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ABSTRACT

In the context of H,S corrosion of mild steel, the direct electrochemical reduction of HyS is currently
believed to be the main contribution of this species to cathodic currents. That is perhaps due to the
distinct behavior of the cathodic polarization curves observed in the presence of HS, as compared to
those obtained in strong acids solutions or in the presence of other weak acids such as carboxylic acids
and carbonic acid. In the presence of aqueous H5S, the cathodic polarization curves show a “double wave”
shape, that is widely considered to be the result of the direct reduction of H,S. In the present study, the
mechanism of H,S corrosion of mild steel is theoretically investigated with the focus on the buffering
ability of HjS. It is shown that all characteristic behaviors of cathodic currents that were previously
associated with the direct reduction of H,S, including the “double wave”, can be fully explained in terms
of the H,S dissociation reaction and its buffering effect. In order to further evaluate this mechanistic
argument, a comprehensive mathematical model for the H,S system was developed and the calculated
cathodic polarization curves were compared with the existing experimental data in the open literature.
The results showed that the model, built with H" reduction as the sole cathodic reaction, is able to
reasonably capture all characteristic behavior of cathodic currents, further supporting this mechanistic
argument.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

- e2—
HS™ (aq)= Sfag) + H{ag) 3)

In the presence of an aqueous medium, the hydrogen sulfide
(H,S) in the gas phase can dissolve and dissociate according to
equilibrium Reactions (1) to (3). As a weak acid, H,S is only partially
dissociated in the aqueous phase, forming a chemical equilibria
system. The presence of these sulfide species in the solution is
believed to dramatically influence the corrosion process, both due
to their electrochemical tendencies and perhaps more importantly,
due to their contribution in formation of a corrosion product layer,
and localized corrosion [1-5].

HzS(g) = H2S<aq) (1)

H3S(aq)= HS™ (aq) + H(J;q) (2)
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The present study is focused on the mechanism of H,S contri-
bution to the cathodic currents in the context of mild steel corro-
sion. The acidic corrosion of steel in the presence of HS is believed
to be the result of electrochemical dissolution of iron (oxidation
partial of Reaction (4)) as the main anodic reaction, accompanied by
a series of cathodic hydrogen evolving reactions, shown as the
reduction partials of Reactions (5)—(7). These include the hydrogen
ion (H") and water (H,0) reduction (Reactions (5) and (7),
respectively), which are well-known processes in metallic corro-
sion in acidic aqueous systems. Furthermore, the hydrogen-
evolving reaction due to the direct reduction of H,S (Reaction (6))
is presumed to be significantly contributing to the cathodic cur-
rents [6—15]. The relative significance of these cathodic reactions is
thought to be defined mainly by the solution pH and H,S partial
pressure that specify the concentration of the involved electro-
active species.

Fe’t + 2e~=Fe (4)
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Hig + € =12H; g (5)
st(aq) <+ e‘:l/sz () + HS™ (aq) (6)
Hzo(aq) + eix_—‘lﬂHz @t OH™ (aq) (7)

The arguments related to the electrochemical contribution of
H,S to cathodic currents can be found in studies as early as 1965 as
reported by Bolmer [6]. The direct H,S reduction reaction was also
believed to contribute to the observed cathodic currents obtained
in rotating disk experiments by Morris et al. [7]. In that study, the
authors noted that in the presence of H,S, the H' reduction limiting
current is significantly increased, while the behavior of the charge
transfer controlled range of currents remained un-affected. That
behavior was attributed to the direct reduction of H,S, while no
solid experimental proof was put forward. Following this trend in
the subsequent studies, the direct reduction of H,S was considered
as the governing mechanism of corrosion in H,S system [8—12].
However, no systematic investigation of this mechanism was done
until the more recent years. In 2013, Kittel et al. investigated the
cathodic polarization curves of a H,S containing solution on a
stainless steel surface [13]. The previous reports on the significant
effect of H,S on the limiting current was confirmed by the authors
in that study. Furthermore, the authors showed that in certain
conditions a “double wave” shape appears in the polarization
curves; an observation that was considered as further proof for the
direct HyS reduction reaction. The observed “double wave” was
associated with the existence of two electrochemical reactions and
their corresponding limiting currents, one being H" reduction and
the other being direct H,S reduction. The experimental findings of
this study were further used to developed a mathematical model of
the cathodic polarization behavior in H,S containing solutions [14].

