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Abstract

The reliable prediction of asphaltene precipitation is critical for mitigating
operational challenges in oil production, yet existing thermodynamic
models face persistent limitations due to the complex composition and
self-association behavior of asphaltenes. This study evaluates two
dominant modeling frameworks: solubility-based approaches, which treat
asphaltenes as dissolved macromolecules, and colloidal stability-based
models, which conceptualize asphaltenes as suspended particles
stabilized by resin interactions. Solubility models, including Flory-
Huggins’s theory and cubic equations of state, correlate precipitation with
solubility parameters and Gibbs free energy changes, but are constrained
by assumptions of molecular homogeneity and reliance on ill-defined
critical properties. Colloidal models, such as micellization theory, link
precipitation to resin depletion and micelle destabilization.

Statistical Associating Fluid Theory (SAFT) models, particularly the
Perturbed-Chain (PC-SAFT) variant, bridge two modeling approaches by
incorporating molecular-specific parameters—such as segment size,
interaction energy, and chain length—to describe complex behaviors like
molecular size variations and clustering in fluids. While SAFT models
offer strong predictive accuracy, their reliance on carefully calibrated
inputs and computational complexity highlights a trade-off between
scientific rigor and practical application. Experimental studies
demonstrate that no single model reliably predicts asphaltene
precipitation across all crude oil types, underscoring the need for hybrid
methods.

This article critically reviews model-based predictions in the context of
asphaltene behavior, addressing their necessity, strengths, and
limitations. It investigates the most widely adopted models in both
academic literature and industrial software, analyzing the underlying
reasons for their prevalence. Furthermore, the study explores the
similarities and differences among existing models and their
classification criteria.
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1. Introduction
Asphaltenes, the heaviest and most polar components of crude oil, have a multi-aromatic core structure connected
to the alkane chains [1]. Asphaltene precipitation and deposition pose significant challenges for oil producers,
affecting reservoir formation, production wells, and refining equipment. Therefore, oil experts have conducted
numerous theoretical and experimental studies to predict the time, manner, and amount of asphaltene deposition.
A comprehensive solution for predicting asphaltene precipitation remains elusive. This limitation arises from the
heterogeneity of the asphaltene composition and the complexity of their self-association behavior. Asphaltene, a
complex compound with over 100,000 molecular types [2], varies significantly among different oil sources. This
variation has led to the proposal of various thermodynamic models for predicting the asphaltene precipitation.
Accurate predictive models should be aligned as closely as possible with experimental asphaltene precipitation
data. Studies on asphaltene characteristics have revealed that it is a polar compound containing polyaromatic
hydrocarbons with functional groups of oxygen, nitrogen, sulfur, and heavy metals, such as nickel and vanadium

13].

Asphaltene aggregation and precipitation are governed by their intrinsic molecular complexity, structural diversity,
and environmental interactions. These macromolecules, characterized by polar functional groups and polyaromatic
cores [1], exhibit pronounced heterogeneity across size, shape, and polarity [2]. Aggregation progresses
hierarchically from nanometric clusters to micron-sized aggregates [4, 5], following non-uniform Kinetics where
monomers associate at variable rates [6]. Deposits often include non-asphaltene components (e.g., resins, waxes)
[7], lack defined phase-transition properties [8], and manifest as semi-solid sludge in pipelines [9]. Fractal theory
aptly describes their aggregation patterns [10-12], while their stability in oil hinges on resin content [15, 16] and
molecular architecture. The various macromolecules in asphaltene differ in terms of stability in oil, molecular
weight, and molar volume [13] and their aggregation is non-uniform and effectively operates under multiple
conditions, meaning that some particles aggregate in pairs, others in triplets, etc. [14]. Structurally, asphaltenes
adopt two configurations: the island motif (single aromatic core with aliphatic branches) and the archipelago motif
(linked aromatic nuclei) [17-21], with the former dominating deposition models due to its alignment with steric
and 7-7 interaction dynamics [18].

Divergences between heavy and light oil asphaltenes further complicate modeling. Heavy oil derivatives exhibit
higher H/C ratios, reduced aromaticity, elongated alkyl chains, and broader molecular weight distributions [22],
favoring solubility through steric stabilization. Conversely, light oil asphaltenes resemble low-solubility
subfractions, with heteroatom-rich structures and stronger n-n interactions that exacerbate deposition [22]. These
distinctions necessitate context-specific modeling frameworks. Current approaches bifurcate into two paradigms:
(1) solubility-based models, treating asphaltenes as dissolved macromolecules governed by phase equilibria [23],
and (2) colloidal models, conceptualizing them as resin-stabilized suspended particles [24].

