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Review of Corrosion Kinetics and
Thermodynamics of CO, and H,S Corrosion
Effects and Associated Prediction/Evaluation on
Oil and Gas Pipeline System.
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Abstract: In order to control the corrosion in pipelines, it is important to understand the underlying corrosion mechanisms and prediction of it’s
initiation and means of mitigation. This paper reviews the electrochemistry of corrosion, it's kinetics and thermodynamic nature, with respect to
CO; and H;S effects in propagating corrosion in oil and gas pipeline system. The phenomenon of polarization and it's importance in the mitigation
of corrosion processes was highlighted in relation to it's mechanisms. Several principles and models used in predicting and evaluating corrosion
kinetics were reviewed emphasizing their applicability in the oil and gas pipeline system. Scale formation on metal surface plays a prominent role
in the rate of corrosion propagation making the process more complex, hence the mathematical models to extract the parameters which

determine the effect of scale formation were appraised.
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4
1 INTRODUCTION The effect of corrosion was found to supersede a simple mass
The condition for a Spontaneous reaction’ Changing the state loss of metal, while ga.IVa.niC cell formation due the presence of
of any material is that the reaction takes place with the release these gaseous ions in oil and gas installations constitutes the
of energy. If such a thermodynamic driving force exists for a major agent of corrosion [5]. In the presence of CO, corrosion
corrosion process, the next question is, at what rate or level of rate can be reduced substantially under conditions when
effects does the particular corrosion proceed or have? [1]. The corrosion  product,  iron(lil)trioxocarbonate(V)[FeCOs]  can
presence of carbon(IV)oxide (CO,), hydrogen sulphide (H,S) precipitate on the steel surface and form a dense and
and free water can cause severe corrosion problems in oil and protective corrosion product film. This occurs more easily at
gas pipelines. Internal corrosion in wells and pipelines is high temperature or high pH in the water phase. When
influenced by temperature, CO, and H,S content, water corrosion products are not deposited on the steel surface, very
chemistry, flow velocity, oil or water wetting and composition high corrosion rates of several millimeters per year can occur.
and surface conditon of the steel [2]. Corrosion by When H,S is present in addition to CO,, iron sulphide (FeS)
carbon(IV)oxide with or without the presence of hydrogen films are formed than FeCOs,. This protective film can be
sulphide is an important issue in the oil and gas industry. The formed at lower temperature, since FeS precipitates much
severity of corrosion depends apart from the aforementioned easier than FeCOs. Localized corrosion with very high
factors also on pressure, pH, composition of the aqueous corrosion rates can occur when the corrosion product film
steam, partial pressures of CO, and H,S and presence of non does not give sufficient protection, and this is the most feared
aqueous phases [3]. Corrosion of steel by CO, and CO,/H,S type of corrosion attack in oil and gas pipelines. The major
has been one of the major problems in the oil and gas industry concern with CO, corrosion in oil and gas industry is that CO,
since 1940. Recently, it has again come to the limelight, corrosion can cause failure on the equipment especially the
because of the technique of CO, injection for enhanced oil main downhole tubing and transmission pipelines and thus
recovery and exploitation of deep natural gas reservoirs disrupt the oil and gas production. Its chemical reactions
containing carbon(IV)oxide [4]. include CO, dissolution and hydration to form carbonic acids
as shown in (1) and (2);
C0s(5) = CO2aq) M
€O, + H,0 — H,CO;4 ()
The trioxocarbonate (V) acid then dissociates into bicarbonate
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Hence, CO, corrosion leads to the formation of a corrosion
product, FeCO;, which when precipitated could form a
protective or non-protective scale depending on the
environmental conditions of pH scale, temperature, etc. [6].
The internal corrosion of carbon steel in the presence of
hydrogen sulphide represents a significant problem for both oil
refineries and natural gas treatment facilities. The scale growth
which is one of the factors governing the corrosion rate is
dependent on the kinetics of surface scale formation. In an
H,S environment many types of iron sulphide may form such
as amorphous ferrous sulphide, mackinawite, cubic ferrous
sulphide, smythite, greigte, pyrrhotite, troilite and pyrite, among
which mackinawite is considered to form first on the steel
surface by a direct surface reaction [7]. The poorly known
mechanism of H,S corrosion makes it difficult to quantify the
kinetics of iron dissolution in aqueous solutions containing H2S
based on the formation of mackinawite film, as proposed by
Sun et al, 2008, is shown in figure 1. The understanding of the
effect of H,S on CO, corrosion is still limited because of the
nature of the interaction with carbon steel is complicated.
Dissociation of dissolved H,S is given in (6);

