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Abstract
Asphaltene is a component of crude oil that has been reported to cause severe problems during production and transporta-
tion of the oil from the reservoir. It is a solid component of the oil that has different structures and molecular makeup which 
makes it one of the most complex components of the oil. This research provides a detailed review of asphaltene properties, 
characteristics, and previous studies to construct a guideline to asphaltene and its impact on oil recovery. The research begins 
with an explanation of the main components of crude oil and their relation to asphaltene. The method by which asphaltene is 
quantified in the crude oil is then explained. Due to its different structures, asphaltene has been modeled using different mod-
els all of which are then discussed. All chemical analysis methods that have been used to characterize and study asphaltene are 
then mentioned and the most commonly used method is shown. Asphaltene will pass through several phases in the reservoir 
beginning from its stability phase up to its deposition in the pores, wellbore, and facilities. All these phases are explained, 
and the reason they may occur is mentioned. Following this, the methods by which asphaltene can damage oil recovery are 
presented. Asphaltene rheology and flow mechanism in the reservoir are then explained in detail including asphaltene onset 
pressure determination and significance and the use of micro- and nanofluidics to model asphaltene. Finally, the mathemati-
cal models, previous laboratory, and oilfield studies conducted to evaluate asphaltene are discussed. This research will help 
increase the understanding of asphaltene and provide a guideline to properly study and model asphaltene in future studies.

Keywords  Asphaltene · Critical review · Oil recovery · Pore plugging · Wettability change · Flow behavior

List of symbols
�	� Asphaltene and crude oil solubility parameter
ΔHL	� Enthalpy change
R	� Universal gas constant
T	� Temperature
vL	� Volume
∅	� Volume fraction
A	� Fraction of asphaltene
f 	� Fraction
�
cAi

	� Viscosity
V
fAi

	� Initial volume fraction of asphaltene
N
sAi

	� Segment number
∅
r
	� Volume fraction of resins in the mixture

v
r
	� Molar volume of resins

v
m

	� Molar volume of mixture
�
m

	� Solubility parameter of mixture

�
r
	� Solubility parameter of resins

M
Ai

	� Asphaltene molecular weight
Vs	� Volume of solid phase
F	� Distribution function
C	� Correction term for asphaltene
S	� Ratio of volume of injected solvent to the weight 

of crude oil
W 	� Weight percent
Z	� Constant
GOR	� Gas–oil ratio
x	� Maltene solvency power

Introduction

Asphaltene was first defined by Boussingault (1837) as the 
“distillation residue of bitumen insoluble in alcohol and sol-
uble in turpentine.” This definition was later modified, how-
ever, due to an error in the initial part of the definition, which 
limited asphaltene presence to bitumen; this was later found 
to be incorrect (Golkari and Riazi 2017; Salleh et al. 2019). 
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Today, asphaltene is defined as “the heaviest component of 
petroleum fluids that is insoluble in light n-alkanes such 
as n-pentane or n-heptane, but soluble in aromatics such 
as toluene” (Goual 2012). Asphaltene is therefore a solid 
component of crude oil with an extremely high molecular 
weight (Mozaffari et al. 2015, 2017a, b, 2018; Struchkov 
et al. 2019; Kor et al. 2017; Nwadinigwe et al. 2015). This is 
the main reason causing it to be extremely problematic, since 
it can form dense flocculations and deposits in reservoir, 
wellbores, and transportation pipelines and thus can cause 
severe operational and production problems.

Much research has been conducted to study the precipita-
tion and deposition of high molecular weight components, 
mainly asphaltene, in the pore spaces of conventional oil res-
ervoirs. Zendehboudi et al. (2014) defined precipitation as the 
formation of the solid phase from the liquid phase and defined 
deposition as the adherence or adsorption of the solid phase 
to the reservoir rock, which usually occurs after precipitation. 
Asphaltene also forms dense clusters referred to as floccula-
tions (Leandra et al. 2018; Liu et al. 2017; Fakher et al. 2019). 
The flocculations have a high density and thus tend to deposit 
and plug the pore throats in the reservoir (Monger and Fu 
1987; Kim et al. 1990; Rassamdana et al. 1996; Khamehchi 
et al. 2018; Ihtsham and Ghosh 2015). The most severe of all 
the high molecular weight components is asphaltene (Thawer 
et al. 1990). Therefore, many methods have been proposed to 
detect asphaltene deposition in conventional oil reservoirs, 
such as the De Boer plot (De Boer et al. 1995), the asphaltene-
to-resin ratio approach (Jamaluddin et al. 2000), the colloi-
dal instability index (Yen et al. 2001), filtration, the acoustic 
resonance technique, the light scattering technique (Speight 
et al. 1985; Speight 1999; Jamaluddin et al. 2000; Akbarzadeh 
et al. 2007), optical spectroscopy (Kharrat et al. 2013), nuclear 
magnetic resonance (Wang et al. 2016), and gas chromatog-
raphy coupled with mass spectrometry (Fakher et al. 2018; 
Elkahky et al. 2019; Iraji and Ayatollahi 2019; Ahmadi 2011; 
Gholami et al. 2016; Kargarpour and Dandekar 2016).

