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Introduction

Wax deposition is a frequent occurrence during
production, transportation, and storage of crude oil
when the temperature is below the wax appearance
temperature (WAT). Wax precipitation increases the
viscosity of the fluid, hindering the smooth flow of
the fluid through equipment and pipelines, requiring
higher pressure. The formation of paraffin deposits
can reduce the effective flow area in pipelines,
increase delivery pressure, and even cause blockage
incidents [1]. As the wax crystal thickness increases,
the pressure drop across the pipe increases. When the
temperature of a waxy crude oil is reduced to its cloud
point (appearance point), the heavier portions of its
wax content begin to solidify first. As the temperature
is reduced further to the pour point, almost all of its
wax content solidifies [2]. This phenomenon is evident
in subsea oil pipelines and also in places where the
temperature changes of the seasons are very large, and it
is even possible that due to the decrease in temperature
in the early hours of the day compared to the middle
of the day. Most common preventative and cleaning
methods are reactive and cleaning. However, these
methods cause the cessation of continuous production
or continuous fluid transfer and are accompanied by
very high costs of intervention and cleaning processes
[3]. The solution of internal pipe coatings has a
long-term performance and is more economical and
environmentally friendly.

Various coatings have been developed to reduce wax
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deposition [4], including fluoropolymer coatings such
as polytetrafluoroethylene and polyfluoroalkoxy,
which have shown better oil repellency compared to
other surfaces. Therefore, fluoropolymer coatings
provide significant resistance to wax deposition
[5]. Published field reports of successful removal of
wax deposition using coatings have been reported in
previous studies.

Theoretical Background

Surface Energy

Surface energy is defined as the amount of energy
required to form a new unit surface area. The surface
energy of a solid is equivalent to the surface tension
of a liquid. The term “surface energy” is usually
used for a solid surface. In practice, materials with
higher surface energy exhibit more reactive surfaces.
Therefore, a chemically neutralized surface has the
ability to prevent or at least reduce wax deposition [5].
Metal surfaces in their natural state tend to have high
surface energy, meaning they attract contaminants
and allow strong bonds to form, making the surface
difficult to clean. While polymers tend to have low
surface energy [6].

Interaction Energies

Among other important surface properties in
adhesion and formation of deposits on the surface is
the intermolecular interaction energy. The extended
DLVO theory is used to analyze the intermolecular
interactions and predict the adhesion tendency
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between wax particles and the inner wall of the tube.
This theory states that a higher total interaction energy
acts as an energy barrier for adhesion. The total
interaction energy is the sum of the four interaction
energies: Electrostatic (EL), Lifshitz theory of van der
Waals (LW), Lewis acid-base (AB), and Brownian
(Br).

Materials and Methods

In the present study, an ultrapure paraffin wax sample
was used to evaluate the tendency of metal and
polymer surfaces subject to deposition of two organic
media. In order to calculate the interaction energy
between the wax deposit particles and substrates or
the tendency of the surfaces to deposit, it is necessary
to characterize the materials involved in the system.
The metal in question is the most widely used material
in the construction of transmission lines. A well-
known method for measuring the surface free energy
and characterization of a material is through contact
angle measurement. After characterizing the surfaces,
the interaction energies between the paraffin deposit
particle and the surface in different fluid environments
are calculated using the Lewis acid-base approach,
and the important surface energy components that play
the greatest role in the surface’s tendency to form wax
deposits are identified.

Results and Discussion

In the present study, the effect of surface chemistry
on the deposition of wax particles was calculated
based on the theoretical principles of surface energy
and interaction energies of a simple system to serve
as a basis for comparison in future studies to evaluate
different surfaces of internal pipe coatings. Previous
research in the field of interaction energies of deposition
of organic petroleum materials has shown that the
energies associated with LW and AB play a significant
role, while the other two energies have a negligible
effect. As a result, the total adhesion interactions are
determined by summing the energies of LW and AB,
the former being nonpolar and the latter polar. When
calculating the polar components that contribute to the
surface energy of paraffin, the polar component is zero
because paraffin particles are nonpolar. Consequently,
among the various interaction energies, only the LW
interaction energy is considered for wax deposition.
The surface energy components of the paraffin wax
sample and the 304 stainless steel surface were
calculated using the van Oss method, which are
presented in Table 1. For comparison, the surface
energy components of a fluoropolymer as the inner
coating of the pipes are also given in the table.