This article seeks to address critical gaps in asphaltene precipitation modeling by systematically evaluating the
theoretical foundations, practical applications, and limitations of existing thermodynamic frameworks. It aims to
elucidate why model-based prediction is indispensable for mitigating operational risks in oil production, critically
assess the strengths and weaknesses of solubility-based and colloidal stability-based approaches, and identify the
most prevalent models in academic literature and industrial software. By establishing a comparative framework
that highlights differences and similarities between models—<classified by their treatment of asphaltene state
(dissolved vs. colloidal).

2. Models Based on Asphaltene Solubility in Oil
One of the oldest modeling approaches uses lattice and regular solution theories to determine the change in the
Gibbs free energy associated with polymer formation from monomers. This Gibbs energy change was derived
using the Flory-Huggins equation [25, 26]:
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Where, ng,; and nygpp,, represent the mole number of solvent and asphaltene, respectively, vy, is the molar
volume of the asphaltene phase, Jg,, is the solvent solubility parameter, and 8, is the asphaltene solubility
parameter. ¢, and @44, represent the volume fractions of solvent and asphaltene, respectively, and 4Gy
represents the change in the Gibbs free energy of mixing. The temperature T is measured in Kelvin, and R is the
universal gas constant. In polymer thermodynamic models, asphaltene precipitation occurs in two distinct stages.
Initially, the phase separation between gas and liquid was evaluated using cubic equations of state. Subsequently,
asphaltene precipitation from the liquid phase was assessed. In the simplest model, the initial phase separation
uses the SRK (Soave-Redlich-Kwong) equation, assuming that asphaltenes behave like polymers [23]. In other
words, the dissolved asphaltene monomers in the oil phase connect to form a polymer chain. Precipitation began
when the chain reached a sufficient size. Under this assumption, the chemical potential change for asphaltene
precipitation formation is defined as follows [27]:

— 52 2 Vasph 2
Aptasph = PpmVaspn | 6pm — Saspn)™ + RT [InPpgpp +| 1 — ~Modefied | PPM
Upm
Where, v v%jdeﬂed, Sasph» Opym » Ppyr and Py, are the molar volumes of asphaltene, the molar volume

of the petroleum mixture in the liquid phase after correction with the volume shift, the asphaltene solubility
parameter, the oil mixture solubility parameter, volume fraction of liquid petroleum mixture and volume fraction
of asphaltene in the liquid phase, respectively. Equating the chemical potentials determined the maximum soluble
asphaltene fraction. Comparing the maximum soluble fraction to tank deposits estimates the asphaltene phase
formation under the given conditions. According to this theory, the quantity and precipitation conditions are highly
sensitive to the solubility parameter and molar volumes of asphaltene and the solvent. Adjustments in calculating
the solubility parameter of the oil solvent enhance the model predictions [28, 29]. Even when assuming that the
volume fractions of asphaltene and solvent are unknown, significant improvements in the model accuracy can be
achieved [30]. The experimental determination of these parameters is impractical; therefore, they are often
estimated thermodynamically, compromising the model reliability. Further research indicates that pure asphaltene
deposits are rarely observed, and usually include asphaltene, resin, and wax. In this study required concentrations,
molar volumes, solubility parameters, asphaltene-asphaltene aggregation constant, and resin-asphaltene cohesion
constant to describe the system and perform equilibrium calculations. This model shows a slight improvement
over the simplest model but remains inaccurate under high-temperature and high-pressure conditions [31].

