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a b s t r a c t 

In this study, a predictive model for the corrosion rate and the polarization response of bare steel in 

aqueous hydrogen sulfide (H 2 S) environments based on H 2 S dissociation and its buffering effect was de- 

veloped. In this model, the hydrogen ion reduction is the only cathodic reaction. The results confirmed 

that the increased limiting cathodic current densities and the characteristic “double wave” behavior in the 

cathodic current of this system could be explained by hydrogen sulfide dissociation in the vicinity of the 

metal surface. The effect of hydrogen sulfide on the rate of iron dissolution reaction was also taken into 

account by introducing a reaction sequence involving sulfide intermediates into the calculations, parallel 

to the acidic iron dissolution reaction. The developed model was shown to be able to reasonably repre- 

sent the characteristic electrochemical behavior of this system. Furthermore, the predicted corrosion rates 

are shown to be in good agreement with the available experimental data in the literature over a wide 

range of conditions. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The deleterious effects of even a small amount of aqueous hy- 

rogen sulfide (H 2 S) 1 on the oil and gas transmission pipelines 

ade from mild steel have been a driving force for numerous in- 

estigations over the past decades. However, the detailed mech- 

nisms of H 2 S corrosion of steel have been studied systemati- 

ally only in more recent years [1–7] . In addition to the complexi- 

ies arising from the homogeneous chemical reactions in the pres- 

nce of H 2 S, the formation of corrosion product layer made up of 

arious iron sulfides with different physiochemical characteristics, 

ave made the understanding of the mechanism of mild steel cor- 

osion in aqueous H 2 S environments a challenging objective. To 

ake things more complicated, some iron sulfide crystal struc- 

ures found in the corrosion product layer, i.e., pyrite, pyrrhotite, 

re semi-conductive [8] . It was suggested that the galvanic cou- 

ling between mild steel and iron sulfide layer could lead to severe 

ocalized corrosion [9–12] . Within this context, the modeling and 

he prediction of the corrosion rate in H 2 S environment are cru- 

ial aspects of the pipeline design and the development of mitiga- 

ion strategies in sour environments. The present study is an effort 

o incorporate the latest mechanistic understandings of mild steel 
∗ Corresponding author. 

E-mail address: ak702711@ohio.edu (A. Kahyarian). 
1 These types of aqueous H 2 S environments are commonly referred to as “sour”

n contrast to aqueous CO 2 environments that are called “sweet”. 
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orrosion in the presence of H 2 S into a comprehensive mechanistic 

odel for corrosion rate prediction in such systems. 

A number of corrosion rate predictive models for sour systems 

ave been developed over the years. In 2009, Sun and Nesic pro- 

osed the first mathematical model to predict the corrosion rate of 

ild steel in H 2 S-containing environments in the presence of the 

ron sulfide corrosion layer [2] . In this model, the authors assumed 

he protective iron sulfide layer with a known porosity and thick- 

ess is always present on the metal surface. The corrosion rate 

as, therefore, obtained by calculating the mass-transfer controlled 

orrosion current through the iron sulfide layer. This model could 

easonably predict the corrosion rate in the conditions it was de- 

eloped for; nonetheless, the lack of proper representation of elec- 

rochemical reaction kinetics, limited its validity range, particularly 

n marginally sour systems. 

In a more recent study, Zheng et al. developed a mechanistic 

athematical model for bare steel corrosion in H 2 S containing so- 

utions [13] , where the electrochemical reactions were taken into 

ccount alongside the mass transfer processes. This study covers 

he influence of the experimental conditions such as pH, velocity, 

emperature, and partial pressure of H 2 S up to 0.1 bar on the cor- 

osion rate of mild steel during H 2 S corrosion [13] . For cathodic 

urrent calculations, in addition to the hydrogen ion reduction re- 

ction, the authors introduced an additional electrochemical reac- 

ion – direct reduction of H 2 S – while the effect of the chemi- 

al dissociation of H 2 S was not considered. This assumption was 

ainly based on the observation of two cathodic limiting currents 

https://doi.org/10.1016/j.electacta.2021.138231
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2021.138231&domain=pdf
mailto:ak702711@ohio.edu
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Fig. 1. The pH dependence of H 2 S/H 2 O system speciation at 30 °C, for 1 bar H 2 S 

(solid lines), and 0.1 bar H 2 S (dashed lines). 
n polarization data at certain conditions, associated with the hy- 

rogen ion reduction and direct H 2 S reduction. For the anodic re- 

ion, it was argued that the HS −intermediate species are dominat- 

ng the iron dissolution mechanism, and the contribution of iron 

xidation through the acidic dissolution mechanism was assumed 

egligible in the presence of H 2 S. Later on, Zheng et al. modified 

heir model to predict the corrosion rate of mild steel with a cor- 

osion layer formed at the surface in the H 2 S/CO 2 mixture [ 4 , 5 ].

n another study, Esmaeely et al. investigated the corrosion of mild 

teel at acidic solutions with pH 2 S partial pressures extended up to 

 bar. The authors also used the same modeling approach as Zheng 

t al. to quantify their experimental data in this extended range of 

H 2 S [ 14 , 15 ]. 

In 2019, Nesic et al. laid out a detailed description of a compre- 

ensive mechanistic model of mild steel corrosion in oil and gas 

ransmission pipelines (Multicorp 

TM ) [16] . This model accounted 

or the major corrosion environments, including sour corrosion, 

nd also incorporated the effect of iron sulfides corrosion product 

ayer. The contribution of the direct reduction of H 2 S on the ca- 

hodic current was still assumed to be substantial. In addition, the 

ate of iron dissolution was simplified due to the lack of adequate 

nderstanding of anodic reaction in H 2 S-containing solutions. The 

rystallization and growth of the iron sulfides layer were mecha- 

istically calculated in this model. The authors offered a compari- 

on of the model prediction with the selected experimental results 

rom the existing database at the Institute for Corrosion and Multi- 

hase flow Technology (ICMT), where a generally good agreement 

as found [16] . 

However, in a recent mechanistic study, Kahyarian and Nesic 

howed that the direct reduction of H 2 S during the corrosion pro- 

ess is, in fact, insignificant [17] . The authors argued that the hy- 

rogen ion reduction is the sole cathodic reaction in H 2 S corrosion 

f mild steel. The contribution of H 2 S to the corrosion process was 

hown to be through its chemical dissociation inside the boundary 

ayer, leading to the observation of increased limiting currents and, 

n certain conditions, a secondary limiting current [17] . With this 

ew development in mechanistic understanding of H 2 S corrosion 

f mild steel, it can be argued that the existing models referred 

o above are now known to be based on an inaccurate mecha- 

istic view of the system. The present study aims to provide an 

pdated corrosion rate predictive model for the corrosion of mild 

teel in aqueous H 2 S solutions based on the recent developments 

n mechanistic understandings of this system. In this attempt, the 

ew model was developed based on hydrogen ion reaction as the 

ole cathodic reaction, while accounting for the buffering effect of 

 2 S. Moreover, the influence of the presence of H 2 S on anodic iron

issolution reaction was introduced by adding a reaction pathway 

arallel to the acidic iron dissolution reaction. In the following sec- 

ions, the details of the underlying physicochemical processes and 

he relevant mathematical relationships are laid out. Furthermore, 

he results of this model are compared with experimental polar- 

zation data and corrosion rate data found in the open literature. 

