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Abstract 

Corrosion at the inner wall of wet gas transportation pipelines due to the condensation 

of water vapour, referred to as top-of-the-line corrosion (TLC), is one of the major 

concerns in the oil and gas industry. Primary challenges associated with TLC are 

relevant to its control and monitoring. The research presented in this thesis involved 

the design and development of monitoring techniques for TLC that allows in-situ 

monitoring of inner wall surface temperature and collection of the condensed liquid 

and measurement of droplet retention time (DRT). Additionally, a novel 

electrochemical probe, that enables the use of electrochemical techniques under 

continuously condensing water, has been designed and applied in the research 

presented. With the new setup and the novel measurement technique, the influences of 

various parameters on the TLC behaviour have been revisited. These parameters 

include the inner wall surface temperature, gas temperature, water condensation rate 

(WCR) and monoethylene glycol (MEG) content on TLC in CO2 environment.  

This study demonstrates that there is a critical surface temperature below which the 

TLC rate is independent of the WCR. This is due to the slow corrosion kinetics at low 

surface temperatures. The role of the WCR on TLC has been emphasized and 

quantified through the droplet retention time, which is shown to be directly 

proportional to the supersaturation of Fe2+ and FeCO3 formation at the top of the line 

(TOL). The FeCO3 precipitation kinetics at TOL differ from that at the bottom of the 

line (BOL) due to the different hydrodynamic conditions at these locations.  

Three electrochemical techniques namely; linear polarization resistance (LPR), 

electrochemical impedance spectroscopy (EIS) and electrochemical frequency 

modulation (EFM) have been applied in this study for in-situ monitoring of TLC rate 

as well as for studying FeCO3 precipitation mechanism at TOL. The electrochemical 

results have been verified and validated with non-electrochemical methods, such as 

weight loss and Fe2+ concentration measurements in the absence and presence of 

FeCO3 precipitation. The application of electrochemical methods revealed that FeCO3 

formation at the TOL proceeds in 3 stages; i) active state, ii) formation of a porous 

layer, and iii), formation of protective FeCO3 layers consisting of inner (mixture of 

FeCO3 and Fe3C) and outer layer (FeCO3). The FeCO3 precipitation process is of 
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similar nature compared to the process under total immersion conditions despite 

different kinetic parameters of FeCO3 precipitation at the TOL. 

The study also revealed that the addition of MEG into the system reduces WCR at the 

TOL and corrosion rates at both the TOL and BOL, respectively. The concentration of 

co-condensed MEG at the TOL increases with increasing BOL MEG concentrations 

as well as decreasing condensation rates. The reduction in the condensation rates in 

the presence of MEG and the adsorption of MEG on active sites is resulting in a 

retardation of the galvanic effect between ferrite and cementite, have been identified 

as the cause of a reduction in the uniform corrosion rate. However, localized corrosion 

is found at the TOL in the presence of MEG within the water droplet area, where 

corrosion products were found to be porous and less thick compared to areas outside 

the droplet. Based on these results, a new mechanism for localized corrosion at the 

TOL in the presence of MEG has been proposed.  

The influence of MEG on the dissociation constant of acetic acid has also been 

investigated in order to predict the likelihood of acetic acid to be co-condensed on 

TOL. The results reveal that MEG increases the dissociation constant of acetic acid 

which allows larger quantities of acetic acid to be co-condensed at the TOL.  
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Chapter 1: Introduction and overview 

Corrosion is the deterioration of metal by interactions with its surrounding 

environment [1]. Principally, corrosion is an electrochemical reaction where anodic 

oxidation and cathodic reduction reactions are taking place simultaneously at discrete 

locations on the metallic surface. Corrosion causes enormous economic losses and has 

impacts on a global scale. The estimated global economic loss due to corrosion is about 

2.5 trillion USD in 2013, which is equivalent to 3.4% of the global gross domestic 

product [2]. Corrosion takes place almost on all metallic structures. Carbon steel 

pipelines, widely used for transportation of fluids and gases, because of their 

comparatively low cost, good mechanical strength and availability, are vulnerable to 

corrosion. In the USA, about 15% to 20% of all leading pipeline failures are caused by 

corrosion [2]. The present study focusses on an internal corrosion problem of subsea 

pipelines. 

This chapter provides an overview of the full dissertation. After a critical literature 

survey, the gaps in the current understanding of top-of-the-line corrosion are 

identified, based on which the objectives of this study have been set and significance 

and contribution of this study have been stated. The dissertation outline includes 

introductions to each chapter explaining how the objectives have been met. Last, but 

not least, a summary and discussion section outlines the major findings from each of 

the following chapters (publications). 

1.1  Literature Review 

1.1.1 Introduction to top-of-the-line corrosion (TLC) 

For the oil and gas industry, transportation of production fluids and gases from 

offshore platforms to onshore processing plants can be challenging. The product fluids 

and gases coming from the reservoir contain hydrocarbons, solids, organic acids, 

carbon dioxide, water, etc., which form a multiphase complex mixture [3]. An 

economic and convenient way to transport the fluids and gases over long distances is 

through carbon steel pipelines. The presence of water, dissolved salts, solids, carbon 

dioxide and organic acids in the carbon steel pipelines is detrimental as it causes 

internal corrosion problems [4,5]. Top-of-the-line corrosion (TLC) is an internal 

corrosion phenomenon occurring at the upper portion of the inner wall of gas 
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transmission pipelines due to condensation of water vapour. The pipelines prone to 

TLC are typically operated in the stratified and wavy-stratified flow regime [5–9]. 

TLC is considered dangerous since effective mitigation strategies have not been found. 

Conventional corrosion inhibitors injected into the bottom of the pipeline cannot reach 

to the top of the line (TOL) due to their non-volatile nature. Further, the use of volatile 

corrosion inhibitor to mitigate TLC still has issues with persistency as water 

continuously condenses on TOL and dilutes the inhibitor concentration. Similarly, 

conventional batch treatment is not cost effective to mitigate the TLC, as it requires 

frequent treatment and production interruptions [10].  

TLC can be sub-divided as ‘sweet’ corrosion and ‘sour’ corrosion depending on the 

corrosive constituents. The former occurs in CO2 dominated environments and the 

latter takes place in H2S containing environments [11]. Only sweet TLC will be 

considered throughout the entire dissertation.  

1.1.2 Mechanism of sweet TLC  

Figure 1.1 illustrates the schematic of a cross sectional view of a wet-gas transportation 

pipeline where TLC occurs. When water saturated gas is transported from the wellhead 

to the processing plant, water condensation takes place at the inner wall of the pipeline 

due to temperature gradient between the warm (or hot) production fluids and the colder 

outside environment [5]. CO2 present in the gas phase dissolves in the condensed liquid 

and the organic acid vapour co-condenses, which lowers the pH of the condensed water 

[12]. Hence, the condensed water becomes corrosive and corrodes the upper portion 

of the inner wall of the pipeline [13].  
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Figure 1.1: Schematic diagram showing a cross sectional view of a wet gas pipeline. 
Condensation of water vapour leads to top of the line corrosion. 

In sweet CO2 environments, the principle corrosion reactions occurring at the bottom 

of the line (BOL) and TOL are identical. The following series of reactions are proposed 

to occur in CO2 corrosion of carbon steel [14–16]: 

 CO2(g) ↔ CO2(aq) (1.1) 

 CO2(aq) +  H2O(aq)  ⟷  H2CO3(aq) (1.2) 

 H2CO3(aq) ⟷  H(aq)
+ + HCO3(aq)

−  (1.3) 

 HCO3(aq)
− ⟷  H(aq)

+ +  CO3(aq)
2−  (1.4) 

 Fe(s)  ⟶ Fe(aq)
2+ + 2e− (1.5) 

 2H(aq)
+ + 2e−  ⟶  H2(g) (1.6) 

 Fe(aq)
2+ + CO3(aq)

2− ↔ FeCO3(s) (1.7) 
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However, an insight into the TLC mechanism can be provided by discussing the 

influential factors. Several empirical, semi-empirical, mechanistic models and 

experimental works have identified factors affecting TLC. The important parameters 

are outlined below:  

1.1.2.1 Water condensation rate 

The water condensation rate (WCR) plays a critical role on TLC and this factor is also 

influenced by many parameters including gas temperature, sub-cooling temperature, 

non-condensable gas concentration, gas velocity, system pressure and internal pipe 

diameter [17]. Vitse et al. proposed a semi-empirical model for the TLC rate 

calculation considering that condensation takes place either as film that drains down 

to the bottom of the pipe or as droplets that stay at the TOL before falling due to gravity 

[18]. However, the morphology of the corroded steel surfaces at the TOL reported 

from field cases [5,13], and visual observation of the condensing pattern in a recent 

study [17] indicate that dropwise condensation is more likely to occur as opposed to 

filmwise condensation.  

A proportional relationship between WCR and TLC rate has been reported and is 

generally accepted [10,19–21]. At high condensation rates, condensed water is quickly 

renewed, which impedes the condensed water to become saturated for FeCO3 to 

precipitate. In contrast, a low condensation rate helps to establish saturation of FeCO3 

within the droplet and/or within a thin condensed film, which in turn favours the 

formation of FeCO3 film on the surface to reduce the TLC [22]. The investigated range 

of WCRs found in the literature varied from 0.001 mL m-2 s-1  to 2.25 mL m-2 s-1 

[13,19,23–28]. The critical WCR was estimated to be between 0.15 mL m-2 s-1 to 0.25 

mL m-2 s-1 in low organic acid containing environments above which severe TLC can 

be expected [10]. However, other critical factors, such as the presence of organic acids, 

temperature and complexing anions, can influence iron carbonate precipitation and can 

further reduce the value of the critical WCR [29].  

The overall effect of condensation rates, summarised by Olsen and Dugstad [30], 

indicated that at very high condensation rates, the pipeline experienced very high 

corrosion rates of up to several mm y-1. In such conditions, only a negligible amount 

of protective corrosion products remained on the surfaces, which had no influence on 
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corrosion rates. When condensation rates decreased to just above the critical value, a 

reduction in corrosion rate occurs because of the accumulation of corrosion products 

on the surface. A further decrease in condensation rates, just below the critical value 

and low operating temperature, a non-protective scale formed on the steel surface. In 

such situations, the condensation rate did not influence the corrosion rate. Finally, at 

condensation rates well below the critical value and at high operating temperatures, a 

protective corrosion product film was formed and the corrosion rates were 

significantly decreased [30].  

A further insight into the influences of WCR on TLC have been revisited in this study 

and the results are discussed in Chapter 2 and Appendix I. 

1.1.2.2 Bulk gas temperature  

The gas temperature is another critical parameter in TLC as it influences the 

condensation rates by changing vapour pressure of water, thickness of the condensed 

film/droplets and temperature of the inner wall surface [31]. Vitse et al. studied the 

effect of a wide range of gas temperature from 40 °C to 90 °C on TLC [22]. TLC 

increased with increasing temperature up to values between 70 °C to 80 ºC. 

Afterwards, the trend of corrosion rate reversed with a further rise of temperature to 

90 ºC. The initial increase of TLC rate with increasing gas temperature (<70 ºC) was 

due to the increase of reaction rate. However, at higher temperatures (>80 °C), 

additional mechanisms were proposed such as: i) the increased condensation rate 

makes the condensed liquid film thicker and thereby limits the mass transfer of 

corrosive species, ii) precipitation of FeCO3 takes place on the surface protecting the 

surface partially, and iii) higher corrosion rate may enrich the concentration of ferrous 

ion which in turn increases the pH and alters the mechanism of electrochemical 

reaction [22].  

Singer et al. correlated the gas temperature with the nature of corrosion product 

formed. Their study reported that the corrosion product formed at low temperature 

(40 °C) was mostly porous FeCO3 and less protective. Therefore, corrosion rates 

increased for the first couple of days and remained constant afterwards at this 

temperature. On the contrary, a dense and protective FeCO3 film formed at higher 
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temperature (> 70 °C). Thus, a higher corrosion rate was found in the initial stage, 

which declined over time due to the formation of the protective FeCO3 film [25,32].  

An empirical model developed by Nyborg and Dugstad predicted an increase of TLC 

from 0.03 to 0.14 mm y-1 with increasing gas temperature from 30 °C to 90 °C as a 

result of increasing condensation rates [21]. However, protection against corrosion due 

to the FeCO3 formation was not considered in their model. 

Based on the above discussion, it can be argued that a variation of the gas temperature 

ultimately changes the condensation rates and temperature of the inner wall of the 

pipeline, which in turn ultimately affects the mechanism of TLC and nature and 

properties of the corrosion products that formed. To validate this hypothesis, the 

influences of gas temperature on TLC rates have been revisited in this study and 

discussed in Chapter 2 and Appendix I.  

1.1.2.3 Wall temperature 

Asher et al. predicted a decreasing trend of the TLC rates with rising wall temperature 

from 25 °C to 90 °C based on CorrCastTM mechanistic model that was compared with 

their experimental results [24]. Their study focused on comparing their results with the 

findings of other prediction models and the authors did not include mechanistic 

information. 

Qin et al. illustrated the effect of low pipe wall temperatures on TLC at constant gas 

temperature of 25 °C [33]. The study reported a slight change of TLC with increasing 

wall temperature from 5 to 15 °C followed by a sharp decrease of TLC rates when the 

wall temperature was raised to 20 °C. The authors proposed that slow reaction kinetics 

at low temperature do not significantly increase the corrosion rates. However, at higher 

temperature (20 °C), low condensation rates reduce the TLC sharply. It should be 

noted that the experimental design used in this study might have produced an 

unrealistic pattern of water condensation whereby the condensed liquid glided 

vertically from top to bottom instead of forming droplets on the steel surfaces.  

A relatively better understanding of the effect of wall temperature on TLC was 

described by Ojifinni et al. [19] where a constant decrease in normalized corrosion 

rates were found with increasing wall temperature from 25 to 65 °C at a water 
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condensation rate between 0.17 to 0.2 mL m-2 s-1. The formation of a protective FeCO3 

film at higher temperatures was identified as the cause in the TLC rate reduction.  

However, the wall temperatures reported in the literature are outer wall temperatures, 

which were maintained by circulation of a cooling liquid. It is worth mentioning that 

the inner and outer wall temperatures are not identical due to the temperature gradient 

between the warmer gas temperature and the outer cooling water temperature. Since 

water condensation, iron dissolution and FeCO3 formation take place at the inner 

surface and are affected by temperature, therefore, the inner wall surface temperatures 

have been measured in this study and its influences on TLC and FeCO3 film formation 

are discussed in Chapter 2. 

1.1.2.4 Partial pressure of CO2 (pCO2) 

A proportional relationship between the partial pressure of carbon dioxide (pCO2) and 

the average TLC rates were proposed by Singer and co-workers [25]. The study also 

correlated the pCO2 with the nature of the corrosion products formed on the surface. 

The author demonstrated that a lower pCO2 (0.13 bar) is not favourable for the 

formation of protective FeCO3 layers due to the low supersaturation leading to a low 

but constant corrosion rate with time. Whereas at high pCO2 (> 2 bar), the initial attack 

was more aggressive but the average corrosion rate decreased over time. This was 

attributed to the formation of protective FeCO3 layers since higher supersaturation in 

the condensed liquid was attained. 

Vitse and co-workers investigated the influence of pCO2 over a range from 1 bar to 8 

bar on TLC. pCO2 was found to influence the TLC process at high water condensation 

rates, but it remained indifferent at low condensation rates. At higher condensation 

rates, supersaturation cannot be reached due to the high rate of renewal of condensed 

liquid. In this situation, increase in partial pressure of CO2 decreased the pH of the 

condensed liquid making the environment more corrosive. Conversely, at low 

condensation rates, the condensed liquid attains saturation or even supersaturation with 

the corrosion product resulting in increasing the pH and decreasing the kinetic of 

corrosion reaction by CO2 [22].  

Ojifinni and Li identified the pCO2 as a less influential parameter on TLC by 

conducting experiments at a constant condensation rate (~ 0.18 mL m-2 s-1) and at 
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25 °C and 55 °C wall temperatures [19]. It was found that a minor increase of TLC 

rates was observed at both temperatures when increasing pCO2 from 50 psi (3.45 bar) 

to 261 psi (18 bar). The low influence of the pCO2 was explained by the competitive 

role of CO2 and corroded Fe2+ to change the pH and supersaturation of the condensed 

liquid [19]. A similar explanation was also given by Oehler et al. who reported slight 

increased TLC rates with increasing pCO2 from 5 to 20 bar at constant condensation 

rates and in absence of acetic acid [34].  

In summary, the pCO2 has both positive and negative influences on TLC. On one side 

it helps to form FeCO3 film that reduces corrosion rates, on the other side it decreases 

the pH of the condensed liquid and, therefore, increases the corrosivity of the medium. 

However, its ultimate effect largely depends on other environmental conditions such 

as WCR at the TOL. 

The present investigation did not revisit the influence of pCO2 because of time 

constrain and limitation of the existing setup. However, the concept of the 

electrochemical setup used in this study could be adapted to high-pressure 

arrangements and would provide valuable new insight into the underlying corrosion 

mechanisms.  

1.1.2.5 Monoethylene glycol (MEG) content  

Monoethylene glycol (MEG) is predominantly used as a hydrate inhibitor in wet gas 

pipelines because of its less toxicity compared to methanol, low vapour density, and 

recyclability [35,36]. Typically, 80-90 wt% MEG in water (lean MEG) is injected at 

the wellhead and the MEG concentration decreases to almost 30-60 wt% (rich MEG) 

at the outlet as a result of dilution by condensed water and/or produced water 

[23,41,42]. Numerous studies suggested that glycol inhibits CO2 corrosion at the 

bottom of the line (BOL) [39–42]. Generally, the inhibiting action increases with 

increasing the MEG concentration.   

When MEG is used as a hydrate inhibitor in gas transportation pipelines, MEG 

evaporates and co-condenses at the TOL along with water when a temperature gradient 

is present [27]. Mendez et al. found a slight reduction in TLC rates when 50 wt.% of 

MEG presented in the BOL along with the brine solution [20]. The study proposed that 

a decrease in the water content in the vapour phase causes the reduction in TLC since 
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almost no MEG was present in the condensed liquid. Ehsani et al. traced the presence 

of MEG in the condensed liquid but did not investigate its influence on TLC [42]. It 

has been reported that the condensing phase would contain almost the same MEG 

content as the aqueous phase at the BOL when a complete chemical equilibrium is 

achieved [23]. Since the reactions of CO2 corrosion in TOL is similar to BOL 

conditions, it is possible that MEG reduces the corrosion rate for TLC as well. But, 

most of the investigations relating to MEG were conducted under BOL conditions. 

The effects of MEG on the TLC have rarely been studied to-date. Therefore, a part of 

this dissertation studied the influences of MEG on TLC and BOL corrosion which 

have been discussed in Chapter 3 and Appendix II. 

1.1.2.6 Organic acid content 

Organic acids originating from either the natural gas reservoir or from regenerated 

glycol, which causes some degradation, are present in most wet gas transportation 

pipelines. Typical organic acid concentrations ranges from 100 ppm to 3000 ppm 

among which acetic acid is (HAc) dominant constituting 50 to 90% of the total organic 

acids [13,43]. It has been reported that the concentration of organic acids in the 

condensed liquid decreases with increasing condensation rates [12,44]. High 

condensation rates reduce the TOL organic acid concentration to approximately 75% 

of the BOL organic acid concentration [45]. It is well agreed upon in the literature that 

the presence of HAc aggravates both the uniform and localized TLC rates and reduces 

the integrity of the pipeline [12,13,32,34]. It was proposed that acetic acid promotes 

the corrosion rate by either facilitating the cathodic reaction or by changing the 

solubility and protectiveness of the corrosion product [12].  

The likelihood of HAc to be co-condensed at the TOL also depends on the dissociation 

constant (pKa) of HAc present in the BOL. Higher the pKa, larger amount of HAc will 

remain as undissociated which could evaporate and co-condense at the TOL. It has 

been stated in the previous section that pipelines contain larger amount of MEG at the 

BOL, which might influence the pKa of HAc as other organic solvent does. However, 

the pKa of HAc in presence of MEG has not been reported. Therefore, in this study 

the likely hood of HAc to be co-condensed at the TOL in presence of MEG has been 

predicted by estimating the pKa of HAc in MEG solution and are discussed in detail 

in Appendix II. 
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1.1.3 FeCO3 precipitation at the top of the line 

Iron carbonate (FeCO3) is a predominant corrosion product in CO2 corrosion of carbon 

steel, which provides physical barrier between the electrolyte and the solid metallic 

surface and thereby reducing the corrosion rate [46–48]. Investigations conducted 

under BOL conditions identified several environmental conditions, such as iron 

concentration [14,49], solution pH [50], temperature [14,50,51], pCO2 [15], 

microstructure of the carbon steel [47,52], and exposure time [47] that affect the 

protectiveness of the layer. The scaling tendency model was proposed to predict the 

protectiveness of the FeCO3 scale formation [53]. A mechanistic model proposed by 

Nesic et al. described the growth of the FeCO3 film on a mild steel surface and the 

model anticipates that the precipitation kinetic is dependent on temperature and local 

species concentration [54]. Protective FeCO3 is formed at high temperature (> 60 °C), 

even with low supersaturation, whereas, porous and loosely adhered films forms at 

low temperature (< 40 °C) with high supersaturation [55].  

The mechanisms of FeCO3 film formation and film growth in CO2 environment under 

immersion condition have been widely reported [53,54,56–60]. However, those 

mechanisms at TOL conditions have rarely been studied. A number of investigations 

reported the presence of FeCO3 films at TOL under water condensation conditions in 

a CO2 environment [22,28,61]. Sharp edged crystals were found in the area covered 

by the water droplet [62]. The nature of the FeCO3 film formation was correlated with 

the temperature, pCO2, and condensation rates [22,25]. Generally, a high temperature, 

high pCO2 and low condensation rate lead to the formation of a very dense and 

protective FeCO3 layer. In this dissertation, the formation mechanism of FeCO3 at the 

TOL has been examined using the new set-up and the results are discussed in detail in 

Chapter 2 and Chapter 5. 

I.1.4 Nature of TLC 

TLC is inherently identified as localized corrosion in several field investigations [5,6]. 

However, in the field the corrosion features appeared is so large that the corrosion 

process is sometimes referred to as “localized uniform corrosion” instead of just 
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“localized corrosion”[44]. The first reported case of TLC described the corrosion 

profile as “sharp-edged pits which join together to form large areas of corrosion” [6]. 

Singer discussed in detail the localized nature of TLC and proposed a prediction model 

for localized TLC [44,62]. The study reported that extent of localized corrosion 

increased with increasing condensation rates, presence of acetic acid in the condensed 

water and gas temperature. Local breakdown of the FeCO3 film due to the constant 

replenishment of the condensed water was thought to initiate the localized corrosion. 

The location of the droplet did not link directly to the area of localized attack. Gou et 

al. reported pitting corrosion on TOL in MEG co-condensation system [61]. However, 

the authors did not conclude any role of MEG on localized corrosion. In this study 

(Chapter 3), a correlation has been made between the location of droplet and area of 

localized attack and the role of MEG on localized corrosion has been described. 

1.1.5 Top of the line corrosion monitoring techniques 

1.1.5.1 Field monitoring  

In the field, monitoring of TLC requires inline inspection (ILI) tools equipped with 

sensors, such as eddy current measurement, magnetic flux leakage or ultrasonic metal 

loss [8,63,64]. Weight loss coupons and electrical resistance probes are also used in 

different locations of the pipeline to monitor TLC [65]. 

1.1.5.2 Laboratory monitoring  

In case of laboratory-oriented TLC monitoring devices, a wide variety of setups were 

proposed and employed to improve an understanding of TLC. A brief summary of 

these devices is given in Table 1.1. 

A review of the laboratory monitoring techniques reveals that the TLC rates were 

measured either by weight loss, electrical resistance (ER) probes or by measuring the 

Fe2+ concentration in the bulk or condensed liquids. However, the systematic study 

into the design, development and validation of electrochemical probe for TLC 

application has not been reported. Therefore, the present study develops and validates 

a new electrochemical probe for TLC study, which is discussed in Chapter 4 and 

Chapter 5. 

 



 

Table 1.1: Different approaches used in TLC monitoring. 

No. Configuration Total 
pressure 

(bar) 

Gas 
Temp. 
(°C) 

Wall 
Temp. 
(°C) 

WCR1 
range 

(g m-2 s-1) 

Method of TLC rate 
determination 

Notes Ref. 

1 Horizontal 
cooled carbon 
steel tube 

1 30-70 NR2 0.10-1.50 Fe2+ measurement in 
the condensed liquid 

Condensation took place on the 
outside surface of the carbon steel 
tube. 

[66] 

2 Horizontal 
cooled carbon 
steel U-tube 

20 91-115 30-80 0.40 Weight loss, and Fe2+ 
measurement in the 
bulk liquid 

Condensation took place on the 
outside surface of the carbon steel 
tube. 

[34,67] 

3 Vertical 
cooled tube 

NR2 68 NR2 NR2 Fe2+ measurement in 
the condensed liquid 

 
 

Condensation took place on the inner 
circumference where condensed 
liquid glide through the vertical tube 
from upward to downward instead of 
forming droplet. 

[12,45] 

4 Cold finger 
probe 

1 NR2 NR2 0.25-0.40 LPR, and Fe2+ 
measurement in the 
condensed liquid 

Particular design of the probe cannot 
differentiate the influence of 
environmental parameters such as 
condensation rate and temperature. 

[67] 

5 Quartz crystal 
microbalance 
(QCM) 

6.89 30 5 NR2 Change in frequency 
of a quartz crystal 
gives the corrosion 
rate. 

Technical difficulties to use in real 
field 

[68,69] 

6 Glass cell 
apparatus 

1 35-50 25-30 0.023-
0.092 

Weight loss No provision of collecting the 
condensed liquid. 

[70] 
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No. Configuration Total 
pressure 

(bar) 

Gas 
Temp. 
(°C) 

Wall 
Temp. 
(°C) 

WCR1 
range 

(g m-2 s-1) 

Method of TLC rate 
determination 

Notes Ref. 

7 Glass cell 
apparatus 

1 70 NR2 0.25 Weight loss and 
electrical resistance 
(ER) probe 

No provision of collecting the 
condensed liquid. 

[71,72] 

8 Flow loop 3-8 40-90 NR2 0.05-1 ER probe Representative to field condition 

Only one method for corrosion rate 
measurement 

[17,22,
73] 

9 Flow loop 3-8 40-90 33.5-
70 

0.05-1 Weight loss Representative to field condition 
Only one method for corrosion rate 
measurement 

[25,74,
75] 

 
1 WCR = water condensation rate 
2 NR = not reported 
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1.2 Research gaps 

In order to improve on the existing knowledge of TLC, it is essential to develop a setup 

with multiple capabilities, such as, the measurement of inner wall temperature (where all 

chemical processes are taking place), in-situ collection and analysis of condensed liquid 

(to understand its chemistry and accurate measurement of condensation rates), and 

provision of post experimental analysis of the corrosion products. Chapter 2 in this 

dissertation addresses this gap by developing a new TLC setup with combination of all 

the listed capabilities missing in the current literature. Moreover, most of the monitoring 

techniques for TLC are still confined within the use of weight loss coupons or ER probes. 

