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a b s t r a c t

Asphaltene deposition in oil wells has long been considered a severe problem. It can be treated using
various chemical, mechanical, and thermal methods. However, these methods are often associated with
significant hazards, operational limitations, and costs. In light of these challenges, recent research has
shifted towards preventive measures, particularly using surface coatings/substrates to inhibit asphaltene
deposition. The present study introduces a novel criterion based on surface energy for assessing the
effectiveness of such coatings/substrates. The criterion is derived using the XDLVO theory, which con-
siders the adhesive interaction energy in an asphaltene/crude oil/surface system and its relation to the
spreading coefficient. The approach provides a theoretical framework for understanding the interactions
between asphaltenes, crude oil, surface coatings/substrates, and how these interactions influence
asphaltene deposition. Subsequently, utilizing characterization data from ten surface coating/substrate
samples, and corresponding crude oil and asphaltene samples from Z, K, and R fields, the accuracy of this
criterion is evaluated. The results showed that, based on the proposed new criterion, among the selected
coatings, L-80 and N-80 were asphaltene-repellent for oil Z-55 while SS316 and SS304 were repellent for
oil K-42. For oil R-95, only the L-80 substrate exhibited affinity to asphaltene deposition, whereas other
coatings were repellent. These results align well with field data, where 16% of wells in field Z, 43% in field
R, and 100% in field K face asphaltene deposition.

© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

It is a formidable task to address the challenges posed by pre-
cipitation and deposition of asphaltene in oil wells. Here “precipi-
tation” refers to the phase separation of asphaltenes from the crude
oil, triggered by changes in pressure, temperature, or composition.
On the contrary, “deposition” pertains to the adhesion and accu-
mulation of precipitated asphaltenes onto surfaces, such as tubing
and flowlines. Asphaltene, a complex mixture of heavy, high-
molecular-weight hydrocarbons in crude oil, introduces
numerous complications during extraction and production pro-
cesses. A significant concern would be the precipitation of asphal-
tene particles, leading to the formation of deposits that can
accumulate in wellbores, production tubing, and surface facilities.

This phenomenon, known as asphaltene deposition, can result in
reduced production rates, increased operational costs, potential
damage to equipment as well as safety hazards and environmental
concerns when using chemical agents to mitigate or clean the
deposits.

Given the significant costs associated with the production
shutdown, cleaning, remediation of asphaltene deposition, and the
restart of a well, finding a solution to prevent or delay asphaltene
deposition can result in substantial economic savings. These
methods focus on different aspects involved in the deposition
process. For instance, specific methods attempt to postpone the
deposition by predicting the conditions leading to deposition,
while others are based on preventing asphaltene deposition by
altering operating conditions.

One of the methods to prevent asphaltene deposition involves
adding asphaltene inhibitors as dispersants to the crude oil. The
application of chemical inhibitors extends beyond asphaltene
mitigation and has proven effective in controlling scaling and
corrosion in various petroleum pertinent processes [1,2]. These
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insights underline the potential for cross-application of inhibitor
technologies in complex systems. Asphaltene inhibitors, similar to
resins, serve as peptizing agents by keeping asphaltenes in a
colloidal state or in soluble form. The efficiency of inhibitors pri-
marily depends on their molecular structural and chemical prop-
erties. Additionally, an inhibitor's ability to stabilize asphaltenes
depends on the solvent and dispersing medium. Many researchers
have conducted experiments on inhibitor agents and have worked
on improving their performance. By doing so, inhibitors can pre-
vent asphaltene instability and deposition over a broader range of
pressure and temperature conditions.

The preferable approach to prevent asphaltene deposition is to
inhibit its formation as solid particles. Various operating conditions
such as temperature, pressure, and shear rate would profoundly
influence the asphaltene deposition process. One preventive
methodmay also use the threshold conditions for deposition under
which the operating conditions should be adjusted to minimize
deposition, such as changing the wellhead pressure. This can be
accomplished by minimizing of pressure drop around the produc-
tion well by optimizing production rates and stabilizing reservoir
pressure.

One of the preventive methods that is gaining attention for
asphaltene deposition is surface modification through the use of
surface coatings/substrates. To date, numerous studies have
focused on surface coatings, primarily employed to tackle problems
associated with corrosion-induced deposits, as well as organic,
mineral, and biological deposits. These coatings are predominantly
utilized in heat exchangers to safeguard their operation against
corrosion, and crude oil deposits. As for asphaltene deposition, due
to its inherent complexities, many unanswered questions persist,
necessitating further investigation and research.

Surface coatings can prove to be a highly effective approach to
prevent asphaltene deposition on surfaces. Nonetheless, the pre-
sent selection of coatings is primarily arbitrary and based on
experience. Considering the variations in the affinity of different
surfaces in surface/oil/asphaltene systems for asphaltene deposi-
tion, it is essential to develop a criterion upon which the selection
of suitable coatings/substrates to prevent asphaltene deposition
can be made. This paper proposes a new and novel criterion to
predict the affinity of various coatings/substrates to asphaltene
deposition based on the concept of surface energy. To increase its
reliability, field data from several oil wells were used to validate the
proposed criterion.

2. Background

In the context of asphaltene deposition, the understanding and
characterizing of coatings/substrates play a pivotal role in miti-
gating the detrimental effects of deposit formation. This section
provides a comprehensive background on the critical concepts of
surface energy and interaction energies, emphasizing their rele-
vance for the development of a new criterion to foresee the affinity
of various coatings/substrates to asphaltene deposition.

2.1. Surface energy

Surface energy refers to the energy required to increase the
surface area of a material to balance the force of molecules on the
surface. It is a fundamental surface property that influences various
physical and chemical phenomena, particularly at the interfaces
between different phases, such as solids, liquids, and gases, as
shown in Fig. 1. The concept is essential for understanding wetting,
adhesion, and other interfacial behaviors.