Extensive experiments have been conducted to model 
asphaltene deposition during CO2 injection in conventional oil 
reservoirs. Soroush et al. (2014) showed that below CO2 mini-
mum miscibility pressure (MMP), an increase in pressure will 
result in an increase in asphaltene deposition in sandstone, 
whereas, above CO2 MMP, an increase in pressure results in 
a decrease in asphaltene deposition. Thawer et al. (1990) ran 
laboratory tests to determine the minimum solubility pressure 
for asphaltene in the Ula reservoir fluids. They also tested 
several chemical formulations that could dissolve asphaltene 
and found that the chemicals that could dissolve asphaltene 
most effectively were pure aromatics such as toluene and 
xylene. However, pure xylene and toluene were considered 
dangerous to use due to their low flash point, and hence, the 
chemical formulations were considered safer and more stable. 
Thomas et al. (1995) also sought to find a method to dissolve 

asphaltene that was deposited in the reservoirs and pipelines. 
By testing several chemicals, they developed three chemical 
formulations that could effectively dissolve the asphaltene 
that was present in the oil. Shen and Sheng (2018) studied 
asphaltene deposition in the 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 conducted at 50 psi and room temperature. 
Fakher and Imqam (2018a, b) studied asphaltene instability 
in crude oil during CO2 injection in nanofilter membranes at 
different experimental conditions.

Based on the aforementioned, it is clear that asphaltene is 
an extremely complex component of crude oil and the meth-
ods by which it is studied are abundant and differ significantly. 
Due to the numerous amount of methods by which asphal-
tene has been studied, it becomes tedious to comprehensively 
understand asphaltene characteristics, factors impacting its 
stability, and methods by which it can be accurately stud-
ied and quantified. This research provides a comprehensive 
understanding of asphaltene properties, characteristics, flow 
mechanisms and rheology, modeling and analysis methods, 
and its impact on oil recovery based on previous field and 
laboratory studies. All previous reviews on asphaltene are 
extremely limited in their contents and cover only one aspect 
of asphaltene which makes it very difficult to fully understand 
asphaltene properties and behavior. This research provides 
a comprehensive guideline to asphaltene that can be used 
to fully understand asphaltene properties and how to model 
asphaltene both experimentally and mathematically.

Main components of crude oil

Crude oil components can be divided into multiple com-
pounds 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 fur-
ther divided into saturates, aromatics, and resins. Different 
types of solids may also exist in the crude oil; however, the 
most prominent is solid asphaltene. These components are 
usually grouped together as saturate–aromatic–resin–asphal-
tene, more commonly referred to as SARA analysis. The 
SARA analysis is performed using chromatography to deter-
mine the presence and concentration of the aforementioned 
components. The exact description of each of these compo-
nents and their relation to the asphaltene is explained.

Saturates

Saturates are the compounds in the hydrocarbon that are sat-
urated, and thus do not contain any double bonds. The car-
bon atoms are bonded to the maximum allowable hydrogen, 
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and thus, no carbon–carbon double bonds are present. Satu-
rated hydrocarbons are generally referred to as alkanes. The 
simplest alkane compound is methane, followed by ethane 
and propane (Goel et al. 2017). The structure of all three 
compounds is shown in Fig. 1. As can be seen, no double 
bonds are present in the compounds. Saturates are one of 
the main liquid, or gas in regard to methane, components 
of the hydrocarbon; asphaltene is in solution within these 
compounds until it becomes unstable and asphaltene begins 
to precipitate from the solution. Saturates play no significant 
role in asphaltene stability; however, they are a major com-
ponent of crude oil.

Aromatics

Aromatics are the second main component of hydrocarbons. 
These compounds are slightly more complex in structure 
than saturates. They are generally nonpolar and are charac-
terized by an unsaturated hydrocarbon ring with multiple 
carbon–carbon double bonds within the ring configuration 
(Keshmirizadeh et al. 2013; Alshaikh et al. 2019; Punase 
et al. 2016; Liao et al. 2019; Alshaikh et al. 2018; Prakoso 
et al. 2017). Figure 2 shows the structure of three common 
aromatics, including toluene, xylene, and phenolic acid. All 
three compounds have a cyclic hydrocarbon ring attached 
to a functional group. Aromatics are generally nonpolar in 
nature and thus are not very stable with asphaltene since 
asphaltene is generally a highly polar compound.

Resins

Resins are considered much more complex in structure 
compared to saturates and aromatics. They have a higher 
molecular weight compared to the previous two components 
as well. Resins play a significant role in the stabilization of 
the asphaltene in the crude oil (Leon et al. 2002). The crude 

oil in general is nonpolar, which means it is insoluble in 
water (Lammoglia and Filho 2011). Asphaltene is usually 
highly polar in nature and thus cannot be homogenized or 
solubilized in the crude oil on its own, since it is against its 
nature. Resins are characterized by having both a polar side 
and a nonpolar side and thus function as a bridging material 
that connects the nonpolar hydrocarbon compounds to the 
highly polar asphaltene (Miadonye and Evans 2010). Fig-
ure 3 shows a typical structure of a resin molecule.

Asphaltene

Asphaltene is considered one of the most complex compo-
nents of crude oils. It is one of very few components that 
are solid, as shown in Fig. 4. Asphaltene complexity comes 
mainly in the way its structure is defined. All of the three 
previously explained components have a general structure by 
which they can be classified. Unfortunately, asphaltene has 
many different structures, which makes generalizing it into 
a specific family very difficult (Pazuki 2007). Asphaltene is 
generally classified as a solubility class, since it is character-
ized as being insoluble in n-alkanes. There are several char-
acteristics that can be used to identify asphaltene, including 
(Seifried et al. 2013):

•	 Solid: Asphaltene is a solid phase that is homogenized in 
the crude oil at reservoir conditions.