In another recent study [15], Zheng et al. investigated the
mechanism of mild steel corrosion in the presence of H,S (pH3S up
to 0.1 bar), across a wider range of experimental conditions. The
effect of HyS on the limiting current, and the existence of two
limiting currents (i.e. the “double wave”) was also reported in that
study. The authors noted that both limiting currents, associated
with the H" and H,S reduction reactions, are the results of mass
transfer limitation of the involved reactants. These observations led
the authors to conclude that in H,S containing solutions, the direct
reduction of H3S is a significant cathodic process. Zheng et al. [15]
also developed an elementary mechanistic model [16] based on
these findings, where a reasonable agreement with the experi-
mental data was reported. The scope of this study was later
extended to the case of corrosion under mixed CO,/H,S conditions
[17].

In 2017, Esmaeely et al. reported a set of experimental polari-
zation data at pH,S of 1bar on a mild steel surface [18]. The re-
ported polarization curves were found to behave similarly to those
obtained at lower H,S partial pressures reported in the earlier
studies [15,17]. The authors used a similar model to that proposed
by Zheng et al. [15] to quantify their experimental data, where a
reasonably good agreement between the modeled and measured
polarization curves were reported. That led the authors to also
conclude that the direct H,S reduction reaction is significantly
contributing to the cathodic currents in such systems [18].

When one broadens the perspective to the general topic of mild
steel corrosion in the presence of weak acids (to also include CO;
and carboxylic acid), it can be seen that in the last 15 years the
mechanistic understandings of these processes have been evolving
dramatically [19—25]. The main leap was made by the introduction
of comprehensive mechanistic mathematical models [24,26—29]

into corrosion studies, as reviewed elsewhere [16,30]. These
models allowed the complex set of homogeneous chemical re-
actions, typical of the solutions containing CO,, carboxylic acid, and
also HsS, to be coupled with mass transfer and surface electro-
chemical processes. The quantitative results obtained from these
models were able to clearly demonstrate the effect of homogeneous
chemical reactions on corrosion, particularly on cathodic currents
[20,23,24,26,31]. Based on such analyses as well as carefully tar-
geted experiments, it was demonstrated that the direct reduction of
weak acids such as acetic acid and carbonic acid —previously
considered an essential part of the corrosion mechanism— is in fact
insignificant [19,21—23,32]. The contribution of these species is
now known to be mainly the result of their natural buffering ability
as weak acids [19,21—-23,32]. In typical environmental conditions
seen in corroding systems, weak acids such as acetic acid and car-
bonic acid readily dissociate and buffer the surface pH, leading to a
significant increase in the observed limiting current. That results in
increased corrosion rates when it is controlled by the cathodic
limiting current.

However, in mechanistic discussions of H,S corrosion the buff-
ering effect of this species has remained a largely neglected aspect.
This may be partially due to the seemingly large pKa of H,S and
simplistic quantification of the results based on elementary
mechanistic models, such as that developed by Zheng et al. [15,17].
These types of models are not able to properly represent the
complex solution chemistry at the vicinity of the metal surface, as
discussed in details elsewhere [16,30]. Considering the recent de-
velopments in mechanistic understanding of the abovementioned
corrosion scenarios, one may expect HS (as a weak acid) to also
exhibit a significant buffering ability, at least in a certain range of
environmental conditions.

In the present study, the effect of homogeneous dissociation of
H,S inside the diffusion boundary layer on the polarization
response of the system was investigated theoretically. For that
purpose, a comprehensive mathematical model was developed that
fully incorporates the effect of homogeneous reactions and trans-
port processes on surface concentration of H'. As discussed further
below, the results showed that the buffering effect of H,S is indeed
significant in nearly all typically conditions encountered in the oil
and gas production and transmission industry. The increased
limiting currents and the observed “double wave” were readily
explained by the homogeneous H,S dissociation reaction, with no
need to assume H,S as an electrochemically active species. In order
to further validate these observations, the existing experimental
data reported in some recent studies [15,18] were compared with
those obtained from this model.

2. Mathematical model
2.1. Water chemistry

Water chemistry calculation is the first step in a quantitative
analysis of any corroding system, which is essential in obtaining the
concentrations of the involved chemical species. Upon dissolution
in water, the dissolved HsS, as a diprotic weak acid, is partially
dissociated to form HS™ and H*. The HS™ itself can further disso-
ciate to from another H* and S*> . This reaction sequence is
described by chemical Reactions (1) to (3). In an aqueous solution,
the dissociation of water also occurs as shown by Reaction (8).

Hy0)=0H4q) + H" (4 (8)

The dissolution of H,S in water (equilibrium Reaction (1)) can be
described according to Henry's law, assuming ideal conditions:
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CHaS g
Ps,, Hp,s 9)
where Cy,s,,, (M) is the concentration of the dissolved HS, py,s,, is
the partial pressure of H,S (bar), and Hy,s is the Henry's constant, as
shown in Table 1.

