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ABSTRACT 

 
Over the past decade, the knowledge related to predicting internal pipeline corrosion for sweet and 
particularly sour environments has dramatically improved. Advancement in understanding of the 
corrosion mechanisms related to H₂S corrosion environments enabled the development of an 
integrated electrochemical model for CO2/H₂S uniform corrosion, including the effect of H₂S on the 
protective corrosion product formation on mild steel.  

The latest model of uniform CO₂/H₂S corrosion of carbon steel accounts for the key processes 
underlying of corrosion: chemical reactions in the bulk solution, electrochemical reactions at the steel 
surface, the mass transport between the bulk solution to the steel surface, and the corrosion product 
formation and growth (iron carbonate and iron sulfide). The model is able to predict the corrosion rate 
as well as the surface water chemistry as related to all the key species involved. The model has been 
successfully calibrated against experimental data in conditions where corrosion product layer do not 
form and in environments where they do, and compared to other similar models. 
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INTRODUCTION 
Corrosion predictive models are a very useful tool that can be used to determine corrosion allowances, 
make predictions of facilities remaining life, and provide guidance in corrosion management. When it 
comes to internal corrosion of mild steel in the oil and gas industry, the mechanism of CO₂ corrosion is 
well understood through laboratory investigations.1,2 Hence, models for CO₂ corrosion developed in the 
past, range from those based on empirical correlations to mechanistic models describing the different 
processes involved in CO₂ corrosion of carbon steel. In 2002, Nyborg3 published a performance-based 
review of several CO₂ corrosion models focusing on the ability to account for effects of pH, protective 
iron carbonate layers, oil wetting, fluid flow, H₂S, top-of-the line corrosion, and acetic acid. Some five 
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years later, Nesic published a comprehensive review of the understanding and modeling practices for 
internal corrosion of oil and gas pipelines.4  
 
In the case of H₂S corrosion, there are numerous experimental studies; however, the mechanism of 
H₂S corrosion is still unclear and only a few models have been developed and published in the open 
literature for pure H₂S or mixed CO₂/H₂S corrosion. It has been widely observed that the uniform 
corrosion rate is reduced in the presence of very small concentrations of H₂S (1 mbar or even smaller) 
at room temperature and higher. To account for this effect one approach is to use a factor related to 
H₂S concentration and correct the predicted sweet (CO₂) corrosion rate. For example, Anderko, et al.,5 
(1999) developed a mechanistic model to predict the corrosion rates of carbon steel in both CO₂ and 
H₂S containing environments, which includes a thermodynamic calculation to predict corrosion product 
composition and an electrochemical corrosion model to simulate the processes of cathodic and anodic 
reactions on the steel surface. To get the desired performance, the predictions of the electrochemical 
model were simply correlated to the final steady state corrosion rate experimental data, by using a 
surface coverage factor of iron sulfide and iron carbonate. Mechanistic verification of this approach 
using electrochemical kinetics data was not performed, and the water chemistry at the steel surface 
and in the bulk solution was not distinguished in their model. Sun and Nesic2,6,  (2009) published a 
mechanistic corrosion model based on an assumption that in the presence of H₂S the corrosion rate is 
always mass transfer control due to the ubiquitous presence of iron sulfide layers. This model was 
calibrated with a wide range of experimental results and was found to be a useful tool for the prediction 
of transient corrosion rates arising from the growth of iron sulfide layers. However, the model consists 
of a number of assumptions which were not explicitly verified. In particular, it was universally assumed 
that the rate of corrosion in the presence of H2S is always under mass transfer control, hence the 
electrochemical reactions were not defined nor included in the model. This made it harder to integrate 
this model with mechanistic (electrochemical) models of CO2 corrosion. 

Almost a decade ago, at the NACE 2006 conference,  Nesic and Pots7 presented an overview of the 
state-of-the art in modeling of internal corrosion of oil and gas pipelines made from carbon steel which 
covered various mathematical modeling strategies, their strengths and their weaknesses. The present 
paper is an update of that overview, with a strong focus on modeling of the effects of H₂S and mixed 
CO₂/H₂S uniform corrosion, 

 

PHYSICOCHEMICAL PROCESSES UNDELYING CO₂/H₂S CORROSION 
CO₂/H₂S corrosion is a complex process involving multiple physicochemical processes occurring 
simultaneously. These are: chemical reactions in the bulk solution, mass transport of aqueous species 
through the liquid boundary layer and the porous surface layer, electrochemical reactions at the steel 
surface and porous corrosion product layer formation which may or may not be protective. All these 
processes must be taken into account in a predictive model to provide a realistic estimation of the 
corrosion rate. For CO₂ corrosion, a electrochemical mechanistic model8,9 based on the key 
physicochemical processes has been developed and implemented into a software package which is 
well known and freely available.10,11 For H₂S corrosion, Sun and Nesic’s mass transfer model6 was also 
publically available and widely implemented.2,10,11 Based on the recent experimental findings, and the 
more thorough understanding that has emerged in the meantime, a more comprehensive uniform 
aqueous H₂S corrosion model can now be formulated and is described below.  

