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ABSTRACT

The roles and effects of organic acid species in CO; corrosion have received relatively
little attention and thus have not been included in the corrosion analysis of oil and gas
systems. This is potentially detrimental as most of the predictive models used for
materials selection do not incorporate considerations of the effects of such species. The
scope of the study is to understand and predict the effect of organic acids, acetic acid
specifically, on the CO, corrosion rate of carbon steel. The electrochemical studies
consist of static test and rotating cylinder electrode (RCE) tests that focus on the effect of
acetic acid species concentrations on the corrosion rate with the presence of CO; at fixed
pH and different temperatures. These studies are based on linear polarisation resistance
(LPR) and potentiodynamic polarisation methods of a three-electrode system. The results
are compared with the performance predicted by three openly available predictive
models; NORSOK, Cassandra and de Waard Milliams models. The results of static tests
showed that the corrosion rate increases almost linearly with the concentration of acetic
acid under non-scaling conditions and decreases to a low value after the formation of
protective film. The RCE tests at pH 5.5 show similar results, with an increased corrosion
rate that varies linearly with the acetic acid concentration. In addition, the presence of
more than 400 ppm acetic acid at 22°C and 800 ppm at 50°C reduces the corrosion rate
due to inhibition. The cathodic reaction in the presence of acetic acid is diffusion
controlled but changes to mixed diffusion and charge—transfer control at high acetic acid
concentration. There is no significant change in the anodic reaction mechanism with the
presence of acetic acid. The overall corrosion process is mainly controlled by a charge
transfer process. Based on the findings, it is concluded that acetic acid species increase
the corrosion rate of carbon steel in CO; corrosion substantially from the additional
cathodic reactions of acetic acid dissociation and direct reduction of acetic acid. Standard
predictive models do not account for the presence of acetic acid in CO, corrosion. Thus,
new equations are proposed to predict the CO: corrosion rate of carbon steel with the

presence of acetic acid for stagnant/low-flow and turbulent flow conditions.
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1.0 INTRODUCTION

1.1 Overview

The prime objective in the corrosion design basis (CDB) memorandum of an o1l and gas
exploration and production (E&P) project is to ensure cost optimisation and structural
integrity of the installation. This entails detailed evaluation of all possible corrosion risks
that govern the basis of matenal selection in the design stage. The correct selection of
materials and corrosion mitigation methods 1s critical in order to withstand the potential

corrosivity of the hydrocarbon sources throughout the design life.

Corrosivity in oil and gas pipelines and associated equipments originates from the
composition of the oil or gas sources. Primary constituents of the sources are carbon
dioxide (CQO,), hydrogen sulphide (H:S), dissolved oxygen, organic acids and other
impurities that affect the thermodynamics and kinetics of the corrosion. Other factors that
govern the corrosion are: operating pressure, operating temperature, flow rate, pH and

material charactenstics.

Many researchers [1-12] have conducted extensive studies of possible mechanisms of
CO; corrosion with different variables and proposed possible anodic and cathodic
mechanisms. Vanous CO: corrosion predictive models were then developed as tools in
the design stage. Since these models are based on different philosophies and input
parameters, the results of the predictions do not always tally. Depending on which
predictive model is used, different matenal selection systems and mitigation methods
could be suggested. Since carbon steel 1s widely used, the prime mitigation method of
CO; corrosion of carbon steel relies on the effectiveness of the corrosion inhibitor and

protectiveness of the corrosion film.

One of the other constituents of the hydrocarbon sources that is regarded as a key issue in
CQ; corrosion is organic acid, primarily acetic acid [13]. It is known to be corrosive but

has not been extensively researched and thus not accurately represented in the currently




available predictive models [14]. The presence of this organic acid is revealed in typical

analyses of formation water as in Table 1.1 below.

Table 1.1: Example of formation water chemistry [15]

Dissolved Solids Concentration (ppm)
CATIONS

Sodium 29910
Potassium 325
Magnesium 50
Barium 270
Strontium 600
Iron (total) 25
Dissotved Iron <0.05
ANIONS

Chloride 52110
Sulphate ' 10
Carbonate 0
Bicarbonate (include organic acids) 570
Hydroxide 0
Additional Elements

Lithium 4
Silicon 21
Phosphorus <0.15
Boron 71
Aluminium <0.5
Volatile fatty Acids

Acetate 455
Propionate 47
Butyrate <10
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The roles and effects of the acetic acid species present in the system are not clear and thus
warrant further studies. Clear understanding of all possible influential elements in the
CO; corroston process could lead to more accurate corrosion prediction that is important
in the design stage. This is not only relevant to safety, by avoiding under design, but also

to cost through avoidance of over design.

Thus, the objective of the study is to establish the effects of acetic acid on the CO;
corrosion of oil and gas pipelines. The effects are to be incorporated in a predictive model
so that reliable prediction of CO; corrosion of the carbon steel pipeline with the presence

of acetic acid can be achieved.
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2.0 BACKGROUND THEORY AND LITERATURE REVIEW

2.1 Corrosion Design Basis (CDB)

In any oil and gas exploration and production (E&P) project, detailed evaluation of all
possible corrosion risks is done which then forms a corrosion design basis memorandum
of the project. This eventually forms the basis of material selection in the design stage
and then provides inputs for maintenance and inspection strategies in the operation stage.
Typically, this is done in conceptual and detailed design stages as described in the

following sections.

2.1.1 Corrosivity Evaluations

In the corrosion design basis, the corrostvity evaluations of hydrocarbon systems should
consider all important parameters in a particular field. Typical parameters that could form
the basis for material selection of the project can be broken down into several groups as

shown in Figure 2.1.

- Other Effects:
Hydrodynamics: H,S-content, Fluid
Local/bulr;( ﬂov; Wax effect Chemistry: pH
regimes, Top o L7 ’
line/Bottom of line Organic acids
Water Wetting/Oil . Operating
Wetting €O Corrosion Conditions:

Design Basis Temperature, Partial

pressure of CO;

Controlling Parameters:
Micro-alloying elements,
Corrosion inhibition,
Glycol and methanol, pH-
control

Protective
Corrosion Films

Figure 2.1: Parameters affecting CO, corrosion design.[16]
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These factors influence the chemistry of both the formation and dissolution of the

corrosion products, the rates of chemical reactions, and the rates of transport of species

involved in the corrosion. The importance some of these parameters in CQO, corrosion

prediction models is summarised as follows:

Effect of pH.

Determination of a realistic estimate of the actual pH in the water phase, either the
condensed water or formation water, is important in corrosion evaluation of o1l
and gas wells and pipelines. This includes the effect of bicarbonate produced by
corrosion on the pH of condensed water and bicarbonate and organic acids on the
pH of the formation water. It is known that the reported pH in a water analysis,
usually measured at atmospheric conditions after depressunisation, 1s most often
totally useless for a corrosion prediction [17]. The actual pH in the systern must
be calculated from the CO; partial pressure, temperature, bicarbonate content in
the water, ionic strength and organic acid content. Another factor for
consideration is the possibility of misinterpretation of acetic acid and other
organic acids as bicarbonate that leads to a higher calculated pH. This
misinterpretation has been cited by the early work of Crolet [18] and later by
Hedges [14].

Effect of protective corrosion films

Formation of protective iron carbonate films especially at high temperature or
high pH can affect the corrosion rate substantially. Protective films will not form
at low temperature, as the iron carbonate solubility is high and the precipitation
rate is slow. However, protective iron carbonate films can form at high
temperature, as the iron carbonate solubility is lower and the precipitation rate
much faster. This can lower the corrosion rate from several mm/yr for carbon
steel without any corroston films to less than 0.1 mm/yr when protective films are

present.

13




Effect of o1l wetting
Corrosion takes place only when water is present at the surface and no corrosion
if oil wets the surface. If the water is transported as a water-in-oil emulsion or

dispersion, corrosion can be substantially reduced.

Temperature
The corrosion rate increases with temperature when no protective corrosion

products are formed.

Partial pressure
The corrosion rate increases with increasing CO, partial pressure. This is due to

lower pH, which increases the solubility of the corrosion products.

Velocity

Increasing the fluid velocity may increase the rate of transport of species
important to the corroston process in gas/water systems. However, increasing the
velocity may slow corrosion in oil systems, due to the entrainment of water in oil
and thereby causing the steel to be wetted with oil rather than water. The velocity

may also influence how corrosion inhibitors are transported or function.

2.1.2 Material Selection

The overall objectives of the material selection are to determine which matenal or

material system offers the optimum solution for the project. In most cases, the design of

CO; corrosion involves an evaluation of the suitability of using carbon steel or low-alloy

steel which offer the following advantages:[19]:

Satisfactory performance predictions
Life cycle costs

Ease of fabrication/installation.
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The methodology applied to optimise the matenial selection is based on the predicted

corrosion rates with a typical approach as follows:

o Calculate the expected corrosion rates of carbon steel using the predictive model.
e Determine whether or not corrosion inhibitor can reduce the corrosion rates to an
acceptable level.

¢ Evaluate the applicability of different Corrosion Resistant Alloys (CRA).

One good example of a detailed life cycle analysis 1s given by Rippon [20].

The default matenal is always carbon steel for low to medium corrosion rates with the
option to include corrosion allowances and to deploy corrosion inhibitor. For more
aggressive conditions, CRA 1s technically justified. Since carbon and low alloy steels are
extensively used in offshore and onshore oil and gas installations, accurate predictions of
the corrosion rates of these materials in CO; environments are required. Thus, clear
understanding of corrosion process of carbon steel in the environment, including the

effect of inter-related parameters, 1s required.

2.2 CO,; Corrosion

2.2.1 Overview

The corrosion problem in the o1l and gas exploration and production sector is mainty due
to the presence of a substantial carbon dioxide (CO;) content in reservoir. Carbon dioxide
dissolves in formation or condensed water resulting in a weak acid. The corrosion process
of this so-called ‘sweet corrosion’ is complex as many parameters are involved in the
mechantsm of anodic and cathodic reactions. The effects of CO; partial pressure and

temperature on the corrosion rates are shown in Figure 2.2 below.
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50 40 6 0 0 190  san
Tampamtse (C)

Figure 2.2: Effect of temperature on corrosion rate at different CO; pressure. [10]

Another important feature of CO, corrosion 1s the formatton of a protective film that 1s a
function of many parameters such as pH and temperature. The film, however, may be
damaged and thus result in localised corrosion in the form of “ringworm and mesa”.

With those considerations, the common approach to characterize CO, corrosion is to

scrutinize the mechanisms and model them to predict the corrosion rate.

2.2.2 Mechanism

Corrosion of carbon steel with the presence of dissolved CO; and other related species,
such as H,CO;, HCOy and Fe2+, involves a number of chemicai, electrochemical and
transport processes that occur simultaneously. Turgoose, Cottis and Lawson [21}
emphasised that these electrochemical reactions are affected by solution composition and
hydrodynamics and are indeed complex as many species interact in the boundary layer.
Vanous mechanisms have been proposed in different studies. Nesic et al. {22] presented
good overviews of these possible reactions. Nonetheless, these were done without

considering the effect of acetic acid species in the system.
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Thus, in order to study the effect of acetic acid in CO; corrosion, compilation of the
possible anodic and cathodic reactions is done with the inclusion of the possible reactions

of acetic acid species.

The possible reactions involved in this system can be derived from consideration of the
chemical reactions of CO,; and water systems, the cathodic mechanisms, the anodic

mechanisms and influences of possible corrosion layers.

2.2.2.1 Chemical reactions of CO;-water system

CO; contained in crude oil or gas flowing through the tubes and pipes reacts with
formation or condensed water present in the system. Turgoose, Cottis and Lawson [21]
presented the chemical reactions of the CO;-water system at ambient temperature, and
atmosphenc pressure, including as a function of solution pH, based on the previous work
by Kem {23]. The summary of chemical reactions in the CO,-water system is shown in
Table 2.1 below.