The chemical equilibria of the dissociation Reactions (2) and (3)
can be expressed mathematically via Equations (10) and (11), with
Kp,s and Kys- being their corresponding equilibrium constants as
shown in Table 1.

Chys-  Cy+
(aq) (aq)
=K 10)
Cs., HyS (

Ce- Cy+

S H™

(aq) (aq) — I<HS’ (-l -l)

Chs

(aq)

The water dissociation reaction with the ionic product of K, (see
Table 1), can be expressed as:

Cyr  =Kuw (12)

Coy-
OH (aq)

(aq)

At a given pH and pH,S, the solution speciation can be obtained
using the electro-neutrality constraint (Equation (13)) together
with the equilibrium Equations (9)—(12). Fig. 1 demonstrates the
results of such calculations for an open system at 0.1 and 1 bar H,S
partial pressures for a range of pH values.

ZZI'C,‘ =0 (13)

2.2. Governing equations inside the diffusion boundary layer

Considering the heterogeneous nature of the electrochemical
reactions, their rates are defined based on the local concentration of
the active species at the metal surface, which are not known
explicitly. However, the electrochemical response of a system can
be obtained by solving the mass conservation law in the diffusion
boundary layer. Such calculations allow the surface concentrations
to be obtained based on the known bulk concentrations, when the
appropriate relationships describing their concertation distribution
inside the diffusion layer and at the electrode surface are used. The
mass conservation law inside the diffusion boundary layer, is

1E+02

1E+00 +

HaS(aq) -7

i

m

S

]
I

1E-04 -

Concentration/ M

1E-06 -

1E-08

1E-10
3

Fig. 1. The calculated solution speciation of H,O/H,S system at 30 °C, for 0.1 bar H,S
(solid lines), and 1 bar H,S (dashed lines).

described as Equation (14), known as the Nernst-Planck Equation.

aG;

a—t‘:—V~Ni+R,- (14)
Equation (14) describes the concentration distribution of species

i, where N; is the flux, and R; is the source term that includes the

consumption or production of species i by homogeneous chemical

reactions. The flux of species i, is described as Equation (15) [33]:

Ni = —ziuiFCdib — D,‘VC,’ + UC,' (15)

where the terms on the right-hand side describe the effect of
electro-migration, molecular diffusion, and convective flow,
respectively.

In the turbulent flow regime such as those observed in trans-
mission pipelines or in laboratory conditions (e.g. rotating cylinder
electrode test apparatus), the velocity term in Equation (15) cannot
be specified without elaborate calculations. Hence the effect of
turbulent flow in such scenarios is expressed by the aid of turbulent
diffusion concept, with D; representing the eddy diffusivity [34].
Hence Equation (15) is restated as Equation (16) for turbulent flow:

N; = —zju;FG;V¢ — (Dj + Dt )VG (16)

In typical pipe flow, rotating cylinder, rotating disc, etc., flow

Table 1
Equilibrium and kinetic rate constants of the H,O/H,S system.
Parameter Reference
47
(1 2,83 0 (459, )10, i
Wy = (103, 2 100 T 121 T 7z) 080 hw
(M 2)a; = -4.098, a, = —3245.2, a3 = 2.2362E5, a, = —3.984E7, as = 13.957, ag = —1262.3, a; = 8.5641E5
48
—(bi+ba THbs T2+ b4/T +bs log(T)) [48]
Hy,s = (1073p,,) 10
(M.bar™") by = 6.343E2, by = 2.709 E—1, b3 = —1.113E-4, by = —1.6719E4, bs = —2.619E2
[49]
Kiss — (10-3py) 10 (er+c: T+es T+ Cayp + s ln(T))
(M) ¢; = 7.8243945E2, ¢, = 3.61261E-1, c3 = —1.6722E-4, ¢4 = — 2.05657315E4, c5 = — 1.42741722E2
Kis. = 10-174 (M) [43]
Kppps =7.5% 101 (M~1s7T) Estimated
kpps =1x 10" (M~1s71) Estimated
kyw =1.4x 1011 (M~1s 1) [50,51]

2 py is the density of water in kg.m-3 as shown in Table 3.
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Table 2
Reference diffusion coefficients at 25 °C.