. Theoretical background 

.1. Water chemistry 

The corrosion of mild steel in H 2 S environments can be seen as 

 sequence of reactions starting with the dissolution of H 2 S gas in 

ater, according to Reaction (1). Aqueous H 2 S, as a weak diprotic 

cid, partially dissociates to HS − and H 

+ ions, as shown via Reac- 

ion (2), followed by the dissociation of HS − to H 

+ and S 2 − accord- 

ng to Reaction (3). In addition to reactions associated with H 2 S, 

ater as the solvent also partially dissociates according to Reaction 

4). Reactions (1) through (4) result in the formation of an acidic, 
2 
orrosive solution, buffered with undissociated aqueous H 2 S. 

 2 S ( g ) � H 2 S ( aq ) (1) 

 2 S ( aq ) � H S −( aq ) + H 

+ 
( aq ) (2) 

 S −( aq ) � S 2 −( aq ) + H 

+ 
( aq ) (3) 

 2 O ( l ) � O H 

−
( aq ) + H 

+ 
( aq ) (4) 

The solution speciation in the presence of H 2 S can be obtained 

ased on the chemical equilibria in the solution, as discussed in 

ore detail elsewhere [17] . The concentration of aqueous H 2 S can 

e described based on Henry’s law, assuming an ideal solution and 

as phase: 

 H 2 S = 

C H 2 S ( aq ) 

p H 2 S ( g ) 
(5) 

here H H 2 S 
(M.bar −1 ) is the Henry constant of H 2 S and can be 

alculated from Table 1 . C H 2 S ( aq ) 
is the concentration of dissolved 

 2 S (M), and p H 2 S (g) 
(bar) is the partial pressure of H 2 S gas. The

hemical equilibria for H 2 S dissociation, Reactions (2) and (3), can 

e expressed as Eqs. (6) and (7) , respectively. Here the concentra- 

ions of all the species are shown as C i (M). Also, K H 2 S 
and K H S − are 

he equilibrium constants of Reactions (2) and (3), respectively, as 

hown in Table 1 . 

 H 2 S = 

C H S − ( aq ) 
C H + ( aq ) 

C H 2 S ( aq ) 

(6) 

 H S − = 

C S 2 −( aq ) 
C H + ( aq ) 

C H S − ( aq ) 

(7) 

The chemical equilibria of water dissociation (Reaction (4)) can 

e expressed by Eq. (8) in which K w 

is the equilibrium constant as 

oted in Table 1 . 

 w 

= C H + ( aq ) 
C O H − ( aq ) 

(8) 

The solution speciation can be obtained by solving the chemical 

quilibria equations shown above, along with the electro-neutrality 

quation ( Eq. (9) ). 
 

i 

z i C i = 0 (9) 

An example of one such calculation is shown in Fig. 1 , where 

he concentrations of H 2 S (aq) , HS −(aq), and S 2 −(aq) are calculated in 

ildly acidic pH range at 30 °C for constant pH S of 0.1 and 1 bar.
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Table 1 

The equilibrium and kinetic rate constants for the reactions in H 2 O/ H 2 S system. 

Parameter Reference 

∗ H H 2 S = ( 10 −3 ρw ) 10 −( b 1 + b 2 T+ b 3 T 2 + b 4 / T + b 5 log (T ) ) ( M . ba r −1 ) 

b 1 = 6 . 343 × 10 2 , b 2 = 2 . 709 × 10 −1 , b 3 = − 1 . 113 × 10 −4 , 

b 4 = − 1 . 6719 × 10 4 , b 5 = −2 . 619 × 10 2 

[18] 

∗ K H 2 S = ( 10 −3 ρw ) 10 ( c 1 + c 2 T+ c 3 T 2 + c 4 / T + c 5 ln (T ) ) (M) 

c 1 = 7 . 8243945 × 10 2 , c 2 = 3 . 61261 × 10 −1 , c 3 = − 1 . 6722 × 10 −4 , 

c 4 = − 2 . 05657315 × 10 4 , c 5 = − 1 . 42741722 × 10 2 

[19] 

K H S − = 10 −17 . 4 (M) [20] 
∗ K w = ( 10 −3 ρw ) 2 10 ( a 1+ a 2 T + a 3 T 2 

+ a 4 
T 3 

+( a 5+ a 6 T + a 7 T 2 
) log ( 10 −3 ρw ) ) ( M 

2 ) 

a 1 = −4 . 098 , a 2 = −3 . 2452 × 10 3 , a 3 = 2 . 2362 × 10 5 , a 4 = −3 . 984 × 10 7 

a 5 = 1 . 3957 × 10 1 , a 6 = −1 . 2623 × 10 3 , a 7 = 8 . 5641 × 10 5 

[21] 

k b, H 2 S = 7 . 5 × 10 11 ( M 

−1 . s −1 ) [17] 

k b,H S − = 1 × 10 11 ( M 

−1 . s −1 ) [17] 

k b,w = 1 . 4 × 10 11 ( M 

−1 . s −1 ) [ 22 , 23 ] 

∗ ρw is the density of water ( kg . m 

−3 ) . 
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.2. Electrochemical reactions 

H 2 S corrosion of mild steel, as an electrochemical process, oc- 

urs through anodic iron dissolution, Reaction (10) and cathodic 

ydrogen ion reduction, Reaction (11). The water reduction reac- 

ion may also occur at more negative potentials, Reaction (12). A 

rief review of the developments in mechanistic understanding of 

oth cathodic and anodic reactions involved in mild steel corrosion 

n the presence of H 2 S are discussed in the following sections. 

 e � F e 2+ + 2 e − (10) 

 

+ 
( aq ) + e − � 1 

2 

H 2 ( g ) (11) 

 2 O ( l ) + e − � 1 

2 

H 2 ( g ) + O H 

−
( aq ) (12) 

.2.1. Cathodic reactions 

The mechanistic understanding of the cathodic reactions in the 

resence of H 2 S has been evolving significantly over the years 

 17 , 24–27 ]. One of the earliest studies on the mechanism of mild

teel corrosion in the presence of H 2 S was published by Bolmer in 

965 [28] . In that study, based on the observed increased cathodic 

urrents in the presence of H 2 S, the author proposed that the ca- 

hodic current attributes to the direct reduction of H 2 S in addition 

o that from hydrogen ion reduction [28] . Later, Wikjord et al. went 

urther to argue that the direct reduction of H 2 S is more probable 

han H 

+ reduction due to its high polarizability and absorbability 

n the iron surface [29] . In another study, Morris et al. investigated 

he influence of H 2 S addition on the carbon steel corrosion rate. 

t was noted that the cathodic limiting current was increased by 

he increase of H 2 S concentration, while the cathodic current in 

he charge transfer controlled region remained almost unchanged. 

he authors interpreted this observation by assuming that H 2 S is 

educed during cathodic polarization [30] . Such observations and 

rguments have been frequent in the literature [ 1 , 26 , 27 , 31–33 ], al-

eit without explicit experimental evidence. A systematic experi- 

ental investigation of the mechanism of cathodic reactions in this 

ystem was only published in more recent years. 