Kh,s

H,S =3 H* + HS™ (6)

While the dissolution of HS- is given by equation (7);

HS™ 15 j+ 4 52 %
+ e + /o2
Where Ky, = L1 /is”] and Kys- = [HH{:_Z ]

In a H,S dominated system or CO,/H,S mixed system, the
direct reduction of H,S lowers the solution’s pH as it acts as a
weak acid and increases the corrosion rate by providing an
extra cathodic reaction, similar to the action of
trioxocarbonate(V)acid, as shown in (8), [9].

H,S+e™ — H+HS" )

However, when H,S is present in low concentration in a CO,
dominated system, the iron sulphide (FeS) film interferes with
the formation of the carbonate scale (FeCO,). This is of
interest because the iron sulphide film would seem to be more
easily removed from the pipe wall than the iron carbonate
scale [10]. Under turbulent conditions, removal of the
protective scale will lead to an increased corrosion rate [11].
The kinetics of surface scale formation in the CO,/H,S system
is complicated; depend on the competitive kinetics of the two
scale formation mechanism, and also on the chemistry of the
brine and the respective solubility of iron carbonate and iron
sulphides [12]. Corrosion process can therefore take place if
there is a thermodynamic force driving the process. The rate of
corrosion can, however, vary within wide limits. In certain
cases it can be large and cause serious damage to the
material, and other cases can be small, of little practical
importance. Therefore, it is imperative to study the mechanism
of these kinetics and thermodynamics of corrosion vis-a-vis
their effects on oil and gas pipeline system.
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2 MATERIALS AND METHODS

2.1 Corrosion Kinetics and Electrochemistry
Thermodynamic principles can explain a corrosion situation in
terms of the solubility of chemical species and reactions
associated with corrosion processes. However,
thermodynamic principles cannot be used to predict corrosion
current or corrosion rate [13]. On an electrode (pipeline)
immersed in an aqueous solution, both an oxidation and a
reduction may occur. These proceed as an oxidation of metal
atoms to ions and a reduction of metal atoms in accordance
with the equation;

Me = Me™ + ne” 9

An equilibrium potential (E.4) is associated with each reaction.
When a current is applied to the electrode surface the
electrode potential charges and the electrode is said to be
polarized. The difference between this resultant potential (E)
and each electrode’s reaction equilibrium potential (E.,) is
called polarization or overpotential (n) and it is modeled as;

n=FE—E,., (10)

The polarization can be anodic or cathodic, when the
processes on the electrode are accelerated by moving the
potential in the positive or negative direction respectively.
There are there basic types of polarization, as expressed in
(11);

Neotal = Nact + Neone + IR (11

Where, n, . is the activation overpotential, n_ . is the

concentration overpotential and iR is the ohmic drop. The
expression relating the overpotential n, to the net current |, is
the Butler-Volmer equation:

i= io{exp (ﬁ.%.n)—exp (—[1—[3].%.7])} (12)

The first term in {} in Butler-Volmer describes the forward
(metal dissolution, anodic) reaction, while the second term in {}
describes the backward (metal deposition, cathodic) reaction
[14]. In the Butler-Volmer equation R, is gas constant; T, is the
absolute temperature; n, is the number of charges transferred
(valency); F, is the Faraday constant; B, is the symmetry
coefficient and i, is the exchange current. Activation
polarization is a complex function describing the charge
transfer kinetics of an electrochemical reaction. It is always
present and the main polarization component at small
polarization currents or voltages. Activation overpotential is
usually the controlling factor during corrosion in strong acids
since both n__ and iR are relatively small. Concentration
polarization is a function describing the mass transport
limitations associated with electrochemical processes and it's
dominant at larger polarization currents or voltages. It usually
predominates when the concentration of the active species is
low. The ohmic drop takes into account the electrolytic
resistivity of an environment when the anodic and cathodic
elements of a corrosion reaction are separated by this
environment while still electrically coupled. The ohmic drop will
become an extremely important factor when studying
corrosion phenomena for which there is a clear separation of
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the anodic and cathodic corrosion sites, e.g. crevice corrosion.
It is also an important variable in the application of protective
methods such as anodic and cathodic protections that force
potential shift of protected structures by passing current into
the environment [15]. Knowledge about the kind of polarization
which is occurring can be very helpful in corrosion mitigation,
since it allows an assessment of the determining
characteristics of a corroding system. For example, if corrosion
is controlled by concentration polarization, then any change
that increases the diffusion rate of the active species (e.g.
oxygen) will also increase the corrosion rate. In such a system,
it would therefore be expected that agitating the liquid or
stirring it would tend to increase the corrosion rate of the metal,
as in case of a turbulent flow through the pipeline. However, if
a corrosion reaction is activation controlled then stirring or
increased agitation will have no effect on the corrosion rate.

