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Abstract: The use of polymer coatings allows modulating wettability and can contribute 

decisively to mitigate the formation of scale in pipes and equipment. In this work critical 

surface energy (CSE) and surface free energy (SFE) were determined for several polymer 

coatings (epoxy phenol novolac resins and fluoropolymers), aiming the evaluation of their anti-

fouling capacity against brines reproducing formation waters from pre salt wells. Coatings with 

lower values for SFE and CSE presented the lowest degree of fouling as determined by wet 

analysis using inductively coupled plasma atomic emission spectroscopy (ICP - AES). 

1.  Introduction 

Inorganic scale on the surface of equipment used in oil extraction originates from crystallization 

reactions involving ions present in the formation water. Scale deposition and adhesion are 

consequences of the properties of the interface between the solid surface and the scaling brine [1,6]. 

One of the interface features that contribute to the adhesion is wettability [7]. This property is 

determined by measuring contact angle, which is the angle that a drop of a probe liquid forms when in 

contact with a solid surface. Two quantities can be calculated from wetting data: the surface free 

energy (SFE) and the critical surface energy (CSE). The critical surface energy also known as the 

critical surface tension, characterizes the wettability of a surface by several liquids. Solids presenting 

high CSE are wettable by most liquids, while solids having low CSE are not wettable by most liquids. 

In turn, the surface free energy (SFE) is defined as the excess energy at the surface of a material 

compared to its bulk. 

The use of polymer coatings allows modulating wettability and can contribute to mitigate the 

formation of scale in pipes and equipment, however the literature reports only few studies dealing with 

the application of polymeric coatings as anti-fouling surfaces for use in the oil and gas industry.  In 

this work the critical surface energy and surface free energy were determined for seven polymer 

coatings from four different suppliers aiming the evaluation of their anti-fouling capacity when 

exposed to brines reproducing formation waters from pre salt wells in Brazil. Five epoxy phenol 

novolac resins (EPNA and EPNB from supplier 1; EPNC and EPND from supplier 2; EPNE from 

supplier 3) and two fluoropolymer resins (FPA from supplier 4 and FPB from supplier 2) were 

investigated.  Stainless steel (SS) was used as reference. 

2.  Experimental 

2.1.  Contact angle measurements 
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Contact angle measurements were performed on the flat base of cylindrical coupons or on flat plates 

applying the sessile drop technique using a tensiometer/goniometry Attention Theta (BiolinScientific). 

Samples were rapidly cleaned with ethanol,  rinsed with deionized water and ultrasonicated for 5 min 

in deionized water,  then the contact angles were measured for three probe liquids. The used liquids 

and their average volumes were: water (5.5 µL), glycerol (4.4 µL) and ethylene glycol (7.0 µL). 

Hamilton syringe with stainless steel needle (out diameter = 0.72 mm; inner diameter = 0.21 mm) was 

used to dispense the drops. 

 

2.2.  Tests for the formation of scale deposits 

Separated synthetic  cations- and anions-containing brines, simulating composition of formation water 

(FW)  with high sulfate and strotium content, were mixed and used for conducting scaling experiments 

(figure 1). Cations- and anions- containing solutions  were prepared using analytical grade reagents 

dissolved in deionized water, and were filtered by membranes with pore size of 0.45 micrometers. 

Equal volumes (50.00 mL) of each of these two solutions were mixed and only the bottom of the 

coupon, connected to a rotor from PINE was exposed to the resulting mixture for 24 hours at 56 
o
C. A 

rotational speed of 200 rpm was applied. After being removed from the scaling medium, the coupon 

was slowly and carefully washed 4 times by immersion into deionized water. Then it was kept in an 

oven at 60 
o
C during 4 hours before preparation for ICP analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overall experimental set-up. 

2.3.  Analysis by Scanning Electron Microscopy (SEM)  

After the scaling experiments the coupons with scale deposits were washed with deionized water, 

dried at 60 
o
C and examined in a scanning electron microscope (JEOL SM-6360LV - JEOL Ltd.). 

Samples were imaged by SEM secondary electrons applying an accelerating voltage of 2 kV or 5 kV. 
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3.  Results and Discussion 

For the estimation of critical surface energies (CSEs),  Zisman plot – type graph (figure 2) were done 

by plotting liquid surface tension (γ) on the X-axis, and the cosine of the corresponding contact angle 

on the Y-axis [8]. The extrapolation of the cos θ vs γ curve to cos θ = 1 (corresponding to the zero 

contact angle, or the complete wetting limit) gives the value of the CSE of the tested surface. Three 

pure probe liquids were used with surface tensions ranging from 72,8 mN m
-1

 to 48,0  mN m
-1

 (water, 

glycerol and ethylene glycol), which allowed a good precision in the extrapolation process as 

described above. The surface tension values  used were: ϒwater = 72.8 mN m
-1

; ϒglycerol = 63.1 mN m
-1

;  

ϒ ethylene glycol = 48.0 mN m
-1

. It is necessary to point out that the critical surface energy (CSE) is in fact 

a wettability range showing the maximum surface tension a liquid may have to ensure complete 

wetting of a given material.   

