecules of asphaltene A3,

which are attractive and repulsive, respectively, with a similar value. The repulsive Coulomb force
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is related to the absence of nitrogen ia #nomatic core for asphaltene A3, comparefiz¢73].
Additionally, the lack of a hydroxyl group on the asphaltene A3 eliminates the capability to form
hydrogen bonds. It explains why the asphaltene A3 has less affinity for aggrehatidhe
asphaltene A2. Therefore, for this asphaltene type, OP iswredfextive inhibitor because the LJ
energy of AspOP is significantly lower than that of Agksp; the OP addition even increases the

Asp-Asp energy.
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Figure 2-6. zaverageaggregation number versus time for (a) Al, (b) A2, and (c) A3 with and without the

OP.
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Table 2-3. Averageof LJ and Coulomb energy between asphaltenes and OP for different types of

asphaltenes in the final 23 of simulations.

Energy Asphaltene No inhibitor With inhibitor (7% OP)
(kJ/mol) system Asp-Asp Asp-Asp Asp-OP OP-OP
Al -10998.13  -9943.34 -3147.15 -4175.83
LJ A2 -9968.93 -9007.86 -3953.06 -2600.55
A3 -8957.19 -9221.79  -1454.49  -2463.85
Al 17395.80 1741450 -147.63 -1057.64
Coulomb A2 -2499.03 -2137.00 -1475.26  -616.43
A3 8903.77 8938.92  -101.68 -623.29

Table 2-4. Average number of hydrogen bonds for A&gp and AspOP for three time spans.

Time span No inhibitor With inhibitor (7% OP)
(ns) A2-A2 A2-A2 A2-OP OP-OP
0i 50 14.3 7.1 46.7 16.0
50i 100 22.7 12.7 51.5 15.3
1001120 22.7 9.7 58.7 15.3

(a) noinhibitor (b) with inhibitor (7% OP)

Py 8 v 4 -
DA

60 (ns) 120 (ns) 60 (ns) 120 (ns)
Figure 2-7. Visualization of molecular coordination for asphaltene Al (black) with and withou

inhibitor (OP, in red) after 60 ns and 120 ns. phecipitant iC;) molecules and OP molecules witt
more than 6 A distance from asphaltenes are not shown for clarity.

Binary -type asphaltenesin the binary system, consisting of asphaltenes of two different types
(from A1, A2, and A3), the asphaltene molecules can aggregate with eachrmhes2-9 shows
thez-average aggregation number for birtyge asphaltenes with and without the inhibitor (OP).
Based orfFigure2-9 (a), OP does noignificantly change the aggregation intensity for a system

including asphaltenes Al and A2, which is reasonable in regards to the energy chalnigess(
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and Table 2-6). The LJ and Coulomb energies of A&pp decrease slightly after OP adoiitj
especially between similar types of asphaltene. The-@Bpinteraction is attractive and
comparable with Asf\sp energy, which gives asphaltenes a choice to bond with either asphaltene
molecules or OP. The average number of hydrogen bonds betweesptistenes decreases
significantly after OP addition over the simulation time, and has an increasing trend fOPAsp

It is thus confirmed that the addition of OP can postpone asphaltene aggregation because it
decreases the Aspsp aromatic stacking andsfprAsp hydrogen bondg:igure 2-10 illustrates

that in the case of OP addition, the aggregates become smaller at 60 ns compared to the case
without OP,but this trend is reversed at 120 ns. The compariséiigafe 2-6(a), Figure 2-6(b),
andFigure2-9(a) shows that theaverage aggregation number for the mixed asphaltypes lies
between the-average aggregation number for pure components, which is in good agreement with
previous researcB1l. The OP appears less effective, which can be due to decreased asphaltene
molecules that can form hydrogen bonds.

(a) no inhibitor (b) with inhibitor (7% OP)

L A

e

60 (ns) 120 (ns) 60 (ns) 120 (ns)
Figure 2-8. Visualization of molecular coordination for asphaltene A2 (black) with and withou

\

gf

inhibitor (OP, in red) after 60 ns and 120 ns. The precipitd®y) fnolecules and OP molecules witt
more than 6 A distance from asphalteassnot shown for clarity.

Figure 2-9(b) depicts the-average aggregation number for the system with asphaltenes A2 and

A3. The aggregation number trends are similar for both cases with and without OP up to 60 ns.
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The z-average ggregation number has a monotonic trend for the second half of the simulation
(60i 120 ns) without the inhibitor OP, but fluctuates sharply when OP is present. Although the
presence of OP does not change the Coulomb energy between the molecules, ithedutes
energy between asphaltenes A2 and A8b{e 2-5). Additionally, in the presence of OP, the
average number of hydrogen bonds forA2 reduces (compared to the case without OP) and
fluctuates Table2-6), which can be the main reason for the considerable fluctuatiarevgrage
aggrea@tion after OP additiorkigure2-11 visualizes the AsfOP coordination, which shows less
aggregation with adding OP compared to the system without the inhibitor. Compayure

2-6(b), Figure2-6(c), andFigure2-9(b) reveals thaDP has a greater efficiency when asphaltenes

A2 and A3 are mixed rather than that with either of these asphaltenes (alone). Based on the results,
there are several possibilities that could be improved with a combination of asphaltenes A2+A3;
A2 brings theadvantage of forming hydrogen bonds with OP, and A3 could restrict the attraction
between A20P pairs. In addition, as the number of A2 molecules becomes half when mixed, OP
can curb the aggregation much more effectively. A system containing a mixtgghaitanes is
inherently more complex than that containing a pure component; therefore, extensive mechanistic
investigations are required for a realistic interpretation of the system.

Table 2-5. Average of LJ and Coulomb energy for the binary mixture of asphaltenes with and without OP

in the final 20 ns of simulations (x is 1 and 3 in A1+A2 and A3+A2 systems, respectively).

Energy Asphaltene No inhibitor With inhibitor (7 wt% OP)
(kd/mol)  system  Ax-Ax A2-A2 AX-A2 AX-AX A2-A2 Ax-A2 Ax-OP A2-OP

Al+A2  -4386.93 -3269.26 -3205.80 -3990.97 -2717.82 -3109.27 -1972.84-1524.17

L) A3+A2  -2937.30 -3291.42 -3580.24 -3347.67 -3344.04 -2170.49 -895.92 -1551.0¢€

Al+A2 8722.58 -1114.84 -57.27 8710.41 -954.15 -42.67 -78.72 -738.20

Coulomb ) \2/A2 447021 -1055.21 -66.03 446320 -951.56 -40.87 -54.70 -683.06
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