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ABSTRACT  

This study investigates the effect of water and CO2 exposure on the performance of epoxy-based 

coatings under conditions commonly found in pipeline applications. The permeability of fusion 

bonded epoxy (FBE) decreases as CO2 pressure increases and the presence of water facilitates 

gas transport through the coating. The latter is in conflict with theories of membrane selectivity and 

competitive transport in gas/vapor systems, in which water is the predominant permeant for its 

lower kinetic diameter and higher condensability. Our results show that this anomaly was due to 

the dynamic transformation of permeable channels in the coating structure. Microstructural 

characterization of FBE after exposure to CO2/H2O mixtures showed that carbonation of 

wollastonite filler particles results in a change in shape, volume, and chemical composition of these 

filler particles. The chemical reaction between wollastonite and CO2 in the presence of water led 

to a degradation that caused changes in porosity, permeability, and filler volume. To verify these 

findings for the coating in the presence of adhesion forces, electrochemical impedance 

spectroscopy (EIS) was also used. The tests conducted showed that exposure to a CO2/H2O 

mixture causes filler particles within the coating to undergo carbonation, leading to the formation 
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of new microchannels within the epoxy network. Initially, the carbonation of fillers led to an increase 

in the pore resistance of the coating, which was attributed to the plugging of micropore channels 

on the coating surface. However, the subsequent decreasing trend of this parameter suggested 

that water infiltration into the coating had increased due to this degradation. The carbonation of 

wollastonite within the FBE coating leads to a volume change in the fillers, resulting in the creation 

of small voids or gaps in the epoxy matrix. This, in turn, facilitates the easier penetration of water 

and dissolved gas to the underlying substrate. Consequently, the accumulation of water inside 

coating increases the dielectric constant, resulting in a higher capacitance of the coating. It appears 

that high concentrations of CO2 in wet conditions, even at low pressures, can have negative 

impacts on the barrier performance of the coating. 
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1. Introduction 

The increasing demand for energy has driven oil and gas producers to extract fossil fuels in 

challenging environments, where the conditions can have a significant impact on the design of 

coating systems for metal infrastructure such as pipelines [1]. This is especially true in the presence 

of water and carbon dioxide, where CO2-rich environments can greatly increase the rate of uniform 

corrosion and pit formation [2]–[4]. Protective coatings and linings for process equipment and 

transportation pipelines typically utilize epoxy-based materials, which are susceptible to 

microstructural degradation in humid conditions [5]. The transport and sorption behavior of both 

water vapor and CO2 in glassy polymers can differ greatly from other gas species, and while there 

is a significant body of research on CO2 transport in these materials [6], [7], there is a lack of 

understanding of the synergistic effects of CO2 and water vapor on epoxy coatings. 

 



 
 

CO2 is widely studied as a gas penetrant in glassy polymeric membranes, as it exhibits unique 

behavior in different polymers [8]. Unlike water vapor, CO2 dissolution in glassy polymers typically 

follows the standard dual-mode sorption model, i.e., Henry’s type sorption and Langmuir 

adsorption at microvoids. Additionally, individual transport of CO2 does not cause plasticization in 

the polymeric network until the gas pressure reaches a relatively high critical value in the system 

(e.g., above 10 bars) [9]–[11]. In a study by Scholes et al. [6], the competitive sorption and transport 

of CO2 and water vapor in high-free-volume glassy polymers was investigated. They found that 

water sorption leads to plasticization of a glassy polymeric membrane and results in competitive 

sorption with gaseous species such as CO2 and N2. Plasticization increases the diffusivity of 

permeants, but competitive sorption reduces diffusivity through clustering or blocking phenomena. 

The interplay between water vapor and CO2 at the threshold of coating plasticization (i.e., ca. 65°C 

in most epoxy systems) is not well understood, and further measurements of gas permeation may 

provide insight into the extent of plasticization or competitive effects in humid environments. Also, 

examining how CO2 exposure in wet environments affects the microstructure of coatings could 

lead to more accurate corrosion performance assessments in service conditions based on 

empirical mass transport data.  

 

The glass transition temperature (Tg) of fusion bonded epoxy (FBE) is approximately 110°C and 

may vary depending on the formulation or ageing conditions [5]. Unlike glassy membranes, epoxy-

based coatings do not exhibit pronounced selectivity in filtering one permeant over the other based 

on molecular size or polarity [12], [13]. However, the mechanisms of permeant dissolution and 

transport are similar, and the mass transport mechanism in coating structures follows the same 

principles as that of membrane separation. Modeling of steady-state permeability based on the 

solution-diffusion model requires sorption data of individual permeants, which are currently lacking 

in the literature. Therefore, in this study we directly examine the CO2 permeation in the presence 

of water and discuss their combined effects on the degradation of the barrier epoxy structure.  