Weight loss coupons only provide integrated corrosion rates over long periods of 

exposure. ER probes provide instantaneous corrosion rates but not information on the 

corrosion mechanisms. Besides, the presence of conductive corrosion products and 

temperature can influence the result of ER probe.  

Electrochemical corrosion testing will be of great interest in studying TLC because it is 

not only instantaneous but also able to measure the corrosion rates without isolating the 

specimen from the environment or even significantly disturbing it. In addition, 

mechanistic information on the corrosion process can be unveiled using electrochemical 

techniques. However, the in-situ monitoring of TLC rates using electrochemical 

techniques is still a challenge for researchers and in the field because of small volume of 

electrolyte at the TOL in conjunction with the high resistivity of the condensed liquid. 

Therefore, in Chapter 4 and Chapter 5, new electrochemical probe has been designed and 

developed to meet the current needs.   

Based on the literature review above, this study emphasizes on the development of the 

electrochemical monitoring techniques of TLC and revisits some of the important areas, 

where gaps have been identified to get a better understanding of TLC mechanism; i.e. 

influence of surface temperature (Chapter 2 and Appendix I), WCR (Chapter 2 and 

Appendix I), and MEG (Chapter 3 and Appendix II) on TLC and precipitation mechanism 

of FeCO3 on TOL (Chapter 5).  
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1.3 Objectives of the study 

Based on the gaps in the current understanding (section 1.2), this study aimed to: 

 Design and develop experimental setup capable of measuring real inner surface 

temperature, droplet retention time (DRT) and in-situ collection of condensed liquid 

for its analysis (Chapter 2 and Appendix I). 

 Incorporate electrochemical methods for instantaneous monitoring of TLC and 

understanding the interfacial process occurring on TOL (Chapter 4 and Chapter 5). 

 Revisit the mechanism of TLC using the new setup (Chapter 2 and Chapter 5). 

 Study the influence of bulk MEG concentration on condensation rate, co-condensation, 

TLC rate and BOL corrosion rate (Chapter 3 and Appendix II). 

1.4 Significance and contribution of the thesis on the understanding of TLC 

This thesis outlines the development of a unique TLC monitoring technique by 

incorporating electrochemical methods (Chapter 4 and 5), which can open up a new 

window in the real-time field monitoring of TLC and investigating the efficiency of 

inhibition methods. The mechanisms of TLC have been revisited in this study and some 

previously hidden facts of TLC are revealed. For instance, proportional relationship 

between condensation rate and TLC rate are not valid at low surface temperature (~15 °C) 

and in the absence of FeCO3 film (Chapter 2). Furthermore, this study highlighted the 

importance of the inner wall surface temperature to get an improved insight into the TLC 

mechanisms. At surface temperatures below 30 °C, WCR does not influence corrosion 

rate, which is identified as critical surface temperature for atmospheric condition 

(Chapter 2). This study also found that iron carbonate precipitation mechanism on TOL is 

similar to total immersion condition, which was identified using electrochemical 

impedance spectroscopy (EIS) at the TOL (Chapter 5). All these findings advance the 

current understanding of TLC which could be utilised when planning for TLC inhibition, 

inspection, and prediction. 

In addition, the role of MEG on TLC has been identified. MEG prevents uniform corrosion 

but causes localised corrosion on the TOL (Chapter 3 and Appendix II). The findings are 

useful for many gas development projects using MEG as hydrate inhibitor.   



Chapter 1 

16 

 

1.5 Dissertation outline 

This dissertation is assembled as a hybrid consisting of published papers and submitted 

manuscripts (in various stages of submission and review) that constitute a chapter each. 

Chapter 2 describes the development of a new TLC setup that is capable of measuring the 

surface temperature in-situ and collecting the condensed water as it is produced. As a 

result, the critical inner wall surface temperature (below which WCR does not influence 

TLC rate) and droplet retention time (DRT) were identified.  

Using the above design, Chapter 3 presents the influence of bulk MEG concentration on 

condensation rates, co-condensation of MEG and TLC rates. Localized corrosion found 

in the presence of MEG is discussed by correlating droplet locations with the surface 

morphology and chemistry of corrosion products formed. 

Chapter 4 describes in further detail the experimental setup and introduces the 

electrochemical methods used to study TLC and validates these with non-electrochemical 

methods.  

Chapter 5 utilises the electrochemical methods under FeCO3 film forming condition to 

investigate the mechanism of FeCO3 formation at the TOL.  

Appendix I distinguishes the influence of interrelated parameters, such as, surface 

temperature, gas temperature and condensation rates on TLC rates.  

Appendix II describes the influence of MEG and acetic acid (HAc) on carbon steel 

corrosion mechanisms under CO2 conditions at constant pH and temperature under BOL 

condition. A particular emphasis is given on the dissociation constant of acetic acid in 

MEG solutions.  

1.6  Thesis summary and discussion 

TLC is one of the major concerns in the oil and gas industry. Due emphasis has been given 

in this study to develop an improved TLC monitoring technique, based on electrochemical 

methods, and to revisit those influential parameters , such as, inner wall temperature, gas 

temperature and WCR, as well as MEG content in the BOL.  
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This study has been conducted in two stages. During the first stage, a new TLC 

experimental setup has been designed, which is capable of monitoring real inner wall 

surface temperature, in-situ collection of the condensed liquid, and measurement of the 

droplet retention time (DRT) (Chapter 2 and Appendix I). Using the new setup, the DRT 

has been quantified for the first time (Section 2.4.1) and correlated with supersaturation 

and scale formation (Section 2.5.2). For instance, under TOL conditions, high 

supersaturation may not favour the formation of protective iron carbonate films if the DRT 

is low. Conversely, low supersaturation with long DRT allows the formation of a 

protective FeCO3 scale at the TOL (Section 2.5.3). Similarly, the measurement of the 

actual surface temperature at the inner wall determines the critical surface temperature 

(30 °C) below which the TLC rate is independent on WCR (Section 2.4.2). However, the 

WCR plays a role in TLC when the surface temperature increases to and above 30 °C and 

when the precipitation of FeCO3 is thermodynamically and kinetically favourable 

(Sections 2.4.2 and 2.5.4). The analysis of the condensed liquids allows the calculation of 

the species concentrations, accurate measurement of in-situ pHs of the condensed liquids, 

FeCO3 supersaturation and the scaling tendency (Section 2.5.1). In this investigation, the 

pH of the condensed liquid was between 5 to 6. This study also revealed that the kinetic 

parameters of iron carbonate formation at TOL and BOL are different. Hence, a new 

kinetic constant has been proposed to calculate the FeCO3 formation rate at the TOL 

(Section 2.5.3.2). 

The new setup was also used to study the influences of MEG on TLC (Chapter 3). It was 

found that an increase in MEG concentrations in the bottom liquid decreases the 

condensation rates and uniform corrosion rates but increases the amount of co-condensed 

MEG at the TOL (Sections 3.4.1 and 3.4.2). However, severe localized corrosion was 

shown to develop in the areas underneath the droplet when MEG co-condenses 

(Section3.4.3 and Figure 3.15). Surface and cross sectional analysis reveals that corrosion 

product formed within the droplet boundary is more porous and thinner compared to that 

formed outside of the droplet (Figure 3.17 and Figure 3.18). Corrosive liquid penetrates 

through the pores and attributes to localized corrosion. 
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The influence of MEG on CO2 corrosion of carbon steel in the presence of HAc has been 

investigated under BOL conditions (Appendix II). The results show that an increase in 

MEG concentration reduces the dissociation constant of HAc and increases the amount of 

undissociated, volatile HAc (Section II.4.1). This amount of undissociated HAc is pH 

dependent and can be significant at pH 5 and above (Figure II.2). This study makes the 

important prediction that a higher HAc concentration will result in increased co-

condensation with water at the TOL in the presence of MEG in the BOL. This study also 

finds that under BOL condition HAc aggravates the CO2 corrosion of carbon steel but this 

effect diminishes significantly with increasing MEG concentration (Table II.1).  

In the second stage, an electrochemical TLC probe has been designed to include 

electrochemical methods namely: linear polarization resistance (LPR), electrochemical 

impedance spectroscopy (EIS) and electrochemical frequency modulation (EFM) for TLC 

study (Chapter 4). The results from electrochemical techniques have been verified with 

non-electrochemical techniques, such as weight loss and Fe2+ concentration 

measurements, in the absence and presence of FeCO3 film (Sections 4.4.3 and 5.4.1). The 

electrochemical techniques are also used to understand the interfacial processes and 

FeCO3 formation mechanism on TOL (Chapter 5). The trend of the in-situ corrosion rates 

and EIS study reveals that the formation FeCO3 film at TOL has 3 stages: i.) active state 

when corrosion rates initially increase due to the galvanic coupling effect between ferrite 

and cementite, ii.) formation of porous layer when corrosion rates start to decline, and iii.) 

formation of protective FeCO3 layer consisting of inner (mixture of FeCO3 and Fe3C) and 

outer layer (FeCO3) when corrosion rates reach to minimum stable values (Section 5.4.4). 

The outcomes of this study indicate that the newly designed electrochemical probe is 

capable of not only monitoring in-situ TLC rates but also to provide information of 

interfacial processes occurring at the TOL.   

In summary, this thesis describes the development of a novel TLC monitoring technique 

and presents new mechanistic information associated with the corrosion processes under 

CO2 conditions. All experiments in this investigation were conducted in glass cells which 

limits its use in high temperature and high pressure conditions. However, the design and 
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concept could be adopted for use in high temperature and high-pressure autoclaves, flow 

loops and even in real field monitoring of TLC. In addition, the new setup with the 

electrochemical probe could be used effectively in more complex environments, such as 

the presence of corrosion inhibitors, MEG, and in flowing conditions. The new technique 

also opens up opportunity for TLC inhibition to be studied systematically, which in turn 

will contribute to safer production in the oil and gas industry.  
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Chapter 2: Condensation corrosion of carbon steel at low to moderate 

surface temperature and iron carbonate precipitation kinetics* 

2.1 Abstract 

This study investigates the influence of surface temperature and droplet retention time 

(DRT) on the corrosion rate, FeCO3 supersaturation, and scaling tendency of carbon steel 

exposed to water condensation. This corrosion phenomenon is also known as top of the 

line corrosion (TLC). TLC is found to be governed by surface temperature irrespective of 

water condensation rates (WCR) at low surface temperature (15 °C). The results also 

demonstrate that the DRT directly influences FeCO3 supersaturation and scale formation. 

A new kinetic constant for the calculation of FeCO3 precipitation rate under condensing 

condition at the top of the line is proposed.  

Keywords: Carbon steel; SEM; Weight loss; CO2 corrosion; Kinetic parameters  

2.2 Introduction 

Corrosion due to water condensation commonly called top-of-the-line corrosion (TLC) 

occurs in wet gas transportation pipelines operating in stratified flow. Internal corrosion 

occurs at the upper portion (between 10 to 2 o’clock positions) where water condenses as 

a result of temperature difference between the outside environment and the process fluid 

[1-3]. Dissolved gases such as CO2, H2S and volatile organic acids are the prime corrosive 

constituents of the condensed liquid corroding the inner steel surface due to their acidic 

nature [4]. Since its discovery in 1960s, extensive laboratory studies and field data 

identified water condensation rate (WCR), gas temperature (Tg), gas flow rate, partial 

pressure of CO2 and the presence of organic acids as the controlling factors of sweet TLC 

[4-9]. However, the most influential and interrelated factors in TLC are WCR, Tg and 

inner wall temperature or surface temperature (Ts) [10]. It can be anticipated that 

                                                

* This chapter is reproduced from ‘M.M. Islam, T. Pojtanabuntoeng, R. Gubner, Condensation corrosion of 
carbon steel at low to moderate surface temperature and iron carbonate precipitation kinetics, Corros. Sci. 
111 (2016) 139–150’. 
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distinguishing the roles of each parameter could lead to a better understanding and an 

improved prediction model. 

Literature has been focusing on the effect of WCR as it is considered to be the dominant 

parameter determining TLC severity. The critical WCR was estimated to be between 

0.15 mL m-2 s-1 to 0.25 mL m-2 s-1 in low organic acid environment [10]. Wide ranges of 

WCR from 0.001 mL m-2 s-1 to 2.25 mL m-2 s-1 have been studied [8,10-16]. The direct 

proportional relationship between WCR and TLC rates has been reported. This is due to 

the constant replenishment of freshly condensed water prevents the condensed film to be 

saturated with FeCO3.   

It is apparent that WCR determines the droplet retention time (DRT) ─ the time at which 

a water droplet remains in contact with a steel surface before detaching due to gravity. 

Though the DRT is inversely proportional to WCR, the WCR only provides hypothetical 

droplet longevity instead of the exact duration. Hence, DRT is important information and 

may explain TLC mechanism since the water chemistry of a droplet continuously changes 

with time. Pojtanabuntoeng et al. observed the condensation pattern in water-hydrocarbon 

co-condensation system using a borescope but the longevity of droplet at different 

condensation rate was not reported [17]. 

Two dominant reactions; i.e. iron dissolution and iron carbonate precipitation, occur 

adjacent to the steel surface while undergo corrosion in CO2 environment [18,19]. 

Therefore, the thermodynamic and kinetic of both reactions would be governed by Ts 

rather than Tg. Yet, most studies as well as prediction models addressed the TLC 

phenomenon as a function of Tg with little attention to Ts [7,20,21]. This is because WCR 

is assumed to be the governing parameter controlled by Tg. 

For example, Nyborg and Dugstad developed an empirical model to calculate sweet TLC 

rate based on Tg, partial pressure of CO2, and WCR excluding the effect of Ts [7]. 

According to the model, TLC rate increased from 0.03 mm y-1 to 0.14 mm y-1 when Tg 

increased from 30 °C to 90 °C as a result of an increasing condensation rate. A more 

advanced TLC prediction model determines TLC rate by taking into account the effect of 

Tg, CO2 partial pressure, gas velocity, condensation rate, and acetic acid (HAc) 
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concentration. Ts is calculated implicitly through heat and mass transfer across the pipe 

wall [9].   

The effect of the outer pipe wall temperature on TLC ranging from 5 °C to 90 °C has been 

investigated [10,14,20,22]. For instance, Asher et al. reported the effect of pipe wall 

temperature on TLC based on the mechanistic model and compared it with experimental 

results at a constant condensation rate of 0.1 mL m-2 s-1. The study reported a declining 

trend of TLC rate with increasing wall temperature from 25 °C to 90 °C [10]. However, 

TLC scenario at low pipe wall temperature was reported by Qin et al. [22]. In this study, 

at a constant Tg of 25 °C, TLC rates only decreased slightly with an increasing wall 

temperature from 5 °C to 15 °C. The authors attributed their results to the slow 

electrochemical reaction kinetics at low temperature. With increasing temperature to 20 

°C, corrosion rate decreased sharply due to low condensation rate combined with higher 

tendency of scale formation. It should be noted also that the experimental design applied 

in this study might produce an unrealistic condensation pattern where the condensed 

liquids glided vertically from top to bottom on a rotating flat samples instead of forming 

droplets. 

Additionally, limited electrolyte at the top of the line (TOL) challenges the use of 

conventional electrochemical measurements and it has not been reported in an open 

literature. The measurement of TLC rate has been relied on weight loss method. This 

method provides an integrated corrosion rate over a long period of exposure and may not 

capture the continuous changes due to corrosion and scale formation processes at TOL 

surface. The competitive effect of these two phenomena can be best understood by an 

instantaneous monitoring of TLC rates and the water chemistry of the condensed water.  

This study presents a new design of the TLC setup that is capable of direct measurement 

of Ts and in-situ collection and analysis of condensed water for its chemistry. With this 

new setup, the influences of the two interrelated parameters on sweet TLC; i.e. WCR and 

Ts, are differentiated at low to moderate surface temperatures. Additionally, the 

thermodynamic and kinetic of FeCO3 scale formation at TOL are discussed based on DRT 

and water chemistry of the condensed liquid. 
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2.3 Experimental  

2.3.5 Test material  

A 1030 carbon steel rod (carbon 0.30 %, manganese 0.75 %, silicon 0.25 %, phosphorous 

0.04 %, sulphur 0.04 % and iron balance) was used as a sample in this study. The 20 mm 

diameter steel rod was cut into 16 mm long cylindrical samples. After an initial polishing 

with 600 grit silicon carbide paper and rinsing with deionized (DI) water and ethanol, the 

samples were electro-coated with cationic epoxy (PowercronTM 6000 CX) leaving one 

circular surface exposed for experiments. A 1.5 mm diameter hole was drilled 10 mm deep 

from the side of the sample just 1 mm above the exposed surface for inserting the surface 

temperature probe.  

2.3.6 Experimental procedure 

A schematic diagram of TLC set-up is shown in Figure 2.1. The exposed surface was 

polished with silicon carbide paper to 1200 grit surface finish, cleaned with DI water and 

ethanol, and dried with oil-free compressed air. The prepared carbon steel sample was 

weighed in an analytical balance which has a resolution of 0.1 mg. It was then inserted 

into the polyethylene terephthalate (PET) lid in such a way that the top coated portion was 

suspended into the cooling chamber and the bared portion was exposed to the corrosive 

environment. The bottom portion of the PET lid was machined at an angle of around 20° 

to allow any water droplets condensing on the lid to slide away and not mix into the 

collection cup. This was done to avoid an artificially high water condensation rate and 

potentially inaccurate assessment of the water chemistry. The temperature probe was 

inserted into the sample to measure surface temperature (Ts) and the other thermocouple 

was positioned in the gas phase near the sample to record gas temperature (Tg). The TLC 

lid was then placed onto a glass cell of 2 L volume assembled with CO2 inlet and outlet, 

a thermocouple (to control bulk liquid temperature), and a condensed liquid collection 

cup. The whole assembly was deoxygenated by sparging with high purity CO2 gas (99.99 

%) for 10 min. The cooling chamber was connected to a water bath to maintain the desired 

Ts. 
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In a separate container, 1400 mL of high purity water (18.2 MΩ.cm), pre-sparged with 

high purity CO2 overnight and preheated to a predefined temperature, was transferred to 

the TLC cell using a peristaltic pump to avoid oxygen contamination. Tg and Ts were 

controlled by adjusting the bulk liquid temperature and the cooling water temperature, 

respectively. As soon as Tg and Ts reached the desired value, the experiment started.  

 

 

Figure 2.1: Schematic of top-of-the-line corrosion (TLC) setup; 1. Cooling water inlet, 2. 
Cooling water outlet, 3. Stainless steel cooling chamber, 4. Surface temperature probe, 5. 
Gas temperature probe, 6. CO2 inlet, 7. Thermocouple, 8. Carbon steel sample, 9. 
Polyethylene terephthalate lid, 10. Glass vessel of 2 L volume, 11. Condensate collector, 
12. CO2 outlet, 13. Condensate reservoir, 14. High purity water, 15. Heater. 

The condensed liquid, dropped into a condensate collector placed directly beneath the 

sample, was transferred immediately into the condensate reservoir at room temperature to 

avoid any re-evaporation. The liquid was then collected periodically from the reservoir to 

determine its mass, pH, and ferrous ion concentration. The water condensation rate was 
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calculated by dividing the collected condensed water with surface area and time. The in-

situ corrosion rate was calculated based on dissolved iron (Fe2+) presenting in the 

condensed liquid for a certain exposure time according to Eq. (2.1) [23,24]. The integrated 

corrosion rate was determined by summarising Fe2+ in the condensed liquid during the 

entire experiment. 

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
87600𝑊𝑊
𝐴𝐴𝐴𝐴𝐴𝐴  

(2.1) 

where Rcorr is the corrosion rate, mm y-1; W is the dissolved iron measured in the 

condensed liquid, g; t is the test duration, h; A is the surface area, cm2; ρ is the density of 

specimen, g cm-3; 87600 is the unit conversion constant. 

At the end of the experiment, the sample was removed from the lid, rinsed with ethanol 

and dried with high purity N2 (99.99%). The sample surface was then examined with 

scanning electron microscope (SEM) and energy dispersive X-Ray spectroscopy (EDS). 

Several samples were also characterized with Raman Spectroscopy. Afterwards, corrosion 

products were removed following ASTM G1-03 using Clarke’s solution (1000 mL of 

hydrochloric acid, 20 g of antimony trioxide and 50 g of stannous chloride) [24]. For each 

cleaning cycle, the specimen was pickled in Clarke’s solution for 30 s with constant 

stirring, subsequently rinsed in DI water, acetone, and dried. The mass loss was plotted 

against cleaning cycles in which the change in slope indicates the complete removal of 

corrosion product. Finally, the weight loss corrosion rate was calculated using Eq. (2.1) 

but substituting 𝑊𝑊 with the mass loss obtained from the chemical cleaning procedure.   

2.3.7 Calculation of scaling tendency 

The FeCO3 scaling tendency was determined experimentally in a similar approach as 

described by Yaakob [25]. Accordingly, the corrosion products formed during the 

experiment was assumed to be comprised of solely FeCO3.  

Therefore, the difference between the mass loss obtained from chemical cleaning (W1) and 

the total Fe2+ presenting the condensed water integrated over the entire test duration (W2) 
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was assumed to deposit on the surface as FeCO3 which was confirmed by performing a 

mass balance of Fe2+. The scale formation rate (RSF) and scaling tendency (ST) were then 

calculated according to Eq. (2.2) [25] and Eq. (2.3) [15] respectively: 

𝑅𝑅𝑆𝑆𝑆𝑆 =
(𝑊𝑊1 −𝑊𝑊2)𝑀𝑀1

1000𝑀𝑀2𝐴𝐴𝐴𝐴
 

(2.2) 

𝑆𝑆𝑇𝑇(𝑒𝑒𝑒𝑒𝑒𝑒) =
𝑅𝑅𝑆𝑆𝑆𝑆
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 
(2.3) 

where RSF is the scale formation rate, kmol m-2 s-1; W1 is the mass loss obtained from 

chemical cleaning, g; W2 is the total amount of Fe2+ measured in the condensed liquid, g; 

M1 is the molecular weight of FeCO3 , 115.8 g mol-1; M2 is the molecular weight of Fe, 

55.85 gmol-1; A is the surface area of the steel sample, m2; t is time, s; Rcorr is corrosion 

rate, kmol m-2 s-1; ST(exp) is the experimentally measured scaling tendency, dimensionless. 

Because scaling tendency (𝑆𝑆𝑇𝑇(𝑒𝑒𝑒𝑒𝑒𝑒)) is a relative quantity between the rates of FeCO3 

formation and corrosion, it is dimensionless. Therefore, corrosion rate Rcorr from Eq. (2.1) 

expressed in mm y-1 was converted to kmol m-2 s-1 in Eq. (2.3).  

2.3.8 Measurement of droplet retention time (DRT) 

Figure 2.2 depicts the arrangement of 3 thermocouples for DRT determination. In addition 

to the 2 thermocouples measuring the surface and gas temperatures, the third temperature 

probe was positioned just beneath the sample surface to measure the droplet temperature. 

The temperatures were recorded every 1 min. DRT determination experiments were 

carried out separately from corrosion experiments but at the same conditions. DRT was 

measured from the fluctuation of droplet temperature at a given Ts and Tg.  
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Figure 2.2: Schematic of measurement of droplet retention time (DRT); 1. Cooling water 
inlet, 2. Cooling water outlet, 3. Stainless steel cooling chamber, 4. Surface temperature 
probe, 5. Droplet temperature probe, 6. Gas temperature probe, 7. Carbon steel sample, 
8. Polyethylene terephthalate lid. 

2.4  Results 

2.4.5 Droplet retention time (DRT) and water condensation rate (WCR) 

Figure 2.3 illustrates the temperature fluctuation from the thermocouple dedicated for 

measuring the droplet temperature with time at gas temperature (Tg) = 40 °C and surface 

temperature (Ts) = 15 °C. Initially, this thermocouple read gas temperature and the reading 

decreased as the water droplet grew closer to this thermocouple. The lowest temperature 

reading was obtained when the droplet reached its maximum size and came into contact 

with the thermocouple. As soon as it detached from the surface, the reading reached back 

to the gas temperature denoting the initiation of the new droplet. In other word, for each 

cycle of a droplet, there was the maximum temperature indicating the initiation of a droplet 

and the minimum temperature representing when it fell. The interval between the two 

minimum readings indicated the DRT. For each condition, several intervals were recorded 

and the average value is reported with standard deviation. DRT for other conditions were 

measured in the same way.  
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Figure 2.3: General fluctuation of surface, gas, and droplet temperature profile with time. 
Time interval between 2 minimum readings of droplet temperature show droplet retention 
time (DRT). 

 

Figure 2.4: In-situ water condensation rate (WCR) at 55 °C gas temperature and different 
surface temperatures. 
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The in-situ WCR at Tg = 55 °C and at Ts = 30 °C and 45 °C are shown in Figure 2.4 

illustrating that relatively constant WCR was maintained throughout the experiments.  

Table 2.1 summarises the DRT and WCR at different experimental conditions. As 

expected, the shortest DRT of 6 min was recorded at the highest WCR of 1.55 g m-2 s-1 at 

Tg = 55 °C and Ts = 15 °C. The lowest WCR was 0.17 g m-2 s-1 at Tg = 41 °C and Ts = 

40 °C. At this condition, it was not possible to identify the variation in droplet temperature 

due to the marginal difference between Tg and Ts. Hence, the DRT at low WCR was 

extrapolated and was found to be approximately 50 min (Figure 2.5). 

Table 2.1: Water condensation rate (WCR) and droplet retention time (DRT) at different 
experimental conditions. 

Condition WCR  

(g m-2s-1) 

DRT  

(min) 
Tg (°C) Tg (°C) 

55 ± 1 15 ± 0.5 1.55 ± 0.16 6.0 ±1 

55 ± 1 30 ± 0.5 1.20 ± 0.05 7.5 ±1 

55 ± 1 45 ± 0.5 0.43 ± 0.03 20.0 ±1 

40 ± 1 15 ± 0.5 0.63 ± 0.02 14.0 ±1 

40 ± 1 30 ± 0.5 0.34 ± 0.01 26.0 ±1 

41 ± 1 40 ± 0.5 0.17 ± 0.02 50.0 ±1 
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Figure 2.5: Droplet retention time (DRT) as a function of water condensation rate. 

2.4.6 Top of the line corrosion (TLC) rates 

Figure 2.6 depicts the in-situ corrosion rates calculated from Fe2+ in the condensed liquid 

at Tg = 55°C and varying Ts; i.e. 15 °C, 30 °C, and 45 °C. Two distinctive scenarios can 

be observed; namely i) an increasing corrosion rate with time (at 15 °C and 30 °C 

temperature) and ii) a relatively constant corrosion rate followed by a slight decline (at 

45 °C temperature). At Ts = 15 °C, TLC rate gradually increased throughout the 

experiments to 0.95 mm y-1 which was approximately double compared to its initial value. 

Similar trend was also observed at Ts = 30 °C but the corrosion rate increased faster 

compared to the results obtained at 15 °C.  