Table 2.1: Summary of chemical reactions of the CO>-water system.

Possible Chemical Reactions Equilibrium Constants | Remarks

1. Dissolution of carbon [ Dissolution constant K, [CO,_, 1= molar
dioxide: CO, = =CO, K - (o, ] concentration of dissolved
PCOI(,, carbon dioxide

PCOzm = partial pressure of

CO; gas.

2. Hydration of the dissoived | Forward rate constant k; | The Kya value is almost

gas to form carbonic acid, | (=0.03755™); independent of temperature
HCOs: Backward constant k4 but reduces to 2.31x10> at
(=13.7s7) 300°C. [24]

17



€O, +H,0H,CO,

Another possible CO; hydration
reaction for pH greater than 10

1s:

€O,  +OH oHCO,

Hydration constant

k
K,, = —-=0.00258
Wk

-1

k;= 8500 s and
k,=19x10*s"

The small values of k; and
k. mean that the CO;
hydration reaction can be
considered as a slow process
and 1s therefore the rate

determining step for

subsequent reactions.

3. Dissociation of the carbonic
acid first to bicarbonate and

then to carbonate.

H,CO, H" + HCO,

The dissociation constant
for the first stage of this

reaction 1s:

_[H'][HCO,]
" [H,C0,]

pK, =3.77

The actual pK, used here is

than that
reported (pK, '= 6.3), since

lower normally

this latter value is based on
carbonic acid plus dissolved
CO; not just on carbonic acid
as shown below;
. [H']{HCO, ]
" [H,CO,]+[CO,_)]

With the lower value, this
means the CO; solutions are
buffered
expected over short time

periods. [21]

less well than

18




4. Further dissociation of The dissociation constant

bicarbonate producing K, 1s

carbonate 10ons: _ [H*][CO,I—]

[HCO, ]

K,

HCO,” ©®H' +CO0,”

K, =4.8x10"" mol/dm’

pK, =103

Based on the equilibrium constants above, the amount of each species as a function of the
solution pH at 25°C and a CO, partial pressure of 1 bar, is shown in Figure 2.3. We

observe from the figure that the dissolution of CO; gas and the hydration reactions are pH
independent.

Concentration, mol/dnd

0.00001

0.000001

0.0000001

\

PH

Figure 2.3: Concentration of carbonic species in water as a function of pH calculated at 1
bar COz and 25°C.
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Furthermore, we observe that at pH less than 5.5, the predominant carbonic species 1s the
bicarbonate ion (HCOQ5). As the solution pH increases the carbonate ion, CO;”, becomes

important in the solution.

In practical CO, corrosion environments, many other species are present and reacting in
the water solutions, such as organic acid. In the case of carbon steel exposed to aqueous
solution containing CQ-, the corrosion mechanism is further considered in the following

sections.

2.2.2.2 Mechanism of Cathodic Reaction

The increase of corrosion rate with the presence of CO; is primarily due to the increases
in the hydrogen evolution reaction. This supplements the usual pH-dependent proton
discharge, as in strong acids (pH< 4), which is given by:

2H' + 2¢ — H;
The rate-determining step is due to the diffusion rate of H' ions from bulk solution.[8]
In mildly acidic conditions, 4 < pH < 6, which 1s typical of CO; solutions, direct
reduction of carbonic acid becomes the dominant cathodic process as proposed by many
authors such as de Waard — Milliams [1] and Gray et al [8].

2 H;COz + 2e¢e - H;+ 2HCOs

The dissociation of H,COs also contributes to the addition of H', which however, the

effect is small [25].

It has also been suggested [9] that in CO; solution of pH 5, the direct reduction of

bicarbonate ion becomes significant.

20




2HCO; +2e — H, +2C05>

The summary of the possible mechanisms and the rate-determining step (RDS) in the

reactions of the dissolved CQO, with steel surfaces is compiled in Table 2.2 below.

Table 2.2: Compilation of the possible mechanisms and the rate-determining step

(RDS) 1n CO» corrosion.

Reduction Mechanisms

Authors/Year

Remarks

Rate-determining reduction of carbonic acid

de Waard-Milliams

Does not

with subsequent heterogeneous reformation | [1]/(1975) explain the
from the bicarbonate and protons. subsequent
H,CO, +e Sy, HCO; experimental
data of
HCO;  + H 4, = H,CO, Schmitt and
Rothman.
The cathodic limiting current density is the | Schmitt and Rothman | Experimental
result of superimposition of processes | [26,27]/(1977&1978) | data based on
influenced by diffusion and by a charge- RDE which
transfer reaction, according to: limits
i, =iy, +ig =Co" +i, applicability
to laminar
where igs 1s the diffusion component flow
conditions.

associated with the mass-transfer of reducible

species from the bulk, consisting of’

. rds
+
]) H(bulk) = H(aa,)

+ —
H(m) +e = H(m)

21




rds
2) H,CO; = H,CO,

wda )

H,COy | +e = Hyy+ HCO;

3 (ot

and ig is the limiting current due to a chemical
reaction, (ir), which 1s attributed to the slow
hydration of CO, adsorbed on the electrode

surface.

COo, =CO,

(batk) (ds)

rds
COZ(-‘-) * HZO = HZCOS(-‘-)

H,CO, + ¢~ = HCO; +H

An electrochemical-chemical reaction where
the reduction of carbonic acid or bicarbonate
yields bicarbonate or carbonate, respectively,
which subsequently react with water to
regenerate the reactant and produce
hydroxide.

e An electrochemical step:

H,CO, +¢e- = HCO; +H
or

HCO; +¢ = COy +H
¢ Followed by a chemical step:
HCO; +H,0 = H,CO, + OH"

or

CO; +H,0 = HCO,; +OH"

Wieckowski et al.
[33)/(1983)

Supported
the idea of a
possible
direct
reduction of
carbonic acid
on the
surface of the
electrode as
proposed by
de Waard and

Milliams.

22




Proposed a chemical-electrochemical
mechanism; the rate determining is the result
of the direct reduction of carbonic acid which
is produced by the homogeneous CO;

hydration reaction.

Eriksrud and Sontvedt
[4)/(1984)

This
mechanism 1s
also known
as CE and
widely
accepted by
subsequent

researchers.

Proposed that bicarbonate contributes towards

reduction resuiting in the formation of

carbonate ions.

2HCO; +2¢” > H, +2CO7

Ogundele and White
[5)/ (1986)

Covers onlya
small pH
range (4.95 -
5.31), does
not explain
the results
from rotating
disc

electrodes.

Proposed that the reduction rate of H,CO; is
controlied by the rate of a preceding chemical
reaction dentified as the carbon dioxide
hydration reaction. They also suggested that
from pH 6 to 10 the dissolution of carbon steel
increased by the charge-transfer controiled

reduction of HCO5:

HCO;

3w

+e” = H,, +CO;

Gray et al. [8,9])/
(19894&:1990)

Proposed the cathodic mechanism that
includes a chemical homogeneous reaction
followed by an electrochemical process (CE

mechanism) was a good approximation in the

Turgoose etal. [21)/
(1990)

In agreement
with Eriksud
[4] on

homogeneous
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pH range 4-5. However, it was indicated that formation of
above pH 6 the cathodic rate is controlled by carbonic

the production of carbonic acid from the high acid.
concentration of bicarbonate at the surface of

the electrode according to:

HCO; +H,0 = H,CO, + OH"

Most of the earlier work was done using static fluid or laminar flows, which then limits

the results to stagnant and low flow conditions.

The study of turbulent flow using the rotating cylinder electrode, (RCE), was done by
Mendoza and Turgoose [28] on the cathodic kinetics of the CO: corrosion. They
concluded that similar to the rotating disc electrode, there is a limiting current over a
wide range of potentials, for pH 4. This limiting current was the result of flow dependent

and flow independent components given by:
iy = C+D' 0™

where C" and D" are constants.

Nesic et al. [29] also employing a RCE, supported the proposals of previous investigators
[4,30] for a cathodic mechanism that includes a chemical reaction followed by an
electrochemical reaction. They considered the cathodic reactions for an electrochemical
model of CO; corrosion consisting of. H' reduction and direct reduction of H,CO; and

H>0 molecules. The cathodic current (i) was given by:

1 1 1
—_———— ——
i:

. .
o lim

24




where the first term is the charge-transfer controlled current:

n

i, =i,10

while the second term is the limiting current. In the case of H' reduction, the limiting

current comes from the mass-transfer limitation for H' reduction:

ilimmﬂ = kH+ F [H+ }b

In the case of H,CO; reduction, the limiting current is a consequence of the slow
homogeneous CO, hydration and can be calculated as: [31]

=FC (Dy,co, k)

|
hm(BzCOs) bﬂl‘-‘Os

where F 1s the Faraday constant, Coyrco, and Dy o, are the bulk concentration and

diffusion coefficient for carbonic acid respectively and k., 1s the backwards dehydration
constant for the hydration reaction of CO,. 1t is stated that this equation derived by
Vetter {31] and it is strictly valid only for stagnant solutions. As a first approximation, it
was suggested [29] that this equation i1s correct at temperatures higher than 20°C and low

velocities, (< 1 m/s), when the mass-transfer layer is much thicker than the reaction layer.
On further experimentation, Nesic et al. [32] proposed a theoretical multiplier f which is

significantly different from unity only when the thickness of the mass-transfer boundary

1s of the same order of magnitude as the reaction layer for HCO; hydration,

f = coth(C)
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which takes into account the effect of flow on the chemical reaction limiting current.
Parameter & was defined as the ratio of the mass transfer (8m) to the chemical reaction (&)

layer thickness:

DH,co,
6 k A3C0;
C= g"'_ =
r Dnzco,

where K, . 1s the mass-transfer coefficient for carbonic acid and k; is the backwards
2 3

rate constant for the hydration reaction of CO,. The limiting current due to H2COs

reduction is now given by:

i"m(uzco,) =F Cbn,co, V (DHICOJ k—l) coth((;)

and for stagnant solutions f =1, (i.e. Vetter’s equation).

Nesic and co-workers [32] also proposed that the superposition of the limiting currents
due to diffusion and reaction of H,CO; molecules, could be expressed in terms of a pure
limiting current, corrected for the presence of a rate limiting chemical reaction. In this
way, the cathodic limiting current due to carbonic acid reduction measured in solutions

containing dissolved CO, will be given by:

=F kyco, Co, o, ¢ coth(C)

| .
'“"n,co,

On further research, performed by Mendoza [33] using the RCE apparatus in the
temperature range of 20°C to 80°C and P, of 0.1 and 1 bar, the findings of other
sctentists [4,29,30] were verified. The measured limiting current was found to depend on

CO; partial pressure and flow. He suggested that as the solution pH increases the 1iip

region tends to become less well defined, due to the higher contribution of the direct
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reduction of carbonic acid to the overall cathodic mechanism, at 20°C and P, 1 bar.

Subsequently the flow dependence of the limiting current becomes less pronounced. As
the temperature of the solution increases the limiting current also increases. However, at
low rotation speeds, the limiting region is less well defined than at room temperature. The
flow independent limiting current was found to increase with CO; partial pressure and
temperature, as measured indirectly from the intercept on the 1, versus u®” plots. The

limiting current at pH 3.8 was found to be larger than the corrosion rate, at P, of 1 bar,

indicating that under those conditions the system 1s under activation or charge-transfer
control. However as the solution temperature increases, the corrosion rate becomes flow

dependent and icorr values are of the same magnitude as i;m, especially at 80°C.