In 2013, Kittel et al. examined the effect of H 2 S on the cathodic

urrents in acidic solutions on the surface of stainless steel. A sec- 

ndary limiting current was observed at higher cathodic potential 

anges (in pH of about 4), which was readily associated with the 

irect reduction of H 2 S by the authors [25] . This mechanistic view 

as then used to develop a mathematical model for the kinetics 

f the cathodic reaction occurring in H 2 S-containing environments. 

owever, the secondary wave in the cathodic region was not thor- 

ughly characterized, and the model could not accurately predict 
3 
he behavior of cathodic polarization at higher rotational speeds 

 24 , 25 ]. At about the same time, Zheng et al. published another

ystematic study on the mechanism of H 2 S corrosion on the mild 

teel surface. The reported experimental cathodic polarization data 

ere in general agreement with those obtained by Kittel et al. [25] . 

heng et al. also reported a similar “double wave” behavior in ca- 

hodic polarization curves. The authors demonstrated that the two 

imiting currents correspond to the mass transfer limitation of H 

+ 

nd H 2 S from the bulk solution. By attributing these two waves 

o the reduction of H 

+ and the direct reduction of H 2 S, they de-

eloped a mechanistic model for H 2 S corrosion of mild steel, while 

he chemical dissociation of H 2 S inside the boundary layer was not 

ccounted for [13] . 

Recently, Kahyarian and Nesic re-evaluated the significance of 

he contribution of the direct reduction of H 2 S to cathodic currents 

17] . It was shown that the mechanism of cathodic currents in the 

 2 S containing solutions is similar to those observed in the cases 

f CO 2 and carboxylic acids [ 17 , 34–37 ]. These weak acids, including

 2 S, locally dissociate to buffer the surface H 

+ concentration at the 

icinity of the metal surface, thus increasing the limiting current, 

hile the direct reduction of the weak acid itself (e.g., H 2 S) is in

act insignificant. The unique behavior in the presence of H 2 S was 

hown to be due to its relatively higher pKa (about 7), requiring 

he surface pH to be at substantially higher values (as compared 

o acetic acid and carbonic acid) before the dissociation reaction 

ccurs to any appreciable extent. This mechanism behind the ob- 

erved secondary limiting currents is referred to as the “buffering”

ffect of H 2 S [17] . While less commonly cited, this behavior is not 

nique to aqueous H 2 S. Similar double wave cathodic sweeps are 

lso observed in the presence of bicarbonate ion with pKa of ~11, 

howing the general validity of this mechanistic view [ 38 , 39 ]. 

.2.2. Anodic reactions 

The aforementioned studies conducted in recent years eluci- 

ated the mechanism of cathodic reaction in aqueous H 2 S envi- 

onments to a large extent; however, very little is known about 

he exact mechanism of anodic iron dissolution in the presence of 

issolved H 2 S. The available experimental data are limited, and the 

echanistic studies are rather immature [ 30 , 40–43 ]. The early re- 

earch on the anodic dissolution of iron in the H 2 S-containing so- 

utions could be found in a study by Iofa and Batrakov in 1965 [43] .

ofa et al. observed that the presence of H 2 S accelerated the rate of 

nodic dissolution, thereby shifting the corrosion potential to more 

egative values. They proposed that the hydrogen sulfide ions form 

 chemisorbed layer on the surface of the electrode, which acts 

s a surface catalyst, enhancing the kinetics of iron dissolution 

eaction [43] . This mechanism is analogous to the well-known 

catalytic mechanism” of iron dissolution proposed by Heusler in 
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hich Fe 2 + reacts with hydroxyl ion (OH 

- ) to form a catalytic sur- 

ace compound such as (FeOH) ads [44] . In another study, Morris 

t al. reported that the increase of H 2 S concentration in acidic so- 

ution within the pH range of 3–4 shifted the corrosion potential 

o more negative values. This phenomenon was attributed to the 

hange of reversible potential of iron in the presence of H 2 S. Ap- 

arently, the Tafel slope of anodic reaction and exchange current 

ensity remained unaffected by H 2 S presence [30] . In 1980, Shoe- 

mith et al. adopted the hypothesis proposed by Iofa, et al. in or- 

er to introduce a mechanism that involves the H 2 S chemisorp- 

ion (Reaction (13)), followed by an oxidation step involving a two- 

lectron transfer step (Reaction (14)). In this mechanism, depend- 

ng on the experimental conditions, the produced (FeSH 

+ ) ads could 

ither convert to a corrosion products layer (Reaction (15), i.e., in- 

ibition effect), or it can further hydrolyze to Fe 2 + (Reaction (16)) 

33] . 

 e + H 2 S + H 2 O → (F eS H 

−) ads + H 3 O 

+ (13) 

F eS H 

−) ads → (F eS H 

+ ) ads + 2 e − (14) 

F eS H 

+ ) ads → F e S 1 −x + xS H 

− + ( 1 − x ) H 

+ (15) 

F eS H 

+ ) ads + H 3 O 

+ → F e 2+ + H 2 S + H 2 O (16) 

he acceleration effect that dissolved H 2 S can have on iron dis- 

olution was further investigated by Cheng et al. using AC elec- 

rochemical techniques. It was found that the anodic reaction of 

ron in H 2 S containing acidic solutions is gradually promoted by in- 

reasing pH and H 2 S concentration (especially when [H 2 S]/[H 3 O 

+ ] 
 10 1.5 ), up to the point that it reaches a maximum and becomes

ndependent of further pH and H 2 S increase. This behavior was as- 

ociated with the high surface coverage of H 2 S. The EIS analysis by 

heng et al. gave added support to the model proposed by Shoe- 

mith et al. for anodic dissolution mechanism of iron in H 2 S envi- 

onment, with the exception that Cheng et al. assumed a two-step 

eaction for anodic dissolution Reaction (14), each step including 

ne-electron transfer [42] . Therefore, the first step of anodic disso- 

ution in sour media was claimed to be the chemisorption of H 2 S 

ccording to the Reaction (17) followed by several oxidation steps 

hich finally converts (FeSH 

−) ads to Fe 2 + according to Reactions 

18)–(20) [ 40 , 42 ]: 

 e + H 2 S + H 2 O → (F eS H 

−) ads + H 3 O 

+ (17) 

F eS H 

−) ads → ( F eSH ) ads + e − (18) 

 

F eSH ) ads → F eS H 

+ + e − (19) 

 eS H 

+ + H 3 O 

+ → F e 2+ + H 2 S + H 2 O (20) 

This study was accompanied by a series of publications by Ma 

t al. [ 40 , 41 , 45 ] through impedance spectroscopy analysis of the

ffect of H 2 S on iron dissolution. The Nyquist plot at the corro- 

ion potential showed two overlapping capacitive loops in highly 

cidic solutions (pH 0.75 and 2) with 0.4 mmol.L −1 H 2 S. The low- 

requency loop was marked as the characteristic of H 2 S adsorption 

n the surface of the iron. At higher overpotentials (with respect 

o corrosion potential), the capacitive loop at lower frequencies, 

scribed to H 2 S adsorption, gradually disappeared; instead, a low- 

requency inductive loop emerged. Hence, Ma et al. concluded that 

he modified Shoesmith’s model is valid at the lower anodic over- 

otentials where two capacitive loops were observed. However, the 

eplacement of low-frequency capacitive loop by an inductive loop 
4 
t higher overpotentials indicates the dominance of Faradaic ad- 

orption, as described by Bockris et al., was a result of Reactions 

17) and (18) occurring as a single step described by Reaction (21) 

 33 , 40 , 41 , 46 ]. 

 e + H 2 S + H 2 O → ( F eSH ) ads + H 3 O 

+ + e − (21) 

They also investigated the inhibiting effect of H 2 S on iron dis- 

olution and showed that the inhibition effect occurs because of 

he formation of the iron sulfide film, as shown by Reaction (15), 

hen its formation is thermodynamically favorable (i.e., low H 2 S 

oncentration ( < 0.04 mmol.L −1 ), pH value in the range of 3–5, 

nd immersion times longer than 2 h) [45] . 

