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1 ABSTRACT 

Asphaltenes are the heaviest and the most polar fraction of crude oil and are defined as a 

solubility class (typically soluble in toluene but insoluble in n-alkanes like n-heptane). 

Precipitation and deposition of asphaltenes during production, processing and transportation 

of oil is a major challenge faced by oil industry. Over the last thirty years, a number of 

different models have been proposed for predicting the onset of asphaltene precipitation and 

also the amount of precipitated asphaltenes. This article reviews the different models that 

have been proposed for predicting asphaltene precipitation either at atmospheric pressure or 

under depressurization. A brief summary of the different modeling approaches is presented 

followed by description of work done by different research groups. Our focus will be on the 

description of the basic assumptions underlying different models and also the 

ability/performance of the model to match the experimental data. Finally, a comparison of 

models is presented and discussed along with suggestions for improvement.  
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3 INTRODUCTION 

Asphaltenes are considered to represent the most polar and the heaviest components in crude 

oil.
1
 They are a solubility class and defined as the fraction that is insoluble in n-alkane (like 

n-heptane) but soluble in aromatic solvents (like toluene).
2-3

 The precipitation and deposition 

of asphaltenes during production and transport of crude oil is recognized as a serious problem 

in the oil industry since it can lead to formation damage, plugging of wellbores and 

production facilities.
4-5

 Asphaltene precipitation can be encountered during primary recovery 

of oil as well as during enhanced oil recovery operations like miscible flooding with CO2 or 

natural gas.
6
 

 

The precipitation of asphaltenes occurs due to a number of reasons. These include changes in 

pressure, temperature, chemical composition of crude oils, acid stimulation, mixing of oil 

with diluents, other oil and gas components like CO2.
4
 Heavy crudes usually have a lower 

tendency to give asphaltene deposition problems inspite of their higher asphaltene content. 

This observation is normally attributed to their higher resin content and lower saturate 

content.
7
  

 

Asphaltenes are generally assumed to be composed of fused ring aromaticity, small aliphatic 

side chains and heteroatom functional groups.
8
 The molecular weight of asphaltenes has been 

a source of controversy for a very long time.
9
 It is now recognized to be close to 750 g/mol 

with a factor of 2 in the width of the molecular weight distribution.
10-11

 Asphaltenes have a 

tendency to self-associate both in model organic solvents and crude oils. Some of the models 

proposed to explain the self-association are peptization model
12

, fractal model
13

, Yen model
14

 

and the modified Yen model
15

. Reviews about asphaltene structure and self-association 

properties have been recently published.
16-17
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4 ASPHALTENE MODELING APPROACHES 

Prediction and modeling of asphaltene precipitation is based on either solubility theory or 

colloidal theory.  The solubility approach assumes that the asphaltenes are dissolved in crude 

oil and the precipitation occurs if the solubility falls below a certain threshold level.
18

 Regular 

solution theory and equation of state (EoS) are two main solubility theory approaches. The 

colloidal theory assumes that the asphaltenes exist as colloidal particles stabilized by resins 

adsorbed onto their surfaces.
19

 The partitioning of resins between the colloidal surface and 

the surrounding medium controls the asphaltene solubility. If sufficient amount of resins 

desorb, the asphaltenes will be destabilized and precipitate.
20

 

 

4.1  Solubility Approach 

The solubility models are most commonly used for predicting asphaltene precipitation. These 

models make use of the concept of solubility parameter and assume that petroleum crude 

consists of two phases – asphaltenes and the deasphalted oils. Asphaltene solubility 

parameters are calculated either using the Scatchard
21

 or Hildebrand
22

 equations or by 

calculating the interaction parameters between the asphaltene and the remaining oil 

constituents. The properties of deasphalted oil are generally calculated using cubic equations 

of state. Solubility models consider that any change in the solubility parameter to either of the 

two phases results in change of their phase equilibria. Addition of liquid alkane or uptakes of 

gas in deasphalted oil phase are examples of ways in which changes can be introduced. The 

difference between the asphaltene present in the oil and the solubility under given conditions 

is used for calculating the amount of asphaltene precipitated.
23

 Models based on Regular 

Solution theory, Flory-Huggins theory and Scott-Magat theory fall under this category. 

Models based on Solution theory and Flory-Huggins theory assume that asphaltenes have 

homogenous structure and properties while models based on Scott-Magat theory assume that 
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asphaltenes have a heterogenous structure. The polydisperity of asphaltenes is accounted 

based on the variation in molecular weight.  

 

4.1.1  Regular Solution Theory 

The simplest of solution theories is based on the concept of regular solution. A regular 

solution has ideal entropy of formation inspite of having a non-ideal enthalpy of formation. 

Hence a random distribution of molecules in a solution is necessary even in presence of 

specific solvent-solute interactions.
24

 The regular solution theory is based on the assumption 

that the enthalpic and entropic part of the Gibbs free energy of formation can be treated 

separately and are additive.
25

 

 

The regular solution theory is best explained using the lattice model. The lattice model 

assumes that the molecules can be placed on the lattice as show in figure 1. The molecules 

are represented as black and white balls (corresponding to solvent and solute respectively) of 

equal size. The molecules constantly switch positions when the system is in liquid state.   

 

The entropy of mixing (∆𝑆𝑚) is given by 

 

 
∆𝑆𝑚 = −𝑅(𝑛𝐴𝑙𝑛𝑥𝐴 + 𝑛𝐵𝑙𝑛𝑥𝐵) (1) 

Where, R is the gas constant, 𝑛𝐴 and 𝑛𝐵 are number of moles of component A and B 

respectively, 𝑥𝐴 and 𝑥𝐵 are the mole fractions of component A and B respectively. 

 

In order to account for the interaction between the molecules, a parameter known as cohesive 

energy density (𝐶) was defined.  The change in interaction energy on mixing is proportional 

to  
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 𝐶𝐴𝐴 + 𝐶𝐵𝐵 − 2𝐶𝐴𝐵 (2) 

The cohesive energy density between A-A molecules (𝐶𝐴𝐴) and B-B molecules (𝐶𝐵𝐵) can be 

found using the heat of vaporization. However, for interactions between molecules A and B,  

Hildebrand
22

 and Scatchard
21

 used a geometric mean assumption. 

 𝐶𝐴𝐵 = (𝐶𝐴𝐴)
1 2⁄ (𝐶𝐵𝐵)

1 2⁄  (3) 

The enthalpy of mixing (∆𝐻𝑚) is given by  

 ∆𝐻𝑚 = 𝑣𝑚𝜙𝐴𝜙𝐵(𝑛𝐴 + 𝑛𝐵)[(𝐶𝐴𝐴)
1 2⁄ − (𝐶𝐵𝐵)

1 2⁄ ] (4) 

Where, 𝑣𝑚 is the molar volume of the mixture, 𝜙𝐴 and 𝜙𝐵 are the volume fractions of A and 

B respectively.  

 

The term ‘solubility parameter’ was defined by Hildebrand
22

. The solubility parameter of 

component A is given by 

 𝛿𝐴 = (𝐶𝐴𝐴)
1 2⁄ = (

∆𝑢𝐴
𝑣

𝑣𝐴
)

1 2⁄

 (5) 

Where  𝛿𝐴 , ∆𝑢𝐴
𝑣 and 𝑣𝐴 are the solubility parameter, heat of vaporization and molar volume 

of component A respectively. 

 

The Gibbs free energy change of mixing (∆𝐺𝑚𝑖𝑥) is then given by 

 
∆𝐺𝑚𝑖𝑥
𝑅𝑇

[
1

𝑛𝐴 + 𝑛𝐵
] = 𝑥𝐴𝑙𝑛𝑥𝐴 + 𝑥𝐵𝑙𝑛𝑥𝐵 +

𝑣𝑚
𝑅𝑇

𝜙𝐴𝜙𝐵(𝛿𝐴 − 𝛿𝐵)
2 (6) 

 

It must however be noted that the Hildebrand solubility parameter does not take into account 

the contribution of polarity of the molecule and the specific interactions like hydrogen 

bonding.
24

 Hence the geometric mean assumption in equation 3 works better for non-polar 

molecules. 
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4.1.2  Flory-Huggins Theory 

Flory
26

 and Huggins
27

 had independently developed an equation for Gibbs free energy of 

polymer mixing using many of the assumptions used in the regular solution theory. Flory and 

Huggins assumed that polymer is in the form of a flexible chain of segments (of any total 

size) and each of these segments is equal in size to a solvent molecule.  

 

The Gibbs free energy change on mixing proposed by Flory-Huggins is given by 

 
∆𝐺𝑚
𝑅𝑇

= 𝑥𝐴𝑙𝑛𝜙𝐴 + 𝑥𝐵𝑙𝑛𝜙𝐵 + 𝑥𝐴𝜙𝐵𝜒𝐴𝐵 (7) 

Where 𝑥𝐴 and 𝑥𝐵 are the mole fractions of A (solvent) and B (polymer), 𝜙𝐴 and 𝜙𝐵 are the 

volume fraction of A and B respectively. 𝜒𝐴𝐵 is an interaction parameter and is given by  

 𝜒𝐴𝐵 =
𝑣𝑟
𝑅𝑇

(𝛿𝐴 − 𝛿𝐵 )
2 (8) 

Where 𝑣𝑟 is the molar volume of either component A or B 

 

The Flory Huggins interaction parameter does not take into account the contribution of free 

volume (non-combinatorial entropy change). An additional term (a constant 0.34 known as 

fudge factor) was later added to equation 8.
25

 

 

4.1.3  Scott-Magat Theory 

The equation developed by Flory and Huggins was for the case of homogeneous chain 

polymer of uniform molecular weight in a single uniform solvent. Scott and Magat
28

 

extended the theory of Huggins to a polymer mixture of varying chain lengths. The 

expression for partial molal free energy of mixing of the solvent (Δ𝐹̅̅ ̅̅ 0̅) is given by  
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Δ𝐹̅̅̅̅ 0
𝑅𝑇

= 𝑙𝑛𝜙0 + (1 − 𝜙0) (1 −
1

𝑚̅𝑁
) + 𝜇(1 − 𝜙0)

2 (9) 

Where, 𝜙0 represents the volume fraction of the solvent,  𝑚̅𝑁 is a function of the number 

average molecular weight and 𝜇 is a characteristic constant of the polymer-solvent mixture. 

The constant 𝜇 consists of heat of mixing term and co-ordination number of the rubber 

segments.  

 

4.1.4  Equation of State (EoS) Models 

4.1.4.1 Cubic Equation of State  

Cubic equations of state like Soave-Redlich-Kwong and Peng-Robinson EoS are popular in 

oil industry for calculation of phase equilibria values since they have good accuracy and 

relatively low mathematical complexity.
29

 

 

Soave-Redlich-Kwong (SRK) EoS
30

 

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣(𝑣 + 𝑏)
 (10) 

Peng-Robinson (PR) EoS
31

   

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
 (11) 

Where, 𝑎 and 𝑏 are the constants of the corresponding EoS and  𝑣 is the molar volume. 

 

Solid models fall under the category of models utilizing cubic EoS approach. In solid models, 

precipitated asphaltenes are represented in the form of a pure dense phase (solid phase) while 

the oil and gas phases are modelled using cubic EoS. The limitation of the cubic EoS is its 

inability to take into account the effect of polar or association effects like hydrogen bonding.  
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4.1.4.2 Statistical Association Fluid Theory  

Statistical Association fluid Theory (SAFT) was developed by Chapman et al.
32-33

 by 

applying Wertheim’s thermodynamic perturbation theory
34-39

 and extending it to mixtures. 

Gross and Sadowski
40

 extended the SAFT theory by using Perturbed Chain as the reference 

fluid and hence the model proposed by Gross and Sadowski is called as PC-SAFT. The 

details of PC-SAFT theory can be found in literature
40

. 

 

4.1.4.3 Cubic-Plus-Association Equation of State 

Cubic-plus-association (CPA) equation of state was initially developed by Kontogeorgis et 

al.
41

 to describe the thermodynamic properties of the associating fluids. CPA consists of two 

terms: a physical term (to describe the non-associating molecular interactions like short range 

repulsion and dispersion attractions) and an association part (to describe the polar interactions 

like self-association). The physical term is normally represented using a cubic equation of 

state (Peng-Robinson EoS or Soave-Redlich-Kwong EoS) while the association term is based 

on thermodynamic perturbation theory.  Thus, in the absence of any association effects, the 

CPA EoS reduces to cubic EoS. 