 

 

 

Figure 2.  Zisman plot – type graph: extrapolation of the cos θ vs γ curve to cos θ = 1 

(corresponding to the zero contact angle, or the complete wetting limit for each coating). 

 

    It can be observed in Figure 3 that the fluor-based coatings, FPA and FPB, are  hydrophobic, i.e., 

each of them presents water-contact angle higer than 90
o
, this behavior is expected for fluoropolymers 

coatings [9], but their  ECS and SFE values are very similar those presented by epoxy phenol novolac 

resins EPNA and EPNB.  All other coatings form one block with exception of EPNE, which shows a 

peculiar behavior, i.e. it presented high CSE, but has good discrimination for the probe liquids with 

hidrophobicity similar to FPA coating 

    Although in theory only two liquids would be enough for the determination of CSEs, in practice, 

this is not true; if only few different liquids are used, incorrect results and even negative values can be 

obtained, as it occurred to FPA. For this reason, another approach to characterize these surfaces 

considering their surface energy was also applied.  

    Many theories using different approaches are used for these calculations [10-12] involving 

testing the solid against two liquids whose polar and dispersive components of their surface tension 

are known. In this work the surface free energy (SFE) was calculated by using the OWRK/Fowkes 

equation (1).  In this case, the adhesion energy is a sum of two partial contributions, each of which is 

expressed as the geometric mean of two adhesion parameters, γL and γS, characterizing the powers of 
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adhesion of the liquid and of the solid, respectively. The superscripts “d” and “p” refer to the 

dispersive and polar components of the probe liquids (Table 1) and of the solid surfaces (to be 

calculated).  Results for this later methodology are presented in figures 3 and 4. 

𝛾𝐿(1 + 𝑐𝑜𝑠𝜃) = 2 [ (𝛾𝐿
𝑑𝛾𝑆

𝑑)
1

2 + ( 𝛾𝐿
𝑝

𝛾𝑆
𝑝

)
1

2] 

 

Table  1 -  Surface tension  parameters for water and ethylene glycol [4] 

Probe liquid γL  
(mN/m-1) 

γL
d 

(mN/m-1) 
γL

p
 

(mN/m-1) 

Water 
Ethylene glycol 

72.8 
48.0 

21.8 
29.0 

51.0 
19.0 

 

      

 

 

  

In figure 4 SFE for each coating is shown divided into its two components (polar and dispersive), 

as well as the content of Ca, Sr and Ba present in the deposits formed onto these coatings after their 

contact with the synthetic formation water for 24 hours. Coatings FPA, FPB and EPNB achieved 

higher inhibition efficiency, and EPNE was the coating with the highest degree of fouling.  

Coatings presenting lower values for the polar component generally showed the lowest degree of 

scale compared to stainless steel as can be seen by ICP results (figure 4)  and also in the micrographs 

presented in figure 5. In general, the deposit formed is not uniformly distributed over the surface of the 

coupon, therefore one should keep in mind that the analysis by ICP takes into account the total deposit 

while a SEM image is more sectorial and, depending on the magnification,  shows only a small part of 

the whole. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Values of contact angles, Critical Surface Energy (CSE) and Surface Free Energy 

(SFE) for each coating and the reference SS. 
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Figure 5. SEM images showing scale deposited onto bare SS and coated coupons. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.   Surface free energy and its components. Elemental composition of scale deposit per 

coating area, for each coating 
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4.  Conclusion 

 

Taking  into account that  all specimens were exposed to the formation water under the same 

conditions of temperature, stirring and time, it can be concluded that in relation to the deposition of 

calcium carbonate only SS presents some selectivity. However for barium and strontium  sulfates there 

is a  significant variation in the degree of deposition onto each of the evaluated coatings. Fluor-based 

coatings FPA and FPB presented lowest values the polar component in SFE. In general, considering 

the results of ICP and SEM, there are two groups of coatings. For the same manufacturer, coatings 

with lower SFE  polar component  presented less  scale deposition. Coating with microscopically 

rougher surface like EPNE presented higher scale deposition. 
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