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ABSTRACT

Crude oils are usually associated with many compounds, some of which are
favorable and others, which are not. One of the most unfavorable components of crude oil
that pose severe operational problems and decreases oil production significantly are
asphaltenes. These compounds are solids that are homogenized in the crude oil at room
temperature but tend to separate from solution when agitated. They can deposit in the
reservoir pores, wellbore, and transportation pipelines thus causing severe operational
problems and oil recovery reduction.

Even though researchers have been studying asphaltenes for more than 100 years,
there is still an ambiguity concerning asphaltene structure and characteristics since
asphaltenes have no unique structure. This research performed a comprehensive data
analysis on both laboratory studies and field cases involving asphaltene in order to provide
a generalized guideline on asphaltene properties asphaltene stability. The analysis was
based on more than 200 references involving more than 4000 experiments and 19 field
studies. Two statistical analysis tools were used, including histograms and boxplots.

After determining the factor impacting asphaltene, this research conducted
experiments to understand the impact of these factors on asphaltene stability in crude oil
during carbon dioxide (COz2) injection in unconventional shale nanopores, since very
limited research has been conducted in this area. The research investigated the impact of
several factors including pressure, temperature, oil viscosity, pore size, porous media
thickness, and heterogeneity on asphaltene precipitation, pore plugging, and oil recovery
reduction. A Pareto Plot was also generated to determine the factor that had the strongest

impact on asphaltene instability in the crude oil.
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1. INTRODUCTION

1.1. STATEMENT AND SIGNIFICANCE OF THE PROBLEM

When producing crude oil from reservoirs, the oil is usually associated with many
components. One of the components of the crude oil that usually causes many severe
problems during operations is asphaltene (Fang, T. et al., 2018). Asphaltenes are extremely
complex in structure and vary, sometimes significantly, from one another in properties,
composition, and molecular shape which makes them overwhelming components of crude
oil to analyze and study, even after more than 100 years of investigating them (Monger,
T.G. and Fu, J.C., 1987).

Since they have no unique structure, asphaltenes are usually classified as a
solubility class (Pan, H. and Firoozabad, A., 1997). This makes them difficult to study
since each structure has to be investigated and analyzed separately. Adding to this
complexity, it has been found that many factors will impact asphaltene stability in the crude
oil, and since asphaltenes vary in properties based on their structure, they will be impacted
differently (Ocanto, O. et al., 2009). It is therefore imperative that a comprehensive
understanding of all the different asphaltenes and the factors impacting them be provided;
alas, no comprehensive data analysis has yet been conducted to cover all reported cases of
asphaltene and factors impacting them.

Asphaltenes are one of very few components in crude oils that are solids (Schantz,
S. and Stephenson, W., 1991). At equilibrium conditions, they are homogenized in the
crude oil, however, should this equilibrium be disturbed, the asphaltene becomes prone to

precipitating from solution and may even begin to deposit in the reservoir, wellbore, and



even transportation pipelines (Speight, J.G. and Moschopedis, E., 1981). This can result in
several operational, production, and transportation problems, which are sometimes
extremely difficult and costly to mitigate. Asphaltene severity in pore plugging will
increase furthermore in smaller pores, usually associated with unconventional reservoirs
(Shen, Z. and Sheng, J., 2008). This can result in the cessation of oil production altogether,
and is extremely difficult to mitigate as well. Asphaltene pore plugging has not been
extensively researched in unconventional reservoirs, and could prove to be one of the main
reasons behind the failure of enhanced oil recovery (EOR) application in some shale
reservoirs across the United States (Fakher, S. and Imgam, A., 2018a).

Based on the aforementioned, asphaltenes are extremely complex in structure and
composition, and no research has performed a comprehensive analysis of all asphaltene
properties and factors impacting them. Also, asphaltene pore plugging has not been
extensively researched in unconventional reservoirs due to the novelty of the application
of EOR in shale reservoirs. Further investigation is therefore required to both
comprehensively determine the properties of asphaltenes and the factors impacting them,
along with their impact on asphaltene pore plugging in nanopores of unconventional shale

reservoirs.

1.2. EXPECTED IMPACTS AND CONTRIBUTION

The findings obtained from this research can help clarify part of the ambiguity
related to asphaltenes in the oil industry by providing a comprehensive analysis of all
published results pertaining to asphaltene in crude oil. The research will also help shed

light on the impact of asphaltene on oil recovery and pore plugging in unconventional shale



reservoirs, which is considered an extremely novel topic that very few researchers have
investigated. Based on this, the expected impacts of this research and its contribution on
advancing the knowledge pertaining to asphaltenes in the hydrocarbon industry can be
summarized as follows:
e Provide a comprehensive data analysis on the properties of asphaltene and the main
factors that impact it.
o [lllustrate the most frequently observed ranges for different parameters affecting
asphaltene in both laboratory studies and field cases.
e Present a guideline on the expected impact of different parameters under all
reported conditions on asphaltene stability in crude oil.
e Show the factors that have the strongest impact on asphaltene stability in crude oil
during CO:z injection.
e Convey the severity of asphaltene pore plugging in unconventional shale reservoirs

and its impact on oil recovery.

1.3. OBJECTIVES

The overall objective of this research is to provide a comprehensive guideline to
the properties of asphaltenes and the factors that will impact asphaltene stability in the
crude oil during CO2 injection and then quantify the impact of these factors on oil recovery
and pore plugging in unconventional shale reservoirs with nanopores. In order to reach this
objective, the research was divided into several tasks, each with their own unique objective.

These objectives are summarized as follows:



e To provide a comprehensive literature review on the main characteristics of
asphaltenes in crude oil and illustrate the currently available methods to study the
asphaltene properties and structure.

e Determine asphaltene phases in the crude oil and how to overcome the formation
of asphaltene deposits in the reservoir, wellbore, and pipelines.

e Perform a comprehensive data analysis based on laboratory experiments and field
studies involving asphaltene in crude oil the determine to factors that have the
strongest impact on asphaltene stability in crude oil and characteristics of
asphaltene in different crude oils from around the world.

e Compare the laboratory and field results obtained from the data analysis to illustrate
the difference in ranges between the lab and field studies.

e Perform experiments based on the factors determined in the data analysis task to
understand the impact of asphaltene on pore plugging and oil recovery in
unconventional nanopores during COz2 injection.

e Study asphaltene stability in crude oil during CO: injection and the factors

impacting asphaltene precipitation during COz2 injection in nanopores.

1.4. SCOPE OF WORK

In order to meet the mentioned objectives, this research was divided into three main
tasks. These tasks are presented in Figure 1.1 below. The first task involves performing a
comprehensive literature review on asphaltene properties and characteristics in order to
understand what previous researchers have done to study asphaltene, and to determine

asphaltene behavior in crude oil under different conditions. The literature review also



helped determine the asphaltene phases, and the factors that have the strongest impact on
asphaltene stability in crude oil and how to overcome asphaltene related problems in the
field. The second task involves undergoing a comprehensive data analysis on all reported
laboratory and field work involving asphaltene in order to provide a comprehensive
understanding of asphaltene characteristics from crude oils worldwide, and to determine
the factors that have the strongest impact on asphaltene stability in the crude oil and the
ranges at which these impacts were reported in the literature. The final task is to perform
an extensive experimental study on the factors that were determined from the data analysis
task to have the strongest impact on asphaltene stability during COz injection. This task
focuses on asphaltene impact on reducing oil recovery in nanopores through pore plugging
at different conditions and using different viscosity oils. By undergoing these three tasks,
a more detailed understanding of asphaltene can be provided to the industry in hopes that
asphaltene damage can be reduced in both laboratory experiments and field cases that

involve both conventional and unconventional reservoirs.

{ P Stability in Crude Oil }
s s I -
Task I: Review of Asphaltene Properties and Task T1- Data Analysis on Asphaltene Task III: Evaluating Factors Affecting
Thermodynamics Laboratory and Field Work Asphaltene Stability In Crude Oil
h
SARA Components Chemical Analysis Pressure

Asphaltens Molecular
Models

lemperature

Numerical Simulation

=
(o

Asphaltene Phases 0il Viscosity

Asphaltene Stability Core Flooding Soaking Time

-

' ‘ ' r

Pore Size and

il Recovery Reduction Field Smudies

Heterogeneity

Figure 1.1. Asphaltene Research Scope of Work



2. LITERATURE REVIEW

2.1. CRUDE OIL COMPONENTS

Crude oil components can be divided into multiple compounds and subdivisions
based on the composition of the crude oil. Normally, crude oil will contain a percentage of
dissolved gasses, liquids, and solids. The liquids can be further divided into saturates,
aromatics, and resins. Different types of solids may also exist in the crude oil, however,
the most prominent is asphaltene (Ashoori, S. et al., 2006; 2017). These components are
usually grouped together as Saturates-Aromatics-Resins-Asphaltenes, more commonly
referred to as SARA analysis. The SARA analysis is performed using chromatography to
determine the presence, and concentration of these components. The exact description of
each of these components and their relation to the asphaltene is explained below (bisht, H.

etal., 2013).

2.1.1. Saturates. Saturates are the nonpolar compounds in the hydrocarbon that
are saturated, and thus do not contain any double bonds. These compounds are not soluble
in water, as are most of the components of the crude oil. The carbon atoms are bonded to
the maximum allowable hydrogens, and thus no carbon-carbon double bonds are present.
They are the most commonly known hydrocarbons since they play a strong role in the
overall structure of the crude oil (Goel, P. et al., 2017). Saturated hydrocarbons are
generally referred to as alkanes. Alkanes have a general structure that is represented as
CnHan-2, which means that for each carbon atom there are two plus two hydrogen atoms in
the alkane molecule. The simplest alkane compound is methane, followed by ethane and

propane. The structure of all three is shown in Figure 2.1 below. As can be seen, no double



bonds are present in the compound. Saturates are one of the main liquid, or gas in regards
to methane, components of the hydrocarbon; asphaltenes are in solution within these
compounds until it becomes unstable and asphaltenes begin to precipitate from solution

(Angle, C.W. et al., 2015).

Figure 2.1. Molecular Structure of Methane, Ethane, and Propane

2.1.2. Aromatics. Aromatics are the second main component of hydrocarbons.
These compounds are slightly more complex in structure than saturates. They are nonpolar,
and are characterized by an unsaturated hydrocarbon ring, with multiple carbon-carbon
double bonds within the ring configuration (Keshmirizadeh, E.S. et al., 2013). Figure 2.2
shows the structure of three common aromatics, including toluene, xylene, and phenolic

acid. All three of these compounds has a cyclic hydrocarbon ring attached to a functional

group.
CH, OH
@CHE
CH,

Figure 2.2. Molecular Structure of Toluene, Xylene, and Phenolic Acid



2.1.3. Resins. Resins are considered much more complex in structure compared
to saturates and aromatics. They are higher in molecular weight compared to the two
previous components as well. Resins play a significant role in the stabilization of the
asphaltene in the crude oil (Leon, O. et al., 2002). The crude oil in general is nonpolar,
which means it is insoluble in water (Lammoglia, T. and Filho, C.R., 2011). Asphaltenes
are highly polar in nature and thus cannot be homogenized or solubilized in the crude oil
by their own since it is against their nature. Resins are characterized by having both a polar
and a nonpolar side and thus function as a bridging material that connects the nonpolar
hydrocarbon compounds to the highly polar asphaltene (Miadonye, A., and Evans, L.,

2010). Figure 2.3 shows a typical structure of a resin molecule.

Figure 2.3. Molecular Structure of Simple Resin Molecule

2.1.4. Asphaltenes. Asphaltenes are considered one of the most complex
components of crude oils. They are one of the very few components that are solid, shown
in Figure 2.4. Asphaltene complexity comes mainly in the way their structure is defined.
All of the three previously explained components have a general structure by which they

can be classified. Unfortunately, asphaltenes have tens of different structures, which makes



generalizing them into a specific family very difficult (Pazuki, G.R., 2007). Asphaltenes
are generally classified as a solubility class since they are characterized as being insoluble
in n-alkanes. There are several characteristics that can be used to identify asphaltenes
including (Seifried, C. et al., 2013):
e Solid: Asphaltenes are a solid phase that is homogenized in the crude oil at
reservoir conditions.
¢ n-Alkane Insoluble: Asphaltenes are classified as a solubility class since they have
several structure and thus it is extremely difficult to provide a generalized structure
for them. They are therefore defined as the highest molecular weight components
in the crude oil that are insoluble in light n-alkanes such as n-pentane or n-heptane
and soluble in aromatics such as toluene or xylene.
e Highly Polar: Asphaltenes are one of very few components of crude oil that are
highly polar, in contrast to the crude oil as a whole, which is considered nonpolar.
e Heteroatoms: Asphaltenes are associated with heteroatoms, mainly manifested in

nitrogen, oxygen, and sulfur.

Figure 2.4. Molecular Structure of an Asphaltene
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2.2. SARA ANALYSIS

The analysis of the four components including Saturates, Aromatics, Resins, and
Asphaltenes, is referred to as the SARA analysis. The main aim of the SARA analysis is
to differentiate between, and quantify the four main components of the crude oil (Bissada,
K.A. et al., 2016). Figure 2.5 provides a flowchart of the SARA analysis steps to
differentiate between the different components of the crude oil. If a sample of crude oil is
added to liquid propane, the aromatics and saturates will be solubilized, whereas the resins
and asphaltenes will precipitate. This will help isolate the resins and the asphaltenes.
Several methods can be applied to differentiate between the aromatics and saturates,
including gas chromatography. The resin and asphaltene precipitate can then be taken and
dissolved in a light n-alkane, most notably n-pentane and n-heptane. The resin will be
soluble in the n-alkane whereas the asphaltene will not, and will precipitate. Using this
procedure, the asphaltene can be distinguished from the resin. Using this method, all four

components of the SARA analysis can be accurately differentiated.

Crude Oil

[ Saturate ][ Aromatic ][ Resin ][ ;\sphnll(‘m‘]

N-heptane

N

Resin Asphaltene

Figure 2.5. SARA Analysis Flowchart




11

2.3. ASPHALTENE STRUCTURE AND COMPOSITION

Asphaltenes are extremely complex in nature. Also, they are usually classified as a
solubility class rather than a specific structure due to the several varieties of structures
available for asphaltenes. Several models have arisen in attempt to provide a standard
method that would be able to encompass all the different asphaltene chemical structures

and model them (Bahman, J. et al., 2017).

2.3.1. Archipelago. The archipelago asphaltene model, in accordance with its
name, models the asphaltene structure as several aromatic rings connected together through
aliphatic chains. An example of the Archipelago model is shown in Figure 2.6 below.
Several aromatic rings appear as separate groups connected together using several aliphatic
chains. There is an uncertainty in the model regarding the number of aromatic rings present
in the asphaltene molecule however. The side chains are believed to have an average length

of 5-7 carbons.

Cyclic Hydrocarbon Rings

Carbon Chain /

/

Figure 2.6. Archipelago Asphaltene Structure Example
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2.3.2. Continental. The continental model proposed the structure of asphaltene as
a large group of aromatic rings in the middle of the asphaltene molecule connected to
several aliphatic branches. This model is usually associated with lower molecular weight

asphaltenes, and is hence referred to as the condensed aromatic model.

Negative Charges
On Peripheral Chain

0/)\ Large Central Ring

Carbon Chain

Figure 2.7. Continental and Anionic Continental Structure

2.3.3. Anionic Continental. The Anionic Continental is extremely similar in
structure compared the Continental model, shown in Figure 2.7. The major difference lies
in a negatively charged group attached to one of the aliphatic chains attached to the main
structure. This gains the asphaltene structure a negative charge, which adds to the change
in potential of the asphaltene which will impact asphaltene stability significantly; this is

referred to as the electrokinetic effect and will be explained in details later on.
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2.3.4. Yen-Mullins. The Yen-Mullins model is the most widely accepted
asphaltene model nowadays, shown in Figure 2.8 (Mullins, O.C., 2011). This model
describes that asphaltene structure based on size and behavior as a function of the crude oil
that bears the asphaltene. In light oils, with high API gravity, the asphaltenes will be present
as small poly-aromatic hydrocarbon molecules with an average diameter of 1.5 nanometer.
In this case, the asphaltene concentration will be relatively low, and thus the asphaltene
size will not grow. In black oils, with slightly less API gravity, the asphaltene concentration
will be higher, and thus the asphaltene will be present in the form of nanoaggregates with
an average diameter of 2 nanometer, which is slightly larger than the asphaltene present in
the light oil. In heavy oils, with extremely low API gravity, the asphaltene concentration
will be relatively high, and will thus begin to form clusters. These cluster will grow in size,
and will reach an average diameter of 5 nanometers. The clusters form from the
combination of several nanoaggregates together. Based on this model, as the asphaltene
concentration in the oil increases, the oil will become heavier, due to the high molecular
weight of asphaltenes, and thus its API will decrease, which shows that asphaltenes have

an overall negative impact.
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Figure 2.8. Yen-Mullins Asphaltene Model (Mullins, O.C., 2011)
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2.4. ASPHALTENE STABILITY IN CRUDE OIL

Asphaltenes are highly polar compounds whereas the crude oil is nonpolar in
nature. It is therefore impossible for the asphaltene to be homogenized in the crude oil on
its own. Asphaltenes are stabilized in the crude oil via resins that have both a polar and a
nonpolar side to their structure and thus act as a bridging material that connects both the
asphaltene and the other nonpolar components of the crude oil (Nahid, S.M., 2003). There
are several attraction forces that act on the crude oil to homogenize its many components.
These forces include Coulomb forces, Electronegativity, Polarity, and Polarization. These

forces are illustrated in Figure 2.9.