Although qualitatively insightful, this model's quantitative accuracy is limited by assumptions about asphaltene
phase purity, regular solution theory, and vapor-liquid equilibrium. The changes in the molecular weight of
asphaltene and the adhesion of resin and asphaltene molecules during deposition cause regression data to be
problematic. This problem can be solved using suitable regression [32]. To develop this model, it is assumed that
asphaltene is not homogeneous and is a multiple polymer. In this model, Scott and Magat multiple polymer
development was used. Therefore, the changes in the Gibbs energy at a given temperature and pressure are as
follows [33]:
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In this equation, the coordination number is between two consecutive parts of the asphaltene molecule. This
number is typically between three and four. This is an adjustable binary-interaction coefficient. This model has
better predictability at higher pressures and temperatures. In addition, this model shows that asphaltene with a
higher molecular weight precipitated earlier than asphaltene with a lower molecular weight. Adjustable weight
distribution functions render this model computationally complex and less generalizable.
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Applying the polymer solution theory with Miller's and Flory-Huggins corrections yields the Gibbs energy change
for asphaltene phase formation as follows [33]:

AGugpn = Attgspn = AH — TAS
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(4)

+ RT

This model neglects the multiplicity of asphaltene species, providing slightly improved predictions compared with
earlier models. However, its applicability to diverse oil types remains untested, which limits its generalizability.

Various polymer thermodynamic models have been employed to simulate asphaltene deposition, demonstrating a
greater sensitivity to changes in oil composition than to pressure and temperature. Figure 1 shows flowchart of
polymerization thermodynamic model [23]. Software packages, such as PVTsim and PVTsim Plus, utilize both
simple and multiple polymer models for asphaltene deposition modeling. In addition, the Iranian software Pars
asphaltene deposition simulator employs a modified Flory-Huggins and Miller model.

System pressure and

temperature and
thermodynamic properties
of components

Separation calculations and
determination of liquid and vapor
compositions using the SRK

equation of state Determination of changes in
evaporation energy using the
SRK equation of state
Division of liquid into two phases:
sediment and non-sediment
Determination of changes in
evaporation energy using l
il SRS Geallon oif e Equality of chemical potentials of Calculation of component
asphaltenes in the two phases solublity| parameters Using the

Hildebrand equation

l

Determination of the maximum volume
fraction of asphaltenes at the onset of
deposition

«»

Figure 1: Flowchart of the polymerization thermodynamic model calculations [23].

Another common assumption in asphaltene deposition modeling is that asphaltene macromolecules are soluble in
oil and can form a solid phase under specific temperature and pressure conditions. This model relies on the
calculation of the fugacity of the pure solid asphaltene phase in equilibrium with the oil solution. As illustrated in
Figure 2, the initial step involves calculating the Gibbs energy change associated with the transition from the liquid
phase to the solid phase at a given temperature and pressure.
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Figure 1: Change of chemical potential of pure component from liquid phase to solid phase

This state change is in the form of chemical potential, enthalpy, and entropy changes. By putting together, the
changes of each stage until reaching the solid phase, a relation for the fugacity of the precipitated phase is obtained
as follows:

" ooTE. A Acp, ©)

S (T,P)=fk _(T.,P)x Ahi o T CPi1T"F (L 1PAdP
fPurei( ’ )_fPurei( ’ ) exP[RTiF( _T)_ R ( _T) - R [n(T_lF)_ﬁ.LLF Vi ]

Where, Av; the difference between the molar volume of pure component i in the solid state and in the liquid state,
Acp, is the specific heat difference of the pure component i at constant pressure, A[ ;T the latent heat of fusion of
the pure component i, T is the temperature and P is also the pressure.

After performing liquid-vapor equilibrium calculations, assuming the deposited asphaltene to be a pure phase, the
heaviest petroleum components are divided into two groups: precipitating and non-precipitating. These groups
share the same eccentricity coefficients and critical properties but differ in their interaction coefficients with light
components. Figure 3 presents the flowchart calculations of solid model [34]. This model is widely adopted in
commercial software like WinProp, PVTi, and PVTsim. While it effectively predicts sedimentation conditions
gualitatively, its quantitative accuracy is limited. One major drawback is the assignment of critical properties to
the precipitating asphaltene component, which compromises the model's reliability.
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Figure 3:Flowchart of three-phase separation calculations in the solid phase model [34].
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Statistical Associating Fluid Theory (SAFT) models, which are based on the aggregation of polar asphaltene
macromolecules dissolved in oil, circumvent the need for asphaltene critical parameters. Fugacity coefficients are
determined from the residual Helmholtz free energy [35].