The Young Equation [3] is often used in conjunction with the
concept of contact angle to describe the equilibrium of a liquid
droplet on a solid substrate, which is expressed as:

gSA ¼gSL þ gLA cos q (1)

where gSA;gLA, and gSL denote the solid-air surface energy, liquid-
air surface energy and solid-liquid surface energy, respectively
while q is the contact angle. This equation describes the balance of
forces at the three-phase contact line where the solid, liquid, and
gas phases meet. The left side represents the energy of the solid-air
interface, and the right side breaks it down into contributions from
the solid-liquid and liquid-air interfaces. In this equation, gSL is
called the “solid-liquid surface tension” or “solid surface energy”. It
quantifies the energy associated with the interface between the
solid substrate and the liquid droplet. Here, also q is the angle be-
tween the liquid-gas interface and the solid-liquid interface, and it
plays a crucial role in determining the wetting behavior of the solid
surface.

The predominant technique for evaluating the substrate's sur-
face energy involves measuring contact angles in conjunction with
a suitable theoretical methodology. Various theoretical approaches
are available for determining surface energy, each offering a unique
perspective on the interactions between liquids and solids. The
Zisman approach, developed by Fox and Zisman in 1950 and further
elaborated by Zisman in 1964, relies on graphical estimation and
necessitates using at least three probe liquids. However, it does not
apply to polar systems. Fowkes [4], in 1964, introduced an approach
based on a single non-polar liquid with a known surface tension,
making it suitable for assessing high-energy liquids in contact with
low-energy solids. Owens and Wendt in 1969 [5] proposed an
approach requiring two probe liquids, one of which is polar. Wu's
method from 1971 to 1973 [6,7] is beneficial for low-energy sys-
tems, demanding two probe liquids, one of which must be polar.
The equation of state approach, introduced by Neumann et al. [8], is
limited to dispersive interactions and requires a single liquid with a
known surface tension. Finally, the Lewis acid-base approach, as
developed by van Oss in 1987 and 1988 [9,10] involves at least two
polar liquids and one non-polar liquid to determine surface energy.

In this study, the Lewis acid-base approach, as outlined by van
Oss has been selected for determining the surface energy of
different substrates. This is because, Sharma and Rao [11] employed
the Lewis acid-base approach, selecting it for its ability to offer
more detailed information about surface energy compared to other
methodologies. This approach has consistently been applied in
various studies, including those conducted by Al-Janabi et al.
[12,13], Erbil [14], Malayeri et al. [15], Nategh et al. [16], and Nikoo
et al. [17].

The approach involves determining the surface energy compo-
nents of a solid surface by measuring the contact angles of two
polar and one non-polar probe liquid. For characterizing each
element in a system involving asphaltene, crude oil, and the

Fig. 1. Interfacial free energies at the boundaries between solid, liquid, and air.
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surface, three variables, gx
LW , gx

þ and gx
�, need to be determined.

Here, the superscripts represent the Lifshitz-van der Waals, elec-
tron acceptor, and electron donor components of the surface,
respectively. The subscript x denotes A, C, and S, which stand for
asphaltene, crude oil, and surface, respectively.

2.2. Interaction energies

Interaction energies, including adhesion and cohesion, are
fundamental concepts in understanding the behavior of fluids/
solids and their interaction with surfaces. Adhesive interaction
energy concerns the attraction between different types of mole-
cules, such as water and glass but cohesive interaction energy refers
to attraction between similar molecules (see Fig. 2).

The strength of these interactions can be attributed to various
factors, including, but not limited to, chemical bonding, electro-
static forces, or mechanical interlocking, as discussed by Al-Janabi
[18]. In the context of asphaltene deposition, understanding the
relationship between asphaltene precursors and the interacting
surface is essential. In this process, particle interfacial energies play
a critical role, and calculating the interaction energy based on
surface energy components is crucial for a comprehensive under-
standing of asphaltene deposition. To achieve this, an interaction
energy model based on the Extended Derjaguin, Landau, Verwey,
and Overbeek (XDLVO) theory was used [19]. The model facilitates
calculating the interaction energy between asphaltene and the
surface, specifically in the crude oil medium. According to the
XDLVO theory, the intermolecular adhesive interaction energy be-
tween two bodies is primarily composed of:

(1) The Lifshitz-van der Waals energy (DELWACS)

(2) Electrostatic double-layer energy (DEELACS)

(3) Lewis acid-base interaction energy (DEABACS)
(4) Brownian motion (DEBr)

Consequently, to calculate the total energy DETotal of the inter-
action, it is necessary to consider the sum of these interactions
[20,21]:

DETotalACS ¼DELWACS þ DEELACS þ DEABACS þ DEBR (2)

Nategh et al. [16] demonstrated that in the interacting system of
asphaltene and crude oil, Brownian motion is of little importance
compared to Lifshitz-van derWaals and Lewis acid-base interaction
energy. Electrostatic interactions were similarly marginal
compared to Lifshitz-van der Waals and acid-base interactions.
Therefore, the simplified total interaction energy becomes:

DETotalACS ¼DELWACS þ DEABACS (3)

Equation (4) quantifies the Lifshitz-van der Waals energy
(DELW ), due to non-covalent interactions between molecules at a
close distance. The physical and chemical properties, as well as the
geometry of the interacting components, influence this energy.

DELWACS ¼ � 4pH2
0R

H

� ffiffiffiffiffiffiffiffiffi
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In this equation, R is the radius of asphaltene particles, H is the
distance between two surfaces, and H0 is the minimum distance
between two surfaces in the equilibrium state.

When a solid particle contains both electron donor and electron
acceptor capacities then a acid-base attraction is expected to occur
[22]. Equation (5) describes the acid-base interaction energy be-
tween the asphaltene particles and the surrounding medium,
emphasizing the electron donor and acceptor capacities. The
exponential term accounts for the dependency on the separation
distance.
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Cohesive force, the binding strength between similar particles
within a medium that brings them together, plays an important
role. The accumulation of asphaltene particles is a direct outcome of
cohesive forces. Thus, the strength of cohesion among these par-
ticles becomes an influential factor in the stability of asphaltene
particles in oil. This interaction energy and its impact on the
asphaltene deposition have been discussed in the previous work
[23]. The total cohesive energy can then be defined as follows:

DETotalACA ¼DELWACA þ DEABACA (6)
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0R
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The balance between cohesive and adhesive interaction en-
ergies determines the behavior of a system of asphaltene/crude oil/
substrate.