We can start the outline of the new physicochemical model by picturing aqueous H₂S diffusing to a 
steel surface where it reacts rapidly to form a very thin adsorbed sulfide layer, as suggested by Marcus, 
et al.12  Following the mechanism proposed by Smith and Wright13, we can write: 
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𝐅𝐞(𝐬) + 𝐇𝟐𝐒(𝐚𝐪) → 𝐅𝐞𝐒(𝐚𝐝) + 𝟐𝐇(𝐚𝐝) (1) 
 

The work of Marcus et al.12 indicates that sulfur adsorbs very strongly to a steel surface and can 
displace adsorbed H2O and OH-. This action results in slowing down the kinetics of electrochemical 
reactions such Fe dissolution, H₂O reduction, and carbonic acid reduction, apparently by affecting the 
double layer. The electrochemical reactions (both anodic and cathodic) continue to go forward despite 
an existing adsorbed sulfide layer, albeit at a slower rate.  

When the surface concentrations of Fe²⁺ and S²⁻ ions exceed the solubility limit of iron sulfide (initially 
mackinawite), solid iron sulfide is thermodynamically stable, and it will precipitate on the steel surface: 

 

𝐅𝐞(𝐚𝐪)
𝟐+ + 𝐒(𝐚𝐪)

𝟐−  ⇔ 𝐅𝐞𝐒(𝐬) (2) 
 

This iron sulfide layer can grow and retard the corrosion rate via a surface coverage effect and a mass 
transfer effect (acting as diffusion barrier). The present transient corrosion model is somewhat similar, 
but also quite different from the model proposed by Sun and Nesic6 in some key elements. A 
comparison between the key differences for the two models is listed in Table 1. 

Table 1 
Differences between Sun-Nesic model6 and the present model 

 
Sun-Nesic model (2009)6 Present model 

A thin inner mackinawite film formed by 
direct chemical reaction acting as a solid 
state diffusion barrier. 

A thin adsorbed iron sulfide film affecting 
directly the kinetics of different 
electrochemical reactions (retardation 
effect). 

A porous outer iron sulfide layer formed 
by spalling of the inner layer. 

A porous outer iron sulfide layer formed via 
a precipitation mechanism.  

Corrosion rate is always under mass-
transfer control due to the porous outer 
iron sulfide layer and inner mackinawite 
film. 

Corrosion rate is not always under mass-
transfer control depending the kinetics of 
mass transfer and electrochemical reactions. 

 

MODEL DESCRIPTION 
The present model describes H₂S/CO₂ corrosion in terms of two main processes: an electrochemical 
corrosion process including effect of mass transport from bulk to the surface, and corrosion product 
formation and growth process for iron carbonate and iron sulfide. 

Electrochemical Corrosion Model 
The concentration of the species can be very different in the bulk solution and at the corroding steel 
surface due to corrosion, mass transfer effects and chemical reactions. One usually knows (or can 
readily calculate) the bulk species concentration, however, the electrochemical corrosion process 
depends on the surface concentrations.  Therefore the surface concentrations need to be estimated by 
calculation. In the present model, two calculation “nodes” were used in the computational domain: one 
for the species concentrations in the bulk solution and the other for the species concentrations in the 
thin water layer adjacent to the corroding steel surface. The concentrations of chemical species in the 
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bulk solution can be calculated using a standard water chemistry equilibrium model. The concentrations 
of species at the corroding steel surface need to be calculated in a way that ensures that all the key 
physicochemical processes that affect the surface concentrations are accounted for (see Figure 1). 
These are: 

1. Homogenous chemical reactions close to the steel surface. 

2. Electrochemical reactions at the steel surface. 

3. Transport of species between the steel surface and the bulk, including convection and 
diffusion through the boundary layer as well as electromigration due to establishment of 
electrical potential gradients. 

These three physicochemical processes are interconnected and can be expressed by writing a material 
balance or mass conservation equation for a thin surface water layer. 

j
jwje R

x
NN

t
c

+
∆

−
=

∂

∂ ,,jsurface,   (3) 

 

where jsurface,c  is the concentration of species j, jeN ,  is the flux of species j on the east boundary due to 

mass transfer from the bulk solution to the surface, jwN ,  is the flux of species j on the east boundary 
due to electrochemical reactions at the steel surface, and jR  is the source/sink term due to 
homogeneous chemical reactions involving species j. 