A different trend was observed at Ts = 45 °C. The TLC rates initially fluctuated within 

0.55 mm y-1 to 0.67 mm y-1 with time up to approximately 160 h then consistently decrease 

for the next 80 h until the end of the experiment. Furthermore, after 240 h exposure, this 

condition exhibited the lowest corrosion rate of 0.51 mm y-1 despite its higher initial 

corrosion rate as compared to the experiment carried out at Ts = 15 °C.  
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Another set of experiments were conducted at lower Tg (40 °C) and different Ts and the 

in-situ TLC rates are depicted in Figure 2.7. The results revealed similar TLC rates and 

an increasing trend at Ts = 15 °C and 30 °C. The final corrosion rates were almost double 

compared to their initial values at both conditions. On the contrary, corrosion rates at Ts = 

40 °C remained constantly low throughout the experiment. 

 

Figure 2.6: In-situ top of the line corrosion rates at 55 °C gas temperature and different 
surface temperatures. 
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Figure 2.7: In-situ top of the line corrosion rates at 40 °C gas temperature and different 
surface temperatures. 

The integrated TLC rates obtained from mass loss of the test coupons and also from the 

total Fe2+ in the condensed water are compared in Figure 2.8. The solid lines and dashed 

lines represent data obtained at Tg = 55 °C and 40 °C, respectively. Mass loss corrosion 

rate are slightly higher than that measured from Fe2+ measurement in the condensed liquid. 

This may be due to the fact that a portion of dissolved iron was retained on the surface as 

corrosion product and was not detected in the condensed liquid.  

Figure 2.8 illustrates the dominant role of Ts on TLC rate. As Ts increased from 15 °C to 

30 °C with a constant Tg = 55 °C, corrosion rates from both methods almost doubled, 

despite the slight decrease in condensation rate from 1.55 g m-2 s-1 to 1.20 g m-2 s-1 (Table 

2.1). Similarly, at Tg = 40 °C, increasing Ts from 15 °C to 30 °C caused a slight increase 

in corrosion rate (0.73 mm y-1 to 0.81 mm y-1 from mass loss) despite the 2-fold decrease 

in the WCR. Figure 2.8 also demonstrates that at low Ts (15 °C), corrosion rate remained 

constant when Tg was increased from 40 °C to 55 °C even though WCR increased more 

than double (0.63 g m-2 s-1 to 1.55 g m-2 s-1). 
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Figure 2.8: Top of the line corrosion rates obtained from mass loss and dissolved iron 
(Fe2+) measurement at 55 °C and 40 °C gas temperature (Tg) and different surface 
temperature (Ts). 
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2.4.7 Surface analysis 

Figure 2.9 shows the SEM images and EDS spectra of samples after exposing to Tg = 

55 °C and different Ts for 240 h. Non-adherent corrosion product was observed on the 

surfaces at Ts = 15 °C and 30 °C [Figure 2.9(a) and (b)]. Iron carbonate crystal was not 

found from the SEM images under these conditions. EDS reveals low intensity peaks of 

carbon and oxygen in relation to that of iron which may indicate the presence of iron 

carbide and iron oxide. On the contrary, at Ts = 45 °C, well defined crystals are clearly 

visible in the SEM image shown in Figure 2.9(c) and the strong peak of oxygen in the 

EDS spectra might indicate the presence of FeCO3 [27-29]. 

SEM images and EDS spectra of samples exposed to Tg = 40 °C and different Ts are shown 

in Figure 2.10(a) to (e). At low Ts of 15 °C, no FeCO3 was observed in the SEM image 

shown in Figure 2.10(a). Increasing Ts slightly to 30 °C resulted in a different scenario. 

Though not uniformly distributed, FeCO3 is visible in some areas as shown in the SEM 

images and EDS spectra [Figure 2.10(b) to (d)]. Increasing the Ts to 40 °C, closer to Tg, is 

more favourable for FeCO3 precipitation. The entire surface was covered with FeCO3 as 

indicated by SEM image and high intensity peak of oxygen from EDS [Figure 2.10(e)]. 

Figure 2.11 displays Raman spectra obtained from different areas on this sample. The 

peaks shown at 287 cm-1, 731 cm-1, 1090 cm-1 are the characteristics band of FeCO3 [30]. 
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Figure 2.9: SEM images and EDS spectra of the samples after 240 hours of exposure at 
55 °C gas temperature and (a) 15 °C, (b) 30 °C and (c) 45 °C surface temperature. FeCO3 
fully covered the underlying steel only at 45 °C surface temperature. 

2.5  Discussion 

The difference in TLC behaviour shown in the results section could be explained by the 

formation of FeCO3 which is correlated with the water chemistry of condensed water, the 

supersaturation values, and the scaling tendencies. It can be assumed that the chemical 

reactions and corrosion mechanism at the TOL are identical to that at the bottom because 

of the same nature of electrochemical reactions and the aggressive species at the metal 

surface [9]. Therefore, the concentration of each species in the droplet can be calculated 

from the knowledge of water chemistry equilibrium in the condensed water in CO2 

environment.  
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Figure 2.10: SEM images and EDS spectra of TLC the samples after 240 hours of 
exposure at 40 °C gas temperature and (a) 15 °C, b to d) 30 °C and (e) 40 °C surface 
temperature. Partial and full coverage of FeCO3 were observed at 30 °C and 40 °C 
surface temperature, respectively. 
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Figure 2.11: Raman shift of the sample after 240 hours of exposure at 41 °C gas 
temperature and 40 °C surface temperature confirming the presence of FeCO3. 

Below lists chemical reactions considered in this calculation [19,23,26,31,32]: 

CO2(g) ↔ CO2(aq)  
A

(2.4) 

CO2(g) +  H2O(aq) ↔  H2CO3(aq) (2.5) 

H2CO3(aq) ↔ H(aq)
+ + HCO3(aq)

−  (2.6) 

HCO3(aq)
− ↔ H(aq)

+ + CO3(aq)
2−  (2.7) 

H2O(aq) ↔ H(aq)
+ + OH(aq)

−  (2.8) 

where K1, K2, K3, K4, and K5 are the equilibrium constants of reactions (2.4) to (2.8), 

respectively. The equilibrium constants are function of temperature, pressure and ionic 

strength (I) which can be found easily in the open literature [19,26]. I can be calculated 

from Eq. (2.9) as follows: 
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𝐼𝐼 =
1
2�𝑐𝑐𝑖𝑖𝑧𝑧𝑖𝑖2

𝑖𝑖

 
(2.9) 

where 𝐼𝐼 is ionic strength, in kmol m-3; ci is the concentration of the ith ion, kmol m-3; zi is 

its charge. 

In the condensed liquid, dissolved iron (Fe2+) is also present that needs to be taken into 

account to maintain the electro-neutrality. According to the electro-neutrality theory, the 

sum of positive charge is equal to that of negative charge which can be written as follows: 

2𝑐𝑐Fe2+ + 𝑐𝑐H+ = 𝑐𝑐HCO3− + 2𝑐𝑐CO32− + 𝑐𝑐OH− (2.10) 

where 𝑐𝑐Fe2+ is concentration of Fe2+ in the condensed liquid, kmol m-3; 𝑐𝑐H+, 𝑐𝑐HCO3−, 𝑐𝑐𝐶𝐶𝑂𝑂32−, 

and 𝑐𝑐OH− are the equilibrium concentration of H+, HCO3
−, CO3

2− and OH−, respectively in 

kmol m-3. By combining the equilibrium constant formulas with Eq. (2.10), a 

mathematical equation with respect to 𝑐𝑐H+ can be derived: 

𝑐𝑐𝐻𝐻+
3 + 2𝑐𝑐𝐻𝐻+

2 − �𝐾𝐾5 + 𝐾𝐾1𝐾𝐾2𝐾𝐾3𝑝𝑝𝐶𝐶𝑂𝑂2�𝑐𝑐𝐻𝐻+ − 2𝐾𝐾1𝐾𝐾2𝐾𝐾3𝐾𝐾4𝑝𝑝𝐶𝐶𝑂𝑂2 = 0                        (2.11) 

where 𝑝𝑝𝐶𝐶𝑂𝑂2 is partial pressure of CO2 calculated using Antoine equation [33], bar. 

2.5.5 pH of the condensed water 

Because of the difficulty in measuring the pH of the condensed water in-situ, the pH was 

measured at room temperature in the condensate reservoir. Afterwards, in-situ pH of the 

condensed water was calculated using Eq. (2.11).  

Figure 2.12 shows the comparison between the measured and calculated pH of the 

condensed water at Tg = 55 °C and Ts = 30 °C. The dotted line shows the pH measured at 

25 °C temperature whereas the solid line is the calculated pH at the same temperature. 

Both the experimental and calculated data are in good agreement indicating the accuracy 

of the calculations.  
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The in-situ surface pH of the condensed water droplet at different experimental conditions 

calculated using Eq. (2.11) is depicted in Figure 2.13. In this case, Ts and partial pressure 

of CO2 inside the test vessel were used in the calculation. Generally, pH of the condensed 

water varies from 5 to 6 based on experimental conditions. The figure reveals that the pH 

of the condensed water follows an identical trend with the in-situ corrosion rate as the 

concentration of Fe2+ governs the pH of the condensed water to balance the charge 

neutrality. Even though pH in some conditions increases with time, its influence on 

corrosion rate is negligible compared to other predominant factors such as Ts and 

condensation rates. 

 

Figure 2.12: Comparison of calculated and experimentally measured pH of condensed 
water collected in the condensate reservoir at 25 °C. The condensation took place at 55 °C 
gas temperature and 30°C surface temperature. 
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Figure 2.13: In-situ surface pH of the condensed water at different gas temperature (Tg) 
and surface temperature (Ts). 

2.5.6 Iron carbonate supersaturation  

As corrosion proceeds, concentration of Fe2+ in the water droplet increases favouring the 

formation of FeCO3 according to Eq. (2.12) depending on the supersaturation and kinetics 

at the surface condition [8,34]:  

Fe(aq)
2+ + CO3(aq)

2− Ksp�� FeCO3(s) 
(2.12) 

It is known that the presence of FeCO3 can provide corrosion protection and may reduce 

corrosion rate [27]. The results showed that all test conditions do not favour FeCO3 

formation as it is controlled by Ts and WCR. To demonstrate this, the supersaturation and 

scaling tendency for each test conditions are required. The FeCO3 supersaturation in the 

condensed water was calculated using Eq. (2.13) [26]: 

𝑆𝑆𝑆𝑆 =
𝑐𝑐Fe2+  𝑐𝑐CO32−

𝐾𝐾𝑠𝑠𝑒𝑒
   (2.13) 
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where SS is the FeCO3 supersaturation, dimensionless; 𝑐𝑐Fe2+  is ferrous ion concentration, 

kmol m-3; 𝑐𝑐CO32− is the concentration of carbonate ion obtained from calculation of 

chemical equilibrium, kmol m-3; Ksp is the FeCO3 solubility constant in (kmol m-3)2. Ksp 

can be calculated using the Eq. (2.14) provided by Sun and Nesic [35]:  

log𝐾𝐾𝑠𝑠𝑒𝑒 =  −59.3498− 0.041377𝑇𝑇𝑘𝑘 −
2.1963
𝑇𝑇𝑘𝑘

+ 24.5724 log(𝑇𝑇𝑘𝑘)

+ 2.518𝐼𝐼0.5 − 0.657𝐼𝐼 

(2.14) 

where Tk is temperature, kelvin; and I is ionic strength, kmol m-3. 

FeCO3 supersaturation of the condensed liquid with time at Tg = 55 °C and 40 °C with 

different Ts are presented in Figure 2.14(a) and 2.14(b), respectively. At Ts = 15 °C and 

Tg = 55 °C, the initial supersaturation was low but gradually increased to approximately 5 

at the end of the experiment. However, it drastically increased overtime when the Ts was 

increased to 30 °C. On the contrary, supersaturation at Ts = 45 °C was the highest initially 

but relatively constant especially from 90 h to 160 h, after which it sharply decreased. 
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Figure 2.14: Iron carbonate supersaturation at a) 55 °C and b) 40 °C gas temperature 
and different surface temperature. 
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and Tg = 41 °C, a relatively low supersaturation was observed which was constant up to 

around 200 h after which it gradually decreased.  

Generally, the supersaturation of iron carbonate depends on the availability of ferrous 

ions, which originates from the corrosion process, the concentration of CO3
2-, and the 

surface temperature where the reactions take place [36]. At Tg = 55 °C, supersaturation at 

Ts = 15 °C is significantly lower than that at Ts = 45 °C despite similar overall corrosion 

rates. This result emphasizes that iron carbonate formation is more favourable at a higher 

surface temperature due to the decrease in its solubility. In addition, the short DRT at Ts 

= 15 °C (6 min) did not allow sufficient contact time for FeCO3 to precipitate. Conversely, 

high surface temperature along with comparatively long DRT creates supersaturation 

condition within condensed water droplet with iron carbonate at Ts = 45 °C. The latter 

condition favours the formation of iron carbonate scale on the sample surface 

thermodynamically and kinetically. When the protective iron carbonate scale forms and 

hinders the corrosion process, less iron dissolves into the condensed water which explains 

the decrease in supersaturation after around 160 h of exposure.  

Meanwhile at Ts = 30 °C and Tg = 55 °C where corrosion rate was the highest, more iron 

dissolved into the condensed liquid raising supersaturation value and the precipitation of 

FeCO3 became more thermodynamically favourable. However, no FeCO3 was formed on 

the sample surface since FeCO3 precipitation remains kinetically unfavourable at Ts = 

30 oC due to short DRT (7.5 min).  

A similar explanation is also applicable at Tg = 41 °C and Ts = 40 °C. This condition 

exhibited low supersaturation as a result of small amount of iron released from corrosion. 

Yet, FeCO3 precipitated because of the long DRT of around 50 min. As a result, there was 

sufficient time to produce iron carbonate scale on the surface reducing further corrosion. 

This may explain the decline in supersaturation towards the end of the experiment. 

Similarly, Dugstad and Dronen reported the formation of FeCO3 at 20 °C temperature and 

low precipitation rates at stagnant or semi-dry period for a long exposure time [37]. The 

authors suggested that the stagnant or semi-dry condition restricted the movement of 
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reactants or corrosion products which favoured the precipitation kinetics and improved 

the adherence of corrosion films. 

From the above discussion, it can be concluded that the FeCO3 precipitation at TOL is 

different from that at the bottom of the line (BOL). In case of BOL, high supersaturation 

generally favours the precipitation of iron carbonate [38]. But in case of TOL, high 

supersaturation may not always lead to the FeCO3 formation if the droplets fall 

immediately. Conversely, FeCO3 formation is possible at low supersaturation if enough 

time is given. This finding emphasizes that DRT is an important factor to be considered 

while investigating the TLC phenomena.  

2.5.7 Scaling tendency of top of the line (TOL) specimen 

2.5.7.1  Scaling tendency and iron content in the corrosion product 

Scaling tendency is the measure of protectiveness of the surface by corrosion product. 

Scaling tendency was calculated based on experimental data using Eq. (2.3) and are 

reported in Table 2.2. It varies from 0.09 where no FeCO3 precipitates to 0.47 where a 

protective FeCO3 is observed.  

To explain further, the effect of Ts on the experimental scaling tendency calculated using 

Eq. (2.3) and percentage of corroded iron forming the corrosion product at Tg = 55 °C and 

40 °C are shown in Figure 2.15(a) and 2.15(b), respectively. At low Ts (15 °C), low scaling 

tendency  of 0.1 was found at both Tg. Increasing Ts to 30 °C but maintaining Tg at 55 °C 

resulted in a slight increase of scaling tendency to 0.12. A significant increase in scaling 

tendency from 0.12 to 0.3 was observed once Ts was increased to 45 °C. Likewise, at Tg 

= 40 °C, it marginally increased to 0.2 with increasing Ts from 15 to 30 °C. Afterwards, a 

sharp rise of scaling tendency was found when the Ts was raised to 40 °C to reach a value 

of about 0.5. 

The rise in scaling tendency is also supported by Figure 2.15(b) which demonstrates a 

profound increase in the precipitation of corrosion product on the surface. It is found that 

at Ts below 30 °C, less than 20% of the corroded iron was retained on the surface while 

the remaining dissolved into the condensed water. The conditions resulting in the lack of 
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protective corrosion product formation can be correlated to those conditions where 

corrosion rate increased with time. On the contrary, at 45 °C Ts, almost 33% of the 

corroded iron was retained on the surface contributing to high scale formation tendency. 

Around 48% of the corroded iron remained on the surface as a corrosion product when Ts 

and Tg were maintained at 40 °C and 41 °C, respectively, producing the highest scaling 

tendency among the experiments conducted.  

 

Figure 2.15: Effect of surface temperature on (a) experimental scaling tendency from Eq. 
(2.3) and (b) % of corroded iron retained on the surface at 55 °C and 40 °C gas 
temperature. 
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2.5.7.2 Comparison with existing scaling tendency correlation – New kinetic constant 

To elucidate the observed TLC behaviour, scaling tendency values from the measurements 

were compared with previously proposed calculations. According to Nesic and Sun, 

scaling tendency is defined as the ratio of precipitation rate (RP) to the corrosion rate (Rcorr) 

expressed in same unit as shown in Eq. (2.15) [26]:  

𝑆𝑆𝑇𝑇 =
𝑅𝑅𝑃𝑃
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 
(2.15) 

Johnson and Thomson first proposed Eq. (2.16) to calculate the precipitation of FeCO3 

(RP) at low level of supersaturation [39]:  

𝑅𝑅𝑃𝑃 = 𝐾𝐾𝑐𝑐
𝑆𝑆
𝑉𝑉 𝐾𝐾𝑠𝑠𝑒𝑒[(𝑆𝑆𝑆𝑆)0.5 − 1]2 

(2.16) 

where 𝑅𝑅𝑃𝑃 is the iron carbonate precipitation rate, kmol m-3 s-1; Kr is the kinetic constant, 

m4 kmol-1 s-1; 𝑆𝑆 𝑉𝑉⁄  is the surface to volume ratio, m-1. But this equation overestimated RP 

at high supersaturation level as stated by Van Hunnik et al. [40]. Consequently, they 

proposed another equation based on their experimental results as shown in Eq. (2.17) [40]: 

𝑅𝑅𝑃𝑃 = 𝐾𝐾𝑐𝑐
𝑆𝑆
𝑉𝑉 𝐾𝐾𝑠𝑠𝑒𝑒(𝑆𝑆𝑆𝑆 − 1)(1− 𝑆𝑆𝑆𝑆−1) 

(2.17) 

However, RP calculated from Eq. (2.17) was based on the decrease in Fe2+ concentration 

in the bulk solution. Van Hunnik et al. asserted that the total “lost” of Fe2+ ion in the 

solution was equivalent to the FeCO3 precipitation rate on the steel surface assuming all 

the precipitation occurred on the steel surface [40].  

Sun and Nesic discovered that FeCO3 not only precipitated on the steel surface but also 

deposited elsewhere in the test system [38]. To determine the actual tendency of FeCO3 

precipitation, only precipitates on the steel surface should be considered. Subsequently, 

Sun and Nesic proposed the weight-change method to calculate “corrosion layer 

accumulation rate (RCLA)” as presented in Eq. (2.18) in order to distinguish it from the 

homogeneous precipitation [41]: 
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𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐾𝐾𝑐𝑐𝐾𝐾𝑠𝑠𝑒𝑒(𝑆𝑆𝑆𝑆 − 1)      (2.18) 

where RCLA is the corrosion layer accumulation rate, kmol m-2 s-1; Kr is the kinetic constant 

in m4 kmol-1 s-1 calculated from Eq. (2.19):  

𝐾𝐾𝑐𝑐 = 𝑒𝑒𝐶𝐶−
𝐵𝐵
𝑅𝑅𝑇𝑇𝑘𝑘 

(2.19) 

where  A = 28.2 and B = 64851 J mol-1; R = 8.314 J mol-1 K-1. 

Therefore, the scaling tendency at different conditions was calculated using RCLA instead 

of RP as shown in Eq. (2.20) [76] and the results are tabulated in Table 2.2.  

𝑆𝑆𝑇𝑇(𝑐𝑐𝑐𝑐𝑐𝑐) =
𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 
(2.20) 

where 𝑆𝑆𝑇𝑇(𝑐𝑐𝑐𝑐𝑐𝑐) is the calculated scaling tendency, dimensionless; 𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶  is corrosion product 

layer accumulation rate calculated from Eq. (2.18), kmol m-2 s-1; 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is corrosion rate 

from dissolved iron measurement, kmol m-2 s-1. 

Table 2.2: Comparison of experimentally measured scaling tendency (ST(exp)) and 
calculated scaling tendency (ST(cal)) at different conditions. 

Condition ST(exp) ST(cal) FeCO3 
formation 

Tg  
(°C) 

Ts 
(°C) 

Kinetic constant 
28.2 

Kinetic constant 
24.6 

55 15 0.09 0.00-0.04 0.00 Not formed 

55 30 0.12 0.46-2.40 0.00-0.07 Not formed 

55 45 0.32 9.69-17.74 0.26-0.48 Formed 

40 15 0.10 0.10-0.53 0.00-0.01 Not formed 

40 30 0.20 6.38-24.91 0.20-0.68 Formed 

41 40 0.47 7.16-15.82 0.20-0.43 Formed 
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Generally, it has been postulated that ST<<1 produces porous and non-protective films, 

whereas, dense and protective FeCO3 films are formed if ST becomes greater or equals to 

one [26]. However, the critical ST, at which effective corrosion reduction by FeCO3 starts, 

can vary between 0.4 to 1 depending on carbon content in the steel [40]. 

Literature has reported good agreement between the scaling tendency criteria mentioned 

above and the observation of protective FeCO3 in the bottom of the line condition. 

However, it appears that such criteria cannot be applied at TOL as shown in Table 2.2. 

For instance, calculated scaling tendency, ST(cal) using Eq. (2.20) at Tg = 55 °C and Ts = 

30 °C was 0.46 to 2.4. But, no FeCO3 precipitation was found on the sample surface at 

this condition. The over estimation of scaling tendency is observed for other conditions as 

well. 

It can be postulated that the water droplets do not attach on the surface for constant period 

of time. As corrosion proceeds, Fe2+ concentration and temperature within the droplet 

varies from its initiation to termination. On the contrary, the larger volume of liquid in the 

BOL prevents the fluctuation of iron concentration due to corrosion. This highlights the 

significance of the difference in precipitation kinetics at TOL and BOL though similar 

reactions are taking place in CO2 environment. Hence, the arbitrary kinetic constant ‘A’ 

presented in Eq. (2.19) is not suitable for TOL condition. 

A new value of ‘A’ has been recalculated to 24.6 instead of 28.2 to match the calculated 

scaling tendency with experimental value as shown in Table 2.2.  

The comparisons of scaling tendency using the new kinetic constant in general are in good 

agreement with the experimental value and theoretical concept. A minor discrepancy was 

found at Ts = 15 °C. At this temperature, no iron carbonate formation was identified on 

the surface as confirmed by SEM and EDS. So, the corrosion product retained on the 

surface might be iron carbide or iron oxide. But, during the calculation of scale formation 

rate using Eq. (2.2), the corrosion product was entirely assumed to be iron carbonate which 

makes the experimental scaling tendency slightly higher than the calculated value. In other 

cases, where iron carbonate precipitation was confirmed, the scaling tendencies obtained 

from both methods are comparable. 
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From the above discussion it can be concluded that a scaling tendency of around 0.5 is 

sufficient to form an iron carbonate layer in TOL and the proposed kinetic constant can 

be applied for the calculation of scaling tendency in the TOL. 

2.5.8 Corrosion behaviour and FeCO3 formation at the top of the line 

Three important processes are assumed to take place simultaneously at the TOL: chemical 

reactions both homogeneous (dissociation, dissolution, etc.) and heterogeneous 

(precipitation of corrosion product scales); electrochemical reactions at the metal surface; 

and transport of species in the liquid droplet mainly by diffusion [9]. Depending on the 

conditions, the slowest step is the rate determining step. 

The results have demonstrated that WCR alone simply cannot explain the TLC behaviour; 

TLC rates were independent of WCR in few occasions. For example, referring to Figure 

2.8, it was found that at Tg = 55 °C, an increase of Ts from 15 °C to 30 °C increased the 

corrosion rates although the condensation rate decreased. Similarly, at Ts = 15 °C, an 

increase of Tg from 40 °C to 55 °C significantly increased the condensation rate but there 

was no significant change in TLC rates observed. Therefore, Ts is the governing factor 

and not the WCR. It is evident that the kinetic of any chemical reaction slows down at low 

temperature including iron dissolution process and FeCO3 precipitation. Because of slow 

iron dissolution, the Fe2+ concentration in the condensed liquid remains low resulting in 

very low supersaturation and virtually very low or no accumulation of corrosion product 

on the surface. 

It appears that the TLC rates increased with time throughout the entire period for those 

conditions where no or partially formed iron carbonate scale was found on the metal 

surface. It has been hypothesised that cementite (Fe3C) and ferrite (α-Fe) are two 

important components of carbon steel microstructure in a corroding system [34,42,43]. As 

corrosion proceeds, ferrite, which has higher energy and electric potential, corrodes and 

dissolves into the condensed liquid while the cementite phase remains on the surface 

[27,44]. The latter being electrically conductive forms galvanic coupling with the 

remaining ferrite and acts as cathode; thereby increasing corrosion rate with time [45,46]. 
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In addition, the local acidification of the solution imprisoned within the undissolved 

cementite layer could be another plausible explanation for the increasing of the corrosion 

rate over time [47].  

The role of WCR becomes more prominent at higher Ts when FeCO3 formation becomes 

thermodynamically favourable. For instance, the initial supersaturation at Ts = 45 °C and 

Tg = 55 °C was the highest among other Ts. Higher Ts may increase the iron dissolution 

rate but more importantly favours the thermodynamic of FeCO3 precipitation as indicated 

by the highest initial supersaturation. In addition, the relatively low condensation rate (0.4 

g m-2 s-1) allows the droplet to retain at the surface for a longer period of time 

(approximately 20 min). The high temperature complimented by the long retention time 

promoted the formation of iron carbonate on the surface. Because of the reduction in TLC 

observed in Figure 2.6, this scale formation is considered protective as it provides a barrier 

to the underlying surface keeping it away from corrosive constituents. Therefore, the TLC 

at this condition is no longer governed by Ts (iron dissolution) alone but also by WCR 

(the iron carbonate scale formation). A similar explanation can be used for Tg = 40 °C 

when the Ts increased from 30 °C and 40 °C. 

2.6 Conclusions 

• A new technique has been developed to calculate the droplet retention time (DRT). 

It has been found that the droplets stay on the surface at the top of the line (TOL) 

from about 6 min to 50 min depending on water condensation rates under the 

chosen experimental conditions. 

• At low surface temperatures (Ts = 15 °C), top of the line corrosion (TLC) is mainly 

governed by the surface temperature irrespective of the water condensation rate 

(WCR). But at moderate surface temperatures (Ts greater than 30 °C), both the 

surface temperature and water condensation rate influence TLC.  

• The study reveals that iron carbonate supersaturation and DRT are the important 

parameters controlling iron carbonate precipitation. High supersaturation with low 

retention time may not favour the protective iron carbonate formation. Conversely, 
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low supersaturation with long retention time would be able to provide adequate 

protection on the TOL by forming the scale of iron carbonate. 