Fig. 2. The difference between adhesive and cohesive interaction energies. (a) adhesion: attractive forces operate at interface between dissimilar surfaces; (b) cohesion: internal
strength of a material.
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3. Surface coatings/substrates

The surface modification involves the utilization of various
coatings for enhanced heat transfer, and prevention of corrosion
and fouling. When employing surface coatings, the surface energy
affects the adhesion of the deposited layer to the surface [9]. The
use of surface coatings can be a highly effective approach to prevent
asphaltene deposition on surfaces. Implementing this approach, if
it leads to a reduction or elimination of asphaltene deposits on
coated pipe surfaces, not only preserves well productivity but also
lowers/avoids additional costs associated with asphaltene deposi-
tion removal.

Extensive efforts have been made to identify suitable coatings/
substrates for application in oil production and pipelines. These
coatings are primarily developed to prevent wax deposition on the
surface, while much fewer studies have been devoted to
asphaltene-repelling coatings/substrates. To do so, the following
coatings have been utilized:

(1) Organic coatings [24e27].
(2) Polyurethanes [28e32].
(3) Phosphates [33e36].
(4) Fluoropolymers [37e41].
(5) Metal surface modifiers [42e45].

An appropriate coating should exhibit a range of superior
properties prerequisite for the intended application. These include
non-adhesiveness, ensuring the surface remains non-sticky and
easy to clean. A low coefficient of friction is also imperative to
minimize resistance and enhance the coating's durability. High
chemical resistance against acids and bases is another key feature,
providing robust protection in diverse working environments.
Furthermore, insulating properties against heat and electricity are
paramount, ensuring the material's safety and longevity. Addi-
tionally, the coating should display relatively good thermal stability
at elevated temperatures. Resistance to wear and physical stresses
ensures the coating's durability under harsh operating conditions.

There has been an extensive body of research on coatings/sub-
strates concerning to the mitigation of mineral deposits and
corrosion in heat exchangers. A few coatings have also been
developed to prevent organic deposits. For instance, Guo et al. [33]
presented phosphoric chemical conversion coatings with varying
water-wetting properties to tacklewax deposition. Santos et al. [46]
investigated flexible ceramic coatings, demonstrating a significant
reduction in crude oil fouling. The study underscored the potential
of such coatings in practical applications, offering tangible solutions
to fouling challenges. Wang et al. [35] focused on conversion
coatings with super-oleophobic and hydrophilic properties. The
study revealed an 80% average reduction in deposition rate. Li et al.
[43] investigated the anti-wax properties of seven alloy surfaces
using a thermal spraying method on carbon steel. Their work
revealed that ZneFe and ZneNieFe alloy coatings could enhance
the anti-wax properties of carbon steel surfaces. The formation of a
lamellar microstructure on the coating surface, influenced by
phosphorus content and the elemental composition (Zn, Ni, and P),
demonstrated the multifaceted nature of anti-wax coatings.

Wang et al. [40] manufactured super-amphiphobic poly-
phenylene sulfide (PPS)-based coatings using a simple spraying
technique. By nano/micro-structural design and modification with
low surface energy groups (eCF2e), the coatings exhibited super-
amphiphobic properties, as evidenced by contact angle measure-
ments on water, crude oil, and oilfield-produced water. Bischoff
et al. [47] investigated four hybrid (organic/inorganic) sol-gel
coatings using an immersion setup. Dynamic tests conducted in a
mixture of crude oil and demineralized water demonstrated the

positive performance of the selected coating, both with and
without pretreatment, with no signs of corrosion.

Santos et al. [48] explored flexible ceramic coatings with an
organic/inorganic hybrid structure. Performance parameters such
as crude oil's flow rate and heat load were used for comparison.
Field tests over different durations revealed no indication of fouling
on coated surfaces. Lahin et al. [42] investigated copper oxide
coating performance using a self-fabricated wax deposition test
and SEM analysis. Their findings revealed a maximum reduction of
100% in wax deposition, highlighting the potential use of copper
oxide coatings. Moradi et al. [49] investigated phosphate, poly-
urethane, epoxy resin, PFA, and PTFE coatings using a flow-loop
experimental setup. Their study, considering anti-asphaltene per-
formance and wettability characteristics, revealed varying levels of
effectiveness among the coatings. Girard et al. [50] explored an
alkane-functionalized surface, characterizing it through QCM
measurements, AFM measurements, contact angle goniometer,
AFM force spectroscopy, ellipsometry, and surface energy param-
eters. The study indicated that fluorinated surfaces exhibit fast
monolayer formation and low binding energy, facilitating easier
removal by exerted shear by fluid flow.

In summary, these works highlight the multifaceted approaches
to coating development, each contributing uniquely to this field of
research. These advancements underscore the significance of
coating technologies in overcoming challenges associated with
fouling, setting the stage for further investigations and innovations
in the realm of surface energy-based criteria for coatings.

3.1. Previous criteria to predict affinity of coatings to deposit
formation

Several studies have attempted to predict the affinity of
different innovative surfaces to deposit formation of various types.
McGuire and Swartzel [51] introduced a semi-empirical model to
examine the affinity of surfaces to the deposition of proteins from
milk, focusing on surface energy. They correlated the deposition
rate with surface energy, considering an Arrhenius-type relation-
ship, where M, Ts and g2 represent the absorbed mass of the de-
posit, surface temperature, and surface energy of the solid surface,
respectively. Additionally, g2;min refers to the surface with the
slightest tendency for biological deposition and is considered a
temperature-dependent factor. They also demonstrated that as g2
approaches g2;min, the activation energy increases, leading to a
reduction in net biological deposition. Moreover, for a given g2, the
decrease in activation energy is associated with an increase in
surface temperature, resulting in an elevated rate of biological
deposition.

vM
vt

¼Kexp

 
� Ea
RgTs

��g2 � g2;min
��
!