 
Figure 1: Illustration of computation domain and governing equations for mass transport 

simulation. 
 

 
Homogenous Chemical Reactions 

The homogenous reactions considered in the present model are well known and readily available in the 
open literature.1,2,8 The reactions describe the interaction between various species (H₂S, HS⁻, S2-, CO₂, 
H₂CO₃, HCO₃⁻, CO₃²⁻, OH⁻, and H⁺).   
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It should be noted that chemical reactions are often very rapid when compared to other processes 
involved in corrosion, such as species transport and electrochemical reactions, thus preserving 
chemical equilibria throughout the solution. On the other hand, in the case of slow chemical reactions 
(such as the CO2 hydration reaction), other faster processes can lead to local non-equilibrium 
conditions at the corroding steel surface. Therefore, chemical reactions can significantly affect the rates 
of electrochemical processes at the steel surface and the ultimately – the corrosion rate. 

In order to better understand how the rates of homogenous chemical reactions are calculated in the 
present model, one is referred to the papers by Nešić, et al.1,2,8  

Electrochemical Reactions at the Steel Surface 
Electrochemical reactions at the steel surface considered in the present model include: 

 

 Fe(s) → Fe(aq)
2+ + 2e− (4) 

 2H (aq)
+ + 2e− → H2(g) (5) 

 2H2CO3(aq) + 2e− → H2(g) + HCO3
−

(aq) (6) 

 H2S(aq) + 2e−  → H2(g) + 2HS(aq)
−  

(7) 

 2H2O(l) + 2e− → H2(g) + OH(𝑎𝑞)
−  (8) 

 

The Tafel equation used to calculate the current densities (rate) of various electrochemical reactions 
listed above is described in detail in the previously published paper on the electrochemical corrosion 
model14,15: 
 

𝑖 = 𝑖𝑜 10±𝐸−𝐸𝑜
𝑏  (9) 

 
where 𝑖 represents the reaction current density in A/m2,  𝑖𝑜 represents a reference current density in 
A/m2 , 𝐸 represents the corrosion potential of the steel in V, 𝐸𝑜 represents a reference potential in V, 
and 𝑏  represents the Tafel slope in V/decade. In this model, the current density for each 
electrochemical reaction depends on the surface concentration of species, which is not explicitly known 
and needs to be calculated, as explained below. For a spontaneous corrosion process, the unknown 
corrosion potential of the steel, E can be calculated from the charge balance equation at the steel 
surface:  
 

� 𝑖
𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐

= � 𝑖
𝑎𝑛𝑜𝑑𝑖𝑐

 (10) 

 

5

©2015 by NACE International. Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to 
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084. The material presented and the views expressed in 
this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



Details of this calculation have already been explained elsewhere14,15. Then the flux at the steel surface 
can be determined from: 

 

𝑁𝑤,𝑗 = ±
𝑖𝑗

𝑛𝑗𝐹
 

 
 (11) 

where 𝑛𝑗 is the number of moles of electrons exchanged per mol of species j participating in a particular 
electrochemical reaction. For species j consumed by electrochemical reactions at the steel surface, the 
positive sign is applied. For species j produced by electrochemical reactions at the steel surface, the 
negative sign is applied. For those species j that are not involved in the electrochemical reactions, 
𝑖𝑗 = 0. Once the corrosion potential (E) is found, the partial current (𝑖𝑗) for a given species j is readily 
calculated from Equation (9).   

Species Surface Concentration and Mass Transfer  
Ten minor species (H₂S, HS⁻, S2-, CO₂, H₂CO₃, HCO₃⁻, CO₃²⁻, OH⁻, H⁺, and Fe²⁺) and two major 
species (Na+ and Cl-) were accounted for by calculating their mass transfer flux between the bulk 
solution and the steel surface. The terms “major” and “minor” refer to the magnitude of species 
concentration, with Na+ and Cl- exceeding the concentration of other species by orders of magnitude.  It 
should be noted that the concentrations of species are not calculated throughout the mass transfer 
boundary layer, as is done in more advanced models presented by Nesic’s et al.8,9 due to inherent 
complexities associated with this approach. Rather, only two calcuation nodes are used, one in the bulk 
and the other at the steel surface, so the mass transfer flux between the bulk solution to the steel 
surface can be calculated for each of the species using a mass transfer coefficient,  𝑘𝑚,𝑗 approach: 

𝑁𝑒,𝑗 = 𝑘𝑚,𝑗 �𝑐𝑏𝑢𝑙𝑘, 𝑗 − 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗� + 𝑘𝑚,𝑗  
𝑧𝑗𝐹
𝑅𝑇

𝑐𝑏𝑢𝑙𝑘,𝑗∆Φ (12)  