 

4.2  Colloidal Approach 

Thermodynamic colloidal models for asphaltene precipitation are based on the assumption 

that the asphaltenes exist in the colloidal state (in suspension) stabilized by the resin 

molecules adsorbed at the asphaltene surface. The colloidal theory assumes that the 

precipitation of asphaltenes is an irreversible phenomenon and that a certain amount of resins 

is necessary for asphaltenes to be completely peptized in crude oil.  
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5 SOLUBILITY MODELS 

5.1  Hirschberg et al. 

In 1984, Hirschberg et al.
6
 developed a simple thermodynamic model to describe the 

flocculation tendency of asphaltenes in light crudes. A vapor-liquid equilibrium calculation 

using Soave Redlich-Kwong (SRK) EoS was initially performed to split the crude into vapor 

and liquid phases. The liquid phase was then considered to consist of two phases – the oil rich 

solvent phase and asphalt phase (containing both asphaltene and resins). Flory-Huggins 

theory was then used to calculate the amount of asphaltene precipitated from the liquid phase 

based on the assumption that the precipitated asphaltenes do not change the vapor/liquid 

equilibrium. 

 

The Flory-Huggins theory is given by
42

 

 

 

∆𝐺𝑚𝑖𝑥𝑖𝑛𝑔 = 𝑅𝑇(𝜂𝑚𝑙𝑛𝜙𝑚 + 𝜂𝑎𝑙𝑛𝜙𝑎 + 𝜂𝑚𝜙𝑎𝜒) (12) 

where, ∆𝐺𝑚𝑖𝑥𝑖𝑛𝑔is the change in free energy of mixing, 𝜂 and 𝜙 are is the number of moles 

and volume fraction respectively.  The subscripts ‘𝑎’ and ‘m’ refers to asphaltenes and oil 

mixture (excluding asphaltenes).  

 

The Flory-Huggins interaction parameter (𝜒) is given by 

 𝜒 =
𝜈𝑚
𝑅𝑇

(𝛿𝑎 − 𝛿𝑚)
2 (13) 

 

The solubility parameter (𝛿) was calculated using Hildebrand’s definition 

 𝛿2 =
Δ𝑢𝑣

𝑣
 (14) 

Δ𝑢𝑣 is the molar cohesion energy and 𝑣 represents the molar volume. 
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Based on the assumptions that the reservoir crude was saturated with asphaltenes and that the 

precipitated phase was pure asphaltenes, an expression for (𝜙𝑎)𝑚𝑎𝑥 or maximum volume 

fraction of asphaltenes soluble in crude oil was obtained from equations 12, 13 and 14.  

 𝑙𝑛(𝜙𝑎)𝑚𝑎𝑥 + (1 −
𝜈𝑎
𝜈𝑚
) +

𝜈𝑎
𝑅𝑇

(𝛿𝑎 − 𝛿𝑚)
2 = 0 (15) 

 

The values of asphaltene solubility parameter and molar volume were determined by titration 

experiments. Hirschberg et al. used 𝜈𝑎 = 4 𝑚3/𝑘𝑚𝑜𝑙 for their calculations. Similarly, the 

temperature dependence on asphaltene solubility parameter obtained was 

 
1

𝛿𝑎
(
𝑑𝛿𝑎
𝑑𝑇

) = 1.07 × 10−3 𝐾−1 (16) 

 

However, the model (equation 15) overestimated the asphaltene solubility at very high 

dilution ratio. Similarly, the model predicted that asphaltenes are in dissolved state above 200 

bar, while experimental data indicated the presence of precipitate at 1000 bar. Separation of 

resins from asphaltenes was considered to be the reason for the shortcoming of the 

Hirschberg et al. model.
6
 Hence a correction term (a pre-factor) was later introduced to the 

asphaltene solubility (equation 15) to take into account the aggregation of asphaltenes and 

interactions with resins present in the crude oil.
7
 Another shortcoming of the model is to 

consider asphaltene to be homogeneous.  

 

The Flory-Huggins theory was also used by Burke et al.
43

 to predict asphaltene precipitation 

on addition of low-molecular weight gas mixture (called HCG-2) to the reservoir oil. 

Zudkevitch-Joffe-Redlich-Kwong EoS
44

 was used for obtaining and tuning the molar 

volumes and solubility parameters.  Decreased asphaltene precipitation was observed when 
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sufficient gas was added to create gas/reservoir-oil mixture that exhibit dew point behavior. 

However based on the solubility model, an increased precipitation was expected with 

increased gas concentration. 

 

Similarly, Novosad and Costain
45

 used Hirschberg’s model for predicting the stability of 

asphaltenes in a crude oil with 29°API undergoing tertiary CO2 injection. Both the 

asphaltene-asphaltene and asphaltene-resin interactions were taken into account in the model. 

The model successfully predicted the asphaltene behavior under a variety of wellbore 

conditions and the operating conditions to be avoided for minimizing the asphaltene 

precipitation. 

 

However, Rassamdana et al.
46

 used the method suggested by Hirschberg et al. for predicting 

the asphaltene precipitation from Iranian crude (29.7°API crude containing 2.2 wt% n-C7 

asphaltenes) by n-alkane addition. The model predictions were found to be in disagreement 

with the experiment data. The authors attributed the reasons to assumption of complete 

asphaltene reversibility during derivation of thermodynamic model and treating C7+ 

components in crude as a single pseudocomponent.  

 

5.2  Thomas et al.  

Thomas et al.
47

 developed a regular solution theory multicomponent model for predicting 

asphaltene precipitation based on the solution theory by Won
48-49

. Won’s liquid-solid model 

accounted for the multicomponent solid phase and assumed that a regular solution is defined 

by 𝐺𝐸 = 𝑈𝐸, where 𝐺𝐸 is the Gibbs free energy and 𝑈𝐸 is the internal energy. The solid-

liquid equilibrium ratio 𝐾𝑖
𝑆 was given by 
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𝑙𝑛(𝐾𝑖
𝑆) = 𝑙𝑛 (

𝑥𝑖
𝑆

𝑥𝑖
𝐿)

=
1

𝑅𝑇
[𝑣𝑖
𝐿(𝛿𝐿 − 𝛿𝑖

𝐿)2 − 𝑣𝑖
𝑆(𝛿𝑆 − 𝛿𝑖

𝑆)
2
] +

Δ𝐻𝑓

𝑅𝑇
(1 −

𝑇

𝑇𝑓
)

+
Δ𝐶𝑝

𝑅
[1 −

𝑇𝑓

𝑇
+ 𝑙𝑛

𝑇𝑓

𝑇
] +

1

𝑅𝑇
∫ (𝑣𝑖

𝐿 − 𝑣𝑖
𝑠)𝑑𝑝

𝑃

0

 

(17) 

 

Where, the superscripts S and L refer to solid and liquid. 𝑥𝑖 , 𝑣𝑖 and 𝛿𝑖 refer to the mole 

fraction, molar volume and solubility parameter for 𝑖𝑡ℎ fraction respectively. 𝛿 is the average 

solubility parameter of the mixture, 𝐶𝑝 is the heat capacity, Δ𝐻𝑓 is the heat of fusion and 𝑇𝑓 is 

the temperature of fusion. 

 

The model was then used to successfully predict the incipient asphaltene precipitation from 

Canadian oil fields - Keg River oil and Nisku oil. The same modified Won’s modified 

solution theory was used by MacMillan et al.
50

 by inserting constants before each term (in 

right hand side of (equation 17) and using an Equation of State (EoS) for obtaining the 

pressure term instead of numerical integration. The model predictions were found to be in 

good agreement for predicting asphaltene precipitation under lift gas operating conditions and 

to evaluate the possible location of tar mat.  

 

5.3  Chung et al.  

Chung
51

 developed a generalized predictive model for organic solid precipitation based on 

thermodynamic principle for solid-liquid equilibrium. The model was then tested with 

experimental data for wax and asphaltene precipitation. The model assumed that asphaltenes 

are dissolved in oil in true liquid state and not in a colloidal state.  
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The solid-liquid equilibrium was obtained by equating the fugacity of asphaltenes in solid 

phase (𝑓𝑎
𝑠) and liquid phase (𝑓𝑎

𝐿) 

 𝑓𝑎
𝑆 = 𝑓𝑎

𝐿 (18) 

 

The fugacities of asphaltene in solid and liquid phases was given by 

 𝑓𝑎
𝑠 = 𝛾𝑎

𝑆𝑥𝑎
𝑆𝑓𝑎

0𝑆 [∫
𝜈𝑎
𝑆𝑑𝑃

𝑅𝑇

𝑃

0

] (19) 

 𝑓𝑎
𝐿 = 𝛾𝑎

𝐿𝑥𝑎
𝐿𝑓𝑎

0𝐿 [∫
𝜈𝑎
𝐿𝑑𝑃

𝑅𝑇

𝑃

0

] (20) 

Where 𝛾𝑎 , 𝑥𝑎 , 𝜈𝑎 and 𝑓𝑎
0 are the activity co-efficient, mole fraction, molar volume and 

standard state fugacity of asphaltenes. The superscript S and L stand for solid and liquid 

respectively. 

 

The solid-liquid equilibrium constant 𝐾𝑎
𝑆𝐿 was then given by 

 𝐾𝑎
𝑆𝐿 =

𝑥𝑎
𝑆

𝑥𝑎𝐿
= (

𝛾𝑎
𝐿

𝛾𝑎
𝑆)(

𝑓𝑎
0𝐿

𝑓𝑎
0𝑆) 𝑒𝑥𝑝 [∫

∆𝜈𝑎𝑑𝑃

𝑅𝑇

𝑃

0

] (21) 

Where, 

 ∆𝜈𝑎 = 𝜈𝑎
𝐿 − 𝜈𝑎

𝑆 (22) 

The relationship between fugacities was given by 

 𝑙𝑛 (
𝑓𝑎
0𝐿

𝑓𝑎
0𝑆) =

∆ℎ𝑎
𝑓

𝑅𝑇
[1 −

𝑇

𝑇𝑎
𝑓
] (23) 

Where ∆ℎ𝑎
𝑓
 and 𝑇𝑎

𝑓
 are the latent heat of melting and melting point temperature of 

asphaltenes. 
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The solid phase activity co-efficient (𝛾𝑎
𝑆) was taken as unity since in solid phase, all 

molecules are similar in structure and the interactions among molecules are the same. The 

liquid phase activity co-efficient was given by the relation  

 𝑙𝑛𝛾𝑎
𝐿 =

𝜈𝑎
𝐿

𝑅𝑇
(𝛿𝑚

𝐿 − 𝛿𝑎
𝐿)2 + ln

𝜈𝑎
𝐿

𝑉𝑚
+ 1 −

𝜈𝑎
𝐿

𝑉𝑚
 (24) 

Where 𝛿𝑎 is the solubility parameter for asphaltene, 𝛿𝑚 is the average solubility parameter 

and 𝑉𝑚 the average molar volume of the liquid phase. 

 

Asphaltene was treated as a pure component and the model assumed that the solid phase 

consisted of only pure asphaltenes (𝑥𝑎
𝑆 = 1). Therefore, the maximum solubility of 

asphaltene in liquid phase was given by 

 𝑥𝑎
𝐿 = 𝑒𝑥𝑝 [−

∆ℎ𝑎
𝑓

𝑅𝑇
(1 −

𝑇

𝑇𝑎
𝑓
) −

𝜈𝑎
𝐿

𝑅𝑇
(𝛿𝑚

𝐿 − 𝛿𝑎
𝐿)2 − ln

𝜈𝑎
𝐿

𝑉𝑚
− 1 +

𝜈𝑎
𝐿

𝑉𝑚
] (25) 

Where, 𝑥𝑎
𝐿 is the mole fraction of asphaltene in solution. The authors compared the 

asphaltene solubility data obtained using their model (equation 25) with experimental 

solubility results for n-pentane/toluene, n-heptane/toluene and n-decane/toluene systems. The 

authors had however considered asphaltenes to be a single component (homogeneous) with a 

molecular weight of 6359 g/mol. The predictions were in reasonable agreement with 

asphaltene solubility experiment results. Similarly, the authors also tested the accuracy of 

their model by predicting the asphaltene solubility in n-heptane/toluene and n-decane/toluene 

mixtures and once again the predictions  agreed well with the experimental data.
51

 

 

Similarly, Nor-Azlan and Adewumi
52

 developed an asphaltene phase equilibria predictive 

model based on Flory-Huggins solution theory. The performance of the model was analyzed 

for addition of low molecular weight n-alkane solvents (n-pentane, n-heptane and n-decane) 
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to crude oil from Canadian Middale reservoir at fixed temperature and pressure. Even though 

the model predicted the correct trend of asphaltene precipitation, the model’s performance 

was unsatisfactory since it under-predicted (by 13% and 18%) the maximum amount of 

asphaltenes precipitated. 