The corrosion rate at room temperature, P, 1 bar and saturation pH was found to be

flow independent, in contrast to the observations by Nesic et al. {29]. On the other hand,
it appears that increasing solution pH results in a slight increase in the icor values. At the
natural saturation pH, the temperature has an even more detrimental effect on the
corrosion rate, with the additional effect of flow sensitivity. In addition, reduction of the
CO; partial pressure to 0.1 bar resulted in a flow dependent corrosion rate at the natural-
saturation pH, whilst increasing the solution pH reduces the i.« values and the flow
sensitivity of the system. However, it has to be pointed out that all measurements
performed a short time after immersion and thus the time factor was not incorporated into

the results.

2.2.2.3 Mechanism of Anodic Reaction

The anodic reaction consists of several steps as proposed by Bockns et.al. [34] which can

be simplified by

Fe - Fe*' +2e
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The mechanism proposed by Bockris et al. [34] has frequently been assumed to apply in
CO; solutions. The assumption is not accurate as the pH dependency falls rapidly at pH
higher than 4. [27]

Thus, in a recent study, Nesic et al. [29,101] proposed that mechanisms are different from
that obtained in strong acids. They proposed that the anodic dissolution of iron is affected

by the presence of CO-.

Videm [35] suggested that dissolution of steel has a pH-dependent and pH-independent
region where in the pH-—dependent region the rate of charge transfer increases
proportionally with the OH concentration. Above a certain pH, about 4.2, the dissolution
is suggested to be pH-independent.

2.2.2.4 Chemistry of Acetic Acid

The dissociation of acetic acid in water 15 given by

CH;COOH + H,0 « CH:,COO + H30+

with Ka=1.74 x 10° s™ and pKa = 4.76.

This is a weak acid with the major species present in solution at equilibrium are
CH3COOH molecules.

In reaction with bicarbonate ion, acetate ion (Ac) and carbonic acid are produced as
shown below.

CH;COOH + HCO; <> CHiCOO™ + H,CO;

Since acetic acid is a stronger acid (pKa=4.76) than carbonic acid (pKa=6.36), the

position of the equilibrium lies to the right .
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Acetic acid (HAc) dissociates, and is then followed by electron transfer, as below:

HAc < H + Ac and

H +e — 1/2H,

The dissociation reaction is very fast with a rate constant of about 10¢ s!: so the cathode

reaction may be considered to be as follows [37]:
HAc +e — 1/2H; + Ac

In consequence, 1t is not possible to distinguish the reductions of acetic acid and free
protons [22].
The overall corrosion reaction for alloy steel in CO; containing environment with the

presence of acetic acid is:

Fe + H;CO3; —» FeCO; +H;
Fe + 2HAc — Fe(Ac) +H;

The corrosion product, iron carbonate, may form a protective film or semi-protective
film that controls the corrosion. Iron acetate, which is much more soluble than iron
carbonate, interacts with the iron carbonate formation leading to an increase in corrosion
rate. This interaction between iron acetate and ron carbonate film is, however, not widely

studied.

2.2.3 Film Formation

The electrochemical reactions are often accompanied by the formation of films of FeCO;
(and/or Fe;04) which can be protective or non-protective depending on the conditions

under which they are formed [22]. The precipitation of FeCOs is favoured with increase
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in pH, temperature and all measures that can reduce the transport of reactants and
corrosion products from the steel surface [38].
Videm et al.[36] stated that, above 80°C, reliable scales are often found where as below

this temperature, a pH value of at least 6 1s required.

Ikeda et al[39] proposed two film formation models for high and low temperatures:

1) At high temperature bulk formation occurs, where film precipitation is controlled
by the concentration of Fe** ions, FeCOj solubility and bicarbonate concentration.

2) At lower temperature, where the films are thin and relatively less protective, a
surface formation model proceeds. Local pH increases favour FeCQO; formation at
surface anodic sites. The factors that control the formation are:

- solubility product;

- ferric 1on concentration; and

- carbonate/bicarbonate concentrations.

It 1s also noted that damage of protective films can occur due to fluid erosion effects or
other local turbulence from fitting and joining protrusions. However, Schmitt et al. [40]
argued that the damage of protective film is primarily due to the effect of intrinsic
stresses not the extrinsic stress, such as wall shear stresses. He argued that the normal
wall shear stress in flow systems is in the order of 107 to 10 N/mm®, or even 10710 10?
N/mm? in turbulent flow conditions, which is much lower than scale adhesion strength of
magnitude 1 — 30 N/mm’. Thus, it was stated that the requirements for prediction of
protective film formation should encompass the followings{41]:

- Fommation of protective corrosion product layers;

- Stability of these layers;

- Adherence to the steel surface; and

- Repair of damaged scales at temperature above 80°C. At lower temperatures, a pH

value of at least 6 is required.

On the other hand, with the presence of acetic acid species in the bulk solution, which

diffuse to the surface and corrosion films, a different phenomenon occurs. Crolet [42]
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highlighted that any replacement of bicarbonate by an equivalent amount of acetate wilt
decrease the protectiveness of the corrosion layer due to the increase the local solubility
of iron and elimination of alkalinity. In addition, the internal acidification which provides
a local acetate-rich environment would trigger localised corrosion of the steel.

Furthermore, Crolet [43] likened the role of acetic acid with respect to the iron carbonate

layer to that of a fluxing or complexing agent.

2.2.4 Flow Effects in CO; Corrosion

The effects of flow on CO; corrosion, as discussed above, can be due to cavitation,
erosion corrosion and flow-accelerated corrosion. In flow-accelerated corrosion, fluid
flow increases the mass transfer of the chemical species to or from the metal surface.

In situations where a reaction is controlled by diffusion of reacting species, the corrosion
rate is related to the concentration driving force (C) and the mass transfer coefficient (k).

The mass transfer coefficient, k, is defined by

ilim = nFkCbhb

where ilim 1s the limiting current density for cathodic reaction and Cb is the bulk
concentration of cathodic reactant. With the knowledge of the mass transfer coefficient

(k), we can predict the corrosion rate due to a mass transport- controlled reaction.

There are many different empirical expressions relating mass transfer coefficients to flow
rate, fluid flow properties, species properties and system geometry. These empirical
relationships are conveniently expressed by dimensionless numbers. The common

dimensionless numbers are listed in Table 2.3.
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Table 2.3: The common dimensionless numbers.

Dimensionless Numbers

Descriptions

The Reynolds number

1
Re = —
v

where u is the mean velocity and v is the kinematic viscosity of the

fluid. The kinematic viscosity is given by the ratio:

v=E

p

where p and p are the viscosity and density of the fluid, respectively.

Identifying the type of
flow occurnng in a
system, also defines a
relative flow velocity in
terms of a charactenstic
length “1”, defined
according to the system

under study.

(X331

The Schmidt number, Sc;, is defined, for a species “i”, as:

Se, =B -V
pD, D,

where Dj is the diffusion coefficient of the species “1” in the fluid.

The Schmidt number,
Sc;, 15 a dimensionless
number associated with
the mass-transfer

properttes of the fluid.

(1342}
H

The Sherwood numbesr, Sh, is defined, for species

sh, - k!
i

, as!

D

- nFC,

where, Cy; =Bulk Concentration.
Then, the Sherwood number can be rewnitten in terms of the limiting

current density as:

ilim 1
Sh, = ——
nFD,C,

The Sherwood number,
Sh, i1s a dimensionless
group associated with the
mass-transfer coefficient,
k;, of a specific species

in the fluid.
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Hydrodynamic analyses have shown that the Re, Sc; and Sh; dimensionless numbers can

be correlated by the following expression:

Sh, = D Re* S¢,’

A good review of the electrochemical measurements in flowing conditions 1s presented
by Poulson[44] which summarised results from rotating disc, rotating cylinder, impinging

jet, orifice and tube apparatus.

Two most common hydrodynamic test systems used in the corrosion studies in flow

environment are presented below.

2.2.4.1 The Rotating Cylinder Electrode (RCE).

The rotating cylinder electrode has been widely used as laboratory hydrodynamic test
system in corrosion studies. This populanty is mainly due to some of its characteristics,
such as being designed for working in turbulent flow conditions, its well-understood mass
transfer properties, its ease of construction and operation, and low cost [45,46].

It has been found that for a RCE enclosed in a concentric cell, the transition between the
laminar and turbulent flow occurs at low rotation rates. This transition has been suggested
to occur at values of Reynolds number of approximately 200 [45,46]. This Reynolds
value will be equivalent to a peripheral velocity of 0.02 m/s (approximately 38 rpm), for a
cylinder of 0.01 m in diameter immersed in pure water. When the RCE i1s immersed in a
fluid and rotated at a very low rotation rate, the flu:d moves 1n concentric circles around
the cylinder. As the rotation rate of the cylinder increases the flow pattern is disrupted
and a cellular flow patterns, known as Taylor vortices, appear and the turbulent condition
develops. These vortices enhance the mass momentum and heat transfer of the rotating

electrode.
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The RCE in corrosion laboratory studies is a useful tool for the understanding of mass-
transfer processes, effects of surface films and inhibition phenomena taking place in
turbulent flow conditions. However, its use in CO; corrosion studies has been questioned
by some researchers[47]. The argument about the validity of the use of the RCE in CO;,
corrosion studies, anises from the differences found between the values of corrosion rates

measured 1n pipe flow electrodes and in the RCE.

2.2.4.2 Mass-Transfer Expressions for the Rotating Cylinder Electrode.

In 1954, Eisenberg et al.[48] published what 1t 1s now considered the basic study on the
mass transfer characteristics of the RCE. Based on the electrochemical study of the
reduction-oxidation reaction of the Fe(CN)s> / Fe(CN)s* ions, they determined the

relationship between the measured limiting current density of an electroactive species “t

in solution, (i, ), and the rotation rate of the cylindrical electrode, (urce). This

relationship is given by the following equation:

iy, =0.0791n FC, dpee " v D" up ™’

which can be rearranged to:

0.356

Sh, xce = 0.0791 Re;” Sc,

where, n 1s the number of electrons involved in the electrochemical reaction, F is the
Faraday constant, drcg 1s the diameter of the cylindrical electrode, i.e. the characteristic
length “I”, Cy 1s the concentration in the bulk of the solution of the ionic species “i”
involved in the electrochemical reaction, v is the kinematic viscosity of the environment

€c’r

and D; is the diffusion coefficient of the species “i”.
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The equation for the RCE proposed by Eisenberg and co-workers predicts at a constant

temperature, a linear relationship between the measured iy, and the rotation rate of the

electrode to the power of 0.7:

. 0.7
ljm, = A Upcg

where the constant A 1s equal to:

A=0.0791n F C, dgc; ° v D"

2.2.4.3 Wall Shear Stress and Mass-Transfer for the Rotating Cylinder
Electrode.

In order to calculate a value of wall shear stress for the RCE, LI the following

equation is used, developed initially for flow through a pipe: [49]

1

T £ Upcg

Yex - hra 5

where p is the density of the fluid, urce is the peripheral velocity of the rotating cylinder

and C;_ 15 the friction coefficient Eisenberg [48] used the following empirical

expression for C; _ in the turbulent regime, between 10° < Regcg < 10*:

C
u—’z'“* =0.0791 Re .