Figure 2.9. Crude Oil Interaction Forces

2.5. ASPHALTENE DETECTION AND CHEMICAL ANALYSIS

Since asphaltenes are extremely complex in structure and vary in composition and
size, several methods are used to detect and study asphaltene structure and composition in
the crude oil. These methods function to determine several aspects of the crude oil and vary
in terms of how they detect the asphaltenes and their accuracy. Some of these methods can

even perform the SARA analysis by determining the different fractions of the crude oil and
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their compositions. Table 2.1 summarizes most of the methods used to study asphaltenes

based on different studies found along the years.

Table 2.1. Summary of Chemical Analysis Methods of Asphaltene Along the Years

Reference Year Analysis Technigque
Jewell, D.M. et al. 1972 Anion-Cation Exchange Chromatography
Lichaa, P.M. and Herrera, L. | 1975 Asphaltene Precipitation Tests
Hernandez, M.E. et al. 1983 SARA Analysis
Pearson, C.D. and Gharfeh, Liquid Chromatography with Flame
1986 o
S.G. lonization Detector
Karlsen, D.A. and Larter, Thin Layer Chromatography with Flame
1991 o
S.R. lonization Detector
Martinez, M.T. et al. 1997 Thermal Cracking
Kok, M.V. et al. 1998 Oxidation Reaction and SARA Analysis
Groenzin, Iggnd Mullins, 2000 Fluorescence Depolarization
Yarranton, H.W. et al. 2000 Vapor Pressure Osmometry
Clay-Gel Adsorption Chromatography, Thin-
Fan, T. et al. 2002 Layer Chromatography, and High Pressure
Liquid Chromatography
Open Column Chromatography and High
Islas-Flores, C.A. et al. 2005 Pressure Liquid Chromatography SARA
Analysis
Hannisdal, A. et al. 2006 Infrared Analysis
Abudu, A. and Goual, L. 2009 Adsorption using Microbalance
Miadonye, A. and Evans, L. | 2010 Calorimetry and Filtration
Bahzad, D. et al. 2010 Hydrodematallization
Angle, C.W. and Hua, Y. 2011 Dynamic Light Scattering Microscopy
Fourier Transform lon Cyclotron Resonance
Cho, Y. etal. 2012 Mass Spectrometry with Atmospheric
Pressure Photoionization
Open Column, Thin Layer, and Gas
Keshmirizadeh, E. et al. 2013 Chromatography Coupled with Flame
lonization Detector
Kharrat, A.M. et al. 2013 Optical Spectroscopy Method
Seifried, C.M. et al. 2013 Confocal Laser-Scanning Microscope
Cendejas, G. et al. 2013 Nuclear Magnetic Resonance
Fakher. S. et al. 2018 SARA Analysis using ChemicaI_Methods
based on Heptane Separation
Fakher, S. and Imgam, A. 2018 Filtration based on Heptane
Fakher, S. and Imgam, A. 2018 SARA Analysis and Gas Chromatography
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2.6. ASPHALTENE PHASES IN CRUDE OIL

The asphaltene will pass by several phases in the crude oil based on its stability and
how well it remains in solution under the thermodynamic and operational conditions at
which the oil is being produced (Nghiem, L.X. and Coombe, D.A., 1997). The different

phases that the asphaltene can pass by are shown in Figure 2.10 Each of these phases will

be explained in details.

¢/~ Asphaltene Stable )

Al equilibrium conditions, the
asphaltene will be stable in the
oil via the conmection created = —
by the resins between the /Asphaltene Dissociation'y e
asphaltene  and  the liquid Asphaltene  depesition  can Y.
\ components of the oil. J reduce oil recovery by causing

pore  plugging,  asphaltene ‘\
adsomtion on the rock surface,

fﬁsphaltcne Prccipitalion\ wettability alteration, and also "Asphallcnc Flncculatinﬁ\- .

S all . f N
Once a disturbance of the \mldem] properties alteration. _/ The precipitated asphaltene > &
equilibrinm conditions occurs, will begin to combine and form | l a )
asphaltene will  begin  to 7| floceulation  with 2 higher
precipitate from the oil. The Q density. These high  density
asphaltene precipitate will be lj floceulation will begin to settle
\ suspended in the oil. J \to the bottom.

¢ Asphaltene Deposition  /~Oil Recovery Decrease™\

After the asphaltene settles, it Asphaltens  deposition  can
will deposit into the pores of reduce oil recovery by causing
the porous media matrix. This pore  plugging,  asphaltene
deposition will begin o build adsorption on the rock surface,
up, which will result in pore wettability alteration, and also
plugging, and severe problems. crude oil properties alteration.

Figure 2.10. Asphaltene Phases in Crude Oil

2.6.1. Asphaltene Precipitation. At equilibrium conditions, the asphaltene will
remain stable in the crude oil. Once any disturbance, such as production or solvent
injection, occurs to the oil however, the asphaltene will begin to precipitate from the oil
solution. Precipitation involves the asphaltene solid coming out of solution and forming
visible asphaltene particles that are suspended in the oil. Since the asphaltene is still
suspended in the oil, it still does not pose a large threat. The asphaltene will still be mobile

with the oil, as long as the precipitation does not continue to increase further.
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2.6.2. Asphaltene Flocculation. If asphaltene precipitation increases, the
asphaltene particles will begin to combine and form larger asphaltene flocculations with a
higher density than the previously precipitated particles. These dense flocculations can
pose a serious threat since the particles have a large density and thus will begin to deposit
in the reservoir pores, wellbore, or pipeline.

2.6.3. Asphaltene Dissociation. If the flocculated asphaltene particles are noticed
early, they can be remediated relatively easily. If a proper remedial method is applied, the
flocculations can be broken down and dissociated back into the smaller precipitated
particles. If this occurs, the precipitated particles can then be homogenized in the crude oil
again, usually using a stabilizing chemical reagent.

2.6.4. Asphaltene Deposition. If the asphaltene flocculations are not immediately
noticed and are left in the oil, these flocculations will begin to deposit. If a large volume of
asphaltene is deposited, it will cause severe problems such as pore plugging in the
reservoir, wellbore plugging due to asphaltene buildup, or buildup in pipeline, which will

incontrovertibly result in catastrophic problems if not detected early.

2.7. FACTORS IMPACTING ASPHALTENE STABILITY

Asphaltene stability in the crude oil can be impacted by many factors (Rogel, E. at
al., 1999; 2003). These factors can be grouped into operational factors, which are factors
that are applied during production from the reservoir, and reservoir factors, which are
factors that are originally native to the reservoir but are affected as production, or fluid

injection commences. The chart presented in Figure 2.11 shows the main factors that fall
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under operational and reservoir factors. These factors will be explained in details in this

section.

Asphaltene
Equilibrium
Operational Factors | —| Reservoir Factors

| —l Pressure
Solvent Concentration | —| Temperature

| —| Solution Gas
4‘ il Viscosity

il Classification

Solvent Injection

Electrokinetic Effect

Figure 2.11. Factors Impacting Asphaltene Equilibrium

2.7.1. Reservoir Conditions. The reservoir conditions usually involve the
reservoir thermodynamics, including pressure and temperature, and the oil properties,
including solution gas, oil viscosity, and the oil classification based on its API gravity. The
reservoir pressure and temperature usually do not change, and are thus uncontrollable.
Regarding the oil properties, these will change depending on the production mechanism,
injected fluids inside the reservoir, and change in pressure as the hydrocarbon is mobilized.

2.7.2. Solvent Injection. A solvent is any material that can be solubilized in the
crude oil at different conditions based on the solvent and the reservoir properties. Several
solvents can be injected into the reservoir including steam, surfactant, COz2, nitrogen,
methane, and many other solvents that are used to alter the properties of the crude oil. As

the solvent begins to interact with the oil, the asphaltene might no longer be stable in the
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crude oil due to a shift in its initial equilibrium conditions at which it was initially
solubilized in the oil.

2.7.3. Electrokinetic Effect. From its structure, the electrokinetic effect refers to
the movements of a substance due to a change in charges. Asphaltenes usually carry a
charge, and thus during production operations, a drawdown is induced due to the difference
in reservoir and wellbore pressure. This drawdown, along with the asphaltene charge, are
two of the main reasons behind the electrokinetic effect, which will result in asphaltene

instability in the crude oil, and eventually, asphaltene precipitation.

2.8. ASPHALTENE RESERVOIR PROBLEMS DURING PRODUCTION

Once asphaltene deposition occurs, several problems can result in the reservoir.
These problems can include pore plugging, adsorption of the asphaltene to the rock grains,
and wettability alternation of the rock from its original wettability to oil wet (Soroush, S.
et al., 2014). All of these occurrences will have a strong impact on oil recovery, and are

considered relatively difficult to mitigate, shown in Figure 2.12.

Pore Plugging | =——— — |Wctlabi1ily Alteration

Asphaltene * Grain Surface

Figure 2.12. Asphaltene Impact on Oil Recovery
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2.8.1. Pore Plugging. If the asphaltene begins to deposit in the reservoir pores,
this deposition will begin to buildup, and eventually fill up all the available voids in
between the pores. This will result in the pores being plugged. This pore plugging will
deter, or completely hinder the flow of the oil, and will thus affect the oil recovery
significantly in a negative manner.

2.8.2. Adsorption and Wettability Alteration. If the asphaltene deposition
increases to a great length, the asphaltene will begin to adsorb onto the grain surface. This
adsorption will result in the grains being surrounded by the asphaltene, which is a
component of the crude oil, and thus will result in the wettability of the oil to become
strongly oil wet. This will decrease the relative permeability of the oil and decrease oil

recovery.

2.9. ASPHALTENE SEVERITY IN UNCONVENTIONAL RESERVOIRS

As the aforementioned illustration depicted, asphaltene can cause severe damage to
the reservoir and may reduce or completely cease oil production. As the pore size
decreases, asphaltene deposition will fill up the voids much faster due to a reduction in the
available space. Very few researchers have investigated asphaltene pore plugging in
unconventional shale reservoirs due to the relative novelty of the producing from
unconventional shale reservoirs compared to conventional shale reservoirs, especially for
EOR applications in unconventional shale reservoirs (Shen, Z. and Sheng, J., 2016). It is
therefore extremely important to investigate asphaltene pore plugging in unconventional
reservoirs since this could be one of the main reasons why EOR applications in some shale

plays failed significantly even though it was successful in others.
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I. ASPHALTENE COMPREHENSIVE DATA ANALYSIS BASED ON
LABORATORY AND FIELD RESULTS
Sherif M. Fakher, and Abdulmohsin Imgam

Missouri University of Science and Technology

ABSTRACT

Crude oil has multiple components within it that are either favorable for production,
or unfavorable due to the severe problems that they pose both during production, and
during the processing phase of the oil. Asphaltene is a solid component of crude oil that is
usually solubilized in the oil at reservoir conditions, but can separate and deposit in the
pores of the reservoir, hence causing severe operational damages and a large reduction in
oil recovery. Several experimental researches have been conducted to evaluate asphaltene
concentration, particle and aggregate size, elemental content, precipitation, flocculation,
deposition, pore plugging, adsorption, and wettability alteration. These experimental works
contain more than thirty different analysis techniques and methods. In addition, multiple
field tests have been reported on asphaltene damage to reservoirs in several fields
worldwide. This research aims to provide a comprehensive and detailed data analysis on
asphaltene properties, and the factors affecting asphaltene equilibrium to determine the
working conditions at which asphaltene has been studied, and the main properties of
asphaltene in crude oil. The data collected included 219 laboratory studies including more

than 4000 experiments and 19 field studies from countries across the globe. The data
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analysis involved gathering and cleaning of the data, homogenizing the units, and then
analyzing the data using two statistical analysis tools including histograms and boxplots.
The figures generated using these two statistical analysis tools include asphaltene
properties, heteroatoms concentration, crude oil properties, thermodynamic conditions, and
core flooding or field properties. To the authors’ knowledge, no comprehensive data
analysis has been performed on asphaltene in crude oil, which makes this research
significant in terms of determining the lab and field properties that mostly affect asphaltene

in crude oil and the working condition affecting asphaltene equilibrium.

1. INTRODUCTION

Crude oils are extremely complex in terms of properties and composition. They can
contain hundreds of different components with different properties and characteristics. One
of the most complex components of crude oil are asphaltenes. Asphaltenes have different
structure and sizes based on the crude oil properties, and thus are usually classified based
on their solubility in light n-alkanes, such as n-heptane, rather than a specific structure
(Boussingault, J.B., 1837). Since asphaltenes are solid, if they precipitate from the crude
oil and form dense flocculations, they can begin depositing in the reservoir, wellbore, or

even equipment and pipelines.

Due to the complexity of asphaltenes, understanding their concentration in different
crude oils, and quantifying the factors impacting asphaltene precipitation and deposition is
extremely important in order to avoid the problems associated with asphaltenes in both lab

experiments and field operations. Since asphaltenes have tens, or perhaps even hundreds,
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of different structures, many methods have been used to detect and analyze asphaltenes.
One of the most widely used methods is the SARA analysis (Hernandez, M.E. et al., 1983)
which can be determined using several techniques such as anion and cation exchange
chromatography (Jewll, D.M. et al., 1972), column separation and flame ionization
chromatography (Fan, T. et al., 2002), gas chromatography coupled with mass
spectrometry (Fakher, S. and Imgam, A., 2018a; Fakher, S. et al., 2018) and liquid
chromatography (Hinkle, A. et al., 2008). Other chemical analysis focused on the
composition of the asphaltene itself using hydrodematallization (Seki, H. and Kumata, F.,
2000), x-ray diffraction, vapor pressure osmometry (Dickie, J.P. and Yen, T.F., 1967), light
scattering microscope (Angle, C.W. and Hua, Y., 2011), Fourier transform infrared
spectroscopy (Cho, Y. et al., 2012), infrared analysis (Hannisdal, A. et al., 2006) and more
recently, computer tomography scanning (Alrashidi, H. et al., 2018), and confocal laser-
scanning microscope (Seifried, C.M., et al., 2013). Some research also investigated the
molecular structure of the asphaltene using molecular simulation and thermodynamic
Micellization modelling to study the behavior of the asphaltene molecule and its
characteristics (Mullins, O.C., 2011; Victorov, A.l., and Firoozabadi, A., 1996). These
researches indicate that multiple methods are needed in order to accurately understand the
characteristics of asphaltenes which shows the extent to which asphaltenes are complex,
and emphasizes the need to obtain a comprehensive understanding of asphaltenes in
different crude oils with different structures and compositions.

Asphaltene pore plugging is a severe phenomenon that can have a strong impact on
oil recovery. Pore plugging has been researched extensively using mainly core flooding

experiments (Lichaa, P.M. and Herrera, L., 1975). Several core types have been
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investigated for asphaltene pore plugging severity, along with different crude oils from
several light, intermediate, and heavy oil reservoirs (Wang, S. et al., 2016; Monger, T.G.
and Fu, J.C., 1987; Rivastava, R.K. and Huang, S.S., 1997; Yen, A. et al., 2001; Shedid,
S.A. and Zekri, A.Y., 2006; Mendoza, J.L. et al., 2009; Behbahabi, T.J. et al., 2012;
Kazempour, M. et al., 2013; Soroush, S. et al., 2014; Shen, Z. and Sheng, J., 2018). These
researches used multiple core types including carbonates, sandstones, shales, composite
cores, sand pack and glass beads to investigate asphaltene pore plugging. Many researchers
have also reported field studies where asphaltene caused severe operational problems, and
oil production decrease. Mitigation mechanisms have also been reported, mainly
manifested in chemical methods, including the injection of a chemical to re-dissolve the
asphaltene, and mechanical methods, such as water jetting or drilling through the
asphaltene buildup in the wellbore (Thawer, R. et al., 1990; Schantz, S.S. and Stephenson,
W.K., 1991; Yen, A. et al., 2001; Iwere, F.O. et al., 2002; Al-Ghazi, A.S. and Lawson, J.,
2007; Abdallah, D. et al., 2010; Uetani, T., 2014). These studies demonstrate how
asphaltenes can cause severe problems in different reservoirs and formations worldwide,
and thus understanding and combing the parameters that these researchers have faced and
investigated is paramount in fully understanding how to overcome the asphaltene pore
plugging predicament and thus avoid complications during experimental work and field
production.

Even though there are many researchers studying asphaltenes, no data analysis has
yet been performed on asphaltene properties and the factors impacting asphaltene
equilibrium. Since asphaltenes are extremely complex and cause severe problems in many

reservoirs worldwide, it is important to provide a guideline to the ranges and values
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reported for asphaltene concentrations and factors influencing asphaltene precipitation and
pore plugging in laboratory experiments and hydrocarbon reservoirs. This research
undergoes a comprehensive data analysis on asphaltene in crude oil based on both
laboratory and field data using two major statistical analysis tools including histograms
and boxplots to increase the ability to better predict asphaltene precipitation and the extent
to which it may result in problems based on the rock and fluids condition in both laboratory

research and field projects.

2. DATASETS DISTRIBUTION

The data used was based on both laboratory work and field studies that involved
asphaltene bearing crude oil. The number of sources used for each type of work is shown
in Table 1. The majority of the work was laboratory work, with the number of experiments
reaching more than 4000 experiments involving asphaltene. Only nineteen field studies
were found involving asphaltene damage and mitigation in reservoirs across the world. A
study was classified as field work only if it involved a real field study or application, and

thus simulation work was not included under field studies.