 

5.4  Cimino et al. 

Cimino et al.
53

 developed a model based on the hypothesis that phase separation leads to 

obtaining a heavy liquid phase containing both asphaltenes and a fraction of solvent. 

(Hirschberg et al.
6
 had assumed that the asphaltene phase obtained is pure asphaltene). It was 

also assumed that the light liquid phase does not contain asphaltenes. The Cimino et al. 

model relies on cloud point measurement for investigating the phase behavior. The model 

equation obtained by Cimino et al. was 

 𝑙𝑛(1 − 𝜙𝑎
∗) + (1 −

𝑣𝑚
𝑣𝑎
)𝜙𝑎

∗ +
𝑣𝑚
𝑅𝑇

(𝛿𝑎 − 𝛿𝑚)
2𝜙𝑎

∗2 = 0 (26) 

Where 𝜙𝑎
∗  is the asphaltene volume fraction in the nucleating phase at the cloud point/onset 

of flocculation. Spectrophotometer technique was used for determining the cloud point of oil 

when antisolvent (n-heptane) was added since the phase nucleation results in scattering of 

transmitted light. 

 

A comparison between the Cimino et al. and Hirschberg et al.
6
 models for fitting tank oil data 

from Villafortuna-Trecate (VT-FR) field showed better fit using Cimino model. 

 

5.5  De Boer et al.  

In 1995, De Boer et al.
7
 came up with a simple method to identify crude oils which have a 

tendency to cause asphalt (asphaltene + resins) precipitation problems. The thermodynamic 

model of asphaltene solubility (derived from Flory and Higgins) by Hirschberg et al.
6
 was the 



- 18 - 
 

basis of this method. Experimental data was also used. According to De Boer and co-authors, 

the tendency of asphalt to precipitate depends on three parameters:  

 The extent to which the crude is undersaturated with gas  

 Density of crude at reservoir conditions  

 Saturation of crude with asphalt at downhole conditions.  

 

De Boer calculated the solubility of asphaltene for different values of in-situ crude oil 

densities and solubility parameters and defined the maximum supersaturation ((∆𝑆/𝑆) at 

bubble point as 

 
∆𝑆

𝑆
= ∫ (

𝜕𝑆

𝑆𝜕𝑝
)
𝑇

𝑑𝑝

𝑝𝑟

𝑝=𝑝𝑏

 ≅  (
𝜕𝑆

𝑆𝜕𝑝
)
𝑇

(𝑝𝑟 − 𝑝𝑏) (27) 

Where 𝑝𝑏 and 𝑝𝑟 are the bubble-point and reservoir pressures  respectively. 

 

In order for asphaltene to precipitate, a certain degree of supersaturation of crude oil is 

necessary. The maximum degree of supersaturation was shown as a function of difference 

between the reservoir and bubble point pressures, insitu density of oil and solubility 

parameter of asphaltene. This is known as the De Boer’s plot (figure 2).  

 

According to De Boer, when highly under-saturated light crudes are depressurized, extremely 

high supersaturation occurs thereby resulting in asphaltene precipitation. Asphaltene 

precipitation was found to be more common in crude oils with high C1-C3 and less C7+ 

content, with high bubble pressure and high compressibility
7
. The De Boer’s plot assumes 

that oil is saturated with asphaltene at reservoir conditions. As a result, the predictions are 

conservative and result in prediction of asphaltene precipitation for oils that do not present 
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precipitation in field.
54

 Also, the De Boer plot does not provide any information about the 

amount of asphaltene precipitation expected. 

 

5.6  Yarranton and co-workers 

Yarranton and Masliyah
55

 observed that the models by Hirschberg
6
 and Cimino

53
 were 

successful in predicting the asphaltene precipitation onset but not the amount of precipitate. 

This was attributed to lumping of asphaltenes as a single component. Hence, in order to 

obtain more accurate results, Yarranton and Masliyah treated asphaltenes as a mixture of sub-

fractions with different densities and molar masses. The asphaltenes were fractionated by 

solvent extraction technique (solubility and precipitation) and the molar mass distribution of 

asphaltenes was determined from interfacial tension measurements. The solubility was 

modeled by solid-liquid equilibrium calculation with the K-values derived from Scatchard-

Hildebrand solubility theory incorporating the Flory-Huggins entropy of mixing.   

 

The equilibrium model proposed by Yarranton and Masliyah was  

 𝐾𝑖 =
𝑥𝑖
𝑠

𝑥𝑖
𝑙 = 𝑒𝑥𝑝 {

∆𝐻𝑖
𝑓

𝑅𝑇
(1 −

𝑇

𝑇𝑖
𝑓
) + 1 −

𝑣𝑖
𝑙

𝑣𝑚
+ 𝑙𝑛 (

𝑣𝑖
𝑙

𝑣𝑚
) +

𝑣𝑖
𝑙

𝑅𝑇
(𝛿𝑚 − 𝛿𝑖

𝑙)
2
} (28) 

Where, 𝐾𝑖 is the solid-liquid equilibrium ratio of component 𝑖, 

 𝑥𝑖
𝑠 and 𝑥𝑖

𝑙 are the solid phase and liquid phase mole fractions of component 𝑖, 

 ∆𝐻𝑖
𝑓
 is the enthalpy of fusion and  𝑇𝑖

𝑓
 is the melting point temperature of component 𝑖, 

 𝑣𝑖
𝑙 and 𝑣𝑚 are the molar volumes of component 𝑖 and solvent respectively 

𝛿𝑖
𝑙 and 𝛿𝑚 are the solubility parameters for component 𝑖 and solvent respectively 

 

The model (equation 28) successfully predicted the precipitation onset and quantity of 

precipitated asphaltenes. The work by Alboudwarej et al.
56

 was an extension of Yarranton 
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and Masliyah’s model and regular solution theory. A modified solution model was used 

which included the Flory-Huggins entropic contribution (from difference in molecular sizes) 

as well as the enthalpy contribution from the regular solution theory. Since the systems 

investigated were above the bubble point, the precipitated phase was considered to be liquid 

phase.  

 

The fugacity (𝑓𝑖) of component 𝑖 was given by 

 𝑓𝑖 = 𝛾𝑖𝑥𝑖𝑓𝑖
0𝑒𝑥𝑝 [∫

𝑣𝑖𝑑𝑃

𝑅𝑇

𝑃

0

] (29) 

Where, 𝑥𝑖 and 𝛾𝑖 are the mole fraction and activity-coefficient of component 𝑖, 𝑓𝑖
0 is the 

standard fugacity and 𝑣𝑖 is the molar volume of component 𝑖. 

 

Liquid-liquid equilibrium was assumed and the equilibrium ratio, 𝐾𝑖
ℎ𝑙 was obtained by 

equating the fugacities of each component in existing phases.  

 𝐾𝑖
ℎ𝑙 =

𝑥𝑖
ℎ

𝑥𝑖
𝑙 =

𝛾𝑖
𝑙

𝛾𝑖
ℎ (30) 

Where 𝑥𝑖
ℎ and 𝑥𝑖

𝑙 are heavy and light liquid phase mole fractions, 𝛾𝑖
ℎ and 𝛾𝑖

𝑙 are heavy and 

light liquid phase activity co-efficients 

 

The activity co-efficients were given by, 

 𝑙𝑛𝛾𝑖
𝑙 = 𝑙𝑛 (

𝑣𝑖
𝑙

𝑣𝑚
𝑙 ) + 1 −

𝑣𝑖
𝑙

𝑣𝑚
𝑙 +

𝑣𝑖
𝑙

𝑅𝑇
(𝛿𝑖

𝑙 − 𝛿𝑚
𝑙 )

2
 (31) 

 𝑙𝑛𝛾𝑖
ℎ = 𝑙𝑛 (

𝑣𝑖
ℎ

𝑣𝑚
𝑙 ) + 1 −

𝑣𝑖
ℎ

𝑣𝑚
𝑙 +

𝑣𝑖
ℎ

𝑅𝑇
(𝛿𝑖

ℎ − 𝛿𝑚
ℎ )

2
 (32) 
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𝑣𝑖 and 𝛿𝑖 are molar volume and solubility parameter of compound 𝑖 in light liquid phase (𝑙) or 

heavy liquid phase (ℎ), 𝑣𝑚 and 𝛿𝑚 = molar volume and solubility parameter of either the 

light liquid phase or the heavy liquid phase. 

 

The author assumed that the dense phase consisted of only asphaltenes (i.e., the activity co-

efficients in dense phase is unity) and hence equation 28 reduced to  

 𝐾𝑖 = 𝛾𝑖
𝑙 = 𝑒𝑥𝑝 {𝑙𝑛 (

𝑣𝑖
𝑙

𝑣𝑚
𝑙 ) + 1 −

𝑣𝑖
𝑙

𝑣𝑚
𝑙 +

𝑣𝑖
𝑙

𝑅𝑇
(𝛿𝑖

𝑙 − 𝛿𝑚
𝑙 )

2
} (33) 

 

Alboudwarej and co-authors considered asphaltenes to be macromolecular aggregates of 

monodisperse asphaltene monomers of increasing molar mass. They also assumed that the 

molar mass distribution of aggregates followed a Schultz-Zimm distribution function and 

divided the asphaltenes into 30 sub-fractions based on this distribution.  

 

The modified Schultz-Zimm distribution 𝑓(𝑟) used was
56

 

 𝑓(𝑟) =
4(𝑟 − 1)

(𝑟𝑚 − 1)2
𝑒𝑥𝑝 [−

2(𝑟 − 1)

(𝑟𝑚 − 1)
] (34) 

Where, 𝑟 is the aggregation parameter of each asphaltene molar mass fraction (i.e., the 

number of monomers in an aggregate molecule) and  𝑟𝑚 represents the average aggregation 

state of asphaltenes. 

 𝑟 =
𝑀

𝑀𝑚
 (35) 

 𝑟𝑚 =
𝑀̅

𝑀
 (36) 

Where M is molar mass of asphaltene aggregate, 𝑀𝑚 is the asphaltene monomer molar mass 

and  𝑀̅  is average asphaltene molar mass of the distribution.  
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The molar mass of asphaltene monomer and the largest asphaltene aggregate were assumed 

to be 1800 g/mol and 30,000 g/mol respectively. The results of modeling were also not 

sensitive for asphaltene aggregates with molar mass greater than 30,000 g/mol or beyond 30 

asphaltene fractions.  

 

The molar volume of asphaltene sub-fraction was determined using the relation 

 𝑣 = 1.493𝑀0.936 (37) 

Where 𝑣 and M are the molar volume and molar mass of the asphaltene sub-subfraction 

respectively. Similarly, the solubility parameter of asphaltene subfraction (𝛿𝑎) was 

determined using the relation 

 𝛿𝑎 = (
1000𝐴(𝑇)𝑀

𝑣
)

1/2

 (38) 

Where, A is the heat of vaporization of asphaltene. The heat of vaporization (J/kg) at any 

temperature A(T) is given by  

 𝐴(𝑇) = 0.579 − 0.00075𝑇 (39) 

Where, T is the absolute temperature in Kelvin. 