Figs. 1 and 2 show the LW interaction energy profiles
between paraffin wax and metal and polymer surfaces
at 298 K in normal dodecane, respectively.

Table 1 Surface energy components of paraffin, smooth

metal surface and a polymer.

Material | LW (mN/m) vy (mN/m) | y"(mN/m)
paraffin | 28.69 0 0.77
Metal 44.19 14.85 0.046
polymer | 5 1.6 0.1
0
-2E-10
4E-10
-6E-10
~ -8E-10
XN -1E-09
Eu -1/2E-09
\g—l/4E—O9
a8 -1/6E-09
& -1/8E-09
-2E-09
0 1 2 3 4 5 6
L (nm)

Fig. 1 LW interaction energy profile for paraffin wax and
smooth surface in normal dodecane.
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Fig. 2 LW interaction energy profile for paraffin wax and
PFA polymer surface in Dodecanese.
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According to these figures, the LW interaction energy
value between wax particles in dodecane and metal
surface is negative, which means it has a tendency to
deposit, but it is positive for polymer surface, which
can be used for anti-wax coating applications.

Conclusions

In this article, the use of coatings as a cost-effective,
environmentally friendly and safe solution for control-
ling the formation of wax deposits was investigated.
Surface energy was used as a useful tool to discern the
chemical properties of the coating surfaces to inves-
tigate and evaluate the coatings, and it was seen that
materials with low surface energy show the potential
to improve wax removal. This strengthens the hope of
finding a surface-based solution for controlling wax
deposits. The goal is to provide a criterion that can be
used to select the type of coating based on that without
performing sedimentation tests. Therefore, this simple
and fast method can be used in selecting coatings. The
practical consequence is that only by modifying certain
parameters, such as the surface energy components of
the internal surfaces of oil and gas transmission pipes,
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an effective process can be found to achieve an anti-
fouling surface.

As shown in the results, the effect of changing the
carbon chain length of the organic fluid and the type
of surface on the deposition of a specific wax was in-
vestigated. It was seen that changing the carbon chain
of the organic fluid does not change much on the ten-
dency of wax deposition and deposition still occurs.
By changing the type of surface, the interaction ener-
gies changed completely and became positive values,
which prevented the wax deposits from adhering to the
polymer surface. Of course, other parameters such as
the type of wax and even the surface roughness play
a role in this process, which must be investigated fur-
ther. The importance of the surface type was such that
the effect of carbon chain length in a system with a
metal surface was different from another system with
a polymer surface.
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Table 1 Economic factors affecting wax deposition [9].

Layer Nature

Costs to be accounted

Interventions due to wax blockage

Direct costs

Deferred production

Preventive measures

Remedial measures
Repair or removal and replacement actions
Abandonment and decommissioning
Permanent loss of production (in case of abandonment)

Flow rate reduction to partial cross-sectional blockage
Production loss to downtime

Preventive measures under normal production conditions

Indirect production costs and penalties
Indirect costs

Environmental and socio-economic costs

Contract breaches and compensations Companies’ value
decreases due to supply shocks, including penalties for signed
contracts; loss of opportunities, market share, reliability in
production, and reputation
Penalties and costs resulting from accidents

Environmental costs
Socio-economic costs

1. Pigging
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b i Complete wettability

Reducing the contact angle
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Increasing surface energy or decreasing surface tension
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(solid) wettability with increasing surface (solid) energy
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Fig. 3 Paraffin wax sample under investigation.
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Table 2 Contact angle on wax-coated surface.

Probe liquid Contact angle (°) Error (%)
Ethylene glycol 67.7 1.9
diodomethane 59.8 1.06
distilled water 111.6 2.2
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Table 3 Surface energy components of the investigated paraffin wax and the smooth surface of 304 stainless steel and a

polymer.
Material vy (mN/m) YWt (mN/m) y" (mN/m)
Wax deposit 0 28.69 0.77
Stainless steel surface 14.85 44.19 0.046
Polyfluoroalkoxy' [50] 1.6 5 0.1
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Fig. 7 LW interaction energy profile for paraffin wax and smooth surface in normal dodecane.
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Fig. 9 LW interaction energy profile for paraftfin wax and PFA polymer surface in dodecane.
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