Fig. 1   Molecular structure of methane, ethane, and propane (Garner 
and Ham 1939)

Fig. 2   Molecular structure of toluene, xylene, and phenolic acid

Fig. 3   Molecular structure of 
simple resin molecule (Abdel-
Raouf 2012)

Fig. 4   Molecular structure of an asphaltene (Groenzin and Mullins 
2000)
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•	 n-Alkane insoluble: Asphaltene is classified as a solu-
bility class since it has several structures, and thus, it is 
extremely difficult to provide a generalized structure for 
it. It is therefore defined as the highest molecular weight 
component in the crude oil that is insoluble in light 
n-alkanes such as n-pentane or n-heptane and soluble in 
aromatics such as toluene or xylene.

•	 Highly polar: Asphaltene is one of very few components 
of crude oil that is highly polar, in contrast to crude oil 
as a whole, which is considered nonpolar.

•	 Heteroatoms: Asphaltene is associated with heteroatoms, 
mainly manifested in nitrogen, oxygen, and sulfur.

It is important to be able to differentiate between the dif-
ferent components of the crude oil and isolate each com-
ponent from the other to both quantify the components and 
study each one separately. Based on this, the most common 
method used to differentiate between saturates, aromatics, 
resins, and asphaltene, which is referred to as the SARA 
analysis, will be explained in detail.

SARA analysis

The analysis of the four components, including saturates, 
aromatics, resins, and asphaltene, is referred to as the 
SARA analysis. The SARA analysis is conducted based 
on the standard test method for separation of asphalt into 
four fractions, which was created by the American Soci-
ety for Testing and Materials (ASTM) (D-4124-97-ASTM; 
Fan 2003; Fan et al. 2002; Jha et al. 2014; Theyab et al. 
2017). The main aim of the SARA analysis is to differentiate 
between and quantify the four main components of crude 
oil (Bissada et al. 2016). Figure 5 provides a flowchart of 
the SARA analysis procedure to differentiate between the 
different components of crude oil. If a sample of crude oil 
is added to liquid propane, the aromatics and saturates will 
be solubilized, whereas the resins and asphaltene will pre-
cipitate. This will help isolate the resins and the asphaltene. 
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 pro-
cedure, the asphaltene can be distinguished from the resin. 
Consequently, all four components of the SARA analysis can 
be accurately differentiated.

By isolating the asphaltene from the other components, 
a detailed study of asphaltene properties can be conducted. 
Initially, it is important to understand how the asphaltene 
structure can be modeled, especially due to the complexity 
of asphaltene composition and its nature of being a solid 

component in the crude oil. The different models that have 
arisen to attempt to describe the asphaltene structure will 
be explained, including the most recent and widely used 
model, referred to as the Yen–Mullins model.

Models of asphaltene structure

Asphaltene is extremely complex. Also, it is usually classi-
fied as a solubility class rather than a specific structure due 
to the several varieties of structures available for asphal-
tene. Several models have been developed in an attempt to 
provide a standard method that would be able to encom-
pass all the different asphaltene chemical structures and 
model those structures.

Archipelago model

The archipelago asphaltene model, in accordance with 
its name, models the asphaltene structure as several aro-
matic rings connected together though aliphatic chains. 
An example of an asphaltene molecule that resembles the 
archipelago model is shown in Fig. 6. Several aromatic 
rings appear as separate groups connected together using 
several aliphatic chains. However, there is an uncertainty 
in the model regarding the number of aromatic rings 
present in the asphaltene molecule. The side chains are 
believed to have an average length of 5–7 carbons.

Fig. 5   SARA analysis flowchart
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Continental model

The continental model assumed the structure of asphal-
tene as a large group of aromatic rings in the middle of the 
asphaltene molecule that are connected to several aliphatic 
branches. This model is usually associated with lower 
molecular weight asphaltene and is hence referred to as the 
condensed aromatic model. Figure 7 shows an illustration 
of an asphaltene model that follows the continental model 
asphaltene structure.

Anionic continental model

The anionic continental model is extremely similar in 
structure compared to the continental model, as shown in 

Fig. 8. The major difference lies in a negatively charged 
group that is attached to one of the aliphatic chains attached 
to the main structure. This gives the asphaltene structure a 
negative charge, which adds to the change in potential of 
the asphaltene and in turn will impact asphaltene stability 
significantly; this is referred to as the electrokinetic effect 
and will be explained in detail later on.

Yen–Mullins model

The Yen–Mullins model is the most widely accepted asphal-
tene model nowadays, as shown in Fig. 9 (Mullins 2011). 
This model describes the asphaltene structure based on size 
and behavior as a function of the crude oil that contains the 
asphaltene. In light oils, with high API gravity, the asphal-
tene will be present as small polyaromatic hydrocarbon 
molecules with an average diameter of 1.5 nm (Forte and 
Taylor 2014; Mishra et al. 2012; Seifert et al. 2012; Mullins 
et al. 2013). 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 nm, which is slightly larger than the asphaltene 
present in 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 clusters will grow 
in size and will reach an average diameter of 5 nm. The clus-
ters form from the combination of several nanoaggregates. 
Based on this model, as the asphaltene concentration in the 
oil increases, the oil will become heavier due to the high 
molecular weight of asphaltene and its API will decrease, 
which shows that asphaltene has an overall negative impact 
on the crude oil.

Fig. 6   Archipelago asphaltene structure (Alvarez-Ramirez and Ruiz-
Morales 2003)

Fig. 7   Continental asphaltene structure (Kuznicki et al. 2008) Fig. 8   Anionic continental asphaltene structure (Kuznicki et al. 2008)
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The Yen–Mullins model provides a means of understand-
ing the size of the asphaltene molecule and the likelihood 
of its presence in the crude oil. It is also important to under-
stand how to study the chemical aspect of asphaltene and 
analyze the stability of asphaltene in crude oil. The different 
methods that have been used over the years to chemically 
analyze asphaltene will be presented in this research.