 

The Alboudwarej et al. model (equation 33) was reasonably successful in predicting the onset 

and amount of asphaltene precipitation of West Canadian heavy oils and bitumens for 

different amounts of n-alkane added as shown in figure 3. However, the model under-

predicted the amount of precipitation at intermediate solvent/bitumen ratios and the authors 

attributed it to the molar mass of asphaltenes not exactly following the Schultz-Zimm 

distribution.  Subsequently, Akbarzadeh et al.
57-58

 used a different gamma distribution 

function (proposed by Whitson
59

) to describe the molar distribution of asphaltene aggregates. 
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 𝑓(𝑀) =
1

𝑀𝑚Γ(𝛽)
[

𝛽

(𝑀̅ − 𝑀𝑚)
]
𝛽

(𝑀 −𝑀𝑚)
𝛽−1𝑒𝑥𝑝 [

𝛽(𝑀 −𝑀𝑚)

(𝑀̅ − 𝑀𝑚)
] (40) 

Where M is molar mass of asphaltene aggregate, 𝑀𝑚 is the asphaltene monomer molar mass 

and  𝑀̅  is average asphaltene molar mass of the distribution.  𝛽 (=2) is a parameter that 

governs the shape of the distribution curve.  

 

The model equation used by Akbarzadeh et al. was 

 

𝐾𝑖
ℎ𝑙 =

𝑥𝑖
ℎ

𝑥𝑖
𝑙 = 𝑒𝑥𝑝 {

𝑣𝑖
ℎ

𝑣𝑚
ℎ − 

𝑣𝑖
𝑙

𝑣𝑚
𝑙 + 𝑙𝑛 (

𝑣𝑖
𝑙

𝑣𝑚
𝑙 ) − 𝑙𝑛 (

𝑣𝑖
ℎ

𝑣𝑚
ℎ) +

𝑣𝑖
𝑙

𝑅𝑇
(𝛿𝑖

𝑙 − 𝛿𝑚
𝑙 )

2

−
𝑣𝑖
ℎ

𝑅𝑇
(𝛿𝑖

ℎ − 𝛿𝑚
ℎ )

2
} 

(41) 

 

It was assumed that the heavy phase consisted of both asphaltenes and resins. (Note: if the 

heavy phase is assumed to consist of only asphaltenes, then equation 41 reduces to equation 

33). The model (equation 41) was then used for successfully predicting the amount of 

asphaltene precipitation for Llyodminster bitumen (as shown in figure 4) as well as for heavy 

oils from Venezuela, Indonesia and Russia. The model also correctly predicted a higher 

asphaltene precipitation on addition of n-octane (n-C8) than compared to n-heptane (n-C7) 

addition. The authors also studied the effect of temperature and pressure on asphaltene 

precipitation from Canadian heavy oil and bitumens.  

 

Figure 5 shows the predictions for Cold Lake bitumen at different temperatures for n-pentane 

and n-heptane additions.  It was observed that the model results do not match well with the 

experimental data for dilution with n-heptane (C7) at 100°C. Akbarzedeh et al. also had 
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difficulty in obtaining experimental data at 100°C and hence could not figure out whether the 

problem is with the model or experimental data. 

 

The model (equation 41) was also found to under-predict the amount of asphaltene 

precipitation for n-pentane addition at 0°C. The authors attributed this to possible self-

association of resins at 0°C and tried dividing resins into 5 sub-fractions. The molar mass of 

resin monomer was assumed to be 200 g/mol while that of the largest resin aggregate was 

assumed to 1900 g/mol. The model predictions were found to be better when self-association 

of resins were taken into account. However, there was lack of evidence to support the 

phenomena of resin self-association and hence the authors did not incorporate it into the 

model.
58

 Similarly, the model accurately predicted asphaltene precipitation at moderate 

pressures (around 2.1 MPa) but under-predicted amount of precipitation at high pressures 

(around 6.9 MPa). 

 

5.7  Refractive Index (RI) Measurements 

Buckley and co-workers
60-63

 proposed an alternate method for predicting the onset of 

asphaltene precipitation using refractive index (RI) measurements. The theory was based on 

the assumption that the aggregation and precipitation of asphaltenes is dominated by 

differences of London dispersion forces (a type of Van der Waals force) between the crude 

oil (maltenes) and the asphaltenes. This assumption was supported by the solubility 

parameter mapping by Wiehe
64

 who showed that the aromaticity and molecular weight (and 

not the polar interactions) dominates asphaltene insolubility.   

 

The interaction energy between asphaltene molecules in a solvent medium with only London 

dispersion forces is given by the relation 
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 𝑤(𝑟) = −
√3ℎ𝑣𝑒
4

(𝑛𝑎
2 − 𝑛𝑠

2)2

(𝑛𝑎2 − 2𝑛𝑠2)3/2
𝑎𝑎
6

𝑟6
 (42) 

Where ℎ is Planck’s constant, 𝑣𝑒 is the absorption frequency in the ultraviolet, 𝑛𝑎 and 𝑛𝑠 are 

the refractive indices of asphaltene and the solvent (extrapolated to zero frequency) 𝑎𝑎 is the 

equivalent radius of asphaltene molecule, 𝑟 is the distance between the centers of the 

molecules.
60

 

 

The London dispersion interactions between molecules are due to induced polarization. In 

systems where London dispersion forces dominate, the strength of the interactions is related 

to the difference in the refractive indices between the two materials (assuming that the 

materials have same absorption frequency). The relationship between the refractive index 

(RI) of a medium at visible light frequencies and the electronic polarizability of a medium 

(𝛼0) is given by the Lorentz-Lorenz equation 

 
𝑛2 − 1

𝑛2 + 2
=
𝛼0𝜌𝑁𝑜
3𝜀0𝑀

 (43) 

Where 𝑁0 is Avagadro’s number,  𝜀0 is the permittivity in vacuum, n is the refractive index, 

M is the molecular weight of medium and 𝜌 is the mass density of medium. The term 

(𝛼0𝑁0 3𝜀0⁄ ) is known as the molar refraction of the material.
42

 

 

The refractive index is a function of density for pure substances. The model proposed by 

Buckley gives importance to the concept of polarizability (which is measured by the RI). The 

ability of a hydrocarbon to behave as precipitant or solvent depends on the degree of 

polarizibility. If the dispersion forces are assumed to play a major role, then the refractive 

index is an indicator of the extent of molecular attraction between the asphaltene molecules 

and the solvent. 
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The function of refractive index (𝐹𝑅𝐼) is defined as 

 𝐹𝑅𝐼 = 
𝑛2 − 1

𝑛2 + 2
 (44) 

 

In case of a mixture in which there is no significant volume change after mixing, 𝐹𝑅𝐼 of 

mixture is equal to the sum of the refractive index functions of each component times its 

volume fraction (𝜑𝑖). 

 (
𝑛𝑚
2 − 1

𝑛𝑚2 + 2
) = 𝜙𝑎 (

𝑛𝑎
2 − 1

𝑛𝑎2 + 2
) + 𝜙𝑠 (

𝑛𝑠
2 − 1

𝑛𝑠2 + 2
) (45) 

Where, 𝜙𝑎 and 𝜙𝑠 are the volume fractions of asphaltene and solvent respectively, 𝑛𝑚, 𝑛𝑎 

and 𝑛𝑠 are the refractive indices of the mixture, asphaltenes and solvent respectively.
65

 

 

Buckley
61

 determined the refractive index at the onset of asphaltene precipitation for several 

crudes diluted with different precipitants. A plot of 𝐹𝑅𝐼 and crude oil volume fraction for an 

asphaltic oil from California is shown in figure 6. If there was no asphaltene precipitation 

from crude oil, the plot between 𝐹𝑅𝐼 and crude oil volume fraction is expected to be a straight 

line (linear relationship). However, if precipitation occurs, a gradual deviation from linearity 

is observed. As the asphaltene particles flocculate and precipitate out of the solution, they no 

longer contribute to refractive index of the mixture thereby causing the deviation in mixture 

refractive index.
65

 In case of crude oils which exhibited asphaltene precipitation on addition 

of precipitant, Buckley
61

  observed that the value of refractive index at the onset of 

precipitation (PRI) remained relatively constant for given oil and precipitating agent. Hence 

PRI was indicated as a horizontal band as shown in figure 6.  
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It must however be noted that the deviation from linearity depends upon the amount of 

asphaltene precipitated and hence cannot be modeled. Buckley and Wang
63

 later related the 

RI to the solubility parameter in solutions of non-polar molecules and for crude oils with the 

following equation,  

 𝛿 = 52.042𝐹𝑅𝐼 + 2.904 (46) 

 

The themodynamic model based on RI approach was able to predict the onset of asphaltene 

precipitation. However, it could not predict the amount of asphaltenes that will precipitate at 

any solubility condition. This was attributed to the fact that molecular distribution (poly-

dispersity) of asphaltenes was not taken into account.
42

 

 

Vargas and co-workers
66-67

 observed a linear trend with slope equal to 1/3 for a plot between 

molar refraction (𝑅𝑚) and molecular weight for several hydrocarbons. This is known as the 

one-third rule and it implies that the ratio of 𝐹𝑅𝐼 and mass density 𝜌 is a constant equal to 1/3. 

 𝑅𝑚 = (
𝑛2 − 1

𝑛2 + 2
)
𝑀

𝜌
= 𝐹𝑅𝐼

𝑀

𝜌
 (47) 

 

The molar refraction represents the volume occupied by molecules per unit mole, 𝑀 𝜌⁄  

represents the total volume including the free space between molecules. Hence 𝐹𝑅𝐼 represents 

the fraction of total volume occupied by the molecules 

 

The 1/3
rd

  rule was validated for several crude oil samples over a wide range of temperatures 

and pressures and was found to be an alternative for estimating density or refractive index of 
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hydrocarbons. In absence of refractive index measurements, the solubility parameter can be 

obtained using mass density (by applying 1/3
rd

 rule to equation 46) as  

 𝛿 = 17.347𝜌 + 2.904 (48) 

 

This rule does not however hold good for light hydrocarbons like methane, ethane and 

propane. The model was later extended by deriving the pressure and temperature dependency 

of solubility parameter.
66

 

 

5.8  Asphaltene Solubility Model (ASM) and Asphaltene Instability Trends (ASIST)  

Wang and Buckley
68

 developed a two-component asphaltene solubility model (ASM) for 

prediction of asphaltene precipitation in crude oils. The model was developed based on Flory-

Huggins polymer theory but without making any assumptions about the composition of 

phases formed when asphaltenes separate out from the crude oil (like formation of pure 

asphaltene phase or pure solvent phase). Instead the correlation between RI and solubility 

parameters was used for characterizing the oil. 

 

At phase separation, some asphaltenes were considered to remain in the lighter phase (L) 

while others concentrate in the heavier asphaltene rich phase (H). At phase equilibrium, the 

chemical potentials for asphaltenes and mixed solvent were considered to be the same and a 

couple of non-linear equations were obtained which can be solved numerically to give the 

asphaltene volume fractions in lighter phase (L) and the heavier phase (H) i.e., 𝜙𝑎
𝐿 and 𝜙𝑎

𝐻.  

 

𝑙𝑛(1 − 𝜙𝑎
𝐿) + (1 −

𝑣𝑚
𝑣𝑎
)𝜙𝑎

𝐿 + 𝜒(𝜙𝑎
𝐿)2

=  𝑙𝑛(1 − 𝜙𝑎
𝐻) + (1 −

𝑣𝑚
𝑣𝑎
)𝜙𝑎

𝐻 + 𝜒(𝜙𝑎
𝐻)2 

(49) 
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𝑙𝑛𝜙𝑎
𝐿 + (1 − 𝜙𝑎

𝐿) (1 −
𝑣𝑎
𝑣𝑚
) + (1 − 𝜙𝑎

𝐿)2
𝑣𝑎
𝑣𝑚

𝜒

=  𝑙𝑛𝜙𝑎
𝐻 + (1 − 𝜙𝑎

𝐻) (1 −
𝑣𝑎
𝑣𝑚
) + (1 − 𝜙𝑎

𝐻)2
𝑣𝑎
𝑣𝑚

𝜒 

(50) 

 

𝜒 is the Flory-Huggins interaction parameter between asphaltene and solvent mixture given 

by  

 𝜒 =
𝑣𝑚
𝑅𝑇

(𝛿𝑎 − 𝛿𝑚)
2 (51) 

Where, 𝑣𝑚 and 𝛿𝑚 are the molar volume and solubility parameter of mixture without 

asphaltenes while 𝛿𝑎 is the solubility parameter of asphaltenes. 