• Based on the water chemistry calculation and experimental data, it has been found 

that the kinetic behaviour of iron carbonate formation at TOL is different from that 

at the bottom of the line. A new kinetic constant has been proposed for the 

calculation of iron carbonate formation rate at the TOL. 
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Chapter 3: Influence of monoethylene glycol on the condensation rate and 

corrosion rate of carbon steel under condensing condition* 

3.1 Abstract  

This study investigates the influences of monoethylene glycol (MEG) on the condensation 

process and corrosion behaviour of carbon steel under condensing conditions. The results 

show that increasing bulk MEG concentration reduces condensation rates, uniform 

corrosion rates, and increases MEG concentration in the condensed liquid. However, 

localized corrosion occurs and pits aggregate within the droplet boundary when MEG co-

condenses. Corrosion product comprises of FeCO3 which is embedded in Fe3C matrix and 

its thickness in the areas outside the droplet boundary is greater than that of the inside. 

Localized corrosion mechanism is proposed based on the nature of the corrosion product 

film. 

Keywords: Carbon steel, SEM, Raman Spectroscopy, Weight loss, CO2 corrosion  

3.2 Introduction 

During the transportation of unprocessed wet gas from offshore platforms to onshore 

processing plants, the water vapour in the gas phase condenses on the internal pipeline 

surface because of the temperature difference between wet gas stream and outside 

environment [1]. CO2 and H2S dissolve into the condensed water and organic acids, 

especially acetic acid, co-condense making the condensed liquid highly corrosive [2]. This 

leads to corrosion at the inner wall between 10 to 2 o’clock position of the pipeline which 

is called top-of-the-line corrosion (TLC) [1,3,4]. TLC is of serious concern in oil and gas 

industry due to its limited mitigation strategies. Conventional corrosion inhibitors 

injection in the liquid phase at the bottom of the pipeline is ineffective because it cannot 

reach the upper section due to their non-volatile nature.     

Another flow assurance concern in operating wet gas transportation pipelines is hydrate 

formation, which could cause production reduction, interruption, and even physical 

                                                
* This chapter is reproduced from ‘M.M. Islam, T. Pojtanabuntoeng, R. Gubner, Influence of monoethylene 
glycol on the condensation rate and corrosion rate of carbon steel under condensing condition, under review 
in Corrosion Science (submitted: 01.03.2017)’. 
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damage to the pipelines [5]. Pipelines operating at high pressure and low temperature have 

potential risk of gas hydrate formation [6]. Monoethylene glycol (MEG) has been widely 

used as a hydrate inhibitor due to its reduced toxicity and recycling ability compared to 

other fluids, such as methanol [7]. The concentration of MEG injected at, or near, the well-

head could be as high as 80-90 wt.% (referred to as lean MEG). Once it travels along the 

pipelines and is diluted with condensed water and/or formation water, its concentration 

typically reduces to 35-50 wt.%  (referred to as rich MEG) [8]. However, in addition to 

hydrate inhibition, MEG decreases the general corrosion in various environments; e.g. 

sweet CO2 [9,10] and sour corrosion [11], oxygen contaminated system [12–14] by 

affecting the physico-chemical properties of water in the pipeline; such as density, 

viscosity, CO2 solubility, and solution conductivity [15]. Gulbrandsen and Morard 

reported that MEG adsorbs at the steel surface and thus limits the access of water and CO2 

molecule [15]. Furthermore, MEG also plays a complicated role in FeCO3 precipitation. 

It promotes the precipitation by reducing FeCO3 solubility yet it increases the induction 

time for precipitation [8,16]. 

Numerous studies have been conducted on the influence of temperature, condensation 

rate, CO2 and H2S partial pressure as well as acetic acid concentrations on TLC [17–19]. 

In a recent study, inner surface temperature has been identified as the influential parameter 

governing the severity of TLC at low surface temperature [3]. The condensation rate plays 

a role at moderate to high surface temperatures when FeCO3 formation is favourable. 

Extensive discussion on the localised nature of TLC has been reported by Singer [20]. The 

author found that the extent of localised corrosion is controlled predominately by water 

condensation rate. The onset of localised corrosion was attributed to the breakdown and 

the non-uniformity of corrosion product (FeCO3) under which pit propagated. The 

condensed water droplet size and location did not appear to correlate with the penetration 

rate of localised features.  

In addition, effects of flow velocity, gas pressure and temperature of both bulk gas and 

pipe wall were also studied experimentally and prediction models have been proposed 

[4,21,22]. Yet, to date, little attention has been focussed on the influence of MEG on TLC. 
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Since the vapour pressure of MEG is much lower than that of water, the water vapour 

pressure decreases if appreciable amount of MEG is present in the liquid phase [23]. 

Consequently, the water condensation rate decreases and, at the same time, a portion of 

MEG co-condenses at the top of the line (TOL).  

Guo et al. recently proposed a mathematical model that predicts condensation rates and 

concentrations of MEG in the condensed liquid. The authors validated the prediction 

results with flow loop experiments [24]. The model predictions agreed reasonably well 

(within 50% deviation) with experimental data up to 70% MEG in the bulk. The authors 

found that condensation rate decreased with increasing MEG concentrations. Discrepancy 

occurred between the model and experiments grew larger at higher MEG concentrations. 

In addition, the study reported the occurrence of localized corrosion at the TOL in 

presence of MEG in the bulk liquid. However, the location of droplet and the development 

of localized corrosion were not correlated. Therefore, it can be seen that the influence of 

MEG on TLC is not negligible and appears to be much more complicated than simply the 

change in condensation rates.  

The present investigation systematically studied the effect of MEG on condensation rates 

and TLC rates at various MEG concentrations in the bottom of the line at different surface 

temperatures. Localized corrosion was evaluated by analysing the surface morphology 

and chemistry of corrosion products using scanning electron microscopy (SEM), Raman 

spectroscopy and 3D surface profilometry.   

3.3 Experimental 

3.3.1  Preparation of TLC test probe 

Two test probes; i.e., carbon steel 1030 grade (carbon 0.30 %, manganese 0.75 %, silicon 

0.25 %, phosphorous 0.04 %, sulphur 0.04 % and iron balance) for TLC study and 316L 

stainless steel (SS) for condensation rate study were made following the procedure 

outlined previously [3]. 20 mm-diameter and 16 mm-long samples were electro-coated 

with cationic epoxy (PowercronTM 6000CX). The exposed surface, which was circular, 
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was wet ground with SiC paper to 600 grit, rinsed with DI water, ethanol, and dried with 

N2 prior to the experiments.  

3.3.2  Condensation rate and co-condensation of MEG experiments 

The setup used in this study is schematically illustrated in Figure 3.1 and detail was 

described previously [3]. To avoid the interference of Fe2+ and Fe3+ in the subsequent 

analysis of MEG concentration in the condensed liquid, a 316L SS probe was used instead 

of a carbon steel sample. The prepared 316L SS probe was inserted into the polyethylene 

terephthalate (PET) lid so that the polished portion faced downward to the condensing 

vapour. The upper portion extruded above the lid and was inserted into a chamber where 

cooling liquid was circulated to maintain the surface temperature. The lid was then 

mounted onto a 2 L glass cell creating an air-tight environment. The whole assembly was 

deoxygenated by continuously sparging with high purity CO2 gas (99.99%) for 10 min. 

1400 g of solution containing different concentrations of MEG by weight percentage 

(wt.%) were introduced into the glass cell under exclusion of oxygen. Water vapour 

condensed on the carbon steel surface due to a temperature gradient created between the 

gas phase and probe surface. In this study, gas temperature (Tg) was maintained constant 

at 55 °C by controlling the liquid temperature at 65 ± 2 °C and surface temperatures (Ts) 

were set to 30 °C and 45 °C, respectively.  

The condensed liquid was collected in-situ into the condensate reservoir placed out of the 

glass cell at room temperature to avoid any re-evaporation. The amount of MEG co-

condensed with water was estimated by Mettler Toledo V30 Volumetric Karl Fischer 

titrator and cross-checked with the ethylene glycol refractometer (ATAGO PAL-91S). 

The condensation rate was calculated by dividing the collected condensed liquid with the 

exposed surface area of the probe and time.  
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Figure 3.1: Schematic of top-of-the-line corrosion (TLC) setup; 1. Cooling water inlet, 2. 
Cooling water outlet, 3. Stainless steel cooling chamber, 4. Surface temperature probe, 5. 
Gas temperature probe, 6. CO2 inlet, 7. Thermocouple, 8. Sample, 9. Polyethylene 
terephthalate lid, 10. 2-L glass vessel, 11. Condensate collector, 12. CO2 outlet, 13. 
Condensate reservoir, 14. Test solution, 15. Heater. 

3.3.3  TLC experiments 

TLC experiments were conducted separately from the condensation experiments using the 

carbon steel sample. The condensed liquid collection cup was removed from glass vessel 

to allow the droplet to fall back into the bulk liquid maintaining the bulk liquid 

composition throughout the experiment. TLC rates were determined by 2 approaches; i.e. 

weight loss method and iron count. For the latter, dissolved iron (Fe2+) concentration in 

the bulk liquid was measured periodically by a spectrophotometer. The in-situ corrosion 

rate was calculated based on Fe2+ presenting in the bulk liquid for a certain period. After 

finishing the experiment, corrosion product was removed and corrosion rate was 

calculated from the loss of weight of the whole probe as described elsewhere [3,25].   
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3.3.4  Immersion tests 

For comparison, additional immersion experiments were conducted using 0% and 10% 

wt.% of MEG in order to estimate the influence of co-condensed MEG on TLC. The 

samples were circular shape (15 mm diameter × 4 mm thick) carbon steel 1030 prepared 

in a similar way as the TLC test specimens except the absence of a temperature couple 

insert. Three coupons were placed in the glass cell facing the non-coated area upwards. 

The glass cell was equipped with a thermocouple for controlling the liquid temperature; 

as well as, CO2 inlet and outlet. 500 mL of test solutions were CO2 saturated before 

transferring under oxygen exclusion into the glass cell and pH of the test solution was 

adjusted to 5.6 using 0.1M NaHCO3 solution, similar to pH of the condensed liquid [3]. 

The temperature was maintained at 45 ˚C, similar to the surface temperature of the TLC 

experiment. After 30 d, 2 samples were cleaned for weight loss corrosion rates and the 

remaining sample was used for surface morphology and cross section analysis. 

3.3.5  Surface characterization 

An optical light microscope was used for identification and measurement of localized 

corrosion rates. Field emission scanning electron microscopy (FE-SEM) accompanied 

with energy dispersive X-ray spectroscopy (EDS) were used for morphological study and 

elemental identification of the corrosion product. Focus ion beam scanning electron 

microscopy (FIB-SEM) was used to measure the thickness of corrosion product film in 

and outside of the water droplet. The corrosion product was also characterized with 

confocal Raman spectroscopy at an excitation energy of 532 nm laser at ×100 

magnification. Low laser power was used to prevent thermal transformation of the 

corrosion product.  
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3.4 Results and discussion 

3.4.1  Influence of bulk MEG concentration on condensation rate and MEG co-

condensation  

Figure 3.2 presents the influence of the bulk MEG content on the condensation rates at 

surface temperature (Ts) = 30 °C and 45 °C and at constant gas temperature (Tg) = 55 °C. 

MEG concentration of 50% or less marginally decreased the condensation rates. However, 

once bulk MEG concentration was greater than 50%, condensation rate decreased 

drastically. For instance, at 50% bulk MEG concentration and Ts = 45 ˚C, condensation 

rate was 0.45 g m-2s that reduced to below 0.2 g m-2s when bulk MEG was increased to 

80 %. The decreasing trend of condensation rates with increasing bulk MEG concentration 

is similar to the observation by Guo et al.[24]. The reduction in condensation rates with 

increasing bulk MEG content can be explained by the decrease in vapour pressure of 

MEG-water mixtures according to Raoult’s law and Antoine equation [26]. The 

calculation at the temperature of the bulk liquid, 65 °C, shown in Figure 3.3 demonstrates 

that the vapour pressure of the MEG-water mixture decreases with increasing MEG 

content correlating with the observed decrease in condensation rates. 

Figure 3.4 demonstrates the concentration of MEG in the condensed liquid as a function 

of bulk MEG content. A proportional relationship between MEG concentration in the bulk 

and at the top is found at both Ts. At Ts = 30 °C, MEG content at the TOL varied from 0% 

to 5% when the bulk contained 30% to 80%, respectively. When surface temperature was 

increased to 45 °C, higher concentrations of MEG at the top section was measured (1% to 

10%).  

Figure 3.4 also shows that at the same bulk MEG concentration, the concentration of MEG 

in the condensed liquid increases with Ts . This is attributed due to the higher vapour 

pressure of water compared to MEG as shown in Figure 3.5. The effect was more 

pronounced at higher bulk MEG concentration (low condensation rates) because of longer 

droplet retention time. 
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Figure 3.2: Influence of bulk MEG concentration on condensation rate at 55 °C gas 
temperature and different surface temperature; error bar is the standard deviation of 
multiple measurements. 

 

Figure 3.3: Vapour pressure of monoethylene glycol (MEG)-water mixture at 65 °C. 
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Figure 3.4: Influence of bulk MEG concentration on co-condensation of MEG in Top of 
the line (TOL). Bulk gas temperature 55 °C. Error bar is the standard deviation of multiple 
measurements. 

3.4.2 Influence of MEG on top of the line corrosion (TLC)  

The influence of MEG on TLC was investigated under two conditions; namely, Ts of 

30 °C and 45 °C at constant Tg of 55 °C. Lower surface temperature conditions resulted 

in higher condensation rates are less favourable for iron carbonate formation, and vice 

versa.  

3.4.2.1 Influence of MEG on TLC at 30 °C surface temperature 

Figure 3.6  shows the in-situ TLC rates obtained from Fe2+ concentration in the bulk liquid 

at Ts = 30 °C and Tg = 55 °C for 10 d exposure. TLC rates constantly increased for 0% 

and 50% MEG throughout the experiments, whereas the corrosion rates initially increased 

but remained constant after 6 d of exposure for 80% MEG. The integrated corrosion rates 

obtained from weight loss and total Fe2+ measurement are depicted in Figure 3.7. 

Corrosion rate reduced in the presence of MEG due to the small reduction in condensation 

rate and increase in co-condensation of MEG. Corrosion rates calculated from Fe2+ 
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measurement is slightly (8% to 12%) lower than that found from weight loss. The small 

reduction indicates no considerable amount of corrosion product was formed on the 

surface [3]. 

SEM images of the corroded surface and the corresponding EDS spectra are depicted in 

Figure 3.8. Irregular morphology of the steel surface with network-like structure due to 

the selective dissolution of ferrite can be deduced from the SEM images. The small 

oxygen peak in the corresponding EDS spectra did not indicate the presence of FeCO3. 

Because of the high condensation rates, resulting in a low droplet retention time, FeCO3 

formation was not kinetically favourable [3].  

The increase of corrosion rates with time in the CO2 environment, particularly in the 

absence of FeCO3, has been observed before [3,27]. Galvanic coupling of ferrite (α-Fe) 

and cementite (Fe3C) has been proposed to be one of the causes explaining of this 

observation. Ferrite, having higher electrochemical potential, corrodes preferentially and 

dissolves in the condensed liquid [28,29]. The electrically conductive cementite phase 

remains on the surface and acts as a cathode accelerating the dissolution of the remaining 

ferrite [30]. In addition, local acidification of solution confined within the cementite layer 

may also contribute to the rising corrosion rate with time [31].  

As mentioned, corrosion rates were found to reach plateau after 6 d of exposure with 80% 

bulk MEG concentration. At this condition, approximately 5% of MEG co-condenses with 

water, which may be significant to reduce the effect of galvanic coupling by adsorbing at 

the active sites. 
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Figure 3.5: Pressure-temperature curve of MEG and water calculated from [24]. 

 

Figure 3.6: In-situ TLC rates for 10 days exposure at 30 °C surface temperature and 
55 °C gas temperature at different bulk MEG content; error bar is the standard deviation 
of duplicate tests. 
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Figure 3.7: TLC rates obtained from weight loss method after 10 days of exposure at 
30 °C surface temperature and 55 °C gas temperature at different MEG concentration in 
the bulk. Error bar is the standard deviation of duplicate tests. 
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Figure 3.8: SEM images and corresponding EDS spectra of corrosion products after 
10 days of exposure at 55 °C gas temperature and 30 °C surface temperature at different 
bulk MEG content showing no evidence of FeCO3 formation. 

3.4.2.2 Influence of MEG on TLC at 45 °C surface temperature 

Experiments were conducted at Ts = 45 °C and Tg = 55 °C at 2 exposure times; i.e. 10 d 

and 17 d. Since in-situ corrosion rates obtained from the short-term tests eventually 

declined towards the end of the tests, particularly at 0% MEG, the experiments were 

repeated in duplicate by extending the test duration to attain a steady state corrosion rate; 
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i.e. 17 d. The reproducibility of the experiments is evident in Figure 3.9 where the results 

from 10 d lies within the error bar of those obtained from the 17 d tests.  

Figure 3.9 also demonstrates the decrease in corrosion rates with increasing bulk MEG 

content. With 0 % bulk MEG, in-situ corrosion rates increases up to 5 d then constantly 

decline until 13 d before it becomes more or less constant. However, in the presence of 

MEG, the initial increase in the corrosion rates was not observed. Constant corrosion rates 

were monitored for up to 8 d and 10 d of exposure before the decline occurred in 50 % 

MEG and 80 % MEG, respectively. 

Corrosion rates obtained from weight loss and total Fe2+ measurement after 10 d and 17 d 

of exposure at Ts = 45 °C and Tg = 55 °C at different bulk MEG content is shown in Figure 

3.10. The error bar shown with 50% MEG concentration denotes the standard deviation 

of the duplicate test. Corrosion rates calculated from Fe2+ measurement is considerably 

lower (30% to 38%) compared to that obtained from weight loss measurement indicating 

the formation of corrosion product on the surface. At any given MEG concentrations in 

the bulk, the TLC rate after 10 d exposure is higher than for 17 d. The corrosion rates with 

respect to MEG concentration is consistent with that from in-situ measurements where an 

increasing bulk MEG reduces the TLC rates. 

The decrease in uniform corrosion rates can be attributed to the reduction in condensation 

rates and increase in co-condensed MEG. Around 5% and 10% MEG co-condensed at 

50% and 80% bulk MEG, respectively. This co-condensed MEG may adsorb on the 

surface and block the active sites for corrosion [9]. The galvanic effect between ferrite and 

cementite phase may be hindered resulting in a constant corrosion rate in 50% and 80% 

bulk MEG. Subsequent corrosion rate reduction with time as observed in all cases can be 

linked to the initiation and complete formation of protective iron carbonate layer 

[27,28,32]. 

A delay in the decline of corrosion rate at 50% and 80% MEG concentration; i.e. 8 d vs 

10 d, was noted. MEG is reported to decrease the solubility of FeCO3 but prolongs the 

induction time for FeCO3 precipitation [8,16]. At 80% MEG in the bulk, the condensed 

liquid contained 10% MEG whereas only 5% was measured at 50% MEG. The difference 
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in MEG content within the condensed liquid could explain the observed differences in the 

induction time for FeCO3 precipitation prolonging the period during which it is not 

protective. 

SEM images and the representative EDS spectrum of the corrosion product after 10 d of 

exposure at Ts = 45 °C and at different bulk MEG contents are shown in Figure 3.11. In 

contrast to 30 °C surface temperature, crystals are visible at 45 °C and the high oxygen 

peak in the EDS spectrum indicates the presence of FeCO3. After the removal of the 

corrosion product, no localized corrosion was identified in short-term tests but was 

observed on samples after longer exposure to MEG co-condensation. Comprehensive 

surface analysis was carried out to understand the mechanism of localised corrosion, 

which will be discussed in the section 3.3 in detail.  

 

Figure 3.9: In-situ TLC rates at 45 °C surface temperature and 55 °C gas temperature 
at different bulk MEG contents; error bar is the standard deviation of duplicate tests. 
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Figure 3.10: TLC rates obtained from weight loss of the coupon at 45 °C surface 
temperature and 55 °C gas temperature at different MEG content in the bottom of the line 
(BOL); error bar is the standard deviation of duplicate tests. 

 

Figure 3.11: SEM images and EDS spectrum of corrosion products after 10 days of 
exposure at 55 °C gas temperature and 45 °C surface temperature at different bulk MEG 
content showing evidence of FeCO3 crystal formation. 

The reduction of TLC rates in the presence of MEG can be a result of i) the decrease in 

condensation rates and ii) the increase in MEG concentration in condensed liquid. To 
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identify and distinguish the relative contribution of each effect, immersion tests were 

conducted to exclude the influence of condensation rates using 10% MEG, which 

resembled the highest concentration at which MEG co-condensed. Corrosion rates of 

carbon steel immersing in 0% MEG and 10% MEG at 45 °C is shown in Figure 3.12. The 

inhibition efficiency offered by 10% MEG was approximately 22% as corrosion rate 

decreased from 1.43 mm y-1 to 1.11 mm y-1. When compared with TLC experiments at 

similar water chemistry, the inhibition efficiency was estimated to be 59%. It should be 

noted that FeCO3 precipitated (0.088 g in 0% MEG vs 0.075 g in 10% MEG) and expected 

to provide similar level of corrosion protection in both solutions; i.e. without MEG and 

with 10% MEG. This indicates that both influences; i.e. condensation rate reduction and 

MEG co-condensation, strongly contribute to the decrease in corrosion rate but the former 

is slightly more dominant. It should be noted also that no localised corrosion was observed 

under immersion conditions highlighting the adverse effect of condensation process on 

 TLC.   

Figure 3.12: Corrosion rate under immersion condition at 45 °C temperature after 
30 days of exposure. pH 5.6; error bar is the standard deviation of corrosion rates of 
two samples. 
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3.4.3  Localized corrosion on top of the line in the presence of MEG 

Localized corrosion under CO2 condition generally occurs when a protective film breaks 

down forming a galvanic cell between bare metal and FeCO3 covered area [33]. A partially 

protective film may be considered as a prerequisite for initiating localized attack. 

Therefore, analysis on localised corrosion was done at Ts = 45 °C where FeCO3 formation 

was favourable. 

Extent of localised corrosion rate 

Figure 3.13 and Figure 3.14 present the optical images of the surface of the corroded 

samples exposed for 10 d and 17 d, respectively. Clear evidence of water droplet formation 

is visible on the samples, especially in the presence of MEG, before removing the 

corrosion products. After cleaning the surface with Clarke’s solution, no sign of localized 

corrosion was observed in short-term test but was evident in long-term test. In the absence 

of MEG, minor localized attack was found as depicted by few pits. On the contrary, in the 

presence of MEG, localized attack became more severe as number of pits significantly 

increased. It is also visible that pits aggregated inside the droplet. Because the pits were 

only visible after removing the corrosion products, it is reasonable to conclude that 

localized corrosion propagated underneath the corrosion product film [20], which was 

pervious to the corrosive environment.  

The surface profilometry shown in Figure 3.15 illustrates the severity of the localized 

attack. Larger number of pits were found inside the droplet in the experiment with 50% 

bulk MEG as compared to that with 80%. However, the maximum pitting rate and pitting 

ratio were larger at 80 % MEG; i.e. 1.64 mm y-1 and pitting ratio of 4.24 in 50% bulk 

MEG as compared to 1.89 mm y-1 and pitting ratio of 7.89 in 80% bulk MEG. It should 

be noted that the pitting corrosion rate was calculated based on total exposure time. Since 

no evidence of localized corrosion was found up to 10 d of exposure, it is reasonable to 

believe that pit initiated at 10th or subsequent d. In that sense, the actual pitting corrosion 

rate could be more than double of the reported values. 
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It was reasonable to question if a low concentration of MEG could cause an adverse effect 

under immersion condition. However, immersion tests conducted at 0% and 10% of MEG 

at 45 °C did not show any localised corrosion (Figure 3.16). This implies that MEG does 

not behave in same way under BOL and TOL conditions potentially due to the constant 

change of water droplet both physically and chemically during the condensation. 
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Figure 3.13: Optical images of the surface before removing the corrosion products (left 
side) and after removing the corrosion products (right side) after 10 days of exposure 
showing no initiations of pitting; (a) 0% MEG; (b) 50% MEG and (c) 80% MEG. 
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Figure 3.14: Optical images of the surface before removing the corrosion products (left 
side) and after removing the corrosion products (right side) after 17 days of exposure 
showing initiation of pitting; (a) 0% MEG; (b) 50% MEG and (c) 80% MEG. 
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Figure 3.15: Surface profilometry of the corroded specimens after removing the corrosion 
product; (a) 0% MEG; (b) 50% MEG and (c) 80 % MEG. 
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Figure 3.16: Surface images after the removal of corrosion product; 30 days immersion 
in 10% MEG at 45 °C. 

3.4.3.1 Morphology and thickness of FeCO3 and its role on localized corrosion 

To explain the localized corrosion behaviour within the droplet, the variation in surface 

morphology was investigated. In TLC experiments containing 80% bulk MEG, the SEM 

images at different locations of the corroded samples are shown in Figure 3.17. Distinct 

FeCO3 morphologies in and outside the droplet can be identified. Crystals of the corrosion 

products within the droplet have sharp edges and are randomly oriented and relatively 

large. Other investigators also reported formation of sharp edge crystal underneath the 

droplet area [20]. Conversely, crystals of corrosion product outside the droplet seem to 

have multiple layers potentially yielding additional corrosion protection. A similar 

morphology was observed in the experiments with 50% bulk MEG concentration.  

The thickness of corrosion product film at these two selected different locations was 

measured by Focus Ion Beam-Scanning Electron Microscope (FIB-SEM). Figure 3.18(a) 

presents the thickness of corrosion product of a sample containing 0% MEG in the bulk 

after 17 days of exposure obtained from FIB-SEM. Thickness of FeCO3 formed 

underneath the droplet was about 17 µm whereas that at the outside of the droplet was 

estimated to be 28 µm. Since FIB-SEM provides information of small area, a cross 

sectional analysis of the corrosion product has also been carried out to confirm the 

measurements. Figure 3.18(b) presents cross sectional images of the same sample, which 

is the panorama of multiple images covering the area of in- and outside the droplet. It is 
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apparent that the thickness of corrosion product outside the droplet is almost double 

compare to that of inside the droplet. A similar observation was also found for 50% and 

80% bulk MEG. 

 

Figure 3.17:SEM images taken from different locations of the sample after 17 days 
exposed to condensation at 45 °C surface temperature and 55°C gas temperature with 
80% MEG in the bulk. 
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Figure 3.18: FIB-SEM image and cross section of corrosion product showing the 
difference of thickness of corrosion product inside (around 17 µm) and outside (around 
28 µm) of the droplet on a sample containing 0% MEG in the bulk. 

The average thickness of corrosion product at different MEG concentrations was also 

estimated from the weight of the corrosion product using the following formula: 

𝑇𝑇 =
𝑀𝑀 × 104

𝐴𝐴 × 𝐴𝐴  
(3.1) 

where, T is the thickness of corrosion product film, µm; M is the mass of the corrosion 

product, g; A is the exposed area, cm2 and 𝐴𝐴 is the density of iron carbonate, 3.9 g cm- 3.  

Table 3.1 shows the comparison of thickness of corrosion product films at different bulk 

MEG content. The calculated values agree well with the measured ones. The thickness of 

the corrosion product film decreases with increasing bulk MEG concentration. It can be 

postulated that lower corrosion rate in higher MEG concentration produces less amount 
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of Fe2+ ions in the condensed liquid. Hence, less FeCO3 precipitates that could contribute 

to localized corrosion. 