The expression for the wall shear stress can be written as:
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Twace —0.3
— = 0.0791 Reg;
P Upcr

This is the common expression used in the calculation of =,, _ . An alternative expression

for the wall shear stress is obtained if the mass-transfer expression proposed by Eisenberg

and the universal velocity profile concept are considered:

w

acx ~0.6
—%— =192 Reyq
PUgce

The relationship between t, _ and the mass-transfer coefficient of the diffusing species

[ 1304 ]

1” can be expressed as:

T 0.41 0.18
K =0.225[ "-ﬂ] ( M J Se, ™
P dgcr

However, the results obtained for mild steel in CO; solutions under various conditions,

using each rig, have been under extensive crticism, since there was no obvious
correlation between them [47]. It was concluded that the RCE apparatus under-estimates
corrosion rates when compared to a flow loop. However, Turgoose et al. [50] showed
that the RCE provides baseline corrosion data comparable with that from an infinitely
long pipeline. Test loop electrodes are usually of short length with not fully developed
mass-transfer boundary layers, which vary with distance along the electrode. This results
in much higher mass-transfer to and from the short electrodes. However, this may not
affect the cathodic reaction rate, which, as stated previously, is not often mass-transfer
controlled but it may affect the surface ferrous 10n concentration leading to a lack of

development of iron carbonate on pipe electrodes.
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2.2.4.4 Pipe Flow

For flow in straight, smooth pipe, there are a large number of empirical mass transfer
expressions in open literatures. For example, the expression due to Chilton and Colburn

[51]);

Sh = kd/D = 0.023Re **Sc **

which can also be expressed in terms of the mass transfer coefficient

K= 0023 D 0.67 VvV -0.47 u O.S/d 0.2

Other empirical expressions give similar results: Berger and Hau [52] give

Sh = kd/D = 0.01 7Re ** §¢ %%

However, in real systems pipes are not smooth and straight and hence the equation
derived from smooth pipes does not apply. Nonetheless, the since the wall shear stress
can be determined from pressure drop, an expression that relates shear stress to flow

parameters was given by Chilton and Colbum [51].

The determination of average shear stress is important since it has been suggested by
Silverman [53] that same mass transfer conditions prevail for systems with the same
shear stress magnitude, same flow regime and satisfying the non-slip condition at the
wall. It 1s found from the RCE and straight pipe tests, the overall scalar transport rate is
identical with mean wall shear stress. However, the scalar transport mechanism in the
two configurations was different. For the straight pipe, the scalar transport arises from
turbulent convection and molecular diffusion, whereas in the turbulent flow of a rotating

cylinder, it includes turbulent Taylor vortices.
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2.3 CO; Corrosion Predictive Models for Carbon Steel

Predictive models are developed as an engineering design tool to be used ideally in all
stages of project development and subsequent operation and maintenance of the plant.
This is idealistic as there are many factors involved that complicate the matter. As such,
although there are many different models available, they are developed from different
philosophies and bases, namely:

- Worst case or maximum risk approach, which is based solely on laboratory test

data; and
- Most probable risk approach that is partly based on field data.

Nesic et al. {15] presented a good review of the available models and categorised them
into three groups:
1. Mechanistic models — Utilising firm theoretical background to describe the
mechanisms of the underlying reactions;
2. Semi-empirical models — Partly based on firm theoretical background and
partly based on empirical functions; and
3. Empirical models — Based mostly on best-fit parameters from

expenimental results, hence, relying on minimal theoretical background.

Nyborg [54] highlighted that the main difference in these models is in their treatment of
the effect of protective films and the effect of oil wetting. The fact that these different
models are based on different philosophies and parameters renders them neither

equivalent nor interchangeable.

Table 2.4 below shows the parameters that are used by different models, as compiled

from the open literature [38, 54].
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Table 2.4: An overview of the parameters treated in the vanious predictive models

MODELS
% Mo A % ) 3 |5 o
PARAMETERS | &~ | & | o | o | = | 8 5SS 1918 [2 | 3
2 |2 |2 (2|2l ||la |8 |& E £ 8
A |a|jalaldlz |0 |3 | Do S =
Pcoz ° ° . ° o ° ° ° ° ° o
Temperature ° ° ° ° ° ° ° ° ° ° °
pH L] ° [ ] L L) [ [ ° o L]
Flow rate . . » N . ® . . ™
Flow regime ° 'y ? ° ™ . °
Scale factor ° . ° o ? ° ° ° °
Total ° ° ° ? ° ° ° o
Pressure
Steel ° ? ° °
Water wetting ? ? ? ? e ° °
Ca/HCO; ° ° °
H,S ° ° ° °
Acetic Acid ? ? ?
Field data ° ° ° ° ™

¢ Parameters considered directly

? Parameters considered indirectly or not considered highly influential

Brief description of these models is presented in Table 2.5 with comment on the

treatment of acetic acid in the model.
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Table 2.5: Brief description of various models used in the oil and gas industry.

Models

Brief Description

Comment on HA¢

de Waard et al.
(DW)

First version published in 1975 [1] based only on
temperature and Pco,. Correction factors for the effect of
pH, non-ideality of CO; at high pressures and protective
film formation introduced in 1991[10]. A new model n
1993 [11] accommodates the effect of flow particularly
on the effect of mass transport and fluid velocity. Latest
version, in 1995 [55], includes the steel composition and
also represents a best fit to the flow-loop data generated
at IFE. The model was developed primanly for wet gas

pipelines.

Not considered.

CASSANDRA
[56]

This 1s BP’s model based on de Waard models and own
experiences. Spreadsheet on pH calculation module is
included which requires CO, content, temperature and
full water chemistry as inputs. The effect of protective
corrosion films i1s set as a user-option. It gives three
corrosion rates based on DW 1993, DW 1995 and the
average of the both models setting DW 1993 as the

minimum value.

Acetate determined
from water analysis is
an input into model for

calculation of pH .

NORSOK [57]

This model 1s an empirical model based on laboratory
data at low temperature and a combination of laboratory
and field at temperatures above 100°C. The model
predicts lower corrosion rates at high temperatures and
pH values than de Waard models as it considers the

effect of protective films.

Not constdered.
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CORMED Developed in 1991 and predicts the probability of | Free acetic acid is
corrosion risks in wells in formation water and | considered as a
condensed water. This is based on field experiences of | cnterion in determining
Elf’s operations and others [25,58,59]. The corrosion nisk | risk category and in pH
is predicted to be either low, medium or high based on | calculation.

CO; partial pressure, potential corrosivity, in-situ pH, in-
situ free acetic acid concentration and Ca*/bicarbonate
ratio.

LIPUCOR This i1s TOTAL’S model and is based on both laboratory | Not considered.
results and field data whereby more than 90 case
histories have been used [60].

KSC (IFE) Based on mechanistic modeling of electrochemical | Not considered.
reactions, transport processes and film formation
processes. The properties of the corrosion films are
correlated with loop expenments [61,62].

PREDICT This is based on the de Waard-Milliams relationship with | Not considered.
other correction factors and ‘effective CO, partial
pressure’ calculated from the system pH [54].

HYDROCOR | Developed by SHELL combining corrosion and fluid | Considers the

[63] flow modelling to be used for predicting corrosion in | contribution of organic
pipelines. Caters for protective film formation, oil - | acid in the model. Not
wetting, H,S content, top-of-line corrosion, oxygen | conclusive.
corrosion, micro-biologically-induced corrosion and
organic acid corrosion.

OHIO Predictive models to be used in multiphase flow | Not considered.

MODEL [64] conditions.
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2.4 Morphology of CO; Corrosion

Carbon steel and low alloy steel 1n the aqueous CO; environment could be susceptible to
general corrosion and localised forms of attack depending on various parameters, as
highlighted previously. Kermani [38] categorised the localised corrosion as pitting, mesa

attack and flow-induced.

1. Pitting

This 1s the main corrosion failure in CO; environments although there are no
conclusive findings on the initiation and propagation of this failure. Nonetheless, in
the field, some failures have been observed adjacent to non-metallic inclusions or
incipient mesa attack. Schmitt et al. [65] studied the effects of temperature, chloride
concentration, nature of anions and cations and corrosion inhibitors on the pit

initiation.

2. Mesa type attack

This localized corrosion is prone to occur in low to medium flow conditions where
the protective iron carbonate film is unstable. Higher temperatures promote corrosion
by elongated corroded areas (mesas) onented in the direction of flow. The most
severe metal loss often occurs at areas of high fluid turbulence, such as welds, tubing
joints, or ends/constrictions in piping. It is rare to lose significant amounts of metal

uniformly.
3. Flow-induced localized corrosion

This 1s an extension of pitting and mesa attack by the local turbulence created by the

protrusions.
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2.5 Literature Review of Acetic Acid

Organic acid, especially acetic acid, in oil reservoir formation water could be formed
from organic matter by thermogenic processes called heterotrophic acetigenesis [66]. The
presence of organic acids termed as carboxylic acids, and hence their corrosive roles in
CO; corrosion, have been known since 1940s. This subject has then been dormant for
thirty years until re-examined in 1980s. The conclusion at that time was that these organic

acids played a secondary role in CO; corrosion [67].

Organic acids present in formation water could be in the form of acetic, propionic,
butyric and lactic acids that could be regarded as equivalent since they have
approximately the same dissociation constants (pKa) and solubility of their salts. The

typical pKa values of some organic acids are shown in Table 2.6 below.

Table 2.6: Typical Organic acids in the formation water

Structure IUPAC Name | Common Name | pKa
CH;COOH Ethanoic acid Acetic acid 476
CH;CH,COOH Propanoic acid | Propionic acid 4.86
CH3(CH;);COOH | Butanoicacid | Butyric acid 4.83

Since 70% of the total amount of these species is acetic acid species, they are termed as

total acetates.

Crolet [25, 67] concluded that since the concentrations of CO, and bicarbonate ions are
always greater, the carbonic acid buffer plays the major role. As highlighted again by
Crolet [25], as long as the concentrations of acetate and acetic acid are lower than

bicarbonates, any addition of acetic species will not contribute to the pH value.

Crolet and Bonis [25] concluded by virtue of the following buffer system
H,CO: + Ac & HCO; + HAc that;
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- Addition of acetate (Ac) will produce a buffering action by conversion of acetate

to undissociated acetic acid.

- Although acetates can contribute to the alkalinity of waters when bicarbonate

(HCOy) are already present, the addition of acetic species has no influence on pH.

- Acetates could partially re-associate to acetic acid under CO; pressure that
increases the oxidizing power of the solution. Hedges [14] also observed this
effect with 100 ppm NaAc increasing the corrosion rate, although pH also
increases. The corrosion rate increased from 4.0 to 6.5 mm/yr in the solution

without HCO;™ and from 3.0 to 5.0 mm/yr in the solution with HCO3".

Thus, as long as these compounds remain at a low level, either acetic acid or acetate can
be added indifferently. The practical consequence is that the in-situ pH depends only on
CO; and bicarbonate content and not on the presence of acetic species. The only concern
as stressed by Hedges [14] is the possibility of misinterpretation of bicarbonate analysis
from the alkaline titration methods that include 2/3 of acetate as bicarbonate, which could

falsify pH calculation.

From previous constderations, Crolet [59] presented the rules of prediction for o1l and gas
wells based on field data as follows:
1. at high CO; partial pressures, only CO; is corrosive;
2. atlower partial pressures, CO: remains the principal corrosive agent, because
it enables the formation of acetic acid in-situ; and
3. atlow Pcoy, the corrosivity is indeed due to the acetic acid, but only the in-situ

acetic acid and not the total acetates analysed.

It is also reported [18] that under 100 kPa CO. solution of pH 5 with and without
bicarbonates at 25°C and with the presence of 10 mM of acetate ions, the concentrations
of undissociated acetic acid species are 0.75 mM and 2.4 mM respectively, which could
contribute to the increase in cathodic current density. In a similar analysis, based on

speciation analysis using PHREEQC 2.2 analysis software [68], the threshold value 1s
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about 1 mM Ac which produces about 0.56 mM HAc that exceeds the concentration of
bicarbonate and proton concentration at pH 4.4 and 25°C [69]. Thus, for acetate

concentrations of more than 1 mM Ac, the organic buffer will be more dominant.

Two recent studies of the effect of acetate on CO; corrosion concluded that acetate
increases the corrosion rate [14,15]. Ueda and Takabe [70] studied the effect of organtc
acid on CO; corrosion of carbon and chromium-bearing steels and concluded that the
corrosion rate increases without influence on the scaling temperature. Earlier than that,
Crolet [59] regarded the effect of acetic acid as part of the critena for predicting the

corrosivity potential of wells.