 

Here 𝑐𝑏𝑢𝑙𝑘, 𝑗 is the concentration of the species j in the bulk solution, 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗 is the concentration of 
the species j at the steel surface, 𝑧𝑗 is the electric charge of species j. The mass transfer coefficient of 
species j,  𝑘𝑚,𝑗, can be calculated from well-known correlations such as the one for a rotating cylinder 
electrode (RCE) proposed by Eisenberg16: 

 

𝑆ℎ = 0.0791  𝑅𝑒0.7 𝑆𝑐0.356 (13)  

 

or for turbulent single phase pipe flow the mass transfer coefficient can be calculated by a straight pipe 
correlation of Berger and Hau:17 

 

𝑆ℎ = 0.0165  𝑅𝑒0.86 𝑆𝑐0.33 (14)  
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The last term, ∆Φ, in the transport equation (11) represents electromigration due to a small electrical 
potential difference between the bulk solution and the surface water layer, which is significant only for 
the transport of major species (Na+ and Cl-).  

Substitution of flux density due to electrochemical reactions and mass transfer processes into mass 
conservation equation of Equation (3) yields the final transport equation which can be written for each 
species: 

 

∆𝑥 𝜕𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗

𝜕𝑡
= − 𝑖𝑗

𝑛𝑗𝐹
+ 𝑘𝑚,𝑗 �𝑐𝑏𝑢𝑙𝑘,𝑗 − 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗� + 𝑘𝑚,𝑗  𝑧𝑗𝐹

𝑅𝑇
𝑐𝑏𝑢𝑙𝑘,𝑗∆Φ + ∆𝑥 ∗ 𝑅𝑗    (15) 

 

There are 13 unknowns (12 unknown surface concentrations and the potential gradient, ∆Φ), and only 
12 transport equations. Since the aqueous solution is always charge neutral, the electroneutrality 
equation must be satisfied:  

� 𝑧𝑗𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗 = 0  (16) 
 

The concentration for all the considered chemical species at the steel surface can now be calculated by 
solving these 13 equations. At the same time, the corrosion current and the corrosion potential are 
calculated using Equations (9) and Equation (10). 

Model of Corrosion Product Layer Growth  
From the electrochemical corrosion model described in the previous section, the surface water 
chemistry (the concentration of different chemical species at the steel surface) and the corrosion 
potential of the steel are obtained. Using this information, a thermodynamic model can be used to 
predict which solid corrosion product may form on the steel surface (solubility calculation).18,19 If this 
calculation suggests that solubility of a given salt is not exceeded, the corrosion process at the bare 
steel surface proceeds unimpeded. If any given solubility is exceeded, a corrosion product layer forms 
on the steel surface. The formation of the corrosion product layer may significantly affect the corrosion 
process. Therefore, a corrosion product layer growth model, which focuses on kinetics of iron sulfide 
and iron carbonate formation, was developed to address this issue. 

In the corrosion model described above, two nodes were considered in the computational domain for 
species concentration calculation: one in the bulk solution and the other at the steel surface. When a 
corrosion product layer forms, one more node needs to be added to account for this, as shown in 
Figure 2.  
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Figure 2: Sketch of corrosion process with corrosion product layer. 

 

Formation of an iron sulfide and/or iron carbonate corrosion product layer affects the fluxes and thereby 
the concentrations of species at the steel surface, that in turn changes the kinetics of the 
electrochemical processes and corrosion. To reflect this, the mass conservation equation, Equation (3), 
needs to be slightly modified to read: 

 

 j
jwjejsurface R

x
NN

t
c

+
∆

−
=

∂
∂ ,,,ε

 (17) 

 

here, ε  is the porosity of the corrosion product layer. The rate of reaction jR  (source or sink of species 
j) now includes both homogeneous chemical reactions and heterogeneous chemical reactions such as 
iron sulfide and/or iron carbonate precipitation. The flux of species between the bulk and the steel 
surface jeN ,  is also different as it is affected by the diffusion through the porous corrosion product layer. 

The flux of species due to electrochemical reactions at the steel surface jwN ,  is also changed due to 
the partial coverage of the surface by the corrosion product layer. How these three terms, jR , jeN ,  and 

jwN ,  are calculated exactly, when a corrosion product layer forms, is addressed below. 

Heterogeneous Chemical Reactions 
Homogenous reactions have been discussed in the previous section. The focus here is on two new 
heterogeneous chemical reactions: iron carbonate and iron sulfide formation. 