Table 3.1: Thickness of corrosion product film at different bulk monoethylene glycol 
(MEG) content 

Weight % 
of MEG 
in bulk 

Thickness of corrosion product 
measured from SEM images (µm) 

Average thickness of 
corrosion product from 

weight loss method (µm) 
Inside the droplet Outside the droplet 

0 17 ± 2 28 ± 2 24 

50 13 ± 2 22 ± 2 16 

80 11 ± 2 18 ± 2 12 

The difference in morphology and thickness of corrosion product films within and outside 

the droplet may be correlated with the condensation process, which is dynamic because 

of constant renewal and detachment of droplets on and from the TOL surface. As a droplet 

detaches, a new droplet often forms and propagates at the same location. During this 

transition, it is reasonable to expect continuous fluctuation in water chemistry, particularly 

pH and Fe2+ which may be diluted with freshly condensed water, and as a result, lowering 

FeCO3 supersaturation within the droplet. On the contrary, the thickness of condensed 

liquid layer beyond the circumference of the droplet appears to remain constant. Hence, 

the condensation process hardly affects its water chemistry. If that is the case, it can be 

hypothesised that there is distinction between FeCO3 supersaturation between that in- and 

outside the droplet; i.e. the former being continuously fluctuating while the latter being 

relatively constant. 

During droplet renewal, FeCO3 supersaturation within the droplet can be relatively low. 

At low supersaturation, crystal growth is more dominant than nucleation [32], which has 

been associated with porous and loose corrosion products [26]. The growth of nearby 

nucleus forms larger grains creating large interstitial space. The voids between grains 

allow corrosive species to penetrate through causing localised corrosion.  

For the area outside the circumference of the droplet, the continuous and relatively 

stagnant film of condensed liquid ensures constant level of FeCO3 supersaturation, which 
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is likely to be higher than that inside the droplet. Therefore, higher nucleation rate could 

be expected resulting in a smaller grains [33], which are more compact and provides 

additional protection. Hence, localised corrosion is hardly observed outside the droplet. 

Comparison of Figure 3.19 and Figure 3.20 highlights the influence of hydrodynamic 

condition on the corrosion product film under TOL condition and immersion condition, 

respectively. Figure 3.19 shows the non-uniformity of the cross section of corrosion 

product film within a droplet under TOL condition at different bulk MEG content with a 

large extent of localized corrosion in presence of MEG (Figure 3.19(b) and (c)). Whereas 

uniform and thick (80 µm) layer of corrosion product can be observed when the sample 

immersed in 10% MEG at 45 °C for 30 days as shown in Figure 3.20. It is clear that the 

difference in the thickness and uniformity of the corrosion product, which contributes to 

the occurrence of localised corrosion, is due primarily to the hydrodynamic conditions. 

3.4.3.2 Nature of corrosion products 

The corrosion product film formed at 80 % bulk MEG after 17 d of exposure was analysed 

by Confocal-Raman spectroscopy (Figure 3.21) and EDS mapping (Figure 3.22) to 

identify its constituents. Corrosion product consisted mainly of FeCO3 which integrates 

into the Fe3C matrix as shown in Figure 3.21a. Two intense peaks at 1087 cm-1 and 287 

cm-1 are typical signature of FeCO3 [3,36]. On the other hand, there are areas with 

significant amount of Fe3C present, as seen in the broad Fe3C peak visible at 1322-1376 

cm-1 and 1560-1600 cm-1 [37,38]. Raman mapping reveals that the bright area having 

lamellar structure in the optical micrograph (Figure 3.21b) corresponds well to areas 

depicted in blue (Figure 3.21c) indicating the presence of Fe3C.  

The existence of Fe3C was also confirmed by EDS mapping which shows distribution of 

element of corrosion product within a pit (Figure 3.22). In the grey scale back-scattered 

image, a corrosion pit is visible underneath a single layer of crystalline particles. The pit 

is hollow with lamellar structure that appears to extend from the bottom of the pit to the 

particles. Major components of the film are O, Fe and C. Colour images show areas 

corresponding to the intensity of these elements. Area with high intensity of O could be 
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related to FeCO3 whereas within the pit with visible lamellar type structure produced 

fainted amount of Fe and C, which can be correlated to Fe3C. 

Overall, the combined analysis of Raman, EDS and SEM confirm that the corrosion 

product film is duplex in nature constituting outer layer and inner layer. The outer layer is 

mainly composed of FeCO3 whereas the inner layer is FeCO3 embedded in the lamellar 

Fe3C matrix. In addition, the localized areas are depleted of FeCO3. 

 

Figure 3.19: Comparison of cross section of corrosion product film inside the droplet at 
different bulk MEG concentration for 17 days exposure at 45 °C surface temperature and 
55 °C gas temperature. 

 

Figure 3.20: Cross section of corrosion product film formed under immersion condition; 
30 days immersion in 10% MEG at 45 °C. 
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Figure 3.21: Raman analysis of corrosion product film formed at 80% bulk MEG after 
17 days of exposure; a) spectra, b) optical images showing areas for analysis, and c) 
Raman mapping showing areas with distinct composition. Red represents FeCO3 and blue 
represents areas containing Fe3C. 
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Figure 3.22: EDS mapping of cross section including a pit generated on the sample 
containing 80% bulk MEG. 

3.4.3.3 Mechanism of localized corrosion 

In the presence of 50% and 80% of MEG in bulk, uniform corrosion rates were 

significantly reduced but localized corrosion occurs on TOL within the droplet. Singer 

reported a greater localized corrosion with increasing condensation rates in sweet 

environment [20]. In this study, condensation rates decreased in the presence of MEG but 

the extent of localized corrosion increased. This highlights the role of MEG on localized 

corrosion; possibly how it influences the chemistry within the droplet. 

Due to low corrosion rates in presence of MEG, a low supersaturation of FeCO3 is 

expected since corrosion of steel is the only source of Fe2+ within a droplet. As stated 

earlier, crystal growth dominates over nucleation at low supersaturation forming larger 
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grains with large interstices (Figure 3.19 (b) and (c)) through which co-condensed MEG 

solution saturated with corrosive species can penetrate. Once that occurs, the nucleation 

of FeCO3 is limited since MEG prolongs the induction time of FeCO3 precipitation 

resulting in formation of cavity. It was hypothesised [33,39] and later on experimentally 

confirmed [40] that the localized corrosion of carbon steel in CO2 environment occurs 

when  a galvanic cell established between FeCO3 covered surface which acts as cathode 

against a bare steel surface anode. Accordingly, the cavity exposes bare carbon steel 

surface and a potential difference is generated between areas with and without FeCO3 

creating an environment that initiates pitting corrosion.   

Not all pits initiated due to galvanic cell formation propagates. Han et al. proposed that 

propagation of localized corrosion of mild steel in CO2 conditions would continue only 

when the solution is near the saturation point with respect to FeCO3 and the condition is 

called ‘grey zone’, where no significant FeCO3 dissolution or additional precipitation is 

expected and the galvanic cell is established [40]. In TOL conditions, since 

supersaturation level remains low in presence of MEG and fluctuates during the initiation 

and termination of a droplet, the grey zone might be achieved inside the pit area and 

stabilize the galvanic cell to continue the pit propagation. 

3.5 Conclusions 

This study investigates the condensation process of monoethylene glycol (MEG) and 

water and how it influences corrosion of carbon steel. Main findings are summarised 

below: 

• Condensation rate remarkably reduces when MEG concentration in the bulk is 

greater than 50% wt.%. 

• Co-condensation of MEG in top of the line (TOL) increases with increasing bulk 

MEG concentration and decreasing condensation rate.  

• Uniform corrosion rates decrease with increasing bulk MEG concentration 

primarily due to the decrease in condensation rate. In addition, MEG co-

condensation plays a secondary role in reducing corrosion rates. 
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• MEG enhances localized corrosion in TOL and pits aggregate within the water 

droplet where corrosion product was more porous and less thick. 

• Under condensing droplet, FeCO3 supersaturation fluctuates and, with the 

presence of MEG, is relatively low. The combined effects lead to the formation of 

porous and non-protective FeCO3 resulting in the propagation of localized 

corrosion.  
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Chapter 4: Study of the top-of-the-line-corrosion using a novel 

electrochemical probe* 

4.3 Abstract 

Top-of-the-line corrosion (TLC) is a concern for subsea wet-gas transportation 

pipelines operating in a stratified flow regime. The insufficient volume of electrolyte 

at the top-of-the-line combined with the low electrical conductivity of the condensed 

liquid has confined the majority of TLC studies to the weight loss method which only 

provides integrated corrosion rate over long period of exposure. The instantaneous 

monitoring of TLC rates using electrochemical methods is still a challenge for 

researchers and in the field. 

To overcome this limitation, this study presents a novel TLC monitoring cell capable 

of measuring in-situ corrosion rates of carbon steel under condensing condition by 

electrochemical methods such as linear polarization resistance (LPR), electrochemical 

impedance spectroscopy (EIS) and electrochemical frequency modulation (EFM). The 

data presented in this paper have been conducted over 5 days at varying condensation 

rates to evaluate the feasibility and accuracy of the methods applied. In addition, TLC 

rates have also been measured by weight loss and monitored in-situ by measuring the 

iron concentration in the condensed liquids in order to compare these results with those 

from electrochemical methods. Both the electrochemical and non-electrochemical 

methods provide comparable results, which validates the design and efficacy of the 

probe. Therefore, the probe appears as a promising tool for further investigation into 

the TLC process and its inhibition. 

4.4 Introduction 

Top-of-the-line corrosion (TLC) is caused by the condensed water as a consequence 

of temperature gradient between the pipe wall and its external environment [1]. To 

date, TLC has accounted for numerous pipeline failures [2-5]. Its mitigation has been 

a challenge since conventional inhibitors cannot be effectively delivered to the 

corroding areas [6].  

                                                
* This chapter is reproduced from ‘M.M. Islam, T. Pojtanabuntoeng, R. Gubner, Study of the top-of-
the-line corrosion using a novel electrochemical probe, accepted in Corrosion – The Journal of Science 
and Engineering’. 



Chapter 4 

101 

 

  

 

Over the last 25 years, a variety of TLC experimental setups have been utilized to 

unravel its mechanism and to develop effective prevention strategies and prediction 

tools. The most used method for TLC monitoring in the laboratory is weight loss. The 

coupon is flush-mounted on a lid and the coupon temperature is controlled externally. 

Condensation and corrosion takes place on the inner surface of the coupon which faces 

downward. The corrosion rate is measured from the weight loss of the coupon after 

removing the corrosion product [1,7-10]. The method is suitable for measuring 

uniform as well as localized corrosion rate over a period of time. This form of 

corrosion monitoring provides cumulative damage at the end of the exposure period. 

Electrical resistance (ER) probes, flush-mounted into the vapour phase, have also been 

used in several experimental setups and in field monitoring in order to estimate 

corrosion rates and to determine the efficiency of inhibition techniques [11-14]. A 

metallic element of the ER probe is exposed to corrosive environment while a separate 

one is sealed within the probe as a reference material. Variations in the electrical 

resistance occurs due to thickness and/or net metal loss of the metallic element from 

corrosion process [15]. The ER technique has shown to be appropriate for TLC rate 

determinations. Besides, the formation of conductive corrosion products and even 

FeCO3 on the surface can affect the performance of this probe. However, the method 

does not provide insight into the TLC mechanism. Furthermore, the sensing element 

needs to be completely covered by aqueous solutions for an accurate estimation of the 

corrosion rate [16]. 

Recently, the quartz crystal microbalance (QCM), was introduced to measure TLC and 

condensation rates [17]. QCM calculates a small variation in mass of deposited iron 

on a quartz crystal resonator by measuring its change in frequency. Nonetheless, this 

special device still faces many technical difficulties to become effective in real 

conditions. 

Oehler et al. proposed a “cold finger probe” for monitoring the efficiency of volatile 

corrosion inhibitors (VCI) using the linear polarization resistance (LPR) technique 

[18]. Their design involved a sample holder mounted with carbon steel pins exposed 
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to the corrosive vapour phase. Water condensation took place onto the vertical pins 

because of external cooling of the holder. The condensed water dripped and was 

collected in a condensed liquid container. After collecting a certain volume of 

condensed liquid, the probe is pushed to immerse the pins into the condensed liquid 

for LPR measurements. Nevertheless, the particular design of the probe and the way 

of measuring the corrosion rates are unable to distinguish the influence of 

environmental parameters such as condensation rate and temperature. 

Ajayi and Lyon utilized an electrochemical approach to investigate the efficiency of 

VCI [19]. The electrode system consisting of two identical narrow mild steel sheets 

were embedded in an acrylic mould of 30 mm in diameter where one was used as 

working electrode with an exposed area 0.0721 cm2 separated by 0.5 mm silicon 

rubber sheet as insulating materials from the other which was used as a counter 

electrode. The difference in hydrophobicity and thermal conductivity of acrylic and 

metal surface may have effects on condensation pattern and, consequently, droplet 

retention time. In addition, comparison with non-electrochemical techniques is 

necessary to provide confidence in the accuracy of the results. 

In a previous study, we presented a new experimental setup for in-situ measurement 

of corrosion rate by measuring the iron concentration in the condensed liquid [7]. The 

design provided accurate measurements of TLC rate in the absence of iron carbonate. 

If iron carbonate is formed, this method underestimates the TLC rate as compared to 

weight loss data because Fe2+ partially precipitates and is not entirely available in the 

condensed liquid. In addition, the method may not be adopted in the field due to 

challenges in collecting condensed liquid samples. 

Therefore, this paper presents the design of a new electrochemical probe to measure 

the TLC rate of carbon steel using electrochemical methods. A series of experiments 

at different water condensation rates were conducted to verify the accuracy and 

limitations of this new probe. It is anticipated that successful development of TLC 

electrochemical monitoring could lead to further understanding of TLC mechanism, 

localised corrosion in particular, and efficient mitigation plans. 
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4.5 Experimental Procedures 

4.5.1 Fabrication of TLC probe  

The TLC probe, shown in Figure 4.1, was comprised of 2 carbon steel rods having the 

same chemical composition (carbon 0.30%, manganese 0.75%, silicon 0.25%, 

phosphorous 0.04%, sulphur 0.04% and iron balance). The larger rod with a diameter 

of 20 mm (0.79 in) and length of 30 mm (1.18 in) was drilled creating a 3 mm (0.12 in) 

in diameter hole at the center. The second carbon steel rod was machined to 2 mm 

(0.08 in) in diameter and 40 mm (1.57 in) in length. Both rods were sand-blasted and 

subsequently cleaned with deionized water and acetone and air dried before 

electrodeposited with cationic epoxy (PowercronTM 6000CX) and cured in the oven 

for 20 minutes at 150 °C. The small rod was then inserted into the 3 mm hole and the 

annular space were filled with liquid epoxy (a mixture of resin and hardener). The 

small diameter electrode acted as a working electrode whereas the larger one acted as 

a counter/reference electrode. Both were electrically insulated by the cationic epoxy 

and liquid epoxy. The SEM image of working electrode separating from the counter 

electrode with resin is given in Figure 4.2. 

Prior to experiments, the flat face of the probe was wet ground with silicon carbide 

paper down to 1200 grit. It was then cleaned with water, ethanol and dried with 

nitrogen. The dried probe was weighed with an analytical balance (resolution 0.1 mg) 

before fitting into the TLC lid. 
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Figure 4.1: Schematic of top of the line corrosion (TLC) probe (drawing not in scale); 
(a) cross sectional view, (b) longitudinal view; 1. Carbon steel counter/reference 
electrode, 2. Epoxy resin separating two electrodes, 3. Carbon steel working electrode. 

4.5.2 Cell setup for TLC 

The schematic of the TLC setup is illustrated in Figure 4.3 and the detail was 

previously explained [7]. The prepared TLC probe was inserted into the polyethylene 

terephthalate (PET) lid so that the polished portion faced downward to the corrosive 

environment and the remaining part stayed above the lid. The lid was assembled with 

temperature probes for measuring gas temperature and surface temperature, 

thermocouple for controlling bulk liquid temperature, CO2 inlet and outlet, and a 

condensed liquid collection cup. A copper tube was coiled around the upper portion of 

the probe through which cooling liquid was circulated to maintain the surface 

temperature. The surface temperature was measured by a temperature probe inserted 

into the hole just above the polished face of the TLC probe. Another temperature probe 

was suspended into the vapour phase to measure the gas temperature. The lid was 

mounted onto a 2 L glass cell creating an air-tight environment. The whole assembly 

was deoxygenated by continuously sparging with high purity CO2 gas (99.99%) for 

10 min. 
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Figure 4.2: SEM image of the surface of TLC probe showing working electrode 
separated from counter electrode with resin. 

1400 mL of high purity water (18.2 MΩ.cm), pre-sparged in a separate container with 

high purity CO2 overnight and pre-heated to a predefined temperature, was transferred 

to the TLC cell using a peristaltic pump to avoid oxygen contamination. The bulk 

liquid temperature and the cooling water temperature were controlled to achieve the 

desired gas temperature and surface temperature. In this study, gas temperature was 

maintained constant at 55 °C and surface temperature was varied to 20 °C, 30 °C and 

40 °C. 

Water condensation took place on the surface of the TLC probe, which dripped and 

was transferred immediately into the condensate reservoir at room temperature to 

avoid any re-evaporation. Mass, pH, and ferrous ion concentration of the condensed 

liquid was measured periodically after collecting it from the reservoir. The ferrous ion 
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concentration was measured using a spectrophotometer. The water condensation rate 

was calculated by dividing the collected condensed water with exposed surface area  

of probe and time [7]. Because hot vapour can also condense along the tubing and the 

internal wall of the condensate reservoir, water condensation rates might be 

overestimated. Therefore, additional experiments were conducted when the surface 

temperature was slightly higher (1-2 °C) than the gas temperature which was kept at 

55 °C. Condensed liquid collected in these preliminary experiments were then used to 

compensate when calculating for water condensation rates in subsequent tests. The in-

situ corrosion rate was estimated from the dissolved iron (Fe2+) presenting in the 

condensed liquid for a given exposure time [7]. After finishing the experiment, 

selected samples were characterised using SEM and EDS to investigate the surface 

morphology. Then the corrosion product was removed from the sample surface and 

corrosion rate was calculated from the loss of weight of the whole probe as described 

elsewhere [7,20]. Each test was repeated at least twice and the average and standard 

deviation were reported. 
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Figure 4.3: Schematic of top-of-the-line corrosion (TLC) setup reproduced from 
reference [7] with addition of TLC probe and cooling coil; 1. Working electrode 
connection, 2. Counter/reference connection, 3. Thermocouple, 4. Surface 
temperature probe, 5. Gas temperature probe, 6. CO2 inlet, 7. Cooling coil for 
maintaining surface temperature, 8. Polyethylene terephthalate lid, 9. TLC probe, 10. 
Condensate collector, 11. 2-L glass vessel, 12. CO2 outlet, 13. Condensate reservoir, 
14. Milli-Q water, 15. Heater. 

4.5.3 Electrochemical Measurements  

All the electrochemical measurements were carried out in a 2-electrode arrangement. 

Measurements were performed with a Gamry Potentiostat/Galvanostat/ZRA 

(Reference 600). Echem Analyst Software (version 6.25) was used for analysing data. 

The following three electrochemical techniques were performed: 

Electrochemical frequency modulation (EFM) was conducted at two frequencies of 

0.02 Hz and 0.05 Hz. A perturbation signal with an amplitude of 5 mV for both 

perturbation frequencies were used. Stern-Geary constant (B) and corrosion rate were 
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calculated under diffusion mode. It should be noted that B obtained from EFM was 

divided by 2 and was subsequently used for corrosion rate calculation. This approach 

was compared with the results from weight loss (WL). In addition, a separate 

investigation was conducted under immersion condition to verify this approach and 

the results are described in the Appendix of this chapter. 

Linear polarization resistance (LPR) was conducted within ±5 mV with respect to open 

circuit potential (OCP) at a scan rate of 10 mV/min. The polarization resistance was 

corrected by compensating the solution resistance at each condition and converted to 

corrosion rates using β obtained from EFM. 

Electrochemical Impedance Spectroscopy (EIS) was carried out within a frequency 

range from 10 kHz to 0.1 Hz with an amplitude of 5 mV peak-to-peak at OCP. 

Corrosion rate was calculated from the charge transfer resistance using B obtained 

from EFM. 

4.6 Results and discussion 

4.6.1 TLC rate obtained from non-electrochemical techniques 

Two non-electrochemical techniques; i.e. weight loss and Fe2+ concentration 

measurement, were performed and results were used as the basis to compare with those 

obtained from electrochemical techniques. 

Figure 4.4 presents TLC rates obtained from weight loss measurements after 5 days 

and the corresponding condensation rates. The gas temperature was 55 °C and the 

surface temperatures were varied at 20 °C, 30 °C to 40 °C, respectively. The results 

showed that by increasing surface temperature from 20 °C to 30 °C, TLC rates 

increased from 0.75 mm y- 1 to 0.86 mm y-1 despite the slight decrease in water 

condensation rates. A further increase of surface temperature from 30 °C to 40 °C 

while maintaining the gas temperature reduced water condensation rate from 1.10 g m-

2s-1 to 0.76 g m-2s-1, whereas TLC rates are not statically different. 
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Figure 4.4: TLC rates obtained from weight loss of the coupon and corresponding 
condensation rates at different surface temperature and 55 °C gas temperature. 

At 30 °C surface temperature and 55 °C gas temperature, no FeCO3 was formed as 

confirmed in a previous study [7]. In the absence of iron carbonate scale, surface 

temperature was the governing parameter over condensation rate [7]. Hence, TLC rate 

increased while increasing surface temperature from 20 °C to 30 °C despite the 

reduction in the condensation rates. However, different scenario occurred at 40 °C 

surface temperature. At this temperature, FeCO3 began to form specially on the surface 

outside the big water droplet, as shown in SEM image and EDS spectrum (Figure 4.5). 

This area was covered with a continuous liquid film which may be less disturbed by 

the condensation process. Hence, this area achieved FeCO3 more readily compared to 

that under the droplet. Crystalline particles in SEM image shows high intensity of 

oxygen, iron, and carbon indicating the presence of FeCO3 [7,21]. Therefore, 

decreasing condensation rate and increasing surface temperature assist the formation 

of FeCO3 and obstructed the iron dissolution rate at 40 °C surface temperature [7]. 

The in-situ TLC rates measured by the iron concentration in the condensed liquid are 

shown in Figure 4.6. It is apparent that corrosion rates increased with time at all test 

temperatures. Galvanic effects between ferrite and pearlite of the carbon steel have 
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been reported to increase corrosion rates with time [7,22,23]. At 30 °C surface 

temperature, the iron concentration measurement also gives the highest corrosion rate. 

However, in-situ TLC rates at 40 °C is almost similar to that obtained at 20 °C surface 

temperature. The contradicting trend in corrosion rates at 40 °C surface temperature 

reported by WL (in Figure 4.5) and iron measurement was simply because all the 

corroded iron did not present in the condensed liquid as the surface temperature was 

favourable for FeCO3 formation.  

 

 

Figure 4.5: SEM and EDS of corrosion product obtained at 40 °C surface temperature 
and 55 °C gas temperature showing initiation of FeCO3 scale. 
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Figure 4.6: In-situ TLC rates obtained from Fe2+ concentration measurement in the 
condensed liquid at different surface temperature and 55 °C gas temperature. 

4.6.2 TLC rate obtained from electrochemical techniques 

Electrochemical frequency modulation (EFM) 

Electrochemical frequency modulation (EFM) was selected for this study because of 

its ability to measure corrosion current density without prior knowledge of B. EFM is 

an AC technique where two sine waves at 2 different frequencies are applied 

simultaneously. The nonlinear nature of the corrosion process produces current 

responses at zero, harmonic, and intermodulation frequencies with respect to the 

applied signal [24,25]. In spite of its inherent ability to measure the corrosion rate, the 

EFM technique requires a preliminary understanding of whether the corrosion process 

under investigation is an active, diffusion, or passivating system. In addition, 

appropriate frequencies needs to be selected to avoid the influence of the capacitance 

double layer and the overestimation of corrosion current [26].  
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Table 4.1 presents the TLC rate and B obtained from EFM technique calculated using 

active mode and diffusion mode. It is found that the active mode of calculation gives 

an unexpected trend of corrosion rates (0.53-1.52 mm y-1) and B value (12-33 mV) 

with respect to minor change in amplitude (5-7 mV). Therefore, it can be concluded 

that the active mode is not suitable for this application because of inconsistent results 

as shown in Table 4.1. In contrast, under diffusion mode of calculation, corrosion rate 

(0.59-0.65 mm y-1) and B value (13-14 mV) are independent of the applied amplitude 

which provided fundamentally correct results (Table 4.1). When compared to existing 

literature, B values of 13 mV to 20 mV has been reported for carbon steel corrosion in 

CO2 containing environment [27,28]. In addition, the cathodic reaction under CO2 

condition at pH above 5 (pH of the condensing liquid) has been reported to be either 

mass transfer/diffusion controlled or a mixed control depending on condition [29-31]. 

Pure charge transfer control has not been reported at conditions that would resemble 

that of condensed water (pH around 5-6 and at stagnant condition) [7]. For TLC, 

because of the formation of very thin condensed film of liquid, the mass transport 

might be the controlling factor [32]. Consequently, diffusion mode of calculation has 

been chosen for calculating the B value as well as TLC rates. 

To illustrate the effect of frequency range on EFM measurements, the frequency and 

impedance plots obtained at 40 °C surface temperature and 55 °C gas temperature are 

illustrated in Figure 4.7. It can be seen that at a frequency below 0.3 Hz the impedance 

is independent of frequency, which is a characteristic of charge transfer resistance. If 

a frequency greater than 0.3 Hz is applied, the impedance starts to decrease as 

influenced by the capacitance double layer which in turns overestimate the corrosion 

rate [26]. This is demonstrated in Table 4.2 where EFM measurements were performed 

at a various range of frequencies and extremely high corrosion rates were obtained at 

high frequencies. Hence, frequencies of 0.02 Hz and 0.05 Hz were chosen for this 

study to avoid the influence of capacitance as well as to achieve a comparable result 

with weight loss measurement. 
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Figure 4.7: Frequency vs impedance curve under TLC condition at 40 °C surface 
temperature and 55 °C gas temperature for selection of base frequency of 
electrochemical frequency modulation technique. 

Table 4.1: Comparison of Stern-Geary constant (B) and corrosion rate (CR) obtained 
from active mode and diffusion mode of calculation within the frequency range from 
0.02 to 0.05 Hz at different amplitude at 40 °C surface temperature and 55 °C gas 
temperature. 

Amplitude, 
mV 

Active mode Diffusion mode 

B, 
mV 

CR, 
mm/y 

B, 
mV 

CR, 
mm/y 

5 12 0.53 13 0.59 

6 26 1.12 13 0.59 

7 33 1.52 14 0.65 
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Table 4.2: Influence of base frequency on Stern-Geary constant (B) and corrosion rate 
(CR) under TLC condition at 40 °C surface temperature and 55 °C gas temperature. 