N AT@S
mfi = aes + 5 ) X[xk( Vrosejon| + 7= 1= Inz (6)

k=1

Where, A™¢S and z are the residual Helmholtz free energy and the compressibility coefficient, respectively. The
compressibility coefficient is also related to the remaining Helmholtz free energy, using the following equation:

D 9ATES (7)
z = pr( apr )T,xi

According to the above equations, if the value of A™¢S is obtained, then the other parameters can be obtained. Many
developments have been made to determine the value of the Helmholtz residual free energy. For association fluids,
the excess free energy consists of the following:

A) Contribution of the intramolecular repulsive and attractive forces AF#ndamental Choosing the type of attraction
and repulsion between basic particles (square well, Leonard Jones, and hard sphere) will change the relations of
this part.

b) The contribution of the interconnection of molecules A€~ ™ and the formation of double, triple and higher
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chains

¢) The share of interconnection of chains formed in the form of branches or rings A4ssoctation

By collecting the contributions of the Helmholtz free energy and using statistical thermodynamics, it is possible
to calculate the contribution of each of the remaining Helmholtz free energy contributions and then obtain the
Fuga coefficient for different compounds:

ATes = AFundamental | 4Cllain | gAssociation (8)

Various statistical associating fluid theory (SAFT) models, including basic SAFT [29, 36], PC-SAFT [37-50] and
Cubic Plus Association (CAP) [43, 51-58] have been applied to asphaltene deposition modeling. Among these
models based on the statistical associating fluid theory (SAFT), the PC-SAFT model has been used more than
other models for modeling asphaltene deposition. The PC-SAFT equation of state considers three parameters for
each non-associated component. These parameters are: the temperature-independent diameter of each molecular
segment (6), the number of segments per molecule (m), and the segment-segment interaction energy (e/k). All
three of these parameters are related to the molecular weight and aromaticity of aromatic compounds [37, 38].
Figure 4 shows three chain molecules model that are used in SAFT model.

0: Segment Diameter

E/k

Segment
Energy

Figure 4: A chain molecule composed of several hard spheres used in SAFT models.

These models, grounded in sound physical principles, offer promising quantitative and qualitative results.
However, due to the complex nature of asphaltene as a group of compounds, obtaining accurate molecular
parameters for SAFT modeling remains challenging. Model calibration and parameter adjustment are often
necessary to achieve satisfactory results, which can limit the general applicability of these models. Figure 5
presents flowchart of calculation steps in PC-SAFT model.
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Input: Flashed Gas Composition,
Stock Tanks Oil Composition,
Gas Oil Ratio, SARA fraction

Calculate, Molecular Wright of heavy gases and saturate
component, aromatic plus resin, mole fraction of saturate and
Aromatic Plus Resin and asphaltene

I

PC-SAFT parameters estimation for:
- Pure components from [31]
- Heavy Gases from [44]
- SARA Components [44]

Calculated of m, 6 and e/k for Aromatic-Resin by
Adjusting Aromaticity for these component and
Consider m=33, 6=4.3 and &/k =400 [57]

Out put:
- Mole Fraction for All components in all phases
- Molecular weight for all components

- PC-SAFT Parameters for All components

Figure 5: Flowchart of Asphaltene precipitation in PC-SAFT model [50].

Given the relatively recent application of SAFT to asphaltene modeling, most studies focus on using SAFT to
analyze and evaluate asphaltene macromolecule aggregation and deposition conditions. The PC-SAFT model has
been integrated into PVTsim software for predicting petroleum fluid phase separation. A summary of the
comparison between the models presented, considering the presence of dissolved asphaltene macromolecules
within the oil medium, is provided in table 1.
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Table 1: Comparative analysis of thermodynamic models based on asphaltene solubility in oil

Flory-Huggins
Model

asphaltene, volume
fractions, solubility
parameters, molar
volumes

solubility-based
models; calculates
Gibbs energy of
mixing.

assumptions; limited
accuracy under high-
pressure/high-temperature
(HP/HT) conditions.

Model Key Parameters Strengths Limitations References
Mole numbers of Foundational
Homogeneous
solvent and framework for

[22], [24-29]

SRK Equation
(Phase
Separation)

Volume fractions,
solubility parameters,
modified molar
volumes

Predicts phase
separation using cubic
EoS; widely used in
industrial software.

Requires empirical
adjustments; neglects
polydispersity and resin
interactions.

[22], [24-29]

Scott-Magat
Model

Coordination number,
interaction coefficient,

Improved
predictability at

Computationally complex;

interaction energy

with experimental
data.

limits generalizability.