Iron Carbonate Formation 

Iron carbonate forms when the product of the concentrations of Fe2+ and CO3
2- ions exceeds the 

solubility limit according to: 

Fe(aq)
2+ + CO3(aq)

2−  → FeCO3(s)       (18) 
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This reaction acts as a sink for Fe2+ and CO3
2- species, and the kinetics can be calculated using 

Equation (19) proposed by Sun, et al. 20: 

 

𝑅𝐹𝑒𝐶𝑂3(𝑠) = 𝑒28.20 − 64.85
𝑅𝑇   

𝑆
𝑉

 𝐾𝑠𝑝𝐹𝑒𝐶𝑂3�𝑆𝐹𝑒𝐶𝑂3 − 1� (19) 

 

where 𝑅𝐹𝑒𝐶𝑂3(𝑠)  is the precipitation rate in mol/(m3 s); 𝑆
𝑉

 is the surface to volume ratio of the iron 
carbonate in 1/m; 𝑆𝐹𝑒𝐶𝑂3  is the saturation value of iron carbonate (considering only super saturation, i.e. 
when 𝑆𝐹𝑒𝐶𝑂3 >1), and 𝐾𝑠𝑝𝐹𝑒𝐶𝑂3  is the solubility limit of iron carbonate in (mol/L)2, which is given by 
Equation (20)20 . 

 

𝑙𝑜𝑔𝐾𝑠𝑝𝐹𝑒𝐶𝑂3 = −59.3498 − 0.041377 𝑇 −
2.1963

𝑇
+ 24.5724 𝑙𝑜𝑔𝑇 + 2.518𝐼0.5 − 0.657 𝐼 (20) 

 

where T is the temperature in K and I is the ionic strength in mol/L. 

 

Iron Sulfide Formation 

The iron sulfide layer forms when the product of the concentrations of Fe2+ and S2- ions exceeds the 
solubility limit according to: 

 

Fe(aq)
2+ + S(aq)

2−  → FeS(s)       (21) 
 

The precipitation kinetics are much faster for iron sulfide than for iron carbonate and the solubility limit 
is lower. Therefore, in the present model, when an iron sulfide layer can precipitate (SFeS>1), iron 
carbonate precipitation is not considered. Although some previous researchers21,22 have addressed the 
precipitation kinetics of iron sulfide, a reliable expression for the precipitation kinetics is still elusive. A 
new expression is suggested here, which is similar in essence to the one for iron carbonate 
precipitation kinetics: 

 

𝑅𝐹𝑒𝑆(𝑠) = 𝑒48 − 40,000
𝑅𝑇   𝑆

𝑉
 𝐾𝑠𝑝,𝑆2−  (𝑆𝐹𝑒𝑆 − 1)      (22) 

 

In this expression, the constants were calibrated with the experimental results from the present study 
(shown below) and by using Harmandas et al.21 The saturation value for iron sulfide is denoted by  𝑆𝐹𝑒𝑆 
and 𝐾𝑠𝑝,𝑆2− is the solubility limit of iron sulfide in (mol/L)2, which can be calculated from Benning et al.23: 
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𝐾𝑠𝑝,𝑆2− = 10
2848.779

𝑇  − 6.347  𝐾ℎ𝑠  𝐾𝑏𝑠 (23) 

Here, Khs  and Kbs are  the equilibrium constants for the H₂S first dissociation and second dissociation, 
which are obtained from the open literature.24,25 

Effect of Corrosion Product layer on Electrochemical Reactions  
The electrochemical reactions are mainly affected by the surface coverage effect where the corrosion 
product layer makes parts of the steel surface unavailable for corrosion. Assuming the surface 
coverage is equal to the volumetric porosity of the corrosion product layer, the current density of each 
electrochemical reaction (9) now becomes: 

 

 𝑖 = 𝜀 𝑖𝑜 10±𝐸−𝐸𝑜
𝑏  (24) 

 

Based on the change in the current density, the flux jeN , at the steel surface can be calculated using 
Equation (11). The rate of the electrochemical reactions is also affected by the changes in surface 
concentrations of various species due to retarded mass transfer through the porous corrosion product 
layer, as described below. 

Effect of Porous Corrosion Product Layer on Mass Transfer   
The governing equations used to quantify the mass transfer process through the corrosion product 
layer for different species are similar to those described by Nesic et al.(2003).8  The retardation of mass 
transfer depends primarily on the properties of the corrosion product layer, such as the thickness, 
porosity and tortuosity. Considering the models available in the open literature, the mass transfer 
coefficient 𝑘𝑠,𝑗  of species j through the porous corrosion product layer is a function of the diffusion 
coefficient (Dj), porosity (ε), tortuosity (τ) and thickness (𝛿𝑠) of the corrosion product layer.26–29 

 

 𝑘𝑠,𝑗 =
𝜀𝜏𝐷𝑗

𝛿𝑠
 (25) 

 