Amplitude,  

mV 

Frequency, 

Hz 

B, 

mV 

CR, 

mm/y 

5 0.02 to 0.05 14 0.61 

5 0.2 to 0.5 19 0.86 

5 2 to 5 55 4.26 

 

The in-situ TLC rates obtained from EFM technique are given in Figure 4.8. Similar 

to the results obtained from the weight loss method, a temperature of 20 °C results in 

lower corrosion rate whereas TLC rates at 30 °C and 40 °C are almost similar. 

However, at all temperatures, the in-situ corrosion rates tend to increase throughout 

the entire experiment, which is in good agreement with the trend obtained from Fe2+ 

concentration measurement, as shown previously in Figure 4.6. 

Figure 4.9 presents B values obtained from EFM technique at different surface 

temperatures for 5 days. The B value tends to increase with time at all temperatures 

tested but decreases with increasing surface temperatures. However, the B values 

found within the range from 15 to 20 are in agreement with literature values reported 

for CO2 corrosion conditions [31-33].  
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Figure 4.8: In-situ TLC rates obtained from EFM technique at different surface 
temperature and 55 °C gas temperature. 

  

Figure 4.9: Stern-Geary constant (B) obtained from EFM technique at different 
surface temperatures and 55 °C gas temperature. 
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Linear polarization resistance measurement 

Figure 4.10 shows the in-situ TLC rates calculated from linear polarization resistance 

(LPR) over 5 days at different surface temperatures employing B value obtained from 

EFM technique, as described above. LPR corrosion rates increase throughout the entire 

period at all surface temperatures. The lowest TLC rates were measured at 20 °C 

surface temperature whereas comparable TLC rates were seen at 30 °C and 40 °C. The 

results are also in good agreement with those obtained from the weight loss method. 

 

Figure 4.10: In-situ TLC rates obtained from LPR technique at different surface 
temperature and 55 °C gas temperature. 

Electrochemical impedance spectroscopy (EIS) for TLC study 

EIS has been widely employed in various complex corrosion phenomena as the results 

can be fitted through equivalent circuits allowing surface/electrolyte reactions to be 

explained. For instance, in addition to charge transfer resistance, EIS can distinguish 

solution resistance of the condensed droplets. The shape of the Nyquist and Bode plot 

can provide information about the properties of corrosion product film [19,35]. 
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The Nyquist plots and corresponding fitting curves of the TLC coupon at 20 °C, 30 °C 

and 40 °C surface temperature are shown in Figure 4.11a, 4.11b and 4.11c respectively. 

Their similar shape is apparent; i.e., a depressed semicircle and an inductive loop in 

the low frequency range. The magnitude of semicircles decreases suggesting an 

increasing corrosion rate over time, which is in agreement with the Fe2+ measurement, 

EFM and LPR. Such behaviour has been reported as active surface state due to the 

frequent exposure of the cementite phase and subsequent galvanic coupling with ferrite 

in the absence of corrosion product scale [22,23,36]. The inductive loop at low 

frequencies is originated due to the adsorption of the intermediate species [37]. The 

extent of inductive loop decreases with time indicating the change in the corrosion 

mechanism. 

EIS results were fitted with the equivalent circuit shown in Figure 4.12 which has been 

widely used for modelling the steel–CO2 interface involving an adsorbed intermediate 

product [38]. The variation of resistances of the condensed liquid (Rs) derived from 

the fitting parameters are shown in Figure 4.13. At 20 and 30 °C, Rs decreased with 

time because of increasing corrosion rate and, subsequently, Fe2+ concentration in the 

condensed liquid. However, in spite of higher Fe2+ at 30 °C compared to 40 °C surface 

temperature, Rs was the lowest at 40 °C. Therefore, surface temperature is the 

dominant parameter controlling Rs. The charge transfer resistance obtained from EIS 

measurement after fitting with the equivalent circuit was converted to the corrosion 

rate using the B value obtained from EFM in the same condition. Figure 4.14 shows 

the change in corrosion rate up to 5 days at different surface temperatures. Similar to 

results obtained by the other electrochemical methods employed in this study, the TLC 

rates increased with time at all temperatures and the 20 °C provided lowest corrosion 

rate compared to the other surface temperatures. 

 



Chapter 4 

118 

 

  

 

  

Figure 4.11: Nyquist plot of TLC sample surface at 55 °C gas temperature and (a) 
20 °C, (b) 30 °C and (c) 40 °C surface temperature. 
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Figure 4.12: Equivalent circuit used to fit the EIS data; RS is the solution resistance, 
QDL is the capacitance of the double layer, RCT is the charge transfer resistance, L is 
the inductance and RL is the resistance of an inductor. 

 

Figure 4.13: Variation of resistance of condensed water (Rs) with time at different 

experimental condition. 
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Figure 4.14: In-situ TLC rates obtained from EIS technique at different surface 
temperature and 55 °C gas temperature. 

4.6.3 Comparison of TLC rates obtained from different techniques 

The comparison of (integrated) TLC rates obtained from non-electrochemical 

techniques (weight loss and Fe2+ concentration) and the electrochemical techniques 

(LPR, EIS and EFM) at 20 °C, 30 °C and 40 °C surface temperatures and 55 °C gas 

temperature are shown in Figure 4.15. Overall, comparable corrosion rates are found 

between weight loss and the electrochemical techniques employed. LPR results (after 

taken into account the solution resistance) were approximately 20-30% greater than 

those from WL while EFM and EIS provided closer estimation. Regardless of 

electrochemical methods, B values used were obtained from EFM under diffusion 

mode and were subject to factor of 0.5 (as explained in the Appendix) which provided 

reasonable comparison in the conditions within this study. More importantly, it also 

shows that small volumes of condensed liquid on the surface of the electrode do not 

interfere with the electrochemical measurements and the setup successfully 
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differentiates the influences of environmental parameters (condensation rates and 

temperature) on TLC.  

Some of the limitations should also be noted. For instance, the conditions selected in 

the current study exhibited only uniform corrosion. The localized nature of TLC may 

prevail at other conditions (e.g. longer term study, the presence of organic acids, etc.) 

and has not been addressed using this new monitoring device. Further study is also 

needed to understand a factor applied to B. Nonetheless, the study demonstrated the 

forward step in the development of the probe for electrochemical study of TLC. 

Figure 4.15: Comparison of TLC rates obtained from weight loss with line average 
corrosion rates obtained from Fe2+ measurement, electrochemical frequency 
modulation (EFM), linear polarization resistance (LPR), and electrochemical 
impedance spectroscopy (EIS) technique. 

4.7 Conclusions 

A new electrochemical setup for the investigation into top of the line corrosion (TLC) 

has been developed and verified. The following conclusions can be made from the 

study: 
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• The electrochemical methods selected for this study (EFM, LPR and EIS) are 

able to overcome the incompatibilities associated with the small volume of 

condensed water at the top of the line and provide good agreement with results 

obtained from non-electrochemical methods, particularly weight loss. More 

importantly, the new set-up in conjunction with EIS technique enables 

mechanistic studies on TLC process in addition to TLC rates.  

• In-situ corrosion rates obtained by Fe2+ measurement provide lower values 

compared to weight loss technique and other electrochemical techniques. The 

difference is more pronounced at higher surface temperatures when iron 

carbonate may precipitate. This emphasizes that electrochemical techniques 

are more accurate compared to Fe2+ measurements for in-situ monitoring of 

TLC rate especially when FeCO3 precipitation is likely. 

• EFM could be a powerful technique for TLC monitoring as, in theory, it can 

provide the Stern-Geary constant (B) and corrosion rate directly. However, the 

present study demonstrated that an arbitrary factor is required. Therefore, a 

detail theoretical analysis is necessary to improve understanding and 

confidence in using this technique. 
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4.9 Appendix 

Validation of TLC probe under immersion condition: Comparison of 3-electrode 

vs 2-electrode arrangements 

Immersion tests were conducted to compare the performance of the TLC probe in 3-

electrode and 2-electrode system. A small modification of the TLC probe shown in 

Figure 4.1 was done to accommodate the immersion test. The top portion of the 

working electrode and counter electrode part of the probe along with electrical joint 

was sealed with epoxy resin to isolate the probe from the contact with the solution 
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except the part where condensation took place. The part to be exposed with the solution 

was prepared for immersion test using same procedure used for TLC experiment. 

The TLC probe was placed in a 1 L-glass cell equipped with a thermocouple for 

controlling the liquid temperature, CO2 inlet and outlet. The electrolyte solution was 

0.1% NaCl saturated with CO2. The pH of the test solution was adjusted to 5.5 using 

0.1 M NaHCO3 solution, similar to pH of the condensed liquid [7] and the temperature 

was maintained at 30 °C. The 2-electrode cell setup was similar to TLC experiment. 

In case of 3-electrode cell setup, the reference electrode was connected to Ag/AgCl 

reference electrode where the outer surface of the TLC probe was used as a counter 

electrode. The electrochemical tests conducted were similar to those applied in the 

TLC experiments. 

Figure 4.16 shows superimposed Nyquist plots obtained from both arrangements 

implying that the 2-electrode system provided nearly identical results to those obtained 

from the 3-electrode system. Further, when fitted the data with electrochemical 

equivalent circuit as shown in Figure 4.12, comparable values of charge transfer 

resistance (RCT) were found in the both system as shown in Table 4.3. It has been 

reported previously that 2-electrode system was considered better for impedance 

measurement in absence and presence of corrosion inhibitor in CO2 condition [39]. 

The polarization resistances (RP) obtained from LPR technique are normally identical 

in the 3-electrode and 2-electrode arrangement a shown in Table 3. These results point 

towards that the 2- electrode system can be used successfully for measuring RP and 

RCT, particularly when the corrosion potential is not an important parameter to 

measure. Hence, this result gave confident in the design of the electrochemical probe 

developed for this work. It should be noted that both setups showed greater Rct 

compared to Rp. Harrington and Driessche explained that this behavior could occur in 

a system where an inductor dominates the impedance [40]. Further investigation into 

the significance and physical meanings of an inductor on corrosion is required, which 

is true not only for TLC applications.   
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Further, EFM was carried out under immersion condition using the same TLC probe 

to understand the necessity of dividing the B value by 2 in case of diffusion mode of 

calculation as applied in TLC study. Table 4.4 shows the comparison of B value 

obtained from 3-electrode and 2-electrode systems under immersion condition at 

variable applied potential. B value was calculated under active mode and diffusion 

mode. In both arrangements, B value obtained by calculating in diffusion mode 

(without dividing by 2) shows reproducibility and consistency even with the change 

of perturbation potential compared to those obtained from active mode. However, 

diffusion mode of calculation overestimate the B values by nearly double of the value 

reported in the literature for CO2 condition [29-31] for both 2- and 3-electrode systems. 

The B value under active mode was 15 mV which increased to 40 mV when calculated 

under diffusion mode in identical condition. This observation is consistent with 

literature. Han and Song reported the significant increase of B values and corrosion 

current density when changing the calculation from active mode to diffusion mode in 

0.6 M NaCl solution in oxygenated condition [26]. Kus and Mansfeld reported similar 

observation but only when the selected frequency was too high and was still well 

within the capacitive region which was not the case in this study. Further analysis is 

required to fully understand this behaviour. 

Table 4.3:  Comparison of charge transfer resistance (RCT) and polarization resistance 
(RP) in 3-electrode and 2-electrode arrangement under immersion condition in 0.1% 
NaCl, pH 5.5 and 30 °C temperature. Standard deviation calculated from 3 
measurement 

Parameters 3-Electrode 2-Electrode 

RCT, ohm.cm2 273 ± 3.60 273 ± 1.15 

RP , ohm.cm2
 231 ± 2.88 233 ± 1.53 

 

 



Chapter 4 

129 

Figure 4.16: Comparison of Nyquist plot obtained from 3-electrode and 2-electrode 
cell setup under immersion condition in 0.1% NaCl, pH 5.5 and 30 °C temperature. 

Table 4.4:  Comparison of Stern-Geary constant (B) obtained from 3-electrode and 2-
electrode cell arrangement under immersion condition in 0.1% NaCl, pH 5.5 and 
30 °C temperature. Standard deviation calculated from 3 measurement 

Base 
Frequency, 

Hz 

Amplitude, 

mV 

3-Electrode 2-Electrode

Active 
B, mV 

Diffusion 
B, mV 

Active 
B, mV 

Diffusion 
B, mV 

0.01 10 23 ± 0.29 39 ± 0.87 24 ± 0.29 35 ± 0.06 

7 19 ± 0.26 38 ± 0.54 19 ± 0.29 34 ± 0.08 

5 14 ± 1.14 37 ± 1.89 14 ± 1.22 34 ± 0.09 
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Chapter 5: Electrochemical investigation into the dynamic mechanism of 

CO2 corrosion product film formation on the carbon steel under water 

condensation condition* 

5.3 Abstract 

This study presents a systematic investigation into corrosion behaviour of carbon steel 

exposed to continuous water condensation using a newly developed electrochemical 

setup. Corrosion rates and the FeCO3 precipitation process under constant replenishing 

of condensed water were monitored using various electrochemical techniques. 

Electrochemical impedance spectroscopy (EIS), scanning electron microscopy, and 

confocal Raman spectroscopy indicated that FeCO3 precipitation has three stages: 

active dissolution, formation of porous layer, and formation of protective layer 

consisting of inner (mixture of FeCO3 and Fe3C) and outer layer (FeCO3). Corrosion 

rates increase with time during the active dissolution stage and start to decline when 

the porous layer forms. After the protective layer is established, corrosion rates reach 

the minimum values and become steady. EIS and linear polarisation resistance (LPR) 

techniques provides comparable corrosion rates with weight loss method. 

Keywords: Carbon steel, EIS, polarization resistance, CO2 corrosion, condensation. 

5.4 Introduction 

Carbon steel is widely used and is a cost effective material in multiphase pipelines for 

transportation of natural gas and condensate. During the transport of wet natural gas 

in stratified flow regime, water condensation can take place inside the upper portion 

of the pipeline due to the temperature gradient between process fluids and the outside 

environment. The condensed liquid contains dissolved CO2, H2S, and organic acids 

which is corrosive for the carbon steel pipeline. This phenomenon is sometime referred 

to as sweet top of the line corrosion (TLC) in a CO2 dominating environment and in 

an absence of H2S [1,2].   

Iron carbonate (FeCO3) is a predominant corrosion product in CO2 corrosion of carbon 

steel [3,4]. It has been shown to provide a physical barrier between the electrolyte and 

                                                
* The chapter is reproduced from ‘M.M. Islam, T. Pojtanabuntoeng, R. Gubner, B. Kinsella, 
Electrochemical investigation into the dynamic mechanism of CO2 corrosion product film formation on 
the carbon steel under water condensation condition, under review in Corrosion Science’. 
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the solid metallic surface which reduces the corrosion rate of carbon steel significantly 

[5]. For instance, pH stabilisation technique which is a widely adopted in wet gas 

pipelines promotes the formation of FeCO3 by increasing solution pH. The efficiency 

of this technique relies on the integrity of the FeCO3 [6]. The protectiveness of the iron 

carbonate layer depends on several environmental conditions, such as iron 

concentration [7,8], solution pH [9], temperature [7,9,10], partial pressure of CO2 [11], 

droplet retention time [12], microstructure of the carbon steel [4,13], and exposure 

time [4]. 

The mechanism of FeCO3 film formation and film growth in CO2 environments under 

immersion conditions have been widely investigated. Hunnik et al. introduced the 

scaling tendency which is the ratio between the precipitation and iron dissolution to 

predict the protectiveness of the FeCO3 scale formation [14]. According to Hunnik et 

al., the bulk scaling tendency of 0.5 is sufficient for such film to be protective [14]. 

Nesic et al. proposed a mechanistic model for the growth of FeCO3 film on mild steel 

and anticipated that the precipitation kinetics is dependent on temperature and local 

species concentration [15]. Dugstad investigated the role of pH, temperature, and 

FeCO3 supersaturation on the FeCO3 film formation and reported that protective 

FeCO3 formed at high temperature (> 60 °C) even with low supersaturation [16]. 

Conversely, porous and loosely adhered films formed at low temperature (< 40 °C) 

with high supersaturation [16].  

Farelas et al. studied the evolution of the dissolution process of steel exposed to CO2 

environment electrochemically under turbulent flow condition. Based on EIS 

measurements, the study suggested three different stages of the interfacial process, 

namely: active adsorption state, active porous layer state and mixed porous layer [17]. 

Later, Gao et al. stated that FeCO3 film is duplex in nature consisting of inner and outer 

layer and this duplex layer started to form after the critical point, where there is an 

abrupt increase of polarization resistance [18].  

Dissolved CO2 level was also shown to influence the mechanism of FeCO3 formation. 

At super critical CO2 conditions, Wei et al. found that an amorphous layer 
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preferentially formed on the steel surface and gradually evolved into the inner FeCO3 

scale. Once the inner layer was created, relatively porous FeCO3 scale precipitated 

over the inner layer [19]. Conversely, at low CO2 partial pressure, dense outer FeCO3 

scale formed first followed by the formation of thick porous inner layer which 

drastically reduced the uniform corrosion rates [19]. The study found better 

protectiveness of the outer corrosion product scale formed at 1 MPa and inner 

corrosion product formed at 9.5 MPa and vice versa. 

The formation of FeCO3 inside the inner wall of gas transportation pipelines under 

condensation condition in CO2 environment is also reported in the literature [20-22]. 

Crystals with sharp edge and dense layer were found in the area covered by the water 

droplet [23]. The kinetics of FeCO3 film formation was shown to be governed by 

temperature and condensation rates [12,24]. High temperature and low condensation 

rate lead to the formation of a very dense and protective FeCO3 layer due to high level 

of super saturation.   

A recent study found that the FeCO3 formation under condensation condition differs 

from that under immersion condition because of the constant replenishment of fresh 

water from the condensation process [12]. Due to lack of appropriate monitoring 

technique, an in-situ FeCO3 formation mechanism on the steel surface in the presence 

of CO2 under water condensation conditions has not been investigated. 

It is certain that electrochemistry is a useful and insightful method for studying 

corrosion and the resulting corrosion product formation. These methods have been 

used to determine the formation and kinetic parameters of corrosion product films and 

also to estimate the corrosion rate during the entire corrosion process [18,25-27]. 

However, implementation of electrochemical methods under water condensation 

condition has been challenging due to the limited quantity of electrolyte. In our 

previous study, we used a novel electrochemical method for continuous monitoring of 

corrosion rates under water condensation condition in the absence of FeCO3 film [28]. 

In this present study, we have explored the real-time film formation mechanism of 

FeCO3 on the steel surface under condensing water condition by analysing EIS data, 
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corrosion rate, supersaturation, scaling tendency and finally by cross sectional analysis 

using  scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDS) and confocal Raman spectroscopy.  

5.5 Experimental 

The experimental setup for this study is shown in Figure 5.1 and the detailed procedure 

was outlined previously [12,28]. Two mm diameter carbon steel (UNS G10300) rod 

was used as a working electrode. It was inserted into a 3 mm hole created in the centre 

of a 20 mm diameter carbon steel rod. Both were electrically insulated from each other 

by coating with epoxy as shown in Figure 5.1a. Details of the TLC probe construction 

has been described previously [28]. The larger diameter rod was used as a counter 

electrode to form a two electrode system. The TLC probe was wet ground with silicon 

carbide paper to 1200 grit, cleaned with water, ethanol and dried with nitrogen. The 

dried probe was weighed with an analytical balance and subsequently was inserted into 

a polyethylene terephthalate (PET) lid so that the polished portion faced downward to 

the corrosive environment and the remaining part remained above the lid (Figure 5.1b). 

A copper tube was coiled around the upper portion of the probe through which cooling 

liquid was circulated to maintain the surface temperature. The lid was mounted onto a 

2 L glass cell along with the arrangement of temperature probes for measuring gas 

temperature and surface temperature, thermocouple for controlling bulk liquid 

temperature, CO2 inlet, and a condensed liquid collection cup creating an air-tight 

environment (Figure 5.1c). Prior to conducting an experiment, the complete assembly 

was deoxygenated by continuously sparging with high purity CO2 gas (99.99%) for 10 

min. 

One thousand four hundred mL of high purity water (18.2 MΩ.cm), pre-sparged in a 

separate container with high purity CO2 overnight and pre-heated to a predefined 

temperature, was transferred to the TLC cell using a peristaltic pump to avoid oxygen 

contamination. The desired gas temperature and surface temperature were achieved by 

controlling the bulk liquid temperature and the cooling water temperature, 
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respectively. In this study, gas temperature and surface temperature were maintained 

at 55 °C and 45 °C, respectively.  

The condensed water, dropping into the condensate collector cup placed directly 

beneath the sample, was transferred immediately into the condensate reservoir at room 

temperature to avoid any re-evaporation. The liquid was then collected periodically 

from the reservoir to determine its mass, pH, and ferrous ion concentration. The in-

situ corrosion rate was determined from electrochemical measurements and 

concentration of dissolved iron (Fe2+) presenting in the condensed liquid at a certain 

exposure period [12]. After finishing the experiment, corrosion product was removed 

using Clarke solution and corrosion rate was calculated from weight loss of the TLC 

probe [12,29].  

The electrochemical measurements were carried out in the 2 electrode arrangement as 

outlined previously [28]. Measurements were performed with a Gamry Instrument 

Potentiostat/Galvanostat/ZRA (Reference 600). Echem Analyst Software was used for 

fitting the data. Three electrochemical techniques were performed. Electrochemical 

frequency modulation (EFM) was conducted at two frequencies of 0.02 Hz and 0.05 

Hz. Stern-Geary constant (B) and corrosion rate were calculated using the diffusion 

mode of Echem Analyst Software. Linear polarization resistance (LPR) was conducted 

within ±5 mV with respect to open circuit potential (OCP) at a scan rate of 10 mV/min. 

Electrochemical impedance spectroscopy (EIS) was carried out from 10 kHz to 0.1 Hz 

with an amplitude of 5 mV peak-to-peak using AC signals at OCP.  

Experiments were duplicated to gain confidence in the reproducibility. Furthermore, 

one specimen was used for corrosion product characterization and subsequent weight 

loss whereas in the second experiment it was used for cross-sectional analysis. The 

cross-sectioned sample was prepared by embedding the specimen in a cold mount 

epoxy resin, cutting it using a diamond blade, and finally polishing to 1 µm with 

diamond paste. The corrosion product on the surface and cross-section was analysed 

using field emission scanning electron microscopy (FE-SEM) accompanied with 

energy dispersive X-ray spectroscopy (EDS). The corrosion product was also 
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characterised with confocal Raman spectroscopy at an excitation energy of 532 nm 

laser at ×100 magnification.  

 

Figure 5.1: The schematic drawing showing an experimental setup for studying top-
of-the-line corrosion (TLC); a) TLC probe, b) lid fitted with TLC probe, gas and 
surface temperature probe, and condensed liquid collection cup, and c) a complete 
test assembly. 

5.6 Results and discussion 

5.6.1 Top of the line corrosion rates 

Figure 5.2 presents the in-situ TLC rates of carbon steel under condensation condition 

obtained from Fe2+ concentrations in the condensed liquid, electrochemical techniques 

of EIS, LPR and EFM performed on the steel electrode. Error bars denote the standard 

deviation of at least duplicate measurements. The in-situ corrosion rates obtained from 

measuring Fe2+ concentrations in the condensed liquid increases during the first 5 days 

of exposure. Afterwards, it decreases slowly until 13 days of exposure before it reaches 

steady values for the remaining of the experiments (i.e. 4 days).  
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Corrosion rates from EFM were calculated using the same approach as described 

earlier [28] and were found to overestimate the corrosion rate in relation to the other 

techniques. The higher corrosion rates from EFM is associated with the larger value 

of the Stern-Geary constant (B) obtained using this technique. Compared to our 

previous study [28], EFM was found to be an effective technique for determining the 

B value and corrosion rate of carbon steel under water condensation condition. This 

discrepancy could arise from the presence of a protective FeCO3 layer found in this 

study which was not present in the previous investigation. It has been shown that the 

frequency related processes such as double-layer charging and inductive behaviour 

due to adsorption of intermediate species can influence the results of EFM [30]. The 

subsequent section on EIS will demonstrate that there is an increase in double layer 

capacitance and phase shift, associated with the formation of FeCO3. An increase in 

double layer capacitance increases the capacitive current, and consequently influences 

the Faradaic current response [30]. Additionally, the phase shift causes the capacitive 

behaviour to move to a lower frequency range. As a result, the pre-selected frequency 

of 0.02 Hz to 0.05 Hz are no longer suitable and results in the corrosion rate being 

overestimated [31]. Selecting a lower base EFM frequency, to compensate for the 

phase shift, would prolong the measurement time and be impractical in following the 

changes in corrosion rate associated with the constant replenishment of condensed 

water. 

Therefore, to calculate the corrosion rate from the EIS and LPR techniques, a B value 

of 13 mV obtained from literature for CO2 corrosion [7,32,33] was used instead of 

using the B obtained from EFM. Corrosion rates obtained from EIS and LPR technique 

slightly differ from each other but the trends are similar. For instance, corrosion rates 

rise over the first 6 days and then remain steady with minor fluctuation for next 3 days. 

Afterwards, it gradually declines until the 13th day where it became relatively constant 

or decreased more slowly. However, relatively lower corrosion rates are obtained up 

to 13 days from Fe2+ measurements compared to those from LPR and EIS. Because 

fraction of Fe2+ ions were accumulated in the surface as corrosion products and were 

not available in the condensed liquid. After 13 days of exposure, LPR corrosion rates 
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are lower compared to EIS and Fe2+ measurement because of the additional resistance 

introduced by the corrosion product scale. 

Figure 5.3 compares the integrated corrosion rate obtained from weight loss with the 

average corrosion rates obtained from the data presented in Figure 5.2. The integrated 

corrosion rate from the weight loss measurement compares well with EIS, LPR and 

Fe2+ measurements indicating that B value used in LPR and EIS methods is reasonable. 

However, as previously discussed the, corrosion rates obtained from EFM resulted in 

an overestimation of the corrosion rates. It has similarly been reported by other authors 

using EFM investigating corrosion of carbon steel in aerated 0.5 N NaCl [31] 

indicating that EFM needs to be used with caution particularly under condition where 

protective or semi-protective scales such as iron oxide or FeCO3 may form.   

 

Figure 5.2: In-situ top-of-the-line corrosion rates with respect to time obtained from 
measurement of ferrous ion (Fe2+) concentration, liner polarisation resistance (LPR), 
electrochemical impedance spectroscopy (EIS) and electrochemical frequency 
modulation (EFM) techniques at 55 °C gas temperature and 45 °C surface 
temperature. 
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Figure 5.3: Comparison of integrated corrosion rates obtained from different methods 
at 55 °C gas temperature and 45 °C surface temperature 

5.6.2  FeCO3 super saturation of condensed liquid and scaling tendency 

Supersaturation of the condensed liquid and scaling tendency under condensing 

condition was calculated based on the approach discussed previously according to the 

Equations (5.1) and (5.2) [12]: 

 
𝑆𝑆S =

𝐶𝐶Fe2+𝐶𝐶CO32−
𝐾𝐾sp

 
(5.1) 

 
𝑆𝑆T =

𝑅𝑅CLA
𝑅𝑅corr

 
(5.2) 

where SS is the FeCO3 supersaturation, dimensionless; 𝐶𝐶Fe2+  is ferrous ion 

concentration in the condensed liquid, kmol m-3; Ksp is the FeCO3 solubility constant, 

(kmol m-3)-2; ST is the scaling tendency, dimensionless; RCLA is the corrosion layer 

accumulation rate, kmol m-2 s-1 and Rcorr is the rate of dissolution of metal measured 

in the condensed liquid, kmol m-3 s-1. RCLA was calculated from SS under water 

condensing conditions based on the approach described previously [12]. 
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Figure 5.4 shows the variation of supersaturation of FeCO3 and scaling tendency 

throughout the experimental period. Both curves exhibits an identical pattern and are 

correlated to the Fe2+ concentration in the condensed liquid in a given condition. 