Table 1. Data Set Distribution

Type of Study Number of Sources
Laboratory Studies 219
Laboratory Experiments More Than 4000
Field Studies 19
Total Number of References Collected 250
Total Number of References Used 168
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3. DATA PROCESSING METHODOLOGY

Two statistical analysis tools were used for the data processing. These tools include
boxplots and histograms. Before applying these tools however, the data collected was
analyzed and cleaned in order to undergo the data analysis correctly. Data analysis and
cleaning process involves homogenizing the units for each data set in order to plot the
values together and determining outliers that may affect the distribution and analysis of the
data negatively since they have no relation to the data set. Data processing is extremely
important since without this procedure, inaccurate information may be conveyed in the

histograms and the boxplots.

3.1. BOXPLOT

Figure 1 provides an illustration of a conventional boxplot. A boxplot is a statistical
analysis tool that divides the data into five distinct sections, including the maximum value,
represented as the upper bar, third quartile range (75" percentile), represented as the upper
box, the median value (50" percentile), represented by the middle line, first quartile range
(25" percentile), represented by the lower box, and the minimum value, represented as the
lower bar. The mean of the data is also shown on the plot as the cross-mark. A boxplot
can provide an indication of how well the data is distributed within each quartile range. It
can also show the minimum and maximum data point available. Boxplots are usually
compared to each other in order to compare the distribution of different datasets together
and their maximum and minimum values. They can also be used to compare different cases
to each other, such as comparing laboratory experiments to actual field tests. This helps
differentiate between different cases and offers a good idea on the difference in data

between the different conditions.
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Figure 1. Boxplot Illustration

3.2. HISTOGRAM

Figure 2 provides an illustration of a conventional histograms. They help determine
the frequency at which a specific range of data are repeated in the dataset. Histograms can
therefore define the minimum and maximum frequency ranges, and are extremely useful,
especially when developing a screening criterion. In all the histograms presented in this
research, the highest frequency range will be illustrated in orange, and the lowest frequency

range will be illustrated in blue. All other frequency ranges will be shown in green.
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Figure 2. Histogram Illustration
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4. RESULTS AND ANALYSIS

The data analysis is divided into laboratory dataset results, and field set results. The
laboratory dataset includes references related to chemical analysis, mathematical
modeling, numerical simulation, and core flooding experiments. The field data set includes
only references that reported an actual field test or case, and does not include simulation

results.

4.1. LABORATORY DATASET RESULTS

Both histograms and boxplots have been generated for the laboratory data sets. The
histograms and boxplots include asphaltene properties, heteroatoms concentration, crude
oil properties, thermodynamic conditions, and core flooding properties. Figure 3 shows a
pie chart for the distribution of data included in the laboratory dataset. The majority of the
data falls within the chemical analysis section, while only 12% of the data represents core

flooding.
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Figure 3. Laboratory Results Distribution
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4.1.1. Asphaltene Properties Histograms. The asphaltene properties presented
in this research are the asphaltene concentration and asphaltene molecular weight. The
asphaltene concentration in the crude oil affects asphaltene stability and its likability to
precipitate from solution significantly (Barrera, D.M. et al., 2013; Castro, L.V. and
Vazquez, F., 2009; Ciminu, R. et al., 1995; De Boer, R.B. et al., 1995)). The asphaltene
molecular weight will influence the overall oil molecular weight since asphaltenes are
extremely high molecular weight components. Figure 4 shows the histograms for both the
asphaltene concentration, and the asphaltene molecular weight. Based on the asphaltene
concentration histogram, it can be observed that the asphaltene concentration in oil can
reach extremely high levels, above 25%, even though it was the least frequency range. The
highest frequency range was observed to be between 1.1 to 5 wt%, which is considered a
moderately low asphaltene concentration, although it can still pose a serious threat during
production due to the large volumes of oil produced. Asphaltenes are considered one of the
highest molecular weight components in the crude oil, and thus the histogram for the

molecular weight shows large values, with the highest frequency range being 1000.1- 2000

g/mol.
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Figure 4. Asphaltene Properties Histograms
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4.1.2. Heteroatoms Concentration Histograms. Heteroatoms are any atoms in
the hydrocarbon ring that are not carbons. The three most common heteroatoms associated
with asphaltenes are nitrogen, oxygen, and sulfur. The presence of a relatively higher than
normal concentration of any, or all, of these heteroatoms gives a strong indication of the
presence of asphaltene in the crude oil. Figure 5 shows the histograms for the nitrogen and
oxygen content in the crude oils associated with asphaltene found in the literature. Both
histograms show the presence of nitrogen and oxygen in almost all the cases where
asphaltenes were reported, with some exceptions. The nitrogen content is smaller than that
of the oxygen due to the overall low concentration of nitrogen in the crude oil compared to
oxygen, however, the presence of both them, even at low concentrations is a good
indication of the presence of asphaltene. Figure 6 shows the histogram for the sulfur content
in the crude oil. Asphaltenes are usually associated with a large concentration of sulfur,
which is evident from the histogram results, with the highest frequency range being
between 4.1-5 wt%. The difference of concentration of the heteroatoms depends on the
asphaltene concentration in the crude oil, the structure of the asphaltene, and the overall
composition of the crude oil. Since all three of these conditions may vary significantly, a
variety of concentrations are observed from different cases. Bahman et al. (2017) showed
the range of heteroatom concentration in asphaltene based on the results from 57 different
oil samples. They found that the oxygen ranged from 0.3-4.9%, the nitrogen ranged from
0.6-3.3%, and the sulfur ranged from 0.3-10.3%, all of which fall within the ranges
presented in the histograms. The main difference is that this research provides a more

comprehensive range of oil sample.
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Figure 5. Nitrogen and Oxygen Content in Asphaltene Histograms
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Figure 6. Sulfur Content in Asphaltene Histogram

4.1.3. Crude Oil Properties Histograms. The histograms for the crude oil
generated in this research include oil molecular weight, oil viscosity, oil specific gravity,
and oil API gravity, presented in Figure 7. The oil molecular weight histogram shows
ranges with values much lower than that of the asphaltene molecular weight, which shows
the extent to which asphaltene molecular weight is higher compared to the overall crude
oil. The oil viscosity frequency plot covers an extremely broad range, which is an

indication that asphaltenes can occur in any type of oil. The main difference is the
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asphaltene concentration in the oil with the lower viscosity oils generally having a lower

asphaltene concentration than the higher viscosity oils, as was indicated in the Yen-Mullins

model (Mullins, O.C., 2011). The majority of the oils reported had a moderate API gravity

value, and therefore a relatively average specific gravity as well, since both are related.
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Figure 7. Crude Oil Properties Hisotgrams

4.1.4. Thermodynamic Conditions Histograms. Thermodynamic conditions

include temperature and pressure. Both these parameters have a strong impact on the

asphaltene stability in crude oil (Arciniegas, L.M. and Babadagli, T., 2014), and thus it was
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important to include them in the data analysis. Figure 8 presents the histograms for the
thermodynamic conditions. The highest frequency ranges for both parameters is within the
lower values. This is mainly due to the majority of the studies focusing on chemical

analysis rather than flooding experiments.
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Figure 8. Pressure and Temperature Histograms

4.1.5. Core Flooding Properties Histograms. Different types of formations have
been investigated for asphaltene pore plugging in the lab. These formations not only
include common lithologies such as sandstones and carbonates, but also some researchers
have used glass beads, and composite cores composed of different types of lithologies.
Figure 9 shows the different lithologies that were used to investigate asphaltene pore
plugging. The majority of the cores used were either carbonates, or calcites, mainly
manifested in sand. The highest porosity and permeability experiments were the ones that
used sand packs and glass beads. The shale experiments were mainly form shale cores from
the USA, while the carbonates were mainly from the Middle East. The core flooding

parameters investigated in this research are mainly related to the core properties since the
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thermodynamic properties were covered previously. The core properties investigated
include the core permeability, porosity, length, and diameter. Figure 10 shows the
histograms generated for all four core properties. The majority of the cores used had a
diameter of 1.1-1.5 inches, and a length of 1-5 inches. The permeability was mostly in the
lower ranges as well as the porosity. This is mainly due to the nature of the study, which
involves asphaltene pore plugging, which was reported to be much more severe in the lower
permeability (Fakher, S. and Imgam, A., 2018b; Shen, Z. and Sheng, J., 2018). This is
mainly due to the fact that the smaller pores will plug up much faster than the larger pores
and thus the oil recovery will be affected in a much more rapid way. Also, since the
capillary pressure in the smaller pores is much higher, the flow of fluids through these
pores is much more difficult compared to the larger pores, which makes the overall
production from the smaller permeability reservoirs much more difficult compared to the
larger permeability reservoirs, such as conventional sandstone or carbonate reservoirs with

micropores.
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Figure 9. Porous Media Type Histograms
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Figure 10. Core Flooding Properties Histograms

4.1.6. Asphaltene Properties. The boxplots for the asphaltene properties,

including asphaltene concentration and asphaltene molecular weight, are shown in Figure
11. A maximum of 43 wt% asphaltene was found in one of the studies, which used bitumen
as the hydrocarbon. The asphaltene molecular weight was mostly in the lower values,

which is evident from the size of the first quartile range box. Since the size of the first

quartile range is small, the distribution of the data in this quartile is relatively well. The

median value is also closer to the first quartile range.
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Figure 11. Asphaltene Properties Boxplots

4.1.7. Heteroatoms Concentration Boxplots. The boxplots for the heteroatoms
associated with asphaltene are shown in Figure 12 and Figure 13. Based on the y-axis, the
sulfur content is the highest, then the oxygen, and finally the nitrogen. The presence of

heteroatoms with the relative concentrations observed in the boxplots is a strong asphaltene

indicator.
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Figure 12. Nitrogen and Oxygen Content in Asphaltene Boxplots
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Figure 13. Sulfur Content in Asphaltene Boxplot

4.1.8. Crude Oil Properties Boxplots. Figure 14 shows the boxplots generated
for the crude oil properties. Based on the boxplots, an extremely wide range of oil
properties may bear asphaltenes within them. Oil viscosity as low as 1 cp, or even lower,
and API gravities as high as 50 °API have been reported to have an asphaltene
concentration. This shows the importance of studying asphaltenes since they are a
component that can be present in any type of crude oil regardless of its properties. The oil
molecular weight of 7800 g/mol, and specific gravity larger than 1 was for the bitumen,
which is considered an extremely heavy oil. Compared to the asphaltene molecular weight
ranges, shown previously, the oil molecular weight is much lower. This indicates two
significant things, including that the asphaltene presence in the crude oil and its
concentration plays a significant role in impacting the overall oil molecular weight, and
from this, the oil molecular weight becomes it itself a strong indicator of asphaltene
presence. If the oil molecular weight is extremely high, then there must be components
within it that are impacting its molecular weight. These components will have an extremely

high molecular weight themselves, such as asphaltene, which in turn will impact the overall
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molecular weight of the oil. By this, an indication of asphaltene in the crude oil can be

determined from the crude oil properties.
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Figure 14. Crude Oil Properties Boxplots

4.1.9. Thermodynamic Conditions Boxplots. The boxplots for the pressure and
temperature conditions are shown in Figure 15. Based on the conditions at which the crude
oil is being produced, including normal production or solvent injection, asphaltene may
begin to precipitate. Pressure and temperature conditions will either facilitate or hinder the

precipitation of asphaltene based on production method. The boxplots show that asphaltene
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may begin to form at an extremely wide pressure and temperature range, which is mainly
due to the fact that asphaltene precipitation is a function of many parameters, including,

but not limited to, thermodynamic conditions of the reservoir (Ashoori, S. et al., 2010;

2017).
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Figure 15. Pressure and Temperature Boxplots

4.1.10. Core Flooding Properties Boxplots. The boxplots for the core flooding
properties are presented in Figure 16. Since different core types, and models such as sand
packs and glass beads were used, large permeability and porosity values were found. The
lower box in the permeability boxplot is not easily distinguishable for two main reasons
including the good level of distribution of data within this quartile, and also the majority
of the data is present within this quartile, which is also evident due to the closeness of the
median value to this quartile. Other core flooding parameters may also play a significant
role in asphaltene damage. These may include the pore size heterogeneity, presence of
natural fractures, and the mineralogy of the core itself, even if they have the same lithology

or rock type.
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Figure 16. Coreflooding Properties Boxplots

4.2. FIELD DATASET RESULTS

The field dataset results will include histograms and boxplots for 19 case studies
involving asphaltene worldwide. The statistical analysis will include asphaltene, oil,
thermodynamic, and rock properties. The 19 field studies include different countries
worldwide, with the majority of the case studies located in the USA and Middle East, as

shown in Figure 17. A histogram is also presented, showing the distribution of field cases.
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Figure 17. Field Locations Histograms
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4.2.1. Asphaltene Properties Histogram. The asphaltene concentration
histogram is shown in Figure 18. The highest frequecny range observed was the lowest
range in the histogram. The difference between the highest and lowest frequency ranges is
only in three studies however. This is mainly due to the limited data published on fields
associated with asphaltene problems due to some data being restricted and thus
unpublishable. The asphaltene concentrations observed in the field studies however are

much smaller than thoses reported in the laboratry experiments.
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Figure 18. Asphaltene Concentration Histogram

4.2.2. Oil Properties Histogram. The oil API histogram is shown in Figure 19.
Only the oil API is presented in the oil properites due to limited data in field studies. Most
of the oil used is considered light oil, with an API Gravity of 30.1-40 °API. No field studies
reported oils with 5-10 and 20.1-30 °API, which is due to the limited data avaliable for the
fields due to restrictions, in comparison to laboratorty work, which is generally more
avaliable. Even though the data included in field cases is limited, the histogram still covers

a wide range of oil API gravities between 10.1- more than 40 °API.
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Figure 19. Oil API Gravity Histogram

4.2.3. Thermodynamic Properties Histograms. The formation pressures and
temperatures reported in the field studies are presented in the hisotgrams in Figure 20. A
wide range of pressures were reported, while the temperatures reported ranges from 50-
200 °C. Some of the ranges have no data within them mainly due to the lack of data
reported. Temperatures above 200 °C were not reported, although temperatures in the

laboratory results reached up to 670 °C.
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Figure 20. Thermodynamic Properties Histograms
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4.2.4. Rock Properties Histograms. The rock properties histograms include pay
zone depth and the rock type. Figure 21 shows the results for both histograms. The majority
of the studies reported a carbonate formation, as was the case in the lab studies. Most of
these carbonate reservoirs were limestones located in the Middle East or the United States.
A pay zone depth of 5000.1- 10000 ft had the highest frequency of all the ranges reported
in the literature. This depth is considered not too deep, and also not too shallow compared
to the range between 1000.1-2000 ft, and the range between 10000.1-15000 ft, and greater,
which are considered relatively shallow and deep respectively. Two of the ranges found
within the histogram had no data within them but it was still important to include them to

increase the accuracy and integrity of the histogram generated.
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Figure 21. Rock Properties Histograms

4.2.5. Asphaltene Treatment Method Histogram. Several researchers have
investigated many techniques to mitigate asphaltene precipitation and deposition. All the
methods used can be grouped into two broad caterogiers. These catergories include

chemical methods, which involoves the injection of any chemical inside the wellbore or
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the reservoir to disolve the asphaltene and homogenize it within the crude oil again, and
mechanical methods, which include any mechanical or mechanical-based method such as
directly drilling the asphaltene or water-jetting. Figure 22 shows the frequency plot for the
chemical and mechanical mitigation attempts in fields from different countries worldwide.
Based on the histogram, the majority of the fields attempted the use of chemcials, some of
which are extracted components of the crude oil such as toluene or xylene while others are
extracted from other sources such as plants, rather than mechanical methods. It should be
noted that the use of a specific technique is highly dependant on many factors including
the reservoir thermodynamics, fluid and rock type, strucutre and concentration of the
asphaltene, and the degree of asphaltene plugging or damage at the time of treatment. Also,
the use of chemicals is highly based on environemental regulations, compatiability of the

chemical with the reservoir and crude oil, and avalibility of the chemcial.
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Figure 22. Treatment Method Histogram

4.2.6. Asphaltene Properties Boxplot. The boxplot for the asphaltene

concentration is presented in Figure 23. The highest asphaltene concentration reported was
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14 wt%, which is considered a high percentage, although higher values were observed in
the laboratory results. The majority of the data reported lies within the lower values, based
on the size of the lower box and the median bar in the boxplot. Also, the distribution of the
data in the upper box is considered highly uneven, which is evident from the size of the

box compared to the lower one.
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Figure 23. Asphaltene Concentration Boxplot

4.2.7. Oil Properties Boxplot. The boxplot generated for the oil API gravity is
shown in Figure 24. The highest API gravity found was 41.2 °API, which is considered
light oil, while the lowest value was 12 °’API, which is slighlty lighter than heavy oil. The
majority of the data lies within the higher values however, which indicates that most of the
field studies were reported on light oils. The distribution of the data within the first quartile
range, indicated by the lower box, is highly uneven. This is indicated by the size of the box
relative to the third quartile range, indicated by the upper box. The oil API Gravity is an
extremely important parameter that will govern the quality of the crude oil, and its overall

selling cost.
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Figure 24. Oil API Gravity Boxplot

4.2.8. Thermodynamic Properties Boxplot. The thermodynamic properties,
including pressure and temperature, boxplots are shown in Figure 25. The pressures
recorded reached 13103.7 psi. The third quartile range for the pressure boxplot is less
evenly distributed compared to the first quartile range. Also, the median value is closer to
the first quaritle range which indicates that the majortiy of the data lies within this range.