Asphaltene chemical analysis

Since asphaltene is extremely complex in structure and var-
ies in composition and size, several methods are used to 
detect and study asphaltene structure and composition in 
crude oil. These methods are applied to determine several 
aspects of crude oil and vary in terms of accuracy and how 
they detect asphaltene. Some of these methods can even per-
form the SARA analysis by determining the different frac-
tions of the crude oil and their compositions. Table 1 sum-
marizes most of the methods used to study asphaltene based 
on different studies that have been conducted over the years. 
These methods include methods that are purely chemical 
and focus on the asphaltene structure and composition, as 
well as methods that are more concerned with the asphaltene 
composition in the crude oil, and its stability under different 
conditions. Also, some of the methods utilized visual setups, 
whereas others focused on a fractionation approach where 
the crude oil composition is made based on different fac-
tions within the oil, such as chromatography methods. The 
most common chemical methods include chromatography, 
where the components of the crude oil are separated based 
on their composition, and SARA analysis, which is mainly 
used to divide the four main fractions of the crude oil. The 

most novel methods used include the confocal laser scanning 
microscope and the optical spectroscopy method.

Asphaltene will behave in different ways based on the 
conditions available in the reservoir. Understanding the 
asphaltene behavior in the reservoir is important for oil 
recovery and asphaltene mitigation considerations. This will 
be explained in detail in this research.

Asphaltene precipitation and deposition 
cycle

The asphaltene will pass by several phases in the crude 
oil based on its stability and how well it remains in solu-
tion under the thermodynamic and operational conditions 
at which the oil is being produced (Nghiem and Coombe 
1997). The different phases that the asphaltene can exhibit 
are shown in Fig. 10. Each of these phases will be explained 
in detail.

Asphaltene stable

Initially, at reservoir conditions, the asphaltene is soluble in 
the oil and is stable at the reservoir thermodynamic condi-
tions. The asphaltene will remain stable in the oil until any 
disturbance to its equilibrium occurs. Following this dis-
turbance, the asphaltene will begin to form solid particles 
inside the crude oil solution.

Asphaltene precipitation

At equilibrium conditions, the asphaltene will remain stable 
in the crude oil. However, once any disturbance, such as 

Fig. 9   Yen–Mullins asphaltene model (Mullins 2011)
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Table 1   Summary of chemical analysis methods of asphaltene over the years

References Analysis technique

Jewell et al. (1972) Anion–cation exchange chromatography
Lichaa and Herrera (1975) Asphaltene precipitation tests
Hernandez et al. (1983) SARA analysis
Pearson and Gharfeh (1986) Liquid chromatography with flame ionization detector
Karlsen and Larter (1991) Thin-layer chromatography with flame ionization detector
Martinez et al. (1997) Thermal cracking
Kok et al. (1998) Oxidation reaction and SARA analysis
Groenzin and Mullins (2000) Fluorescence depolarization
Yarranton et al. (2000) Vapor pressure osmometry
Fan et al. (2002) Clay–gel adsorption chromatography, thin-layer chromatography, and high-pressure liquid chromatography
Islas-Flores et al. (2005) Open-column chromatography and high-pressure liquid chromatography SARA analysis
Hannisdal et al. (2006) Infrared analysis
Goual and Abudu (2009) Adsorption using microbalance
Miadonye and Evans (2010) Calorimetry and filtration
Bahzad et al. (2010) Hydrodemetallization
Angle and Hua (2012) Dynamic light scattering microscopy
Cho et al. (2012) Fourier transform ion cyclotron resonance mass spectrometry with atmospheric pressure photoionization
Keshmirizadeh et al. (2013) Open-column, thin-layer, and gas chromatography coupled with flame ionization detector
Kharrat et al. (2013) Optical spectroscopy method
Seifried et al. (2013) Confocal laser scanning microscope
Cendejasa et al. (2013) Nuclear magnetic resonance
Fakher et al. (2018) SARA analysis using chemical methods based on heptane separation
Fakher and Imqam (2018a, b) Filtration based on heptane
Fakher and Imqam (2018a, b) SARA analysis and gas chromatography

Fig. 10   Asphaltene life cycle
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production or solvent injection occurs to the oil, the asphal-
tene will begin to precipitate from the oil solution. Precipita-
tion 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 be mobile 
with the oil, as long as the precipitation does not continue 
to increase further.

Asphaltene stability in the crude oil can be impacted 
by many factors (Rogel et al. 1999). 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 Fig. 11 shows the main 
factors that fall under operational and reservoir factors. The 
reservoir conditions usually involve the reservoir thermo-
dynamics, 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 uncon-
trollable. Regarding the oil properties, these will change 
depending on the production mechanism, injected fluids 
inside the reservoir, and pressure changes as the hydrocar-
bon is mobilized. A solvent is any material that can be solu-
bilized 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, CO2, 
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 crude oil due to a shift in the equilibrium condi-
tions at which it was initially solubilized in the oil. From its 
structure, the electrokinetic effect refers to the movements of 
a substance due to a change in charges. Asphaltene usually 
carries a charge, and thus, during production operations, a 

drawdown is induced due to the difference in reservoir and 
wellbore pressure. This drawdown and 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.

Asphaltene flocculation

If asphaltene precipitation increases, the asphaltene particles 
will begin to combine and form larger asphaltene floccula-
tions 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, wellbores, or pipelines.