Species Diffusion coefficient x 10%/(m?/s) Reference
H,S 1.93 [52]

HS- 1731 (53]

S§2- 1.5 Estimated
H* 9.312 (33]

OH- 5273 (53]

Na* 1.334 [33]

a- 2.032 [33,53]

geometries, only the flux component perpendicular to the metal
surface (here denoted by x) are relevant (in Equations (15) and
(16)). Also, the mobility of ions can be defined by the Nernst-
Einstein relationship (u;= Di/RT), with the diffusion coefficients
listed in Table 2. Hence, the equations above can be simplified to
Equations (17) and (18):

o ) 6C,- Zl'Dl'FCi 0p
Ni= —(D;+ D) 51 - A0ET 20 (17)
6C,- . 0 ) aC, ZiDiF 0 6¢ )
ot ax ((DH—Df) ax) Rkt ox \Gax) T R (18)

The eddy diffusivity distribution throughout the boundary layer
of a fully developed turbulent flow can be obtained from the
empirical equation suggested by Arvanith [35]:

+3
Di=v 0.0007 x (19)

1+ 0.00405x+2] 2

where v is the kinematic viscosity (m%s~1), and x* is the dimen-
sionless distance from the wall defined as following, with x being
the distance from the wall (m), 7, being the wall shear stress (pa),
and p being the fluid density (kg.m~3).

L2
X+ — X<TWZP> (20)

Equation (19) is valid for x*<30 and it is universal for all tur-
bulent flow when appropriate dimensionless parameters are used.
The relationships for the physical properties of water used in this
study are listed in Table 3.

The wall shear stress, 7, in Equation (20), is a function of Fan-
ning friction factor (Cy) as shown by Equation (21), which is a
function of the Reynolds number (Re). The Reynolds number carries
the turbulence and the geometry specific information in this set of
equations.

Tw = Y2 pCpV? (21)

In Equation (21), V is the average flow velocity (m.s~!), and p is
the fluid density (kg.m ). The friction factor in a turbulent flow

regime is obtained by the correlation of Swamee and Jain [36] for
Darcy friction factor (Cy = 4Cy) (Equation (22)), which is essentially
an explicit derivation of the well-known Colebrook-White corre-
lation [37]. Noting that the first term inside the logarithm in
Equation (22), accounts for the effect of surface roughness (¢) on the
friction factor (here assumed to be zero).

-2
€/Deq 5.74
C;=025 [log( é;" +W>] (22)

As mentioned above, the rate of consumption or production of
the chemical species by homogeneous chemical reactions are
incorporated in these calculations through the R; term in Equation
(18). The rate of chemical reaction j involving species i, represented
in general form as Reaction (23), is expressed as Equation (24).

ny ny
Ya=>6G (23)
r=1 p=1

ny n
Ri= ke [, G — ko [T, Go (24)

where kgjand kj; are the reaction rate constants of the forward and
backward reactions. The relevant chemical reactions, in the current
system are: the dissociation of H,S, HS™, and H,O0. The kinetic rate
constants for these reactions used in the present model can be
found in Table 1. For each chemical species, R; is the sum of the rates
of all j chemical reactions involving this species, as shown in
Equation (25). Here, the rate of reaction is expressed as a positive
value when species i is produced, and as a negative value when it is
consumed, and s;; is the stoichiometric coefficient of species i in
reaction j.

R,‘ = ZR] S,'j (25)
j

In addition to the concentration of species, the potential of the
solution inside the diffusion boundary layer must be specified in
order to calculate the effect of electro-migration, as seen in Equa-
tion (18). This parameter can be obtained by including the electro-
neutrality constraint in calculations, as shown by Equation (13).

2.3. Initial and boundary conditions

As a second order partial differential equation, Equation (18) can
only be solved if the appropriate boundary and initial conditions
are specified. The initial condition (for t =0) was specified as con-
stant known concentrations of chemical species defined by the
chemical equilibria obtained from water chemistry calculations.

At the bulk solution boundary, where x = ¢, concentrations of
chemical species remain unchanged at all times (for t >0). The
boundary conditions at the metal/solution interface are specified in
term of the known flux of the chemical species, defined by

Table 3
Temperature dependence of physiochemical parameters.
Parameter Relationship Reference
Water density/(kg/m?) pw = 753.596 + 1.87748 T — 0.003562 T2 [24]
Water viscosity/(cP) 5 [54]
1.1709 (Tyep — T) — 0.001827(Tyep — T)
< (T—273.15) + 89.93
B = e 10 Ty = 293.15K, firer = 1.002 cP
Diffusion coefficient T Href [33]
D; =D; oy

,reffef I
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Table 4
Summary of equations used in the mathematical model.