Initially, the supersaturation is around 52, which steeply increases to about 84 on the 

4th day of exposure because of the higher concentration of Fe2+ from the corrosion 

process. Afterwards, it decreases gradually down to 10 after 14 days of exposure as 

corrosion rates decreased. After 16 days of exposure, it remained nearly constant to 

around 4. Similarly, scaling tendency rises from 0.45 to around 0.6 during first 4 days. 

From 5 to 8 days, it declines slightly, but the value remains above 0.5. After that, it 

decreases gradually to reach to below 0.1 at the end of the experiment. 

The variation of supersaturation and scaling tendency with time will be discussed 

further in the subsequent section to explain the formation of FeCO3 at different stages 

of the corrosion process. 

 

Figure 5.4: FeCO3 supersaturation of the condensed liquid and scaling tendency of 
corrosion product film with respect to time. 
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5.6.3  Surface characterization and cross sectional analysis of the corrosion product 

Figure 5.5 represents the SEM images of surface and cross section of the corrosion 

products obtained at 6, 10 and 17 days of exposure. The left hand side is the SEM 

image taken from the top view of the surface while the right hand side depicts the cross 

sectional images from a duplicate experiment.  

After 6 days of exposure, FeCO3 partially formed on the surface according to the back 

scattered SEM image shown in Figure 5.5a. The bright areas indicates the bare steel 

surface and the grey portion is the area covered with FeCO3. The phenomena is clearer 

in the cross sectional image where voids consisting of lamellar cementite are visible 

between the porous corrosion product layer and base metal. It appears that crystals 

started to precipitate preferentially above the lamellar cementite and grew with time.  

After 10 days of exposure, the surface is covered with FeCO3 crystals in most part as 

shown in Figure 5.5b. Yet, the layer is still porous as FeCO3 is partially absent. The 

corresponding cross sectional image shows signs of localised corrosion attack which 

suggests that corrosive solution can enter through the pores (Figure 5.5b). However, 

corrosion rate steeply decreased during this period since most of the surface was 

covered with FeCO3 scale. It is also worthwhile emphasising that the Fe2+ and 

electrochemical measurements can only estimate uniform corrosion rates. 

After 17 days of exposure, the surface is completely covered with dense crystals of 

FeCO3 as shown in Figure 5.5c. The cross section shows a thick corrosion product 

layer consisting of outer and inner layer (indicated by a dashed line), which potentially 

depicts the original surface of the metal sample. Underneath that line, the corrosion 

product/bare steel interface is uneven which could developed from the aggregation of 

multiple localised attack. This indicates that the localised corrosion previously seen in 

Figure 5.5b is only the initiation or transition to uniform corrosion. 
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Figure 5.5: SEM-BSD images of corrosion product of surface (left row) and cross 
section (right row) after; a) 6 days exposure, b) 10 days exposure, and c) 17 days 
exposure.  

Figure 5.6 shows SEM image and EDS spectra of both inner and outer layers of the 

cross section of the corrosion product after 17 days exposure. It is evident from the 

SEM backscattered image that the inner layer has mixed phases whereas the outer layer 

has homogeneous composition. Nonetheless, EDS only demonstrates the presence of 

Fe, C and O in both layers corresponding to FeCO3 as typically seen in CO2 corrosion. 

EDS could not distinguish the difference in the nature of corrosion product particularly 

at the inner layer where mixed phases are apparent. 

Confocal Raman identified the lamellar type structure found in the inner layer to be 

Fe3C. The result is shown in Figure 5.7. Two intense peaks at 1087 cm-1 and 287 cm- 1 

in Figure 5.7a are typical signature of FeCO3 [12,34]. On the other hand, there are 
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areas with significant amount of Fe3C present, as seen in the broad Fe3C peak visible 

at 1322-1376 cm-1 and 1560-1600 cm-1 [35,36]. Raman mapping reveals that the bright 

area having lamellar structure in the optical micrograph (Figure 5.7b) corresponds well 

to areas depicted in red (Figure 5.7c1 and 5.7c2) indicating the presence of Fe3C. This 

confirms that the outer layer is FeCO3 and the thick inner layer consists of FeCO3 

integrated in a lamellar Fe3C matrix. Other investigators also support the formation of 

duplex FeCO3 layer where Fe3C was present in the inner layer in CO2 environment 

[8,18]. It appears that corrosion rate reaches steadily low values once the duplex layer 

is formed.  
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Figure 5.6: SEM-BSD image and EDS spectrum of cross section of corrosion product 
after 17 days of exposure. 
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Figure 5.7: Confocal Raman analysis of corrosion product film formed after 17 days 
of exposure; a) spectra, b) optical images showing areas for analysis, and c) Raman 
mapping showing areas with distinct composition. Red represents FeCO3 and blue 
represents areas containing Fe3C. 
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5.6.4 FeCO3 formation mechanism under water condensing condition - 

electrochemical impedance spectroscopy (EIS) study  

EIS is a powerful technique to study the mechanism of the metal/electrolyte interfacial 

processes [37-39]. During the corrosion study, EIS was continuously recorded which 

also demonstrated three different patterns corresponding to the trend shown by the Fe2+ 

concentration and electrochemical corrosion rate measurements. Based on impedance 

signatures and corrosion rates, three different stages can be categorised which are 

similar to those reported under total immersion conditions; namely active dissolution, 

formation of porous layer and formation of protective layer [17]. 

5.6.4.1 Active dissolution 

Figure 5.8 shows the Nyquist and Bode plots for the first 5 days of exposure under the 

condensing water condition. The Nyquist plots were (Figure 8a) composed of a 

capacitive semicircle and an inductive loop. A decrease in the diameter of capacitive 

semicircles with exposure time indicates that the charge transfer process of cathodic 

reactions was promoted [17,18].  

Figure 5.8b shows the Bode impedance and phase angle representations of the EIS 

spectra during the first 5 days. A decrease in impedance values at the low frequency 

region of the Bode plot with time denotes the reduction in charge transfer resistance 

during this period. The phase angle representation shows characteristic of the charge 

transfer process [17]. No sign of FeCO3 film formation is identified from the phase 

angle representation since the current and voltage are in phase at high frequency region 

(>103 Hz).  

The interfacial phenomena occurred during the first 5 days exposure is characterised 

by equivalent circuit (EC) presented in Figure 5.9. This type of EC was typically 

employed to describe the interfacial process in CO2 corrosion [17]. RS is the solution 

resistance, QDL is the constant phase element (CPE) representing the double layer 

capacitance, RCT is the charge transfer resistance, RL is the inductive resistance and L 

is the inductance. The CPE was used instead of pure double layer capacitance to take 
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into account the electrode surface heterogeneities and therefore to improve the fitting. 

The impedance of CPE is expressed as shown in Equation (5.3) [40-43]: 

 𝑍𝑍𝐶𝐶𝑃𝑃𝐶𝐶 = [𝑄𝑄(𝑗𝑗𝑗𝑗)𝑛𝑛]−1 (5.3) 

where ZCPE  is the impedance of CPE in ohm cm2, Q is the proportionality factor of 

CPE in ohm-1 sn cm-1, ω is the sine wave modulation angular frequency equivalent to 

2πf in rad. s-1, j2 = -1 is the imaginary number, and n is an empirical exponent (0 ≤ n ≤ 

1) which indicates the deviation from the ideal capacitive behaviour.  

The corresponding values of the equivalent circuit elements (fitting results) are listed 

in Table 5.1 and shown as solid lines in Figure 5.8. The double layer capacitance (CDL) 

given in Table 5.1 is calculated from CPE parameters according to the Equation (5.4) 

[44]: 

 𝐶𝐶DL = 𝑄𝑄1/𝑛𝑛(𝑅𝑅𝑠𝑠−1 + 𝑅𝑅𝐶𝐶𝑇𝑇−1)(𝑛𝑛−1)/𝑛𝑛 (5.4) 

where CDL is the capacitance in F cm-2, RS is the solution resistance in ohm cm2 and 

RCT is the charge transfer resistance parallel to capacitor in ohm cm2. 

According to Table 5.1, charge transfer resistance decreases from 587 ohm cm2 to 240 

ohm cm2 at the 5th day of exposure indicating active dissolution of the iron from the 

metal surface. During this period, capacitance of double layer also increases from 131 

to 957 µF cm-2 which is associated with the increase of the active surface area where 

the cathodic reaction takes place [4,13]. Value of L and RL remains nearly constant 

from the 2nd day of exposure indicating that the surface was saturated by the adsorbed 

species. 

Ferrite and pearlite are the main components of carbon steel where pearlite consists of 

ferrite and lamellar cementite (Fe3C) [5,18]. Preferential dissolution of ferrite occurs 

leaving lamellar Fe3C, which is more noble, on the surface [13,18]. Fe3C being an 

electronic conductor acts as a cathode where the hydrogen reduction takes place 

creating a galvanic coupling effect causing faster dissolution of the ferrite phase 

[12,17,45]. This explains the decrease in the charge transfer resistance and the ensuing 
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increase in corrosion rates over the first 5 days. Moreover, Fe3C provides the larger 

surface area for cathodic hydrogen evolution reaction which increases the capacitance 

of the double layer [17,46,47]. 

The results also exhibit induction loops at low frequency (Figure 5.8a). The existence 

of a low frequency induction loop has been related to the adsorption of intermediate 

species at the steel surface; i.e. FeOHads , which is proposed to participate in the active 

iron dissolution process according to Equation (5.5) to (5.7) [17,46,48,49].  

 Fe +  H2O ↔ FeOHads + H+ + e− (5.5) 

 FeOHads → FeOHsol
+ + e− (5.6) 

 FeOHsol
+ + H+ ↔ Fesol2+ + H2O (5.7) 

Therefore, during the first 5 days exposure, the steel surface was subjected to a 

continuous dissolution forming lamellar Fe3C on the surface where adsorption of 

intermediate species occurs.  
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Figure 5.8: (a) Nyquist and (b) Bode representations of carbon steel corroding under 
condensing condition in CO2 environment during the first 5 days. 
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Figure 5.9: Equivalent circuit used to fit the EIS data during1-5 days, superimposed 
on the cross-section of corrode steel; RS is solution resistance, RCT is charge transfer 
resistance, QDL is constant phase element presenting double layer capacitance, L is 
inductance and RL is resistance of inductance. 

Table 5.1: Values of electrical elements extracted from EIS spectra from day 1-5 
shown in Figure 5.8 using the equivalent circuit shown in Figure 5.9. 

Day 

RS, 

ohm cm2 

RCT, 

ohm cm2 

L, 

H cm2 

RL, 

ohm cm2 

CDL, 

µF cm-2 
Chi-square 

× 104 

1 38 587 1493 2062 131 7.18 

2 42 323 649 719 325 9.13 

3 43 249 653 658 525 1.83 

4 39 241 629 584 760 6.17 

5 41 240 652 532 957 7.46 

5.6.4.2 Formation of porous layer 

Figure 5.10 presents the EIS curves obtained during 6-13 days exposure. After 5 days 

exposure, the inductive loop disappears and a second semicircle becomes evident at 

high frequency as shown in the Nyquist plot (Figure 5.10a). The semicircle at lower 

frequency is attributed to the electrochemical process of corrosion whereas the one at 

high frequency is often associated with a film formation process either by inhibitor 

[50] or corrosion product [19] or coating [51]. In this study, the semicircle in the high 

frequency range initially has small magnitude and subsequently enlarges with time. 
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Therefore, it can be stipulated that a layer of corrosion product started to form on the 

surface after 5 days exposure. The existence of a second high frequency time constant 

is also apparent in the phase curves shown in Figure 5.10c. The high frequency phase 

angle which was close to zero in the early stage (1-5 days) started to deviate after 5 

days of exposure. Zero phase angle corresponds to an in-phase component and, at high 

frequency, it represents a solution resistance. Such deviation emphasizes the formation 

of a corrosion product layer that has capacitive behaviour.  

It has been stated earlier that the preferential dissolution of ferrite occurs while 

lamellar Fe3C remains on the steel surface resulting in an enhanced iron dissolution 

process. Consequently, higher values of supersaturation and scaling tendency were 

found during the first 5 days exposure as shown in Figure 5.4. This favours the 

precipitation of FeCO3 as shown in Figure 5.5a resulting in a second semicircle in the 

Nyquist plot (Figure 5.10a). When the precipitation starts, it reduces the active sites of 

metal dissolution and consequently corrosion rates.  

EIS curves during 6-13 days exposure are fitted with the EC shown in Figure 5.11. 

The EC is superimposed on the cross section of specimen obtained after 6 days of 

immersion. In addition to RCT and CDL, the resistance and capacitance of the porous 

layers denoted RPO and CPO, respectively, were introduced. The data fitted with the 

circuit are presented in Table 5.2.  

As shown in Table 5.2, RS increases with time due to the reduction in Fe2+ 

concentration in the condensed liquid. RCT varies slightly until 9 days of exposure and 

afterwards increases steeply. This implies that the FeCO3 film formed during this 

period was highly porous in nature since the full coverage was not attained (Figure 

5.5) and provided minimum corrosion protection until day 9 of exposure. During this 

time, corrosive solution continues to enter through the pores and corrodes the steel 

surface. RPO increased gradually while CPO decreased steeply. It has been shown that 

capacitance has an inverse proportion to thickness [44,51]. Therefore, the results in 

this study suggest there is a gradual increase of the thickness of the porous layers with 

time. 
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During this period, the porous layer grew by continuous precipitation of FeCO3 from 

the droplet. Fe2+ liberated from the steel surface reacts with carbonate ions in the 

condensed water forming FeCO3 causing the porous layer to thicken. In other words, 

the corrosion product layer grew due to homogeneous precipitation of FeCO3. This is 

apparent when comparing Figure 5.5a and Figure 5.5b.  

The inner part of the porous layer closer to the steel surface appears to comprise of 

lamellar Fe3C and voids filled with condensed water (Figure 5.5a). It is unknown 

whether this trapped solution has the same water chemistry as that in the condensed 

water. It is, however, reasonable to envisage that the presence of the porous outer layer 

can inhibit the outward diffusion of ferrous ions to some extent. This in turn increases 

the supersaturation level and the tendency of FeCO3 precipitation within the void. The 

reduction in porosity in conjunction with the growth in FeCO3 thickness results in the 

decline in CPO. The decrease in active corrosion areas also leads to the lower double 

layer capacitance (CDL). 
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Figure 5.10: Impedance results for 6-13 days exposure under condensing condition in 
CO2 environment: (a) Nyquist and (b and c) Bode representations. 
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Figure 5.11: Equivalent circuit used to fit the EIS data during days 6-13 superimposed 
on an SEM image; RS is solution resistance, RCT is charge transfer resistance, RPO is 
resistance of porous layer, QDL and QPO are the constant phase element representing 
double layer capacitance and capacitance of porous layer, respectively.  

Table 5.2: Values of electrical elements extracted from EIS spectra from day 6-13 
shown in Figure 5.10 using the equivalent circuit shown in Figure 5.11 that represents 
the formation of porous phase. 

Day 
RS, 

ohm cm2 
RCT, 

ohm cm2 
RPO, 

ohm cm2 
CDL, 

µF cm-2 
CPO, 

µF cm-2 
Chi-square 

× 104 

6 42 164 4.01 1074 251.44 7.31 

7 49 171 4.83 1166 48.94 4.79 

8 52 155 8.60 1376 16.08 4.02 

9 55 153 11.15 1578 14.34 3.63 

10 75 170 25.66 1535 5.22 2.11 

11 88 190 46.49 1387 3.10 1.64 

12 132 249 85.20 1202 1.53 1.21 

13 237 366 189.50 844 0.19 9.42 

5.6.4.3 Formation of protective layer 

After 14 days, there is a shift in EIS patterns suggesting the onset of different 

interfacial processes. Figure 5.12 shows the EIS curves during the period from 14 -17 

days. Nyquist plots in Figure 5.12a shows two semicircles similar to Figure 5.10a but 

with larger magnitude at the high frequency range.  
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The EIS data collected during 14 to 17 days were fitted to the EC shown in Figure 5.13 

which proposes that the corrosion product consists of 2 layers; i.e. outer (mainly 

FeCO3) and inner (combination of FeCO3 and Fe3C) layers. Additional resistances, RIN 

and ROUT (resistance of inner and outer layer, respectively) and capacitances QIN and 

QOUT (constant phase elements presenting the capacitance of inner and outer layer, 

respectively) are introduced in addition to RCT and CDL of the conventional Randle’s 

circuit. The EC shown in Figure 5.13 is superimposed on the cross sectional image of 

the corrosion product obtained after 17 days exposure to demonstrate what each 

parameter physically represents. A similar EC has been proposed when duplex layer 

of corrosion product forms on the metal surface in CO2 environments [18,19]. 

Table 5.3 lists the numerical values of the elements making up the EC shown in Figure 

5.13. Solution resistance, RS, despite a small variation, remains reasonably steady, 

which is in good agreement with the reasonably constant Fe2+ concentration produced 

by corrosion in the condensed liquid.  

RIN increases at a much greater extent than ROUT does, potentially indicating the thicker 

inner layer compared to the outer layer. A relatively higher value of RIN compared to 

ROUT has also been reported previously [18,19]. Interestingly, the capacitance of inner 

and outer layer does not differ significantly probably because both layers consist 

predominantly of FeCO3.  

The magnitude of the semicircle at low frequency continues to increase with time 

indicating a continuing increase of RCT (Table 5.3). As FeCO3 continues to precipitates 

and is incorporated within the porous structure of Fe3C, the charge transfer process is 

obstructed. As a results, the inner FeCO3 increases its protectiveness. The active sites 

for corrosion also decrease resulting in the decrease of double layer capacitance, CDL 

[4].   
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Figure 5.12: Impedance results for 14-17 days of exposure under condensing 
condition in CO2 environment: (a) Nyquist and (b and c) Bode representations. 
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Figure 5.13: Equivalent circuit used to fit the EIS data during 14-17 days; RS is 
solution resistance, RCT is charge transfer resistance, RIN is resistance of inner layer, 
ROUT is resistance of outer layer, QDL, QIN and QOUT are constant phase element 
presenting double layer capacitance,  capacitance of inner layer, and  capacitance of 
outer layer, respectively. 

 

Table 5.3: Values of electrical elements extracted from EIS spectra from day 14-17 
shown in Figure 5.12 using the equivalent circuit shown in Figure 5.13 that represents 
the formation of protective film. 

Day 

RS, 

ohm cm2 
RCT, 

ohm cm2 

RIN, 

ohm cm2 

ROUT, 

ohm cm2 

CDL, 

µF cm-2 

CIN, 

103 × 

µF cm-2 

COUT, 

104 × 

µF cm-2 

Chi-
square 

× 104 

14 269 564 324.4 44.2 533 9.12 1.21 1.64 

15 197 867 822.4 272.7 339 8.13 0.30 6.19 

16 264 1148 1281.0 436.1 263 1.04 0.33 5.62 

17 297 1403 1443.0 986.3 222 0.18 0.35 1.60 
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5.7 Conclusions 

An in-situ corrosion monitoring technique for carbon steel under condensing condition 

was developed and used to elucidate the interfacial phenomena associated with the 

corrosion process and FeCO3 precipitation. The important outcomes of this study are 

outlined below. 

• The newly designed electrochemical probe successfully enables different 

stages of CO2 corrosion rates and mechanisms for carbon steel under 

condensation conditions to be monitored in-situ.  

• The use of EIS in conjunction with cross-sectional analysis of the corrosion 

product films explains the interfacial phenomena associated with the process; 

i.e. iron dissolution and FeCO3 precipitation. 

• The mechanism of CO2 corrosion product film formation, under the conditions 

evaluated in this study, involved 3 stages: i.) active state when corrosion rates 

increased for the first 5 days due to the galvanic coupling effect of iron carbide 

with ferrite, ii.) formation of a porous layer when corrosion rates start to decline 

between 6-13 days exposure, and iii.) formation of a protective FeCO3 layer 

when corrosion rates become stable and reached minimum values after 13 days 

exposure.  

• The inner layer of corrosion product consists of Fe3C and FeCO3 as 

characterized by confocal Raman spectroscopy while the outer layer consisted 

of mainly FeCO3.  
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Appendix I: Are condensation rate and corrosion rates proportional in 

TLC?* 

I.1 Abstract  

An investigation has been conducted to distinguish the influence of main parameters 

such as surface temperature, gas temperature and condensation rate on top-of-the-line 

corrosion (TLC) using a new experimental setup. Experiments were carried out at 

atmospheric pressure and under stagnant fluid conditions at the bottom of the vessel. 

A small flow of water vapour saturated with high purity CO2 was purged through the 

cell to maintain anoxic conditions. The surface temperature was controlled to 15 °C, 

30 °C, and 45 °C whereas the gas temperature was varied between 40 °C and 55 °C. 

Corrosion rates were determined by weight loss and iron concentration measurement.   

The results demonstrate that the surface temperature is the main parameter controlling 

two primary processes that determine TLC severity; i.e. iron dissolution and the iron 

carbonate precipitation. At low surface temperature (approx. 15 °C), TLC rates 

remained relatively constant regardless of the water condensation rate, possibly due to 

slow kinetics of iron dissolution process. With increasing surface temperature, TLC 

rates increased up to 30 °C in spite of decreasing condensation rates. However, 

condensation rates came to play role at higher surface temperature (approximately 

45 °C) when iron carbonate precipitated on the surface.  

Keywords: surface temperature, gas temperature, water condensation, iron carbonate  

I.2 Introduction 

Top-of- the-line corrosion (TLC) may be regarded as the corrosion inside the upper 

portion (between 10 o’clock and 2 o’clock position) of steel pipelines caused by the 

droplets of water saturated with corrosive constituents [1,2]. In wet gas transportation 

pipelines, the inside gas temperature is higher than the outside environment resulting 

in water condensation at the top-of-the-line (TOL). The corrosive constituents such as 

carbon dioxide (CO2), hydrogen sulphide (H2S) are dissolved in condensed water and 

organic acids, mainly acetic acid (HAc) co-condense. As a result, condensed liquid is 

                                                
* This chapter is reproduced from ‘M.M. Islam, R. Gubner, T. Pojtanabuntoeng, Are corrosion rates and 
condensation rates proportional in TLC?, CORSYM-2015, NACE International and Gateway India 
Section, Paper No. 3, 2015’. 
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acidic and corrosive to the steel surface [3]. Depending on the corrosive constituents, 

TLC can be sub-divided as ‘sweet’ corrosion occurring at CO2 dominated environment 

and ‘sour’ corrosion taking place at H2S containing environment [4]. It has been 

reported that sweet TLC takes place in different mechanism and is more serious 

compared to sour condition [5]. The present TLC study focuses on sweet condition. 

TLC rates under sweet conditions depend mostly on water condensation rate, wet gas 

temperature, pipe wall temperature, gas velocity, partial pressure of CO2, flow regime 

and organic acid content [6-10]. Among all, the first three parameters are interrelated 

with each other and it is a challenge to distinguish the importance of each parameter. 

Most TLC studies focused on either the effect of condensation rate or gas temperature 

[10-13]. For example, Chen et al. demonstrated that TLC rate was increased with the 

gas and liquid film temperature within the range between 40 °C to 80 °C [11]. 

Similarly, an empirical sweet TLC rate calculation model has been developed based 

on wet gas temperature, partial pressure of CO2, and condensation rate eliminating the 

effect of surface temperature [10]. Nevertheless, the recently published advanced 

mechanistic model of TLC also only considers gas temperature, CO2 partial pressure, 

gas velocity, condensation rate, and acetic acid concentration [2,12]. The surface 

temperature was not taken into consideration for the model. Likewise, TLC rates were 

also studied at different condensation rates ranging from 0.001-1 ml m-2s-1 [6,14,15]. 

Literature concluded that TLC rates and condensation rates are proportional. However, 

the behavior of TLC at low surface temperatures and high condensation rates is not 

well defined in the literature. At low surface temperatures, electrochemical reactions 

are supposed to be kinetically slow. Hence, it is an unresolved question whether the 

proportional relationship will remain applicable or not at these conditions. Therefore, 

the present study aims at differentiating the influence of surface temperature, gas 

temperature and condensation rate on sweet TLC. 
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I.3 Experimental 

I.3.4 Preparation of sample 

A carbon steel rod with a diameter of 20 mm was cut into samples of 16 mm in length. 

After an initial polishing with 600 grit silicon carbide paper followed by cleaning with 

water and ethanol, the samples were electro-coated with an organic lacquer 

(Powercron 6000 CX) leaving one circular surface exposed for experiments. 

Afterwards, the samples were again polished with silicon carbide paper to 1200 grit. 

After a subsequent cleaning with DI water and ethanol, the samples were kept in an 

oven before weighing with an analytical balance (0.1 mg). 

I.3.5 Cell set up 

The TLC cell set-up used in this study is depicted in Figure I.1 and the procedure was 

discussed previously [16]. A TLC lid assembled with samples, cooling chamber, CO2 

inlet and outlet, thermocouple, and condensed liquid collecting cup, surface 

temperature and gas temperature probe was placed onto a two-litre glass cell creating 

an air-tight environment. The whole assembly was placed on a hotplate and high purity 

(99.99 %) CO2 gas was sparged for 10 minutes to eliminate the oxygen in the vessel. 

The cooling chamber was connected to a water bath to maintain the desired surface 

temperature. 

1400 ml of high purity water (18.2 MΩ.cm), pre-sparged with CO2 overnight and 

preheated to a predefined temperature in a separate container, was transferred to the 

TLC cell using a peristaltic pump. As the vapour temperature and surface temperature 

reached to the desired value, the experiment started. The condensed liquid, dropped 

into a precipitation cup placed directly beneath the sample, was collected periodically 

to determine weight, pH, and ferrous ion concentration. The condensation rate was 

calculated based on known time, collected weight and surface area of the sample. The 

in-situ corrosion rate was calculated based on iron concentration dissolved in the 

condensed liquid for a certain exposure time. 
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I.3.6 Sample characterization 

At the end of the experiment, the sample was removed from the lid, rinsed with ethanol 

and dried with nitrogen gas (99.99 %) before examining the surface with Scanning 

Electron Microscopy (SEM). Afterwards, corrosion products were removed following 

ASTM G1-03 using the Clark solution (1000 mL of hydrochloric acid, 20 g of 

antimony trioxide and 50 g of stannous chloride) and the corrosion rate was calculated 

from weight loss.  

 

 

Figure I.1: Schematic representation of top-of-the-line corrosion (TLC) setup; 
modified from Ref.[16].  