(9)

Ea ¼223:515Ts þ28051:711
��g2 �g2;min

��
� 78:087Ts

��g2 �g2;min
�� (10)

g2;min ¼30:72þ 0:003Ts (11)

100 �C < Ts <158 �C K ¼ 20:56

In 2000, F€orster [52] utilized experimental results and proposed a
model for predicting the optimal tendency of various coatings to
deposition of mineral salts. The model includes the adhesive
strength (z), defined by Wu in 1982, as a function of wettability
conditions, as follows:
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z¼ E
�
1� l12

g2

��1

(12)

l12 ¼g2 � g3 � g12 (13)

l12 ¼g3ðcos q�1Þ (14)

Here, E represents the subset system properties, such as Young's
modulus, and subscripts 1 and 2 refer to deposit and coating,
respectively. An increase in the spreading coefficient l12) indicates
more excellent wettability and, consequently, an increase in ad-
hesive strength based on Equation (13), where the following results
may be inferred:

(1) If no spreading occurs (q ¼ 180�), Equation (14) would then
be equal to l12 ¼ � 2g3, while in the case of complete self-
spreading (q ¼ 0�), Equation (14) becomes l12 ¼ 0.

(2) In the case of l12 > 0, the system does not reach equilibrium
conditions, and spontaneous deposition occurs.

They also observed that the surface roughness model is only
valid for metallic heat transfer surfaces, in contrast significant de-
viations from the regression curve were observed for polymeric
coatings, which he attributed to the influence of surface topography
on deposition tendency. In other words, the coatingmethod creates
critical defects on the polymeric surface, leading to increased
nucleation sites and, consequently, a reduction in induction time.
This study also demonstrated that the deposition tendency during
the induction period is influenced by two parameters: surface

texture (Kf ¼ 1
RzRq

) and surface energy (Ʌ ¼ 1� l12
g2
), as shown in

Equation (15). To increase the induction time, it is necessary to
minimize the spreading coefficient l12.

tind ¼6:4 exp
h
ð27:7Ʌ� 34:5Þ0:243

i
�
�
1þ5:38

�
kf

1010m�2

��

(15)

Cho and Lee in 2000 [53] developed a model by considering the
total change in free energy to investigate membrane fouling. Their
proposed criterion indicates that the primary interactions (DGf ) for
a system composed of deposits (1) in contact with a substrate (2)
and submerged in an aqueous environment (3), as shown in
Equation (16), are greatly influenced by the dispersed component
of surface energy. They reported that, based on measured surface
energy components, the dispersion energy of macro-solute com-
ponents (gd

1), representing anaerobic biological mixed liquid, is

greater than that of water molecules (gd3) due to the high polarity of
water molecules [54]. Accordingly, the term “b" in Equation (18)
will be negative, thus DGf decreases with increased gd

2. Therefore,

membranes with more significant dispersive components (gd
2) are

more exposed to fouling, and vice versa. Consequently, based on
Equation (17), optimal membrane materials can be chosen to
reduce fouling for specific applications.

DGf ¼ aþ b
ffiffiffiffiffiffi
gd2

q
(16)

a¼ 2As
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d
3

q
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b¼2As
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q
�

ffiffiffiffiffiffi
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q �
(18)

In 2002, Zhao and Müller-Steinhagen [55] found that while the
total interaction energy DETot132) might be repulsive, deposition may

still occur. This is because the significant cohesive energy (DETot132)
increases the tendency of particles to aggregate and form larger
particles. As a result, van der Waals and acid-base interaction en-
ergies enhance the overall interaction towards increased deposi-
tion. Furthermore, continuously adhering particles reach a dynamic
equilibrium state in the vicinity of the suspended surface, as the
cohesive energy approaches the total interaction energy. Kwok and
Neumann [56] concluded that the Lewis acid-base approach does
not include cohesive energy. Zhao and Müller-Steinhagen [55] then
established the conditions for deposition based on calculations of
cohesive and adhesive interaction energies, depending on van der
Waals interaction energy, as expressed in Equation (19):
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���¼24pH2
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They proposed the following conditions.

- If | DETot131 � DETot132 | > 0, deposition will occur

- If | DETot131 � DETot132 | ¼ 0, deposition will not occur

If the surface deposition is minimal or non-existent, this mini-
mal deposition can be attributed to the lowest surface energy.

ffiffiffiffiffiffiffiffiffiffiffiffiffi
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p ¼1
2
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Furthermore, they assumed that the induction time and the
resistance to incidental deposition are related to the minimum
surface energy according to Equations (20) and (21).

tind ¼
100��� ffiffiffiffiffiffiffiffiffi

gLW2

q
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p ��� (20)
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B@ �B2��� ffiffiffiffiffiffiffiffiffi

gLW2

q
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

g2;min
p ���

1
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Al-Janabi andMalayeri in 2015 [12], through the study of surface
interaction energy of stainless steel and surfaces coatedwith water-
based and solvent-based nano-coatings, electroless Ni-P-BN coat-
ings, and nanostructured silicon coatings, proposed a new criterion
for predicting crystal and biological deposits on metal-based
coatings. They found that among the components of adhesive
interaction energy, only the van der Waals and Lewis acid-base
components are effective, and the electrostatic and Brownian mo-
tion components can be neglected. The presented criterion is based
on Equations (22) to (25):

DETotal132
C

¼51l
�
dþ1 þ dþ2 þ d�1 þ d�2 � dþ1 d

�
2 � d�1 d

þ
2 �2

	
(22)
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d�i ¼
ffiffiffiffiffiffi
g�i
g�3

s
dþi ¼

ffiffiffiffiffiffi
gþi
gþ3

s
(23)