(Multiple molecular weight HP/HT; accognts for calibration-dependent. [29]
L molecular weight

Polymers) distribution

effects.
Miller & Includes enthalpy-' Untested for diverse oil
Flory-Huggins | Enthalpy, entropy, entropy trade-offs; types: ignores asphaltene | [29]
Corrected solubility parameters | better predictions than YPes, ign P

multiplicity.
Model early models.
Solid Phase Molar volume PreC.j'.CtS.SOI!d'“qu!d Assigns critical properties
. differences, specific equilibrium; used in .
Fugacity . . to asphaltenes, reducing [30]
Model heat differences, latent | commercial software reliabilit
heat of fusion (WinProp, PVTsim). y

Captures
AT, e o |25 5240
SAFT Models g, > &9 plex p [46]

3. Models Based on Colloidal Stability of Asphaltene Particles in Oil

The This category of models is based on the assumption that asphaltene macromolecules remain suspended in oil
rather than dissolving, regardless of temperature or pressure. However, this assumption is not accurate under dilute
asphaltene concentrations in toluene.

While the colloidal nature of asphaltenes in oil has been recognized since the 1930s, Leontaritis and Mansoori
were the first to develop a thermodynamic model based on this concept [59]. Their model is particularly relevant
when asphaltene precipitation occurs under conditions where resin-asphaltene micelles are present. Initially,
vapor-liquid equilibrium calculations are performed using an equation of state to characterize the liquid phase.
Resins play a critical role in stabilizing asphaltene molecules within this liquid phase. Repulsive interactions
between resins prevent asphaltene aggregation, maintaining their suspension in the oil. Thus, the stability of
asphaltenes is strongly influenced by the presence of resins. The addition of alkanes to dead oil can lead to resin
detachment from asphaltenes, making the asphaltene surfaces more active and promoting aggregation. The
maximum resin concentration that stabilizes asphaltenes in dead oil can be used as a criterion for predicting
asphaltene precipitation onset. Based on experimental data, a critical chemical potential for resins can be estimated
using Flory-Huggin’s theory to predict precipitation under different conditions.
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Another approach views crude oil as a stable colloidal medium, a three-phase micellar system. Crude oil is a
complex mixture of paraffinic, naphthenic, and aromatic hydrocarbons, along with polar polyaromatic compounds.
While asphaltenes can dissolve in aromatic solutions, the low concentration of aromatic hydrocarbons in crude oil
makes it more akin to a three-component system: an organic solvent, a surfactant (resin), and a polar compound
(asphaltene).

Figure 6 depicts the various species present in crude oil according to the micellar model. Resin molecules,
asphaltene monomers, and micelles are dissolved in the continuous phase (), representing the crude oil fluid. The
micelles consist of an asphaltene core surrounded by a resin shell. Some asphaltenes may also exist in a separate
precipitated phase (9).

e m

Asphaltene Monomer
| ———c

>Asphaltene in Core of micelle

6 Asphaltene Precipitation

Figure 6: A view of the species presents in the crude oil based on the micellization model

In contrast to colloidal models, where resin concentration is used as the basis for phase change and precipitation,
in this model, the concentration of asphaltene in the solvent triggers phase change and precipitation:

B 8 9
Naspn NResi 9)
xIBVIic. = xfsph b xgesin fem exp[AGM/RT]
Where, Nfesin represents the number of resin molecules attached to the core and forming the micelle shell and

B ; ; B B B
Nygpp 1S the number of asphaltene molecule in core of micelle. x4, , Xg,q;, » and x,,. represent the mole
fractions of asphaltene, resin, and micelle, respectively. As micelles are formed, some asphaltene molecules
remain, leading to precipitation and instability. The minimum concentration of asphaltene x;{gfh needed to initiate

precipitation serves as an equilibrium criterion.

Xaspn IS the concentration of asphaltene monomers in equilibrium with the micelles, and the precipitate represents

the maximum amount of asphaltene that the solvent can dissolve in. An increase in the asphaltene monomer
concentration beyond this threshold resulted in asphaltene precipitation. This concentration can be considered the
critical micelle concentration in a three-component system. In fact, x4g;, is the main parameter in the
thermodynamic model of micelle formation.

In a three-species system like crude oil, the change in Gibbs free energy for micellization encompasses several
components:

10
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1. Hydrophobic Gibbs Energy: This term accounts for the energy changes associated with micelle formation
from asphaltene monomers, resin, and precipitated asphaltene monomers. It also includes the energy changes
due to resin molecules moving from the solvent to the micelle, involving the breaking of resin-solvent bonds
and the formation of resin-asphaltene and resin-resin bonds.