Finally, in the study by Zheng et al., they assumed a similar 

echanism as proposed by Bockris et al. [46] for iron dissolution 

n H 2 S environments accounting HS − instead of OH 

−. The contri- 

ution of OH 

− on the kinetics of anodic dissolution of iron in the 

resence of H 2 S was ignored since it was considered negligible 

ompared to that of HS −. Hence, the exchange current density of 

ron dissolution was calculated based on the surface coverage by 

he HS − species [13] . 

. Mathematical modeling 

The comprehensive mechanistic mathematical model developed 

n this study is similar to that presented in more detail in some of 

he earlier publications, which can be used as further Refs. [ 17 , 36 ].

he model is based on the mathematical solution of mass conser- 

ation equations (based on the Nernst-Plank equation) for the in- 

olved species inside the diffusion boundary layer, with the sur- 

ace electrochemical reactions on one end and the bulk speciation 

n the other, serving as the boundary conditions. The model ac- 

ounts for the mass transfer processes, including molecular diffu- 

ion, electromigration, the turbulent convection, as well as the si- 

ultaneously occurring homogeneous chemical reactions and het- 

rogeneous electrochemical reactions. 

.1. The diffusion boundary layer 

The rates of electrochemical reactions are evaluated based on 

he local concentrations of the species at the surface of the metal, 

hich deviate from the bulk concentrations due to the heteroge- 

eous nature of the electrochemical reactions. The mass conserva- 

ion inside the boundary layer can be expressed by the well-known 

ernst-Plank equation, as shown in Eq. (22) [47] . 

∂ C i 
∂t 

= −∇ . N i + R i (22) 

In this equation, N i is the flux of species i , represented as 

q. (23) , and R i describes the chemical reactions in which species 

 is either produced or consumed. 

 i = −z i u i F C i ∇� − D i ∇ C i + v C i (23) 

As it is seen in Eq. (23) , the flux of species consists of three

erms, which represent three mechanisms of mass transfer, namely 

lectromigration, molecular diffusion, and convection. In the elec- 

romigration term, F is the Faraday’s constant and ion i with the 

harge of z i , and mobility of u i (m 

2 .V 

−1 .s −1 ) is driven by an elec-

ric field ( ∇ϕ) (V.m 

−1 ). In the molecular diffusion term, species i , 

ith the diffusion coefficient of D i , is transferred as a result of the 

oncentration gradient ( ∇ C i ). Finally, the convective term accounts 

or the species i with a concentration C i being carried by the flow 

ith the velocity v [47] . 

Noting that the convective term in Eq. (23) represents the ve- 

ocity of the fluid inside the boundary layer, which can be ex- 

licitly known only in some laminar flow regimes such as that 

een in the rotating disk electrode apparatus. However, in many 
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Table 2 

Reference diffusion coefficients for different species at infi- 

nite dilution and 25 °C. 

Species Diffusion coefficient / (m 

2. s −1 ) Reference 

H 2 S 1.93 × 10 −9 [52] 

H S − 1.731 × 10 −9 [53] 

S 2 − 1.5 × 10 −9 [17] 

O H − 5.273 × 10 −9 [53] 

H + 9.312 × 10 −9 [47] 

C l − 2.032 × 10 −9 [ 47 , 53 ] 

N a + 1.334 × 10 −9 [47] 

c

t

r

o

c

a

v

s  

f

t  

g

N

o

i

a

m  

a

i

c

N

a

a

s  

f

d

E

D

w  

f

l

i  

a

x

i  

t

o

τ

w

f

f

i

b

C

C

H

f

i

c

d

t

t

a

k

“

d

w

∑

R

 

c

s

R

o

s

e

t

r

p

b

p

3

c

c

t

w

s

s

l  

r

s

e

e

t

t

e

N

c

a

ases, including the flow in pipelines as well as in laboratory se- 

ups such as rotating cylinder electrode (RCE), the turbulent flow 

egime is the common condition. In order to represent the effect 

f turbulent convection in the boundary layer, without resorting to 

omplex computational fluid dynamics (CFD) calculations, one can 

dopt the eddy diffusivity concept to represent the turbulent con- 

ection effect [48] . Here the effect of turbulent convection is repre- 

ented by a diffusion-like term with eddy diffusivity ( D t ) that is a

unction of fluid properties, flow geometry, and the distance from 

he metal surface [ 4 8 , 4 9 ]. Eq. (23) can, therefore, be reorganized to

ive Eq. (24) . 

 i = −z i u i F C i ∇� − ( D i + D t ) ∇ C i (24) 

In corrosion seen, for example, in fully developed pipe flow, 

nly the flux N i in the direction perpendicular to the metal surface 

s relevant, which reduces the mathematics Eqs. (22) and ( (24) ) to 

 one-dimensional problem, here in x direction. In addition, ion 

obility ( u i ) in the electromigration term can be replaced by D i /RT

ccording to Nernst-Einstein relation for ideal solutions. By apply- 

ng these assumptions and introducing Eq. (24) in Eq. (22) , they 

an be expressed in their final styles as Eqs. (25) and (26) . 

 i = −( D i + D t ) 
∂ C i 
∂x 

− z i D i F C i 
RT 

∂�

∂x 
(25) 

∂ C i 
∂t 

= 

∂ 

∂x 

(
( D i + D t ) 

∂ C i 
∂x 

)
+ 

(
z i D i F 

RT 

)
∂ 

∂x 

(
C i 

∂�

∂x 

)
+ R i (26) 

The values of molecular diffusivity ( D i ) in the equations above 

re listed in Table 2 . In order to obtain the molecular diffusivity 

t different tem peratures, the Stokes-Einstein relationship, as de- 

cribed in Table 3 , can be used [47] . In addition, the eddy dif-

usivity ( D t ) profile inside the diffusion boundary layer of a fully 

eveloped turbulent flow can be determined using the empirical 

q. (27) suggested by Arvanith [49] : 

 t = v 
0 . 0 0 07 x + 3 [

1 + 0 . 00405 x + 2 
]1 / 2 

(27) 

here ν= μ/ ρ is kinematic viscosity (m 

2 .s −1 ) of water and can be

ound using the equations in Table 3 . The x + is the dimension- 

ess distance from the wall obtained from Eq. (28) . This equation 

s valid when x + < 30 , and it is universal for all turbulent flow if

ppropriate dimensionless parameters are implemented. 