 
 

The underlying mechanism of corrosion in coated metal infrastructure, such as pipelines, is 

complex and multi-faceted, involving a range of chemical, electrochemical, and transport 

phenomena [14]. As the barrier coating begins to degrade, the kinetics of each step can change. 

In environments saturated with CO2 and water, the formation of carbonic acid and dissociation 

reactions can accelerate CO2-induced corrosion:  

𝐶𝐶𝐶𝐶2(𝑔𝑔) ↔ 𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎)  (1) 

𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝐶𝐶 ↔ 𝐻𝐻2𝐶𝐶𝐶𝐶3  (2) 

𝐻𝐻2𝐶𝐶𝐶𝐶3 ↔ 𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝐶𝐶3−  (3) 

𝐻𝐻𝐶𝐶𝐶𝐶3− ↔ 𝐻𝐻+ + 𝐶𝐶𝐶𝐶32−  (4) 

CO2 dissolves in water forming carbonic acid, which is a weak acid that only partially dissociates 

[15]. In aqueous solutions with a pH above 6, carbon steel corrodes to form iron carbonate, among 

other oxides, due to the reduction of H2CO3, represented by reaction (3) [16], [17]: 

𝐹𝐹𝐹𝐹 + 2𝐹𝐹− → 𝐹𝐹𝐹𝐹2+ (5) 

𝐹𝐹𝐹𝐹2+ + 𝐶𝐶𝐶𝐶32− → 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3 (6) 

For mildly acidic and alkaline environments (pH > 6), Fe3O4, Fe(OH)2, and FeCO3 can coexist. 

However, the most thermodynamically stable species of the three is FeCO3 (i.e. it has the lowest 

Gibbs free energy [18], [19]). The corrosion rate of CO2 is directly affected by pH [18], and local 

pH variations can occur at the surface of under-coating pipes [20]. This suggests that gas ingress 

through the coating may serve as a key indicator of these processes. Since the protection 

performance of a coating system can also be affected by factors such as adhesion and internal 

stresses, it is important to study both free standing coating films and coatings applied to substrates 

to gain a thorough understanding of a coating's performance [21], [22].  

 

In this study, we focused on investigating the permeability of CO2 through FBE, both individually 

and in combination with liquid water. We place particular emphasis on FBE, as it is the primary 



 
 

protective component in epoxy-based systems. Multilayering approaches, such as the high-

performance powder coating system, are effective in extending the lifetime of the FBE component 

because they reduce water transport [16]. At 65°C, FBE undergoes a plasticization process in 

humid environments, which can alter its barrier performance due to the formation of microcavities 

and the resulting segregation effects within the coating. Here, we examined the microstructural 

changes in the coatings caused by exposure to water and CO2, and identified the synergistic effects 

of these permeants on the barrier coating. Ultimately, we studied the under-coating corrosion of 

the steel substrate by directly exposing FBE-coated steel panels to a CO2 atmosphere in the 

presence of liquid water to characterize their electrochemical response. 

 

2. Experimental 

2.1. Membrane and coated panel preparation 

We examined the properties of free-standing FBE coating films and FBE-coated steel panels with 

no macroscopic defects. The FBE coating is applied as a dry powder to a preheated substrate at 

a temperature of up to 245°C by the manufacturer. The FBE resin is a type of polymer that is 

composed of diglycidyl ether of bisphenol A (DGEBA) and dicyandiamide (DDA) as the main 

components [23], with mineral agents such as wollastonite (CaSiO3), aluminum oxide and anatase 

titanium oxide added for improved performance [24], [25]. For free standing films, the manufacturer 

(Shawcor Ltd) applied the FBE powder on an easy release PTFE substrate. After removing the 

cured epoxy film from the PTFE substrate, disk-shaped specimens were cut from the film for use 

in experiments. FBE-coated panels were also prepared by applying the FBE powder on 1 cm thick 

steel plates. The cured epoxy film thickness was measured using standard procedures [26]. To 

remove any residual moisture for dry gas measurements, the samples were vacuum dried at 22°C 

for 3 days [27]. To minimize ageing effects, all samples were used within 5 days of vacuum drying 

[6]. 