 

The model represented by equations 49 and 50 needed four input parameters (𝛿𝑎 , 𝛿𝑚 , 𝑣𝑎 and 

𝑣𝑚). 𝛿𝑚 was determined based on refractive index measurements while 𝑣𝑚 was estimated 

from measurements of density and average molecular weight of non-asphaltic hydrocarbon 

mixture. Therefore, the only adjustable parameters of the model are the coupled values of 

asphaltene solubility parameter 𝛿𝑎 and the molar volume 𝑣𝑎. The model performed 

reasonably well in predicting asphaltene onset conditions for several crude oils as shown in 

figure 7.  

 

One of the limitations of the model (ASM) is that since the parameters 𝛿𝑎 and 𝑣𝑎 are coupled, 

a family of solutions to non-linear equations 49 and 50 can be produced. In that case, one of 

the parameter needs to be fixed and the other parameter varied. Hence proper selection of 

parameter value is critical. Also, the same solubility parameter can describe conditions under 

which asphaltenes are precipitated from the crude using pentane and pentadecane. In reality, 

different precipitants give different amounts and composition of asphaltene precipitated. 
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Hence the ASM model may be less accurate in predicting the amount of asphaltene 

precipitated for different n-alkane solvents.
68

 

 

Buckley et al.
42

 plotted the experimental onset solubility parameters (𝛿𝑜𝑛𝑠𝑒𝑡) of several crude 

oils as a function of 𝑣𝑝
1 2⁄

 , where 𝑣𝑝 is the molar volume of n-alkane precipitants (from n-

pentane to n-pentadecane) and observed a linear relationship between them. This relationship 

was called as ASphaltene InStability Trend (ASIST).  

 

ASIST can be used to predict the onset of asphaltene precipitation in reservoirs as shown in 

figure 8. Mars-Pink Stock Tank Oil (STO) was initially titrated with n-alkanes (n-pentane to 

n-pentadecane) at 20°C. The values of solubility parameter of the STO and n-alkane are 

known and are represented in the figure as points B and C respectively.  Hence if the STO is 

titrated with undecane (n-C11), then the ratio of length of line segments AB/AC gives the 

volume of n-C11 added at onset while the ratio BC/AC gives the volume fraction of STO in 

the onset mixture.  

 

ASIST can also be used to predict the onset pressure of precipitation as shown in figure 9 for 

a light oil C-AG3-02 which contains 0.5 wt% asphaltenes. The curves 𝛿𝑙𝑖𝑣𝑒 𝑜𝑖𝑙 and 𝛿𝑜𝑛𝑠𝑒𝑡 

represent the solubility parameter of the light oil and onset conditions of asphaltenes over the 

entire pressure range. Asphaltene precipitation is predicted to occur around 8500 psi when the 

𝛿𝑙𝑖𝑣𝑒 𝑜𝑖𝑙 curve falls below the 𝛿𝑜𝑛𝑠𝑒𝑡 curve during depressurization. However onset 

measurements done using solids detection system (SDS) indicated the asphaltene onset 

pressure to be around 6500 psi (This is the point at which the SDS line deviates from linear 

line).  Due to the differences in the two techniques, the asphaltene onset pressure was defined 

over a range between 6500 and 8500 psi.
42
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It can also be seen that the maximum instability occurs at the bubble point pressure (Pb). 

Hence for screening purposes, Wang et al.
54

 simplified the ASIST procedure by focusing 

only on asphaltene stability at bubble point pressure. Only a single titration experiment on 

STO with n-C7 was necessary to make an assessment of asphaltene stability. The single point 

ASIST prediction was found to have good agreement with full ASIST predictions. The 

ASIST method was also found to predict asphaltene problems better than the DeBoer’s plot.  

 

The ability to predict asphaltene precipitation by DeBoer method as well as ASIST was tested 

on seven Iranian crude oils by Shokrlu et al.
69

 Modifications were made to both methods to 

improve the accuracy of predictions. A good conformity was observed in predicting 

asphaltene precipitation with both De Boer’s plot and ASIST method. However, ASIST does 

not determine the level/intensity of asphaltene precipitation. 

 

5.9  Kawanaka et al. (Scott-Magat Approach) 

The asphaltene models based on Scott-Magat theory assume that the asphaltenes have a 

heterogenous structure and hence a distribution of asphaltene molecular weight is 

considered.
70

 Mansoori and Jiang
71

 were the first to apply Scott and Magat theory to 

formulate a model for predicting asphaltene precipitation. Kawanka et al.
72

 used the same 

model as Mansoori and Jang  to predict the phase behavior and deposition of asphaltenes. 

Kawanka et al. assumed that asphaltene consisted of many components of similar polymeric 

molecules and hence used a gamma distribution function to relate the properties of 

asphaltenes with the molecular weight of the asphaltene fraction. They also assumed that the 

precipitated phase consisted of pure asphaltenes and a phase equilibrium calculation was 
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done by equating the chemical potential of every asphaltene fraction in the liquid phase and 

the solid phase.  

 

The volume fraction of asphaltene in liquid phase (𝜙𝑓𝑎
𝐿 ) in equilibrium with solid phase was 

given by 

 𝜙𝑓𝑎
𝐿 = ∫𝑑𝜙𝑓𝑎𝑖

𝐿 = ∫

{
 
 

 
 (

𝑀𝑎𝑖

𝑀𝑎

)𝑉𝑎
𝐶

𝑉𝐿 + 𝑉𝑆𝑒−𝑁𝑠𝑎𝑖𝜃

}
 
 

 
 

× 𝐹(𝑀𝑎𝑖)𝑑𝑀𝑎𝑖

∞

0

 (52) 

Where,  

 𝜃 = (
1

𝑁𝑠𝑎
𝐿 −

1

𝑁𝑠𝑎
𝑆 ) + (1 −

1

𝑁𝑠𝑎
𝐿 )𝜙𝑓𝑏

𝐿 − 𝑓𝐿(𝜙𝑓𝑏
𝐿 )

2
 (53) 

 

The subscript ‘𝑎𝑖’ refers to the ith fraction of asphaltene. 𝜙𝑓𝑎𝑖 ,  𝑁𝑠𝑎𝑖 and 𝑀𝑎𝑖 are the volume 

fraction, segment number and molecular weight of ith fraction of asphaltene respectively. 𝑀𝑎 

is the average asphaltene aggregate molecular weight. The superscripts S, L and C refer to 

solid phase, solvent rich liquid phase and original crude oil. 𝜙𝑓𝑏 represents the volume 

fraction of asphaltene crude  

 

The parameter 𝑓𝐿 in equation 53 consists of two terms - a term resulting from entropy of 

mixing and a term resulting from heat of mixing and is given by 

 𝑓𝐿 =
1

𝑁𝑐
+
𝑉𝑀𝑏
𝑅𝑇

[(𝛿𝑎 − 𝛿𝑏)
2 + 2𝑘𝑎𝑏𝛿𝑎𝛿𝑏] (54) 

 

𝑁𝑐 is the co-ordination number between two successive segments in asphaltene molecule (the 

value of Nc is typically between 3 and 4). 𝛿𝑎 and 𝛿𝑏 are the solubility parameter of asphaltene 
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and asphaltene free crude (maltenes), 𝑉𝑀𝑏 is the molar volume of  the solvent and 𝑘𝑎𝑏 is the 

molecular interaction parameter between asphaltene molecule and asphaltene free crude oil.  

  

The molecular weight distribution function of asphaltene, 𝐹(𝑀𝐴𝑖) in equation 52 was 

represented by the gamma distribution function 

 𝐹(𝑀𝐴𝑖) = [
(𝑀𝑎𝑖 −𝑀𝑎0)

𝛼−1

Γ(𝛼)𝛽𝛼
] 𝑒

[−
(𝑀𝑎𝑖−𝑀𝐴0)

𝛽
]
 (55) 

where, 

 𝛼 =
(𝑀𝑎 −𝑀𝑎0)

2

𝜂
 (56) 

 𝛽 =
𝜂

𝑀𝑎 −𝑀𝑎0

 (57) 

 Γ(𝛼) = ∫ 𝑡𝛼−1𝑒−𝑡𝑑𝑡
∞

0

 (58) 

 

𝑀𝑎0 , 𝑀𝑎 and 𝜂 are the initial value, mean value and variance of gamma distribution function. 

The amount of asphaltene precipitated (𝑊𝐴𝑑) was given by 

 𝑊𝐴𝑑 = 𝑊𝐴𝑡 − 𝜌𝐴𝑉𝑓𝐴
𝐿 𝑉𝐿 (59) 

 

The total amount of asphaltenes in the crude oil, 𝑊𝐴𝑡 was calculated from the asphaltene 

composition of the liquid phase at the onset.  

 𝑊𝐴𝑡 = 𝜌𝐴(𝑉𝑓𝐴
𝐿 𝑉𝐿)

𝑜𝑛𝑠𝑒𝑡
 (60) 
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The model parameters (𝑘𝑎𝑏 , 𝑊𝐴𝑡 and 𝜂) were calculated by minimizing the differences 

between the experimental titration data of tank oil with n-pentane and n-decane and the result 

of the predictive model. The model (equation 52) showed good agreement with experimental 

data for predicting onset and amount of asphaltene precipitated by different n-alkanes except 

with n-heptane.   

 

6 EQUATION OF STATE MODELS 

6.1  Models based on Cubic Equation of State 

6.1.1  Gupta et al. 

The simplest model for precipitated asphaltenes using cubic equation of state was first 

proposed by Gupta.
73

 The assumption made was that the precipitated phase is a pure solid 

phase consisting of only asphaltenes. Gupta used a combination of solid phase fugacity 

correlation and Peng-Robinson (PR) equation (for calculating the phase equilibrium) to fit the 

experimental data. Similar approach was later used by Thomas et al.
47

 to fit titration data of 

Keg River Oil and Nisku Oil using pure solvents C2, C3, n-C4 and a 54% C2+ multicomponent 

solvent. However, the model did not have predictive capability and significant experimental 

work was needed for fitting the interaction co-efficients. Any change in solvent composition 

would alter the model (either the number of parameters or the value of parameters) and then 

another set of experimental work would be necessary.
47

 

 

6.1.2  Ngheim et al.  

Nghiem et al.
74-75

 considered the precipitated asphaltenes as a pure dense phase (also called 

as asphalt phase) and split the heaviest component of crude oil (C31+) into two 

psuedocomponents: a non-precipitating component and a precipitating component. The 

precipitating components consisted of asphaltene that dissociate and asphaltene/resin micelle 



- 35 - 
 

that precipitate unaltered while the non-precipitating component consisted of asphaltene/resin 

micelle that do not precipitate or dissociate and heavy paraffins. The precipitating and non-

precipitating components had identical critical properties and acentric factors (a measure of 

non-sphericity of the molecules), but their interaction co-efficient with light components were 

different.  

 

The fugacity of the asphaltenes in asphalt phase was then given by 

 𝑙𝑛𝑓𝑎 = 𝑙𝑛𝑓𝑎
∗ +

𝜈𝑎(𝑝 − 𝑝
∗)

𝑅𝑇
 (61) 

where, 𝑓𝑎 and 𝑓𝑎
∗ are the fugacities of precipitated asphaltenes at pressure 𝑝 and 𝑝∗ 

respectively. 𝜈𝑎 is molar volume of pure asphaltenes.  

 

In order to obtain the vapor/liquid/asphalt equilibrium, the following fugacity (𝑓) relations 

were considered. 

 𝑓𝑖𝑣 = 𝑓𝑖𝑙 (62) 

 𝑓𝑛𝑐𝑙 = 𝑓𝑎 (63) 

Where 𝑖 = 1,… . . , 𝑛𝑐. The subscripts  𝑣 and 𝑙 represent vapor and liquid phase respectively. 

 

The authors had considered a mixture of 𝑛𝑐 components with asphaltene being the 

𝑛𝑐  component. The fugacities of components in liquid and vapor phases was calculated using 

Peng Robinson equation of state (PR-EoS)
31

. The values of 𝑓𝑎
∗  and  𝜈𝑎 were obtained from 

experimental solubility data. The existence of the asphalt phase was based on the criteria  

𝑙𝑛𝑓𝑛𝑐𝑙 ≥ 𝑙𝑛𝑓𝑎.  
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The interaction co-efficients between the hydrocarbons were calculated using the relationship 

given below 

 𝑑𝑖𝑘 = 1 − (
2𝑣𝑐𝑖

1/6
𝑣𝑐𝑘
1/6

𝑣𝑐𝑖
1/3

+ 𝑣𝑐𝑘
1/3
)

𝑒

 (64) 

Where ‘𝑒’ is a regression parameter, 𝑑𝑖𝑘 is the interaction co-efficient between components 𝑖 

and 𝑘. 𝑣𝑐𝑖 and 𝑣𝑐𝑘 represent the critical values of components 𝑖 and 𝑘 respectively 

 

The authors
74

 validated the model (equation 61) with experimental data from Hirschberg et 

al.
6
 ,  Burke et al.