In the study conducted by Nikoo and Malayeri in 2020 [57], a
comprehensive deposition criterion incorporating surface energy
and its components has been developed. The fouling resistance of
CaSO4 and its adhesion on various coatings was investigated. In this
study, adhesivework, considering the calculated surface properties,
was initially determined. Subsequently, surface characteristics
were matched with deposition resistance and, consequently, the
deposition removal rate using force balance. The presented model
is based on Equations (26)e(28):

wa ¼g3 þ g2 � g12 (26)

w*
a ¼

1
FPI

wa ¼ 1
FPI



g3 þg2 �DETot12

�
(27)
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������

�
g�2
	3
4

�
gLW2

	1
2
�
gþ2
	1
4

������ (28)

In the above equations wa represents the adhesive work, w*
a is

the normalized adhesive work, and FPI is a qualitative index for
predicting the tendency of crystal and biological depositions on
modified heat transfer surfaces. A high FPI indicates a greater
likelihood of fouling due to the surface properties and the operating
conditions. Therefore, a coating with a high FPI, due to high surface
energy or suboptimal surface properties, combined with adverse
operating conditions, will tend to experience more fouling.

The findings from the aforementioned studies indicate that
incorporating surface energy and its components into fouling
models is challenging, to the extent that there is still no compre-
hensive model that fully captures the relationship between surface
energy properties and deposition. Overall, this complexity arises
due to the difficulty in discerning dominant parameters and the
lack of knowledge regarding intermolecular interactions between
deposits and surfaces. Existing criteria that consider surface fea-
tures are limited to small databases and assumptions made for
developing these models. Moreover, these criteria mainly focus on
deposits resulting from mineral and biological fouling, with less
emphasis on organic deposits from asphaltenes.

Based on the previous study on asphaltene deposition in well-
bores using adhesion energy [58], this study has proposed a crite-
rion. It provides a valuable tool for evaluating the efficacy of surface
coatings/substrates for preventing asphaltene deposition, offering
insights into their potential application in mitigating asphaltene-
related challenges in oil production.

4. Research methodology

The present study endeavors to determine the surface energy
parameters of crude oil and investigates the influence of different

substrates/coatings on asphaltene deposition. The methodology is
divided into two main parts: materials and experimental proced-
ures, as elucidated below.

4.1. Materials

Thematerials,which have been selected in this investigation, play
a crucial role for the determination of surface energy parameters and
the investigation of asphaltene deposition on different coatings/
substrates. The probe liquids, water, diiodo methane, and glycerol,
serve as probe liquids for measuring contact angles on various sur-
faces. Three crude oil samples of Z-55, K-42, and R-95, investigated
here, represent diverse oil fields with different properties. Addi-
tionally, the three asphaltene samples extracted from these crude
oils showed distinct behavior. Ten different surface samples
including L-80, N-80 which are currently used in oil wellbores and
SS316, SS304, CS, glass, Plexiglas, PFA, PTFE, FEP serve as substrates
for investigating asphaltene deposition and understanding their af-
finity to different coatings. A drop shape analyzer (Krüss-DSA 100,
Germany) was used to measure contact angles of various surfaces.
The combination of these materials facilitates the determination of
surface energy and its components for latter examination of various
surfaces when they are subject to deposition of asphaltene.

4.2. Experimental procedure

For the characterization of crude oil, by measuring the interfa-
cial tension between water and oil and also measuring the total
surface tension of the oil using the pendant drop method, the
surface energy components, including Lifshitz-van der Waals and
Lewis acid-base, are calculated. Then, using the surface tension of
two selected probe liquids, the electron donor and electron
acceptor sub-components are calculated. Subsequently, with the
obtained sub-components, the Lewis acid-base component is
calculated. If an acceptable error (less than 1%) is achieved in
comparison with the calculated value, the validity of the calculated
electron donor and acceptor sub-components can then be
confirmed. The respective equations are provided in the previous
published work [58]. Table 1 presents the surface tension of three
crude oil samples as well as their interfacial tension with water.

For characterization of various coatings at ambient temperature
and pressure, three probe liquids and a drop shape analyzer were
used to measure the contact angle. The surface energy components,
including Lifschitz-van der Waals and Lewis acid-base, were
calculated using Equation (32). Three probe liquids of water, diiodo
methane, and glycerol were selected based on the criteria proposed

a¼ 51l

8>>>>>><
>>>>>>:

�
d�1 � 2

	
�
dþ1 þ d�1 � 2

	
�
dþ2 þ d�1 � d�1 d

þ
2 � 2

	
�
dþ1 þ dþ2 þ d�1 þ d�2 � d�1 d

þ
2 � 2

	

monopolar system ðsolid surface and foulantÞ

monopolar solid surface

monopolar foulant

bipolar system ðsolid surface and foulantÞ

(24)

b¼51l

(
1�

1� dþ1
	 monopolar system or monopolar foulant

bipolar system or monopolar solid surface (25)
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by Holl€ander in 1995 [59], ensuring reliable and consistent results
for surface energy calculation. Surface energy components of the
probe liquids were obtained from Table 2.

gL
Total

�
1þ cos q

r

�
¼ 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gS
LWgL

LW
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

þgL�
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

�gLþ
p �

(29)

Following the study conducted by Al-Janabi [12], the maximum
roughness values for various coatings were reported to be 1.6 mm.
Among the selected substrates, N-80 and L-80 were identified to
have the highest roughness, yet still falling below the threshold of
1.6 mm. Consequently, the surface energy components of different
substrates were calculated without considering the impact of
roughness. Contact angles of the probe liquids were measured to
calculate the unknowns, gLWS , gþ

S and g�
S ; in Equation (29).