 

+ = 

x 
(

τw 

ρ

)0 . 5 

v 
(28) 

In the equation above, x is the distance from the wall (m), ρ
s the density of water (kg.m 

−3 ) as defined in Table 3 , and τw 

is

he wall shear stress (Pa), which for single-phase pipe flow can be 

btained from the Fanning friction factor, C f : 

w 

= 

1 

2 

ρC f V 

2 (29) 

here V is the average fluid velocity (m.s −1 ). The Fanning friction 

actor is a function of the Reynolds number. It can be estimated, 
5 
or example, by the correlation of Swamee and Jain [50] , which 

s expressed using the Darcy friction factor ( C f = 4C d ), represented 

y Eq. (30) . This equation is an explicit version of the implicit 

olebrook-White correlation [51] . 

 d = 0 . 25 

[
log 

( ε 
D eq 

3 . 7 

+ 

5 . 74 

Re 0 . 9 

)]−2 

(30) 

ere, ε accounts for the effect of surface roughness on the friction 

actor, and it is assumed to be zero in the present study (amount- 

ng to a hydraulically smooth surface). The Reynolds number is cal- 

ulated by Re = V.D eq / ν with D eq being the equivalent characteristic 

iameter, which is equal to the pipe diameter. 

In Eq. (26) R i term accounts for the homogenous chemical reac- 

ions leading to the production or consumption of each species in 

he diffusion boundary layer. A chemical reaction j can be shown 

s Reaction (31) with the reaction rate evaluated by Eq. (32) , where 

 f,j, and k b,j are the kinetic rate constants of the “forward” and 

backward” reactions, respectively. Reactions (2), (3), and (4), i.e., 

issociation of H 2 S, HS −, and water, respectively, are estimated 

ith kinetic rate constants listed in Table 1 . 

n r 
 

r=1 

C r �
n p ∑ 

p=1 

C p (31) 

 j = k f, j 

n r ∏ 

r=1 

C r − k b, j 

n p ∏ 

p=1 

C p (32) 

The rate of reaction R i , of each species i , involved in j chemi-

al reactions can be determined using Eq. (33) with s i,j being the 

toichiometric coefficient of species i in reaction j . 

 i = 

∑ 

j 

R i s i, j (33) 

With all these equations being accounted for, the concentration 

f each species i in the diffusion boundary layer and at the metal 

urface can be obtained by solving Eq. (26) ; in fact, one of those 

quations is written for each species i and the set of coupled par- 

ial differential equations is then simultaneously solved. The only 

emaining unknown parameter in these equations is the solution 

otential featured in electromigration term that can be determined 

y the aid of the electro-neutrality Eq. (9) as an additional inde- 

endent relationship. 

.2. Initial and boundary conditions 

To fully specify the system of partial differential equations dis- 

ussed in the previous section, appropriate initial and boundary 

onditions need to be defined. At time zero, one can assume that 

he well-mixed solution being in equilibrium, comes in contact 

ith the metal surface. Hence, the initial concentrations of all the 

pecies inside the boundary layer are known values obtained by 

olving the chemical equilibria equations. 

For the boundary conditions, at the outer edge of the boundary 

ayer ( x = δ), the solution can be assumed to remain at equilib-

ium at all times, with the known and constant values just as is 

een in the bulk solution. At the metal surface, the flux of non- 

lectroactive (non-reacting) species is set to zero. The flux of the 

lectro-active species i can be defined based on the rate of elec- 

rochemical reactions at the metal surface as Eq. (34) , where s i is 

he stoichiometric coefficient, and other terms have their common 

lectrochemical meaning. 

 i | x =0 = − s i i i 
nF 

(34) 

In the present model, H 

+ reduction is assumed to be the only 

athodic reaction, and the iron dissolution is the only anodic re- 

ction. The contribution of water reduction to the cathodic current 
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Table 3 

Temperature dependence of physicochemical properties. 

Parameter Relationship Reference 

Diffusion coefficient D i = D i,re f 

T 

T re f 

μre f 

μ
[47] 

Water density / (kg.m 

−3 ) ρw = 753 . 596 + 1 . 87748 T − 0 . 003562 T 2 [54] 

Water viscosity / (cP) μ = μre f 10 ( 
1 . 1709 ( T re f −T ) −0 . 001827 ( T re f −T ) 2 

( T−273 . 15 )+89 . 93 
) 

T re f = 293 . 15 K, μre f = 1 . 002 cP

[55] 
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Fig. 2. Simulated anodic polarization curve for various partial pressures of H 2 S at 

30 °C and pH 4 and 5. 
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t the corrosion potential found in acidic solutions can be assumed 

nsignificant and was ignored in the calculations. The metal surface 

oundary condition for the two electro-active species is then: 

 H + | x =0 = − i C, H + 

F 
(35) 

 F e 2+ | x =0 = − i A,F e 2+ 

2 F 
(36) 

The cathodic current density associated with H 

+ reduction re- 

ction can be described using the standard electrochemical kinetics 

17] : 

 C, H + = −n H + F k 0 , H + C 
S 
H + 

m H + exp 

(
−αH + n H + F ( E app ) 

RT 

)
(37) 

here n H + = 1 is the number of electrons transferred, k 0 H + is the 

eaction rate constant, C S 
H + is the concentration of H 

+ adjacent to 

he metal surface, m H + is the reaction order, E app is the applied 

verpotential, αH + is the charge transfer coefficient, and F, R , and 

 , are Faraday’s constant, gas constant, and temperature in K, re- 

pectively. The values of k 0 , H + = 1 . 2 × 10 −8 (mol 0.5 .m 

−0.5 .s −1 ) and 

m H + = 0 . 5 were obtained based on the best fit of the model to

xperimental polarization data, which agree with those obtained 

n earlier publications. 

The iron dissolution in acid solutions is a complex electro- 

hemical reaction with numerous elementary steps and interme- 

iate species. However, in the active dissolution range, where a 

40 mV.dec −1 Tafel slope is observed, this reaction is commonly 

elieved to follow the mechanism proposed by Bockris et al. [46] . 

he rate of iron dissolution in the active dissolution range and in 

cidic solutions can, therefore, be expressed as: 

 A,O H − = n F e 2+ F k 0 ,O H −C S H + 
m H + exp 

(
α j F E app 

RT 

)
(38) 

here n F e 2+ = 2 is the number of electrons transferred, k 0 ,O H − is 

he reaction rate constant, and other parameters have their com- 

on electrochemical meanings. 

As discussed earlier in the text, the presence of H 2 S in the 

ystem has been observed to increase the rate of iron dissolution 

hrough a parallel set of electrochemical reactions with various sul- 

de intermediate species. Such behavior is consistently observed in 

he existing literature, while the exact governing mechanism and 

he interaction of sulfide intermediates with hydroxide intermedi- 

tes are yet to be fully understood. A full discussion of the details 

f the iron dissolution mechanism in the presence of H 2 S is beyond 

he scope of the present study. Regardless, in order to in some way 

epresent the contribution of H 2 S in iron dissolution, as a critical 

art of H 2 S model for the corrosion of mild steel, the rate of this

arallel reaction was expressed in the same form as that used for 

cidic solutions: 

 A,H S − = n F e 2+ F k 0 ,H S −C S H S −
m H S − exp 

(
α j F E app 

RT 

)
(39) 

here the parameters have a similar meaning as those in Eq. (38) . 

ssuming α j = 1 , the values of k 0 ,O H − = 10 (mol.m 

−2 .s −1 ), m H + = 
6 
 , k 0 ,H S − = 2 × 10 7 (mol 0.5 .m 

−0.5 .s −1 ), and m H S − = 0 . 5 are ob-

ained in this study based on the best fit of the model to exist- 

ng experimental data, and appear to represent the observed be- 

avior reasonably well. By considering this additional pathway for 

ron dissolution in the presence of H 2 S, the rate of anodic reaction 

 i A , F e 2+ ) can be calculated as a superposition of two parallel reac- 

ion rates ( i A,O H − and i A,H S − ). As a result, Eq. (36) can be rearranged 

s Eq. (40) : 

 F e 2+ | x =0 = − i A,O H − + i A,H S −

2 F 
(40) 

Fig. 2 represents an example of the simulation results for the 

ron dissolution at different partial pressures of H 2 S and various 

H. The considerable effect of H 2 S presence on the kinetics of the 

nodic reaction is evident, specifically at higher partial pressures of 

 2 S. At higher partial pressures of H 2 S, the rate of the anodic re-

ction accounting for the contribution of H 2 S in iron dissolution, 

.e., i A,HS − , increases thereby enhancing the total anodic current. 

ig. 2 shows that the increment of anodic current due to the pres- 

nce of H 2 S is higher in pH 4 compared to that at pH 5. This im-

lies that the contribution of H 2 S on the mechanism of anodic dis- 

olution becomes more notable in more acidic environments due 

o the lower concentrations of OH 

− in such conditions. 