Electrode surface boundary

N Siji; For electro-active species
ilx=0 = — ,F

n;F
Nily—o =0 For non-active species

ZZl‘Ci =0
i

Diffusion boundary layer

oG 0 i oG ziDiF o ( .04 ~ For all species
e (04 DO T+ 0 2 (80 4 g

ot ox ox
Zliq =0
i

Bulk boundary conditions

G=Ch

d =0 Arbitrary reference potential

electrochemical reactions. For an electroactive chemical species,
the flux at the metal (electrode) surface is equal to the rate of its
consumption or production by the electrochemical reactions. For
species i, involved in an electrochemical reaction:

S,‘i

Nilx—0 = “1F

(26)
where the negative sign in Equation (26) account for the sign
conventions imbedded in flux, current density and stoichiometric
coefficient (s;) terms.

The present study is focused on the cathodic currents, therefore,
the anodic iron dissolution is not included in the present analysis.
Since water reduction reactions is only significant at much lower
potentials than those where reduction of H ion is relevant, it was
omitted as well. Furthermore, the present study is testing the hy-
pothesis whether the polarization curves can be explained without
considering the direct reduction of hydrogen sulfide (Reaction (6)),
hence, the only electrochemical reaction considered in the present
model is the one describing the H' reduction.

The cathodic current density resulting from H' reduction was
calculated in the form shown by Equation (27). The kinetic pa-
rameters, including transfer coefficient ay+ = 0.5, the reaction or-
der my. = 05 and the reaction rate constant
ko = 1.2E — 8 mol®>m~%5s~1 used in this model, were estimated
based on the experimental data previously reported in the litera-
ture as discussed in the following section.

(*“’H+ g+ F(Eapp—Fop+ ))
my- — RT

iC,H* == —nH+Fk0H+CiIV e (27)

The flux of non-electroactive species at the metal surface is zero:
Nilyo =0 (28)

The flux Equations (27) and (28) describe the metal surface

Table 5
Derivative approximation for a non-uniform grid.

boundary conditions for all chemical species. Considering that N;
appears in these relationships, the solution potential should also be
specified at the solution/metal boundary. This can be done similar
to that in the governing equations by invoking the electro-
neutrality constraint as described by Equation (13), and the
known fluxes of species.

2.4. Numerical solution

The mathematical relationships used to develop a comprehen-
sive mathematical model are summarized in Table 4. These equa-
tions form a set of non-linear, coupled, partial differential
equations. Considering the one-dimensional spatial domain, the
solution can be obtained using a simple finite difference method.
This is a common numerical technique used for solving differential
equations, including those describing electrochemical systems
[16,21,33].

The partial differential equations are discretized using second
order Taylor's series approximations. The spatial derivative ap-
proximations for non-uniform spatial grid used in this study are
shown in Table 5 for a function f(x), where Ax; = x; —x;_1 is the
distance between the two adjacent nodes. In the present model the
grid size is allowed to grow linearly with an expansion factor of 1.1
from the initial value of Ax =50 nm adjacent to the metal surface.

The time integration is done explicitly, using Euler approxima-
tion. The resulting algebraic equations can be written in a matrix
format, as a tri-diagonal coefficient matrix multiplied by a vector of
the unknown concentrations and solution potential. The solution
for each time step can then be obtained by inverting this matrix.
The algorithm used here was Neman's “BAND” open-source code,
where the solution is obtained by using the LU decomposition
method [33]. The presence of nonlinear terms, such as those arising
from the electro-migration or chemical reaction terms, means that
some of the elements in the coefficient matrix are a function of
other concentrations and/or potential, which are not explicitly
known. In this approach, the solution of the equations was obtained
iteratively by using an initial guess for the unknown terms of the
coefficient matrix —usually the last calculated value— until the
desired accuracy (R% = 10~12) was achieved. The time step was then
advanced and the whole process was repeated.

3. Results and discussion
3.1. A theoretical discussion

Let us first entertain the idea that the buffering effect of H,S can
become significant if the environmental conditions are favorable.
This is an expected behavior of any weak acid as a result of its
partial dissociation in an aqueous environment. As shown in the
water chemistry calculations, the extent of dissociation is pH
dependent. Considering the recent findings in similar systems,
weak acids with relatively low pKa (about 4) such as acetic acid and