2.2 Kinetics Data Graphics

In order to model a corrosion situation with mixed potential
diagrams, the information concerning the following must be
available; (1) activation overpotential for each corrosion
process involved and (2) any additional information for process
that could be affected by concentration overpotential.
According to the mixed-potential theory underlying these
diagrams, any electrochemical reaction can be algebraically
divided into separate oxidation and reduction reactions with no
net accumulation of electric charge. At this point the net
measurable current is zero and the corroding metal is charged
neutral.

2.2.1 Activation Overpotential Processes

In activation controlled corrosion processes (figure 2),
reactions are depicted by straight lines on an E versus Log i
plot, with positive Tafel slopes for anodic processes and
negative Tafel slopes for cathodic processes. Figure 2 is
polarization behavior of carbon steel in a deaerated solution
maintained at 25°C with a pH of zero. The outline is the
polarization plot and the dotted lines represent the anodic
reaction of (13) and the cathodic reaction of (14) that depict the
corrosion behavior of steel in these conditions.

Fe(y — Fe** + 2e* (13)
2H* + 2e* - Hy, (14)

The sharp peak observed at -0.221V vs Standard Hydrogen
Electrode (SHE) estimates the corrosion potential (E.,.), while
the dotted lines from the point where the current crosses zero
i.e. infinity on a log scale, find the intercept which indicates the
cancellation between anodic and cathodic current. The current
density of 67pA/cm? evaluated in this example corresponds to
a penetration rate of 0.8mm/y. under the same condition but at
a different pH of five (figure 3), the shift of the E_,,. to a more
negative value of -0.368V vs SHE is observed. The modeled
projected lines provide a corrosion current of 4pA/lcm?
corresponding to a penetration of 0.5mm/y.

2.2.2 Concentration Overpotential Processes

In a concentration controlled process, one of the reactions is
limited by the rate of transport of the reactant to the metallic
surface being corroded. The system in this situation is at pH of
five, 25°C and the environment is both aerated and stagnant
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(figure 4). A second cathodic reaction is made possible by
oxygen reduction.

0, + 4H* + 4e~ > 2H,0 (15)

The intercept where the opposing current are balanced occurs
at an E,, of -0.33V vs SHE, with a current density of
8.2uA/cm” to a penetration of 0.1mm/y. when the reduction of
oxygen is enhanced through the agitation of the environment,
the limiting current is increased by a tenfold factor to reach the
value of 63uAlcm® a new situation emerges as depicted in
figure 5. The marked positive shift of E.,,.. is now -0.224V vs
SHE, and accompanied by an increase in current density of
63pA/cm’ at a penetration rate of 0.8mm/y.

3 CORROSION KINETICS PRINCIPLES, MODELS AND

RATES CALCULATION

There are three basic kinetics principles or laws that
characterize the oxidation rates of pure metals; (a) parabolic
rate law (b) logarithmic rate law and (c) linear rate law. These
laws are modeled respectively as follows:

x* = Kpt+x, (16)
x = Kylog(ct + b) 17
X = KLt (18)

The parabolic rate law makes the assumptions that the
concentrations of diffusing species at the oxide-metal and
oxide-gas interfaces are constant, and that the oxide layer has
to be uniform, continuous and of the single phase type. This
law is applicable to high temperature engineering problems.
While the logarithmic and the linear rate laws are both
empirical relationships. However, metals with linear oxidation
kinetics at a certain temperature have a tendency to undergo
the so-called catastrophic oxidation [16]. The analysis of para-
linear kinetics behavior caused by a parabolic rate weight gain
and a linear weight loss that occur at the same time can be
carried out using the Tedmon equation:

="k (19)
In a situation where K"/ k. < 1, equation (19) becomes;
(4

1
x = Kyt + (K2t + 2K,t) /2 (20)

Where x, is the scale thickness; K,, is the parabolic rate

constant for scale growth; K, is the linear rate constant for
loss of scale by volatilization, and t, is time. The kinetics model
of (20), can be considered in terms of weight changes due to
high vapor pressure at temperatures above 500°C, to become;

1
w = —K,t+ (K2t* + 2K,t) /2 (21)

By metallography, the extent of metal loss and scale thickness
can be determined through this model:
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vt M (22)
A, A4, A,

Where w, is the measured weight gain after time, t; wy, is the
total weight of the scale; w, is the total weight of metal lost
from the specimen core; and A,, is the original specimen area.
Also using metallographic measurements, rate constants could
be calculated for the growth of the scale assuming parabolic
behavior and for metal loss assuming linear behavior, as can
be expressed by (23) and (24).

W, 1
S = (Ko xt) 2 (23)
WV
il —Kp, X t (24)
Where K, is the empirical parabolic rate constant for the

scale growth, and K., is the empirical linear rate constant for
metal loss by vaporization. The rate of corrosion can be large,
causing serious damage to materials, some cases small, being
as a result of inhibition of one or more of the electrode
reactions. Extent of corrosion can be expressed in terms of; (i)
change in weight of the metal, (ii) depth of the surface zone
which has corroded away, (iii) number and quantity of pits
formed, (iv) amount of corrosion products and (v) changes in
the ultimate strength, yield strength or rupture strain of the
metal. Equation (25) expresses corrosion rate in terms of
mass loss, thus [17].

.= K(mb ma) (25)
A(At)p

Where R, is corrosion rate (mmly); my, is mass before
exposure (g); m,, is mass after exposure (g); A, is exposed
surface area (mm?); At, is exposure time (hrs); p, is density
(g/cm® and K, is constant for unit conversion. The rate of
corrosion is also quantified through the relationship between
the corrosion current density (i) and metal dissolution
(corrosion) rate, as in (26):

Rc = ﬁicorr (26)

Also the ratio lV[/n, is referred to as Equivalent Weight (EW) of
individual element constituent of alloy, hence (26) can be
expressed as;

i
R. =K F (EW) 27)
P

Where M, is the atomic weight of the metal (g/mol), n, is the
charge number (electron valency), F, is the Faraday’s constant
and EW for an alloy is given by the relation of (28):

(S

EW = (28)

)

n;
e

Where n;, is valence of alloying element, i ; F;, is mass fraction
of alloying element, i ; and A;, is atomic mass of element, i
(g/mol),[18].
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4 Modeling of Surface Scale Formation

Effects on Corrosion Rates

Corrosion processes become significantly more complex in the
presence of solid scales that may form on the metal surface. In
general, it is necessary to consider; (i) the precipitation
equilibria on the metal surface (i) anodic dissolution processes
that occur on the free surface of the metal (iii) dissolution
kinetics of the solid scale (iv) cathodic processes on the free
metal surface (v) cathodic processes on the scale surface,
which are expected to be considerably slower than those on
the free surface (vi) local concentrations of active ions close to
the metal surface, which are influenced by adsorption and
mass transfer and (vii) transport of ions through scale, which
depends on the permeability of the solid precipitate. In
principle, it is possible to develop a truly comprehensive model
that takes into account all these phenomena [19], [20].
However, such a model would contain a large number of
parameters that could not be unequivocally determined on the
basis of the limited amount of electrochemical and exposure
data that are available in literature. In order to derive a
mathematical model that represents the effects of scale
formation on corrosion rates. Anderko and Young, 2002,
considered n separate species that may be formed on the
surface of the corroding metal. The fraction of the surface
occupied by ith species is dented by 6, and it's change with
time is expressed as:

a0, , -
o R LA R (29)

k=1

Where j;,is the rate constant for the formation of the ith
species on the free surface of the metal and 1, is the rate
constant for the dissolution of these species. In the limit of
stationary state (i.e., for t —» =) 8, is given as;

Ji

3 (30)
o [1+zk A

The averaged effect of surface scale can be represented by
(31) with the assumption that the partial current densities i are
modified by the presence of the scale, thus;

i’:i<1—29k>:; 31)

k=1 I+Zk 1l

And j, can be rewritten as
Jk = JiNgNy - (32)