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 homog-
enized in the crude oil again, usually using a stabilizing 
chemical reagent.

Asphaltene deposition

If the asphaltene flocculations are not immediately noticed 
and are left in the oil, they will begin to deposit. If a large 
volume of asphaltene is deposited, it will cause severe prob-
lems, such as pore plugging in the reservoir, wellbore plug-
ging due to asphaltene buildup, or buildup in the pipeline, 
which will incontrovertibly result in catastrophic problems 
if not detected early.

Asphaltene impact on oil recovery

Once asphaltene deposition occurs, it can result in several 
problems 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 wet-
tability to oil wet (Soroush et al. 2014). All of these occur-
rences will have a strong impact on oil recovery and are con-
sidered relatively difficult to mitigate, as shown in Fig. 12.

Pore plugging

If the asphaltene begins to deposit in the reservoir pores, 
this deposition will begin to buildup, and eventually it will 
fill up all the available voids in between the pores. This will 
result in the pores being plugged. This pore plugging will Fig. 11   Factors affecting asphaltene equilibrium in crude oil
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deter or completely cease the flow of the oil and will thus 
significantly affect the oil recovery in a negative manner.

Asphaltene 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 crude oil, and thus will 
result in the wettability of the oil becoming strongly oil wet. 
This will decrease the relative permeability of the oil and 
decrease oil recovery.

Crude oil properties alteration

The crude oil may undergo alterations due to asphaltene 
liberation from the oil, which will impact the overall oil 
properties. If this occurs, the oil will begin to exhibit dif-
ferent characteristics, such as a different flow mechanism or 
a different relative permeability, which in turn will make it 
much more difficult to predict how the oil will flow.

Based on the aforementioned problems, asphaltene can 
be extremely damaging for the reservoir. It is therefore 
extremely important to understand the rheological proper-
ties of asphaltene and how it flows in the reservoir with the 
crude oil.

Asphaltene rheology and flow behavior

As explained previously, asphaltene is a solid component 
and thus its flow mechanism and rheology are usually mod-
eled as function of the fluid bearing the asphaltene. This 
section briefly discusses the rheology of asphaltene through 
an explanation of the asphaltene onset pressure and the 
solvent-to-bitumen ratio. Following this, the asphaltene 

flow mechanism will be discussed through the previous 
experiments conducted on asphaltene flow in micro- and 
nanofluidics.

Asphaltene onset pressure

Asphaltene onset pressure is the pressure at which asphal-
tene will begin to separate from the crude oil, or come out 
of solution (Soleymanzadeh et al. 2018). It is a strong func-
tion of many parameters including reservoir temperature, 
crude oil properties, and asphaltene concentration. There 
are multiple methods available to measure asphaltene onset 
pressure; the most prominent methods are explained.

•	 Gravimetric method: This method involves placing a live 
crude oil sample in a high-pressure PVT cell. The pres-
sure is reduced in stages and oil samples are collected 
at each stage and analyzed for asphaltene content. Once 
asphaltene begins to appear, the asphaltene onset pres-
sure is determined at isothermal conditions (Burke et al. 
1990; Zendehboudi et al. 2013).

•	 Optical microscopy: This method utilizes a high-resolu-
tion microscope to observe samples of titrated crude oil 
for asphaltene precipitation (Wang and Buckley 2001).

•	 Density measurement: When asphaltene precipitates 
from the crude oil, the oil density will change. This den-
sity change can be used as an indication of the asphaltene 
onset pressure (Ekulu et al. 2004).

•	 Light scattering method: This relates light absorbance 
of different phases to the asphaltene onset pressure. The 
solid asphaltene will absorb light in a different manner 
than the liquid crude oil. When there is a disturbance in 
the light absorbance spectrum, asphaltene precipitation 
can be observed (Hammami et al. 2000).

•	 Refractive index: It is a function that depends on the 
oil density, along with polarizability and oil molecular 
weight (Castillo et al. 2009).

The asphaltene onset pressure is one of the main param-
eters that control the asphaltene phase envelope. An example 
of an asphaltene phase envelope is shown in Fig. 13 (Akbar-
zadeh et al. 2007). This can be used to determine the phase 
of asphaltene and the pressure and temperature conditions at 
which asphaltene will begin to precipitate. Different phase 
envelopes are developed for different crude oils.

Solvent‑to‑bitumen ratio

Solvent injection in crude oil is usually applied to increase 
the mobility of the oil, especially heavy crudes, and reduce 
its viscosity. The interaction of the solvent with the oil can 
impact asphaltene stability. The solvent-to-bitumen ratio is 
an index that can be used to determine asphaltene stability. 

Fig. 12   Asphaltene impacts on oil recovery
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At some point, there will be a solvent-to-bitumen ratio at 
which asphaltene will begin to precipitate (Czarnecki and 
Moran 2005). Based on the solvent type, this point will 
differ significantly (Yeung et al. 1999; Xu et al. 2007). 
Table 2 shows the point of asphaltene instability using the 
solvent-to-bitumen ratio for different solvents that are com-
monly used in the oil industry (Tchoukov et al. 2010). In 
the table, FL represents the fluid, while RG represents the 

rigid interface occurring, which signifies the precipitation 
of asphaltene from solution.

Micro‑ and nanofluidics

Micro- and nanofluidics involve the flow in pores or voids 
that have dimensions less than 100 µm for microfluidics and 
less than 100 nm for nanofluidics (Mozaffari 2015). These 
small channels are usually fabricated from low-cost material 
that is transparent in order to visualize flow in them. The 
fabrication process includes piranha cleaning and photoli-
thology of the glass followed by micro-/nanochannel etch-
ing, and finally glass-bonding to create the channels (Mozaf-
fari et al. 2016). A summary of the previous studies that have 
utilized micro- and nanofluidics to study the behavior of 
asphaltene in crude oil is presented in Table 3.

