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Abstract 14 

This study investigates the individual effects of chloride (Cl-), calcium (Ca2+), and magnesium 15 

(Mg2+) ions on the CO2 corrosion behaviour of carbon steel in simulated CO2 geologic storage 16 

environments (60oC and 100 bar CO2). The influence of the aforementioned ions was assessed 17 

over immersion times from 6 to 96 hours. The corrosion product growth was monitored over 18 

this period and related to the extent of both general and localised corrosion. For each test, 19 

corrosion product morphology and chemistry were analysed using a combination of scanning 20 

electron microscopy (SEM), focused ion beam (FIB) method, energy-dispersive X-ray 21 

spectroscopy (EDX) and X-ray diffraction (XRD).  22 

Key words: CO2 corrosion, supercritical, FeCO3, FexCayCO3, FexMgyCO3 23 

1. Introduction 24 

As part of the carbon capture and storage process, carbon dioxide (CO2) is injected into either 25 

depleted hydrocarbon reservoirs, or saline aquifers for the purposes of geological storage[1]. 26 

Such formations consist of porous rock which, in the case of a saline aquifer, is filled with 27 

brine and can contain high concentrations of dissolved salts.  28 

The pipelines facilitating the injection process receive CO2, which descends the vertical 29 

injection line and is compressed by its own weight, resulting in the fluid being heated. At the 30 

point of injection, CO2 is generally in a liquid or supercritical state.[2] For the selection of 31 

appropriate pipeline injection materials, two key types of corrosive environment should be 32 

considered. When continuous injection of CO2 is performed, water is displaced from the head 33 
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of the injection pipeline. If this process is interrupted, brine will proceed to flow back to the 34 

injection point, potentially rising hundreds of meters before equilibrium is re-established.[2] 35 

Consequently, the injection line can be exposed to either a saline solution saturated with 36 

supercritical CO2, or a supercritical CO2 stream containing dissolved water. The second 37 

scenario is analogous to dense phase CO2 pipeline transportation. However, it is the former 38 

scenario which is the focus of this study.  39 

Despite its low corrosion resistance in CO2-containing environments, carbon steel still remains 40 

the most commonly used pipeline material based on its widespread availability and low cost. 41 

The CO2 corrosion mechanism involves a complex combination of chemical, electrochemical 42 

and transport processes. In addition to these, deposition or precipitation processes occur 43 

which result in the formation of corrosion products or mineral scales on the steel surface 44 

which can influence the corrosion mechanism͘ TǇƉŝĐĂůůǇ͕ ŝŶ ͚ƐŝŵƉůĞ͛ CO2-saturated solutions 45 

with distilled water or only sodium chloride (NaCl) present as the dissolved salt, iron 46 

carbonate (FeCO3) is the most commonly observed corrosion product.[3, 4] The importance of 47 

the formation of this crystalline layer has been well documented. It has been shown to block 48 

active sites on carbon steel surfaces, and act as a diffusion barrier to electrochemically active 49 

species, resulting in a significant reduction in steel corrosion rate under certain conditions.[5, 50 

6, 7, 8, 9, 10, 11] In some instances in purely NaCl-containing CO2-saturated brines, the formation 51 

of FeCO3 has been shown to reduce the general corrosion rate of carbon steel by over an 52 

order of magnitude.[8, 12] 53 

The structural and protective properties of the FeCO3 layer have been shown to be highly 54 

dependent upon the concentration/activities of ionic species, temperature, pH and CO2 55 

partial pressure of the system in question.[13, 14] However, one potentially influential aspect 56 

which has received less attention is that of the brine chemistry and the effect of cations such 57 

as calcium (Ca2+) and magnesium (Mg2+). The presence of divalent salts can reduce CO2 58 

solubility and result in the precipitation of mineral scales such as calcium carbonate (CaCO3) 59 

in the case of Ca2+ presence and magnesium carbonate (MgCO3) in the case of Mg2+ presence. 60 

These mineral scales are different to FeCO3 as the Fe2+ cation is produced predominantly as a 61 

result the corrosion process, whereas Ca2+ and Mg2+ exist within the formation.  62 

Despite Mg2+ and Ca2+ salts being commonly found in the fluids of geological formations, their 63 

role on corrosion product formation on steel surfaces as well as their morphology, structure 64 
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and chemical properties, particularly in supercritical CO2 conditions has received minimal 65 

research attention. This may be partly attributed to the fact that CaCO3 and MgCO3 are 66 

regarded as mineral scales and dealt with separately from FeCO3, which is classified as a 67 

corrosion product. Regardless, very few studies have considered both mineral scaling and 68 

corrosion collectively in one system, despite both processes occurring simultaneously in many 69 

oil and gas as well as CO2 injection scenarios. 70 

2. CO2 corrosion research involving brine solutions containing Ca2+ and Mg2+ 71 

Limited research has focused on the effect of Ca2+ and Mg2+ on CO2 corrosion of carbon steel, 72 

with most research directed towards NaCl solutions despite more complex brine chemistries 73 

existing in the field. A number of divalent cations are able to form carbonate scales/corrosion 74 

products on carbon steel surfaces, enabling them to drastically alter the corrosion 75 

mechanism. Both Ca2+ and Mg2+ tend to be two of the most abundant cations present within 76 

production fluid. These two ions have the ability to influence the CO2 corrosion mechanism 77 

significantly given that the crystalline structure of CaCO3 (specifically calcite) and MgCO3 are 78 

similar to FeCO3.  79 

Due to the isostructurality of each of the aforementioned carbonates, Ca2+ and Mg2+ are able 80 

to substitute themselves for Fe2+ in the FeCO3 structure, potentially leading to a change in the 81 

layer morphology and protectivesness. Literature relating to the role of such cations on the 82 

CO2 corrosion mechanism is not only limited, but appears contradictory in nature, as will be 83 

discussed in the following paragraphs.  84 

Shannon and co-workers[15] were perhaps the first researchers to establish that solution 85 

chemistry plays a key role in the protective characteristics of FeCO3 ŝŶ ƚŚĞ ϭϵϳϬ͛Ɛ, identifying 86 

that Mg2+ ions may be capable of improving both the protection and adhesion of FeCO3. In a 87 

more recent study, Ingham et al.[16] used in situ synchrotron radiation X-ray diffraction (SR-88 

XRD) to follow the formation of FeCO3 at 80oC, 1 bar total pressure and pH 6.3. They suggested 89 

that the addition of magnesium chloride (MgCl2) accelerated FeCO3 precipitation, although 90 

these tests were performed using either a potentiostatic or galvanostatic method, producing 91 

anodic currents in excess of 10 mA/cm2. Ingham et al. claimed that MgCl2 (added as 0.02, 0.05 92 

or 0.1M within a 0.5M NaCl solution) decreased the critical supersaturation required for 93 

precipitation, and also promoted the formation of chukanovite (Fe2(OH)2CO3) in conjunction 94 
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with, but following FeCO3 formation. Although traces of Mg were identified within the 95 

corrosion product layer in tests with the addition of 0.1M MgCl2, there was no evidence to 96 

suggest that Mg had incorporated or was present in the formed corrosion product. 97 