The highest reservoir temperature reached 200 °C, while the lowest reported was 56 °C.
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Figure 25. Thermodynamic Properties Boxplot
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4.2.9. Rock Properties Boxplot. The pay zone depth boxplot is presented in
Figure 26. The highest depth recorded was close to 20000 ft, with the distribution of the
data beiing less even compared to the lower range. The average and median values are
closer to the lower range, whereas the mean value lies within the third quartile range. This
indicates that more data lies in the first quartile range, but the values in the thrid quartile
range are much higher compared to the first quartile range, and thus the mean is slightly

larger than the median value.
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Figure 26. Pay Zone Depth Boxplot

5. DATA RANGES FOR FIELD AND LABORATORY RESULTS

Based on the histograms and boxplots generated for both the laboratory and field
studies, it was evident that the values from both were not similar in almost all cases. It is
therefore important to differentiate between both of them. Table 2 provides a summary of
the data found for both the laboratory and field studies in order to compare both. Only the

data that was available for both the field and the lab will be included in the table. The
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asphaltene concentration, API gravity, and temperature values in the lab are higher than
those in the field, whereas the pressure in the field was higher than the lab. The highest
frequency lithology in both was carbonate rock, mainly limestone. This table can help
determine the best ranges for experimental work on asphaltene, either based on chemical
analysis or core flooding experiments. The table can also help researchers correlate
between values found in the field with their experiments to mimic field conditions. This
table is limited however to the properties mentioned within it. This is mainly due to the
lack of reported data on some major parameters, especially for the field results, since most
of the field data is considered confidential. The table still provides a comparison of some

parameters, and works to illustrate the difference between field and lab results.

Table 2. Comparison of Laboratory and Field Data

Study Parameter Max Min | Median Highest Lowest
Range Range
Asphaltene 43 | 001 | 54 1.1-5 >25
Concentration
Oil API
Lab Gravity 50.21 0.6 22.8 20.1-30 0-5
Pressure 9727 14.7 725.1 0-500 4000.1-5000
Temperature 670 0 71.4 20.1-40 0-20
Lithology - - - Carbonate Glass Beads
Asphaltene |, og | 18 0-1 >5
Concentration
Ol API 41.2 12 35.6 30.1-40 >-10
Field Gravity 20.1-30
Pressure 13103 | 3218 6000 | 3000.1-10000 | 1000-3000
10-50
Temperature 200 56 124 100.1-150 200
Lithology - - - Carbonate Sandstone
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6. CONCLUSIONS

A comprehensive data analysis was performed on both laboratory and field studies
involving asphaltene. The factors impacting asphaltene stability were included in both the
histograms and the boxplots, along with the asphaltene concentration reported in laboratory
and field studies to provide a guideline to the conditions at which asphaltenes may
precipitate and cause pore plugging during both lab experiments, and field work. A
comparison was also provided between some of the lab and filed data to determine the

ranges at which both can be studied effectively.
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1. ASPHALTENE PRECIPITATION AND DEPOSITION DURING CO2
INJECTION IN NANO SHALE PORE STRUCTURE AND ITS IMPACT ON
OIL RECOVERY

Sherif M. Fakher, and Abdulmohsin Imgam

Missouri University of Science and Technology

ABSTRACT

Carbon dioxide (CO2) injection has been shown to improve oil recovery from
conventional oil reservoirs, with a relatively high rate of success. Recently, it has also been
applied in unconventional shale reservoirs, with hopes that it could improve oil recovery
from them as well. The process proved successful in some shale plays, but failed in others.
This research investigates the CO2 flow mechanism in nano-pores and its impact on
asphaltene precipitation, which could lead to pore plugging and a reduction in oil recovery.
Nano-composite filter membranes were used to conduct all experiments. The setup used
was a specially designed filtration apparatus that could incorporate the nano filter
membranes. The factors studied include the CO: injection pressure, temperature, oil
viscosity, CO2 soaking time, porous media thickness, nano-pore size, and pore size
heterogeneity. Asphaltene wt% was quantified for all the experiments, both for the
produced and bypassed oil. Increasing the CO: injection pressure resulted in a higher oil
recovery and a shorter CO2 breakthrough time. Also, the percentage of asphaltene in the
recovered oil was higher for the higher CO:2 injection pressure. Results indicated that
increasing the temperature also resulted in a higher oil recovery, however, the asphaltene
wt% in the bypassed oil also increased with temperature due to instability of the oil

stabilizing agent, resin. It was found that the higher oil viscosity had a larger asphaltene
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weight percent. Increasing the thickness and heterogeneity resulted in a decrease in oil
recovery and also a higher asphaltene weight percent. Increasing the nano-pore size
resulted in a significantly higher oil recovery, and less pore plugging. This research
investigates the flow mechanism of COz2 injection and asphaltene precipitation due to CO2
injection in nano-pores in order to better understand the main factors that will impact the

success of COz2 injection in unconventional shale reservoirs.

1. INTRODUCTION

Carbon Dioxide injection is an enhanced oil recovery (EOR) technique applied in
hydrocarbon reservoirs to increase oil recovery. COz2 injection has been applied extensively
in conventional oil reservoirs with a high success rate (Meng, X. et al., 2017). Very
recently, several pilot tests have been conducted to investigate the applicability of CO2
injection in unconventional reservoirs, and the extent to which it can improve oil recovery
(Rassenfoss, S., 2017). The exact mechanism and flow regime by which the CO2 flows in
the nano-pores of the shale reservoirs is not yet fully understood (Sheng, J. and Chen, K.,
2014; Sheng, J. et al., 2015; Wang, S. et al., 2016; Li, L. and Sheng, J., 2017). Another
major point that has not been fully investigated for CO: injection in nano-pores is
asphaltene precipitation which can deposit in these nano-pores and result in pore plugging
which can reduce oil recovery and cause severe operational problems (Shen and Sheng,

2018).

Several researchers have studied the application of gas injection in shale reservoirs.

Kang, S. et al. (2011) evaluated CO:2 adsorption to the shale rock using the application of
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volume and mass balance equations. Their work was concerned with CO2 storage in shale
reservoirs. Gupta, N. et al. (2013) investigated the impact of shale mineralogy on oil
recovery. They used Fourier Transform Infrared Spectroscopy to analyze the shale core.
Flow mechanisms of multi-component systems in shale reservoirs was investigated by
Fathi, E. and Akkutlu, 1. (2014). They developed a new mathematical model based on the
Maxwell-Stefan Formulation to simulate the flow. The main drawback of their model was
that it did not take into account the shale mineralogy difference, and therefore had limited
applicability. Sheng, J. (2014, 2015, 2016, 2017) performed an extensive lab and
simulation study to evaluate the effect of different gas injection mechanisms, including gas
injection and gas huff-n-puff on oil recovery from shale reservoirs. Their work was focused
mainly on oil recovery rather than CO2 flow mechanism. Wan, T. et al. (2015) used Eagle
Ford shale cores to study the effect of soaking time on oil recovery during huff-n-puff
process. Yu, Y. and Sheng, J. (2016) used nitrogen as an injection gas during huff-n-puff
to investigate the effect of soaking time, and pressure on oil recovery. Li, L. and Sheng, J.
(2017) then evaluated the use of methane as an injection gas, instead of nitrogen, for huff-
n-puff application. Fragoso, A. et al. (2015) performed a simulation study on gas EOR in
shale reservoirs using a dual porosity, dual permeability model to evaluate the performance
of several gases on oil recovery. Kim, T. et al. (2017) also performed a simulation study,
but integrated the Extended Langmuir Isotherm in their model to account for gas
adsorption, for more realistic results. Jin et al. (2017) showed that CO2 flow in the nano-
pores of the shale mainly falls under Free Molecular Flow behavior using the Knudsen
Number definition of flow regimes. This indicated that the flow of COz2 in the nano-pores

is mainly diffusion dominated. The majority of the research work discussed focuses on oil
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recovery increase in unconventional reservoirs only, however, very few researches have

investigated asphaltene deposition in unconventional reservoirs.

Much research has been conducted to investigate asphaltene deposition in
conventional reservoirs, while limited work has been done on asphaltene deposition in
unconventional reservoirs. . Soroush S. et al. (2014) showed that below CO2 MMP, the
pore plugging damage will be much lower compared to above the MMP due to the resins
that stabilize the asphaltene being much more unstable above CO2 MMP. Srivastava and
Huang (1997) underwent core flooding experiments using sandstone cores, and then used
Computed Tomography Scanning to visually illustrate the impact of asphaltene deposition
on pore plugging and permeability reduction in the reservoir. Shedid and Zekri (2006)
observed that as the rock permeability increased, the impact of asphaltene deposition on
the core permeability reduction and the overall oil recovery decreased. Moradi et al. (2012)
ran experiments using 0.2 pum pore size filter membrane using nitrogen and methane and
concluded that asphaltene deposition was much more severe in methane compared to

nitrogen.

Very little research work has been conducted to investigate asphaltene precipitation
and deposition in unconventional shale reservoirs during COz2 injection, and its impact on
oil recovery. Also, all of the researches that have investigated asphaltene precipitation in
unconventional reservoirs during COz injection are extremely recent due to the novelty of
the topic. Mohammed et al. (2017) performed a simulation study to model asphaltene
deposition in low permeability reservoirs during COz injection and sought to optimize CO2
injection by suggesting cyclic COz injection with brine since COz2 is soluble in brine, hence

reducing asphaltene deposition. Shen and Sheng (2018) studied asphaltene deposition in
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Eagle Ford shale reservoir using cyclic gas injection. They used filter membranes of 30
nm, 100 nm, and 200 nm to study asphaltene precipitation and deposition. The experiments
they conducted with the filter membranes were undergone at 50 psi and room temperature.
Their core flooding experiments concluded that the increase in asphaltene deposition
reduced the overall oil recovery, without focusing on the mechanism of CO2 flow in these

nano-pores.

This research investigates the flow mechanism of CO2 in nano-pores, and the
factors that will impact oil recovery from these nano-pores using nano composite filter
membranes. The research then studies asphaltene precipitation and deposition due to CO2
injection in the nano-pores and quantifies the asphaltene weight percent from both the
produced oil and the bypassed oil in all experiments. The factors studied include CO2
injection pressure, temperature, oil viscosity, CO2 soaking time, porous media thickness,

porous media pore size, and pore size heterogeneity.

2. ASPHALTENE PRECIPITATION AND DEPOSITION MECHANISM

The main components of the crude oil can be divided into saturates, aromatics,
resins, and asphaltenes. At normal conditions, these components are all homogenized in
solution to form the crude oil. Saturates and aromatics are nonpolar compounds, while
asphaltenes are considered polar compounds since they contain heteroatoms such as
nitrogen, sulfur, or oxygen. In order for these components to be held together, a bridging
agent must be present. Resins contain both polar and nonpolar sites which makes them act

as a good bridging agent which holds all the crude oil components together (Speight, J.G.,
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2004). Once any change in equilibrium conditions occurs, the forces holding these
components together become severed, and thus the asphaltene, which is the solid
component in the solution, begins to precipitate. Changes in equilibrium conditions may
include change in pressure, temperature, addition of a solvent such as CO2, and high oil
production flowrate (Bahman, J. et al., 2017). Following asphaltene precipitation, if the
conditions are suitable, asphaltene will begin to form flocculations (Hotier, G. and M.
Robin, 1983). These flocculations have a high density and will thus begin to deposit in the
pores of the reservoirs. Excessive deposition will result in asphaltene buildups, and
eventually, pore plugging (Srivastava and Huang, 1997). Figure 1 shows the main

components of crude oil and the bond severance resulting in asphaltene precipitation.

Aromatics
Saturates

I Asphaltenes

Breaking the bond between the resin and
Asphaltene will result in asphaltene
precipitation

Figure 1. Main Components of Crude Oil and Asphaltene Precipitation

There are two main mechanisms by which asphaltene can precipitate and eventually
deposit from the oil. These mechanisms involve either the injection of a solvent, or direct

reservoir depletion. Each mechanism is explained below.
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2.1. ASPHALTENE PRECIPITAION DUE TO SOLVENT INJECTION

Injecting a solvent into the formation will alter the downhole conditions of the
reservoir. This will result in a disturbance in the equilibrium conditions of the reservoirs,
and thus asphaltene precipitation. One of the most common solvent used is COz. Several
factors will impact the degree of asphaltene precipitation due to COz including the method
of injection, either flooding or huff-n-puff, injection pressure, phase including gas, liquid,
or supercritical, and miscibility, including miscible, immiscible, or near-miscible (Kokal,
S.L.and S.G. Sayegh, 1995). Studying the CO2 impact on asphaltene precipitation in shale

nano-pores is the main aim of this research.

2.2. ASPHALTENE PRECIPITATION DUE TO RESERVOIR DEPLETION
Asphaltene can precipitate in the reservoir even if no solvent is introduced
(Hemmati-Sarapardeh, A. et al., 2013). When producing from oil reservoirs, as the oil
moves from the formation to the wellbore, the reservoir pressure will begin to drop. This
pressure drop can result in asphaltene precipitation and deposition (De Boer, R.B. et al.,
1995). If the reservoir pressure is initially above bubble point, asphaltene precipitation will
be much more severe once the reservoir falls beneath the bubble point. If the reservoir is
initially beneath bubble point, asphaltene precipitation may still occur if the production
rate is high enough to result in a reduction in reservoir pressure (Nghiem, L.X., and D.A.
Coombe, 1997; Kokal, S.L. and S.G. Sayegh, 1995; Hemmati-Sarapardeh, A. et al., 2013;
De Boer, R.B. et al., 1995). Studying the asphaltene precipitation and deposition due to
reservoir depletion alone, without solvent injection, is not the main concern of this

research, and thus, will not be investigated.
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3. EXPERIMENTAL MATERIAL

3.1. CRUDE OIL

Crude oil with viscosity 470, 267, and 67 cp was used to conduct the experiments.
The composition of the crude oil was determined using Gas Chromatography/Mass
Spectrometry, and is shown in Table 1. The chromatography is used to isolate the
components of the crude oil into different fractions, while the mass spectrometry is used to
quantify the fractions identified by the gas chromatography. The fractions are grouped into

six major groups based on their carbon number, and the asphaltene concentration is shown

on its own.
Table 1. Crude Oil Composition and Asphaltene Concentration
Component Weight Percentage, %

C1-C5 9.37
C6-C10 14.74
C10-C15 18.89
C16-C20 19.31
C20-C30 11.63
C30+ 26.06

Asphaltene (Component of C30+) 5.73
Total 100
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3.2. SPECIALLY DESINGED HPHT FILTRATION VESSEL

A unique high pressure high temperature (HPHT) vessel was specially designed in
the lab to be used as a filtration vessel for the oil. The vessel was designed to be leak proof
and to accommodate the nano-composite filter membranes. The vessel also had a
temperature regulator and a heating jacket to run high temperature experiments. The

heating jacket could reach temperatures up to 300 °C.

3.3. NANO-COMPOSITE FILTER MEMBRANES

The nano-composite filter membranes used had a pore size of 0.2, 10, and 100 nm
and a thickness of 0.1 mm. These sizes were used to ensure that all ranges of nano pore are
covered in the research. The membranes are commercially available, and were provided as
a sheet which was then cut to the desired shape based on the size of the experimental vessel,

which had a 45 mm diameter.

3.4. HIGH PRECISION SCALE

A high precision, four decimal point, scale was used to weigh the asphaltene
saturated filter membranes in order to obtain the weight of the asphaltene for any

experiment. The high precision is required since the asphaltene weight can be very small.

3.5. CO2 CYLINDER

A commercially available CO2 cylinder with purity of 99.99% was used to conduct
the experiments. A pressure regulator was attached to the cylinder to regulate the flow of

COz2 and to vary the COz2 injection pressure.
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4. ASPHALTENE DETECTION TEST

Asphaltenes are defined as the heavy components of the crude oil that are insoluble
in n-alkanes, such as n-heptane, but soluble in aromatics such as toluene or xylene (Goual,
L, 2012). Asphaltene detection is a standard procedure conducted in the industry to
quantify the percentage of asphaltene in an oil sample (Jamaluddin, A.K.M. et al., 2000;
Yen, A. et al., 2001). The procedure followed in this study follows the industry standard
procedure used to test for Saturates, Aromatics, Resins, and Asphaltenes (SARA) (Shahriar
M., 2014). The procedure involved dissolving 0.1 ml of the oil sample in 10 ml of heptane.
The mixture is then vigorously stirred for one minute to ensure the complete dissolution of
oil in the heptane. The sample is then left for 48 hours until all of the asphaltene precipitates
at the bottom of the tube. After the asphaltene is clearly visible, the sample is filtered
through a 0.45 um filter membrane and the membrane is left to dry for another 48 hours.
The membrane is weighed before and after it is used for filtration, and based on the weight
difference the asphaltene weight is then determined. Finally, the asphaltene weight percent
is calculated using the weight of the 0.1 ml of oil and the weight of the asphaltene on the

filter membrane by applying Equation (1).

Asphaltene wt% = Wasoh 100 1)

Wioil

Where wit% is the weight percent, wtasph is the weight of the asphaltene on the filter

membrane, wtoil is the weight of the oil used in the experiment.
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A flow chart showing the asphaltene detection and quantification test procedure is

shown in Figure 2.

Weight Filter
Paper Before
Filtration

Prepare 0.1 ml
of Oil Sample

Leave for 2 Days
Until Asphaltene
Precipitates

Weight Filter
Paper After
Filtration

Prepare 10 ml
of Heptane

Figure 2. Asphaltene Quantification Flow Chart

5. EXPERIMENTAL SETUP

The experimental setup used to conduct the experiments is shown in Figure 3. The
setup is composed of a filtration vessel which houses the oil sample and the filter
membrane, a support structure with a temperature regulator which houses both the filtration
vessel and the heating jacket, a CO2 cylinder to supply the CO2 used for the experiments,
two pressure regulators to control the flow of COz from the cylinder, and the CO2z flow into
the experimental vessel, and test tube to collect the oil produced. Below the filter
membrane is a 60 micron mesh screen which functions to support the filter membrane, and
prevent it from rupturing under high pressure. The mesh screen has a much larger pore size

that the filter membrane to avoid causing any unnecessary pressure drop or hindrance to
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the oil flow which will affect the results. An O-ring is also present between the 60 micro

mesh screen and the lower support to provide a seal and make the vessel leak proof.