43
 and from an industrial fluid. The model showed good agreement with the 

experimental values. Proper division of heaviest component of oil and characterization of 

these components is essential in order to apply this model.  

 

Kohse et al.
76

 later introduced the effect of temperature and pressure on asphaltene 

precipitation into the solid model proposed by Nghiem as shown in equation 65.  

 

𝑙𝑛𝑓𝑎 = 𝑙𝑛𝑓𝑎
∗ +

𝜈𝑎
𝑅
[
𝑝 − 𝑝𝑡𝑝

𝑇
+ 
𝑝∗ − 𝑝𝑡𝑝

𝑇∗
] −

∆𝐻𝑡𝑝

𝑅
[
1

𝑇
−
1

𝑇∗
]

−
∆𝐶𝑝

𝑅
[𝑙𝑛 (

𝑇

𝑇∗
) − 𝑇𝑡𝑝 (

1

𝑇
−
1

𝑇∗
)] 

(65) 

Where 𝑝𝑡𝑝 is the triple point pressure, ∆𝐶𝑝is the heat capacity difference, ∆𝐻𝑡𝑝 is the enthalpy 

of fusion at triple-point.  𝑇∗and  𝑝∗ are the reference temperature and pressure respectively. 

The parameters needed for the model are 𝜈𝑎 , ∆𝐻𝑡𝑝 and ∆𝐶𝑝. These parameters can be tuned 

using two or three experimentally determined asphaltene onset precipitation pressures.  

 

Thus equation 65 can be considered to be the generalized form for obtaining the fugacity 

values of asphaltene precipitation at any pressure and temperature. This model was compared 

with experimental asphaltene precipitation onset data for a South American fluid and showed 
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good agreement with the experiment data.
76

  Another work extending Ngheim’s model is by 

Lindeloff et al.
77

, where the precipitated solid was treated as a multi-component mixture. The 

model was then used for predicting the experimental data of Burke et al.
43

 However, the 

model was not able to predict the precipitation behavior at high solvent dilution ratios.  

 

6.1.3  Sabbagh et al.  

Cubic EoS only describes the physical interaction between molecules in crude. However, 

they do not take into account the self-association of asphaltenes and the cross-association 

between asphaltenes and resins. Du et al.
78

 developed a predictive model by combining a 

chemical contribution term to the cubic EoS for describing asphaltene association with 

reasonable success. Similarly, Sabbagh et al.
2
 used PR-EoS to model the asphaltene 

precipitation from heavy oils and bitumens by taking into account the asphaltene self-

association. They assumed a liquid-liquid equilibrium between dense liquid phase (asphaltene 

rich phase) and light liquid phase. The values of parameters 𝑎 and 𝑏 of PR-EoS were 

obtained by using  

 𝑎𝑖 = 0.45724
𝑅2𝑇𝑐𝑖

2

𝑃𝑐𝑖
[1 + 𝑐𝑖(1 − 𝑇𝑟𝑖

0.5)]
2
 (66) 

 𝑏𝑖 = 0.07780
𝑅𝑇𝑐𝑖
𝑃𝑐𝑖

 (67) 

where 

 𝑐𝑖 = 0.3796 + 1.485𝜔𝑖 − 0.1644𝜔𝑖
2 + 0.01667𝜔𝑖

3 (68) 

𝑇𝑟 , 𝑇𝑐 , 𝑃𝑐 and 𝜔 represent the reduced temperature, critical temperature, critical pressure and 

acentric factor of the pure component 𝑖. 

 

A mixing rule was applied to calculate the PR-EoS parameters for the mixtures 
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 𝑎 =∑∑𝑥𝑖𝑥𝑗𝑎𝑖𝑗
𝑗𝑖

 (69) 

 𝑏 =∑𝑥𝑖𝑏𝑖
𝑖

 (70) 

Where  

 𝑎𝑖𝑗 = (1 − 𝑘𝑖𝑗)(𝑎𝑖𝑎𝑗)
0.5

 (71) 

𝑘𝑖𝑗 represents the binary interaction parameter between the components 𝑖 and 𝑗. 

 

The model needed temperature, pressure, mole fractions, parameters 𝑎 and 𝑏 for each 

component or pseudocomponent, and interaction parameters between each component and/or 

pseudo component as input. The authors divided the crude into pseudo components based on 

SARA fractions. Saturates, Aromatics and Resins were considered as pseudo-components 

while the asphaltenes were further divided into 30 pseudo-component fractions based on 

gamma distribution function described by Whitson
59

. 

 

The asphaltene EoS parameters were determined using  

 𝑎𝑖 = (
𝑀𝑖

𝑀𝑚
)
2

𝑎𝑚 (72) 

 𝑏𝑖 = (
𝑀𝑖

𝑀𝑚
) 𝑏𝑚 (73) 

Where, 𝑎𝑖 and 𝑏𝑖 are the EoS parameters of asphaltene aggregate while 𝑎𝑚 and 𝑏𝑚 are the 

EoS parameters of asphaltene monomers. 𝑀𝑖 and 𝑀𝑚 are the molar mass of asphaltene 

aggregate and asphaltene monomer respectively.  
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The PR-EoS model was then used to fit and predict the onset and amount of precipitation for 

several heavy oils and bitumens from Alberta diluted with n-alkanes for a wide range of 

temperature and pressure. The model used average molar mass of asphaltenes as a fitting 

parameter and this was determined by fitting precipitation data for n-heptane diluted 

bitumens and heavy oils. The model’s predictions were poor for n-pentane diluted systems 

since the model did not account for resin precipitation. Similarly, the model also performed 

poorly for n-heptane dilution at high temperatures (100°C) at both moderately high pressures 

(2.1 Pa and 6.9 MPa respectively).  

 

6.2  Statistical Associated Fluid State (SAFT) models 

The most widely used EoS model for asphaltene prediction is the Statistical Associated Fluid 

Theory (SAFT). SAFT was developed by Chapman et al.
32-33

 by applying Wertheim’s 

thermodynamic perturbation theory
34-39

 and extending it to mixtures.  In perturbation theory, 

a reference fluid is considered and it is assumed that the reference fluid roughly describes the 

fluid of interest. The properties of the fluid of interest are obtained by expanding/correcting 

the same properties of the reference fluid.  

 

In SAFT equation of state, the molecules are modeled in the form of chains composed of 

bonded spherical segments as shown in figure 10. The SAFT EoS is defined in the form of 

residual Helmholtz Free Energy (𝐴𝑟𝑒𝑠). The residual free energy consists of 3 terms  

 𝐴𝑠𝑒𝑔𝑚𝑒𝑛𝑡 -  which represents the segment-segment interaction 

 𝐴𝑐ℎ𝑎𝑖𝑛 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛  - which accounts for the covalent chain forming bonds among the 

segments 

 𝐴𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 - which accounts for the presence of site – site specific interactions 

among the segments like hydrogen bonding interactions.
32
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 𝐴𝑟𝑒𝑠 = 𝐴𝑠𝑒𝑔𝑚𝑒𝑛𝑡 + 𝐴𝑐ℎ𝑎𝑖𝑛 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 + 𝐴𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 (74) 

The different variations of SAFT equation are CK-SAFT
79

, LJ-SAFT
80-81

, SAFT-VR
82

, PC-

SAFT
40

, etc. All these variations differ only in the segment term.  

 

PC-SAFT Equation of State 

Gross and Sadowski
40

 applied the perturbation theory for chain molecules and derived an 

expression for the segment term. Since chain molecules were used as reference fluid instead 

of spherical molecules, the model proposed by Gross and Sadowski was called as Perturbed 

Chain-SAFT (PC-SAFT). The PC-SAFT EoS requires three parameters as input  

 Segment number (𝑚) 

 Segment diameter (𝜎) 

 Segment energy parameter (𝜀 𝑘⁄ )  

By correlating the liquid volume and vapor pressures, Gross and Sadowski
40

 identified the 

three pure component parameters (𝑚 , 𝜎 and 𝜀/𝑘) for 78 non-associating molecules. 

 

In order to model asphaltene precipitation using PC-SAFT EoS, it is necessary to divide the 

reservoir fluid into vapor and liquid phases. The vapor phase is generally represented using 4 

pseudo-components nitrogen (N2), carbon dioxide (CO2), methane (CH4) and light pseudo-

components (C2 and heavier gas). The liquid phase is represented using pseudo components 

saturates, aromatics + resins and asphaltenes.  The PC-SAFT parameters (𝑚, 𝜎, 𝜀/𝑘) are then 

determined for each of the pseudo component based on correlations with corresponding 

molecular weights. 
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6.2.1  Ting et al.  

Ting et al.
18

 modeled the asphaltene phase behavior in model live oil (a mixture of C7 

asphaltenes, toluene and methane) and a recombined oil (stock oil with its separator gas) 

under reservoir conditions. The authors did not consider the contribution of association term 

in SAFT EoS since they assumed that the asphaltene phase behavior in crude oil is dominated 

by molecular size and van der waal interactions. The asphaltenes were also assumed to be  

pre-aggregated.  

 

The asphaltene SAFT parameters for live model oil were m=80, 𝜎=4.05𝐴° and 𝜀/𝑘 = 350.8K. 

The molecular weight for asphaltenes was taken in the range of 3767-4000 g/mol. The SAFT 

predictions for onset of asphaltene instability were however found to be inaccurate at higher 

methane concentrations in model oil system since asphaltene polydispersity was not taken 

into account. The parameters used for different pseudocomponents in recombined oil are 

listed in table 1. For the recombined oil, the binary interaction parameters between various 

subfractions were obtained from binary interaction parameters of representative species of 

subfractions. The SAFT model predicted accurately the asphaltene instability of recombined 

oil as shown in figure 11. However, it was tested for only two conditions of Gas-to-oil ratio 

(GOR). 

 

6.2.2  Gonzalez et al.  

Gonzalez et al.
83

  predicted the asphaltene instability under gas injection of the same model 

live oil and recombined oil studied by Ting et al.
18

  SAFT EoS was able to adequately predict 

the onset of asphaltene precipitation when methane, ethane, CO2 and N2 were injected to oil 

mixtures as shown in figure 12.  
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Gonzalez et al.
84

  divided asphaltenes into subfractions (C5-C7, C7-C15 and C15+) and tuned 

the SAFT parameters in order to account for asphaltene polydispersity. The PC-SAFT 

parameters used are given in table 2. However, the simulations predicted higher asphaltene 

precipitation than compared to experimental values under gas injection as shown in figure 13. 

For mono-dispersed asphaltenes (average molecular weight=1700 g/mol) with SAFT 

parameters m=29.5, 𝜎 = 4.30𝐴° and 𝜀/𝑘 = 392.3K the prediction obtained is shown in figure 

14. Similarly, a higher asphaltene precipitation was predicted by PC SAFT simulation when 

asphaltenes were considered to be polydisperse (from comparison of total asphaltenes 

precipitated in figures 13 and 14). 

 

6.2.3 Panuganti et al.  

Panuganti et al.
85

 improved the characterization procedure for crude oil and considered 

ethane and propane separately instead of lumping it as heavy gas. This led to more flexibility 

in binary interaction parameter and hence subsequently better estimation of SAFT 

parameters. The PC-SAFT parameter correlations used were given in table 3. 