 



 
 

2.2. CO2/H2O permeability measurements 

We used an in-house designed and built constant pressure variable volume set-up, based on 

continuous-flow methods as illustrated in Fig. 1, to study the steady-state permeability of CO2. A 

back-pressure controller was used to control the retentate gas flow, while a mass flow controller 

was used to control the nitrogen carrier gas flow. CO2 (≥ 99.5%) and pure N2 (≥ 99.995 %) were 

obtained from Linde Inc. (Canada). The upstream chamber was filled with a water/gas mixture and 

its temperature was regulated using an external coil. Prior to each test, both upstream and 

downstream chambers were connected to pure nitrogen gas. To maintain consistent test 

conditions, the flow rate of the gas in the downstream vessel was kept constant at 20 ml/min. After 

reaching a steady-state CO2 concentration in the downstream volume (typically ~ 24 h), the 

upstream volume was partially filled with water and CO2 gas was purged through a bubbler 

arrangement. The CO2 and H2O concentration in the permeate stream were monitored using a 

GasLab® Sensor Configuration/Data Logging Software (CM-0024, CO2Meter, USA) and a 

humidity sensor (SEK-SHT35, Sensirion, Switzerland) respectively, which were installed inside the 

gas flow chamber. To ensure good flow conditions without concentration polarization in the system, 

the feed flow rate was controlled at 1 L/min and the nitrogen sweep gas was at 20 mL/min on the 

permeate side. These rates were chosen for consistency with previous work in the literature on 

epoxy membranes [28]. Stainless steel wool was placed on the upstream side and a disk-shaped 

stainless steel wire mesh (thickness ~1.27 mm) on the downstream side of the membrane to 

promote mixing and avoid membrane deformation due to high-pressure exposure. Both sides of 

the coating membrane, with effective areas of 25 cm2, were sealed with O-rings. Before each 

experiment, the permeation cell was pre-heated to the operating temperature and nitrogen was 

flowed through the top and bottom sides of the membrane for at least 24 hours to avoid potential 

vapor condensation during the experiment. Then, the upstream volume (~ 160 ml) was filled with 

water and the assembly was prepared for measurements. The total applied pressure was then 

adjusted according to the saturation pressure of water vapor (i.e., pressure gauge being the sum 

of atmospheric pressure, water vapor saturation pressure, and applied CO2 partial pressure). 



 
 

 

The diffusivity of permeant i can be estimated from the mass transport profile obtained from the 

permeant flow rate through the coating membrane, using both unsteady state and steady state 

measurements, as reported in reference [29]: 

𝐷𝐷𝑖𝑖 =
𝑙𝑙2

7.199𝑡𝑡0.5
 

(7) 

where 𝑙𝑙 is thickness (m) of the membrane and 𝑡𝑡0.5 denotes the time (s) at which the permeant flow 

rate reaches half of the flux at steady state conditions. Also, the permeation rate was described 

through a solution of Fick’s second law for mass transfer [29], as follows: 

𝑃𝑃𝑖𝑖 = 𝐽𝐽∞𝑙𝑙
∆𝑝𝑝

          (8) 

where 𝑃𝑃𝑖𝑖 , 𝐽𝐽∞, and ∆𝑝𝑝 are the permeability coefficient (mol/m-s-Pa), the permeant flux at steady 

state (mol/m2-s), and the partial pressure gradient of the permeant across the membrane (Pa), 

respectively. Our gas permeation apparatus was developed to measure permeability (𝑃𝑃𝐶𝐶𝑂𝑂2) in wet-

state conditions over a wide range of temperatures (25-80°C) and pressures (1-10 bar). 

 

Fig. 1. CO2 permeation apparatus for measurements on free-standing coating films. Spotted 

areas indicate liquid water in the shown volumes. 

 



 
 

2.3. Microstructural characterization  

To investigate the effects of wet gas mixture on the epoxy microstructure, free film samples were 

examined using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray 

(EDX) detector (FEI Quanta 650, USA). These analyses were conducted at an accelerating voltage 

of 15 kV, a take-off angle of 0-20°, a working distance of 10-15 mm, and a sample chamber 

pressure of 10–4 Pa. For SEM analysis, a free film sample was mounted, polished and sputter-

coated with a thin gold-palladium layer to provide conductivity. First, this mounted sample was 

used to study the composition and morphology of wollastonite filler particles in FBE. Then, it was 

placed in the upstream volume (as shown in Fig. 1) as a reference sample to study the interaction 

of water-dissolved CO2 with the previously identified particles. For all SEM analysis, compressed 

clean air was used to remove debris from samples. 