For asphaltene characterization, a solution with toluene was
prepared containing 2 wt% of asphaltene which was then poured
into a Petri dish. A glass slide was also placed in the dish, to make
sure that the asphaltene solution fully covered the surface of the
slide. The slide was left under a hood to allow the toluene to
evaporate, leaving a uniform asphaltene coating on the glass. To
measure the surface energy components of the asphaltene samples,
0.5 mL of test liquids (water, glycerol, and diiodomethane) were
carefully placed on the coated slide, and the contact angles of the
test liquids on the asphaltene surface, extracted from crude oil,
were measured. Using Equation (29), the surface energy compo-
nents of asphaltene samples, gLW

A , gþ
A and g�

A ; were then calculated.
The contact angle measurements for the probe liquids on different
surfaces are presented in Table 3.

In summary, the experimental procedure involves interfacial
tension measurements for crude oil, surface energy calculations

using probe liquids, and asphaltene characterization through con-
tact angle measurements. These steps enable the determination of
surface energy parameters and components for the studied mate-
rials. Fig. 3 succinctly presents the various phases involved in the
experimental part of this study.

5. Proposed criterion

The adhesive interaction energy for the state where H ¼ H0 is
calculated as outlined in Equation (30). The outcomes of this
calculation for the crude oil samples on various coatings/substrates
of this study are illustrated in Fig. 4.
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The energy difference associated with the overall adhesive and
cohesive forces can be considered a primary indicator for evaluating
the asphaltene deposition on the surface in the following terms.

DETotalACA <DETotalACS Adhesion probability of particles to surface

DETotalACA >DETotalACS Particle-to-particle cohesion probability

DETotalACA � DETotalACS Prevention of deposition
Now, the difference of these two interaction energies whereH ¼

H0, yields:
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The interaction energies of Lifshitz-van der Waals, Lewis acid-
base, and the total interaction energy for three asphaltene/crude
oil/surface systems, based on the Z-55, K-42, and R-95 samples, are
illustrated in Fig. 5(a)e(c). For a given oil sample, considering
different surfaces, the predominant share of the total interaction
energy is attributed to the acid-base interaction energy. At the same
time the most minuscule contribution is associated with the
Lifshitz-van der Waals interaction energy.

Based on the obtained results, Equation (31) can be simplified
as:
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Table 2
Surface energy components of probe liquids [19].

Probe liquid gLW
L gþL g�

L gABL

Water 21.80 25.50 25.50 51
Glycerol 34.00 3.92 57.40 30
Diiodo methane 50.80 0.00 0.00 0.00

Table 3
Contact angle measurements for the probe liquids on different surfaces.

Surface Water Glycerol Diiodomethane

L-80 50.1 28.4 31.9
N-80 76.6 48.9 19.8
SS316 52.8 60.3 48.5
SS304 50.2 59.9 46.1
CS 64.1 65.0 50.1
Glass 69.5 70.5 53.0
Plexiglas 80.9 69.0 31.1
PFA 119.6 104.9 95.0
PTFE 120.5 106.4 93.3
FEP 114.9 106.0 87.3
Z-55-Asphaltene 102.3 88.3 32.4
K-42-Asphaltene 38.2 46.3 0
R-95-Asphaltene 39.6 65.4 0

Table 1
Interfacial tension of crude oil samples with water at 20 �C.

Crude oil
gtotal
c

�
mN
m

�
IFT

�
mN
m

�

Z-55 27.56 23.41
K-42 23.41 15.45
R-95 26.94 24.32
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5.1. Spreading coefficient

The spreading coefficient (S) measures a fluid's tendency to
spread on either a solid or liquid surface. According to the definition
presented by Harkins and Feldman in 1922 [60], this coefficient is
the difference inwork resulting from the adhesive interaction force
WA and the cohesive force WC , as given in Equation (33):

S¼WA �WC (33)

Therefore, if the cohesive work of a liquid is more significant
than its adhesivework, it will not spread on a common surfacewith
another liquid or a solid surface and vice versa. The calculation of
work resulting from adhesive and cohesive forces is based on sur-
face tension, according to Equations (34) and (35):

WA ¼ga þ gb � gab (34)

WC ¼2gb (35)

When Equations (34) and (35) are substituted into Equation (33),
then the spreading coefficient can be expressed as:

S¼ga � ðgb þgabÞ (36)

In these equations, b represents the liquid that spreads on the solid
or liquid surface an under investigation. In the case of two fluids,
such as water and oil, considering the calculation of the surface
tension of these fluids based on the surface energy parameters and
taking into account the Owens and Wendt relationship, the
spreading coefficient is expressed as:

S¼2
� ffiffiffiffiffiffiffiffiffiffiffiffi

gdwg
d
c

q
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ffiffiffiffiffiffiffiffiffiffiffiffi
gpwg

p
c

q
�gc

�
(37)

Considering the Lewis acid-base relationship, then finally:
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q
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Fig. 3. Schematic diagram of experimental procedure.

Fig. 4. Interaction energies for asphaltene/crude oil/surface system.
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5.2. New criterion

Through the calculation of two coefficients of SCS and SCA as
defined in Equations (39) and (40), the spreading coefficients for
the crude oil sample on the selected coatings/substrates and
asphaltene layers are:

SCS ¼2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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In these equations, SCS and SCA are the spreading coefficients of fluid
on a substrate and asphaltene surface respectively. Ignoring the
Lifshitz-van der Waals interaction energy in Equation (31) and
substituting the spreading coefficient for crude oil on selected
coatings in the equation, one can yield that:

Fig. 5. Interaction energies for the (a) asphaltene/Z-55 oil/surface system; (b) asphaltene/K-42 oil/surface system; (c) asphaltene/R-95 oil/surface system.
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DETotalACS � DETotalACA
2pR

¼ aþ bSCS (42)

The key points which can be drawn from this equation are as
follows:

(1) Coefficient b is equal to l, which is the correlation length and
is reported to be 1.88 nm for organic systems based on data
from Brown et al., in 1992 [61]. Therefore, this coefficient is
unique and a positive value for all oil/asphaltene/surface
systems.

(2) The spreading coefficient of oil on the surface of the
asphaltene layer, SCA, depends on the type of fluid and its
associated asphaltene and is independent of the surface.