First order derivative, central approximation
_ AXiiq
Ax;(AX; + AXj, 1)
First order derivative, three point forward approximation
24X;1 + AXjyo
AXip1(AXiq + AXiyo)
Second order derivative, central approximation
2
Ax;(AX; + AXi 1)

a; =

a = —

a; =

f'(xi) = aif (xi_1) + bif (x;) + cif (xi11)

b — AXH,] - AXi - AXi
i AX; DX 1 P AX g (A% + Axig)
F'(xi) = aif (x;) + bif (xi 1) + cif (Xiy2)
by = Aiert AXipp o M
Axi 1A%, AXip2(AXiq + AXipo)

() = aif (Xio1) + bif (%) + cif (Xi1)
2

i = -

2

AXiAXi 1 T Axi (BX; + Axiq)
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carbonic acid are strong buffers [21—23]. This means that their
equilibrium and kinetic properties allow them to readily dissociate
as the pH is increased, for example at the metals surface under mass
transfer limitation. In terms of reaction kinetics, the association of
H,S is categorized as “diffusion controlled”, similar to association of
water, carbonic acid, and acetic acid [38]. The term “diffusion
controlled” refers to reactions with extremely high rates that occur
as soon as the reactants “collide” [38—40]. With pKa of about 7, H,S
appears to be thermodynamically and kinetically capable to exhibit,
at least to some extent, similar buffering ability as that observed for
carbonic acid and carboxylic acids [19,21,41,42].

A) ——pH,5=0 bar --- pH,5=0.001 bar ~ - -pH,$=0.01 bar
«++-- pH25=0.05 bar = = pH;5=0.2 bar — -pH2S=1bar
0.2 T
04+
> [
~-06 1
= L
S [
5 [
L08 |
© L
T L .
2 a1t N,
a L
r |
12 4 '
14 F ; 1 1 1 1
0.01 0.1 1 10 100 1000
Current density / (A.m2)
B) ——pH,S=0 bar ----pH,S$=0.001 bar - - -pH,$=0.01 bar
~~~~~~~ pH25=0.05 bar - = pH;5=0.2 bar — - pH,S=1 bar
02 T
04 |
> [
~-06 +
o [
I
& [
£-08 +
= [
N
2 1+ .
& \
[ |
-1.2 +
14 + ; ; ; ; ;
0.01 0.1 1 10 100 1000
Current density / (A.m2)
C) ——pH,5=0 bar ----pH,$=0.001 bar - - -pH,5=0.01 bar
~~~~~~~ pH25=0.05 bar - = pH2S=0.2 bar — - pH;S=1 bar
>
S~ -
m
T
%]
3' N
=
=]
f=
g
o
a
14 + ; ; ; ; ;
0.01 0.1 1 10 100 1000

Current density / (A.m2)

Fig. 2. Simulated steady state cathodic polarization behavior of acidic solutions con-
taining H,S, at 25 °C, 0.1 M NaCl, 2 m s~ flow in a pipe with 0.012 m ID. A) pH 3. B) pH
4. C) pH 5.

The significance of the buffering ability of H,S can be discussed
theoretically in terms of simulated cathodic polarization curves,
generated by the mathematical model described above. In this
model, it was assumed that H* reduction is the only cathodic re-
action (no direct reduction of H,S). Fig. 2, demonstrates the pre-
dicted steady state polarization curves for the pH range from 3 to 5
and pH,S of 0—1 bar. The results show that the buffering effect of
H,S is indeed significant at almost all conditions, which leads to a
significant increase in the observed cathodic currents with
increasing pH,S. Furthermore, the characteristic cathodic “double
wave” was also seen in the predicted voltammograms, even though
it was previously associated with an additional electrochemical
reaction — direct reduction of HS [13—15,17,18].

As it is clearly seen, the first limiting current can be associated
with the mass transfer limitation related to H* reduction, which is
not affected by pHsS, and remains constant at a constant pH. The
second limiting current is due to the presence of H,S in the solu-
tion. As the pH is increased, the potential at which this wave is
observed shifts towards more positive potentials. Also, the pH;S at
which the second wave appears decreases with increasing pH. On
the other hand, the characteristic double wave shape rapidly di-
minishes at higher pH values. Considering that the predicted re-
sults are solely based on H reduction, this behavior is a result of
the relative dominance of two parallel processes that supply the H™
to the electrode surface:

a) the mass transfer of H* from the bulk solution.
b) the dissociation of H,S at the vicinity of the metal surface.