 

2.4. Applied coating performance: Electrochemical analysis 

According to previous research conducted in our lab [16], the effects of transient sorption of water 

are most prominent during the initial 100 days of exposure, and since water has a relatively small 

kinetic diameter (𝑑𝑑𝐶𝐶𝑂𝑂2/𝑑𝑑𝐻𝐻2𝑂𝑂 = 1.245), it is expected to act as the primary permeant in a binary 

CO2/H2O system [30]. Thus, we used coating panels that had been aged in 65°C deionized water 

for 120 days to simulate wet conditions. This was to eliminate effects of transient water sorption on 

the coating’s response to a CO2-rich medium during the specific timeframe being studied. The 

coated steel panels were analyzed using the test apparatus illustrated schematically in Fig. 2. A 

humid atmosphere was applied to the upstream chamber in Fig. 1 and directed onto the SEM 

reference sample via a bubbler arrangement at a controlled temperature. The exposure test was 

carried out at a CO2 gas pressure of 800 kPa and 65°C. The coated steel panel was periodically 

removed from the chamber and analyzed via electrochemical impedance spectroscopy (EIS) at 

65°C. 



 
 

The non-destructive EIS measurements were performed via a custom-made electrochemical 

apparatus. The substrate of the coated steel panel served as the working electrode, a silver/silver 

chloride electrode as the reference electrode, and a platinum wire as the counter electrode. The 

coated panel was placed between a clean non-conductive benchtop and a rectangular testing cell 

(including a gasket). The exterior walls of the testing cell were tightly wrapped with copper tubing, 

which was used to maintain a temperature of 65°C by circulating water from a Cole-Parmer Polystat 

Heated Circulator (Antylia Scientific Co., USA). The active area for EIS measurement, after the 

tubing was clamped onto the coated panel, was 9.27 cm2. A 3.5 wt% NaCl solution was used as 

the electrolyte. Measurements were taken using a Princeton Applied Research VersaSTAT 3F 

potentiostat, and data were captured with the VersaStudio software package. We conducted 

exposure tests for up to 300 h and performed two replicates to verify the results. After the open-

circuit potential (OCP) of the coated steel reached a steady value (usually at –0.550 V vs. Ag/AgCl 

for 15 min at 65°C), the EIS measurement was conducted under a sinusoidal excitation potential 

of 10 mV RMS in the frequency range from 100 kHz to 0.1 Hz. To ensure the reproducibility of the 

results, EIS measurements were conducted at least three times under identical conditions. Data 

analysis was conducted using the ZSimpWin software and classical Equivalent Electrical Circuits 

(EEC). 



 
 

 

Fig. 2. Schematic illustration of performance tests on coated steel panels exposed to CO2 at 100% 

relative humidity.  

 

3. Results and discussion  

3.1. Dry-state diffusion 

The limited data available on the mass transport properties of CO2 in epoxy materials prompted us 

to initially investigate CO2 gas permeation in the absence of liquid water in the upstream volume. 

As shown in Fig. 3, we measured the CO2 flux through FBE at various upstream pressures in a dry 

upstream volume at a temperature of 65°C. A similar procedure was followed for temperatures of 

25, 40, 70, and 80°C as for 65°C. However, at ambient temperatures of 25 and 40°C, the flux 

values were too minor to be included in the results presented here. With Eq. (7) and (8), we were 

able to estimate the diffusivity and permeability parameters of CO2 through the FBE. Table 1 

presents the diffusivity coefficients at temperatures between 65, 70 and 80°C. These values 



 
 

suggest that the mobility (or diffusivity) of CO2 in FBE is low, two orders of magnitude less than 

that observed in high-density polyethylene [30]. This is in agreement with the reported diffusivity 

range for glassy polymers [8]. It is crucial to note that pipeline coatings are usually not impacted 

by high CO2 pressure atmospheres. As such, the diffusivity of CO2 in these coatings is independent 

of gas pressure within service conditions (i.e., up to 1 bar CO2) and is quantified by the infinite 

dilution mobility coefficient (i.e. the diffusion coefficient of CO2 in near zero upstream pressures of 

CO2). Fig. 4 shows that the permeability of CO2 decreases as the upstream pressure increases. 