Pressure Regulator__

T Support Structure
-

|

Experiment
Vessel ——

=4 Filter Membrane
L

e _ ———"% 60 Micron Mesh Screen
Regulator ¥— Lower Support

Temperature -+

CO, Cylinder

— Oil Collector

Figure 3. HPHT Experimental Setup

6. EXPERIMENTAL PROCEDURE

All experiments conducted were performed following the same procedure in order

to be able to compare the results. The procedure followed is as follows:

1. Measure 30 ml of crude oil with the viscosity needed for the experiment. The oil is
then poured into the experimental vessel.

2. Place the o-ring on the grooves in the vessel to provide the required seal. Place the
nano filter membrane on top of the o-ring, and secure it in its place. Make sure there
are no dents in the filter paper to prevent the oil from escaping through these dents

during the experiment.
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Place the 60 micron mesh screen on top of the filter membrane. The membrane will
be below the screen when the experiment is run since the experimental vessel is
flipped before it is placed into its support structure in order to allow the filter
membrane to be on the bottom for the filtration process to take place. The 60 micron
mesh screen will provide support for the filter membrane and will also prevent it
from rupturing under the high COz2 injection pressure.

. After the 60 micron mesh screen is placed, the bottom support is sealed using six
bolts to prevent any leaks. The experimental vessel is then flipped and placed in the
support structure.

The vessel is then heated for two hours before injecting the CO2. Following the
injection of COg, the vessel is heated for another two hours. This is ensure that the
COz2 has had sufficient time to soak with the oil, and also to maintain the COz2
temperature at the design temperature.

The vessel is then opened, and the oil is allowed to produce. The oil production is
recorded every thirty seconds for the first hour, and then every minute for the
duration of the test.

The experiment is stopped once the oil ceases to produce, and gas breakthrough
occurs. The experimental vessel is then depressurized using a relief valve.

Both the produced oil and the bypassed oil are collected for asphaltene wt%
analysis. The filter membrane is removed and sealed in a vacuum bag for further
analysis as well.

The analysis of the filter membrane includes asphaltene quantification and

solubility tests.
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7. RESULTS AND ANALYSIS

Initially, the CO2 flow mechanism in nano-pores will be explained. The oil
recovery, in ml, and oil production flow rate, in ml/min for all the experiments are
presented. The oil recovery percentage for all the experiments is also shown. The factors
presented include COz2 injection pressure, temperature, oil viscosity, CO2 soaking time,
porous media thickness, porous media pore size, and porous media heterogeneity. The
asphaltene weight percent is also presented for all the experiments for both the produced

oil and the bypassed oil, which is the unproduced oil that remained in the cell.

7.1. CO2 FLOW MECHANISM IN NANO-PORES

7.1.1. CO2 Injection Pressure Effect. Three CO: injection pressures were
investigated in this research, including 200, 400, and 700 psi using 10 nm filter membrane.
The results for the oil production with time, and the oil production rate with time are shown
in Figure 4. Increasing the pressure from 200 to 400 psi resulted in an increase in the oil
production and an increase in the oil production flow rate. Increasing the pressure to 700
psi resulted in a significant oil production increase, and also a very rapid oil production.
The filter membrane for the 700 psi was analyzed for tears or degradation, and the
experiment for the 700 psi was repeated five times to ensure that the result obtained was
not affected by leakages or filter membrane degradation, and in each of the experiments,
the same results were observed. The significant increase in oil recovery could be due to
excessive oil swelling at that pressure, since oil swelling increases with increase in
pressure, which may have reduced the oil viscosity, and increased its mobility significantly
(Bahralolom, 1. and Orr, F., 1988). The oil recovery percentages for all three experiments

were calculated. The exact values are shown in Table 2. The 200 psi had an oil recovery of
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13%, with an incremental 3.9% at 400 psi. Increasing the pressure to 700 psi however,
resulted in an increment of 71.43%, which is considered a significantly large incremental
oil recovery. These results can be correlated with the results in Figure 4 which shows the

oil production and the oil production flow rate.
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Figure 4. Oil Production and Oil Production Flow Rate at Different CO2 Injection
Pressure Using the 470 cp QOil and 100° C

Table 2. Oil Recovery for Different CO2 Injection Pressures

CO:2 Injection Pressure, psi Oil Recovery, %
200 13.00
400 16.90
700 88.33

7.1.2. Temperature Effect. The temperature of the experimental vessel was
varied using the heating element in the support structure of the vessel. A 10 nm filter
membrane was used to conduct the experiments. Three temperatures were investigated,

including 60, 100, and 130 °C. The results for the oil production and the oil production rate
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with time are shown in Figure 5. Increasing the temperature to 100 °C resulted in an
increase in oil recovery, and a decrease in gas breakthrough time. Increasing the
temperature beyond 100 °C resulted in a significant increase in recovery, and an extremely
short gas breakthrough time. The 130 °C experiment was also repeated five times with the
same results being observed every time. The viscosity of the oil at 100 and 130 °C were
measured and were found to be 120.3 and 35.2 cp, respectively. This significant decrease
in viscosity could be the main reason behind the increase in oil recovery and decrease in
gas breakthrough time for the 130 °C experiment. Table 3 shows the oil recovery percetages
for all three temperatures used. The lowest temperature had a 7.17 % recovery, which is
very small compared to the 91.67% obtained at the 130 °C. There was a significant

increment between the 100 and the 130 °C.
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Figure 5. Oil Production and Oil Production Flow Rate at Different Temperatures Using
the 470 cp Oil Viscosity and 400 psi COz Injection Pressure
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Table 3. Oil Recovery for Different Temperatures

Temperature, °C Oil Recovery, %
60 7.17
100 16.90
130 91.67

7.1.3. Oil Viscosity Effect. Three oil viscosity values including 470, 267, and 67
cp were investigated using 10 nm filter membrane. The results for the oil production and
the oil production flow rate are shown in Figure 6. The results indicate that decreasing the
oil viscosity will result in an increase in oil recovery. The lowest oil viscosity will therefore
have the highest oil production flow rate as is shown in Figure 6. Table 4 summarizes all
of the oil recovery percentages for different oil viscosity values. The lowest oil viscosity
had a 58.33% recovery, compared to the 470 cp viscosity which resulted in a 16.83%
recovery. Also, after measuring the aspahltene wt% for different oil viscosity values, it was

found that the lowest oil viscosity had the lowest asphaltene wt%.

c

Oil Productio

0 100 200 0 100 200
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Figure 6. Oil Production and Qil Production Flow Rate Using Different Oil Viscosity
Values at 400 psi COz2 Injection Pressure and 100 °C
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Table 4. Oil Recovery Using Different Viscosity Oils

Oil Viscosity, cp Oil Recovery, %
470 16.83
267 21.67
67 58.33

7.1.4. CO3 Soaking Time Effect. The CO2 soaking time is the time that the CO2
is left in the reservoir to react with the oil prior to production. Two soaking times were
investigated in this research, including 30 and 120 minutes, using 10 nm filter membrane.
The lightest viscosity oil, 67 cp, was used in these two experiments. Figure 7 indicates that
the longer the soaking time the higher the oil production and the higher the oil production
flow rate as well. Table 5 summarizes the results for the oil recovery percentages using
different CO2 soaking times. The oil recovery for the 30 minutes soaking was less than half
of that of the 120 minutes soaking, which shows that increasing the soaking time of the

CO2 will increase the oil recovery as well.
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Figure 7. Oil Production and Oil Production Flow Rate for Different Soaking Times
Using 67 cp Oil Viscosity at 400 psi CO2 Injection Pressure and 100 °C
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Table 5. Oil Recovery for Different CO2 Soaking Times

CO2 Soaking Time, min Oil Recovery, %
30 23.67
120 58.33

7.1.5. Porous Media Thickness Effect. The thickness of the filter membranes
was increased by stacking several filter membranes above each other. Each filter membrane
had a thickness of 0.2 mm and 10 nm filter membrane. The membranes were all cut to the
same size, and fixed to their place using a bottom cap bolted to the setup using six bolts to
ensure that no leakage between the filter membranes occurred. Increasing the thickness of
the filter membranes was studied in order to understand the behavior and oil recovery in a
thicker porous media compared to the single filter membrane. Even though a core, or an
actual reservoir will be much thicker than what was used in this study, the general effect
can still be observed. Figure 8 illustrates that increasing the filter membrane thickness
resulted in both a significant decrease in oil recovery, and an increase in CO2 breakthrough
time. Also, the oil production flow rate was decreased significantly as the thickness
increased. This indicated that in a core plug or actual reservoir, the oil recovery could be
severely lower that what was observed from the filter membranes. Table 6 summarizes the
results of the oil recovery percentage using different filter membrane thicknesses. Since
the porous media in the reservoir will be much larger than that conducted in the
experiments, a larger decrease may be observed. One of the main contributors to the
decrease in oil recovery is that the oil is absorbed by the thicker filter membranes between

the layers due to the higher capillary pressure, and thus becomes trapped, which results in
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a decrease in oil recovery. Another main contributor to this decrease in oil recovery is the

asphaltene precipitation.
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Figure 8. Oil Production and Oil Production Flow Rate Using Different Filter Paper
Thicknesses at 400 psi COz2 Injection Pressure and 100 °C using 470 cp Oil

Table 6. Oil Recovery for Different Filter Membrane Thicknesses

Filter Paper Thickness, mm Oil Recovery, %
0.2 16.90
0.6 12.33
1 9.03

7.1.6. Porous Media Pore Size Effect. Three different nano-pore sizes were
investigated in this research to cover the broadest range possible for the nano-pores. The
pore size was varied using different filter membranes with pore sizes of 0.2, 10, and 100
nm. Figure 9 shows that no results are present for the 0.2 nm filter membrane. This is due
to no oil production being observed from the 0.2 nm membrane even after 48 hours of

continuous COz injection and an increase in both temperature and pressure to 130 °C and
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900 psi. This is mainly due to the capillary forces being extremely high and thus the
pressure needed to overcome it would have been too high, and therefore no oil production
occurred. Increasing the pore size from 10 nm to 100 nm however resulted in a significant
increase in oil recovery, and a decrease in gas breakthrough time, where the gas
breakthrough time using the 10 nm was after 188 minutes, and the gas breakthrough time
was after 28 minutes only. This increase in oil recovery is due to the increased pore size
which permitted the oil to be produced much easier due to the lower capillary forces. The
oil production flow rate was also significantly high using the 100 nm filter membrane, and
the oil recovery was the highest compared to all the other experiments using the 100 nm

filter membrane. The oil recovery percentage for both experiments was summarized in

Table 7.
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Figure 9. Oil Production and QOil Production Flow Rate Using Different Filter Paper Pore
Size at 400 psi COz2 Injection Pressure and 100 °C using 470 cp Oil
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Table 7. Oil Recovery for Different Filter Membrane Pore Sizes

Pore Size, nm Oil Recovery, %
0.2 0.00
10 16.90
100 93.33

7.1.7. Porous Media Heterogeneity Effect. Heterogeneity is very common in the
reservoir and is a major cause of many production problems. This research investigates the
effect of heterogeneity on CO: flow behavior and oil recovery. Heterogeneity was created
by combining three filter membranes together with the top and bottom filter membranes of
pore size 100 nm and the middle filter membrane of pore size 10 nm. The results obtained
from the heterogeneity experiment were compared to the single 10 nm experiment and the
triple 10 nm filter membrane experiment. Figure 10 shows the oil recovery from the
heterogeneity experiment was slightly less than that of the single 10 nm experiment due to
the presence of the two 100 nm filter membranes which created a slight hindrance to the
oil flow due to the small increase in capillary pressure and the adsorption of the oil on the
filter membranes. The heterogeneity experiment showed more oil recovery than that of the
three 10 nm experiment however, since the 100 nm filter membranes will have a much
smaller impact on oil recovery compared to the 10 nm membranes since the oil will flow
much more easily through the larger pores. The oil recovery percentages were calculated
for the heterogeneity experiment and compared to both the single and triple 10 nm filter
membranes experiments as well; the values are presented in Table 8. All filter membranes
had the same diameter in order to be able to stack them together uniformly, and to ensure

that no leakages occur.
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Figure 10. Effect of Heterogeneity on Oil Production and Oil Production Flow Rate at
400 psi CO2 Injection Pressure and 100 °C using 470 cp QOil

Table 8. Oil Recovery for Heterogeneity Run Compared to Homogenous Runs

Pore Size, nm Oil Recovery, %
Single 16.90
Triple 12.33

Heterogeneity 16.00

7.2. ASPHALTENE PRECIPITATION AND DEPOSITION

The asphaltene weight percent was measured for all the experiments explained
above. Initially, the asphaltene weight percent of the original crude oil was measured before
running COz2 injection experiments. The asphaltene weight percent for all the oil viscosity

values used are shown in Table 9.

Decreasing the oil viscosity results in a decrease in the asphaltene weight percent.
This is one of the main reasons why a lower oil production was obtained for the higher

viscosity oil as shown previously, and will also be important when explaining the
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asphaltene weight percent in the produced and bypassed oil at different oil viscosity values
as well The asphaltene content varies with the changes in oil viscosity; which will be

explained later on when explaining the oil viscosity.

Table 9. Asphaltene Weight Percent for the Pure Crude Oil

Oil Viscosity, cp
470
267
67

Asphaltene Weight Percent, %
5.73
4.63
3.22

7.2.1. COz Injection Pressure Effect. The asphaltene weight percent for both the
produced and bypassed oil at different COz2 injection pressures are shown in Table 10. As
the pressure increases, the asphaltene weight percent for the produced oil also increases
due to the oil being forced through the filter membrane. The bypassed oil asphaltene weight
percent decreased with the increase in pressure due to more asphaltene being produced
with the oil. This asphaltene was forced through the filter membranes, which indicates that

in real cores the behavior could be different since they will have a much larger thickness.

Table 10. Asphaltene W% for Produced and Bypassed Qil at Different CO2 Pressures

CO:z2 Injection Pressure,  Produced Oil Asphaltene Wt~ Bypassed Oil Asphaltene

psi % Wit%
200 1 28
400 1.4 18

700 1.4 14
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7.2.2. Temperature Effect. Increasing the temperature will result in an instability
in the equilibrium of the oil, which in turn will increase asphaltene precipitation and pore
plugging. The asphaltene weight percent for the produced and the bypassed oil at different
temperatures are shown in Table 11. Increasing the temperature resulted in an increase in
asphaltene weight percent in the bypassed oil which indicated a high percentage of
asphaltene precipitation in the porous media. The produced oil asphaltene weight percent
decreased with the increase in temperature since much of the asphaltene had precipitated
during the soaking period and so the oil produced had a much smaller asphaltene weight

percent.

Table 11. Asphaltene W% for Produced and Bypassed Oil at Different Temperatures

Temperature, °C Produced Oil Asphaltene Wt Bypassed Oil Asphaltene
% Wit%
60 1.4 16
100 1.2 18
130 1 20

7.2.3. Oil Viscosity Effect. As was stated earlier in Table 9, the lower viscosity
oil had a smaller asphaltene weight percent compared to the higher viscosity oil. Table 12
shows the results for the produced and bypassed oil asphaltene weight percent for different
viscosity oils. The results show a similar trend compared to those in Table 9 where the
lower viscosity oil still had a much lower asphaltene weight percent for both the produced

and the bypassed oil compared to the higher viscosity oils.



98

Table 12. Asphaltene Wt% for Produced and Bypassed Oil Using Different Viscosity

Oil Viscosity, cp Produced Oil Asphaltene Bypassed Oil Asphaltene
Wit% Wit%
470 1.4 18
267 1.2 14
67 0.8 10

7.2.4. CO; Soaking Time Effect. Increasing the CO2 soaking time increases the
duration of the interaction of the CO2 with the oil thus, this increased interaction will result
in a higher percentage of asphaltene precipitation. Results summarized in Table 13 show
that asphaltene weight percent in the bypassed oil, is higher for the 120 minutes soaking

time compared to the 30 minutes soaking time.

Table 13. Asphaltene Wt% for Produced and Bypassed Qil at Different Soaking Times

CO2 Soaking Time, min Produced Oil Asphaltene Bypassed Oil Asphaltene

wit% wit%
30 2 8
120 0.8 10

7.2.5. Porous Media Thickness Effect. As explained before, increasing the filter
membrane thickness will result in some of the oil being adsorbed on the filter membrane,
and trapped between the layers. The oil will travel through the filter membranes, and during
that time, asphaltene precipitation will take place. This resulted in a larger percentage of
asphaltene precipitation, as shown in Table 14. The 1 mm filter paper thickness had an

asphaltene weight percent in the bypassed oil of 44%, which is the highest value obtained
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in this study. Since the oil produced had to extrude through a thicker membrane, it had an

extremely low asphaltene weight percent compared to the bypassed oil. Increasing the filter

membrane thickness may result in an even more severe asphaltene precipitation.