Where Ny, Ny, etc., are surface concentration of appropriate
active solution species, X, Y, etc., and a, b, etc., are reaction
orders, thus;
j’ : : (33)
P =
1+ ]kNale 1+ZZ:1qu)?N19"'
k

Assuming the Langmuir absorption behavior, Ny can be
represented as;
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k,a,

N ="
X 1+Zrkrar

(34)

The parameter q in (33) is the ratio of the rate constant for the
formation and dissolution of scales; and k.., characterizes the
adsorption of the aqueous species that are responsible for
scale formation. However, aside the bulk activity of species,
the effect of scale formation is determined by the parameters,
gk and k.. In case of a FeCO; scale, the HCOj; ion can be
assumed to be the active species that participates in the scale
formation because it is much more abundant than COz” in the
pH region of FeCO; precipitation, i.e.,

Fe + 2HCO5 = FeCO4 + H,CO;4 + 2¢~ (35)

Thus, Ny, is substituted for the term N2N2 in (33). Since
Nuco, depends on the activity of HCO;3 ions, it is a strong
function of solution chemistry. For the FeCO; scale, the
parameter q, has been found to be temperature-dependent
according to an Arrhenius-type expression, thus;

- wlr)
T) = q(T,. i e 36
q(T) = q( f)eXP[ R\T T, (36)

Fe + H,S » Fe + HySaas0rped

|

Fe + HZSadsorbed - Fe+ HS(;dSOT‘bed + Ht;dso‘rbed

Path 1‘/ \a‘th 2

Fe + HS ;s + Hlys > FeHS,  + HY Fe+ HSy, + HY, > Fe+Sg,;s + 2H}

| '

FeHS ;s + HY;s » FeHS} o + Hyqs + €~ Fe + Sgy. + 2H,, = FeSuqs + 2Hous

FeHSgys + Haqs + €~ = FeSaqs + 2Hags Taylor’s pairing

Taylor’s pairing
ZnFesads - nFeZSZ - Fesmackinawite

aneSads - nFeZSZ - Fesmackinawite

Figure 1: Mechanism of H,S corrosion on Fe
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Therefore, the parameters that are needed for the computation
of the effect of FeCOs; scaling are greco, (Trer): Adreco,, and

Kicos -

5 CONCLUSION

Several prediction and mitigation models have been
developed for CO, and H,S corrosion of oil and gas pipeline.
The models are correlated with different laboratory data and, in
some cases, also with field data from oil companies. The
models have very different approaches to accounting for oil
wetting and the effect of protective corrosion films, which can
give large difference in behavior between the models. It is not
possible to declare one or two models as better than the
others. But it is important to understand how the corrosion
prediction models handle, particularly, the effects of these
gases, oil wetting and protective corrosion films when the
models are used for corrosion evaluation of wells and
pipelines. There is inevitably a high degree of uncertainty in
these predictions and no model should be believed to have
more than +50% accuracy for a wide range of conditions.
However, the knowledge about te kind of overpotential or
polarization occurring during corrosion processes is very
helpful and important in corrosion mitigation, since it allows an
assessment of the determining characteristics of a corroding
system.

Fe »Fe® +2¢ |

-0.1 ‘ :

Ecorr & leor
Potential i |

(V vs SHE)

e VTR TRATRE PR, (TR — TR

g

| 2H'+2e > H,

04 ? 1
55 5 45 4 35 3 25 2
Log (il(A)

Figure 2: Polarization behavior or carbon steel in a deaerated
solution maintained at 250C and a pH of zero
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Figure 3: Polarization behavior or carbon steel in a deaerated
solution maintained at 250C and a pH of five
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0, +4H'+ de" > 2H,0 —»

Fe - Fe™ +2¢

7

i 2H'“2e 5 H,

I e i L L L

65 6 55 -5 45 4 -35 -3 25 2

Log (fil(A)

Figure 4: Polarization behavior or carbon steel in a stagnant
aerated solution maintained at 250C and a pH of five

5
2H'+ 2e" > H,

N

-6.5

-6 55 -5 45 4 35 -3 25
Log (liltA)

Figure 5: Polarization behavior or carbon steel in an agitated aerated
solution maintained at 250C and a pH of five
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