This trend is consistent with data found in literature for commercial bisphenol-A-based polymers 

similar to FBE, as observed at temperatures between 65 and 80°C [8]. The slight decrease in 

permeability at higher temperatures is primarily caused by a decrease in the solubility of gas at 

elevated temperatures. As this study did not include gas sorption measurements, mathematical 

models for transport analysis could not be employed, because the presence of fugacity-based 

sorption parameters for CO2 is a prerequisite for accurately fitting permeability data. However, 

literature data on glassy polymers suggest certain boundary limits for CO2 dual sorption 

parameters, such as 10−6 < 𝑏𝑏𝐶𝐶𝑂𝑂2 < 10−5 Pa–1 [31]. However, it is important to note that a fitting 

analysis based solely on the dual mode sorption model may not be a reliable predictor of 

permeability, especially when considering potential physical and chemical effects. For example, 

factors such as test temperature can have an impact on dual mode sorption parameters, which 

can lead to inaccuracies in predicting permeability. 

 



 
 

 

Fig. 3. Flux measurements at 65°C for FBE film with the upstream pressure of pure CO2. 

 

Table 1. Values of diffusion coefficient (m2/s) of CO2 in FBE determined from permeability 

measurements at dry-gas conditions. 

Temperature Thickness ± SD Diffusion coefficient ± SD 

(°C) (µm) (m2/s) × 10–13 

65 517 ± 41 5.3 ± 0.9  

70 444 ± 62 6.7 ± 0.3 

80 411 ± 49 9.1 ± 0.5 

 



 
 

 

Fig. 4. CO2 permeation isotherm in FBE in absence of water between 65 and 80°C. Lines are for 

guidance only.  

 

The decrease in permeability with increasing pressure demonstrated that, similar to other glassy 

polymers such as polycarbonate, the CO2 solubility coefficient of FBE is highly dependent on gas 

pressure [8]. This dependence resulted in a concave shape of the CO2 permeability curve (Fig. 4). 

Also, since the mobility of CO2 is generally an exponential function of concentration [8], CO2 

solubility increased more rapidly at lower pressures compared to higher pressures. Studies on 

glassy polymers [9], [32] have shown that the dependence of CO2 permeability on upstream 

pressure generally follows the trend depicted schematically in Fig. 5. The lowest permeability at 

each temperature represents the plasticization pressure, at which the critical partial molar volume 

is attained and increased mobility in the typically tightly packed Henry's law region of the polymer 

structure is expected [33]. As external pipeline coatings are unlikely to be exposed to extremely 

high pressure environments and the plasticization pressure of glassy polymers caused by CO2 gas 

is typically above 1 MPa [9], in this study, our investigation was confined to feed pressures lower 

than the minimum plasticization pressures for FBE. Indeed, applying higher pressures below the 



 
 

plasticization threshold of 1 MPa can accelerate transport processes in epoxy coatings without 

changing degradation mechanisms. Higher CO2 feed pressure, as per Eq. (8) and Fig. 4, primarily 

increases CO2 flux throughout the coating, this in turn can aid in capturing under-coating reactions 

during shorter exposure experiments. To gain a comprehensive insight into the performance of the 

coating under this condition, we employed SEM/EDX analysis to study the impact of dry gas on 

the FBE microstructure. By analyzing selected areas of the SEM reference sample both before 

and after exposure to CO2 at 800 kPa, as per Fig. 1, we were able to determine that the dry gas 

exposure had no adverse effect on the structural integrity of the FBE network or the filler 

component throughout the 120-hour exposure period. 

 

 

Fig. 5. Illustration of the typical effect of temperature on the permeability of glassy polymers against 

CO2  

 



 
 

  

Fig. 6. Back-scattered electron image from FBE microstructure: a) before and b) after ~ 120 h 

exposure to dry CO2 at 65°C and 800 kPa. 

 

3.2. Wet-state permeation and degradation  

The presence of water in the feed volume did not result in a significant competition between water 

and CO2 for transport, contrary to what was observed with other gases such as oxygen [34]. Fig. 

5 illustrates the slight increase in CO2 permeability in wet conditions at 70°C, which is the median 

temperature (65 ≤T≤ 80°C). The permeability values in wet conditions at 65, 70, and 80°C were 

found to be similar, as shown by the solid line in Fig. 7. This is partly due to the comparable 

permeability at these temperatures in dry conditions (Fig. 4). At these test conditions, the epoxy 

coating only experienced plasticization effects from vapor pressure, not from CO2 as the gas 

pressure range was lower than the critical 𝑝𝑝𝐶𝐶𝑂𝑂2  (≪ 1 MPa). As a result, the polymeric network did 

not permit a significant gaseous flux. Additionally, it is noteworthy that small variations in steady-

state flux (𝐽𝐽∞) were observed under wet-state conditions, as shown in in Fig. 8. These fluctuations 

made measurements more challenging compared to the dry gas system. This alternating pattern 

in flux values suggests a dynamic interplay between the two penetrants in terms of transport 

channels. By comparing the resulting microstructure after exposure to CO2/H2O with that of 

hydrothermally aged FBE [5], [16], we can discern the specific effects of each penetrant. As water 

permeates the FBE coating (at temperatures above 65°C), it causes degradation by plasticizing 

the epoxy network, leading to swelling and an increase in vapor transport [5]. Given that 



 
 

microchannels within the coating greatly affect gas permeability, the segregation effects of the 

added CO2 on the epoxy/coating are crucial to consider. 