Zhao et al.,[17] performed experiments over 72 hours in the presence of Ca2+ and Mg2+ to 98 

evaluate the susceptibility of P110 steel to corrosion at 25 bar and 90°C. Their findings from 99 

potentiodynamic polarisation studies indicated that the combined presence of Ca2+ (6000 100 

ppm) and Mg2+ (1,000 ppm) increase the anodic currents and decrease the cathodic currents.  101 

The addition of cations changed the corrosion product morphology and composition, with the 102 

layer being described as Fe(Ca,Mg)(CO3)2 in the presence of both cations.  103 

Ding et al.[18] studied the corrosion behaviour of carbon steel exposed to simulated stratum 104 

water containing different Ca2+ concentrations at 10 bar and 75°C. Their results showed that 105 

the corrosion rate increased with increasing Ca2+ concentration from 256 to 512 mg/L. They 106 

found that FexCa1-xCO3 formed on the sample surface and the Fe2+ in FeCO3 was gradually 107 

replaced by more Ca2+ as the Ca2+ content increased in the solution. This was determined 108 

based on X-ray diffraction (XRD) patterns which resulted in a shift in FeCO3 peak positions 109 

with increasing Ca2+ content. The observed shift is a result of the change in the unit cell of the 110 

corrosion products with the precipitation of FexCa1-xCO3, as will be discussed later. In tests 111 

where both 512 ppm Ca2+ and 78 ppm Mg2+ were added to the brine, no Mg was observed in 112 

the corrosion product.[18]. 113 

In terms of the effects of Ca2+ addition on localised/pitting corrosion, Jiang et al.[19] performed 114 

corrosion experiments in 3 wt.% NaCl, 3 wt.% NaCl + 1.5% CaCl2 and 4.6 wt.% NaCl with N80 115 

steel at 57°C. Under static conditions, they found the corrosion rate increased with the rise in 116 

Cl- concentration from 3 to 4.6 wt.% NaCl solution. In addition, they suggested that Cl- was 117 

responsible for pitting and that Ca2+ played a role in delaying the initiation time of pits. 118 

Research by Ren et al.[20] also observed higher pitting rates for experiments on carbon steel 119 

with brines containing calcium chloride (CaCl2) performed at 7 MPa and 80oC. They also 120 

ascribed the pitting behaviour to the presence of Cl- ions. 121 

Gao et al.[21] performed autoclave experiments in static and dynamic CO2-saturated 122 

conditions with a brine containing 64 ppm Ca2+ and 78 ppm Mg2+. Experiments were 123 

performed at different CO2 partial pressures of 0.1, 0.3 and 1 MPa. In static experiments at 124 
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0.1 MPa CO2, the corrosion product/scale consisted of separate FeCO3, MgCO3 and CaCO3 125 

phases. However, increasing partial pressure to 0.3 and 1 MPa resulted in the formation of 126 

(Fe,Mg,Ca)CO3 and (Fe,Ca)CO3, respectively. Under dynamic conditions, the composition of 127 

the scale was (Fe,Ca)CO3, with no evidence of Mg presence within the corrosion product layer. 128 

Tavares et al.[22] performed 28 day experiments to look at the effects of solid CaCO3 addition 129 

to brine solutions on the corrosion rate of carbon steel at 80oC and 15 MPa in a CO2-saturated 130 

6.4M NaCl solution. 0.5M of CaCO3 was added to the test solution, which was 10 times the 131 

mineral saturation limit. Tavares et al. reported that the addition of CaCO3 reduced the 132 

corrosion rate of carbon steel, although this may have been attributed to the fact that CaCO3 133 

addition increased the solution pH from 2.71 to 4.7. For the CaCO3-containing solution, the 134 

corrosion product produced on the surface was shown to exist as FexCa1-xCO3 compared to 135 

FeCO3 in the absence of CaCO3. The Ca-containing layer was shown to be more porous and it 136 

was suggested that this made the steel surface more susceptible to Cl- penetration, and as a 137 

result, pitting. 138 

In more recent work, Esmaeely et al.[14] considered the effect of Ca2+ concentration on the 139 

corrosion of AISI 1018 steel in a 1 wt.% NaCl CO2-saturated solution at 80°C and pH 6.6 under 140 

atmospheric pressure. They determined that the corrosion rate decreased with time at low 141 

Ca2+ content (up to 100 ppm) due to the formation of a mixed corrosion product layer (FeCO3 142 

and FexCa1-xCO3). However, high concentrations of Ca2+ (10,000 ppm) were shown to increase 143 

the corrosion rate due to a non-protective corrosion product forming on the surface. Using 144 

XRD patterns, they were able to show that the isostructuality of CaCO3 and FeCO3 allowed the 145 

co-precipitation of Ca2+ and Fe2+ with CO3
2-, altering the chemical and morphological 146 

properties. They were able to calculate the mole fraction of Ca2+ in FexCa1-xCO3 and found that 147 

when the Ca2+ mole fraction approached 1, the protectiveness of the layer diminished in static 148 

conditions. Additionally, in static conditions with high Ca2+ content (10,000 ppm), localised 149 

corrosion was observed. Given that the Cl- content in each experiment remained constant, it 150 

was suggested that Ca2+ was responsible for the initiation of localised corrosion, although this 151 

could also be attributed to acidification of the test solution due to initially rapid precipitation 152 

of CaCO3 at higher Ca2+ concentrations. 153 

It is clear that the presence of Ca2+ ions can result in the formation of mixed carbonate scales 154 

[13, 14, 17, 22, 23] which appear to have an effect on both general and localised corrosion 155 
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behaviour, particularly at atmospheric pressure in stagnant conditions. The precipitation of 156 

Mg-containing corrosion scales appears not to have been fully confirmed, although its 157 

presence within corrosion products has been reported. Furthermore, the effects of each ion 158 

have not been fully explored at elevated pressures where CO2 exists in a supercritical state. It 159 

is also not clear in many instances how the corrosion products evolve over time and the 160 

implications this has for general corrosion. Therefore, this study is focused towards 161 

identifying the individual role of Cl-, Ca2+ and Mg2+ ions on the formation, morphology and 162 

chemistry of corrosion products developed at high pressure (100 bar). In addition, the work 163 

seeks to determine the relationship between the corrosion products, solution chemistry and 164 

the extent of general and localised corrosion of carbon steel in supercritical CO2-saturated 165 

brines. As previously mentioned, this work focuses on understanding the corrosion 166 

implications for carbon steel injection pipelines during the process of intermittent injection 167 

whereby brine rises back up the pipeline when injection ceases for a number of days. Such a 168 

situation results in a static fluid with a particular total volume being in contact with a specific 169 

internal area of pipeline. Such conditions are modelled within this work through specific 170 

closed vessel experiments with a high surface area to volume ratio, comparable with those 171 

encountered in a 17 to 18 inch carbon steel pipeline. 172 

3. Materials and methods  173 

3.1 Specimen material, preparation and test methodology 174 

Test specimens were machined from carbon steel (API 5L X65) bars into discs of diameter 25 175 

mm and thickness of 6 mm. The chemical composition of X65 steel and its microstructure are 176 

provided in Table 1 and Figure 1, respectively. Surface preparation consisted of wet-grinding 177 

the entire sample surface up to 800 grit silicon carbide abrasive paper, rinsing with distilled 178 

water, followed by acetone, high purity ethanol and drying with compressed air. Samples 179 

were then stored in a vacuum desiccator until needed and weighed immediately before use 180 

on an electronic balance to an accuracy of 0.01 mg before suspending inside the autoclave. 181 