In order to further analyze the nature of the double wave, the
calculated speciation at the metal surface during the polarization
was analyzed. Fig. 3 illustrates the current response of the simu-
lation at pH 3 and pH,S of 0.2 bar on the secondary axis, versus the
calculated surface pH on the horizontal axis. The behavior of the
surface concentration of H,S and HS™ are shown on the primary
vertical axis of the same graph. As it is seen in Fig. 3, up to the
current density of about 10 A.m~2, the surface pH remains practi-
cally unchanged. That corresponds to the charge transfer controlled
cathodic current range observed in Fig. 2A. In this range, the surface
concentration of all species is the same as that in the bulk solution.
As the first limiting current density is reached at about 40 A.m~2,
surface pH starts to increase, as expected in a mass transfer limiting
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Fig. 3. The relationship between the calculated surface pH and the surface concen-
tration of H,S and HS ™, on the primary vertical axis, and the calculated current density,
on the secondary vertical axis. Conditions: 25°C, 2m s~ in a pipe with 0.012 m ID, pH
3, pH2S = 0.2 bar, and the potential range from —0.2 to —1.2V vs. SHE.
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scenario. Even though the current density does not increase in this
range, the surface pH increases as the potential (the driving force of
the reaction) is shifted to more negative values. Ultimately, at some
negative potential, the surface pH reaches a sufficiently high value
where the dissociation of H,S is favored, leading to a significant
generating of H' at the surface. This process results in a notable
influence on polarization curves at surface pH of about 5 and rea-
ches its maximum at about 9. The pH where H,S and HS™ con-
centration trends cross occurs near the pKa value of HsS.
Considering the higher pKa of HS™ (about 17) [43], no significant
contribution from this reaction is expected in the present
conditions.

Based on the discussion above, the reason why the double wave
shape is not always observed should be sought in the behavior of
the surface pH and the extent of H,S dissociation. That is, the
increased surface pH when the mass transfer limited current of H™
reduction is reached. Take for example the case of a bulk pH of 5,
this suggests the surface pH rapidly reaches the pH 6—7 (1—2 units
higher than the bulk pH) when the limiting current is reached,
which is within the range that favors H,S dissociation. That means
at bulk pH of 5 the conditions are such that H,S readily dissociates
when the limiting current is approached and hence, a double wave
is not clearly observed as shown in Fig. 2C. On the other hand, at
bulk pH of 3, the surface pH favorable for H;S dissociation is only
reached at potentials substantially into the H* reduction limiting
current range (see Fig. 3); thus, the double wave is observed in an
extended pH>S range of Fig. 2A.

3.2. Experimental verification

In order to further examine the validity of the theoretical
argument above, the results obtained from the model prediction
were compared with the experimental data reported in the litera-
ture. The experimental data were taken from two recent studies by
Zheng et al. [15] and Esmaeely [18] et al., who reported a systematic
investigation of the electrochemical behavior of H,S corrosion of
mild steel over a wide range of experimental conditions (pH 3 to pH
5 and pH,S from 0 to 1 bar).

The experiments in these studies were done using rotating
cylinder electrodes (RCE) while the model is created for a straight
pipe flow geometry. In order to properly estimate the equivalent
mass transfer conditions [44], the mass transfer coefficient for RCE
from the Eisenberg [45] equation was equated with the one ob-
tained from a relationship proposed by Berger and Hau [46] for
straight pipe flow. The equivalent flow velocity (vpje in m.s~!) is
then (29):

d1,628

RCE
29
dype (29)

0.03 ,0.186(70.814
l/pipe = 0.5610 Sc 14 QRCE

where Qgce is the angular velocity of the RCE electrode (rad.s™1),
and other parameters have their common electrochemical
meaning.

The comparison of the predicted cathodic currents, solely based
on HT reduction (including the buffering effect of H,S), and
experimental data are shown in Figs. 4 and 5. A good agreement
with the experimental data was found, where the model was able
to predict the main characteristic features of the cathodic polari-
zation curves. In previous studies by Zheng et al. [ 15] and Esmaeely
[18] et al., the authors proposed a mechanistic model, where both
H* and H,S were considered to be reduced at the metal surface.
Even though the present model does not include the direct
reduction of H,S, the simulated cathodic polarization curves were
found to be at the same level of agreement with the experimental
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Fig. 4. Cathodic polarization curves at pH 4, 30°C, 1000 rpm RCE (equivalent to
0.81 ms~' pipe flow with 0.012 m ID), at various H,S partial pressures. The points are
measurements and the dotted lines show the results generated by the present model.
The experimental data was taken from Zheng et al. [15].

data, as those reported in the original studies [15,18].