 

 

Fig. 7. Permeability of CO2 at various upstream pressures in FBE for wet and dry conditions at 

70°C. The vapor pressure under wet conditions was 31 kPa, equivalent to the saturation pressure 

of water vapor at 70°C. 

 

 



 
 

Fig. 8. CO2 flux in downstream volume at 65°C and gas pressure of 800 kPa in the presence of 

water. 

The surface of the SEM reference sample (exposed as per Fig. 1) revealed the transformation of 

filler particles as a result of exposure to a CO2/H2O environment (Fig. 8). The EDX analysis showed 

that the wollastonite fillers within the FBE matrix underwent carbonation transformation (from the 

surface towards the center) in this medium. The analysis showed that the surface of the filler after 

120 hours of exposure to 800kPa CO2 feed pressure at 65°C had significantly less calcium and 

more silicon, indicating the formation of silicon oxide on the filler surface as a result of the 

carbonation reaction [35]: 

𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐶𝐶𝐶𝐶2
𝐻𝐻2𝑂𝑂�⎯� 𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶3 + 𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝ℎ𝑎𝑎𝑜𝑜𝑜𝑜) (9) 

Cross-sectional analysis of the sample membranes also showed higher concentrations of 

amorphous SiO2 after permeation tests compared to an unexposed FBE sample. However, it 

should be noted that since the reaction is from the surface to the center of the wollastonite grains 

[36], cross-sectional analysis of film membranes might not provide reliable evidence for this 

characterization. The conversion of wollastonite into calcite (CaCO3) and amorphous SiO2 has 

been well-documented in literature concerning carbon capture and storage [35], [37]. Studies have 

shown that upon carbonation, the surface of wollastonite is covered with amorphous silica, rather 

than calcite, and the product layer may not be as porous as the amorphous silica layer formed in 

bulk solution [38]. This conversion of wollastonite into calcite and amorphous SiO2 can open new 

microchannels for gas/vapor transport inside the coating network, which may have implications for 

the long-term performance of FBE coatings in CO2-rich environments. 

 



 
 

 

Fig. 8. Back-scattered electron image of a wollastonite filler (a) and its corresponding elemental 

mapping of calcium (b) and silicon (c) prior to and after (d-f) 120 h exposure to CO2/H2O mixture 

at 65°C. 

 

We observed that the degradation of FBE coatings in a CO2/H2O atmosphere was not solely 

dependent on the temperature, as carbonation of wollastonite filler particles occurred even at 

temperatures lower than 65°C where water-induced plasticization was absent. Through SEM 

analysis (Fig. 9), we observed that the segregation of filler particles in CO2/H2O environments was 

distinct from degradation caused by water uptake, which only affects the epoxy network [5]. The 

carbonation of filler particles created microchannels and microcracks that greatly impacted gas 

transport in the coating. Initially, FBE demonstrated a significant resistance to CO2 transport, with 

the gas flux remaining at zero for 48 hours (Fig. 10). However, prolonged exposure to CO2/H2O 

changed the barrier properties of the coating, developing diffusive channels for gas permeation 

even at room temperature conditions. Our investigations of permeability at ambient temperatures 

(25 and 40°C) revealed that, although the gas flux was insignificant for the first early stages (30 to 

48 hours), gas passage through FBE was progressively facilitated, resulting in meaningful 

permeability values of 4×10–17 to 6×10–17 mol/m-s-Pa. 



 
 

 

 

Fig. 9. Micrographs of a wollastonite filler inside the FBE network: a) before and b) after 120 h 

exposure to CO2/H2O mixture at 25°C. 

 

 

Fig. 10. CO2 flux through FBE in the presence of water and upstream CO2 pressure of 800 kPa at 

25°C. The solid line was drawn between data points and is for guidance only. 

 

3.3. Electrochemical performance evaluation of the FBE coated steel  

EIS was used to evaluate the performance of a coating system on steel panels that had undergone 

prior exposure to hydrothermal conditions followed by exposure to a CO2/H2O environment. 