In general, the presence of free acetic acid increases the corrosion rate substantially as
highhighted by Hedges [14]: 100 ppm HAc increased the corrosion rate from 3.8 to 9.1
mm/yr and 300 ppm increased the corrosion rate from 2.8 to 14.1 mm/yr. It was
concluded that the increase in the corrosion rate is not solely due to the bulk pH effect but
due to Ac-influence. Since his work and the others were done with drift of pH, the real
effect of acetic acid species could not be distinguished. Hedges [14], however, concluded
that corrosion rate increases both due to decreasing pH and solubilisation of Fe®* which

then suppresses iron carbonate film formation.

In a similar way, Crolet [42] highlighted that at low CO; partial pressure, genuine acetic
acid corrosion governs where the main effect is on the protectiveness of the corrosion
layers. This is similar to the thinning effect advocated by Hedges in the sense that the
majority of corrosion films is iron acetate, which is much more soluble than iron

carbonate.
However, recent work by Garsany and Fletcher [37] provided interesting evidence that

acetic acid species are more dominant in the CQ, saturated solution than carbonic buffer.

This 15 based on the dramatic increase in cathodic current density observed in the testing,
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Garsany et al. [69] considered that the role of both the undissociated proton donors and
the solution chemistry of the weak acid buffers has been much underestimated in the
interpretations proposed for the acceleration of steel corrosion by acetate in the carbon
dioxide saturated brines. Garsany and Fletcher [37] argued that the reduction of carbonic
acid plays a minor role in the corrosion of steel in brines containing acetic acid. Garsany
and Fletcher [37] reported that the partial cathodic current density increases substantially
with the higher concentration of acetic acid and concluded that the limiting current is
controlled by the mass transport of both proton and un-dissociated acetic acid to the
electrode surface. Corrosion current densities increase linearly with increasing acetic acid
concentration, which indicates that the corrosion rate is largely determined by the

concentration of the HAc.

One thing in common on the research of acetic acid corrosion in CO; corrosion is that the
mechanisms of corrosion are not altered. It only alters the kinetics of the reactions
whereby it is concluded that the presence of acetic acid species accelerates the reactions.
A number of field failures have been linked directly to acetic acid corrosion. As such
based on the open literature, the following concentrations of organic acid have been

recorded to cause failures:

1. BP’s field experience revealed that at low partial pressure of CO; and high
bicarbonate concentration (400 ppm), flowlines could fail by pitting with the
presence of 100 ppm acetic acid species [14].

2. Elf's field expenience shows that fields with CO; partial pressures below S bar and
pH above 5.6 are non-corrosive, provided the concentration of free acetic acid is
below 0.1-1 mM.

3. Shell also experienced failure due to the presence of organic acid as follows [71]:

o The presence of 700 ppm organic acid caused the failure of a carbon steel inlet

nozzle of an offshore flash vessel on a sweet natural gas platform. The nozzle
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failed in less than two years, which corresponds to a corrosion rate of more than 3

mm/y. The partial pressure of CO; was almost zero.

e The second field case was due to the presence of 150 ppm organic acid which
resulted in the failure (leak) of a water/condensate drainpipe in an onshore sweet
natural gas plant. Failure occurred after one year of service, which corresponds to

a corrosion rate of about 5 mm/yr.

Since no single predictive model incorporates acetic acid species in the calculation, and
the fact that acetic acid is corrosive, a challenge is presented to the currently available
predictive models conceming [14]:
- HAc decreases the pH and increases the corrosion rate, with the increase in the
corrosion rate being greater than that predicted by some of the models;

- Ac increases the pH, but also increases the corrosion rate.
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3.0 EXPERIMENTAL METHODS

3.1 Introduction

Electrochemical studies were performed under stagnant and dynamic conditions with the use of
static electrodes and the rotating cylinder clectrode (RCE) apparatus. Two types of
electrochemical measurements were employed in the study, which are Linear Polarisatton
Resistance (LLPR) and Polarisation Tests. Reproductbility of the results is ensured by
accurate preparation of test samples and test solutions. The tests are repeated at least

twice for each case.

3.2 Electrochemical Test methods

3.2.1 Linear Polarisation Resistance (LPR)

This method is based on the linear approximation of the polansation behaviour at

potentials near the corrosion potential. Rp is given by Stern and Geary [72] equation

_AE L BE
RP Al (ﬂA + ﬂc)icorr

BaPc
(B.+B)

ba=23 [, and bc = 2.3 5. ; B = babc/2.3(ba+bc)

fcorr = i, where B =

ba and bc = Tafel slopes for anodic and cathodic curves respectively.

The Stern-Geary constant, B, is approximated as 25 mV for all pH. This is in agreement
with the available data, such as Sun [73].

The corrosion current can be related directly to the corrosion rate from Faraday’s law:

315% Z xicorr

Corrosion rate (mm/year) =
pxnxfF

where, Z = Atomic weight of iron, 56 g/mol

uA

icor = Corrosion current density, ——
cm®
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o = Density of iron, 7.8 g/em’
F = Faraday’s constant, 96,500 C/mole

Linear polanzation resistance measurements were performed by firstly measuring the
corrosion potential of the exposed sample and subsequently sweeping from -10 mV to

+10 mV with respect to Ecorr at 0.5 mV/s.

3.2.2 Polarization Curves.

Anodic and cathodic polarization curves were performed on individual coupons in freshly
prepared solutions. The sample was aliowed to reach a steady-state, after 24 or 50 hrs
and subsequently it was polarnzed either in the anodic or cathodic direction to a maximum
of 500 mV which was the maximum applied potential by the instrumentation box. The

sweep rate was 1 mV/s.

3.3 Experimental set-up

A schematic diagram of the set-up for both static and RCE experiments is shown in
Figure 3.1. The reference electrode used is a saturated calomel electrode (SCE) (+0.242
V-SHE) and the auxilary electrode is a platinum electrode.

Platinum
— Working electrode cloctrode
Sat. calomel electrode
From CO; cylinder
= }=!

Bubbler_—'dl.
/1

/ ®

Hot plate Potentiostat

Test cell Data acquisition

system

Figure 3.1: Experimental set-up
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3.3.1 Static Test Set-up

The typical experimental set-up for the static test i1s shown in Figure 3.2 below.

To Monitoring
Instrument
Auxiliary Electrode I
Reference
Electrode
CO; Inlet

Bubbler
Mild Steel Sample |
\ "
Electrolyte o
3% NaC——1— o gl
0 o o

Figure 3.2 : Experimental set-up for static test.

The test assembly consists of a standard one-litre glass cell bubbled with CO,. The
required test temperature is set through a hot plate. The electrochemical measurements
are based on a three-electrode system, using a commercially available potentiostat with a

computer control system.
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The working electrode is prepared from commercial mild steel cylindnical rod with 0.785
cm’ cross sectional area. The sample was spot welded with nickel-chromium wire and
mounted in araldite resin. The sample surface is then polished to 800-grade finish using
silicon carbide papers. The specimen is degreased and rinsed with ethano! and deionised

water prior to immersion.

3.3.2 Dynamic Experiments

Dynamic experiments were conducted in a 1-litre glass cell with polypropylene cell lids.
Similar to the static experiments, a three-electrode arrangement was used. The rotating
cylinder electrode apparatus used in this research was made by EG&G-PARC (Model
616) with rotation speeds from 1000 to 7000 rpm. The set-up is shown in Figure 3.3

below.

The shaft and the specimen holder of the RCE were made of 316 stainless steel and were
embedded in a Teflon® tube. The cylindrical sample was held in position with the use of
PTFE washers and an end cap screwed onto the end of the specimen holder. The
cylindrical samples used in the RCE apparatus were machined from commercial mild
steel grade. A schematic diagram of the specimen assembly, with dimensions of the

samples, 1s shown in Figure 3 4.
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<——— Motor and
Controller Unit

Connection to the
:_— Working Electrode

Thermometer

-3 «——— Counter Electrode

Reference —
Electrode

CellLid ——> ik

Dl EEEE— Bubbler

RCE Spectmen

~ < .o g Assembly

o el
H — T
Figure 3.3: Experimental set-up for RCE test.

Rubber Wash E

RCE Shaft Hhber asher T v 4 nd Cap
(316 SS)

RCE Shaft Insulator l Test Coupon f

Figure 3 4: Details of the RCE specimen assembly with electrode diameter of 12 mm and
length 8 mm.
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The corresponding calculated wall shear stress 1s presented in Table 3.1.

Table 3.1 Wall shear stresses at different rotational speeds.

Rotation Speed Wall Shear Stress
(rpm) (Pa)

1000 21

2000 7.0

3000 13.9

4000 22,6

5000 33.0

6000 45.0

7000 586

3.4 Materials.

Experiments under static and dynamic conditions were conducted with mild steel ( BS 970 :
080A15), provided by C & S Steels Ltd. with the following composition:

Table 3.2: Composition of steel 080A15, (BS 970).

C Si Mn P S Cr Mo Ni
Steel (%) (%) (%) (%) (%) (%) (%) (%)
080A15 0.148 0.175 0.799 0.010 0.032 | 0.069 0014 0.065
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3.5 Test environment

3.5.1 Preparation of Solutions
The solutions were prepared from the following analytical reagent grade chemicals,

namely glacial acetic acid (HAc), sodium acetate (NaAc), sodium bicarbonate (NaHCOs3)

Chemicals/Solvents Specification

Deionised water Elga Powerlab Option,
resistivity more than 10
Mohm.cm®

Sodium Chloride Fisher Scientific, 99%

Glacial Acetic Acid Fisher Scientific, 100%

Sodium acetate anhydrous Fisher Scientific, 99%

CO; BOC, 99.8%

Sodium Bicarbonate Fisher Scientific

The 3% NaCl solution 1s saturated with CQO, by purging for at least one hour prior to the
exposure of electrode. The pH of the solution could be adjusted by adding an amount of
IM NaHCO;. The pH value was checked by microcomputer pH-meter HANNA
Instruments Model HI 8424, which had been calibrated using standard buffer solutions.

3.5.2 Addition of Acetic Acid and Acetate

The amount of acetic acid/acetate added is determined by the Handerson-Hasselbach
equation (pH = pKa + logio [Base]/[Acid]) in order to maintain the required pH.

For acetic acid buffer, this is given by:

pH =476 +log), [CH;COOJ/[CH:COOH]
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The ratio of acetate ions and acetic acid at each pH 1s shown in the Table 3.3 below.

Table 3.3: Calculated ratio of base and acid

pH Value Ratio

[CH,COO] | [CH;COOH]
3.8 1 10

5.0 2 1

55 5 1

6.0 17 1
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3.6 Solution Composition

The variation of the concentration of carbonic species with temperature is calculated

based on the equilibrium constants tabulated in Table 3.4 below.

TABLE 3.4 Chemical Reactions and Their Equilibnum Constants.

Description Reaction | Equilibrium Constant Constant
Dissolution of COzxp = [COIM I log Ka=108.3865 + 0.01985076T -
carbon dioxide | COsxag T P, 6919.53/T -~ 40.45154 log T +

669365/T°

Source: Plummer [69]
Hydration of COxag + _[H,C0,] log k; =195.3 — 63.59l0g(T) —
carbon dioxide |H,0 =| [CO,] 11715.8/T

H>COs
K,, = :_,z 0.00258 Source: Palmer van Eldik [17]
-1
Dissociation of | H2CO; = _[H*][HCO,] log Kai =29688.2/T + 81.840In(T) —
carbonic acid H'+HCOy . (H,CO,] 0.0896488T — 2046790/T° —
. [H'][HCO, ] 522.461
*  [H,CO,]+ [CO,(_‘)]

Ka1 =K’q (khyd + 1/khyd)

Source: Palmer van Eldik [17]
Dissociation of | HCO;” = K - [H'][CO, ] log K,z =-2730.7/T — 0.02199T +
bicarbonate H'+CO5” * [HCO, ] 5.388
anion
Dissociation of | HAc < | Kugac=[H'}[Ac)/[HAe] | Kuao=
acetic acid H‘-'*'AC— 1O—{6.66104—0.0134916><TK+2.37856X10~5

T
TP molar

Source: Kharaka [78]
ke=32x10°s"
Source: Vetter [79]
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Both expressions for the dissociation of carbonic acid (Ka and Ka) are used and the
calculated concentrations of the carbonic species in solution are shown in Figures 3.5 and
3.6. As can be seen from the figures, there is not much difference in the carbonic species

concentrations observed from both expressions.