 

Panuganti showed that the modeling of asphaltene phase behavior by PC-SAFT was better 

than that using SRK EoS (a cubic equation of state). The cubic equation of state cannot 

describe accurately the phase behavior of mixture of molecules with large size differences 

since they are unable to accurately calculate the liquid density of the precipitated phase. The 

characterization procedure by Panuganti et al. was further improved by Punnapala and 

Vargas.
86

 Similarly, PC-SAFT EoS was used by Zuniga-Hinojosa et al.
87

 for predicting 

asphaltene precipitation by addition on n-alkane solvents to bitumens and heavy oils. A 

gamma distribution function was used for representing the molar mass distribution of 

asphaltenes. 
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Another approach used for modeling asphaltene is based on McMillan-Mayer theory. In this 

theory, the asphaltenes are assumed to be large spherical molecules with multiple association 

sites. The asphaltene molecules can bind with other asphaltenes or with smaller molecules 

like resins with just one association site per molecule. Asphaltene precipitation work under 

this approach includes studies by Wu et al.
88-89

 based on  SAFT model (considering hard 

spheres repulsive, association and dispersion force interactions) and  Buenrostro-Gonzalez et 

al.
90

 based on SAFT-VR EOS model. Even though the model prediction by Wu et al. fitted 

well with the experiment data, it suffered from inability to explain phenomena related to 

poly-dispersity since the model considered asphaltenes to be a single psuedocomponent.
91

 

 

6.3  Models based on Cubic-Plus-Association (CPA) Equation of State 

6.3.1  Li and Firoozabadi 

Li and Firoozabadi
29, 92

 applied cubic-plus-association (CPA) EoS to study the asphaltene 

precipitation. The CPA consisted of two parts: physical part (based on Peng Robinson EoS) 

and association part (based on Wertheim’s thermodynamic perturbation theory). 

 

The physical contribution is represented by  

 
𝐴𝑝ℎ
𝑒𝑥

𝑛𝑅𝑇
=  −𝑙𝑛(1 − 𝑏𝜌) −

𝑎

2√2𝑅𝑇
𝑙𝑛 (

1 + (1 + √2)𝑏𝜌

1 + (1 − √2)𝑏𝜌
) (75) 

Where 𝐴𝑝ℎ
𝑒𝑥  represents the physical contribution to excess Helmholtz free energy, 𝑛 is the 

number of moles and  𝜌 is the molar density of the mixture. 𝑎 and 𝑏 are the energy and 

volume parameters of the mixture.  

 

The association contribution is given by  
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𝐴𝑎𝑠𝑠𝑜𝑐
𝑒𝑥

𝑛𝑅𝑇
= 𝑁𝐴𝑥𝐴 (𝑙𝑛𝜒𝐴 +

1 − 𝜒𝐴
2

) + 𝑁𝑅𝜒𝑅 (𝑙𝑛𝜒𝑅 +
1 − 𝜒𝑅
2

) (76) 

Where, 𝐴𝑎𝑠𝑠𝑜𝑐
𝑒𝑥  represents the association contribution to excess free energy, A and R refer to 

asphaltene and heavy molecules (resins/aromatics) respectively,  𝑥𝐴 and 𝑥𝑅 are the  mole 

fractions of asphaltenes and heavy molecules respectively.  

 

The authors assumed that each asphaltene molecule had 𝑁𝐴 identical association sites and the 

each heavy molecule (resins or aromatics) had 𝑁𝑅 identical association sites. Similarly, 𝜒𝐴 

and 𝜒𝑅 represents the mole fractions of asphaltene and heavy molecules not bonded to one of 

the association sites. The self-association among heavy molecules was neglected and hence 

𝜒𝐴 and 𝜒𝑅 were evaluated using the following equations 

 𝜒𝐴 =
1

1 + 𝜌𝑁𝐴𝑥𝐴𝜒𝐴Δ𝐴𝐴 + 𝜌𝑁𝑅𝑥𝑅𝜒𝑅Δ𝐴𝑅
 (77) 

 𝜒𝑅 =
1

1 + 𝜌𝑁𝑅𝑥𝑅𝜒𝑅Δ𝐴𝑅
 (78) 

 

Where, 

 ∆𝑖𝑗= 𝑔𝜅𝑖𝑗𝑏𝑖𝑗 [𝑒𝑥𝑝 (
𝜀𝑖𝑗

𝑘𝐵𝑇
) − 1] (79) 

 

Δ𝑖𝑗 (𝑖 = 𝐴 and 𝑗 = 𝐴 𝑜𝑟 𝑅) characterizes the association strength.  

𝑘𝐵= Boltzmann constant, 𝜅𝑖𝑗 = association volume parameter, 𝜀𝑖𝑗 = association energy 

parameter, 𝑔 = contact value of the radial distribution of hard sphere mixtures approximated 

by 

 𝑔 ≈
1 − 0.5(𝑏𝜌𝑐 4⁄ )

[1 − (𝑏𝜌𝑐 4⁄ )]3
 (80) 
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The model contains only one adjustable parameter ‘𝜀𝐴𝑅’. The authors tested their model by 

fitting the experimental data for crude oil from Sabbagh et al.
2
 to predict the effect of 

temperature, pressure and n-alkane addition. Though the model successfully predicted the 

overall trend in asphaltene precipitation, it could not accurately predict the onset of 

asphaltene precipitation.  The authors considered it possible to reduce the deviation in onset 

by adjusting the parameter 𝜀𝐴𝑅. However, this may lead to lower performance of the model 

(equations 75 and 76).
29

 

 

6.3.2  Shirani et al. 

The CPA EoS of state was also used by Shirani et al.
93

 to predict the asphaltene precipitation 

from live oils. Asphaltene was considered as molecules with two association sites in the 

model. The model used for the study was 

 𝑍 = 𝑍𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 + 𝑍𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 (81) 

Where, 𝑍 is the compressibility factor. The physical part of the equation (𝑍𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙) was 

evaluated using both Soave Redlick Kwong (SRK) and Peng Robinson (PR) EoS. 

 

For a mixture of components, the parameters 𝑎 and 𝑏 of the PR and SRK EoS were evaluated 

using the mixing rule given in equations 69, 70 and 71. 

 

 The association part (𝑍𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛) was evaluated using the relation 

 𝑍𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = −
1

2
(1 +

1

𝜐

𝜕𝑙𝑛𝑔

𝜕(1 𝜐⁄ )
)∑𝑥𝑖∑(1 − 𝑋𝐴𝑖)

𝐴𝑖𝑖

 (82) 

Where, 𝑥𝑖 is the mole fraction of component 𝑖,  𝜐 is the molar volume, 𝑋𝐴𝑖 is the mole 

fraction of molecule 𝑖 not bonded at site A and 𝑔 is a radial distribution function given by 
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 𝑔 =
1

1 − 1.9(𝑏 4𝜐⁄ )
 (83) 

 

The adjustable parameter in the model is the binary interaction parameter (𝑘𝑖𝑗) between 

asphaltenes and other components (heavy components like resin and pseudocomponents, 

light components – CO2, N2, C1 and H2S). 

 

The model prediction deviated by 55% from the experimental data. The model’s prediction 

was however better than predictions by colloidal models of Victorov et al.
94

 and Pan et al.
95

 

Also, SRK EoS was found to give a better fit than PR EoS.
93

 

 

7 COLLOIDAL MODEL 

The idea of existence of asphaltenes in colloidal form was first proposed by Nellensteyn
96

 

and then by Pfeiffer and Saal.
12

 According to Pfeiffer and Saal, the center of colloid is 

occupied by the substance with the highest molecular weight and having most aromatic 

nature (asphaltenes). These asphaltenes are then surrounded by lighter constituents with 

lower molecular weight and less aromatic nature. Thus when the system consists of sufficient 

constituents to form the outer regions of structure, asphaltenes are said to be fully peptized. 

However, if there is a shortage of resins surrounding the asphaltenes, then the colloid will 

experience mutual attraction and result in formation of flocculated asphaltene aggregates. 

 

7.1  Leontaritis and Mansoori 

In 1987, Leontaritis and Mansoori
19

 proposed a thermodynamic colloidal model for 

predicting asphaltene flocculation due to changes in composition or electrical phenomena.  

The basis for colloidal model is the assumption that asphaltene molecules exist in the oil in 
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the form of small solid particles in colloidal suspension, stabilized by the resins adsorbed on 

their surfaces. Addition of miscible solvent to crude oil results in desorption of resins from 

the surface.  

 

In thermodynamic colloid model, a vapor-liquid equilibrium (VLE) calculation is initially 

performed for estimating the liquid phase composition at which asphaltenes can flocculate. In 

order to split the resins between the oil phase and the asphaltene phase, the model equates the 

chemical potential of resins between the phases at equilibrium. Hence 

 𝜇𝑟𝑒𝑠𝑖𝑛
𝑎𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒 𝑝ℎ𝑎𝑠𝑒 = 𝜇𝑟𝑒𝑠𝑖𝑛

𝑜𝑖𝑙 𝑝ℎ𝑎𝑠𝑒
 (84) 

 

The chemical potential of resin was calculated using Flory-Huggins statistical 

thermodynamics theory using the equation 

 
∆𝜇𝑅
𝑅𝑇

=
𝜇𝑅 − (𝜇𝑅)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑅𝑇
= 𝑙𝑛(𝜙𝑅) + 1 −

𝜈𝑅
𝜈𝑚

+ 𝜒𝑅 (85) 

Where, 𝜙𝑅 is the fraction of resin in the liquid, ∆𝜇𝑅 is the chemical potential of the resins, 𝜒𝑅 

is the Flory-Higgins interaction parameter, 𝜈𝑅 and 𝜈𝑚 are the molar volume of resin and 

liquid mixture respectively. 

 

The authors defined critical resin concentration (𝐶𝑅)𝑐𝑟𝑖𝑡 as the concentration of resin in oil 

phase which is just enough for keeping the colloidal asphaltene particles completely covered 

with resins. The critical chemical potential of resins in oil phase is then equal to the chemical 

in solid phase (asphaltene phase). For a given reservoir fluid, the (𝐶𝑅)𝑐𝑟𝑖𝑡  value was 

determined using titration experiments. This value was then compared to the oil phase resin 

concentration, 𝐶𝑅. Flocculation and aggregation problems may occur if  
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 𝐶𝑅 < (𝐶𝑅)𝑐𝑟𝑖𝑡 (86) 

 

The authors tested the ability of the model to predict the asphaltene flocculation onset of tank 

oil 1 of Hischberg et al.
6
 using different solvents (hexadecane, heptane and dodecane). The 

model needed one experimental determined onset data for fitting while the rest was predicted. 

The model made good predictions for hexadecane and dodecane fitted runs while the 

predictions for heptane fitted runs were poor. Also, the colloidal model is applicable to 

solutions where asphaltene dissociation can take place. 

 

7.2  Victorov and Firoozabadi 

Victorov and Firoozabadi
94

 developed an alternate colloidal model for solubilization of 

asphaltenes by resins using advanced thermodynamic models. The authors assumed that the 

asphaltene colloidal particle has a core formed by 𝑛1 aggregated asphaltene molecules with 

𝑛2 resin molecules adhered to the surface of core. In the original paper, the authors called 

aggregates of asphaltenes as “micelles”. This term is doubtful as shown by Friberg
97

. For 

clarity reason we will continue to use micellization in the text though it can be misleading. 

 

The micelle chemical potential, 

 𝜇𝑀
𝛽
= 𝑛1𝜇𝑎1

𝛽
+ 𝑛2𝜇𝑟1

𝛽
 (87) 

Where 𝜇𝑎1 , 𝜇𝑟1 and 𝜇𝑀 are the chemical potential for asphaltenes, resin and micelle in 

petroleum fluid. The superscript β denotes petroleum fluid.  

 

Applying thermodynamics for dilute solution,  

For monomeric asphaltenes and resins 
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 𝜇𝑎1 = 𝜇𝑎1
∗ + 𝑘𝑇𝑙𝑛𝑋𝑎1 (88) 

 𝜇𝑟1 = 𝜇𝑟1
∗ + 𝑘𝑇𝑙𝑛𝑋𝑟1 (89) 

For micelle 

 𝜇𝑀 = 𝐺𝑀
00 + 𝑘𝑇𝑙𝑛𝑋𝑀 (90) 

Where, 𝑋𝑎1,  𝑋𝑟1 and 𝑋𝑀 are the mole fractions of asphaltenes, resins and micelle 

respectively. 𝜇𝑎1
∗  , 𝜇𝑟1

∗  and 𝐺𝑀
00 are the standard chemical potential of asphaltenes, resin and 

micelle respectively. 