 
 

Previous EIS characterizations of hydrothermally aged FBE-coated steel panels were used as a 

reference for this study and details can be found in [16]. The barrier properties of organic coating 

systems can rapidly change within a few minutes of immersion due to the percolation of electrolytes 

and the development of nano- or macro-structural defects over time [39]. The formation of pores 

in the outer layer (represented by 𝑅𝑅𝑝𝑝𝑝𝑝 and 𝐶𝐶𝑃𝑃𝐶𝐶𝑝𝑝𝑝𝑝) and the high impedance of the preserved inner 

layer (represented by 𝑅𝑅𝑐𝑐 and 𝐶𝐶𝑃𝑃𝐶𝐶𝑐𝑐) can be identified using an EEC to understand the system's 

behavior (Fig. 11). This representation is valid until a major coating failure, such as the formation 

of microcracks, takes place in the system [39]. In this model, 𝑅𝑅𝑠𝑠 is the solution resistance and the 

constant phase elements (CPE) (𝑌𝑌0)𝑑𝑑𝑙𝑙 and (𝑌𝑌0)𝑐𝑐 are used to represent the non-ideal capacitance 

behavior of the coating The impedance of the CPE is defined by the following equation [40], [41]:  

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = (𝑌𝑌0)−1(𝑗𝑗𝑗𝑗)−𝑛𝑛 (10) 

where 𝑌𝑌0 has the units of 𝛺𝛺−1𝑐𝑐𝑎𝑎−2𝑜𝑜(𝑛𝑛−1), 𝑗𝑗 the imaginary number, 𝑛𝑛 is the relaxation coefficient and 

its value ranges between zero and unity representing the deviation from purely capacitive behavior 

(𝑛𝑛 = 1, 𝑌𝑌0 behaves as an ideal capacitor), and 𝑗𝑗 is the angular frequency (𝑗𝑗 = 2𝜋𝜋𝜋𝜋, 𝜋𝜋 is the 

frequency in Hz). Typically, an increase in coating capacitance occurs when water is transported 

through or adsorbed into the coating, which is caused by the high dielectric constant of the 

adsorbed water (78.3) in comparison to that of the polymeric coating (3-8) [42]. 

 

Fig. 11. EEC model used to simulate impedance spectra of the FBE-coated steel. 

 



 
 

When the exposure duration to a CO2/H2O medium increases, certain changes occur that are 

linked to the carbonation of filler particles within the FBE matrix and the creation of micropores. 

These changes include the variation in the 𝑍𝑍𝑟𝑟𝑟𝑟 and a shift in phase angle, as shown in Fig. 12. 

Over the course of 310 hours, there was a marked decrease in 𝑅𝑅𝑐𝑐 (from 3.12 x 1012 to 3 x 107 𝛺𝛺), 

as demonstrated in Table 2. This decline is an indication of the extent of coating damage [39]. As 

time progressed, two significant changes were observed: a decrease in coating resistance and a 

shift in phase angle to negative values. These alterations are indicative of damage to the inner 

layers of the barrier coating, which allowed water to penetrate the coating. The coating's protective 

properties were thus compromised, rendering the underlying metal more susceptible to corrosion. 

The experimental and modelled impedance data are in excellent agreement as confirmed by the 

chi-squared values, which are less than 0.05. The coating’s integrity during exposure to the 

CO2/H2O environment was assessed using 𝑅𝑅𝑐𝑐 and 𝑅𝑅𝑝𝑝𝑝𝑝 parameters. Initially, 𝑅𝑅𝑝𝑝𝑝𝑝 increased, which 

was likely due to the plugging of the existing defects on the FBE surface as a result of carbonation 

of wollastonite fillers, as well as competitive transport of CO2 and water through micropore 

channels. After 144 h of exposure, 𝑅𝑅𝑝𝑝𝑝𝑝 decreased, which is likely due to the formation of micropores 

and cracks within the coating at the vicinity of filler particles. Additionally, the continuous decrease 

in 𝑅𝑅𝑐𝑐 indicated that water was infiltrating the pores, and electrochemical reactions (e.g., oxidation 

of steel) were progressing more readily at the coating/substrate interface. The SEM images of the 

reference sample in Fig. 8 confirmed that carbonation of fillers within the FBE microstructure can 

damage the coating. Compared to earlier investigations on ageing in water alone [16], the changes 

in the coating impedance were significantly greater over this short exposure period, highlighting 

the adverse effects of the aggressive CO2/H2O atmosphere on the FBE’s barrier properties. 