After understanding the asphaltene rheology and flow 
behavior, it is important to study the mathematical equa-
tions and correlations used to model asphaltene flow. Under-
standing the mathematical models that are used to study 
asphaltene behavior and predict asphaltene precipitation 
and deposition is vital in preventing asphaltene problems 
in the reservoir. The most common mathematical models 
used to model asphaltene behavior will be mentioned in this 
research, along with some of their limitations.

Fig. 13   Asphaltene phase envelope example (Akbarzadeh et al. 2007)

Table 2   Solvent-to-bitumen 
ratio at which asphaltene is 
instable (Tchoukov et al. 2010)

Table 3   Summary of micro- and nanofluidic studies involving asphaltene

References Study Main observations

Mozaffari (2015) Flow of bitumen in nanofluidic tubes Asphaltene aggregates can limit oil flow and create air 
pockets

Mozaffari et al. (2016) Heavy crude oil rheology and flow Solvent-to-bitumen ratio played a strong role in pore 
plugging

Lin et al. (2016) Effect of asphaltene solubility on deposition in micro-
channels

The deposition dynamics of asphaltene varied signifi-
cantly with solvent (heptane) concentration

Keshmiri et al. (2016) Analysis of rheology of heavy crude oil using microfluid-
ics

Model developed could not be used to model bitumen 
with high accuracy

Sieben et al. (2016) Used a microfluidic approach for measuring the solubil-
ity of asphaltenes in crude oil

The model managed to reduce the required time for 
analysis of asphaltene solubility

Sieben et al. (2017) Investigation of asphaltene in crude oil using microfluid-
ics accompanied by a column chromatography

Updated their previous model by including a column 
chromatography to fractionate the deasphalted oil

Afolabi and Yusuf (2019) Review of using nanotechnology in energy industry Review of using nanotechnology for asphaltene flow 
inhibition

Nazemifard (2019) Asphaltene aggregation kinetics Asphaltene played a significant role in the stability of 
water–oil emulsions
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Asphaltene mathematical models

As mentioned previously, asphaltene is extremely com-
plex in structure, and thus, no ubiquitous mathematical 
equation has been developed to model asphaltene behav-
ior in crude oil. The equations provided in this section 
were developed based on a specific set of experiments 
and thus cannot be assuredly applied for all crude oils 
and all asphaltene structures. Some of these equations 
attempted to generalize the developed model by using a 
fitting or scaling parameters, and they are the closest to 
general model. Two of the most famous equations that 
have been used as a standard by many researchers over 
the years include the Hildebrand and the Flory–Huggins 
models presented in Table 4 (Flory 1941). The Hilde-
brand model is mostly known for defining the solubility 
parameter, which works as an indicator of compatibility. 
If the solubility parameter of a solution is larger than the 
asphaltene offset pressure, then the asphaltene is gener-
ally stable. Once the solubility parameter falls beneath the 
offset pressure, the asphaltene will begin to precipitate. 
The Flory–Huggins model is mainly used to obtain the 
chemical potential. The main drawback of this model is 
that it lacks an interaction coefficient, and thus, its accu-
racy is limited to the equation of state used to obtain the 
solubility parameter. Several other equations developed 
over the years that tried to evaluate asphaltene are pre-
sented in Table 5. The main limitation of these equations 
is that they were developed for a specific case, and thus, 
they cannot be generalized to model asphaltene ubiqui-
tously. When applying any of these equations, it is always 
advised to know the applicability range of the equation 
and the oil properties used to develop the equation. 

Previous asphaltene studies

In order to better understand asphaltene behavior and 
problems, previous laboratory and field cases that have 
both reported asphaltene deposition and have attempted 
to mitigate asphaltene problems will be presented and 
explained.

Asphaltene laboratory studies

Many laboratory studies have been conducted to investigate 
asphaltene pore plugging in different types of formations. 
The permeability reduction that occurs due to asphaltene 
precipitation and deposition during normal production and 
production during solvent injection was investigated as well. 
A summary of some of the studies and their reported core 
properties is shown in Table 6. The sand pack and glass bead 
experiments used extremely high permeability to investigate 
asphaltene in unconsolidated formations. The lowest perme-
ability that was experienced was from the shale experiment. 
The shale experiment utilized gas huff-n-puff rather than 
continuous injection due to the permeability limitation.

Some researchers have mentioned asphaltene pore plug-
ging that was observed in their experimental work as a func-
tion of permeability reduction. This is extremely significant, 
since it shows the extent to which asphaltene can have an 
impact on oil recovery. A summary of the asphaltene per-
meability reduction percentage observed in some studies is 
shown in Table 7. The permeability reduction is extremely 
high in some cases, reaching up to 96%. The extent to 
which asphaltene can reduce permeability is a function of 
many parameters, however, which is why it is important to 
investigate the exact value for each case. The factors that 
may impact asphaltene-induced permeability reduction 
include core properties, such as porosity, permeability, 

Table 4   Hildebrand and Flory–Huggins models

Correlation Nomenclature Description

�L =

(
ΔHL−RT

vL

)1∕2 �L the solubility parameter of the 
asphaltene and oil mixture

v volume (m3 kmol−1)
H enthalpy
L liquid
T temperature (K)

The parameters HL , vL , and as a result the solubility parameter 
�L are calculated by an equation of state (EOS)