It is evident from Figure 3.7 that as the temperature of the solution increases, the
concentration of the dissolved CQ; decreases and hence the concentration of carbonic

acid decreases.

10

~ ichs
-_E —_— 3
3 0.01 —¢ H:CO,
E .
g —x CO;
—:é 0.001 o (COY
[=4
¢ 00001 — - (HCOyY
8 —> (H,CO.)
0.00001 —% (COs*y

0.000001

0.0000001

Figure 3.5: Concentration of carbonic species in water, as a function of pH, at 1 bar CO;
and 25°C.
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0.1 4 - CO;
I . HCOy'
° 0.01 —¢ H,CO,
] 0.001 CO,"
B —o— (COyY’
c
&  0.0001 =0 HCOyY
3 (HCO5)’
0.00001 e (C032—)a
0.000001
0.0000001
Figure 3.6: Concentration of carbonic species in water, as a function of pH, at 1 bar CO;
and 50°C.
1 o
04
e 0.01 ] * ° ™ co, _
3 HCO;
Q
E o001 = HCO,
§ "'* CO32_
.E 0.0001 » — 3¢ * —0 (COZ)
g —a HCOy)
[+]
O 0.00001 — - (HLO5)
—e (COD)
0.000001 -
0.0000001 : . — ; ; ;
4 45 5 55 6 6.5 7 75 8
pH

Figure 3.7: The effect of temperature (25°C and 50°C(in brackets)) on the concentration of

carbonic species in water.
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The calculation of the acetic acid species can be done similarly but since the expenment
is done at a constant pH, the concentration of acetic acid and acetate ions is readily

obtainable.

For 360 ppm acetic acid/acetate buffer, the initial amount of each species is shown in
Table 3.5 below. At pH 5.5, this 360 ppm acetic acid/acetate buffer translates to 60 ppm
of free acetic acid (HAc). As the equilibrium constant for acetic acid Kuac vanes a little
with temperature, we could assume the concentration of the acetic acid species remain the

same at different temperatures.

Table 3.5: lnitial concentrate 10n of chemical species of the buffered solution for 360 ppm

HAc/Ac.

Initial
Concentration of Buffered NaCl Solution at different pH

pH 3.8 pH 5.0 pHS.S pH 6.0
Added Species
cr 18,000 ppm | 18,000 ppm | 18,000 ppm | 18,000 ppm
CO; 1 bar 1 bar 1 bar 1 bar
HCOy 0 252 ppm 756 ppm 2268 ppm
HAc 300 ppm 120 ppm 60 ppm 20 ppm
Ac 60 ppm 240 ppm 300 ppm 340 ppm
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3.7 Experimental Procedure

3.7.1 Linear Polarisation Measurements

The LPR procedure for static test and RCE test is conducted after sufficient CO; gas

bubbling, adjusting the solution to the required pH and attaining the set temperature. The

bubbling is reduced and maintained throughout the test.

SNV N

Bubble CO, through the 1-litre 3% NaCl for at least 1 hour before inserting
sample.

Adjust pH to the required values by adding solution of 1M NaHCOs. pH is
measured at room temperature by pH meter.

Set the temperature and maintain with an accuracy + 5°C.

Add the mixture of HAc and Ac accordingly to the required pH values.

Insert the polished specimen.

Take readings every 15 minutes for at least 24 hours.

3.7.2 Cathodic Polarisation curves

SN kW

. Bubble CO; through the 1-litre 3% NaCl for at least 1 hour before inserting

sample.

Adjust pH to the required values by adding solution of 1M NaHCOQOs. pH is
measured at room temperature by pH meter.

Set the temperature and maintain with an accuracy + 5°C.

Add the mixture of HAc and Ac accordingly to the required pH values.

Insert the polished specimen. Set the rotation rate for the RCE apparatus..

Set the scan rate 30mV/minute.
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3.8 Corrosion Prediction

Three readily available predictive models were used namely Cassandra, NORSOK and de
Waard models. The molar percentage of CO; used in the calculation is adjusted to
account of the water vapour pressure at respective temperatures as shown in Table 3.6

below.

Table 3.6: Vapour pressure of water [80]

Temperature (°C) | Vapour pressure of water (mm Hg) | Corresponding mole % CO,
22 19.8 97.4

50 92.5 88

70 2337 70

80 3551 53

85 433.6 43

90 525.76 31
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4.0 RESULTS ANALYSIS : ACETIC ACID IN STATIC CONDITION

4.1 The Effect of Acetic Acid with Temperature and pH

The effect of the acetic acid and acetate (HAc/Ac), which are termed as acetic acid
species, on the corrosion rate of mild steel in NaCl saturated with CO; at pH values of

3.8, 5.0, 5.5 and 6.0 tested at different temperatures is shown in Figure 4.1 below.

{—e—pH38 —a—pH5 pH5.5 —¢—pH 6 |
12
10 -
=
£
E g/
8
s
5
s ©
e
=
[=]
(%)
& 41
]
[-:]
>
-4
21 /'__\x\
0 . , . . . . ; :
0 10 20 30 40 50 60 70 80
Temperature (°C)

Figure 4.1: Average corrosion rate of mild steel in NaCl saturated with 1 bar CO, with

360 ppm acetic acid species at various pH values and different temperatures.

Distinct charactenstics due to the effect of the 360 ppm acetic acid species on the mild
steel in the CO, environment can be clearly seen when this is compared to the results of

the blank solutions as shown in Figure 4.29(a-d) below.
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Figure 4.2(a): pH 3.8
pH 5.0
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Average corrosion rate {mm/yr)
H

Figure 4.2 (b): pH 5.0

Temperature (°C)




pH 5.5

—o— Blank —O— 360 ppm

35 1

25 4

1.5 4

Average corrosion rate {mm/yr)
[ ]

05
0 . T T r T T T v
0 10 20 30 40 50 60 70 80 90
Temperature (°C)
Figure 4.2(c). pH 5.5
pH 6.0

I;Q—ma —0— 360 pom

25

Average comoslon rate (mmiyr)

0.5 A

0 1 20 2 w0 50 60 70 80 %0
Temperature (°C)
Figure 4.2(d): pH 6.0
Figure 4.2(a-d). Average corrosion rate of mild steel in NaCl saturated with 1 bar CO, at various pH values
and different temperatures for blank and 360 ppm acetic acid species.
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The corrosion rate increases with temperature for both systems and reaches maximum
values at the scaling temperatures (Ts) for pH 5, pH 5.5 and pH 6.0. Beyond the scaling
temperatures, the corrosion rates decrease to low values. This is not distinctly observed
for pH 3.8 since the test was only done up to 85°C, which indicates the scaling
temperature is higher than this.

The effect of the acetic acid species can be divided into two domains - below and above

Ts.

4.1.1 The Effect of Acetic Acid below Ts

The increase in corrosion rate below Ts due to the effect of acetic acid species 1s
significant as shown in Table 4.1 below. For pH 3.8, the corrosion rate is increased from
80 % to 200%. For pH 5.0, the increase is in the range of 120% to 150%. At pH 5.5, the
increase is between 40% and 90%. At pH 6,with 360 ppm acetic acid species in the
solution, only slight increase of 40% is seen. This 1s expected since the free acetic acid

concentration is only 20 ppm at pH 6.0.

Table 4.1: The effect of acetic acid species on the average corrosion rate below the

scaling temperature.

Average Corrosion Rate below Scaling Temperature (mm/yr)

pH3.8 pHS.0 pHS.S 6

11°C 50°C 70°C 80°C 212°C 50°C 70° C 12°C 50° C 70°C 22°C 50°C
Blank 1.3 4.2 5.2 6.0 1.1 2.6 31 1.0 1.8 2.5 0.9 1.8
360 ppm | 40 90 109 10.7 2.4 6.5 7.6 1.9 28 35 1.3 2.4
total
acetate
%, 200 115 110 80 120 150 145 90 35 40 40 30
increase

65




For example at pH 5.5, the corrosion rate increases substantially with the presence of 360
ppm acetic acid species (60 ppm HAc) in the solution, as shown in Figure 4.3 below. The
increase is substantial as compared to the blank solution at the same pH. This increase is

solely due to the effect of acetic acid species, which are the free acetic acid and acetate

ons.
7
!
5 |
5
E al —— 50C,blank
& ——50C, 60 ppm
[
ot 22C blank
& 34
'g —— 22C, 60 ppm
5
X} 2 -WWW
1 U
0 T - T T T T

0 3 6 8 11 14 16 19 22 24 27 30 32 35 38

Time (hours)

Figure 4.3: The increase in the corrosion rate due to addition of HAc at pH 5.5 for 22°C
and 50°C.
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4.1.2 The Effect of Acetic Acid above Ts

Above the scaling temperature, a protective corrosion film forms and the corrosion rate
decreases gradually to a low value for both test sclutions as summarised in Table 4.2

below.

Table 4.2 : The effect of acetic acid on corrosion rate above scaling temperature.

State of | Corrosion Rate above Scaling Temperature (mm/yr)
Test steel pH 5.0 pH 5.5 pH 6.0
Solutio 85°C 75°C 80°C 70°C 80°C
Blank CO, Before 25 2.5 23 1.9 1.6
Formation
After 0.6 0.9 0.4 1.2 03
Formation
CO; + 60| Before 5.6 3.5 2.9 2.0 1.6
ppm HAc¢ Formation
After 0.7 23 1.0 03 0.3
Formation

The scaling temperatures for all pH values are not affected by the presence of acetic acid
species. However, the attainment of the stable protective film is delayed as can be seen

for example at pH 5.5 and 75°C as shown in Figure 4.4 below.
The time taken to form protective film ranges from 20 to 25 hours depending on the

temperature and pH of the solution. When substantial protective film forms, that is

80°C for pH 5.5 and 60°C for pH 6.0, the corrosion rate is reduced to approximately the
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same value of those of blank CQO, solutions.

51 — 60 ppm HAC

-~
A

Corrosion rate (mm/yr)
) w

o) T T T ' T ' T T T T T T ——

0 3 6 8 11 14 16 19 22 24 27 30 32 35 38 40

Time (Hours)

Figure 4.4: Corrosion rate vs time of mild steel in 3%NaCl solution saturated with

CO.,pH 5.5 at 75°C.

4.2 The Effect of Sequential Addition of Acetic Acid Species on Corrosion Rates

The effect of sequential additions of free acetic acid species (HAc) on the corrosion rate
of the mild steel in the CO; solutton below the scaling temperatures can be observed in
Figures 4.5 and 4.6 below. The addition of acetic acid increases the corrosion rate
approximately in a linear trend. This sequential addition 1s done prior to the formation of

protective film.
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Figure 4.5: Average corrosion rates at different acetic acid concentrations below the

scaling temperature; pH=5.5 .
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Figure 4.6: Corrosion rate vanation with sequential additions of acetic acid below the

scaling temperature, pH=5.5
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The same effect is found for higher temperature but before substantial film formation, as

shown in Figures 4.7 and 4.8

Corrosion rate (mm/fyr)

—0—22C
——75C
— —80C

0 T T 3 T T
(o} 50 100 150 200 250

Acetic acid concentration (ppm)

Figure 4.7: Average corrosion rates at different acetic acid concentrations at high

temperatures; pH=5.5
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—— 60 ppm HAc Blank

inject another 60 ppm

inject another 60 ppm

Corrosion rate (mmiyr)
w

Time (hours)

Figure 4.8: Corrosion rate with sequential addition of acetic acid at 80°C and pH=5.5.