2. Interfacial Gibbs Energy: This term considers the interfacial energy changes between the resin-micelle
surface and the solvent, as well as the micelle core surface not covered by resin.

3. Electrostatic Gibbs Energy: Given that oil typically behaves as a dielectric medium, the influence of
electrostatic forces on micelle formation is considered negligible. Therefore, the electrostatic term is omitted
from this thermodynamic model of micelle formation.

B
goaN,,, .
(AUg + Tk In(1 — 0)) — = R“g

(1- @)) (10)

AGy = _NfsphkT In Xﬂlth + N}fesin

In this equation, & :ArResin(N}fesin)/Arz where ArR(Nfesin) and Ary denote the sizes and geometry of
asphaltene and resin molecules, respectively. o, represents the interfacial tension of the micelle with the solvent
without any resin on the micelle core surface. AUy is the change in energy due to interactions between the resin
head group with asphaltene in the micelle core and the solvent [60].

This equation captures the change in Gibbs energy for resin-asphaltene micelle formation, with hydrophobic

interactions driving resin attraction and shell formation around the asphaltene core (NfesinA Ug). The hydrophobic
B -

term, represented by NfsphkT In X3¢on » and the interfacial tension term, %M), and NifesinTk In(1-

0) constrain resin adsorption onto the micelle core. By substituting equation (10) into equation (9), taking the

logarithm, and differentiating with respect to © to zero, the optimal concentration for asphaltene is obtained. Figure
7 shows calculation steps of micellization thermodynamic model for asphaltene precipitation.

11
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Figure 7: Flowchart of micellization thermodynamic model for asphaltene precipitation [61].

Experimental investigations by [62] explored the onset of asphaltene precipitation under various conditions,
employing different precipitants (n-pentane, n-hexane, n-decane, n-dodecane, and gas mixtures) and pressures. A
comparison of experimental results with the micellization thermodynamic model reveals that, while the model
qualitatively captures experimental trends, it falls short in terms of quantitative prediction.

Subsequent refinements to the thermodynamic model have incorporated modifications to the geometry and

deformation of the resin coating surrounding the asphaltene micelle core [63]. These refinements have
demonstrated the significant impact of the geometric factor of the resin shell on the modeling results.

12
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Further research has explored the concept of multiple micelle formation, conducting calculations for an oil sample
exposed to different alkane precipitants (n-pentane, n-heptane, n-decane, and n-dodecane) [64] . Additionally, the
inclusion of resin in the sediment, along with the fractionation of asphaltene into three components and the
consideration of micelle core and shell deformation energy, has led to improved model predictions. This model
accurately predicts the increase in micelle size with increasing precipitant ratio, aligning well with experimental
observations[65].

The incorporation of asphaltene distribution multiplicity has brought the model closer to experimental findings on
asphaltene distribution in crude oil. By comparing singular and multiple asphaltene distribution calculations with
experimental data, [66] demonstrated that the multiplicity assumption significantly enhances the quantitative
accuracy of the thermodynamic model.

The development of micelle-based thermodynamic models for asphaltene deposition has been driven by
considerations of interaction coefficients between heavy and light oil components. Initial modeling results have
shown guantitative improvements, and the impact of varying these interaction coefficients on model predictions
has been investigated [61].

Despite advancements, colloidal-based models still face challenges due to limitations in accurately determining
molecular parameters and their relevance to real-world asphaltene deposition scenarios. Further research is
necessary to address these limitations and enhance the predictive capabilities of these models. Table 2 provides a

comparative analysis of models developed considering the colloidal state of asphaltenes in oil.
Table 2: Comparative Analysis of Colloidal Stability-Based Models for Asphaltene Precipitation