Two samples were placed within the autoclave for each individual test, generating a total 182 

surface area of approximately 28 cm2 exposed to 300 ml of solution.  183 

Table 1: Elemental composition of X65 carbon steel (wt.%) 184 

C Si Mn P S Cr Mo Ni 
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0.12 0.18 1.27 0.008 0.002 0.11 0.17 0.07 

Cu Sn Al B Nb Ti V Fe 

0.12 0.008 0.022 0.0005 0.054 0.001 0.057 Balance 

 185 

 186 

Figure 1: Optical microscope image of ferritic-pearlitic microstructure of API 5L X65 steel  187 

The prepared solution used in each experiment was de-aerated with CO2 in a separate 188 

container for a minimum of 12 hours prior to testing. Two specimens were suspended within 189 

the autoclave on a non-conducting wire whilst also ensuring they were not in contact with 190 

the walls of the cylinder to prevent galvanic effects. The prepared, CO2-saturated solution was 191 

carefully delivered into the autoclave at ambient pressure and temperature and sealed. All 192 

lines to the autoclave were purged with CO2 and evacuated to ensure removal of O2 within 193 

the system. The CO2 was then transferred into the autoclave and heated and pressurised to 194 

the correct temperature and pressure. The starting point of the test was taken from the point 195 

at which the autoclave reached the required temperature and pressure. The different solution 196 

compositions evaluated within this study are provided in Table 2. The required Ca2+ and Mg2+ 197 

concentration was achieved through the addition of calcium chloride di-hydrate (CaCl22H2O) 198 

and magnesium chloride hexa-hydrate (MgCl26H2O), respectively. The Cl- content in each test 199 

was maintained at 35,249 ppm through the addition of NaCl. Only one experiment was 200 

performed at a lower Cl- content to explore the effect of purely Cl- on both layer formation, 201 

general corrosion rate and pitting. All experiments were performed under static conditions 202 

for periods of either 6, 24, 48 or 96 hours.  203 

Table 2: Chemical composition of solutions and experimental parameters considered in 204 

this study 205 
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Cl- (ppm) Ca2+ (ppm) Mg2+ (ppm) T (°C) Pco2 

(bar) 

Immersion time (h) 

4200 0 0  

 

 

60 

 

 

 

100 

 

 

 

6, 24, 48 and 96 

 

 

35,249 

0 0 

1,000 0 

10,000 0 

0 1,000 

0 10,000 

 206 

Upon completion of each test, the specimens were dried thoroughly using an air gun. They 207 

were then weighed before being chemically cleaned to remove all traces of corrosion 208 

products before weighing again to determine the mass of corrosion product. The cleaning 209 

ƉƌŽĐĞƐƐ ĐŽŶƐŝƐƚĞĚ ŽĨ ǁŝƉŝŶŐ ƚŚĞ ƐƵƌĨĂĐĞ ǁŝƚŚ Ă ĐŽƚƚŽŶ ƉĂĚ ƐŽĂŬĞĚ ŝŶ CůĂƌŬĞ͛Ɛ ƐŽůƵƚŝŽŶ ;ϮϬ Ő 210 

antimony trioxide + 50 g stannous chloride + 1,000 ml 38% hydrochloric acid) in accordance 211 

with ASTM Standard G1-03.[24] This was followed by rinsing the sample with distilled water, 212 

followed by ethanol and drying with compressed air. 213 

The mass loss due to corrosion was determined from the mass difference before exposure 214 

and after cleaning.  215 

The corrosion rates were calculated by using Equation (1):  216 

 ୡܸ ൌ ͺ͹͸ͲͲο݉ܶܣߩ   (1) 

where VC is the corrosion rate of the sample in mm/year, ѐm is the mass loss in grams, ʌ is 217 

the density of the sample in g/cm3, A is the exposed area in cm2, T is the immersion time in 218 

hours and 87600 is a conversion factor to express the corrosion rate in units of mm/year. 219 

It is extremely challenging to monitor the actual pH throughout the whole corrosion test due 220 

to the high pressure within the autoclave. However, the initial solution pH and ionic strength 221 

in the presence of various concentrations of Cl-, Ca2+ and Mg2+ ions was predicted using 222 

MultiScale software and is provided in Table 3.[25] All the pH values were predicted at 223 

approximately 3.1, with ionic strength varying with the nature of each cation and its 224 

concentration.   225 

  226 
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Table 3: Predicted initial bulk pH of the different brines used in this study at 60oC and 100 227 

bar 228 

Cl- (ppm) Ca2+ (ppm) Mg2+ (ppm) Predicted Ionic 

Strength using 

MultiScale (M) 

Predicted pH using 

MultiScale 

4200 0 0 0.19 3.11 

 

 

35,249 

0 0 1.01 3.06 

1,000 0 1.04 3.06 

10,000 0 1.27 3.06 

0 1,000 1.06 3.07 

0 10,000 1.43 3.12 

 229 

3.2 Scanning electron microscopy (SEM) 230 

SEM was conducted on samples using a Carl Zeiss EVO MA15 SEM to assess coverage and 231 

topography of corrosion products.  All images were collected at an accelerating voltage of 20 232 

kV and at a working distance of approximately 8 mm.  233 

3.3 X-ray diffraction (XRD) 234 

The XRD patterns for each sample were collected using a PANĂůǇƚŝĐĂů X͛ƉĞƌƚ ŵƵůƚŝƉƵƌƉŽƐĞ 235 

diffractometer, employing Cu Kɲ radiation (from a generator operating at 40 mA and 40 keV) 236 

with an active area of 10 x 10 mm programmable di-vergence slits. Scans were performed 237 

over a range 2ɽ = 10 to 70° using a step size of 0.033 per second, with a total scan time of 238 

approximately 50 minutes. 239 

4. Results and discussion 240 

4.1 Effect of Cl- content and exposure time on the general corrosion rate and film 241 

formation of X65 steel 242 

Figure 2(a) shows the corrosion rates (determined from mass loss) for X65 carbon steel 243 

exposed to the supercritical CO2-saturated NaCl solutions containing 4,200 ppm and 35,249 244 

ppm Cl- at various immersion times between 6 and 96 hours in a 100 bar system at 60oC. 245 

Figure 2(a) indicates that X65 has corrosion rates of 16.6 and 20.1 mm/year over the first 6 246 

hours for Cl- contents of 4,200 and 35,249 ppm, respectively. The corrosion rates then 247 

decrease with increasing immersion time. The final average corrosion rates observed over 96 248 

hours are 3.1 and 3.8 mm/year for systems containing 4,200 ppm and 35,249 ppm Cl-, 249 

respectively.  250 
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Similar corrosion rates were also observed by Zhang et al.[11] who tested X65 steel at 95 bar 251 

and 80oC within a supercritical CO2-saturated brine. The corrosion rate in their work was 252 

recorded at 20.6 mm/year and reduced to 7.35 mm/year between 7 and 96 hours. The results 253 

here also correlate with the observations of Liu et al.[26] who studied the effect of Cl- 254 

concentration from 0 to 60,000 ppm on carbon steel in that the corrosion rate increased with 255 