Table 14. Asphaltene Wt% for Produced and Bypassed Qil for Different Thickness

Filter Paper, mm Produced Oil Asphaltene Wt Bypassed Oil Asphaltene
% Wit%
0.2 1.4 18
0.6 1.2 30
1 0.8 44

7.2.6. Porous Media Pore Size Effect. The asphaltene weight percent for the

produced and bypassed oil using different pore sizes is shown in Table 15. The 0.2 nm

filter membrane has no results since no oil was produced from that membrane. The 100 nm

membrane showed interesting results; the asphaltene weight percent in the produced oil

was 4.33%, which is very close to the 5.73% found in the pure crude oil in Table 9. This

shows that the severity of asphaltene precipitation and pore plugging decreased

significantly with the increase in pore size since both oils had a very close asphaltene

weight percent. These results imply that asphaltene precipitation in unconventional

reservoirs could be much more severe compared to precipitation in conventional oil

reservoirs due to the extreme difference in pore size. The asphaltene weight percent in the

bypassed oil was the lowest value found for all the experiments conducted using the 470

cp oil at the conditions at which the experiments were conducted.
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Table 15. Asphaltene W% for Produced and Bypassed Oil for Different Pore Sizes

Pore Size, nm Produced Oil Asphaltene Wt % Bypassed Oil Asphaltene
Wit%
0.2 - -
10 14 18
100 4.33 16

7.2.7. Porous Media Heterogeneity Effect. The asphaltene weight percent from
the heterogeneity experiment is summarized in Table 16, and is compared to the single and
triple 10 nm experiment. Both the value of asphaltene weight percent for the produced and
bypassed oil lie between the single and triple 10 nm experiments. This is due to the two
100 nm filter membranes resulting in a slightly higher asphaltene weight percent in the
bypassed oil compared to the single 10 nm experiment, and a lower asphaltene weight
percent compared to the triple 10 nm experiment. Heterogeneity using smaller pore size
filter membranes could have resulted in a different conclusion, and thus further
investigation regarding heterogeneity is needed in order to fully understand the effect of
this phenomenon on asphaltene pore plugging and oil recovery. Also, heterogeneity will

be much more severe in cores and real field compared to the filter membranes.

Table 16. Asphaltene Wt% for Produced and Bypassed Oil For Heterogeneity Run

Pore Size, nm Produced Oil Asphaltene Wt Bypassed Oil Asphaltene Wt%
%
Single 1.4 18
Triple 1.2 30
Heterogeneity 1.3 22
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8. DISCUSSION

Two of the main factors studied in this research are the CO2 operating conditions,
which include COz2 injection pressure and CO2 soaking time, and the nano-pore size of
unconventional shale reservoirs, which includes the filter membrane pore size, the filter
membrane thickness, and the pore size heterogeneity. These factors showed a significant
impact on both oil recovery, and asphaltene precipitation and deposition. Table 17 below
shows the oil recovery percentage and the asphaltene weight percent for both the produced
oil and the bypassed oil for all the factors that are directly related to the CO2 operating
conditions and shale nano-pore size. Also, the asphaltene weight percentage increase from
the original asphaltene weight percentage is shown in Table 17. This increase in asphaltene
weight percent was calculated by subtracting the asphaltene weight percent in the original
oil from the asphaltene weight percent in the bypassed oil. This value is a direct indication
of asphaltene pore plugging potential since it shows the extent to which asphaltene
percentage will increase in the unproduced oil, and thus the extent to which asphaltene pore
plugging may occur. For the 200 psi COz2 injection pressure, the asphaltene weight percent
increased from 5.73% to 28% in the bypassed oil, which represents a 22.27% increase from
the original value. The summary provided in the table can help illustrate the impact of
different factors on asphaltene, and compare these factors together in order to understand
which factor may have a more significant impact; this will be illustrated furthermore in the

pareto plot generated in this research.
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Table 17. Effect of CO2 Conditions and Pore Size on Oil Recovery and Asphaltene %

Factor No. Oil Pure Oil | Produced | Bypassed | Asphaltene

Wit% Recovery | Asphaltene Oil Qil wit%
% Increase
COz2 Injection | 200 13.00 5.73 1 28 22.27
Pressure, psi 400 16.90 5.73 14 18 12.27
700 88.33 5.73 1.4 14 8.27
CO2 Soaking 30 23.67 3.22 2 8 4.78
Time, min 120 58.33 3.22 0.8 10 6.78
Membrane 0.2 - 573 - - -

Pore Size, nm 10 16.90 573 14 18 12.27
100 93.33 5.73 4.33 16 10.27
Membrane 0.2 16.90 5.73 1.4 18 12.27
Thickness, 0.6 12.33 5.73 1.2 30 24.27
mm 1 9.03 5.73 0.8 44 38.27
Heterogeneity - 16.00 5.73 1.3 22 16.27

In order to evaluate the impact of each of the factors studied in this research on
asphaltene precipitation, a Pareto plot was generated. The Pareto plot can be used to
evaluate the percentage effect of different factors on an objective function, which is the
asphaltene precipitation in this case. The Pareto plot is shown in Figure 11. The filter
membrane thickness had the strongest impact on asphaltene precipitation. This indicates
that in cores or actual reservoirs, as opposed to the filter membranes used in this study, the
asphaltene precipitation will be much more severe. The pressure also had a significant
effect on asphaltene precipitation, with a 21.21% impact. The remaining factors also had
an impact on asphaltene precipitation, however their impact was smaller than the others.
This Pareto plot was generated based on the results obtained from this research alone, and
thus cannot be generalized on all cases involving asphaltene. Also, the plot is based on a

limited number of factors, that were investigated in this research.
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Figure 11. Pareto Plot Showing Effect of Different Factors on Asphaltene Precipitation

9. CONCLUSIONS

This research conducted experiments using nano composite filter membranes to
investigate the CO2 flow mechanism in unconventional nano-pores of oil reservoirs by
varying COz injection pressure, temperature, oil viscosity, CO2 soaking time, porous media
thickness and heterogeneity. The research also investigated asphaltene precipitation and
deposition in the nano-pores and the severity of this precipitation by quantifying the
asphaltene wt% from all experiments conducted. The main conclusions reached from this

research are shown below.

e As the COz injection pressure increased, the oil production increased, and the gas
breakthrough time decreased. The asphaltene weight percent for the produced oil
also increased with the increase in COz2 injection pressure due to the CO2 forcing

the oil through the pores.
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Increasing the temperature also resulted in an increase in oil recovery, and also a
decrease in CO2 breakthrough time due to the decrease in oil viscosity. Increasing
the temperature resulted in a higher asphaltene weight percent for the bypassed oil
however, due to the instability of the resin at high temperature.

Increasing the oil viscosity resulted in a decrease in oil production, and a prolonged
gas breakthrough time. The asphaltene weight percent increased with the increase
in oil viscosity for both the produced oil and the bypassed oil.

Heterogeneity and increase in filter paper thickness also resulted in a decrease in
oil recovery. The asphaltene weight percent in the bypassed oil also increased for
both, which is an indication that the asphaltene pore plugging could be a serious
issue in real reservoirs.

Increasing CO2 soaking time resulted in a higher asphaltene weight percent in the
bypassed oil since the oil becomes more unstable, however, it yielded a higher oil
recovery due to the prolonged interaction of the CO2 with the oil, and also the
prolonged oil subjection to temperature.

Pore size increase resulted in a reduced asphaltene weight percent and also a higher
oil recovery. This is a strong indication to the severity of asphaltene pore plugging
in the smaller nano-pores of unconventional oil reservoirs compared to
conventional oil reservoirs.

Using the Pareto Plot, it was found that the filter membrane thickness had the
strongest impact on asphaltene precipitation, followed by the CO: injection

pressure, and the pore size heterogeneity.
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS

A comprehensive data analysis on asphaltene properties, characteristics, and factors
impacting asphaltene stability in the crude oil. After performing the data analysis,
experiments were conducted to study and quantify the effect of the factors that were found
to have an effect on asphaltene stability in the comprehensive data analysis. The findings

from this research are summarized as follows:

e Asphaltene concentration in crude oils varies significantly and can reach as high as
43 wt% in some cases such as bitumen.

e Even the highest API gravity oils can still contain a percentage of asphaltene in
their composition, which indicates that asphaltenes can be found in different
classifications of crude oil and is not only confined to low API gravity oils as is
commonly believed.

e Asphaltene liberation from crude oil can form at multiple temperatures and
pressures depending on the properties of the crude oil and its composition.

e The highest frequency range of permeability was between 0-10 mD, which
indicates that asphaltene pore plugging will be significant in the low permeability
formations compared to the higher permeability ones.

e Asphaltene pore plugging experiments have focused mainly on sandstone and

carbonate reservoirs, with very little work conducted on shale.
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e Most of the asphaltene field cases reported worldwide were in the Middle East and
the United States of America.

e The thermodynamic conditions, including pressure and temperature, had a strong
impact on asphaltene liberation. These two factors are very difficult to control since
they are intrinsic properties of the reservoir.

e The lighter oil with a lower viscosity was found to have a lower asphaltene
concentration, which follows the Yen-Mullins Asphaltene Model, which classifies
asphaltene based on its size according to the oil type.

e The lower the filter membrane size, the larger the asphaltene concentration in the
filtride, bypassed oil. This is an indication that asphaltene pore plugging will be
significantly higher in unconventional reservoirs with nanopores compared to
conventional reservoirs. The same result can be supported using the comprehensive
data analysis conducted.

e Increasing the filter membrane thickness and heterogeneity resulted in a larger
asphaltene content in the bypassed oil. This indicates that asphaltene pore plugging
may be extremely severe in cores and actual reservoirs compared to the extremely

thin filter membranes.

3.2. RECOMMENDATIONS

This research investigated asphaltene in crude oil by undergoing a comprehensive
data analysis to determine the factors that have a strong impact on asphaltene equilibrium
in crude oil and study the most common frequency ranges for these factors. The research

also underwent experiments to investigate the impact of these factors on asphaltene
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concentration and oil recovery. There are much more topics that can be investigated
pertaining to asphaltenes in order to obtain a comprehensive understanding of its properties

and impact on crude oil. These include:

e Investigate asphaltene precipitation, flocculation, and deposition using Multi-Filter
Membrane model, which incorporates more than one filter membrane.

e Study the extent to which asphaltene precipitation will occur in shale cores during
solvent injection using imaging techniques such as Seismic Electron Microscope
(SEM) and Computer Tomography Scanning (CT).

e Determine the impact of CO2 miscibility on asphaltene stability in crude oil during
CO:z2 injection and flooding.

e Study the use of different solvents, other than COz2, such as nitrogen, on asphaltene
stability in the crude oil.

e Match and upscale the experimental results using reservoir simulation software to
study asphaltene precipitation and its impact on oil recovery on the reservoir scale.

e Study the impact of electro-kinetic effect, which involves charges and velocity, on
asphaltene precipitation and deposition.

e Develop a mathematical equation to be able to model asphaltene precipitation

during solvent injection (flooding and cyclic).



113

BIBLIOGRAPHY

Abdallah, D., et al., 2010. Asphaltene Studies in on-shore Abu Dhabi Qil fields, PART II:
Investigation and mitigation of asphaltene deposition - a case study. Society of
Petroleum Engineers. doi:10.2118/138039-MS.

Abivin, P., and Taylor, S.D., 2012. Thermal Behavior and Viscoelasticity of Heavy Oils.
Energy & Fuels, 3448-3461. dx.doi.org/10.1021/ef300065h.

Abudu, A. and Goual, L., 2008. Adsorption of Crude QOil on Surfaces Using Quartz Crystal
Microbalance with Dissipation (QCM-D) Under Flow Conditions. Energy & Fuels,
1237-1248. doi: 10.1021/ef800616x.

Agrawala, M. and H.W. Yarranton, 2001. An asphaltene association model analogous to
linear polymerization. Industrial and engineering chemistry research. 40(21): p. 4664-
4672.

Alcazar-Vara, L.A. and Buenrostro-Gonzalez, E., 2011. Characterization of the Wax
Precipitation in Mexican Crude Oils. Fuel Processing Technology, 2366-2374.
d0i:10.1016/j.fuproc.2011.08.012.

Al-Ghazi, S., and Lawson, J., 2007. Asphaltene Cleanout Using VibraBlaster Tool. Society
of Petroleum Engineers. doi:10.2118/110972-MS.

Alrashidi, H. et al., 2018. Bio-Oil Dispersants Effectiveness on Asphaltene Sludge During
Carbonate Acidizing Treatment. Society of Petroleum Engineers. d0i:10.2118/191165-
MS.

Al-Saffar, H.B. et al., 2001. Oxidation Reactions of a Light Crude Oil and Its SARA
Fractions in Consolidated Cores. Energy & Fuels, 182-188. doi: 10.1021/ef000135q.



114

Amin, J.S. et al., 2011. Investigating the Effect of Different Asphaltene Structures on
Surface Topography and Wettability Alteration. Applied Surface Science, 8341-8349.
doi:10.1016/j.apsusc.2011.03.123.

Angle, CW. and Hua, Y., 2011. Phase Separation and Interfacial Viscoelasticity of
Charge-Neutralized Heavy Oil Nanoemulsions in Water. Journal of Chemical &
Engineering Data. 1388-1396. dx.doi.org/10.1021/je101162n.

Angle, C.W. et al., 2005. Viscosities of Heavy Oil in Toluene and Partially Deasphalted
Heavy Oils in Heptol in a Study of Asphaltenes Self-Interactions. Energy & Fuels.
2014-2020. doi: 0.1021/ef0500235.

Arciniegas, L.M. and Babadagli, T., 2014. Asphaltene Precipitation, Flocculation, and
Deposition during Solvent Injection at Elevated Temperatures for Heavy Oil Recovery.
Fuel. 202-211. https://doi.org/10.1016/].fuel.2014.02.003.

Ashoori, S. et al., 2006. Investigation of reversibility of asphaltene precipitation and
deposition for an Iranian crude oil. Iranian Journal of Chemistry and Chemical
Engineering (IJCCE). 25(3): p. 41-47.

Ashoori, S. et al., 2010. Comparison of scaling equation with neural network model for
prediction of asphaltene precipitation. Journal of Petroleum Science and Engineering.
72(1): p. 186-194.

Ashoori, S. et al., 2017. The Relationship between SARA Fractions and Crude Oil
Stability. Egyptian Journal of Petroleum. 26 (D), 209-213.
https://doi.org/10.1016/j.ejpe.2016.04.002.

Bahralolom, M. and Orr, F. 1988. Solubility and Extraction in Multiple-Contact Miscible
Displacements: Comparison of N2 and CO2 Flow Visualization Experiments, SPE
Reservoir Engineering, 213-219.

Bahman, J. et al., 2017. An Introduction to Asphaltene Chemistry, Heavy Oil, Nova
Science Publishers, New York, USA.


https://doi.org/10.1016/j.fuel.2014.02.003
https://doi.org/10.1016/j.ejpe.2016.04.002

115

Bahzad, D. et al., 2010. Assessment of Selected Apparent Kinetics Parameters of the HDM
and HDS Reactions of Two Kuwaiti Residual Oils, Using Two Types of Commerical
ARDS Catalysts. Energy & Fuels. 1495-1501. doi:10.1021/ef9012104.

Barrera, D.M. et al., 2013. Molecular Weight and Density Distributions of Asphaltenes
from Crude Oils. Energy & Fuels, 27 (5), 2474-2487. doi:10.1021/ef400142v.

Behbahani, T. J. et al., 2012. Investigation on Asphaltene Deposition Mechanisms during
CO2 Flooding Processes in Porous Media: A Novel Experimental Study and a Modified
Model Based on Multilayer Theory for Asphaltene Adsorption. Energy & Fuels. 5080-
5091. dx.doi.org/10.1021/ef300647f.

Bisht, H. et al., 2013. Efficient and quick method for saturates, aromatics, resins, and
asphaltenes analysis of whole crude oil by thin-layer chromatography—flame ionization
detector. Energy and Fuels. 27(6): p. 3006-3013.

Bissada, K.A. et al., 2016. Group-type characterization of crude oil and bitumen. Part II:
Efficient separation and quantification of normal-paraffins iso-paraffins and
naphthenes (PIN). Fuel. 173: p. 217-221.

Bissada, K.A. et al., 2016. Group-type characterization of crude oil and bitumen. Part I:
Enhanced separation and quantification of saturates, aromatics, resins and asphaltenes
(SARA). Organic Geochemistry. 95: p. 21-28.

Castro, L. V., and Vazquez, F., 2009. Fractionation and Characterization of Mexican Crude
Oils. Energy & Fuels, 1603-16009.

Cendejas, G. et al., 2013. Demulsifying Super-Heavy Crude Oil with Bifunctionalized
Block Copolymers. Fuel. 256-363. http://dx.doi.org/10.1016/].fuel.2012.08.029.

Chamkalani, A. et al., 2012. Diagnosis of asphaltene stability in crude oil through “two
parameters” SVM model. Chemical Engineering Science. 81: p. 202-208.

Chang, J. et al., 2003. Effect of Initiative Additives on Hydro-Thermal Cracking of Heavy
Oils and Model Compound. Energy and & Fuels, 457-461. doi: 10.1021/ef020190u.


http://dx.doi.org/10.1016/j.fuel.2012.08.029

116

Chavez-Miyauchi, T.E., etal., 2013. N-aryl Amino-Alcohols as Stabilizers of Asphaltenes.
Fuel, 302-309. http://dx.doi.org/10.1016/j.fuel.2012.10.044.

Cho, Y. et al., 2012. Application of Saturates, Aromatics, Resins, and Asphaltenes Crude
Oil Fractionation for Detailed Chemical Characterization of Heavy Crude Oils by
Fourier Transform lon Cyclotron Resonance Mass Spectrometry Equipped with
Atmospheric Pressure Photoionization. Energy & Fuels 2012 26 (5), 2558-2565.
doi:10.1021/ef201312m.

Cimino, R. etal., 1995. Thermodynamic modelling for prediction of asphaltene deposition
in live oils. SPE International Symposium on Qilfield Chemistry. Society of Petroleum
Engineers.