(3) Coefficient a for Z-55, K-42, and R-95 oil/asphaltene/surface
systems is a linear function of the spreading coefficient as
shown in Equation (43), and its correlation coefficient is
provided in Table 4.
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Considering the points mentioned above and acknowledging
that in the interacting system of oil/asphaltene/surface, the adhe-
sive and cohesive interaction energies compete then its outcome
determines whether or not asphaltene will deposit on the surface.

The difference in the interaction energies mentioned can be a
function of the spreading coefficient. Fig. 6 presents the flowchart
which outlines how to determine the new criterion.

6. Results and discussion

The spreading coefficients for three oil samples of Z-55, K-42,
and R-95 on the selected coatings/substrates, as well as on the
asphaltene surface, are measured and presented in Table 5. As the
results indicate, the spreading coefficient is negative for nega-
tively charged polymer coatings, and these coatings prevent the
oil from spreading on the surface. It is noteworthy that the
spreading coefficient for oil on L-80 and N-80 surfaces, currently
used in oil wells, is the highest. This coefficient is relatively similar
for different oil samples on the L-80 surface. It also shows com-
parable behavior across various surfaces concerning Z-55 and R-
95 oil samples, but it shows different behavior for the K-42 oil
sample.

The results of investigating the parameters of Equation (42) for
various oil samples and selected coatings/substrates, summarized
in Table 6, are as follows.

6.1. Z-55 sample

(1) Coatings/substrates with SCS > SCA:

� When SCS >0, a<0, and DETotalACS � DETotalACA >0 / (L-80, N-
80): The result is the combination of two repulsive en-
ergies. For example, the L-80 and N-80 substrates for the Z
oil sample exhibit asphaltene repulsion. According to field
results, four wells (Z-51, Z-50, Z-95, and Z-96) with L-80
and N-80 casings at the bubble point location do not face
asphaltene deposition issues. However, for two wells of Z-
72 and Z-63 experiencing asphaltene deposition issues, the
casing material at the bubble point depth is V-150.

� In the case of SCS <0, a>0, and DETotalACS � DETotalACA <0/ (PFA,
PTFE, FEP): Here the likelihood is attraction when the af-
finity of asphaltene deposition on these surfaces increases.

Table 4
Correlation coefficient for different investigated crude oil samples.

sample Correlation coefficient (R2)

Z-55 0.9556
K-42 0.8593
R-95 0.9708

Table 5
Results of spreading coefficient (mN/m).

No. Surface Spreading coefficient Z-55 K-42 R-95

1 L-80 SCS 25.68 25.95 25.88
2 N-80 21.25 17.09 21.75
3 SS316 11.55 9.74 12.10
4 SS304 12.12 9.80 12.69
5 CS 9.38 7.05 9.99
6 Glass 6.29 3.50 6.98
7 Plexiglas 11.27 4.44 12.06
8 PFA �20.14 �18.15 �19.21
9 PTFE �20.44 �19.32 �19.46
10 FEP �18.75 �19.52 �17.72
Asphaltene SCA 13.06 16.86 34.46

Fig. 6. Flowchart of calculation of new criterion.
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(2) Coatings/substrates with SCS < SCA:

� For SCS >0, a<0, and DETotalACS � DETotalACA <0 / (SS316, SS304,
CS, Glass, Plexiglas): Attraction would be expected with
more substantial probability of these substrates to get
deposited by asphaltene.

6.2. K-42 sample

(1) Coatings/substrates with SCS > SCA:

� When SCS >0, a<0, and DETotalACS � DETotalACA <0 /(L-80, N-
80): The net result is attraction, indicating the likelihood
of asphaltene deposition on these surfaces. For instance,
L-80 and N-80 surfaces for K-42 oil show high affinity to
asphaltene deposition. According to field experiences, the
two oil wells of K-44 and K-13 face asphaltene deposition
issues where the casing substrates at the bubble point
depth are L-80 and N-80.

� In the case of SCS <0, a>0, and DETotalACS � DETotalACA <0/ (PFA,
PTFE, FEP): The result is the combination of two attractive
energies, increasing the probability of asphaltene
deposition.

(2) Coatings/substrates with SCS < SCA:

� For SCS >0, a<0, and DETotalACS � DETotalACA >0/ (SS316, SS304):
The result is the combination of two repulsive energies,
reducing the likelihood of asphaltene deposition.

� For SCS >0, a<0, and DETotalACS � DETotalACA <0 / (CS, Glass,
Plexiglas): The result is the combination of two
attractive energies, increasing the probability of asphal-
tene deposition.

6.3. R-95 sample

Coatings/substrates with SCS < SCA:

When SCS >0:

� If DETotalACS � DETotalACA <0/(L-80): Here two attractive energies are
present increasing the likelihood of asphaltene deposition.

� If DETotalACS � DETotalACA >0 / (N-80, SS316, SS304, CS, Glass, Plexi-
glas): In this case, the result is the combination of two repulsive
energies, reducing the chance of asphaltene deposition.

� When SCS <0, a>0, and DETotalACS � DETotalACA >0 / (PFA, PTFE, FEP):
In this case, the two energies are repulsive, decreasing the
probability of asphaltene deposition.

Finally, it should be pointed out that the promising results of
this study have to be validated with those of experiments under
dynamic conditions which is presently underway. Also, it should be
noted that based on the field data on asphaltene content in three
studied oil wells, the asphaltene content in the R oil samples

Table 6
Analysis of interaction energy and spreading coefficient data.