�L
1
= exp

[(
vL
1

vL−1

)
−

{
A�2

1

(
1−

�L

�1

)2

(1−f�L2 )

}] µ chemical potential
T temperature (K)
∅ volume fraction
r molar volume ratio
L liquid, � , f solubility parameters
1 asphaltene
2 oil mixture

Lattice system is required
Assumption: The polymer and solvent molecules arrange 

themselves randomly
Flory–Huggins does not account the volume change upon 

mixing



1194	 Journal of Petroleum Exploration and Production Technology (2020) 10:1183–1200

1 3

and mineralogy, and the oil properties, most importantly 
including the asphaltene concentration and stability in crude 
oil at different conditions. Another factor that may impact 

permeability reduction is the oil production rate and the 
injected solvent type, concentration, phase, and extent to 
which it interacts with the crude oil. Based on all of this, it 

Table 5   Correlations predicting asphaltene properties

References Correlation Nomenclature Description

Scott and Magat 
(1945)

�
�cAi − �O

cAi

�
RT

= lnVfAi + 1

−

⎛⎜⎜⎜⎝

NsAi

�

N
sA

⎞⎟⎟⎟⎠

�
1 − VfB

�
− NsAiVfB

+ fNsAi

�
Vfb

�2

Ai and B “ith” fraction of asphal-
tene and solvent, respectively

Vf volume fraction
f  fraction
T  temperature, °C
Ns segment number
u chemical potential

Based on Huggins’ theory
More general for heterogeneous 

polymer/monomer solutions

Leontaritis and 
Mansoori 
(1987)

ln �r =
vr

vm
−

vr

RT

(
�m − �r

)2
− 1 �m solubility parameter of mixture

∅r volume fraction of resins in the 
mixture

vm molar volume of mixture, L3/n
vr molar volume of resins, L3/n

Asphaltene flocculation prediction
Assumed that asphaltene exists in 

the oil as solid particles in colloi-
dal suspension and stabilized by 
resins adsorbed on their surface

Kawanaka et al. 
(1988) VL

fA
= ∫ dVL

fAi

=

∞

∫
0

(
MAi
�

M
A

)
VC
A

(
VL + Vs exp(−NsAi�

)F(MAi

)
dMAi

VC
A

 the total volume of asphaltene 
in crude oil

Vf volume fraction
M molecular weight
S solid phase
L solvent-rich liquid
Ns segment number
I component identification
F distribution function
f  fraction

It can be used to calculate the total 
volume fraction of asphaltene in 
the liquid phase in equilibrium 
with the solid phase

de Boer et al. 
(1995) S = exp

{
−1 + va

[
1

vo
−

(�a−�o)
2

RT

]}
∗ C

S asphaltene solubility
C correction term for asphaltene 

polymerization and asphaltene–
resin interaction

Based on Hildebrand’s asphaltene 
solubility parameter of the oil and 
asphaltene

Rassamdana and 
Sahimi (1996)

X =
S

MZ
Y =

W

SZ
�

S ratio of the volume of injected 
solvent to the weight of the crude 
oil

M molecular weight solvent
W weight percent
Z, Z′ constants

Conducted asphaltene precipita-
tion experiments with different 
alkanes

Scaling equation on aggregation/
gelation

Ashoori et al. 
(2003)

X =
S

TnMZ
Y =

W

SZ
�

n temperature exponent (0.1–0.25) Introduced the effect of temperature

Mohammadi and 
Richon (2007) x =

vm

[
(�m−�a)

2
]
+2l�m�a

RT

x maltene solvency power with 
respect to the asphaltene

� solubility parameter

Does not take into account aggrega-
tion

Bagheri et al. 
(2009)

X =
S∗Ct∗GOR

Xc31+Rt

Y =
W∗S∗Rt

Ct

Rt and Ct resin and asphaltene 
contents (wt%), respectively

–

Table 6   Core properties for asphaltene pore plugging experiments

References Type Core type Core length, inch Core diameter, inch Porosity, % Temperature, °C

Martinez et al. (1997) Thermal crack Sand pack 15.75 0.5 – 425–475
Ashoori et al. (2006) Slim tube Glass beads 720 0.244 28 30–70
Fernø et al. (2010) Core flooding Chalk 2.96–3.177 1.99–2.02 45–48 90
Kazempour et al. (2013) Core flooding Composite 10.09–10.42 1.5 14.87–17.7 38 and 52
Wang et al. (2016) Core flooding Sand pack 11.81 0.984 28.95–35.19 22
Shen and Sheng (2018) Huff-n-puff Shale 1.99–2.0 1.49–1.5 9.47–9.66 21
Alrashidi et al. (2018) Core flooding Limestone 6 1.5 14.75–16.30 71.11
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is important to note that asphaltene permeability reduction 
is an extremely complex issue that requires extensive study 
and investigation.

Asphaltene field cases

Several field studies have reported asphaltene plugging 
during production, which caused several problems on the 
rig. Table 8 provides a list of some of these cases and their 
reported thermodynamic conditions. None of the field 
cases involve unconventional reservoirs due to lack of 
investigation of asphaltene in unconventional reservoirs, 
especially for field cases. Most of the reservoirs are at high 

temperatures and moderately high pressures, which are two 
parameters that greatly impact asphaltene stability. 

As reported in the laboratory studies, asphaltene pore 
plugging has also been reported to cause severe permeabil-
ity reduction and oil recovery reduction in many field stud-
ies worldwide. A summary of some of these case studies is 
presented in Table 9. Based on the permeability reduction 
for these fields, it is clear that asphaltene pore plugging is an 
extremely severe matter, and understanding how to prevent 
asphaltene plugging and how to mitigate asphaltene prob-
lems is important in saving both additional costs and time 
and also to reduce safety concerns.