Cl- content. The results also illustrate that maintaining the Cl- content is important to ensure 256 

the correct conclusions are drawn about the role of Ca2+ and Mg2+ on general corrosion rate. 257 

One important aspect to consider in these experiments is the evolution of solution chemistry 258 

and the change in solution pH over time. Figure 2(b) shows the predicted changes in 259 

concentration of Fe2+ in the bulk solution. These were determined based on the difference in 260 

Fe2+ ions introduced to the bulk solution from the corrosion process (determined from the 261 

overall mass loss) and that consumed from the bulk solution as a result of precipitation onto 262 

the steel surface (determined from the corrosion product mass). The approximated Fe2+ 263 

concentration in the bulk solution was then entered into MultiScale to predict the evolution 264 

in solution pH with time, which is also provided in Figure 2(b). Note that this form of analysis 265 

assumes no bulk precipitation within the solution, which was a valid assumption based on 266 

visual inspection of the solution immediately after all tests were completed. 267 

Referring to Figure 2(b), 268 

For the high pressure conditions considered, the calculated increase in pH is less than 0.2 in 269 

all cases. Beyond 24 hours, the pH in each environment was stable and differed by ~0.1 270 

between both experiments. Obviously, these values are only predictions and the complexities 271 

associated with measuring pH under such high pressure conditions meant that these 272 

calculated values could not be experimentally validated.  273 
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 274 

(a) (b) 

Figure 2: (a) General corrosion rates and (b) pH/Fe2+ concentration in the bulk solution as 275 

a function of time for X65 carbon steel exposed to supercritical CO2-saturated brine 276 

containing either 4,200 ppm or 35,249 ppm Cl- at 60°C and 100 bar for periods between 6 277 

and 96 hours. 278 

Figure 3 shows the SEM images (top view and cross-sections) of X65 samples exposed to the 279 

two different concentrations of the NaCl-containing, supercritical CO2-saturated brine. For 280 

both conditions, an iron carbide (Fe3C) layer initially reveals itself on the steel surface over 281 

the first 6 hours (Figures 3(a) and 3(c)) as a result of the preferential dissolution of the ferrite 282 

phase within the steel microstructure. After 96 hours, the steel surfaces were entirely covered 283 

with a crystalline product, as shown in Figures 3(b) and 3(d). This product is shown to be 284 

exclusively FeCO3 later in this work using X-ray diffraction (XRD) patterns. Despite the 285 

difference in initial corrosion rate between the two environments, the surface morphology, 286 

thicknesses of the layer (55-65 µm) and final corrosion rate are very similar at the end of the 287 

experiment.  However, the FeCO3 layer is marginally thicker and less uniform in thickness 288 

across the steel surface at the higher Cl- content. These observations are in alignment with 289 

Liu et al.,[26] who studied the effect of Cl- concentration from 0 to 92,520 ppm on the corrosion 290 

behaviour of carbon steel at 20 bar and 100oC. Their results showed that the thickness of the 291 

corrosion product layer increased and became less compact as Cl- ion concentration increased 292 

from 0 to 15,420 ppm. It is likely in this scenario that the increased precipitation is attributed 293 

to the increased corrosion rate and flux of Fe2+ into the solution and not the ionic strength, 294 

as increased ionic strength has been reported to reduce the propensity for FeCO3 to 295 

precipitate from the solution[4]. 296 
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Figure 3: SEM images (top view and cross-section) of X65 samples exposed to supercritical 297 

CO2-saturated brines containing 4,200 ppm Cl- for (a) 6 hours and (b) 96 hours, and 35,249 298 

ppm Cl- for (c) 6 hours and (d) 96 hours at 60°C and 100 bar. 299 

 300 

4.2 Effect of varying Ca2+ and Mg2+ content on general corrosion rate and film 301 

formation of X65 steel 302 

The influence of exposure time (6 to 96 hours) and addition of both 1,000 and 10,000 ppm of 303 

Ca2+ and Mg2+ individually on the general corrosion behaviour of X65 carbon steel for a 304 

constant Cl- content of 35,249 ppm is shown in Figure 4. In the absence of a protective layer 305 

(the first 6 hours of testing), the addition of both divalent cations has a clear effect on the 306 

general corrosion rate. The addition of Ca2+ serves to reduce the general corrosion rate from 307 

20.1 mm/year to 17.6 and 16.5 mm/year for addition of 1,000 and 10,000 ppm Ca2+, 308 

respectively. However, the addition of Mg2+ accentuates general corrosion, increasing it from 309 

20.1 mm/year to 21.0 and 22.0 mm/year for the addition of 1,000 and 10,000 ppm Mg2+. As 310 

all the experiments progress and the precipitation of corrosion products begin to stifle the 311 

dissolution of iron from the steel surface, the corrosion rates for each experimental condition 312 

begin to converge toward an average value below 4 mm/year over 96 hours, with the 313 

exception of the test at 10,000 ppm Mg2+ which remains above 5 mm/year. In relation to the 314 

evolution of pH in these experiments, it is more challenging to accurately predict in these 315 

environments as a result of the complicated brine chemistry and precipitation of more 316 

complex corrosion products. However, predicted pH for the NaCl solution over time indicated 317 

a change of 0.2 from 0 to 96 hours. Given that the levels of corrosion are similar and that no 318 

precipitation was observed in the bulk solution for any of these experiments in Figure 4, it is 319 

anticipated that the changes in pH of the more complex brines are similar to that of the high 320 

concentration NaCl solution shown in Figure 2(b), although this cannot be confirmed without 321 

measurement. 322 
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 323 

Figure 4: General corrosion rate as a function of time for X65 carbon steel exposed to 324 

supercritical CO2-saturated brines containing different levels of Ca2+ and Mg2+ for a 325 

constant Cl- content of 35,249 ppm at 60°C and 100 bar for periods between 6 and 96 326 

hours. 327 

4.3 Effect of Ca2+ addition on corrosion product layer morphology and composition 328 

SEM images provided in Figure 5 show the influence of Ca2+ addition to the brine solution on 329 

the morphology of the corrosion product produced. The XRD patterns provided in Figure 6 330 

indicate that FeCO3 is the sole crystalline corrosion product in the absence of Ca2+ ions. 331 

However, addition of Ca2+ results in the FeCO3 peaks shifting to lower values of 2ɽ with 332 

increasing Ca2+ addition. An additional experiment at 5,000 ppm Ca2+ has also been provided 333 

here to highlight the gradual shift with increasing concentration. The most intense Bragg 334 

reflection for CaCO3 and FeCO3 relates to the (104) MŝůůĞƌ ƉůĂŶĞ͘ TŚĞƐĞ ĂƌĞ ůŽĐĂƚĞĚ Ăƚ Ϯɽ ǀĂůƵĞƐ 335 

of 29.42o and 32.07o for CaCO3 and FeCO3, respectively. The gradual shift of the (104) peak, 336 

as well as the other visible peaks from their FeCO3 positions towards their corresponding 337 