The tortuosity (𝜏) is taken to be proportional to the square root of porosity, in an analogy with the theory 
of porous electrodes.30 The total mass transfer coefficient from the bulk solution to the steel surface is 
represented by kT,j, which is the function of km,j and ks,j : 

1
𝑘𝑇,𝑗

=
1

𝑘𝑠,𝑗
+

1
𝑘𝑚,𝑗 (26) 

 

The corrosion product layer thickness ∆𝛿𝑠 change over time is calculated as follows: 

- when iron sulfide layer forms: 
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 ∆𝛿𝑠 =
Δ𝑥𝑅𝐹𝑒𝑆(𝑠)𝑀𝐹𝑒𝑆∆𝑡

𝜌𝐹𝑒𝑆(1 − ε)
 (27) 

 

- when iron carbonate layer forms: 

 

 ∆𝛿𝑠 =
Δ𝑥𝑅𝐹𝑒𝐶𝑂3(𝑠)𝑀𝐹𝑒𝐶𝑂3∆𝑡

𝜌𝐹𝑒𝐶𝑂3(1 − ε)
  (28) 

 

Here 𝑀𝐹𝑒𝑆 and 𝑀𝐹𝑒𝐶𝑂3 represent the molecular weight of iron sulfide and iron carbonate (kg/mol); Δ𝑡 is 
the time step; 𝜌𝐹𝑒𝑆 and 𝜌𝐹𝑒𝐶𝑂3 are the density of iron sulfide and iron carbonate (kg/m3). 

The change in surface corrosion layer porosity ε is calculated explicitly using a corrosion product layer 
growth model developed by Nesic et al. ,9 as shown by mass balance equations Equation (29) and 
Equation (30). The detailed derivation of these equations is explained in the original paper and will not 
be repeated here. 

- for the iron carbonate layer: 

 

x
CRR

M
t FeCO

FeCO

FeCO

∂
∂

−−=
∂
∂ ε

ρ
ε

3

3

3  (29) 

 

- for the iron sulfide layer: 

 

x
CRRM

t FeS
FeS

FeS

∂
∂

−−=
∂
∂ ε

ρ
ε  (30) 

 

At the interface between corrosion product layer and steel surface, ε is taken to be 1, as the corrosion 
process continuously creates voids underneath the corrosion product layer. The initial porosity was also 
set as 1. 

The procedure for the calculation of the corrosion rate over time is sought at discrete time steps. First, 
the initial corrosion rate, including surface water chemistry, is determined by the electrochemical 
corrosion model without the effect of any corrosion product layer. Then, a corrosion product prediction 
model based on thermodynamic framework is used to determine whether a corrosion product layer 
forms or not on the steel surface. If a corrosion product layer doesn’t form, the calculation is over and a 
bare steel corrosion rate is the result. If a corrosion product layer does form, a corrosion product layer 
growth model is invoked. The change in porosity for the corrosion product layer is calculated from 
Equation (29) or (30), and the change in thickness of layer growth is obtained from Equation (27) or 
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Equation (28) depending on which corrosion products forms. Finally, the mass conservation equations 
for each species are solved. Therefore, the concentration for all the chemical species at the steel 
surface can be obtained. The corrosion current, corrosion potential, corrosion rate, potential gradient in 
solution and the rates (currents) for each of the cathodic reactions and the anodic reaction are 
calculated. 

 

MODEL VERIFICATION 
 
Although the present model was primarily developed to address H₂S corrosion and combined H₂S/ CO₂ 
corrosion, it also has the capability of predicting pure CO₂ corrosion. Since the entire mathematical 
model was revised and simplified, this new model needs to be compared with other models and verified 
with experimental data.  

Verification of Corrosion Model without Corrosion Product Layer 
Comparisons with Other Models 

The comparison was done with two other advanced multi-node models, i.e., model presented by 
Nesic’s et al. 8,9  (denoted as Model Nesic) and a corrosion model developed by Pots (denoted as 
Model Pots)31.  

For a pure CO₂ environment, the predicted corrosion rate, surface pH and CO3
2- concentration at 25 °C 

from these different models are shown in Figure 3. Reasonably good agreement is obtained. Many 
other comparisons were made for various conditions and it was concluded that the present model is 
directly comparable in performance with the other two models, while being much simpler than either of 
them. 

 

 
Figure 3: Comparison between the present model and two other models (Model Nesic and Model 

Pots) for a pure CO₂ environment using velocities up to 8 m/s at 25 °C, [Fe2+ ]=1 ppm, pH 4.0, 
1bar CO₂, pipeline diameter = 0.1 m, 1 wt% NaCl. 