 

The mole fraction of micelle in the crude was given by 

 𝑋𝑀 = 𝑋𝑎1
𝑛1𝑋𝑟1

𝑛2𝑒𝑥𝑝 {
∆𝐺𝑀

00

𝑅𝑇
} (91) 

in which the standard Gibbs energy of formation of micelle (micellization process), ∆𝐺𝑀
00 was 

defined as  

 ∆𝐺𝑀
00 = 𝑛1𝜇𝑎1

∗ + 𝑛2𝜇𝑟1
∗ − 𝐺𝑀

00 (92) 

 

In order to find the expression for Gibbs energy of micellization, the authors considered 

lyophobic, interfacial and electrostatic contributions and came up with the expression  

 
∆𝐺𝑀

00

𝑅𝑇
= 𝑛2𝑓(Θ) − 𝑛1𝑙𝑛𝑋𝑎1

𝑜𝑛𝑠 (93) 

where, 

  

 
𝑓(Θ) = 𝑙𝑛(1 − Θ) + 

Δ𝑈𝑟
𝑅𝑇

− 
σ0𝑎(1 − Θ)

𝑅𝑇Θ
 (94) 

 Δ𝑈𝑟 =  𝑎(𝑈̅𝑟−𝑐 − 𝑈̅𝑟−𝑎) (95) 
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Θ = the fraction of micellar core covered by resins, 𝑎 = surface area of a resin molecule polar 

head, 𝑋𝑎1
𝑜𝑛𝑠 = equilibrium concentration of monomeric asphaltenes in crude co-existing with 

solid asphaltene phase (or) maximum concentration of monomeric asphaltenes in crude at 

given condition,   𝜎0 = interfacial tension at zero adsorption of resin onto the micelle, 𝑈̅𝑟−𝑐 

and 𝑈̅𝑟−𝑎 are the average interaction energies of resin molecule head with crude and with 

asphaltene molecules (micellar core) respectively. 

 

The model (equation 93) assumed that all micelles are mono-disperse. The most probable 

composition of micelle Θ  was determined using  

 𝑙𝑛 (
𝑋𝑎1

𝑋𝑟1𝑋𝑎1
𝑜𝑛𝑠) −

∆𝑈𝑟
𝑅𝑇

−
𝜎0𝑎

𝑅𝑇
(1 + 𝑏) = 𝑙𝑛(1 − Θ) −

Θ

(1 − Θ)
(1 + Θ𝑏) (96) 

Where, 

 𝑏 =
𝜐𝑎
𝑎
(
8𝜋

𝑎𝑛2
𝑠)

1
2⁄

 (97) 

   

𝑛2
𝑠  represents the maximum number of resin molecules that can be accommodated on the flat 

surface if micellar core. For the titration experiments i.e., titration of crude oil with an n-

alkane, the equilibrium concentration was calculated using the equation 

 𝑋𝑎1
𝑜𝑛𝑠(𝑇, 𝑃, 𝑟𝑎𝑡𝑖𝑜) = 𝑋𝑎1

𝑜𝑛𝑠(𝑇, 𝑃, 𝑟𝑎𝑡𝑖𝑜 = 0)
𝑓𝑎1
𝛽
((𝑇, 𝑃, 𝑟𝑎𝑡𝑖𝑜 = 0)

𝑓𝑎1
𝛽 (𝑇, 𝑃, 𝑟𝑎𝑡𝑖𝑜)

 (98) 

Where 𝑓𝑎1
𝛽

 is the fugacity co-efficient of monomeric asphaltenes in petroleum fluid, ‘ratio’ 

refers to the dilution ratio (volume of solvent added/amount of original crude), ratio=0 

indicates the original state before dilution. The fugacities were calculated using Equation of 

State (EoS).  
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Asphaltene precipitation occurs if 𝑋𝑎1
𝛽
> 𝑋𝑎1

𝑜𝑛𝑠. 𝑋𝑎1
𝛽

 refers to the concentration of asphaltene 

monomers in the petroleum fluid (crude). Due to lack of experimental data on the parameters 

𝜎0  , 𝑎   and (𝑈̅𝑟−𝑐 − 𝑈̅𝑟−𝑎) the authors assigned arbitrary values to them. The plot obtained 

on dilution of tank oil is shown in figure 15. The precipitation of asphaltene starts when the 

solid and the curved lines intersect. Similarly, the asphaltene precipitation curves obtained for 

various precipitant addition is shown in figure 16. The results obtained predicted that the 

precipitation ability of the n-alkane decreases with their chain length. The predictions were 

also found to agree well with the experimental data. Similarly, the model was able to predict 

the effect of resins on the asphaltene precipitation tendency as shown in figure 17. 

 

One of the main drawbacks of the model was its inability to predict accurately the 

precipitation of asphaltenes under gas titration conditions. The thermodynamic micellization 

model for gas titration was further improved by Tavakkoli et al.
98-99

 by applying the 

characterization method used by Ngheim et al.
74

 for oil characterization. The new model 

introduced a new matching parameter for representing the interaction co-efficient between 

the asphaltene and light hydrocarbons thereby improving the prediction capability of 

thermodynamic micellization model. 

 

7.3 Pan and Firoozabadi 

Another thermodynamic model within the framework of colloidal theory was proposed by 

Pan and Firoozabadi.
95, 100-101

 This approach is also known as a reverse micelle approach. In 

this approach, the precipitated phase was assumed to consist of asphaltenes and resins which 

do not associate with each other, while the liquid phase was assumed to consist of mixture of 

asphaltenes and resin monomers, asphaltene-resins micelles and other oil species. The 

fugacity co-efficient of each species was calculated using an equation of state. The 
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equilibrium phase compositions were calculated by minimizing the Gibbs energy of system 

consisting of liquid phase and precipitated phase. The main drawback of the model is the 

large number of parameters needed. Also, the variation of these parameters with pressure, 

temperature and oil composition is not clear.
102

 

 

8 COMPARISON OF MODELS 

A comparative study of thermodynamic micellization model and the solid model (based on 

cubic EoS) by Tavakkoli et al.
98

 showed that both models predict the asphaltene precipitation 

reasonably well at atmospheric pressure using precipitants. However, the micellization model 

was found to be complex and computationally demanding and also showed poor prediction of 

maximum asphaltene precipitation. The micellization model’s predictions did however match 

well with more experimental point. Similarly, a comparison study of thermodynamic 

modelling based on solid model, Flory-Huggins model and PC-SAFT EoS model for Iranian 

crude by Behbahani et al.
103

 showed that the PC-SAFT EoS was able to predict more 

accurately the onset points of asphaltene precipitation for different solvents (n-C5, n-C9 and 

n-C12).  

 

9 CONCLUDING REMARKS 

Asphaltenes precipitation and deposition continue to be one of the major challenges faced by 

the industry. In the last 30 years, several attempts have been made for modeling and 

predicting asphaltene precipitation. As shown in this review, the various modeling techniques 

have increased our knowledge of the various models and their limitations in predicting onset 

and amount of asphaltene precipitation. A comparison of modeling works indicates that 

precipitation modeling using PC-SAFT EoS is promising. Also, improvements in fluid 
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characterization technique and the accounting for asphaltene poly-dispersity are seen to play 

an important role in improving the quality of predictions. 
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Caption for Tables: 

Table 1: Fractionation of recombined oil with GOR=152 m
3
/m

3
 into a 6 component 

mixture.
104

 [Reprinted from Ting et al.
104

, Copyright©2007 with kind permission from 

Springer Science and Business Media]. 

 

Table 2: PC-SAFT parameters for asphaltene subfractions of the oil sample at 580 scf/bbl
84

 

[Adapted with permission from Gonzalez et al.
84

, Copyright©2007, American Chemical 

Society]. 

 

Table 3:  PC-SAFT parameter correlations for saturates, aromatics and resins.
85

 Note: If γ=1, 

the correlation reduces to correlation for Poly-nuclear-aromatic (PNA) while for γ=0, the 

correlation reduces to correlation for benzene derivatives. [Adapted from Panuganti et al. 
85

, 

Copyright©2012 with permission from Elsevier].  

 

Caption for Figures: 

Figure 1: Schematic Representation of lattice model. Black and white balls represent the 

solvent and solute molecules respectively of equal size [Redrawn from Painter and 

Coleman
25

]. 

 

Figure 2: De Boer’s plot distinguishing crude oils with severe problems, slight problems and 

no problems. [Redrawn from Wang et al.
54

] 

 

Figure 3: Comparison of asphaltene fractional yield obtained experimentally and predictions 

based on Alboudwarej et al. model for Canadian Llyodminster bitumen diluted with n-

alkanes.
56

 Solids refer to non-asphaltenic solids including clay, sand and adsorbed organics. 
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Fractional yield refers to the mass fraction of asphaltene precipitated. [Reprinted from 

Alboudwarej et al.
56

, Copyright©2004 with permission from John Wiley and Sons]. 

 

Figure 4: Prediction of asphaltene precipitation yield from Llyodminster bitumen diluted with 

n-alkanes at ambient conditions.
58

 [Reprinted from Akbarzedah et al.
58

, Copyright©2005, 

with permission from Elsevier]. 

 

Figure 5: Comparison of experimental asphaltene fractional yield and prediction based on 

Akbarzedeh et al. model for Cold Lake bitumen diluted with n-pentane (C5) and n-heptane 

(C7) at different temperatures.
58

 [Reprinted from Akbarzedah et al.
58

, Copyright©2005 with 

permission from Elsevier]. 

 

Figure 6: Plot of FRI and crude oil volume fraction for asphaltic oil from California.
61

 The 

onset of asphaltene precipitation (PRI) is indicated as a horizontal band. [Reprinted with 

permission from Jill Buckley
61

, Copyright©1999, American Chemical Society]. 

 

Figure 7: Comparison of experimental (symbol) and predicted (line) asphaltene onset 

conditions for crude oils by ASM.
68

 The precipitants used were n-alkanes from pentane to 

pentadecane. PRI represents the onset of asphaltene precipitation. [Reprinted with permission 

from Wang and Buckley
68

, Copyright©2001, American Chemical Society]. 

 

Figure 8: The linear ASphaltene Instability Trend (ASIST).
42

 [Reprinted from Buckley et 

al.
42

, Copyright©2007 with kind permission  from Springer Science and Business Media]. 
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Figure 9: Onset pressure predictions for oil C-AG3-02.
42

 [Reprinted from Buckley et al.
42

, 

Copyright©2007 with kind permission from Springer Science and Business Media]. 

 

Figure 10: SAFT EoS expressed in the form of Residual Helmholtz energy.
104

 [Reprinted 

from Ting et al.
104

, Copyright©2007 with kind permission from Springer Science and 

Business Media]. 

 

Figure 11: PC-SAFT predicted and measured asphaltene instability onset and mixture bubble 

points for recombined oil.
104

 [Reprinted from Ting et al.
104

, Copyright©2007 with kind 

permission from Springer Science and Business Media]. 

 

Figure 12: Comparison of SAFT prediction (lines) with experimental bubble point (open 

circles) and asphaltene stability onset (filled circles) for CO2 or methane injection.
83

 

[Reprinted with permission from Gonzalez et al.
83

, Copyright©2005, American Chemical 

Society]. 

 

Figure 13: Prediction of amount of asphaltene subfraction precipitation (based on  parameters 

in table 2) using PC-SAFT EoS.
84

 [Reprinted with permission from Gonzalez et al.
84

, 

Copyright©2007, American Chemical Society]. 

 

Figure 14: Prediction of asphaltene precipitation using PC-SAFT EoS. The asphaltenes were 

considered to be monodisperse.
84

 [Reprinted with permission from Gonzalez et al.
84

, 

Copyright©2007, American Chemical Society]. 
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Figure 15: Addition of n-decane (precipitant) to tank oil-1 (Hirschberg et al.
6
) at 295K.

94
 

[Reprinted from Victorov and Firoozabadi
94

, Copyright©1996 with permission from John 

Wiley and Sons]. 

 

Figure 16: Prediction of asphaltene precipitation for tank oil-1(Hirschberg et al.
6
) on addition 

of different n-alkane precipitants at 295K.
94

 [Reprinted from Victorov and Firoozabadi
94

, 

Copyright©1996 with permission from John Wiley and Sons]. 

 

Figure 17: Influence of resin content on the predicted asphaltene precipitation curves for tank 

oil-1 (Hirschberg et al.
6
) at 295K.

94
 [Reprinted from Victorov and Firoozabadi

94
, 

Copyright©1996 with permission from John Wiley and Sons]. 

 