CaCO3 equivalents is consistent with the substitution of Ca2+ for Fe2+ into the lattice. The 338 

isostructurality of both CaCO3 and FeCO3 is able to facilitate this co-precipitation and modify 339 

the morphological and chemical properties. The presence of Ca within the scale also results 340 

in the absence of a number of lower intensity peaks within the XRD pattern, with only two 341 

planes being detected overall within the XRD patterns for the addition of 10,000 ppm Ca2+ to 342 

the brine solution. Furthermore, the remaining peaks which have not diminished have 343 

become sufficiently broader. Both these observations can be attributed to the presence of Ca 344 
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and its heterogeneous distribution within the corrosion product layer. This interaction with 345 

the FeCO3 lattice also promotes a change in crystal morphology from cubic crystals (Figure 346 

5(b)) to globular structures comprising of much finer crystals (Figure 5(f)). 347 

In terms of the protective capabilities of the layers developed, Figures 5(a), (c) and (e) show 348 

the effect of different levels of Ca2+ addition on the layer structure and morphology after an 349 

exposure time of 24 hours. There is clearly an increase in the porosity and spacing between 350 

individual crystals with increase in Ca2+ on the top surface of the corrosion product layer at 351 

this time period. However, the percentage reduction in general corrosion rate between 6 and 352 

24 hours is very similar (25-30%), indicating that the layers afford very similar levels of 353 

protection. This also indicates that the porosity of the outer crystals in the corrosion product 354 

give a false indication as to the protectiveness of the layer and that it is the nature of the layer 355 

closer to the surface which must play the predominant role in influencing the corrosion 356 

behaviour. 357 

Considering the percentage reduction in corrosion rate from 6 hours to 96 hours for the 0, 358 

1,000 and 10,000 ppm Ca2+ experiments in Figure 3, the corrosion rate reduces by ~80% for 359 

all three tests, indicating very similar levels of layer protection across all conditions. Although 360 

the presence of Ca2+ changes the morphology and chemistry of the layer, the overall effect 361 

on general corrosion rate is not significant under these conditions after 96 hours. 362 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 5: SEM images of X65 samples exposed to supercritical CO2-saturated brines at 60 363 

°C and 100 bar containing (a) 35,249 ppm Cl- without Ca2+ for 24 hours, (b) 35,249 ppm Cl- 364 

without Ca2+ for 96 hours, (c) 35,249 ppm Cl- with 1,000 ppm Ca2+ for 24 hours, (d) 35,249 365 

ppm Cl- with 1,000 ppm Ca2+ for 96 hours, (e) 35,249 ppm Cl- with 10,000 ppm Ca2+ for 24 366 

hours, and (f) 35,249 ppm Cl- with 10,000 ppm Ca2+ for 96 hours. 367 
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 368 

Figure 6: XRD patterns of X65 samples exposed to supercritical CO2-saturated brines 369 

containing different levels of Ca2+ ions after 96 hours at 60°C and 100 bar; reference lines 370 

for the pure minerals are provided from the literature[4, 18] 371 

 372 

4.4 Effect of Mg2+ addition on corrosion product layer morphology and composition 373 

SEM images shown in Figures 7(a), (c) and (e) show that the addition of Mg2+ results in a more 374 

open structured outer layer after 24 hours of exposure. After 96 hours (Figures 7(b), (d) and 375 

(f)), the layer structure and porosity of the top section of the layer appear similar. Referring 376 

to Figure 4, the corrosion rates of the steel beneath these layers after 96 hours is similar, with 377 

the test at 10,000 ppm Mg2+ having a slightly higher corrosion rate at the end of the 378 

experiment. 379 

Initial examination of the XRD patterns provided in Figure 8(a) suggest that the corrosion 380 

product formed on the X65 steel in all Mg2+-containing brine experiments was purely FeCO3. 381 

However, closer inspection of the (104) peak (Figure 8(b)) reveals that there is both a 382 

noticeable shift to higher values of 2ɽ, as well as broadening of the peaks, creating signs of 383 

asymmetry at the base with increasing Mg2+ content in the brine solution. The unit cell for 384 

MgCO3 has dimensions particularly close to that of FeCO3 due to the similarity in cation radii 385 

between Mg2+ and Fe2+, with the former being slightly smaller than the latter. This means that 386 
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substitution of Mg2+ for Fe2+ in the FeCO3 lattice results in the XRD peaks moving to slightly 387 

ŚŝŐŚĞƌ Ϯɽ values. This observation is in contrast to the effect of Ca2+ substitution, where the 388 

larger Ca2+ radii compared to Fe2+ ƌĞƐƵůƚƐ ŝŶ ƚŚĞ ƉĞĂŬƐ ƐŚŝĨƚŝŶŐ ƚŽ ůŽǁĞƌ Ϯɽ ǀĂůƵĞƐ͘ 389 

Furthermore, considering the location of the (104) peaks for MgCO3 (32.67o), FeCO3 (32.07o) 390 

and CaCO3 (29.42o), it is clear that for the same level of  Mg2+ or Ca2+ concentration within the 391 

layer, the substitution of Mg2+ would result in a much less dramatic shift in XRD peaks 392 

compared to Ca2+. Nonetheless, Figure 8(b) indicates a noticeable shift and broadening in the 393 

;ϭϬϰͿ ƉĞĂŬ ƚŽ ŚŝŐŚĞƌ Ϯɽ ǀĂůƵĞƐ when the corrosion product develops in the solution containing 394 

10,000 ppm Mg2+. Broadening of the (104) peak for the 1,000 ppm Mg2+ experiment can also 395 

be observed, despite the highest intensity point on the peak matching that for FeCO3. The 396 

suggested existence of Mg2+ within the FeCO3 layer is supported by subsequent energy-397 

dispersive x-ray (EDX) results shown later. Such little concentration of Mg at both conditions 398 

results in a less significant change in crystal morphology from introducing 10,000 ppm Mg2+ 399 

into the brine solution, as shown in Figures 7(b), (d) and (f), which reflect the surface condition 400 

after 96 hours.  401 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

Figure 7: SEM images of X65 samples exposed to supercritical CO2-saturated brines at 60 402 

°C and 100 bar containing (a) 35,249 ppm Cl- without Mg2+ for 24 hours, (b) 35,249 ppm Cl- 403 

without Mg 2+ for 96 hours, (c) 35,249 ppm Cl- with 1,000 ppm Mg 2+ for 24 hours, (d) 404 

35,249 ppm Cl- with 1,000 ppm Mg 2+ for 96 hours, (e) 35,249 ppm Cl- with 10,000 ppm Mg 405 
2+ for 24 hours, and (f) 35,249 ppm Cl- with 10,000 ppm Mg 2+ for 96 hours.  406 