 
Comparisons with Experimental Results 

A model cannot be used with confidence before its performance is compared with experimental results. 
Various comparisons with laboratory data are presented below. Figure 4 shows the comparisons 
between the present model and experimental data for an aqueous acidic environment purged by N₂ 
(without any CO₂ or H₂S) at pH 4.0 and various flow velocities. The predictions made by Model Nesic 
are also added to the plots, in order to get a better sense how this well-established model is comparing 
with the same experimental data. One can conclude that for a pure acidic environment the predictions 
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made by the present model agree reasonably well with experimental results, or at least as well as the 
predictions made by Model Nesic. 

For an aqueous CO₂ environment, the comparisons between the model predictions and experimental 
results for the corrosion rate obtained in glass cell and flow systems are made by varying two important 
parameters: pH and velocity, as shown in Figure 5. Many other comparisons were made for a CO₂ 
aqueous environment with similar results: a good agreement was obtained. The performance of the 
present model was as good as that of Model Nesic. For an aqueous H₂S environment, Figure 6 shows 
how the present model captures the effect of H₂S concentration, flow rate and pH. Excellent agreement 
is obtained. 

 
Figure 4. Comparisons between model predictions and experiment results for N₂ environment, 

20°C, [Fe2+] < 1 ppm, pH 4.0, pipeline diameter=0.01 m and various velocities.  

  
 

 
Figure 5: Comparisons between model predictions and experiment results at 1 bar CO₂, 20°C, 

various pHs, and various velocities.  
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Figure 6: Comparisons between model predictions and experiment results for 30°C, 1 bar total 

pressure and various H₂S concentrations, velocities and pHs. 
Verification of Corrosion Model for Conditions when Iron Carbonate Corrosion Layer Forms  
Figure 7 shows the comparisons of the model predictions with results of experiments conducted in a 
CO2 aqueous solution under flowing conditions, for conditions when protective iron carbonate corrosion 
product layer forms. The corrosion rate was rapidly reduced, however, these experiments are 
notoriously difficult to reproduce, as indicated by differences in results from five repeats of a nominally 
identical experiment. The model predictions are within the range of the variation of experimental data, 
and are similar to those made by Model Nesic. This indicates that the present model is capable of 
simulating the iron carbonate layer growth kinetics and the effect on the CO2 corrosion rate. 

 
 

Figure 7: Comparisons between the model predictions and the experiment results for iron 
carbonate layer forming condition at pH 6.6, 80°C, 0.53 bar CO₂, and 1000rpm rotating speed, 50 

ppm bulk Fe2+.  
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Verification of Corrosion Model for Conditions when Iron Sulfide Layer Forms 
Effect of pH2S 

The partial pressure of H₂S, is directly relates to the aqueous H₂S concentration in the solution, and is 
an important factor as it plays dual and oposing roles. First, aqueous H₂S is a corrosive species 
accelerating the corrosion rate by enhancing the cathodic reaction rate. Second, H₂S also promotes the 
rate of the iron sulfide precipitation that decreases the general corrosion rate. 
 
 Figure 8 illustrates the predicted effect of pH₂S on the corrosion rate calculated by the present model. 
The initial corrosion rate increases with increasing pH₂S, because no corrosion product layer 
protectiveness is accounted for at the initial time (time zero), the system is overwhelmed by the 
accelerating role of H₂S reduction. However, during longer reaction times, such as 1 day, the formation 
of a protective iron sulfide layer is promoted by pH₂S. The best example of the dual roles of H₂S is that 
at 10 bar pH₂S, the initial corrosion rate is the highest, but the corrosion rate after 1 day is the lowest.  

 

 
Figure 8. The predicted effect of pH₂S on the corrosion rate from present model for pH 5.0, 

T=80oC, V=1 m/s. 
The model by Sun-Nesic6 of H2S corrosion was a precursor of the current work, as described above. 
Both models: the Model Sun-Nesic and the present model were compared with the experimental data, 
as shown below. First, the performance at low partial pressures of H₂S was examined. The test was 
conducted by Sun6 at H₂S gas partial pressures from 0.54 mbar to 54 mbar. Figure 9 shows that both 
the present model and Model Sun-Nesic capture the corrosion rate change well. 

  
Figure 9. Corrosion rate changing with time at different H₂S partial pressure from present model 

and Model Sun-Nesic; points: experimental data, lines: model predictions; conditions: total 
pressure = 1 bar, H₂S gas partial pressure from 0.54 mbar to 54 mbar, 80°C, experiment duration 

1 h to 24 h, pH 5.0 to 5.5, stagnant. Experimental data taken from Sun 6. 
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Corrosion experiments at higher pH₂S (pH₂S= 16.1 bar in the mixed H₂S/N₂ environment) were 
reported by Liu et al.32 and model predictions are compared with the experimental results in Figure 10. 
The present model performs much better than Model Sun-Nesic at this condition. 