.3. Numerical solution 

Finite different method (FDM) was used to solve a set of 

oupled and non-linear partial differential equations, as listed in 

able 4 . The solution algorithm is similar to that discussed in de- 

ail in earlier studies [ 17 , 36 , 38 ]. Taylor’s series approximation is

sed to discretize the partial differential equation. In order to im- 

rove the calculation time, a non-uniform spatial grid with a fine 

esh at the metal surface was applied [17] . The explicit scheme of 

ime integration is used using Euler approximation. The Newman’s 

BAND” open-source code algorithm is used to obtain the solu- 

ion using the LU decomposition approach [47] . Regarding the non- 
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Table 4 

Summary of equations used in the comprehensive mathematical model. 

Electrode surface boundary 

N i | x =0 = − s i j i j 
n j F 

For electro-active species for all electro-active species 

N i | x =0 = 0 for all non-electroactive species ∑ 

i 

z i C i = 0 electro-neutrality equation 

Diffusion boundary layer 
∂ C i 
∂t 

= 

∂ 
∂x 

( ( D i + D t ) 
∂ C i 
∂x 

) + 

z i D i F 
RT 

∂ 
∂x 

( C i 
∂φ
∂x 

) + R i for all species ∑ 

i 

z i C i = 0 electro-neutrality equation 

Bulk boundary and initial conditions 

C i = C b 
i 

� = 0 

l

i

i

c

4

p
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T
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inearity of the system, the solution at each time step is obtained 

teratively until the desired accuracy of R 

2 = 10 −12 is achieved (R 

2 

s the sum of the squared normalized errors for all unknown con- 

entrations being calculated in this model). 

. Results and discussion 

In order to confirm the validity of the mathematical model, the 

redicted results were compared with the experimental data re- 

orted in earlier studies by Zheng et al. and Esmaeely et al. [ 13 , 15 ].

hese studies provided a systematic experimental investigation on 

he polarization behavior and corrosion rates of mild steel in H 2 S 

ontaining acidic solution. A wide range of realistic experimental 

onditions (pH 2 S = 0 - 1 bar, pH = 3 - 5, and flow velocity = 0.22

 2.5 m.s −1 ) were examined to validate the accuracy of the model. 

The model presented in this study was developed for typical 

urbulent flow conditions commonly seen in pipes and other con- 

uits. Since the RCE setup is typically used in the laboratory set- 

ing, the equivalent conditions were obtained by equating the mass 

ransfer coefficient for RCE (obtained by using the Eisenberg equa- 

ion [56] ) with that for straight flow pipe (proposed by Berger and 

au [57] ), to get 

 pipe = 3 . 09 S c 0 . 03 ν0 . 186 �0 . 814 
RCE d 0 . 43 

RCE d 
0 . 163 
P IP E (41) 

here v pipe is the equivalent pipe flow velocity (m.s −1 ), �RCE is the 

ngular velocity of RCE (rad.s −1 ), d is the diameter (m), and Sc is

he Schmidt number. 

Fig. 3 shows a comparison between the model (black bro- 

en lines) and the experimental cathodic and anodic polarization 

ranches at different H 2 S concentrations and fixed pH of 4. 
ig. 3. Cathodic and anodic polarization curves at various partial pressures of H 2 S 

t 30 °C, pH 4, and 10 0 0 rpm RCE (equivalent to 0.81 m.s −1 in pipe flow with 

.012 m ID). The solid lines show the experimental measurements from Zheng et al. 

13] , and the black dashed lines represent the prediction by model. 
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7 
The model predictions are in reasonably good agreement with 

he experimental data for both anodic and cathodic branches. The 

ccuracy of the model is generally better or comparable to the ear- 

ier models, even though it is using fewer parameters to predict 

he polarization behavior of the system. In the cathodic region, the 

odel reproduces the occurrence of the “double-wave” behavior 

nd the magnitude of the corresponding limiting current densities, 

ithout having to introduce the additional cathodic reaction (di- 

ect reduction of aqueous H 2 S). Generally, it is seen that the limit- 

ng current densities increase as the H 2 S content increases, which 

grees well with the expected buffering effect of H 2 S in such sys- 

ems. The increase of H 2 S concentration leads to an increased ca- 

acity of the solution to further buffer the H 

+ concentration at the 

lectrode surface when it is under the diffusion-controlled lim- 

ting current regime [17] . It worth noting that a broad “linear”

urrent density range is seen in some conditions, for example, for 

H 2 S = 0.1 bar in Fig. 3 . This appears to be similar to what is seen

nder pure charge transfer control when “linear” Tafel behavior is 

bserved. However, the “linear” section of the cathodic curve seen 

or pH 2 S = 0.1 bar in Fig. 3 is not Tafel behavior as the observed

athodic current densities in this potential range are under mass 

ransfer limitation of H 

+ . The reason that the cathodic current is 

ble to increase beyond the mass transfer limitation of H 

+ , which 

ppears to be in a linear-like fashion, is due to the buffering ability 

f H 2 S through kinetically controlled dissociation reaction. Specif- 

cally, for pH 2 S = 0.1 bar in Fig. 3 , the first limiting current as-

ociated with the mass transfer limitation for free hydrogen ions 

ccurs at about 2 A.m 

−2 . At more negative potentials, the current 

ensities increase from 2 A.m 

−2 up to about 60 A.m 

−2 as a re- 

ult of the kinetically controlled dissociation of H 2 S to give more 

 

+ , driven by the increasing surface pH. At about 60 A.m 

−2 , the

econd limiting current is reached and is associated with the max- 

mum buffering capacity, i.e., when the rate of limit in H 2 S dissoci- 

tion is reached. This also explains why this linear current range is 

H 2 S dependent. Hence, a shift in the apparent exchange current 

ensity and the Tafel slopes is observed experimentally, e.g., by in- 

reasing pH 2 S from 0.01 to 0.1 bar. This behavior was previously 

ttributed to the direct H 2 S reduction reaction [ 13 , 24 , 25 ]. In the

resent model, the same behavior is obtained even if the cathodic 

urrents result only from the H 

+ reduction while concurrently ac- 

ounting for the H 2 S dissociation at the metal surface. The compar- 

son of the modeling results with the experimental data showed 

hat all significant characteristics of the cathodic sweep are well 

redicted using this simplified mechanistic view. 