 407 
 408 
 409 
 410 

 411 
(  412 
 413 

(a) 414 

 415 

 416 

 417 
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 418 

(b) 419 

Figure 8: XRD patterns of X65 samples exposed to supercritical CO2-saturated brines 420 

containing different levels of Mg2+ ions after 96 hours at 60°C and 100 bar; reference lines 421 

are provided from the literature. (a) 2ɽ ranging from 20 to 70o and (b) 2ɽ ranging from 31 422 

to 33o; reference lines for the FeCO3 and MgCO3 are provided from the literature[4, 17] 423 

 424 

4.5 Comparison of corrosion product thickness/composition and relation to brine 425 

chemistries 426 

The initial results obtained from this study showed that Cl-, Ca2+ and Mg2+ ions in the solution 427 

play an important role on the formation and morphology of corrosion product layers and the 428 

corrosivity of the solution. This section of the work explores the cross-sectional images of the 429 

corrosion products produced and their composition to establish links with the corrosion 430 

behaviour after 96 hours. 431 

4.5.1 Cl- effect 432 

Figure 8 shows the SEM cross-section analysis of the layers formed on the samples exposed 433 

to the supercritical CO2-satuated solution in the presence of various concentrations of Cl-, Ca2+ 434 

and Mg2+ ions at 60°C and 100 bar for 96 hours. The thickness of the corrosion products in 435 

the presence of 4,200 and 35,249 ppm Cl- are approximately 55-60 and 55-65 µm, 436 

respectively. The greater average thickness for the higher Cl- content is logical given that the 437 



21 

 

corrosion rate in these experiments produces a greater flux of Fe2+ into the solution, enabling 438 

more precipitation back onto the steel surface (as discussed previously). Referring back to 439 

Figure 2, the additional thickness of the layers at higher salinity produced no significant 440 

increase in protection to the steel surface over 96 hours. 441 

4.5.2 Ca2+ effect 442 

The effect of 1,000 ppm and 10,000 ppm Ca2+ addition to the brine solution on the corrosion 443 

product structure is illustrated in the cross-section images provided in Figures 9(c) and (d). 444 

EDX area measurements below each micrograph indicate that Ca2+ was detected within the 445 

corrosion products, supporting the observations from XRD patterns where Ca2+ was shown to 446 

exist within the FeCO3 lattice, producing FexCa1-xCO3. Figure 10 shows cross-sections of the 447 

corrosion product layers produced in the absence (Figure 10(a)) and presence (Figure 10(b)) 448 

of 10,000 ppm Ca2+ which were made using a focused ion beam SEM. The EDX maps of the 449 

image in Figure 10(b) shows that the Ca concentration in the layer is not evenly distributed, 450 

corroborating with the broadening of the XRD peaks in Figure 6 with increasing Ca2+ 451 

concentration, highlighting the heterogeneity of the layer. 452 

The intensity of the Ca peak in the EDX scans in Figures 9(c) and (d) also increases in 453 

conjunction with the Ca2+ content in the brine solution. This agrees with the extent of the shift 454 

of the XRD peaks within Figure 6, whereby a greater shift indicates a greater level of Ca 455 

substitution into the crystal lattice. 456 

As in the work of Esmaeely et al.[14], the average concentrations of Ca within FexCa1-xCO3 can 457 

be determined from the XRD peak positions in Figure 6 (as well as from the area EDX scans) 458 

using Equations (2) to (7): 459 

Firstly, the d-spacing value for the (104) peak corresponding to the mixed FexCa1-xCO3 was 460 

ŽďƚĂŝŶĞĚ ĨƌŽŵ ƚŚĞ X‘D ƉĂƚƚĞƌŶ ĂĐĐŽƌĚŝŶŐ ƚŽ BƌĂŐŐ͛Ɛ ůĂǁ ĂƐ ƐŚŽǁŶ ŝŶ Equation (2): 461 

݀ ൌ  Ʌ       (2)݊݅ݏʹߣ݊

WŚĞƌĞ Ŷ ŝƐ Ă ƉŽƐŝƚŝǀĞ ŝŶƚĞŐĞƌ ĂŶĚ ʄ ŝƐ ƚŚĞ ǁĂǀĞůĞŶŐƚŚ ŽĨ the incident X-rays wave.  462 

In the next stage of the calculation, FeCO3 and CaCO3 are isostructural and share a hexagonal 463 

lattice structure for which the d-spacing can be expressed as: 464 
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ͳ݀ଶ ൌ Ͷ͵ ቆ݄ଶ ൅ ݄݇ ൅ ݇ଶܽଶ ቇ ൅ ݈ଶܿଶ 
(3) 

where h, k and l are the Miller Indices corresponding to particular peaks and lattice planes, 465 

obtained from XRD data. The a and c values are unit cell edges, obtained by solving:  466 

ܽଶ ൌ ʹܸܿξ͵   (4) 

where V is the unit cell volume.   467 

Assuming linear behaviour for Ca2+ substitution into the structure in terms of unit cell 468 

parameters and unit cell volume, the mole fraction ;ƌĞĨĞƌƌĞĚ ƚŽ ĂƐ ͚Ǉ͛ ŚĞƌĞͿ of Ca2+ in the 469 

lattice is calculated from Equations (5) and (6).[27] 470 ܿ ൌ ͳǤ͸ͺͺͷݕ ൅ ͳͷǤ͵͹͵          (5) ܸ ൌ ͹ͶǤͳͲ͹ݕ ൅ ʹͻͳǤ͵Ͷ        (6) 

The final equation is generated by substituting Equations (4), (5) and (6) into Equation (3):  471 ͳ݀ଶ ൌ Ͷ͵ ൬ʹǤͻʹͶͷ͸ݕ ൅ ʹ͸Ǥ͸ʹ͸ͺͳͳͶͺǤʹͳͶݕ ൅ ͷͺʹǤ͸ͺ ൰ ൅ ͳ͸ሺͳǤ͸ͺͺͷݕ ൅ ͳͷǤ͵͹͵ሻଶ 
(7) 

Based on the interpretation of the peak shifts in the XRD patterns, the Ca contents in each of 472 

the layers are 0.09, 0.28 and 0.58 for experiments with 1,000, 5,000 and 10,000 ppm Ca2+.  473 

Reviewing Figures 9(b), (c) and (d), the thickness of the corrosion products range from 50-65 474 

µm in the presence of 0, 1,000 and 10,000 ppm Ca2+ ions, indicating that the divalent cation 475 

has little effect on the layer thickness. The similarity in both thickness and final corrosion rate 476 

after 96 hours in all three experiments indicates that the layers produced offer very similar 477 

protection to the steel surface in relation to general corrosion. 478 

4.5.3 Mg2+ effect 479 

Figures 9(e) and (f) show the SEM cross-section analysis of samples after exposure to the 480 

1,000 and 10,000 ppm Mg2+-containing brine solutions for 96 hours. In these experiments, a 481 

clearer increase in layer thickness with Mg2+ brine content is observed, correlating with the 482 

higher corrosion rate of the steel sample throughout the entire duration of the experiment. 483 

The product layer thickness increased from 50-65 µm to 65-75 µm as Mg2+ content was 484 

increased from 0 ppm to 10,000 ppm. Based on the EDX area scans of the sample cross-485 
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section, the presence of Mg was detected within the corrosion products, but only in trace 486 

amounts. An average of the ratio of Mg to Fe suggested corrosion product compositions of 487 