Model Key Parameters Strengths Limitations References
Pioneering
- Resin chemical potential, framework for Assumes constant
Leontaritis- ; o . . : - . .
. micelle stability criteria, resin- | resin-stabilized resin concentration;
Mansoori . . . i . - . [55], [56]
. asphaltene interaction micelles; predicts | limited to dead oil
Colloidal Model - S
coefficients precipitation onset | systems.
via resin depletion.
Mole fractions of Captures micelle Qualitative
Micellization asphaltene/resin/micelles, formation alignment with
Thermodynamic | Gibbs energy components dynamics; explains | experiments; lacks | [56], [57]
Model (hydrophobic, interfacial), resin shell guantitative
micelle size/geometry stabilization. precision.
Improves micelle Computationall
Geometric Resin shell geometry, micelle | size predictions; ~ompt ) Y
. . : ) intensive; requires
Refinement core deformation energy, aligns with ;. .| [58], [60]
. . . . . empirical geometric
Model interfacial tension adjustments | experimental factors
precipitant ratios. '
Accounts for
Alkane precipitant ratios, polydispersity; Limited validation
Multiple Micelle | asphaltene distribution predicts micelle for mixed
) o . - [59], [60]
Formation Model | multiplicity, core-shell growth with precipitants (e.g.,
deformation energy precipitant gas + alkane).
addition.
. Enhances Relies on poorly
Multi- . - . - .
Heavy-light oil interaction quantitative defined molecular
Component - .
Interaction coefficients, resin-asphaltene | accuracy for real- | parameters (e.g., [56], [61]
cohesion constants world deposition resin-asphaltene
Model . .
scenarios. cohesion).
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4. Conclusion
Thermodynamic modeling of asphaltene precipitation remains a pivotal challenge for the petroleum industry,
requiring a balance between theoretical rigor and operational practicality. This study rigorously evaluates two
foundational frameworks:
e Solubility-based models (e.g., Flory-Huggins theory, cubic EoS):
o Strengths: Excel in predicting phase separation in dissolution-dominated systems.
o Limitations: Oversimplify polydispersity, rely on ill-defined critical properties, and falter under
high-pressure/high-temperature conditions.
e Colloidal models (e.g., micellization theory):
o Strengths: Capture resin-asphaltene micelle dynamics, particularly in heavy oils.
o Limitations: Struggle to reconcile assumptions with asphaltene solubility in aromatic solvents.
The perturbed-chain statistical associating fluid theory (PC-SAFT) emerges as a promising intermediary,
leveraging molecular-specific parameters (segment diameter, interaction energy) to model polydispersity and
aggregation. However, its dependency on calibrated inputs highlights a persistent trade-off between physical
fidelity and practical applicability.
Critical Gaps and Hybrid Solutions:
Existing models fail to universally predict asphaltene behavior due to inherent heterogeneity (molecular weight,
aromaticity) and experimental inconsistencies. Hybrid approaches—such as embedding resin-asphaltene
interaction coefficients into PC-SAFT or integrating solubility parameters into colloidal frameworks—could
bridge molecular-scale dynamics with macro-scale phase behavior. Key challenges include:
o Standardizing protocols for parameterizing asphaltene-resin interactions.
e Reconciling deterministic models with asphaltene’s aggregation kinetics.
Future Directions:
1. Experimental Innovations:
o Advanced spectroscopy/nanoimaging to resolve aggregation mechanisms under reservoir
conditions.
2. Computational Advances:
o Machine learning for parameter optimization.
o Multi-scale simulations linking quantum mechanics to continuum thermodynamics.
3. Industry Collaboration:
o Aligning models with operational needs (e.g., aging wells, unconventional reservoirs).
Ultimate Goal:
Unified frameworks harmonizing molecular insights, colloidal dynamics, and data-driven analytics are essential
to refine predictions, mitigate operational risks (e.g., pipeline clogging), and optimize hydrocarbon recovery. As
a summary Figure 8 shows categories of various thermodynamic models for prediction of asphaltene precipitation.
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Thermodynamic Asphaltene
Precipitation Model

Colloidal Stability Asphaltene Solubility
| |
| . : 5 Statistical Associating
Colloidal Model Solid Phase Flory-Huggins Fluid Theory
Fractal Model Miller ‘ SAFT
Micelle Model Scott Magat ‘ g;tgccl;]lgi

‘ PC-SAFT

Figure 8: Categories of different thermodynamic model.

List of Symbols and Acronyms

n Number of Mole u

1) Solubility Parameter x

R Universal Gas Constant Zcor
T Temperature r

¢ Volume Fraction S

G Gibbs Free Energy H

v Molar Volume f

P Pressure A

z Compressibility Factor P

N Number of molecules o

k Boltzmann Constant Ar
€ Segment Energy 0

m Number of segments 0
Subscripts and Superscripts

Sol. Solvent S
Asph. Asphaltene L

M Mixture, Micelle F
PM Petroleum Mixture res
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B Micelle Phase ons
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