Oil sample Coating SCS;SCA DETotalACS DETotalACA DETotalACS ;DETotalACA
a DETotalACS

DETotalACA

Status

Z-55 L-80 SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS >DETotalACA
�36.8 �45.4 Repulsion

N-80 SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS >DETotalACA
�33.3 �23.9 Repulsion

PFA SCS > SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
36.2 1.8 Attraction

PTFE SCS > SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
34.7 11.0 Attraction

FEP SCS > SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
26.5 33.5 Attraction

SS316 SCS < SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�28.6 30.9 Attraction

SS304 SCS < SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�31.2 37.9 Attraction

CS SCS < SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�23.7 27.3 Attraction

Glass SCS < SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�19.9 35.6 Attraction

Plexiglas SCS < SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�29.2 37.6 Attraction

K-42 L-80 SCS > SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
�62.0 �3.7 Attraction

N-80 SCS > SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
�55.3 �6.9 Attraction

PFA SCS > SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
9.7 �5.8 Attraction

PTFE SCS > SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
12.8 �5.6 Attraction

FEP SCS > SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
18.5 �4.1 Attraction

SS316 SCS < SCA DETotalACS >0 DETotalACA >0 DETotalACS >DETotalACA
�15.2 1.6 Repulsion

SS304 SCS < SCA DETotalACS >0 DETotalACA >0 DETotalACS >DETotalACA
�13.3 2.2 Repulsion

CS SCS < SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
�15.6 �0.1 Attraction

Glass SCS < SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
�9.4 �0.1 Attraction

Plexiglas SCS < SCA DETotalACS <0 DETotalACA >0 DETotalACS >DETotalACA
�20.7 �3.4 Attraction

R-95 L-80 SCS > SCA DETotalACS <0 DETotalACA <0 DETotalACS >DETotalACA
�56.2 1.6 Attraction

PTFE SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS >DETotalACA
63.6 �1.1 Repulsion

FEP SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS >DETotalACA
65.7 �1.5 Repulsion

N-80 SCS > SCA DETotalACS <0 DETotalACA <0 DETotalACS <DETotalACA
�32.8 0.5 Repulsion

SS316 SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
�8.7 0.0 Repulsion

SS304 SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
�8.3 �0.1 Repulsion

CS SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
�2.3 �0.2 Repulsion

Glass SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
7.3 �0.5 Repulsion

Plexiglas SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
4.3 �0.9 Repulsion

PFA SCS > SCA DETotalACS >0 DETotalACA <0 DETotalACS <DETotalACA
60.0 �0.9 Repulsion
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varied between 3.9 wt% to 8.9 wt%, for the Z oil from 3.7 wt% and
13.75 wt%, and finally for the K oil between 0.6 wt% and 0.9 wt%.
This is quite opposite to field observations, where R field exhibit the
least asphaltene-related issues, while the K field experiences the
highest asphaltene-related problems. This observation aligns with
the findings mentioned above.

7. Conclusions

In this study, the combined concepts of interaction energies and
the spreading coefficient of three crude oil samples on different
coatings/substrates were simultaneously used to develop a new
criterion to examine the affinity of various coatings/substrates to
asphaltene deposition.

Surfaces such as PTFE and FEP showed high contact angles with
all probe liquids, indicating strong hydrophobicity. Conversely,
asphaltene-coated surfaces, such as Z-55-Asphaltene, K-42-
Asphaltene, and R-95-Asphaltene, exhibited distinct wetting
behavior, with significantly lower contact angles for diiodomethane
(non-polar liquid) on K-42-asphaltene and R-95-asphaltene (0�),
suggesting altered surface properties influenced by asphaltene
deposition. These results underscored the role of surface energy
components in determining wettability, which is crucial for pre-
dicting flow assurance challenges and designing mitigation stra-
tegies in oil production systems.

The criterion suggests that the difference between the total
adhesive and cohesive energies of each oil/asphaltene/surface
system is a function of the spreading coefficient. The oil spreading
coefficient on the asphaltene layer surface, SCA, for Z-55, K-42, and
R-95 oil samples was 13.06, 16.86, and 34.46 mN/m, respectively.
This suggests that R-95 oil tends to spread more on the asphaltene
surface compared to other surfaces. The cohesive energy for the R-
95 oil sample was also attractive, while for K-42, it was repulsive.
Therefore, for R-95, considering the SCA coefficient, the adhesive
energy on selected coatings was generally repulsive, whereas for K-
42, this energy was attractive.

In the case of Z-55, despite its attractive cohesive energy, due to
the significantly higher adhesive energy, this energy dominated the
interaction between cohesive and adhesive energies, making it
generally repulsive. Consequently, among the selected substrates,
L-80 and N-80 were repulsive for asphaltene in Z-55 oil, while
SS316 and SS304 substrates were repulsive for the asphaltene of K-
42. For R-95, only the L-80 substrate was attractive, while the other
coatings were repulsive. Considering that 16% of wells in field Z,
43% in field R, and 100% in field K face asphaltene challenges, and
the coatings currently used in these wells are L-80 and N-80, the
results showed strong consistency with the field observations.
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Nomenclature

kB Boltzmann constant (J/K)
n Fitting parameter
Q Q parameter, which is defined as Q ¼ g�

gþ

T Temperature (K)
DEAB Lewis acid-base interaction energy (J)
DEBr Diffusion interaction energy (Brownian motion) (J)
DEEL Electrostatic double layer interaction energy (J)
DELW Lifshitz-van der Waals interaction energy (J)
DETotal Total interaction energy (J)
g Total surface energy/tension (J/m2)
gþ Electron acceptor component of surface energy/tension

(J/m2)
g� Electron donor component of surface energy/tension

(J/m2)
gLW Lifshitz-van der Waals surface energy/tension (J/m2)
q Contact angle (�)

Subscripts
1 Referred to foulant (here, asphaltene)
2 Referred to solid surface material
3 Referred to liquid medium
A Asphaltene
C Crude oil
L Liquid
lv Liquid/vapor
S Surface
sl Solid/liquid
sv Solid/vapor
V Vapor
W Water

Superscripts
þ Acidic (electron acceptor) component
e Basic (electron donor) component
AB Acid-base
d dispersive
L Liquid
LW Lifshitz-van der Waals
p polar
V Vapor

Abbreviations
ASTM American Society for Testing and Materials
CII Colloidal Instability Index
DSA Drop Shape Analyzer
EG Ethylene Glycol
IFT Interfacial tension
nC7 normal heptane
Ni Nickel
XDLVO Extended Derjaguin, Landau, Verwey, and Overbeek

theory
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