Cinar, M. et al., 2011. Combustion Kinetics of Heavy Oils in Porous Media. Energy &
Fuels, 4438-4451. dx.doi.org/10.1021/ef200680t.

Corbett, L.W., 1969. Composition of asphalt based on generic fractionation, using solvent
deasphaltening, elution-adsorption chromatography, and densimetric characterization.
Analytical Chemistry. 41(4): p. 576-579.

Cunha, R.E.P. et al., 2008. Mathematical Modeling of the Destabilization of Crude Oil
Emulsions Using Population Balance Equation. Ind. Eng. Chem. Res. 7094-7103. doi:
0.1021/ie800391v.

David Ting, P., G.J. Hirasaki, and W.G. Chapman, 2003. Modeling of asphaltene phase
behavior with the SAFT equation of state. Petroleum Science and Technology. 21(3-
4): p. 647-661.

De Boer, R.B. et al., 1995. Screening of crude oils for asphalt precipitation: theory,
practice, and the selection of inhibitors. SPE Prod. Facil. 10 (1), 55-61.

Demirbas, A., 2002. Asphaltene yields from five types of fuels via different methods.
Energy conversion and management. 43(8): p. 1091-1097.


http://dx.doi.org/10.1016/j.fuel.2012.10.044

117

Deo, D.M., 1993. Characterization of Uinta Basin Oil Sand Bitumens. Presented at the
Eastern Oil Shale Symposium, Kentucky, USA.

Dickie, J.P. and T.F. Yen, 1967. Macrostructures of the asphaltic fractions by various
instrumental methods. Analytical chemistry. 39(14): p. 1847-1852.

Fadaei, H. et al. 2011. Rapid Microfluidics-Based Measurement of CO2 Diffusivity in
Bitumen. Energy & Fuels, 4829-4835. dx.doi.org/10.1021/ef2009265.

Fakher, S. and Imgam, A., 2018. Investigating and Mitigating Asphaltene Precipitation and
Deposition in Low Permeability Oil Reservoirs During Carbon Dioxide Flooding to
Increase Oil Recovery. Presented at the SPE Annual Caspian Technical Conference
and Exhibition. Astana, Kazakhstan. doi:10.2118/192558-MS.

Fakher, S. and Imgam, A., 2018b. Asphaltene Precipitation and Deposition during CO2
Injection in Nano Shale Pore Structure and Its Impact on Oil Recovery. Fuel Journal.
237, 1, 1029-1039. https://doi.org/10.1016/j.fuel.2018.10.039.

Fakher, S. et al., 2018. Investigating the Viscosity Reduction of Ultra-Heavy Crude Oil
Using Hydrocarbon Soluble Low Molecular Weight Compounds to Improve Oil
Production and Transportation. Presented at the SPE International Heavy Oil
Conference and Exhibition, Kuwait City, Kuwait. Engineers. doi:10.2118/193677-MS.

Fan, T., J. Wang, and J.S. Buckley, 2002. Evaluating Crude Oils by SARA Analysis, in
Society of Petroleum Engineering. SPE/DOE Improved Oil Recovery Symposium,
Tulsa, Oklahoma.

Fang, T.etal., 2018. Study on the Asphaltene Precipitation in CO2 Flooding: A Perspective
from Molecular Dynamics Simulation. Industrial and Engineering Chemistry Research,
1071- 1077.

Fathi, M.M. and Pereira-Almao, P., 2011. Catalytic Aquaprocessing of Arab Light Vacuum
Residue via Short Space Times. Energy & Fuels, 4867-4877.
dx.doi.org/10.1021/ef200936k.


https://doi.org/10.1016/j.fuel.2018.10.039

118

Ferno, M.A. et al., 2010. Dynamic Laboratory Wettability Alternation. Energy & Fuels,
3950-3958. d0i:10.1021/ef1001716.

Flego, C. and Zannoni, C., 2012. Direct Insertion Probe-Mass Spectrometry (DIP-MS)
Maps and Multivariate Analysis in the Characterization of Crude Oils. Energy & Fuels,
46-55. dx.doi.org/10.1021/ef301124s.

Freitas, L.S. et al., 2009. Analysis of Organic Compounds of Water-in-Crude Oil
Emulsions Separated by Microwave Heating Using Comprehensive Two-Dimensional
Gas Chromatography and Time-of-Flight Mass Spectrometry. Journal of
Chromatography A, 2860-2865. doi:10.1016/j.chroma.2008.09.076.

Goel, P. et al., 2017. Prediction of °API Values of Crude Oils by Use of Saturates/Arom-
atics/Resins/Asphaltenes Analysis: Computational-Intelligence-Based Models. Society
of Petroleum Engineers Journal. 817- 853, d0i:10.2118/184391-PA.

Gonzalez, D.L. et al., 2005, Prediction of asphaltene instability under gas injection with
the PC-SAFT equation of state. Energy and fuels. 19(4): p. 1230-1234.

Gonzalez, D.L. et al., 2007. Modeling of Asphaltene Precipitation Due to Changes in
Composition Using the Perturbed Chain Statistical Associating Fluid Theory Equation
of State. Energy & Fuels 2007. 21 (3), 1231-1242. doi: 10.1021/ef060453a.

Gonzalez, D.L., et al., 2007. Modeling of Asphaltene Precipitation Due to Changes in
Composition Using the Perturbed Chain Statistical Associating Fluid Theory Equation
of State. Energy & Fuels, 1231-1242. doi: 10.1021/ef060453a.

Goual, L., 2012. Petroleum Asphaltenes, Crude Oil Emulsions- Composition Stability and
Characterization, (Ed.), ISBN: 978-953-51-0220-5.

Groenzin, H. and O.C. Mullins, 2000. Molecular size and structure of asphaltenes from
various sources. Energy and Fuels. 14(3): p. 677-684.



119

Gui, B., et al., Study of the Effects of Low-Temperature Oxidation on the Chemical
Composition of a Light Crude Oil. Energy & Fuels, 1139-1145.
d0i:10.1021/ef901056s.

Hammami, A. and J. Ratulowski, 2007. Precipitation and deposition of asphaltenes in
production systems: a flow assurance overview, in Asphaltenes, Heavy Oils, and
Petroleomics. Springer. p. 617-660.

Hannisdal, A. et al., 2006. Particle-Stabilized Emulsions: Effect of Heavy Crude Oil
Components Pre-Adsorbed onto Stabilizing Solids. Colloids and Surfaces A:
Physicochem. Eng. Aspects, 45-58. doi:10.1016/j.colsurfa.2005.10.011.

Hemmati-Sarapardeh, A. et al., 2013. Asphaltene precipitation due to natural depletion of
reservoir: Determination using a SARA fraction based intelligent model. Fluid Phase
Equilibria. 354: p. 177-184.

Hernandez, M.E. et al.,, 1983. Relationship Among Viscosity, Composition, and
Temperature for Two Groups of Heavy Crudes from the Eastern Venezuelan Basin.
Org. Geochem. 4 (34), 173-178.

Hinkle, A. et al., 2008. Correlating the Chemical and Physical Properties of a Set of Heavy
Oils from Around the World. Fuel, 3065-3070. doi:10.1016/j.fuel.2008.04.018.

Hirschberg, A. et al., 1984. Influence of temperature and pressure on asphaltene
flocculation. Society of Petroleum Engineers Journal. 24(03): p. 283-293.

Hoshyargar, V. and Ashrafizadeh, S.N., 2013. Optimization of Flow Parameters of Heavy
Crude Oil-in-Water Emulsions through Pipelines. Industrial & Engineering Chemistry
Research, 1600-1611. dx.doi.org/10.1021/ie302993m.

Hotier, G. and M. Robin, 1983. Effects of different diluents on heavy oil products:
measurement, interpretation, and a forecast of asphaltene flocculation. Revue de I'lFP.
38: p. 101.



120

Islas-Flores, C. et al., 2006. Fractionation of Petroleum Resins by Normal and Reverse
Phase Liquid Chromatography. Fuel, 1842-1850. doi:10.1016/j.fuel.2006.02.007.

Islas-Flores, C.A. et al., 2005. Comparisons between Open Column Chromatography and
HPLC SARA Fractionations in Petroleum. Energy & Fuels, 2080-2088. doi:
10.1021/ef050148.

Iwere, F. O., et al., 2002. Simulation of Asphaltene Precipitation in Fractured Reservoirs:
A Case Study. Society of Petroleum Engineers. doi:10.2118/74373-MS.

Jamaluddin, A.K.M. et al., 2000. Experimental and theoretical assessment of the asphaltene
precipitation characteristics of the Sahil field under a proposed gas injection scheme.
In: Paper SPE # 87292 presented at the SPE Conf. and Exh., 15-180ctober 2000, Abu
Dhabi, UAE.

Jewell, D. et al., 1972. lon-exchange, coordination, and adsorption chromatographic
separation of heavy-end petroleum distillates. Analytical Chemistry. 44(8): p. 1391-
1395.

Juyal, P. et al., 2010. Compositional Variations between Precipitated and Organic Solid
Deposition Control (OSDC) Asphaltenes and the Effect of Inhibitors on Deposition by
Electrospray lonization Fourier Transform lon Cyclotron Resonance (FT-ICR) Mass
Spectrometry. Energy & Fuels, 2320- 2326. doi:10.1021/ef900959r.

Juyal, P. et al., 2012. Reversibility of Asphaltene Flocculation with Chemicals. Energy &
Fuels, 2631-2640. dx.doi.org/10.1021/ef201389%e.

Kalantari-Dahagi, A. et al., 2006, Formation Damage due to Asphaltene Precipitation
Resulting from CO2 Gas Injection in Iranian Carbonate Reservoirs. Society of
Petroleum Engineers. doi:10.2118/99631-MS.

Karlsen, D.A. and S.R. Larter, 1991. Analysis of petroleum fractions by TLC-FID:
applications to petroleum reservoir description. Organic Geochemistry. 17(5): p. 603-
617.



121

Kazempour, M. et al., 2013. Role of Active Clays on Alkaline-Surfactant-Polymer
Formulation  Performance in  Sandstone Formulations. Fuel, 593-606.
http://dx.doi.org/10.1016/j.fuel.2012.04.034.

Keshmirizadeh, E., S. Shobeirian, and M. Memariani, 2013. Determination of saturates,
aromatics, resins and asphaltenes (SARA) fractions in Iran crude oil sample with
chromatography methods: study of the geochemical parameters. Journal of Applied
Chemical Research. 7(4): p. 15-24.

Khalil De Oliveira, M.C. and Goncalves, M.A., 2012. An Effort to Establish Correlations
between Brazilian Crude Oils Properties and Flow Assurance Related Issues. Energy
& Fuels, 5689-5701. dx.doi.org/10.1021/ef300650Kk.

Khalil De Oliveira, M.C. et al., 2012. Flow Assurance Study for Waxy Crude Oils. Energy
& Fuels, 2688-2695. dx.doi.org/10.1021/ef201407.

Khansari, Z. et al., 2012. Detailed Study of Low-Temperature Oxidation of an Alaska
Heavy Oil. Energy & Fuels, 1592-1597. dx.doi.org/10.1021/ef201828p.

Kharrat, A. et al., 2013, Asphaltene Content Measurement Using an Optical Spectroscopy
Technique, Energy & Fuels 2013 27 (5), 2452-2457. DOI: 10.1021/ef400050y.

Kim, S.T. et al., 1990. The role of asphaltene in wettability reversal. In: SPE Paper
presented at the SPE Ann. Tech. Conf. and Exh., 1990, New Orleans, Louisiana.

Kok, M.V., et al., 1998. Kinetic Analysis of Oxidation Behavior of Crude Oil SARA
Constituents. Energy & Fuels, 580-588. doi: S0887-0624(97)00173-4.

Kokal, S.L. and S.G. Sayegh, 1995. Asphaltenes: The cholesterol of petroleum. in Middle
East Oil Show. Society of Petroleum Engineers.

Kord, S. and Ayatollahi, S., 2012. Asphaltene Precipitation in Live Crude Oil during
Natural Depletion: Experimental Investigation and Modeling. Fluid Phase Equilibria,
63-70. http://dx.doi.org/10.1016/j.fluid.2012.05.028.



http://dx.doi.org/10.1016/j.fuel.2012.04.034
http://dx.doi.org/10.1016/j.fluid.2012.05.028

122

Kord, S. et al., 2012. Asphaltene Deposition in Carbonate Rocks: Experimental
Investigation and Numerical Simulation. Energy & Fuels, 6186-6199.
dx.doi.org/10.1021/ef300692¢.

Kraiwattanawong, K., et al., 2009. Effect of Asphaltene Dispersants on Aggregate Size
Distribution and Growth. Energy & Fuels, 1575-1582. doi: 10.1021/ef800706c.

Kriz, P. and Andersen, S.1., 2005. Effect of Asphaltenes on Crude Oil Wax Crystallization.
Energy & Fuels, 19 (3), 948-953. d0i:10.1021/ef049819e.

Kumar, K. et al., 2005. AFM Study of Mineral Wettability with Reservoir Oils. Journal of
Colloid and Interface Science, 206-217. doi:10.1016/j.jcis.2005.03.030.

Lammoglia, T., and Filho, C.R., 2011. Spectroscopic Characterization of Oils Yielded from
Brazilian Offshore Basins: Potential Applications of Remote Sensing. Remote Sensing
Environment, 2525-2535. doi:10.1016/j.rse.2011.04.038.

Leon, O. et al., 2002. Adsorption of Native Resins on Asphaltene Particles: A Correlation
between Adsorption and Activity. Langmuir, 5106-5112. doi:10.1021/1a011394q.

Leontaritis, K. and Mansoori, G.A., 1987. Asphaltene flocculation during oil production
and processing: A thermodynamic collodial model. in SPE International Symposium
on Qilfield Chemistry. Society of Petroleum Engineers.

Leontaritis, K., 1989. Asphaltene deposition: A comprehensive description of problem
manifestations and modeling approaches. in SPE production operations symposium.
Society of Petroleum Engineers.

Li, Z. and A. Firoozabadi, 2010. Modeling asphaltene precipitation by n-alkanes from
heavy oils and bitumens using cubic-plus-association equation of state. Energy and
Fuels. 24(2): p. 1106-1113.



123

Lichaa, P.M. and Herrera, L., 1975. Electrical and other effects related to the formation
and prevention of asphaltene deposition problem in Venezuelan crudes. in SPE oilfield
chemistry symposium. Society of Petroleum Engineers.

Linan, L.Z. et al., 2010. Molecular Distillation of Petroleum Residues and Physical-
Chemical Characterization of Distillate Cuts Obtained in the Process. Journal of
Chemical Engineering Data, 3068-3076. doi: 10.1021/je9010807.

Long, J. et al., 2011. Novel Solvent Deasphalting Process by Vacuum Residue Blending
with Coal Tar. Industrial & Engineering Chemistry Research, 11259-11269.
dx.doi.org/10.1021/ie2004169.

Manek, M., 1995. Asphaltene Dispersants as Demulsification Aids. Society of Petroleum
Engineers. doi:10.2118/28972-MS.

Marcano, F. et al., 2011. Distribution of Ni and V in A1 and A2 Asphaltene Fractions in
Stable and Unstable Venezuelan Crude Oils. Energy & Fuels, 2137-2141.
dx.doi.org/10.1021/ef200189m.

Marques, J. et al., 2011. Improvement of Ebullated-Bed Effluent Stability at High
Conversion Operation. Energy & Fuels, 3867-3874. dx.doi.org/10.1021/ef2006047.

Martinez, M.T., Benito, A.M. and Callejas, M.A., 1997. Thermal cracking of coal residues:
kinetics of asphaltene decomposition. Fuel. 76(9): p. 871-877.

Masson, J., T. Price, and P. Collins, 2001. Dynamics of bitumen fractions by thin-layer
chromatography/flame ionization detection. Energy and Fuels. 15(4): p. 955-960.

Mena-Cervantes, V.Y. et al.,, 2011. Tin and Silicon Phthalocyanines Molecularly
Engineered as Traceable Stabilizers of Asphaltenes. Energy & Fuels, 224-231.
d0i:10.1021/ef101023r.

Mendoza de la Cruz, J. L. et al., 2009. Asphaltene-Induced Precipitation and Deposition
During Pressure Depletion on a Porous Medium: An Experimental Investigation and
Modeling Approach. Energy & Fuels, 5611-5625. doi:10.1021/ef9006142.



124

Miadonye A., and Evans L., 2010. The Solubility of Asphaltenes in Different Hydrocarbon
Liquids. Petroleum Science and Technology Journal.
https://doi.org/10.1080/10916460902936960.

Mohammadi, A.H. and D. Richon, 2007. A monodisperse thermodynamic model for
estimating asphaltene precipitation. AIChE journal. 53(11): p. 2940-2947.

Mohammadi, A.H. et al., 2012. A novel method for evaluation of asphaltene precipitation
titration data. Chemical Engineering Science. 78: p. 181-185.

Mohammadi, A.H. et al., 2012. Monodisperse Thermodynamic Model Based on Chemical
+ Flory— Hiiggins Polymer Solution Theories for Predicting Asphaltene Precipitation.
Industrial & Engineering Chemistry Research, 4041-4055.
dx.doi.org/10.1021/ie202737.

Mohammed, R. et al., 2017. Simulation Study of Asphaltene Deposition and Solubility of
CO2 in the Brine During Cyclic CO2 Injection Process in Unconventional Tight
Reservoirs, International Journal of Geological and Environmental Engineering, 11 (6)
485- 500.

Mohebbinia, S. et al., 2014. Simulation of Asphaltene Precipitation during Gas Injection
Using PC-SAFT EOS. in SPE Annual Technical Conference and Exhibition. Society
of Petroleum Engineers.

