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Figure 1: Regions of crystal growth identified by Lasaga [57] � adapted from the

work of Lasaga[57]
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4. Factors influencing the kinetics of FeCO3 precipitation
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Figure 2: Plots of solubility models for FeCO3 as a function of temperature
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Figure 3: Plots of FeCO3 solubility product (Ksp) as a function of temperature for

varying levels of ionic strength from 0 to 2.5 using the Sun and Nesic [53]model.

4.2Effect of environmental conditions on precipitation
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Figure 4: Amount of Fe2+ required to reach FeCO3 saturation in a 1 wt.% NaCl

solution as a function of pH for different CO2 partial pressures � adapted from

Dugstad et al.[15] and reproduced with permission from NACE International,

Houston, TX. All rights reserved.
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Figure 5: SEM images of X65 steel surfaces after exposure to a 3.5 wt.% NaCl

solution at a temperature of 50°C for 168 hours; (a) starting pH of 3.8 (b) pH 6.6

and (c) pH 7.5 � adapted from Pessu et al.[82] and reproduced with permission

from NACE International, Houston, TX. All rights reserved.
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Table 4: Dissociation reactions and their respective values at 25oC for H2CO3 and

HAc. (H2CO3* represents the combination of H2CO3 and CO2(aq) to highlight

misinterpretations made regarding the strength of H2CO3 as an acid)
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Figure 6: Fe2+ concentration required to reach FeCO3 saturation in a 1 wt.% NaCl

solution at 1 bar CO2, plotted as a function of pH for different HAc concentrations

� adapted from Dugstad et al.[15] and reproduced with permission from NACE

International, Houston, TX. All rights reserved.
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(a) (b)

(c)

Figure 7: Cross-sections of samples exposed to various conditions. a) 40 °C and

S<40 in bulk solution, b) 40 °C and S > 40 in bulk solution, c) 80 °C and S < 10 in

bulk solution � adapted from Dugstad[15] and reproduced with permission from

NACE International, Houston, TX. All rights reserved.
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Figure 8: Concentration of Fe2+ required to reach FeCO3 saturation, plotted as a

function of pCO2 at pH levels of 4, 5, 5.5 and 6 for a 3.5 wt.% NaCl solution at 60°C

� adapted from Dugstad[15] and reproduced with permission from NACE

International, Houston, TX. All rights reserved.
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4.3.3 Surface concentration and mass transfer effects

2+

3

2+

+

[15] 3

[122, 123]

[124]

32- 2+ 3

2+

2+ [116]

[25] +

2 3

2+ 2+



[38]

3

2+

3

[54, 87, 88, 90, 97, 98, 107, 108, 111, 125-131]

[112, 122, 123, 132, 133]

[134]

[79]

[135] 3

3

2+



[39]

[18]

in situ

3

[18] [136-

138] [93, 139, 140] in situ in situ

3

2

2

[136]

[18, 139]

2

2

[15]



[40]

[82, 141-143]

[54, 82, 144]

3

(a) (b)



[41]

(c) (d)

Figure 9: (a)/(b) Examples of experiments where an amorphous/nano poly-

crystalline layer develops on the steel surface prior to the formation of crystalline

FeCO3; (a) Hua et al.[141] - X65 steel after 24 hours in distilled water at 50oC and 80

bar pCO2[141], (b) Wei et al.[142] - X70 steel after 2 hours in 3.5 wt.% NaCl solution at

80oC and 95 bar pCO2[142] (c)/(d) Examples of experiments were crystals form in

the absence of an initial amorphous layer and precipitate directly onto the steel

surface; (c) unpublished image from the authors own work - X65 (initially

polished with diamond suspension) after 8 hours in CO2-saturated 3.5 wt.% NaCl

solution at 80oC, pH 6.8 at room pressure � the ferritic-pearlitic microstructure

can be observed on the surface as a result of the initial dissolution from the

surface, (d) Pessu et al.[82] - X65 after 36 hours in CO2-saturated 3.5 wt.% NaCl

solution at 50oC, initial pH of 6.6 at room pressure � the image shows

precipitation of FeCO3 onto an iron carbide (Fe3C) network (reproduced with

permission from NACE International, Houston, TX. All rights reserved.).
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Figure 10: SEM and EDX analysis of X65 steel after exposure to 3 wt.% NaCl

solution at 80oC at 0.5 m/s and pH 6 for 41 h; (a) top view and (b) cross-section

with the associated EDX analysis in (c) and (d) � image adapted from Farelas et

al.[155] and reproduced with permission from NACE International, Houston, TX. All

rights reserved.
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Figure 11: SEM images of X65 steel after exposure to 3.5 wt.% NaCl solution at

80oC and pH 6.8 for 3 h; (a) initial surface finish achieved by polishing with

diamond suspension (b) initial surface finish achieved by wet-grinding with 120

grit SiC paper.

5. Developedmodels for FeCO3 precipitation
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Figure 12: Kinetic constant as a function of temperature, driving force as a

function of FeCO3 saturation and solubility constant as a function of temperature

from the Greenberg and Tomsonmodel, the Johnson and Tomsonmodel, the van

Hunnik, Pots and Hendriksenmodel and the Sun and Nesic model. Note that the

Johnson and Tomson and Greenberg and Tomsonmodels use the same driving

force expression, and that the solubility equation for the van Hunnik et al. model

was not provided in the paper itself, so is omitted.