Fe0.96Mg0.04CO3 and Fe0.94Mg0.06CO3 for the 1,000 ppm and 10,000 ppm Mg2+ solutions, 488 

respectively. Such low concentration of Mg2+ compared to Ca2+ within the corrosion products 489 

could at least be partly attributed to the higher solubility of MgCO3 compared to CaCO3 under 490 

these particular operating conditions, as discussed in the following section.  491 

4.5.4 Solubility characteristics of FeCO3, CaCO3 and MgCO3 492 

The solubility constants for FeCO3, CaCO3 (calcite) and MgCO3 reported in the literature have 493 

been determined by Benezeth et al.[28], Dorange et al.[29] and Benezeth et al.[30], respectively: 494 

௦௣ǡி௘஼ைయܭ݃݋݈  ൌ ͳ͹ͷǤͷ͸ͺ െ ͸͹͵ͺǤͶͺ͵ܶ ൅ ͲǤͲͳ͵ͻܶ െ ͸͹Ǥͺͻͺ݈ܶ݃݋ 
(8) 

௦௣ǡ஼௔௟௖௜௧௘ܭ݃݋݈  ൌ െ͹Ǥͺͳͷ͸ െ ͳͷͲʹܶ െ ͲǤͲ͵ͳͳͳܶ ൅ ͷǤͷͳͺ݈ܶ݃݋ 
(9) 

௦௣ǡெ௔௚௡௘௦௜௧௘ܭ݃݋݈  ൌ ͹Ǥʹ͸͹ െ ͳͶ͹͸Ǥ͸ͲͶܶ െ ͲǤͲ͵͵ͻͳͺܶ 
(10) 

where T is the temperature in degrees Kelvin.  Comparing Equations (8) to (10) at 60oC, the 495 

Ksp values for FeCO3, CaCO3 (calcite) and MgCO3 are 4.92×10-12, 1.71×10-9 and 3.45×10-9, 496 

indicating that FeCO3 is by far the least soluble, followed by calcite, then magnesite at 60oC. 497 

Although not accounting for ionic strength effects on the activity of the species involved in 498 

the precipitation process and the corresponding effect on the saturation level of each mineral 499 

at the steel surface (the ratio of the product of the activities of the precipitating species 500 

relative to the phase solubility), the relative trends of these solubility values help to explain 501 

partly why Mg2+ appears to have less propensity to co-precipitate. That being said, the molar 502 

fraction of Mg in the corrosion product is 0.06 for a solution containing 10,000 ppm Mg2+, 503 

while solutions with one order of magnitude less Ca2+ in the bulk solution (1,000 ppm) 504 

produces a mole fraction of 0.09. Considering that the solubility of CaCO3 is only half that of 505 

MgCO3 and the theoretical pH values of the solutions are very similar, it is perhaps surprising 506 

based on this comparison to find a lower Mg2+ molar concentration compared to Ca2+ within 507 

the corrosion products. This suggests that either the ionic strength has a profound influence 508 

on the relative activities of Ca2+ and Mg2+, making MgCO3 saturation levels at the steel surface 509 

considerably lower compared to CaCO3 under these conditions, or that the saturation ratio of 510 

FeCO3 to CaCO3 and FeCO3 to MgCO3 in these environments does not hold a universal 511 
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correlation across both sets of carbonates with regards to predicting the film stoichiometry, 512 

i.e., a saturation ratio of 10:1 for both FeCO3 to CaCO3 and FeCO3 to MgCO3 does not imply 513 

the same level of Ca2+ and Mg2+ molar concentration in both corrosion products. This is logical 514 

given that the precipitation kinetics of CaCO3 and MgCO3 differ from one another and are 515 

likely to play a role in influencing the molar concentration observed within the layer. In fact, 516 

this notion was considered in detail by Alsaiari et al.[31] who studied the bulk precipitation of 517 

FexCa1-xCO3 and theoretically derived an equation relating the solid solution stoichiometry to 518 

solution chemistry and the precipitation kinetics of each pure phase. Alsaiari et al.[31] 519 

demonstrated that the molar fraction of Fe (ʖFe) relative to Ca within FexCa1-xCO3 can be 520 

expressed in the form of a function: 521 

 ɖி௘ ൌ ͳͳ ൅ ݇ ሺܽ஼௔మశ െ ܽ஼௔మశǡ௘௤ሻܽ஼௔మశሺܽி௘మశ െ ܽி௘మశ ǡ௘௤ሻܽி௘మశ
 

(11) 

 522 

where ܽ஼௔మశ  is the activity of Ca in the system, ܽ஼௔మశǡ௘௤  is the activity of Ca at equilibrium, 523 ܽி௘మశ is the activity of Fe in the system, ܽ ஼௔మశǡ௘௤ is the activity of Fe at equilibrium and k is the 524 

ratio of rate constants for the precipitation of the two pure phases of CaCO3 and FeCO3: 525 

  ݇ ൌ ݇஼௔஼ைయ݇ி௘஼ைయ  
(12) 

Therefore, the composition of the produced layer is theoretically related to both the 526 

individual precipitation kinetics of each phase, their individual solubility characteristics and 527 

the activities of the ionic species participating in the precipitation reaction. However, it is also 528 

possible that the precipitation of species is capable of impairing the other in such an 529 

environment. Alsaiari et al. [31]  also stated that the difference in characteristic water loss rate 530 

constant of the free ions in the solution, the difference in interfacial free energy of the pure 531 

end-members and the different values of the energy barriers may also play a critical role in 532 

the film chemistry, particularly when there is a small difference in saturation ratio between 533 

the precipitating phases. 534 

 535 

 536 
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(e) (f) 

Figure 9: SEM cross-section images and associated EDX area scans for X65 samples 537 

exposed to supercritical CO2-saturated brines at 60oC and 100 bar for 96 hours containing 538 

(a) 4200 ppm Cl-, (b) 35,249 ppm Cl-, (c) 1,000 ppm Ca2+ and 35,249 ppm Cl-, (d) 10,000 539 

ppm Ca2+ and 35,249 ppm Cl-, (e) 1,000 ppm Mg2+ and 35,249 ppm Cl-, (f) 10,000 ppm Ca2+ 540 

and 35,249 ppm Cl-. 541 
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(a)  (b)  

  
(c)  (d)  

Figure 10: SEM images of samples exposed to supercritical CO2-saturated solution at 60°C 543 

and 100 bar for 96 hours containing (a) 35,249 ppm Cl-, (b) 10,000 ppm Ca2+ and 35,249 544 

ppm Cl- after sectioning the layer using a focused ion beam. (c) and (d) show the EDX maps 545 

of the area highlighted in Figure 10(b) for Fe and Ca, respectively. 546 

 547 

4.6 Effect of brine chemistry on localised corrosion in comparison to general 548 

corrosion and their relation to film characteristics 549 

Only a few authors have considered the extent of localised corrosion of carbon steels in 550 

environments containing Ca2+ and Mg2+ ions, with such work being performed at atmospheric 551 

pressure.[13, 19] This work focuses on contributing to the understanding of such ions on 552 

localised corrosion, as well as general corrosion through the application of non-contact 553 

profilometry. 554 

In this study, steel samples were removed from every test condition after 6, 24, 48 and 96 555 

hours͕ ĐůĞĂŶĞĚ ǁŝƚŚ CůĂƌŬĞ͛Ɛ ƐŽůƵƚŝŽŶ and profiled using white light interferometry. Multiple 556 

images from two samples exposed to each test condition were evaluated to enable 557 