In the anodic sweep at pH 4, the effect of H 2 S on the rate of

ron dissolution is minor up to pH 2 S = 0.1 bar (seen both in model

redictions and experimental data). However, a more prominent 

ffect is observed as the pH 2 S increased further up to 1 bar, as 

hown below in Fig. 4 . The increase in the anodic current with 

igher H 2 S is also reported elsewhere [ 30 , 41 , 42 ], suggesting that

 2 S or other sulfide species can introduce parallel anodic path- 
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Fig. 4. Cathodic and anodic polarization curves for pH 2 S = 0.1 bar and 

pH 2 S = 1 bar at 30 °C, and 10 0 0 rpm RCE (equivalent to 0.81 m.s −1 in pipe flow 

with 0.012 m ID). A) pH 3, B) pH 4, C) pH 5. The solid lines show the experimental 

measurements, and the black dashed and dotted lines represents the results pre- 

dicted by the present model. For pH 2 S = 1 bar, the error bars represent the mini- 

mum and maximum measured values in at least 4 repeated experiments[15]. The 

data for pH 2 S = 0.1 bar and pH 2 S = 1 bar were taken from Zheng et al. [13] and 

Esmaeely et al. [15] , respectively. 
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ays to the iron dissolution reaction. However, at the conditions 

f Fig. 3 , it appears that the contribution of sulfide species remains 

inor, and the iron dissolution with hydroxide intermediates, as 

een in acidic solutions, remains the dominating mechanism. 

Fig. 4 compares the predicted results with the experimental 

ata at the pH range from 3 to 5 for two different H 2 S partial pres-

ures of 0.1 and 1 bar. The observed cathodic polarization behavior 

s in general agreement with that shown in Fig. 3 . The presence of

ouble wave, two limiting currents associated with H 

+ mass trans- 

er and the buffering effect of H S, is seen at pH 3. This distinc-
2 

8 
ive behavior gradually fades away as the pH increases due to the 

maller magnitudes of H 

+ reduction. Considering that the free H 

+ 

imiting current density (first limiting current) decreases from ~ 20 

.m 

−2 at pH 3 to ~ 2 A.m 

−2 at pH 4, the limiting current associ- 

ted with free H 

+ reduction at pH 5 is expected to be ~ 0.2 A.m 

−2 .

ith such a small value, at the conditions of Fig. 4. C, the free H 

+ 

ass transfer limitation occurs at potentials above open circuit po- 

ential and, therefore, cannot be observed. The observed limiting 

urrent is then due to the combined effect of both H 2 S chemical 

issociation and the H 2 S mass transfer. 

The change in anodic current with pH 2 S is more substantial at 

he H 2 S partial pressure of 1 bar shown in Fig. 4 , compared to

hat seen in Fig. 3 for lower H 2 S partial pressures. As it was dis-

ussed in the previous section, the presence of H 2 S is believed to 

rovide a parallel reaction pathway for anodic dissolution reaction. 

t a fixed pH 2 S, such impact is more prominent in the lower pH

ange due to a slower rate of the iron dissolution via the well- 

nown Bockris mechanism [46] , and a more dominating contribu- 

ion of sulfide intermediate species through Reactions (17–20) is 

een. Overall, the anodic polarization curves obtained by the model 

grees reasonably well with the experimental data. At pH 5, the 

pparent Tafel slope of the anodic reaction slightly differs from 

hat seen in the lower pH range and the calculated results. That 

ould be due to the change in the iron dissolution mechanism as 

oted in the literature [46] . Additionally, as highlighted earlier, at 

H 5 the H 

+ limiting current occurs above the open circuit po- 

ential. Therefore, the surface pH in this potential range deviates 

rom the bulk values, and it is, to some extent, potential depen- 

ent. Such conditions could also lead to the observed deviations 

rom the expected anodic Tafel slopes. 

The strength of a given mathematical model is defined by its 

uccess in predicting the effects of a wide range of systemati- 

ally varied parameters. To further evaluate the performance of the 

echanistic model developed in this study, the predicted corrosion 

ate data is compared to those obtained in earlier studies [13–15] . 

he available experimental data were collected using linear polar- 

zation resistance (LPR) measurements, while accounting for the ef- 

ect of the solution resistance. The experimentally obtained polar- 

zation resistance was then used to calculate the corrosion current 

nd the corrosion rate by using Eqs. (42) and (43) [ 36 , 58 ]. 

 corr = 

B 

R p 
(42) 

R = 1 . 16 

B 

R p /A 

(43) 

here I corr and CR are respectively the corrosion current (A) and 

he corrosion rate in mm.yr −1 , B is in V, R p is polarization resistant 

ohm), and A is the surface area of the electrode (m 

2 ). 

In the studies by Zheng et al. and Esmaeely et al., the authors 

sed a fixed value of B = 23 mV for all experimental conditions. 

he value of B , especially where the corrosion potential is under 

he influence of mass transfer, cannot be assumed constant under 

ifferent environmental conditions. That could lead to an inaccu- 

ate interpretation of the polarization resistance data. The value 

f B can be estimated with reasonable accuracy by extending the 

tern-Geary equations to use the apparent Tafel slopes in place of 

he Tafel slopes under charge transfer controlled regime. The Stern- 

eary equation can be viewed as a simple mathematical lineariza- 

ion of two exponential equations to rationalize if the cathodic 

nd anodic curves at the vicinity of the corrosion potential can be 

easonably expressed in an exponential form with some apparent 

afel slopes (irrespective of the underlying reaction mechanism), 

he value of B can be approximated via Eq. (44) [ 36 , 58 ]: 

 = 

b ′ a b ′ c 
2 . 303 ( b ′ + b ′ c ) 

(44) 
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Table 5 

Summary of corrosion rate data from the existing literature, and the correction for B. 

pH 

Equivalent 

linear velocity 

(m.s −1 ) pH 2 S (bar) 

Assumed B 

value (mV) 

Corrected B 

value (mV) 

Reported 

corrosion rate 

(mm.yr −1 ) 

Corrosion rate 

corrected for B 

value (mm.yr −1 ) 

Predicted 

corrosion rate 

(mm.yr −1 ) Ref. 

3 0.81 0.0001 23 13 4.30 2.44 2.02 [13] 

3 0.81 0.1 23 13 10.4 5.89 4.10 [13] 

3 0.81 1 23 17 8.8 6.65 5.36 [15] 

4 0.81 0 23 17 1.6 1.21 1.13 [13] 

4 0.81 0.0001 23 17 1.22 0.92 1.20 [13] 

4 0.81 0.001 23 17 1.3 0.98 1.30 [13] 

4 0.81 0.01 23 17 1.55 1.17 1.49 [13] 

4 0.81 0.1 23 17 1.95 1.47 1.79 [13] 

4 0.81 1 23 13 4.4 2.49 2.55 [15] 

4 0.22 0.01 23 17 1.0 0.76 0.81 [13] 

4 2.50 0.01 23 17 2.0 1.51 1.75 [13] 

4 0.22 0.1 23 17 1.2 0.91 1.13 [13] 

4 2.50 0.1 23 17 2.45 1.85 2.21 [13] 

5 0.81 0.0001 23 17 0.3 0.23 0.26 [13] 

5 0.81 0.1 23 17 1.15 0.87 1.17 [13] 

5 0.81 1 23 13 3.1 1.76 1.75 [15] 

Fig. 5. Comparison of corrosion rate prediction by the present model (dashed line) 

with experimental data (bar chart) at different partial pressures of H 2 S at 30 °C, pH 

4, and 10 0 0 rpm RCE (equivalent to 0.81 m.s −1 in pipe flow with 0.012 m ID). The 

experimental data are taken from Esmaeely et al. [15] , and Zheng et al. [13] . 
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Fig. 6. Comparison of corrosion rate prediction by the present model (lines) with 

experimental data (points) for different pH 2 S at various flow velocities of 0.22, 0.81, 

and 2.5 m.s −1 in pipe flow with 0.012 m ID (equivalent to 20 0, 10 0 0, and 40 0 0 rpm 

in experimental conditions), 30 °C, and pH 4. The experimental data was taken from 

Esmaeely et al. [15] , and Zheng et al. [13] . 
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here b ′ a and b ′ c represent the apparent Tafel slopes of anodic and 

athodic reactions, respectively. 