 

Table 2. Quantitative information on the impedance spectra of the FBE-coated steel was obtained 

by simulating the EEC and fitting it to the experimental spectra. Parameters indicate the 

performance of the coating and progress of electrochemical processes at the coating/substrate 



 
 

interface after up to 310 hours of exposure to humidified CO2 at 65°C (𝑝𝑝𝐶𝐶𝑂𝑂2 = 800 kPa). All 

measurements were carried out on a 9.27 cm2 test area of the coated steel panel. 

Time (𝑌𝑌0)𝑝𝑝𝑝𝑝 × 1010 𝑛𝑛𝑝𝑝𝑝𝑝 𝑅𝑅𝑝𝑝𝑝𝑝 × 10−10 (𝑌𝑌0)𝑐𝑐 × 107 𝑛𝑛𝑐𝑐 𝑅𝑅𝑐𝑐 × 10−10 Chi-squared 

ℎ 𝑜𝑜𝑛𝑛𝛺𝛺−1 − 𝛺𝛺 𝑜𝑜𝑛𝑛𝛺𝛺−1 − 𝛺𝛺 − 

0 1.910 0.953 8.86 0.121 0.250 312 0.0388 

70 1.340 0.982 6.75 4.540 0.005 5.736 0.0129 

144 1.221 0.932 57.6 226.60 0.028 0.009 0.0020 

220 1.341 0.928 14.5 8.03 0.170 0.004 0.0377 

310 1.407 0.973 13.50 146.70 0.975 0.003 0.0102 

 

 



 
 

 

Fig. 12. Impedance spectra: a) Bode impedance and b) Bode phase angle plots of the FBE-coated 

steel panels exposed to humidified CO2 at 65°C and 𝑝𝑝𝐶𝐶𝑂𝑂2 = 800 kPa as a function of ageing times.  

 

The accelerated exposure tests in this study were more severe than those experienced by real-life 

conditions for pipes. Thus, degradation and micro-channel formation caused by carbonation may 

take longer to manifest in real-life scenarios. We should note that when wollastonite fillers are 

exposed to water under ambient pressures and 60°C, carbonation reactions occur rapidly (within 

10 to 24 hours) [43], resulting in anticipated degradation from CO2/H2O media within the first 100 

days of service [16]. Using the measured permeability data, the critical 𝑝𝑝𝐶𝐶𝑂𝑂2  for underlying corrosion 

can be calculated based on an average corrosion rate of < 0.05 mm/y for a 20-year pipeline service 

life [44]. For a 400 μm average coating thickness, the maximum 𝑝𝑝𝐶𝐶𝑂𝑂2  that yields a gas flux within 

the corrosion allowance would be ~ 90 kPa under conditions of local saturation of CO2. This finding 

indicates that even under high concentrations of CO2 that can occur locally, severe damage to the 

under-coating steel pipe could occur over the long term. Our experiment suggests that exposure 

to CO2/H2O media can affect coating performance even with adhesion forces, resulting in micro-

channel formation that could affect species transport, especially at high temperatures [34]. 



 
 

 

4. Conclusion 

CO2-rich atmospheres in combination with moisture can be highly detrimental to FBE-coated 

pipelines. This is due not only to the high transport rate of CO2 within the polymeric network, but 

also to degradation effects caused by the carbonation of filler components within the FBE. Our 

measurements showed that CO2 has a relatively high permeability in dry diffusion systems, about 

one order of magnitude higher than that of oxygen. Contrary to the expected tradeoff relationship 

between gas pair permeabilities, the permeability of CO2 shows a slight increase in wet 

environments. Our observations of fluctuations in gas/vapor flux provide evidence of dynamic 

changes occurring within the coating membrane. Microstructural examinations confirmed that 

wollastonite filler particles in FBE experience a carbonation reaction, resulting in the formation of 

microchannels on the interface between fillers and the epoxy network. Electrochemical impedance 

analysis showed a continuous decrease in the resistance of the FBE coating when exposed to a 

CO2/H2O mixture. Furthermore, changes in the pore resistance of the coating were observed, 

which were attributed to the carbonation of filler particles on the surface and within the coating. 

The minimum of the phase angle in the capacitive-resistive transition region moved to higher 

frequencies which signal the degradation of the barrier coating. It is important to note that these 

effects can occur at ambient temperatures (i.e., 25 and 40°C) and pressures (< 100 kPa). High 

concentrations of CO2 and H2O near FBE can cause severe degradation of the epoxy network and 

filler particles in the coating, leading to carbonation and swelling, respectively. As a result, the 

coating's barrier properties are compromised, allowing for increased gas permeation and 

weakening its ability to protect the steel structure from corrosion. 
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