Once the protective film forms, the addition of HAc does not change the corrosion rate as

shown in Figure 4.8 above.
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4.3 Effect of HAc/Ac on Film Formation

The behaviour of the CO; corrosion process with the presence of the HAc/Ac above the
scaling temperature at different pH values where stable and protective film forms can be
inspected from the Figures 4.9, 4.10 and 4.11 below. Corrosion rates reduced to low

values once protective films formed.

8
7 1 Blank
~—— 360 ppm HAc
1
H |
-]
84
=4
2
]
2 3
o
Q
2 .
1 h
0 T L] T T T
(W) 10 20 30 40 50
Time (hours)

Figure 4.9: Effect of acetic acid species on film formation at 85°C and pH 5.0.

72




[——— 60 ppm HAc Blank

inject 60 ppm

inject 60 ppm

Corrosion rate {mmiyr)
w

Time (hours)

Figure 4.10: Effect of acetic acid species on film formation at 80°C and pH 5.5.
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Figure 4.11: Effect of acetic acid species on film formation at 80°C and pH 6.0.

73



The time taken for the stable film to form for blank and HAc/Ac containing solutions
differs. There is no drastic change in time taken for the blank solutions with the increase
of the pH values. However, it 1s found that for the solutions containing 360ppm HAc/Ac,
the time taken increases to 25 hours, 50 hours and 40 hours respectively for pH 5, 5.5 and

6. This is summarised in Table 4.3 below.

Table 4.3: Time taken to attain stable protective film formation

pHS.0 pHS.5 pH 6.0

Blank 20 hours |20 hours | 25 hours
360 ppm 25 hours | 50 hours | 40 hours
HAc/Ac

4.4 Comparison with Predictive Models

The results were compared with two available models that are widely used in the
industry, namely NORSOK and Cassandra. The comparison is based on the prediction at
different pH values, as shown in Figures 4.13-4.16 below. For static tests, the results from
blank and 360 ppm Hac/Ac cases were compared with the Cassandra using de Waard and
Milliams 1993 version (Cassandra (DWM 93)), which does not consider flow effects in
the model. The other predictive model used is the NORSOK model, whereby a shear

stress of 1 Pa 1s approximated as the input.
The 360 ppm acetic acid species here represent the mixture of free acetic acid(HAc) and

acetate 1ons(Ac) . The concentration of each species varies with the pH of the solution.

This concentration of HAc and Ac at the buffered pH is shown in Table 4.1 below.
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Table 4.1: Concentration of chemical species of the buffered solution for 360 ppm

HAc/Ac
Concentration Buffered NaCl Solution at different pH

pH 3.8 pHS5.0 pH 5.5 pH 6.0
HAc 300 ppm 120 ppm 60 ppm 20 ppm
Ac 60 ppm 240 ppm 300 ppm 340 ppm

4.4.1 Corrosion Rates at pH 3.8

The experimental results at pH 3.8 with blank CO; show similar trends to that of

Cassandra (DWM 93), with the corrosion rates being in reasonable agreement. The

experimental results with 240 ppm HAc show similar upward trends as that of Cassandra
(DWM 93) but with much higher corrosion rates.
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Figure 4.13: Comparison of experimental data with the predictive models at pH 3.8.
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4.4.2 Corrosion Rates at pH 5.0

The experimental results at pH 5.0 of blank CO; shows a similar trend to that of
Cassandra (DWM 93) with reasonable agreement of corrosion rates. The experimental
results with 120 ppm HAc show higher corrosion rates than Cassandra (DWM 93) and
NORSOK models.
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Figure 4.14: Comparison of experimental data with the predictive models at pH 5.0.
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4.4.3 Corrosion Rates at pH 5.5

The expernimental results at pH 5.5 of blank CO» shows similar trend to that of Cassandra

(DWM 93) with reasonable agreement of corrosion rates. The experimental results with

60 ppm HAc show similar upward trend and downward trend to those of NORSOK but

with higher corrosion rates above 50°C.
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Figure 4.15: Comparison of experimental data with the predictive models at pH 5.5.
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4.4.4 Corrosion Rates at pH 6.0

The experimental results at pH 6.0 with blank CO; and 20 ppm HAc show similar trend
to that of NORSOK both at low temperature and high temperatures. The expernimental

results with 20 ppm HAc show higher corrosion rates than both models considered.

pH 6.0
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—~O&— Blank (Experiment)
3 | —0—20ppm HAC (Experiment)
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Figure 4.16: Comparison of experimental data with the predictive models at pH 6.0.

78



5.0 DISCUSSION OF STATIC TESTS

5.1 The Effect of HAc/Ac on Corrosion rates with Temperature

The corrosion kinetics of carbon steel in both blank and acetic acid/acetate-containing
solutions reveal similar trends with increase in temperature. The trends are influenced by
the formation of protective films. Prior to any protective film formation, below the
scaling temperature (Ts), the corrosion rate for both blank and HAc/Ac-added solution
increases with temperature as described by de Waard & Milliam’s equation, which has a
temperature-dependent term following Arrhenius’s relationship. Corrosion of carbon steet
in CO,-contained solution 1s presented in the form of nomogram by de Waard et al. [1]
that shows the effect of CO: partial pressure and temperature. However, the corrosion
rate of carbon steel in the presence of acetic acid/acetate increases significantly by 30 to
200 % compared to blank CO; corrosion. The increase in corrosion rates is due to the
extra cathodic reactions of both the dissociations and direct reductions of acetic acid

molecules.

Acetic acid also solubilises the ferrous ion (Fe*") in the iron carbonate (FeCOs) corrosion
film and dissolving ferrous iron by forming iron acetate film which is however soluble
and not protective. These reactions compete with the usual reactions between iron and
carbonic acid. Since the iron carbonate film is not protective, the acetic acid continuously
reacts with iron ions forming iron acetate on the surface. Furthermore, iron acetate is

known to be soluble, facilitating the corrosion.

It is found also that the scaling temperature (Ts) for both solutions is not altered, which
indicates the acetic acid species are not forming protective film. The attainment of the Ts
is associated with the lower solubility of Fe’* and formation of iron carbonate film at high
temperature. This 1s in agreement with the findings of Ueda [70] that Ts of low alloy steel
1s not altered by the presence of acetic acid. However, the time taken to attain a stable and
protective film is longer by 5-20 hours in the presence of acetic. This is due to the
thinning effect of the film and solubility of the iron acetate; acetic acid keeps on reacting

with the substrate until sufficient iron carbonate film forms. This is also termed as
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genuine acetic acid corrosion by Crolet [67] attacking the composition and structure of
film. Above the scaling temperature, the corrosion rate reduces substantially for both

solutions indicating significant protectiveness of the film.

5.2 The Effect of HAc/Ac on Corrosion Rate with pH

Based on the experimental results, the corrosion rate increases even with increasing pH
confirming that the effect of acetic acid species is not due only to the acidification of the
bulk solution. For pH 6, the addition of 360 ppm acetic acid species which adds only 20
ppm of free acetic acid (HAc) as shown in Table 4.1 does not change much the kinetics
of the corrosion. However, with 2160 ppm acetic acid species in the system which
contributes a significant concentration of 120 ppm HAc, the corrosion rate increases

about 100% as shown in Table 4.2 below.

Table 4.2: The effect of HAc on the increase in corrosion rate at high pH.

Test Condition at pH 6 Average Corrosion Rate

22°C 50°C
Blank 0.9 mm/yr 1.8 mm/yr
120 ppm HAc 2.0 mm/fyr 3.6 mm/yr
% Increase 100 % 100 %

5.3 The Effect on Corrosion Rates with Sequential Addition of Acetic Acid

For non-scaling conditions, the corrosion rate increases almost linearly with the
sequential addition of the acetic acids. Above the scaling temperature, where a protective
iron carbonate film forms, the sequential addition of acetic acid does not trigger much
corrosion as the protective film hinders diffusion of acetic acid. The evidence of the
competition of Hac/Ac with H,COs above the scaling temperature 1s in the delay of the

formation of stable protective film. This effect is termed as ‘thinning’ by several authors.
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It is worth noting that acetate also supplies a supplementary way for the transport of H'

1ons and re-associates nto acetic actd under CO; pressure.

5.4 The Effect of Acetic Acid on Corrosion Mechanism

The corrosion mechanism is the same before and after film formation suggesting acetic
acid species only affect the kinetics of corrosion. This 1s in conformity with other
experimental data of many authors [14, 25, 81]. The acetic acid/acetate is found to
substantially enhance the cathodic reaction by increasing the current density. The anodic
reaction of both solutions does not show much difference confirming that anodic
dissolution is not affected. This is in agreement with the findings of Hedges [14] and
others, although Crolet [18] reported a slight effect on inhibition of anodic reaction.
Cathodic current density 1s also found to increase linearly with increasing acetic acid.
This 1s also reported by Garsany et al. [37] in voltammetry studies of carbon steel in
similar environment They reported that the reduction of carbonic acid plays a minor role
in the corrosion of steel in brine containing acetic acid. It is well known that, CO, alone is
corrosive and with the presence of acetic acid/acetate the reactions are synergistic.
Obviously, the contribution of acetic acid species is dependent on the relative amount of

the species in the environment.

5.5 Film Formation in the Presence of Acetic Acid Species

Iron carbonate film growth depends primarily on the precipitation rate. High pH results in
a decreased solubility of iron carbonate, an increase in super saturation and consequently
higher precipitation rate and surface scaling tendency. This applies to both solutions with
and without the presence of acetate ions. Nonetheless, with the presence of acetate ions,
competition between iron carbonate and iron acetate occurs which delays film formation
below Ts and thins the film above Ts.

Thus at temperatures below 70°C, which are typical operating temperatures, substantial
comrosion rate increase is seen with the presence of acetic acid species. Furthermore, if
the film is damaged or ruptured, corrosion rate can increase rapidly and cause localised

corrosion of the pipe. Local acidification due to the presence of acetic acid was also
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suggested by Crolet [67] to cause localised corrosion. Thus, inaccurate prediction of the

roles of acetic acid in the CO» corrosion is detrimental.

5.6 Performance of Predictive Models with the Presence of Acetic Acid

The comparison of corrosion rates from the experimental results with the predictive
models, on the blank solution and the solution with acetic acid, is shown on the Table 5.1

below.

Table 5.1: Summary of the performance of protective models.

pH and Test | PREDICTIVE MODELS

Conditions | CASSANDRA (DWM 93) | NORSOK

3.8 Blank Good agreement Over prediction
3.8 HAc/Ac | Under predictton Under prediction
5.0 Blank Good agreement Over prediction
50 HAc/Ac | Under prediction Under prediction
5.5 Blank Good agreement Over prediction
5.5 HAc/Ac | Under prediction Good agreement
6.0 Blank Under prediction Good agreement
6.0 HAc/Ac | Under prediction Under prediction

The experimental results of the pure CO: corrosion (blank solution) agree quite well with
the Cassandra (DWM 93)’s prediction for most of the cases except for pH 6, which agree
more with the NORSOK. However, the corrosion rates of carbon steel in 3% NaCl
saturated with CO; and containing 360 ppm HAc/Ac predicted by those models are
substantially lower, 40-200 %, as compared with the experimental results.