I.4 Results and discussion 

I.4.4 TLC rates at 55 °C gas temperature and different surface temperatures  

Figure I.2 presents the influence on surface temperature on the TLC rates and 

condensation rates at 55 °C gas temperature. The histogram shows the TLC rates and 

the line diagram represents the condensation rates. A non-linear relationship between 

CO2 out

Heater

Water

Condensate 
collector

Condensate 
reservoir

Glass vessel

Surface temp. probe
Gas temp. probe

sample PETP lid

Ø

Cooling 
Chamber

Water in Water out

CO2 in Thermocouple in
 glass sleeve



Appendix I 

168 

 

  

 

TLC rates with surface temperature was found. TLC rates at 15 °C surface temperature 

were lower compare to the TLC at 30 °C. As surface temperature increased from 15 to 

30 °C, corrosion rates became almost double despite the slight decrease in 

condensation rate from 1.55 g m-2s-1 to 1.20 g m-2s-1. Further increase in surface 

temperature up to 45 °C reduced the corrosion rate by almost 50% and the 

condensation rate to 0.43 g m-2s-1.  

The results discussed above can be explained by two phenomena; i.e. iron dissolution 

process and super saturation of iron carbonate. At 15 and 30 °C surface temperature 

and 55 °C gas temperature, the condensation rates were 1.55 and 

1.2 g  m- 2s- 1respectively (Figure I.2). These high condensation rates do not allow the 

surface to be saturated with iron carbonate. SEM indicates no iron carbonate crystal 

formation at these conditions (Figure I.3a and b). In this case, iron dissolution process 

mainly governed by the surface temperature becomes the key factor to determine the 

corrosion rate [16]. Consequently, increasing the surface temperature from 15 to 30 °C 

enhances the iron dissolution process kinetically. Therefore, corrosion rates increase 

though condensation rates are reduced within this range of surface temperature.  
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Figure I.2: Effect of surface temperature (ST) on the top-of-the-line corrosion (TLC) 
at 55 °C gas temperature (GT). 

A further increase of surface temperature up to 45 °C, the condensation rate decreased 

to 0.43 g m-2s-1 due to the decrease in temperature gradient between surface 

temperature and gas temperature (55 °C). A different phenomenon was observed in 

this condition. As condensation rate decreased, the system was allowed to reach super 

saturation to form iron carbonate precipitation. Increasing the surface temperature also 

favoured the kinetics of iron carbonate precipitation [16]. This is confirmed by SEM 

showing that the surface is fully covered with iron carbonate crystals (Figure I.3c). 

The above phenomena explain the reason of the reduction of corrosion rate at 45 °C 

surface temperature.  
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Figure I.3: SEM of samples after corrosion tests at 55 °C gas temperature and 
different surface temperature; (a) 15 °C surface temperature, (b) 30 °C surface 
temperature and, (c) 45 °C surface temperature; modified from Ref.[16].  

I.4.5 TLC rates at 15 °C surface temperature and different gas temperatures  

Figure I.4 (a) describes the TLC rates with time at different gas temperatures (40 °C 

and 55 °C) while the surface temperature was maintained at 15 °C. It was observed 

that the corrosion rates obtained by iron concentration measurement increase linearly 

with time throughout the entire experiment at both gas temperatures. TLC rates at 55 

°C gas temperature are slightly higher than the TLC at 40 °C, but their increasing 

patterns are linear. Figure I.4 (b) compares average corrosion rates obtained from 

weight loss and iron concentration measurements along with the average condensation 

rates from the two experiments. A minor influence of condensation rates on TLC rates 

were identified while comparing the TLC rates with condensation rate at 15 °C surface 

temperatures. At 15 °C surface temperature, increase of gas temperature from 40 to 
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55 °C increased the condensation rate from 0.63 to 1.54 g/m2s. Nonetheless, only 

minor changes in corrosion rates were observed.  

 

Figure I.4: Effect of gas temperature (GT) on top-of-the-line corrosion (TLC) at 15 
°C surface temperature (ST). 
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These results can be explained by the fact that at 15 °C surface temperature, the driving 

force for electrochemical corrosion is significantly low. As a result, surface 

temperature becomes the rate determining step for the corrosion process. In addition, 

the negative temperature coefficient of FeCO3 solubility in water facilitates the 

dissolution of FeCO3 in the condensing liquid at low temperatures [17]. Hence, the 

formation of iron carbonate film becomes thermodynamically and kinetically 

unfavorable. It can be concluded that increasing condensation rates do not necessarily 

influence TLC rates, particularly at low surface temperature. In other words, TLC is 

not always proportional to the condensation rate. 

I.5 Conclusions 

The results have shown that surface temperature is the main parameter governing TLC 

severity. At low surface temperatures, TLC rates do not follow the proportional 

relationship with condensation rate due to the slow kinetics of iron dissolution process. 

Increasing the surface temperature has both negative and positive effects as it enhances 

the iron dissolution process and the iron carbonate precipitation. As a result, corrosion 

rate increases with surface temperature up to 30 °C and then decreases as the protection 

by iron carbonate becomes more dominant.  
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Appendix II: Electrochemical investigation into the influence of 

monoethylene glycol on CO2 corrosion in presence of acetic acid* 

II.1 Abstract  

This study is aimed to i) determine the dissociation constant (pKa) of acetic acid (HAc) 

in monoethylene glycol (MEG), and ii) investigate the influences of MEG on CO2 

corrosion of carbon steel in presence of HAc. This study reveals that MEG impedes 

the dissociation of HAc, hence increases the pKa constant. The predicted concentration 

of undissociated HAc is increased in presence of MEG at pH 5 and above. MEG also 

hinders the galvanic effect of ferrite and cementite by adsorbing on the active sites and 

reduce the corrosion rate. The inhibition efficiency of MEG is strongly dependent on 

its concentration. HAc is found to aggravate the corrosion of carbon steel but its 

activity considerably reduces with increasing MEG concentration.  

Keywords: Monoethylene glycol, dissociation constant, CO2 corrosion, acetic acid.  

II.2 Introduction  

In remote subsea production of oil and natural gas, transportation of multiphase fluids 

through pipelines from offshore platforms to onshore platforms or storage area can be 

challenging. Water in the presence of carbon dioxide (CO2), organic acids and 

hydrogen sulphide (H2S) causes corrosion in the interior of the pipelines [1-3]. Typical 

concentrations of organic acids that can be encountered in the pipeline range 

somewhere between being 100 – 3000 ppm [4]. Acetic acid (HAc) is the dominant 

species among other organic acids and is usually accounted for 50% to 90% of the 

total [5,6]. The pKa of HAc (4.76 at 25 °C) is stronger than that of the carbonic acid 

(6.3 at 25 °C) [6]. Controversial effects of HAc on carbon steel corrosion in CO2 

condition were reported in the literature. Some studies reported increased corrosivity 

in the presence of HAc [6-12], whereas others reported that HAc works as a mild 

corrosion inhibitor especially at room temperature by shifting the anodic potential to 

positive direction [13.14]. However, when HAc co-condenses with water at the top-

of-the-line (TOL), it always aggravates the top-of-the-line corrosion (TLC) [4,15].  

                                                
* This chapter is reproduced from ‘M.M. Islam, R. Gubner, T. Pojtanabuntoeng, Electrochemical 
investigation into the influence of monoethylene glycol on CO2 corrosion in presence of acetic acid, 
manuscript in preparation’. 
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In addition to corrosion, the presence of water and small hydrocarbon molecules can 

form an ice-like substance called “hydrate” which may block the pipelines and reduce 

the line capacities [16]. Monoethylene glycol (MEG) has been widely used to inhibit 

hydrate formation due to its low toxicity and recycling capability [17-19]. MEG is also 

reported to possess a corrosion inhibition property [20-25]. This could be another 

reason that MEG is a preferred choice over other hydrate inhibitors. Typical 

concentrations of MEG encountered in the pipeline can vary greatly; e.g. 80 to 90 wt.% 

at the beginning of pipelines to 35-50 wt.% after it is diluted with condensed and/or 

produced water [26]. 

It was reported that MEG adsorbs at the steel surface and thus keeps corrosive species 

such as water and CO2 derivatives away resulting in the reduction of corrosion rate 

[21,27,28]. However, the adsorption did not seem to be via chemisorption [29]. MEG 

also affects physico-chemical properties of water presenting in the pipeline; e.g. 

density, viscosity, CO2 solubility, and solution conductivity [27,30]. Moreover, MEG 

decreases the iron solubility and slow down the kinetics of FeCO3 precipitation 

[26,31]. 

Since MEG and HAc are present in a large number of the wet gas transportation 

pipelines, their combined effect towards pipeline corrosion is of importance. It was 

recently reported that the undissociated HAc is not significantly electroactive to take 

part in its direct reduction. Therefore, the main cathodic reaction is the H+ reduction 

which is called buffering effect [6,32]. In this case, the extent of corrosivity of HAc 

depends on its dissociation constant (pKa), which in turn relied on the temperature, 

solvent property and ionic strength of the solution [33-37]. Therefore, it is expected 

that MEG could alter the pKa of HAc in the similar manner as other organic solvents. 

However, the pKa values of HAc in the presence of MEG has, to the best of our 

knowledge, not been reported previously.  

Therefore, the present investigation aimed to determine the dissociation constant of 

HAc in the presence of MEG and to examine the influences of MEG on carbon steel 

corrosion in presence of HAc.    
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II.3 Experimental 

II.3.4  Determination of pKa of HAc in MEG solution 

The dissociation constant of HAc in MEG solutions was determined by titration 

method. The titrant, 0.3M of NaOH which was calibrated against the standard 0.1M 

potassium hydrogen phthalate, was filled in a graduated burette. The analytes were 

0.03M HAc in 0%, 30%, 50% and 80% (wt.%) MEG solution. A glass vessel filled 

with an aliquot of analyte was placed on a hotplate and was fitted with a pH probe, a 

thermocouple and a magnetic stirrer. After the analyte reached the test temperature 

(30 °C, 50 °C and 80 °C), the titrant was added slowly into the vessel and 

corresponding and steady pH was recorded. The process was repeated until the 

equivalence point of the titration, which was identified by the sharp change of pH, was 

attained. Each experiment was repeated three times and standard deviation was below 

5%. The measured pH was compensated to minimize the effect of mixed solvent [38]. 

The dissociation constant of HAc (Ka) in MEG solutions was then obtained based on 

Equation (II.1) [39]. 𝐾𝐾𝑐𝑐  is a slope of a linear relationship between [H+] 𝑉𝑉𝐵𝐵  vs (𝑉𝑉𝐶𝐶 −

 𝑉𝑉𝐵𝐵). Then pKa was calculated from the negative logarithm of 𝐾𝐾𝑐𝑐. 

 [H+] 𝑉𝑉𝐵𝐵 =  𝐾𝐾𝑐𝑐(𝑉𝑉𝐶𝐶 −  𝑉𝑉𝐵𝐵) (II.1) 

where 𝑉𝑉𝐶𝐶  and 𝑉𝑉𝐵𝐵  are the volume of titrant added at an equivalent point and at any point, 

respectively, 𝐾𝐾𝑐𝑐 is the acid dissociation constant and [H+] is the concentration of 

hydrogen ion with respect to any given measurements.  

II.3.5 Corrosion study of 1030 carbon steel in MEG and HAc solutions 

Carbon steel specimens having the chemical composition of C 0.30%; Mn 0.75%; Si 

0.25%; P 0.04%; S 0.04% with the balance iron were used in this investigation. The 

test specimens were machined to 6.3 mm in diameter and 10 mm in length. The 

specimens were soldered and casted in epoxy resin leaving approximately 0.32 cm2 

exposed to test solutions. After a successive wet grinding with silicon carbide paper 
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up to 1200 grit, the samples were rinsed with deionised water (DI) (resistance 18.2 

MΩ cm), degreased with ethanol, and then dried with nitrogen. 

The solutions were 30, 50, and 90 wt.% MEG in DI water with 3 wt.% NaCl. In 

experiments with HAc, a concentration of HAc was maintained at 1000 ppm. The 

solution was saturated with CO2 prior and was maintained during the experiment and 

temperature was kept at 30 °C. The pH of MEG containing solutions was measured 

following the procedure of Sandengen et al.[38] and maintained at 4 using either 0.1M 

NaHCO3 or 0.1M HCl. 

Electrochemical tests were conducted using Gamry Reference 600 potentiostat-

galvanostat in a three-electrode arrangement where Ag/AgCl (3M KCl) and platinum 

coated titanium mesh electrode acted as reference and counter electrodes, respectively. 

Open circuit potential (OCP) of the specimens was monitored for 1 h to stabilize. Then, 

linear polarization resistance was measured for 24 h at a scan rate of 10 mV/min within 

±10 mV with respect to OCP. Afterwards, electrochemical impedance spectroscopy 

(EIS) was carried out in the frequency range of 10,000-0.01 Hz and with an AC 

potential amplitude of 10 mV applied. Finally, potentiodynamic polarization test was 

performed from +250 to -250 mV with respect to OCP at a scan rate of 10 mV/min. 

All the data were analysed using Gamry Echem Analyst software (Version 6.25). 

II.4 Results and discussion 

II.4.4 Dissociation constant (pKa) of HAc  

The pKa of HAc in different MEG solutions at different temperatures is presented in 

Figure II.1. It can be seen that the pKa of HAc increases with MEG concentration 

indicating that MEG impedes the dissociation of HAc. This is true for all 3 

temperatures tested. Samini and Kenndler found a higher value of pKa of HAc in non-

aqueous solvent compared to water and explained that ‘solvent effect’ and ‘medium 

effect’ played key roles in changing the pKa. The ‘solvent effect’ is the change in 

property of the system resulting from solvent composition whereas the ‘medium 

effect’ is change in solute behaviour with respect to different solvent [34]. When MEG 
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is added to the water, the properties of the solution change; such as viscosity, solution 

conductivity, pH, polarity, etc. This is referred to as ‘solvent effect’. In the same line, 

the properties of HAc are also changed in MEG containing solutions, such as, 

dielectric constant, entropy of ionization and heat of ionization which is referred to as 

the ‘medium effect’.  

As a consequence of an increase in the pKa, water chemistry and speciation of 

corrosive species in MEG containing solutions may deviate from those of water. As 

shown in Figure II.2, in acidic conditions up to pH 4, most of the HAc would remain 

in an un-dissociated state, both in water and MEG solutions. Therefore, at pH 4 or 

below, the change in pKa due to the presence of MEG does not affect overall 

concentration of HAc. Nonetheless, as pH increases towards neutral and alkali region, 

significantly higher concentration of the un-dissociated HAc in MEG containing 

solution are expected. A higher concentration of HAc may co-condense and 

consequently accelerate TLC severity as HAc is volatile and the condensed water has 

low buffering capacity. On the contrary, the change in un-dissociated HAc 

concentration may or may not affect the corrosion behaviour under the bottom of the 

line condition as recent research has challenged the existence of the direct reduction 

of HAc [6,32].  
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Figure II.1: The variation in dissociation constant of HAc in the presence of MEG at 
varying temperatures. 

Figure II.2: Predicted concentration of undissociated HAc as a function of pH at 0% 
and 80% MEG. 
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II.4.5 Polarization studies 

II.4.5.1 Potentiodynamic polarization 

Potentiodynamic polarization experiments were conducted to gain an understanding 

of the corrosion mechanism associated with MEG in the absence and presence of HAc 

by observing corrosion potential, Tafel slopes and the nature of anodic and cathodic 

curves. Figure II.3 and Figure II.4 present the polarization curves of carbon steel 

immersed in solutions of different MEG concentrations in the absence and presence of 

1000 ppm HAc, respectively. 

In the absence of HAc (as shown in Figure II.3), both the anodic and cathodic current 

density decrease with increasing MEG content indicating an inhibitive performance of 

MEG. Corrosion potential shifts towards the anodic direction with increasing MEG 

contents suggesting MEG blocks the active sites. Further, the anodic branches 

particularly for those in the presence of MEG exhibit an inflection at approximately 

150 mV positive to OCP, which is absent in MEG-free solutions. The inflection in the 

anodic curve has been denoted as desorption potential, Ed, at which surface film 

converted from a stable to an unstable state [40,41]. The Ed shifts towards the noble 

direction with increasing MEG concentration (approximately -0.6 V at 30 % MEG to 

-0.45 V for 90 % MEG) indicating an enhanced tendency of MEG adsorption as the 

concentration increases. That Ed only is present in the presence of MEG can be 

considered as evidence of MEG adsorption onto the metal surface.  

Almost a similar behaviour of the polarization curve is observed when experiments 

were conducted in the presence of 1000 ppm acetic at different MEG concentrations, 

as shown in Figure II.4: Both the anodic and cathodic current density decrease and 

corrosion potential shifts toward the noble direction with increasing MEG 

concentration.  

To distinguish the interrelationship of HAc and MEG on corrosion of carbon steel, 

polarisation curves were rearranged as shown in Figure II.5. In the absence of MEG, 

1000 ppm of HAc results in an increased cathodic current density but the anodic 
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current density is reduced. The corrosion current density also increases in the presence 

of HAc. This indicates that HAc aggravates the carbon steel corrosion by accelerating 

the cathodic reaction. A peak, similar to Ed, is found in the anodic polarisation curve 

in the presence of HAc and without MEG. This indicates that undissociated HAc might 

also adsorb onto the surface. However, in the presence of 90 % MEG, the shape of the 

anodic curve is almost the same with or without HAc but the cathodic current density 

slightly increases in the presence HAc. This might indicate that the surface is saturated 

with MEG and, therefore, further adsorption by HAc is not possible. Therefore, the 

influence of HAc on carbon steel corrosion reduces drastically at 90% MEG solution.  

Polarisation parameters were extracted from the curves shown in Figure II.3 and 

Figure II.4. Because the cathodic branches exhibit mass transfer controlled behaviour, 

only the anodic polarization curves were considered for Stern-Geary constant (B) as 

shown in Equation (II.2) [42].  

 
𝐵𝐵 =

𝑏𝑏𝑐𝑐
2.303 

 

(II.2) 

where B is the Stern-Geary constant, V and ba is the anodic Tafel slope, V.  

Table II.1 illustrates the polarization parameters in the absence and the presence of 

HAc. B remained nearly 17-18 at all concentrations of MEG with or without HAc 

present. Though current density and corrosion rates decreased with MEG content, they 

exhibit relatively higher values in the presence of HAc indicating that HAc aggravates 

the corrosivity of the medium in spite of maintaining the constant pH. The inhibition 

efficiency of MEG shown in Table II.1 was calculated according to the following 

equation: 

 
𝜂𝜂% =

𝑖𝑖corr° − 𝑖𝑖corr
𝑖𝑖corr° × 100 

(II.3) 
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where 𝑖𝑖corr°  and 𝑖𝑖corr are the corrosion current density in the absence and the presence 

of MEG, respectively.  

Overall, the inhibition efficiency of MEG strongly relies on its concentration. At lower 

concentration (30%), MEG exhibits remarkably low efficiency in the presence of HAc 

(η = 43%) compared to its absence (η = 69%). However, when concentration exceeds 

50%, the inhibition efficiency of MEG in the absence and in the presence of HAc is 

nearly same. This phenomena indicates that the corrosivity of HAc is significantly 

reduced when the concentration of MEG increases to 50% and above.  

  

Figure II.3: Potentiodynamic polarization curves of carbon steel in different MEG 
contents in 3% NaCl solution saturated with CO2 at 30 °C and pH 4. 
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Figure II.4: Potentiodynamic polarization curves of carbon steel in different MEG 

content in 3% NaCl and 1000 ppm HAc solution saturated with CO2 at 30 °C and 

pH 4. 

 

Figure II.5: Comparison of polarization curves of carbon steel in absence and 
presence of 1000 ppm acetic acid (HAc) and 90 wt.% MEG in 3% NaCl solution 
saturated with CO2 at 30 °C and pH 4. 
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Table II.1: Polarization parameters and the corresponding inhibition efficiency of 
MEG in CO2 saturated solution containing 3% NaCl at 30 °C and pH 4. 

% of 
MEG 

In the absence of HAc In the presence of 1000 ppm HAc 

icorr 

µA cm-2 
B, 

mV 
CR. 

mm y-1 
η, 

% 
icorr 

µA cm-2 
B, 

mV 
CR.  

mm y-1 
η, 

% 

0 130 16.1 1.51  294 18.12 3.41  

30 40 18.6 0.46 69 169 17.56 1.96 43 

50 28 18.12 0.32 79 40 16.58 0.46 86 

90 3 18.3 0.04 98 5 18.49 0.06 98 

 

II.4.5.2 Linear polarization 

Linear polarization was conducted to monitor the corrosion rate continuously after the 

stabilization of the OCP for 24 h to get a complete understanding on inhibition 

efficiency of MEG. Corrosion rate was calculated from the polarisation resistance 

using the B obtained from Table II.1 in each condition according to Equations (II.4) 

and (II.5) [43]: 

  𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  106 ×
𝐵𝐵
𝑅𝑅p

 
(II.4) 

 
𝐶𝐶𝑅𝑅 = 3.27 × 103

𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  EW
ρ  

(II.5) 

where 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the corrosion current density in µA cm-2, Rp is the polarisation resistance 

in ohm cm2, CR is the corrosion rate in mm y-1, EW is the equivalent weight of the 

corroding species which is 27.92 g and ρ is the density of the corroding material which 

is 7.87 g cm-3.  

Figure II.6 represents the corrosion rate in different MEG concentrations up to 24 h of 

immersion in the absence HAc. Corrosion rates gradually increased throughout the 

entire period in the absence of MEG. During this stage, selective dissolution of ferrite 
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occurs leaving lamellar cementite on the surface [1,44,45]. Cementite, being an 

electronic conductor, creates galvanic coupling with ferrite [46]. As a consequence, 

corrosion rates increase. However, when MEG is introduced in the system, corrosion 

rates do not increase with immersion time suggesting that MEG blocks either the 

cementite phase, or ferrite phase, or both, and suppresses the galvanic effect.   

Figure II.7 presents the corrosion rates with time in the presence of 1000 ppm HAc 

and at different MEG concentrations. With the exception of 30% MEG, similar trends 

of corrosion rates are found when compared with Figure II.6. At 30% MEG, corrosion 

rates show an upward trend in the presence of HAc (Figure II.7) which is opposite in 

the absence of HAc (Figure II.6). That is why, inhibition efficiency of 30% MEG 

reported in Table 1 in the presence of HAc is drastically low. 

 

Figure II.6: Effect of MEG on corrosion of carbon steel for 24 h in 3% NaCl at 30 °C 
and pH 4. Corrosion rate was calculated from polarization resistance using the 
corresponding B values shown in Table II.1. 
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Figure II.7: Effect of MEG on corrosion of carbon steel in presence of 1000 ppm acetic 
acid for 24 h in 3% NaCl at 30 °C and pH 4. Corrosion rate was calculated from 
polarization resistance using the corresponding B values shown in Table II.1. 

II.4.6 Electrochemical impedance spectroscopy (EIS) study 

EIS is a powerful technique to investigate the corrosion phenomena as it provides 

information of reactions occurring at the metal-electrolyte interface by fitting the data 

with an appropriate equivalent circuit (EC). Figure II.8 represents both the Nyquist 

and Bode plots at different MEG contents in the absence of HAc after 24 h of 

immersion. The inset in Figure II.8a shows the full range of the curves. It is apparent 

that the Nyquist curves of 0 wt.% MEG consists of a depressed semicircle followed by 

an inductive loop at low frequency regions. The semicircle refers to the time constant 

of charge transfer and double-layer capacitance whereas the inductive loop originated 

due to the relaxation process of the adsorbed species at the electrode surface [47].  

However, in the presence of MEG, the inductive loop is absent within the frequency 

range selected for this study which may suggest that interfacial processes have been 

modified. The diameter of the semicircle increases with increasing MEG 
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concentrations indicating an inhibition of charge transfer process. The phase angle 

presentation shown in Figure II.8c indicates that the characteristics frequency 

decreases and maximum phase angle increases with MEG content.  

The Nyquist, Bode impedance and phase angle representations in the presence of HAc 

at different MEG contents after 24 h of immersion are shown in Figure II.9a, II.9b and 

II.9c, respectively. In the presence of HAc but without MEG, Nyquist curve shows 

two time constant as shown in Figure II.9a (inset). The presence of two time constants 

are also confirmed from the corresponding phase curves in Figure II.9c demonstrating 

the formation of a corrosion product layer or other adsorbed species that has capacitive 

behaviour at the surface. This layer does not provide corrosion protection since 

corrosion rate increased with time. However, when MEG was added in the HAc 

solution, the nature of the EIS curve changed, suggesting a change in the interfacial 

process because of the adsorption of MEG. 

The equivalent circuit (EC), shown in Figure II.10a, was used to fit the EIS data of 0% 

MEG without HAc whereas all other data were fit with EC as shown in Figure II.10b. 

The fitting curves are shown with solid lines in Figure II.8 and II.9 and the 

corresponding fitting parameters are shown in Table II.2. RS decreases whereas RCT 

increases with increasing MEG content in the absence and the presence of 1000 ppm 

HAc. However, the value of RCT in the absence of HAc is higher compared to that in 

its presence in all MEG concentrations indicating relatively higher corrosion rates in 

the presence of HAc. The results are in good agreement with LPR and 

potentiondynamic experiments. Similarly, the capacitance of the double layer 

decreases with increasing MEG concentrations in the absence and the presence of 

HAc. The decrease in capacitance is caused by replacing high dielectric water 

molecule from the surface by relatively lower dielectric MEG molecules [48]. 

Therefore, the decrease in double layer capacitance is another indication of an 

adsorption of MEG on the surface [28].  
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Figure II.8: Comparison of EIS curves in different MEG content in 3% NaCl at 30 °C 

temperature and pH 4 a) Nyquist plots and b) & c) Bode plots. 
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Figure II.9: Comparison of EIS curves in different MEG content in presence of 

1000 ppm HAc in 3% NaCl at 30 °C and pH 4 a) Nyquist plots and b) & c) Bode plots. 
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Figure II.10: Equivalent circuit to fit the EIS data; RS is the solution resistance, RCT 
is the of charge transfer resistance, L is the inductance, RL is the resistance of the 
inductor, RAD is the resistance of adsorbed layer, QDL and QAD are the constant phase 
element presenting the double layer capacitance and capacitance of the adsorbed 
layer respectively.  

 

Table II.2: Comparison of EIS parameters in absence and in presence of HAc at 
different MEG content at 30 °C and pH 4. 

% of 
MEG 

In the absence of HAc In the presence of HAc 

RS 
ohm cm2 

RCT 
ohm cm2 

CDL 
µF cm-2 

RS 
ohm cm2 

RCT 
ohm cm2 

CDL 
µF cm-2 

0 4 104 1182 4 33 1143 

30 7 353 185 7 58 331 
50 11 385 156 10 294 208 

90 46 5250 33 34 1796 188 
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II.5 Conclusions 

• The dissociation constant of HAc increases with MEG concentration and 

temperature. 

• MEG inhibits the corrosion of carbon steel by adsorbing and subsequently 

blocking the active sites. It also hinders the galvanic effect between ferrite and 

cementite phase. However, inhibition efficiency of MEG has strong 

dependency on its concentration. 

• HAc aggravates the CO2 corrosion of carbon steel. However, its activity 

decreases significantly with increasing MEG concentration. 

• EIS also indicates the adsorption of MEG on the surface. Double layer 

capacitance decreases with increasing MEG content indicating that MEG 

replaces water molecules at the surface and occupies the area itself, thus 

suppress the availability of species susceptible for the reduction reaction. 
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