5.3Discussion of A/V ratio
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where is the molecular mass and is the density of FeCO3.
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5.4Comparison and evaluation of precipitation models and their applicability to

corroding steel surfaces: the concept of corrosion layer accumulation rate

(CLAR)
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Table 5: A summary and comparison of the four available FeCO3 precipitation models available in literature

Greenberg and Tomson Johnson and Tomson Van Hunnik, Pots and Hendriksen Sun and Nesic

Summary Crystals were pre-grown in an anoxic

environment and washed to remove counter-

ions. Consequently, well characterised seed

crystals were used as a substrate.

Precipitation kinetics were determined by using

the traditional (indirect) technique which

involves measuring Fe2+ concentration change.

Precipitation was initiated by raising pH by

lowering the CO2 partial pressure in the system.

Crystals were pre-grown in an anoxic

environment and washed to remove

counter-ions. Consequently, well

characterised seed crystals were used as a

substrate.

Precipitation kinetics were determined by

using the traditional (indirect) technique

which involves measuring Fe2+

concentration change. Equilibrium was

established over 48 hours, then

temperature was ramped, with samples

being removed from the reaction vessel

every 30 mins.

Experiments were performed in a

flow loop under anoxic conditions.

Precipitation kinetics were

determined by using the traditional

(indirect) technique which involves

measuring Fe2+ concentration

change. The rate was determined

from the initial deviation from the

linear increase of the Fe2+

concentration after the saturation

point was exceeded.

Experiments were performed in a glass cell.

Steel samples were placed in a deoxygenated

saline solution. Ferrous chloride was added

to create a specific level of FeCO3 saturation.

Samples were removed at regular intervals.

Precipitation rate was determined by

measuring the mass difference with and

without the FeCO3 layer.

Substrate FeCO3 seed crystals FeCO3 seed crystals Steel pipe surface Steel coupons

Solution Deoxygenated water Deoxygenated water Deoxygenated 1 wt.% NaCl solution Deoxygenated 1 wt.% NaCl solution

Precipitation

rate

(mol/m3/s)

బି ாோ் ௦ ଶ బି ாோ் ௦ ଶ బି ாோ் ௦ బି ாோ் ௦

Solubility

product, Ksp
(mol2/L2)

௦   ௦  No Ksp value identified ௦   .ହ
Constant, A0 44.4 56.3 52.4 28.2

Activation

Energy, E

(kJ/mol)

95.8 127.3 119.8 64.9

Area, A Area of crystals surfaces Area of crystal surfaces It is not clear from the paper

whether the area used was

determined from crystal size or

from the area of the corroding

electrode

Area refers to that of the corroding sample

Volume, V Volume of solution Volume of solution Volume of solution Volume of solution



[56]

Figure 13: Predicted precipitation rates for FeCO3 for saturation ratios from 0 to

200 and temperature from 0 to 100°C for (a) the Greenberg and Tomsonmodel,

(b) the Johnson and Tomsonmodel, (c) the van Hunnik, Pots and Hendriksen

model and (d) the Sun and Nesic model. Note that the corresponding K spmodels

have been used for each precipitation model, with the exception of the van

Hunnik et al. model where the Kspmodel of Sun and Nesic is applied.

sp

sp



[57]

Figure 14: Predicted precipitation rates for FeCO3 for four models when the same

Kspmodel of Sun and Nesic is used in all four equations. Precipitation rates are

calculated over a range of temperature form 0 to 100°C at saturation ratios of (a)

10 and (b) 200.
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6. Challenges, priority research areas and techniques to further the

understanding of FeCO3 nucleation and growth
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2+

Figure 15: (a) Continuous replenishment setup to control solution pH and Fe2+

concentration and (b) top view of impeller/sample holder design to provide well-

characterised hydrodynamics over sample � images adapted from Ieamsupapong

et al.[156] and reproduced with permission from NACE International, Houston, TX.

All rights reserved.

2+
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[65]

Figure 16: Comparison of (a) Fe2+, (b) pH and (c) supersaturation change in the

bulk solution over time using the constant replenishment/flow-through cell of

from Ieamsupapong et al.[156]. Experiments ran for 9 days at a temperature of

80oC, pCO2 of 0.54 bar and 0.6 m/s � images adapted from Ieamsupapong et al. [156]

and reproduced with permission from NACE International, Houston, TX. All rights

reserved.

6.1.2 Application and/or development of quantitative in situ techniques
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Figure 17: The flow cell set-up during Synchrotron experiments performed by

Burkle et al.[195] (a) Photograph and (b) schematic of the flow cell set-up used on

the Diamond Light Source beamline (I15) � image adapted from Burkle et al. [195]



[70]

Figure 18: Development of the FeCO3 crystals; (a)-(d) SEM images as a function of

time (scale bar corresponds to 30 µm and data collected from laboratory

repeats); (e) In situ corrosion rate and major FeCO3 (104) average peak area

versus time collected at beamline I15, conducted in a CO2-saturated 3.5 wt.% NaCl

solution at 80°C, 0.54 bar pCO2 and 0.1 m/s at pH 7[196] � image adapted from

Burkle et al.[196]
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(g)

Figure 19: 3D view and grey level tomographic slice for six samples (a)

honeycomb, (b)/(c) two aluminium foams, (d)/(e)/(f) three preceramic polymers.

Figure 19(f) shows the pore size distribution of each network obtained after

processing the tomographic images � images adapted fromMaire et al. [200]
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6.1.3 Implementation of combined experimental and modelling

approaches to relate surface concentrations to precipitation
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Figure 20: Difference between the bulk and surface conditions at different pH for

T = 20°C, pCO2 = 1 bar, cFe2+ = 1 ppm, v = 1m/s, and d = 0.01 m based on the

model by Nordsveen et al.[122] and Nesic et al.[123] � image adapted from Nesic et

al.[123]
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