Asphaltene mitigation is extremely complex since many 
of the chemicals used to remedy asphaltene problems have 
several severe drawbacks, such as being incompatible with 

Table 7   Asphaltene permeability reduction values for different studies

References Type Core type Core length (in) Core diameter (in) Permeability (mD) Permeability 
reduction (%)

Lichaa and Herrera (1975) Core flooding Sand pack 12.2 2.87 – 33–96
Shedid and Zekri (2006) Core flooding Carbonate 2.3–2.6 1.5–1.7 4.97–20.03 4.29–53.52
Cruz et al. (2009) Core flooding Limestone 2 1.5 20.9–22.6 24–48
Behbahani et al. (2012) Core flooding Sandstone 11.81 1.575 1.4 9.25–12.8
Kord et al. (2012) Core flooding Carbonate 3.374–3.516 1.45–1.5 1.23–18 50
Soroush et al. (2014) Core flooding Sand pack 15.748 1.5 850–1520 8.2–80

Table 8   Thermodynamic conditions for some field cases reporting asphaltene problems

References Field name Field location Formation type Depth (ft) Temperature (°C) Pressure (psi)

Thawer et al. (1990) Ula Norway Sandstone 10,974.4 143 7114.68
Thomas et al. (1995) – Mexico Sandstone 19,600 200 –
Jamaluddin et al. 2000 Sahil United Arab Emirates – 8860 123.89 4425
Kalantari-Dahagi et al. (2006) Kupal Iran Carbonate – 71.11 6000
Yonebayashi et al. (2011) Arabian Gulf United Arab Emirates Carbonate – 104.44 –

Table 9   Summary of some field cases involving asphaltene

References Field name Field location Formation type Perme-
ability 
(md)

Permeability 
reduction (%)

Outcome

Thomas et al. (1995) – Mexico Sandstone – – Production decreased from 4700 to 436 
BPD

Thomas et al. (1995) – Louisiana – – – Production decreased from 406 to 53 
BPD

Thomas et al. (1995) – Mexico – – – Plugged completely
Kalantari-Dahagi et al. (2006) Kupal Iran Carbonate – 45–90 –
Al-Ghazi and Lawson (2007) Ghawar Saudi Arabia Limestone 617 – Complete flow restriction due to asphal-

tene precipitation
Uetani (2014) – Japan – – – Wettability alteration by asphaltene 

deposition
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the reservoir fluids, high in cost, environmentally unfriendly, 
or unstable at reservoir conditions. Several researchers have 
therefore developed different formulations that were deemed 
more stable than the pure chemicals. The main drawback 
is that the exact formulation for these chemicals is usually 
not reported, and thus, they will be given code names in the 
table based on how the original researchers referred to them. 
Table 10 presents the field mitigation methods after asphal-
tene problems arose and the outcomes obtained from each 
method, including the oil recovery increase and the overall 
success of the mitigation process. Many of the studies have 
utilized xylene, either in its pure form or as a component of 
a formulation. This indicates that xylene has a strong ability 
to reduce asphaltene problems by dissolving the asphaltene 
deposits.

Conclusion

This research presents a review of asphaltene in crude oil 
and the factors that have the strongest impact on asphaltene 
stability in crude oil. The different models attempting to 
describe the asphaltene structure were explained, and the 
most recent and widely accepted model, Yen–Mullins, was 
described. Asphaltene phases in the crude oil were also 

mentioned and explained in detail, including asphaltene 
precipitation, flocculation, dissociation, and deposition. 
The main factors impacting asphaltene instability were men-
tioned as well, including operational and reservoir factors. 
Also, the main chemical methods used to analyze asphaltene 
structure and composition were mentioned, along with the 
different experiments conducted to investigate asphaltene 
permeability reduction and pore plugging. Finally, several 
field studies that encountered asphaltene problems were 
mentioned, and the methods by which they attempted to 
mitigate the asphaltene problem were mentioned, along with 
the outcome of each method.
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Table 10   Asphaltene treatment methods and their outcomes

References Field location Treatment type Treatment method Outcome

Schantz and Stephenson (1991) North Dakota Chemical Xylene Production increased from 42 to 60 
BPD after dispersant A

Schantz and Stephenson (1991) Wyoming Chemical Using dispersant A and a solids/
paraffin dispersant to help suspend 
entrapped solids

Oil recovery increased by 33%

Thomas et al. (1995) Mexico Chemical Xylene and several additives
For tubing: mixture of xylene (90%) 

and product 1 (10%)
For formation: a mutual solvent 

followed by a mixture of product 3 
and 10% of xylene

Production increased from 436 to 4800 
BPD

Thomas et al. (1995) Louisiana Chemical Xylene
Product 2 with mutual solvent 

preflush

Xylene increased production from 53 
to 101 BPD and then it decreased to 
66 BPD

Second treatment, production increased 
to 152 and then stabilized at 91 BPD

Yen et al. (2001) West Texas Chemical – Production increased from 40 BPD to 
slightly more than 100 BPD

Al-Ghazi and Lawson (2007) Saudi Arabia Displace the asphaltene from the tub-
ing by bull heading water

Xylene bullhead was attempted (but 
the rate of penetration was insuf-
ficient to break through asphaltene)

Workover was considered the next 
best option

First method was unsuccessful

Uetani (2014) Japan Chemical Xylene Productivity recovered and water cut 
decreased from 10–15% to 2–3%
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