A similar range of H₂S partial pressures were reported by Bich, et al. 33 with the main difference being 
the presence of CO₂. Figure 11 shows the comparison between the model prediction and experimental 
results in a mixed H₂S/CO₂ environment. The present model captures the corrosion rate change with 
time, but Model Sun-Nesic tends to over predict the corrosion rate. 

 

 
Figure 10. Corrosion rate changing with time, points: experimental data, lines: model 

predictions; conditions: 16.1 bar H₂S, 90°C, 2L autoclave, stagnant. Experimental data taken 
from Liu, et al. 32 

.  

 
Figure 11. Corrosion rate changing with time, points: experimental data, lines: model 

predictions; conditions: 12.2 bar H₂S, 3.5 bar CO₂, 65°C. Experimental data taken from Bich et 
al. 33 

 
Effect of pH 

The predicted effect of a change in pH on the corrosion rate for a pure H₂S environment when 
protective iron sulfide layer forms is demonstrated in Figure 12 and compared with experimental data. 
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Corrosion rate increases with a decrease in pH as expected, since the corrosivity of the solution 
increases and the solubility of iron increases as well. The decrease of corrosion rate with time is much 
faster at pH 6.0 due to the formation of a denser iron sulfide layer. The present model captures the 
corrosion rate change much better than Model Sun-Nesic. It is worth noting that the experimental LPR 
corrosion rates are much higher than the model prediction at pH 4.0. This is probably due to the iron 
carbide remaining on the metal surface from corrosion at pH 4.0, which can accelerate the corrosion 
rate by providing a more cathodic reaction area34,35. This effect is not included in the present model. 

 
Figure 12: Corrosion rate changing with time, points: experimental data, lines: model 

predictions; conditions: 0.054 bar pH2S, balance nitrogen, T = 80oC, stirring rate: 600 rpm. 
 

Effect of Flow 
Fluid flow and turbulence play an important role in the corrosion process. Higher flow can increase the 
corrosion rate through enhancing the mass transport process, especially when there is no corrosion 
product layer formed. Flow can also affect the formation of a protective iron sulfide layer. Species 
transport in turbulent flow affects the surface concentration of species and, consequently, changes the 
precipitation rate of iron sulfide.  
 
Figure 13 shows the comparisons between model predictions and experimental results at different flow 
conditions. The present model is generally able to predict the change of the corrosion rate rather well.  

 

 
Figure 13: Corrosion rate vs. time, points: experimental data, lines: model predictions; 

conditions: pH₂S = 0.054 bar, balance nitrogen, T=80 oC, pH 5.0.  
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Effect of Temperature 
Increasing temperature makes the bare steel corrosion rate higher as seen in the beginning of the 
experiments shown in Figure 14 and Figure 15. However, the formation of a protective iron sulfide layer 
is also promoted at high temperature, and therefore, the corrosion rate decreases more rapidly with 
temperature increase. Comparisons between model prediction and experimental results at different 
temperatures, shown in Figure 14 and Figure 15 faithfully capture this behavior. The predictions of the 
effect of temperature on corrosion rate are better than those made by Model Sun-Nesic. 
 

 
Figure 14: Corrosion rate vs. time, points: experimental data, lines: model predictions; 

conditions: total pressure=1 bar, pH₂S = 0.1 bar at 25 °C, pH₂S = 0.054 bar at 80 oC, pH 6.0, 400 
rpm stirring rate. Experimental data taken from Ning36 

 

 
Figure 15: Corrosion rate vs. time, points: experimental data, lines: model predictions; 

conditions: total pressure= 1 bar, pH₂S=0.3 bar at 90 °C, pH₂S=0.88 bar at 50 °C pH 4.2-4.7, 
Stirring condition. Experimental data taken from Abayarathna, et al.37  

 

CONCLUSIONS 
A relatively simple mechanistic transient model of uniform CO₂/H₂S corrosion of carbon steel has been 
developed, which accounts for the key processes underlying corrosion: 

o chemical reactions in the bulk solution,  
o electrochemical reactions at the steel surface,  
o mass transport between the bulk solution to the steel surface, and  
o corrosion product formation and growth (iron carbonate and iron sulfide). 
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The model is able to predict the corrosion rate as well as the surface concentration of all key species 
involved in the corrosion process. The model has been successfully calibrated against experimental 
data in conditions where corrosion product layer do not form and in those where they do. Parametric 
testing of the model in iron sulfide forming conditions has been done in order to gain insight into the 
effect of various environmental parameters on the H₂S/CO₂ corrosion process. Performance of the 
present model was favorably compared to the performance of other similar models which are publically 
available. 
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