Molina V, D. et al., 2010. Correlations between SARA Fractions and Physicochemical
Properties with 1H NMR Spectra of Vacuum Residues from Colombian Crude Oils.
Fuel, 185-192. doi:10.1016/j.fuel.2009.07.021.

Monger, T.G. and Fu, J.C., 1987. The nature of CO2-induced organic deposition. In: SPE
Paper # 16713 presented at the SPE Ann. Tech. Conf. and Exh., Houston, TX.

Moradi, S. et al., 2012. Investigation of asphaltene precipitation in miscible gas injection
processes: experimental study and modeling. Braz. J. Chem. Eng., S&o Paulo, v. 29, n.
3, p. 665-676.


https://doi.org/10.1080/10916460902936960

125

Mullins, O.C., 2011. The modified yen model. Energy and Fuels, 2010. 24(4): p. 2179-
2207,

Mullins, O.C., The asphaltenes. Annual Review of Analytical Chemistry. 4: p. 393-418.

Nabzar, L., Aguiléra, M. 2008. The Colloidal Approach. A Promising Route for Asphaltene
Deposition Modelling. Oil & Gas Science and Technology, 36, 21-35.

Nahid Siddiqui, M., 2003. Infrared study of hydrogen bond types in asphaltenes. Petroleum
science and technology. 21(9-10): p. 1601-1615.

Nasr-EI-Din, H.A. and Taylor, K.C., 1992. Dynamic Interfacial Tension of Crude
Oil/Alkali/Surfactant Systems. Colloids and Surfaces, 23-37. doi:0166-6622/92.

Nghiem, L.X., and D.A. Coombe, 1997. Modelling asphaltene precipitation during primary
depletion. SPE Journal. 2(02): p. 170-176.

Nikookar, M. et al., 2008. Modification of a thermodynamic model and an equation of state
for accurate calculation of asphaltene precipitation phase behavior. Fuel. 87(1): p. 85-
91.

Ocanto, O. et al., 2009. Influence of Experimental Parameters on the Determination of
Asphaltenes Flocculation Onset by the Titration Method. Energy & Fuels, 3039-3044.
doi: 10.1021/ef900106f.

Pacheco, V.F. et al., 2011. Destabilization of Petroleum Emulsions: Evaluation of the
Influence of the Solvent on Additives. Energy & Fuels, 1659-1666.
dx.doi.org/10.1021/ef101769e.

Pan, H. and A. Firoozabadi, 2000. Thermodynamic micellization model for asphaltene
precipitation inhibition. AIChE journal. 46(2): p. 416-426.



126

Pan, H. and A. Firoozabadi. Thermodynamic micellization model for asphaltene
precipitation from reservoir crudes at high pressures and temperatures. in SPE Annual
Technical Conference and Exhibition. 1997: Society of Petroleum Engineers.

Pantoja, P.A. et al., Prediction of Crude Oil Properties and Chemical Composition by
Means of Steady State and Time-Resolved Fluorescence. Energy & Fuels, 3598-3604.
dx.doi.org/10.1021/ef200567x.

Panuganti, S.R. et al., 2012. Modeling Reservoir Connectivity and Tar Mat Using Gravity-
Induced Asphaltene Compositional Grading. Energy & Fuels, 2548-2557.
dx.doi.org/10.1021/ef201280d.

Pazuki, G. and M. Nikookar, 2006. A modified Flory-Huggins model for prediction of
asphaltenes precipitation in crude oil. Fuel. 85(7): p. 1083-1086.

Pazuki, G.R., 2007. Application of a new cubic equation of state to computation of phase
behavior of fluids and asphaltene precipitation in crude oil. Fluid Phase Equilibria.
254(1): p. 42-48.

Pearson, C.D. and S.G. Gharfeh, 1986. Automated high-performance liquid
chromatography determination of hydrocarbon types in crude oil residues using a flame
ionization detector. Analytical Chemistry. 58(2): p. 307-311.

Peramuna, S. et al., 2001. Investigation on the Reversibility of Asphaltene Precipitation.
Energy & Fuels, 910-917. doi: 10.1021/ef010002Kk.

Poindexter, M.K. and March, S.C., 2009. Inorganic Solid Content Governs Water-in-Crude
Oil  Emulsion Stability Predictions. Energy & Fuels, 1258-1268. doi:
0.1021/ef800652n.

Rocha, E.R.L. et al., 2013. Fractionation and Characterization of a Petroleum Residue by
Molecular Distillation Process. Industrial & Engineering Chemistry Research, 15488-
15493. dx.doi.org/10.1021/ie400669K.



127

Rogel, E. et al., 1999. Asphaltene Stability in Crude Oils. Society of Petroleum Engineers.
d0i:10.2118/53998-MS.

Rogel, E. et al., 2003. Assessment of Asphaltene Stability in Crude Oils Using
Conventional Techniques. Energy & Fuels, 1583-1590. doi: 10.1021/ef0301046.

Rose, J.L. et al., 2001. Experimental Data for the Extraction of Peace River Bitumen Using
Supercritical Ethane. Fuel, 1101-1110.

Sabeti, M., et al., 2015. Estimation of asphaltene precipitation and equilibrium properties
of hydrocarbon fluid phases using the PC-SAFT equation of state. Journal of Molecular
Liquids. 209: p. 447-460.

Sanchez-Minero, F. et al., 2013. Predicting SARA Composition of Crude Oil by Means of
NMR. Fuel, 318-321. http://dx.doi.org/10.1016/j.fuel.2012.10.027.

Savage, P.E. and Kelvin, M.T., 1985. Petroleum Asphaltene Thermal Reaction Pathways.
American Chemical Society. 30 (4), 642-651.

Schantz, S., and Stephenson, W., 1991. Asphaltene Deposition: Development and
Application of Polymeric Asphaltene Dispersants. Society of Petroleum Engineers.
d0i:10.2118/22783-MS.

Seifried, C. et al., 2013. Kinetics of Asphaltene Aggregation in Crude Oil Studied by
Confocal Laser-Scanning Microscopy. Energy & Fuels, 27, 1865-1872.

Seki, H. and Kumata, F., 2000. Structural Change of Petroleum Asphaltenes and Resins by
Hydrodemetallization. Energy & Fuels, 14 (5), 980-985. doi:10.1021/ef000009m.

Shedid and Zekri, 2006. Formation Damage Caused by Simultaneous Sulfur and
Asphaltene Deposition. Society of Petroleum Engineers. doi:10.2118/86553-PA.


http://dx.doi.org/10.1016/j.fuel.2012.10.027

128

Shen, Z. and Sheng, J., 2018. Experimental and numerical study of permeability reduction
caused by asphaltene precipitation and deposition during CO2 huff and puff injection
in Eagle Ford shale, Fuel, 211, 432-445, https://doi.org/10.1016/].fuel.2017.09.047.

Shen, Z., and Sheng, J., 2016. Experimental Study of Asphaltene Aggregation during CO2
and CH4 Injection in Shale Oil Reservoirs. Society of Petroleum Engineers.
doi:10.2118/179675-MS.

Shirani, B., M. Nikazar, and S.A. Mousavi-Dehghani, 2012. Prediction of asphaltene phase
behavior in live oil with CPA equation of state. Fuel. 97: p. 89-96.

Soroush, S. et al., 2014. A Comparison of Asphaltene Deposition in Miscible and
Immiscible Carbon Dioxide Flooding in Porous Media. Society of Petroleum
Engineers. doi:10.2118/169657-MS.

Speight, J. G. and Moschopedis, E., 1981. On the Molecular Nature of Petroleum
Asphaltenes. Chapter 1, 1-15. doi:10.1021/ba-1981-0195.ch001.

Speight, J., 2004. Petroleum Asphaltenes-Part 1: Asphaltenes, resins and the structure of
petroleum. Qil and gas science and technology. 59(5): p. 467-477.

Spiecker, P.M. et al., 2003. Effects of Petroleum Resins on Asphaltene Aggregation and
Water-in-Oil Emulsion Formation. Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 220 (1), 9-27. https://doi.org/10.1016/S0927-7757(03)00079-7.

Srivastava and Huang, 1997. Asphaltene Deposition During CO2 Flooding: A Laboratory
Assessment. Society of Petroleum Engineers. doi:10.2118/37468-MS.

Subramanian, M. et al., 1944. Supercritical Fluid Extraction of Oil Sand Bitumen. Eastern
Oil Shale Symposium, Kentucky, USA.

Sugiyama, S. et al., 2018. Construction, Validation, and Application of Digital Oil:
Investigation of Asphaltene Association Toward Asphaltene-Precipitation Prediction.
Society of Petroleum Engineers Journal. 952-968, doi:10.2118/189465-PA.


https://doi.org/10.1016/j.fuel.2017.09.047
https://doi.org/10.1016/S0927-7757(03)00079-7

129

Tabatabaei-Nejad, S.A. and Khodapanah, E., 2010. Application of Chebyshev polynomials
to predict phase behavior of fluids containing asphaltene and associating components
using SAFT equation of state. Fuel. 89(9): p. 2511-2521.

Tang, Y. et al., 2005. A Kinetic Model for Thermally Induced Hydrogen and Carbon
Isotope Fractionation of Individual n-Alkanes in Crude Oil. Geochicica et
Cosmochimica Acta, 4505-4520. doi:10.1016/j.gca.2004.12.026.

Tavakkoli, M. et al., 2011. Prediction of Asphaltene Precipitation During Solvent/CO2
Injection Conditions: A Comparative Study on Thermodynamic Micellization Model
With a Different Characterization Approach and Solid Model. Society of Petroleum
Engineers, Journal of Canadian Petroleum Technology. 65-74, doi:10.2118/145638-
PA.

Tharanivasan, A.K. et al., 2009. Measurement and Modeling of Asphaltene Precipitation
from Crude Oil Blends. Energy & Fuels, 3971-3980. doi: 10.1021/ef900150p.

Thawer, R. et al., 1990. Asphaltene Deposition in Production Facilities. Society of
Petroleum Engineers. doi:10.2118/18473-PA.

Thomas, D. et al., 1995. Controlling Asphaltene Deposition in Oil Wells. Society of
Petroleum Engineers. doi:10.2118/25483-PA.

Uetani, T., 2014. Wettability Alteration by Asphaltene Deposition: A Field Example.
Society of Petroleum Engineers. doi:10.2118/171788-MS.

Vargas, F.M., et al., 2009. Modeling asphaltene phase behavior in crude oil systems using
the perturbed chain form of the statistical associating fluid theory (PC-SAFT) equation
of state. Energy and Fuels. 23(3): p. 1140-1146.

Vazquez, D. and Mansoori, G., 2000. Analysis of heavy organic deposits. Sci. and
Engineering. 26(1-4): p. 49-56.

Victorov, A.l. and Firoozabadi, A., 1996. Thermodynamic micellization model of
asphaltene precipitation from petroleum fluids. AIChE journal. 42: p. 1753-1764.



130

Wang, J. and Buckley, J.S., 2003. Asphaltene Stability in Crude Oil and Aromatic
Solvents-The Influence of Oil Composition. Energy & Fuels, 1445-1451. doi:
10.1021/ef030030y.

Wang, S. et al., 2016. Characterization of Produced and Residual Qils in the CO2 Flooding
Process, Energy & Fuels 2016 30 (1), 54-62, DOI: 10.1021/acs.energyfuels.5b01828.

Wu, J., Prausnitz, J.M., and Firoozabadi, A., 1998. Molecular-thermodynamic framework
for asphaltene-oil equilibria. AIChE Journal. 44(5): p. 1188-1199.

Wu, J., Prausnitz, J.M., and Firoozabadi, A., 2000. Molecular thermodynamics of
asphaltene precipitation in reservoir fluids. AIChE journal. 46(1): p. 197-209.

Yarranton, H.W., Alboudwarej, H., and Jakher, R., 2000. Investigation of asphaltene
association with vapor pressure osmometry and interfacial tension measurements.
Industrial and engineering chemistry research. 39(8): p. 2916-2924.

Yazdizadeh, M. et al., 2014. A Solution Model for Predicting Asphaltene Precipitation.
Iranian Journal of Chemistry and Chemical Engineering. 33 (1).

Yen, A. etal., 2001. Evaluating asphaltene inhibitors: laboratory tests and field studies. In:
Paper SPE -65376-MS presented at the SPE Int. Symp. Qilfield Chem. 2001,Houston,
Texas.

Yin, Y., and Yen, A., 2000. Asphaltene Deposition and Chemical Control in CO2 Floods.
Society of Petroleum Engineers. doi:10.2118/59293-MS.

Yonebayashi, H. et al., 2011. Dynamic Asphaltene Behavior for Gas-Injection Risk
Analysis. Society of Petroleum Engineers Reservoir Evaluation and Engineering
Journal. 513- 524, d0i:10.2118/146102-PA.

Zendehboudi, S. et al., 2013. Thermodynamic investigation of asphaltene precipitation
during primary oil production: laboratory and smart technique. Industrial and
Engineering Chemistry Research, 2013. 52(17): p. 6009-6031.



131

Zendehboudi, S. et al., 2014. Asphaltene precipitation and deposition in oil reservoirs —
Technical aspects, experimental and hybrid neural network predictive tools, Chemical
Engineering Research and Design, 92 (5), 857-875.

Zhang. L. et al., 2013. Coking Reactivity of Laboratory-Scale Unit for Two Heavy
Petroleum and Their Supercritical Fluid Extraction Subfractions. Industrial &
Engineering Chemistry Research, 5593-5600. dx.doi.org/10.1021/ie302891b.



132

VITA

Sherif Fakher was born in Richmond Virginia, USA. He received his bachelor’s
degree from the American University In Cairo, Cairo, Egypt, in 2016 in Petroleum and
Energy Engineering. He was admitted as a PhD student at Missouri University of Science
and Technology, in the department of Petroleum Engineering, under the Chancellor’s
Distinguished Fellowship in 2016. His research interest included reservoir engineering,
with a focus on Gas Enhanced Oil Recovery, especially in unconventional shale reservoirs.
He has authored many papers on the topic of Enhanced Oil Recovery, and has given
presentations in various conferences worldwide. He received his Master’s degree in

Petroleum Engineering from Missouri University of Science and Technology in May 2019.



	Asphaltene stability in crude oil during carbon dioxide injection and its impact on oil recovery: A review, data analysis, and experimental study
	Recommended Citation

	PUBLICATION THESIS OPTION
	ABSTRACT
	ACKNOWLEDGEMENTS
	LIST OF ILLUSTRATIONS

	LIST OF TABLES
	1.  INTRODUCTION
	1.1.  STATEMENT AND SIGNIFICANCE OF THE PROBLEM
	1.2.  EXPECTED IMPACTS AND CONTRIBUTION
	1.3.  OBJECTIVES
	1.4.  SCOPE OF WORK

	2.  LITERATURE REVIEW
	2.1.  CRUDE OIL COMPONENTS
	2.2.  SARA ANALYSIS
	2.3.  ASPHALTENE STRUCTURE AND COMPOSITION
	2.4.  ASPHALTENE STABILITY IN CRUDE OIL
	2.5.  ASPHALTENE DETECTION AND CHEMICAL ANALYSIS
	2.6.  ASPHALTENE PHASES IN CRUDE OIL
	2.7.  FACTORS IMPACTING ASPHALTENE STABILITY
	2.8.  ASPHALTENE RESERVOIR PROBLEMS DURING PRODUCTION
	2.9.  ASPHALTENE SEVERITY IN UNCONVENTIONAL RESERVOIRS

	PAPER
	I.  ASPHALTENE COMPREHENSIVE DATA ANALYSIS BASED ON LABORATORY AND FIELD RESULTS
	ABSTRACT
	1. INTRODUCTION
	2. DATASETS DISTRIBUTION
	3. DATA PROCESSING METHODOLOGY
	3.1.  BOXPLOT
	3.2.  HISTOGRAM

	4. RESULTS AND ANALYSIS
	4.1.  LABORATORY DATASET RESULTS
	4.2.  FIELD DATASET RESULTS

	5. DATA RANGES FOR FIELD AND LABORATORY RESULTS
	6. CONCLUSIONS
	ACKNOWLEDGEMENT
	REFERENCES
	APPENDIX
	II.  ASPHALTENE PRECIPITATION AND DEPOSITION DURING CO2 INJECTION IN NANO SHALE PORE STRUCTURE AND ITS IMPACT ON OIL RECOVERY
	ABSTRACT
	1. INTRODUCTION
	2. ASPHALTENE PRECIPITATION AND DEPOSITION MECHANISM
	2.1.  ASPHALTENE PRECIPITAION DUE TO SOLVENT INJECTION
	2.2.  ASPHALTENE PRECIPITATION DUE TO RESERVOIR DEPLETION

	3. EXPERIMENTAL MATERIAL
	3.1.  CRUDE OIL
	3.2.  SPECIALLY DESINGED HPHT FILTRATION VESSEL
	3.3.  NANO-COMPOSITE FILTER MEMBRANES
	3.4.  HIGH PRECISION SCALE
	3.5.  CO2 CYLINDER

	4. ASPHALTENE DETECTION TEST
	5. EXPERIMENTAL SETUP
	6. EXPERIMENTAL PROCEDURE
	7. RESULTS AND ANALYSIS
	7.1.  CO2 FLOW MECHANISM IN NANO-PORES
	7.2.  ASPHALTENE PRECIPITATION AND DEPOSITION

	8. DISCUSSION
	9. CONCLUSIONS
	NOMENCLATURE
	ACKNOWLEDGEMENTS
	REFERENCES
	SECTION
	3.  CONCLUSIONS AND RECOMMENDATIONS
	3.1.  CONCLUSIONS
	3.2.  RECOMMENDATIONS

	BIBLIOGRAPHY
	VITA