The apparent Tafel slopes can be obtained from the polarization 

ata corresponding to each condition. Table 5 summarizes the cor- 

osion rate data from the existing literature and the corresponding 

orrosion rates as obtained by implementing the correction for the 

 value calculated based on the polarization data for each condi- 

ion. In certain conditions, the difference in the B value obtained 

his way can be up to two-fold, particularly where both cathodic 

nd anodic currents are under charge transfer control. For instance, 

here b a = 40 mV.dec −1 , and b c = 120 mV.dec −1 , the value of the

orrected B = 13 mV, is about half of what is assumed in the orig-

nal study. 

The comparison of the predicted corrosion rates with that ob- 

ained experimentally at pH 4 for various pH 2 S is shown in Fig. 5 .

enerally, a good agreement is obtained for the corrosion rate vari- 

tion as a function of pH 2 S. This trend is due to the effect of H 2 S

n both the cathodic and anodic reactions (see Figs. 3 and 4 ). The

resence of H 2 S increases the cathodic limiting current through 

he buffering effect mechanism and the anodic current by addi- 

ional contribution of a parallel anodic reaction. When results ob- 

ained in the lower pH 2 S range are compared to those with no H 2 S,

 small decline in corrosion rate is reported, which was not pre- 

icted by the model. The difference can, to some extent, be asso- 
9 
iated with the typical experimental errors in such measurements 

s seen from the error bars. In addition, a minor retardation effect 

rom adding small concentrations of H 2 S to the solution could em- 

nate from the likely adsorption of sulfides intermediates on the 

urface of the steel, leading to a slight decrease of the electro- 

ctive surface area on the electrode [13] . However, this effect is 

ot significant in high pH 2 S since the corrosion rate significantly 

ncreases due to the presence of high concentration of H 2 S. 

In Fig. 6 , the influence of flow velocity on aqueous H 2 S corro- 

ion of mild steel is shown. The model predictions are compared 

ith the experimental data at different solution velocities for dif- 

erent partial pressures of H 2 S. Fig. 6 reveals an increasing trend in 

orrosion rate with increasing flow velocities, suggesting that the 

orrosion process at pH 4 and H 2 S partial pressures up to 0.1 bar 

emains under mass transfer influence at the conditions considered 

ere. The model was able to successfully capture the corrosion rate 

ariation as a function of flow velocity over a relatively wide range 

f environmental conditions. When all other experimental param- 

ters are held constant, increasing the flow rate accelerates the 

ass transfer limiting current of H 

+ reduction in the cathodic re- 

ion leading to an increase in corrosion rate as depicted in Fig. 6 .

he predicted corrosion rates are generally slightly higher than the 

xperimental one; however, they are, in most cases, located within 

he range of experimental error. 
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Fig. 7. Comparison of the corrosion rate prediction by the present model with ex- 

perimental data (bar charts) for pH values, 3, 4 and 5, and for various pH 2 S at 30 °C 
and 10 0 0 rpm RCE (equivalent to 0.81 m.s −1 in pipe flow with 0.012 m ID). The ex- 

perimental data was taken from Esmaeely et al. [15] , and Zheng et al. [13] . 
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Fig. 8. Comparison of the experimental corrosion rates with predicted corrosion 

rates by the present model for wide ranges of experimental parameters. 3 ≤ pH ≤
5, 0 ≤ pH 2 S ≤ 1 bar, 0.22 ≤ velocity ≤ 2.5 m.s −1 . Dotted lines and dashed lines rep- 

resent 50% and one-fold deviations, respectively. Experimental data was taken from 

studies by Zheng et al. (Red) [13] and Esmaeely et al. (blue) [15] . (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 7 compares the experimental versus predicted corrosion 

ate, indicating the influence of pH – another critical parameter in 

queous H 2 S corrosion of mild steel. Fig. 7 shows a steady decline 

n corrosion rates as the solution pH is increased. A higher con- 

entration of H 

+ , as the main cathodic reacting species in the sour 

ystems, results in a higher rate of H 

+ reduction, thereby promot- 

ng the overall rate of steel corrosion in H 2 S containing environ- 

ents [ 16 , 17 ]. Furthermore, in more acidic solutions such as pH

, the influence of the contribution of H 2 S to the anodic reaction 

ate is amplified due to the decrease of anodic current obtained 

ia the Bockris mechanism. Fig. 7 confirms that the predicted re- 

ults are in good agreement with the experimental data, although 

light deviations can be observed at pH 3. These deviations could 

e due to the higher experimental errors marked by the large er- 

or bars in such experimental conditions. In addition, the effect of 

ulfide intermediates on the rate of iron dissolution reaction be- 

omes more dominant at pH 3, which adds further complexity to 

he kinetics of the underlying electrochemical reactions. However, 

he model could successfully capture both the remarkable drop in 

he corrosion rate when changing the pH from 3 to 4 and the slight

ownward trend of corrosion rate when shifting pH from 4 to 5. 

The comparison of the predicted corrosion rates with the ex- 

erimental corrosion rate data over the whole range of varied pa- 

ameters (pH 3 to pH5, pH 2 S from 0 to 1 bar, and flow velocity

rom 0.22 to 2.5 m.s −1 ) is shown in the parity plot in Fig. 8 . All

he predicted data points fall well within a 50% error range when 

ompared to the experimentally measured data. The average abso- 

ute deviation for the data reported in Fig. 8 is about 19.7%, show- 

ng the capability of the presented model to predict the corrosion 

ates in a wide range of conditions reasonably well. 

. Conclusions 

A mechanistic mathematical model based on the buffering abil- 

ty of H 2 S was developed to predict the corrosion rate of mild steel 

n aqueous H 2 S solutions. The main findings are: 

• The “double-wave” behavior of the polarization curve in the 

cathodic region stemming from the dissociation of H 2 S inside 

the diffusion boundary layer was successfully captured by the 

model. 
• The contribution of H 2 S on iron dissolution modeled by provid- 

ing a parallel reaction pathway resulted in a reasonable repre- 

sentation of the anodic current. 
• The comparison of the experimental data with the results from 

the present model showed that this mechanistic model could 
10 
successfully predict the corrosion rates of mild steel in H 2 S en- 

vironments over a wide range of conditions: from pH 3 to pH 5, 

velocity from 0.22 to 2.5 m.s −1 , and H 2 S partial pressures up to 

1 bar. The average absolute deviation of the predicted corrosion 

rates from the experimental data remained below 20%. 
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