Very dense and compact 

FeCO3 layer 

Corrosion Product layer  

Region A 

Region B 

High concentration 

of Fe in Region B High concentration 

of Ca in Region A 



28 

 

interpretation of the extent of pitting corrosion over 96 hours in each environment. Further 558 

details on the form of analysis undertaken is provided in a previous publication.[32]  559 

Figure 11(a) shows both the general corrosion rate and localised penetration rate over 96 560 

hours for all test conditions. The percentage efficiency of the corrosion product layers in 561 

terms of general corrosion rate reduction from 6 to 96 hours is provided at the base of each 562 

bar. The penetration rate was determined by converting the average pit/localised depth into 563 

mm/year based on the exposure time to the test solution, followed by adding this value onto 564 

the general thickness loss rate determined from mass loss measurement. The methodology 565 

assumes that the material loss due to pitting is considerably smaller than that associated with 566 

general corrosion, which has been shown to be a valid assumption for carbon steel pitting[33]. 567 

An example of the profilometry map produced from one scan is provided in Figure 11(b), and 568 

relates to the test environment containing 10,000 ppm Ca2+. 569 

Referring to the general corrosion rates and corrosion layer protectiveness in Figure 11(a), 570 

the level of protection afforded by each layer is approximately 80%, with little to distinguish 571 

between each layer in terms of their ability to reduce uniform corrosion. However, 572 

comparison of the total penetration rates reveals that increasing Cl-, Ca2+ and Mg2+ all serve 573 

to increase the overall penetration rate. In the context of Mg2+, a larger proportion of the 574 

total penetration is comprised of the general dissolution compared to the Ca2+-containing 575 

tests and the pure NaCl brine experiments (which is reflected in pit depth measurements after 576 

96 hours in Figure 12). 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 
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 586 

(a) 587 

 588 

 (b) 589 

Figure 11: (a) General and localised corrosion rates of X65 carbon steel exposed to 590 

supercritical CO2-saturated brine containing different levels of Cl-, Ca2+ and Mg2+ at 60 °C 591 

and 100 bar for 96 hours; (b) example of profilometry map produced from interferometry 592 

measurements from the steel surface (environment containing 10,000 ppm Ca2+) 593 

Although Figure 11(b) provides average localised corrosion rates over 96 hours, it does not 594 

provide information relating to the propagation of localised attack/pits. To complement 595 

Figure 11, Figure 12 shows the average localised/pit depth as a function of time from 6 to 96 596 

hours for the experiments involving the high Cl- and 10,000 ppm divalent cation 597 
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concentrations. The results show that pit propagation relative to the corroding steel surface 598 

is more favourable in the presence of Ca2+ ions, and that Cl- content also encourages pit 599 

propagation. The presence of Mg2+ results in a higher general corrosion rate which masks the 600 

growth of pits relative to the corroded steel surface. For all conditions considered, the rate of 601 

growth of localised attack slows down as the corrosion product evolves. However, the rate of 602 

pit growth from 48 h to 96 hours is the highest in the presence of Ca2+, suggesting that the 603 

layer or the mere presence of Ca2+ promotes localised attack. Further work is required to 604 

determine the underlying reason behind the difference in pit growth kinetics. 605 

 606 

Figure 12: Pitting/localised depths for X65 steel samples exposed to supercritical CO2-607 

saturated brine containing different levels of Cl-, Ca2+ and Mg2+ at 60 °C and 100 bar for 608 

immersion times between 6 and 96 hours. 609 

 610 

5. Conclusions 611 

The corrosion behaviour of X65 carbon steel was evaluated in supercritical CO2-saturated 612 

water in the presence of different levels of Cl- (4,200 and 35,249 ppm), Ca2+ (1,000 and 10,000 613 

ppm) and Mg2+ (1,000 and 10,000 ppm) ions at 100 bar and 60°C, over immersion times 614 

between 6 and 96 hours. Particular focus was directed towards understanding the influence 615 

of the aforementioned cations on the on the formation and chemistry of corrosion products 616 

developed on the steel surface, as well as their effect on general and localised corrosion 617 
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behaviour when Cl- content remained constant at 35,249 ppm. From this study, the following 618 

can be concluded: 619 

 Based on 6 hour experiments where protective corrosion products/scales were absent 620 

from the steel surface, an increase in Cl- content served to increase general corrosion. 621 

Addition of Mg2+ also resulted in an increase in general corrosion, whereas the 622 

addition of Ca2+ reduced general dissolution rates. Such effects produced by Mg2+ and 623 

Ca2+ increased as the concentration of the divalent cations in the brine was raised from 624 

1,000 to 10,000 ppm. 625 

 General corrosion rates reduced with time in conjunction with the formation of 626 

corrosion products in all test environments. The corrosion products formed on each 627 

carbon steel surface exhibited different morphologies and compositions depending 628 

upon the brine chemistry, but all layers provided approximately 80% reduction in 629 

general corrosion rate.  630 

 Iron carbonate (FeCO3) was the only crystalline product to develop on the steel surface 631 

in the presence of Cl- (purely NaCl brine) 632 

 The presence of Ca2+ within the brine resulted in the formation of iron-calcium 633 

carbonate (FexCa1-xCO3), confirmed using XRD measurements. The molar fraction of 634 

Fe and Ca within the layer increased along with the Ca2+ content added to the brine.  635 

 The presence of Mg2+ within the brine resulted in the formation of iron-magnesium 636 

carbonate (FexMg1-xCO3), which was also confirmed using XRD, but resulted in less 637 

noticeable shifts in the produced XRD peaks within the collected patterns. 638 

 Ca2+ demonstrated a much greater propensity to co-precipitate in conjunction with 639 

FeCO3 compared to Mg2+. This was postulated to be attributed to a number of factors, 640 

with the greater solubility of MgCO3 compared to CaCO3 being one of the likely reasons 641 

under these test conditions. 642 

 Other factors which were discussed that could potentially influence the stoichiometry 643 

of the carbonate layers produced included the relative precipitation rates of the pure 644 

minerals, the level of saturation of each phase (related to solubility and species 645 

activity), as well as the difference in water loss rate constant of the free ions, 646 

differences in interfacial energy of end-members and the energy barriers associated 647 

with the combined precipitation process. 648 
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 Cl-, Ca2+ and Mg2+ were shown to accentuate total penetration rate of carbon steel 649 

(i.e., pitting rate relative to the corroding steel surface plus the general thickness loss 650 

rate). However, the growth of pits relative to the corroding surface was shown to 651 

diminish, or even stabilise with time in all conditions.  652 

 The more severe pit propagation under the test conditions evaluated in this study was 653 

observed in the presence of Ca2+. Further study is required to determine the exact 654 

reasons behind accelerated pitting kinetics under these conditions. 655 
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