In Fig. 4, showing data for pH 4 and H,S partial pressures up to
0.1 bar, the limiting current densities were found to be in good
agreement with the experimental data. The presence of the double
wave, and its position was also reasonably predicted by the model.
It is worthwhile to note that the current densities in the potential
range between the two limiting currents show a clear dependence
on the pH,S. Nonetheless, they are properly estimated by the model
solely based on H' reduction. This can be understood when
considering the fact that this range of current densities is not
controlled purely by the charge transfer process. At this range, the
surface concentration of H' is defined by the H,S dissociation re-
action. Naturally, the increased concentration of H,S results in an
increased rate of dissociation and hence, higher concentration of
H™ at the surface. This process is of more significance in the results
obtained at higher pH values as shown in Fig. 5.

Fig. 5 demonstrates the comparison of the model with the
experimental data at 0.1 bar pH»S as reported by Zheng et al. [15]
and 1 bar as reported by Esmaeely et al. [18]. At elevated H,S partial
pressures, the reproducibility of the experiments were decreased as
seen from the larger error bars. Even at such high H,S partial
pressure, the present model was found to agree reasonably well
with the experimental polarization curves, where the main char-
acteristic behaviors at all pH values were correctly predicted. That
further validates the electrochemical mechanisms used in devel-
oping the model, suggesting the direct reduction of H,S is not
significant during cathodic polarization.

The results at pH 5, as reported in Fig. 5C, are of particular sig-
nificance for the generic argument about the characteristic shapes
of cathodic polarization curves obtained in the presence of weak
acids. At this particular condition, only one limiting current is
observed following the downward sloping linear range. It can be
deduced from Fig. 2C and above discussions, that the surface con-
centration of H' in this range of current densities is strongly
influenced by the H,S dissociation reaction and the current
response of the system is not properly representing the kinetics of
electrochemical processes. Nevertheless, based on its appearance,
this linear range of current densities could be easily mis-
characterized as a pure charge transfer controlled range with Tafel
behavior, and erroneous conclusions could be reached about the
reaction mechanism and rates [13—15,18]. This type of arguments
was used by various authors, including Kittel et al. [13], Tribollet
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Fig. 5. Cathodic polarization curves at 30 °C, 1000 rpm RCE (equivalent to 0.81 ms™!

pipe flow with 0.012 m ID), at pH,S = 0.1 bar (green circles) and pH,S =1 bar (blue
squares) partial pressures and the dotted lines show the results from the present
model. A) pH 3. B) pH 4. C) pH 5. The experimental data at pH,S = 0.1 bar was taken
from Zheng et al. [15], and the experimental data at pH,S=1bar was taken from
Esmaeely et al. [18].

et al. [14], Zheng et al. [15] and Esmaeely et al. [ 18] as evidence for
the existence of direct reduction of H,S and to determine its kinetic
parameters. Indeed, unusually high Tafel slopes and difficult to
explain reaction orders were derived this way for the direct HyS
reduction reaction [13—15,18]. For example, the experimental
cathodic currents shown in Fig. 5C, if associated with the direct
reduction of H,S, show Tafel slopes of 200 mV and 160 mV for
0.1 bar and 1 bar H,S concentrations, respectively, and about 0.3

order dependence on H,S concentration.

This discussion signifies the importance of using comprehensive
quantitative calculations in analysis of the experimental data from
such systems, similar to the approach used in this study. The
simulated results as shown in Fig. 5, clearly demonstrate that such
behavior is not related to direct reduction of H,S. As argued above,
the observed current densities in the range between the two
limiting currents are not purely governed by the charge transfer
kinetics, but rather they are affected by the kinetics of the HyS
dissociation, which defines the surface H' concertation. This range
of current densities corresponds to the range of decaying surface
H,S concentrations, as seen in Fig. 3. The apparent H,S dependence
of the current densities is therefore the result of the increased rate
of H,S dissociation that leads to higher concentration of H* at the
surface. The main difference between the present case of H,S and
that of acetic acid and carbonic acid is in the relatively lower pK,
and dissociation kinetics (~10° vs. ~108) for HS that results in
observation of such behavior.

4. Conclusions

The theoretical analysis of polarization behavior of H,S con-
taining acidic solutions showed that the direct reduction of H,S is
insignificant at the conditions considered here. The increased
limiting currents and the observed “double wave” behavior can be
fully explained by the homogeneous dissociation of H,S inside the
diffusion boundary layer.

It is shown that the buffering effect of H,S is observed when the
surface pH approaches the pKa of this species. This behavior results
in the observation of the secondary limiting current in lower bulk
pH values and explains why the second wave is not observed as
clearly in the solutions of higher bulk pH. The comparison of the
results from the present model with experimental cathodic polar-
ization curves showed that this mechanistic behavior remains valid
for a wide range of conditions from pH 3 to 5 and H,S partial
pressures up to 1 bar.
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