It is concluded by Nyborg [54] that the effect of protective corrosion films on the
predicted corrosion rate varies between models. For example, NORSOK considers the

effect of protective corrosion films more than de Waard models. Tt is apparent that
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NORSOK predicts lower corrosion rates model at high temperature and high pH than the
de Waard model.

From the two models considered, only Cassandra uses acetate as one of the inputs in the

pH calculation. This is not unusual as from the review of predictive models available only

two other models, namely, Cormed and Hydrocor, utilise the input of acetic acid/acetate.

In general, all models considered in this exercise underestimate the effect of acetic

acid/acetate 1on on CO; corrosion of steel at all pH values typical of oilfield formation

water.

5.7 Conclusions

Based on the experimental findings, the following points are observed:

1.

Corrosion rates of carbon steel in brine containing acetic acid increase by 40 -200
%, depending on the concentration of acetic acid and pH value, under non-scaling
conditions. The corrosion rates even increase with increase in pH of the solutions
in the presence of acetic acid.

Corrosion rates with acetic acid follow similar trends to the blank CO; corrosion
with regard to temperature showing the effect of the scaling temperatures (Ts).
Corrosion rates increase with increasing temperature below Ts, and decrease
gradually to low values after Ts.

Corrosion rates increase almost linearly with sequential increase of acetic acid as
long as no protective film is formed. Once a stable protective film forms,
sequential addition of acetic acid has no or minimal effect on corrosion.

Acetic acid species could attack exposed substrate at any temperature and pH with
the absence of protective films. This could result in localised corrosion.

Acetic acid/acetate does not alter the scaling temperature at the respective pH
values but delays the attainment by 5- 20 hours. This is termed as the thinning of
the corrosion film.

Corrosivity of acetic acid /acetate is not primarily due to acidification of the
solution but more an effect of solubilisation of iron by acetate, direct corrosion of
acetic acid on iron and thinning of corrosion film.

Acetic acid influences the cathodic reactions but not the anodic reactions.
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8. Standard industnal predictive models, Cassandra model and NORSOK model,
predict much lower corrosion rates in the presence of acetic acid than the
experimental results.

9. Experimental results of blank solutions show similar trends to the predictions of
Cassandra (DWM 93) model in most cases.

10. Incorporating acetic acid/acetate in pH calculation is not enough to realise the true

effect of the acetic acid/acetate.
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6.0 EFFECTS OF ACETIC ACID IN__FLOW-SIMULATED
CONDITIONS

6.1 Results and Analysis

The effects of acetic acid (HAc) of various concentrations from 30 ppm to 1200 ppm on
the corrosion behaviour of mild steel in 3% NaCl solution saturated with CO, are
presented below in terms of LPR and polarisation tests. The tests are conducted at a

constant pH 5.5 at two different temperatures below the scaling temperatures.

6.1.1 Linear Polarisation Resistance (LPR) Tests

The effect of different concentrations of acetic acid on the corrosion rates as obtained by
LPR tests at different rotation rates from 1000 rpm to 6000 rpm are shown in Figure 6.1-
6.5 below. The tests are conducted below Ts at two different temperatures, namely 22°C
and 50°C.
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6.1.1.1 LPR Test at 22°C

~——1000 rpm : Blank

. &
——30 ppm HAc
— 100 ppm HAc
—200 ppm HAc

—— 400 ppm HAc
— 800 ppm HAc
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Figure 6.1: Average corrosion rate of mild steel in CO,—saturated NaCl solution at pH
5.5, 22°C, and 1000 rpm.

86



2.5 1

1.5 4

Corrosion rate {mm/yr)

— 2000 rpm : Blank
-——-30 ppm HAc
——- 100 ppm HAc
—— 200 ppm HAC
— 400 ppm HAc
—— 800 ppm HAc

0 10

20

30
Time (minutes)

Figure 6.2: Average corrosion rate of mild steel in CO,—saturated NaCl solution at pH

5.5, 22°C, and 2000 rpm.
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Figure 6.3: Average corrosion rate of mild steel in CO;—saturated NaCl solution at pH

5.5,22°C, and 3000 rpm.
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Figure 6.4: Average corrosion rate of mild steel in COz—saturated NaCl solution at pH
5.5, 22°C, and 4000 rpm.
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Figure 6.5: Average corrosion rate of mild steel in CO;—saturated NaCl solution at pH

5.5, 22°C, and 6000 rpm.

The corrosion rate increases by more than 100 % with addition of 30 ppm HAc at all

rotation rates as summarised in Table 6.1 below. However, not much increase in

corrosion rate is observed with the presence of higher HAc concentration, 1.e. more than

100 ppm. In fact, the corrosion rate tends to decrease with the presence of more than 200

ppm HAc. This is apparent with 800 ppm HAc where the corrosion rate decreases to

approximately to that of the blank solution. This trend is true for all rotation rates tested

1000 — 6000 rpm.
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Table 6.1: Percentage increase in corrosion rates with the increase in HAc concentration

atpH 5.5, 22°C.

[Percentage increase compared to the blank solution
Rotation [Blank
speed (mm/yr) [30 ppm 100 ppm 200 ppm 400 ppm (800 ppm
1000 rpm |0.84 110% 150% 150% 140% 30%
2000 rpm [0.82 120% 180% 180% 170% 110%
3000 rpm |09 120% 140% 150% 100% 90%
4000 rpm  (0.93 100% 130% 130% 100% 70%
6000 rppm J1.1 100% 110% 120% 70% 60%

This corrosion trend with the increase addition of HAc is shown in Figure 6.6. In
summary, the corrosion rate increases drastically with 30 ppm HAc and reaches plateau
wath the presence of 100 ppm to 200 ppm and decreases beyond that threshold. This trend

1s true for all rotation rates.

pH 5.5, 22 deg. C, 1000- 6000 rpm

25

—— —o— 1000 rpm
—0—2000 rpm

3000 rpm
—»— 4000 rpm

—0— 6000 rpm

|

-

Corrosion rates (mmiyr)
0

o
o

0 100 200 300 400 500 eoo 700 aoo 900
Acetic acid concentration (ppm)

Figure 6.6: Corrosion trend with the increase of HAc concentration.
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6.1.1.2 LPR Test at 50°C

12
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'E 8 —— 1000 rpm.: blank
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g8 s —— 200 ppm HAC
.g_ —— 400 ppm HAC
[ —— 800 ppm HAC
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Q
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Figure 6.7: Average corrosion rate of mild steel in CO,—saturated NaCl solution: pH 5.5,
50°C, 1000 rpm
14
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Figure 6.8: Average corrosion rate of mild steel in COr—saturated NaCl solution: pH 5.5,

50°C, 2000 rpm.
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Figure 6.9: Average corrosion rate of mild steel in COr—saturated NaCl solution: pH 5.5,
(o)
50°C, 3000 rpm.
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Figure 6.10: Average corrosion rate of mild steel in CO,—saturated NaCl solution: pH
5.5, 50°C, 4000 rpm.
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Figure 6.11: Average corrosion rate of mild steel in COr—saturated NaCl solution at : pH
5.5, 50°C, 6000 rpm.

At 50°C, the corrosion rates increase substantially with the addition of HAc. The
corrosion rate increases by more than 100% with addition of 30 ppm HAc, 200 % with
100 ppm and linearly with the increase in HAc concentration. The increase is summarised

in Table 6.2 below.
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Table 6.2: Percentage increase in corrosion rates with the increase in HAc concentration

at pH 5.5, 50°C.

% increase compared to blank solution

Rotation Blank

speed (mm/yr) (30 ppm (100 ppm (200 ppm 400 ppm [800 ppm (1200 ppm
1000 rpm 2.2 82% 170% 250% 320% 390% 170%
2000 rpm 2.2 110% 240% 280% 360% 400% 130%
3000 rpm 2.6 100% 180% 220% 240% 260% 120%
4000 rpm 2.6 120% 250% 320% 380% 360% 100%
6000 rpm 2.8 125% 240% 290% 320% 260% 125%

The corrosion trend with the addition of HAc 1s shown in Figure 6.12. Corrosion rate
increases linearly with increasing HAc until about 800 ppm HAc, when a downward
trend ts observed. Similar to tests at 22°C, there seems to be a threshold value of 800 ppm
where the corrosion rate reaches a maximum corrosion rate of about 12-14 mm/yr.
Beyond that, for example, at 1200 ppm HAc, the rate reduces to lower values, about that

of 30 ppm.

94



pH 55,50 C

-
E-N

- -
(=] N

[+ ]

Average corrosion rate (mm/yr)

0 +— — — 77— 7T
0 200 400 600 800 1000 1200 1400

Acetic acid concentration (ppm)

Figure 6.12: Corrosion trend at pH 5.5 and 50°C.

6.1.2 Cathodic Polarisation Tests

Cathodic polarization tests at different rotation rates and acetic acid concentrations are

carried out at two different temperatures below the scaling temperature.
6.1.2.1 Cathodic Polarisation Tests at 22°C

Cathodic polarisation tests of the carbon steel in blank CO; solutions and in the presence

of various HAc concentrations are presented in Figures 6.13-6.17.
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Figure 6.13: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
22°C and 1000 rpm.

085
07 —2000 mpm :
Blank
-0.75 -
08 . ——30 ppm HAc
w
@ 085 |
e ——100 ppm HAc
* 09
b=
5 0951 —— 200 ppm HAc
§
& 105 ——— 400 ppm HAc
1.1 -
115 | ——800 ppm HAC
1.2 , . S— —_— .
0.00001 0.0001 0.001 0.01

Current density {A/em?)

Figure 6.14: Cathodic polanisation curves for different HAc concentrations at pH 5.5,
22°C and 2000 rpm.
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Figure 6.15: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
22°C and 3000 rpm.
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Figure 6.16: Cathodic polarisation curves for different HAc concentrations at pH 5.5,

22°C and 4000 rpm.
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Figure 6.17 : Cathodic polarisation curves for different HAc concentrations at pH 5.5,
22°C and 6000 rpm.

Cathodic polarisation curves for solutions with no HAc(blank) do not show a well-
defined limiting current density (ilim) which suggests a mixed cathodic processes of
diffusion and activation occumring on the surface of the electrode. However, with the
presence of 30ppm HAc, the cathodic polarisation curves show distinctive limiting
current density (ilim) regions. With the HAc concentration of 100 ppm, the limiting
current density region is not well-defined and falls between -0.85V and —0.95 V. Beyond
100 ppm HAc, the cathodic polarisation curve changes from a distinct mass transfer 1lim
to that of charge transfer or a mixture of mass transfer and charge transfer at a threshold
concentration of 200 ppm HAc. The limiting current density increases with the increase

in HAc concentration up to 200 ppm.
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6.1.2.2 Cathodic Polarisation Test at 50°C

Cathodic polarisations of the carbon steel in CO; corrosion with the presence of acetic

acid are presented in Figures 6.18-6.22.
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Figure 6.18: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
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Figure 6.19: Cathodic polansation curves for different HAc concentrations at pH 5.5,
50°C and 2000 rpm
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Figure 6.20: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
50°C and 3000 rpm.
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Figure 6.21: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
50°C and 4000 rpm.
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Figure 6.22: Cathodic polarisation curves for different HAc concentrations at pH 5.5,
50°C and 6000 rpm.
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Similar to the cathodic polarisation curves at 22°C, the cathodic polarisation curves for
blank solution at 50°C shows a mixed cathodic process behaviour. As for 30 ppm to 200
ppm HAc, the curves show distinctive limiting current density (ilim) regions. The
limiting current density increases with the increase in concentration up to 200 ppm.
Beyond that threshold, the cathodic polansation curve changes from a distinct mass
transfer i1lim to that of charge transfer or a mixture of both charge transfer and mass

transfer.

6.2 Flow Effect in CO; Corrosion and with the Presence of HAC

With the presence of HAc, the limiting current densities, ilim, increase with the rotation
rates as shown in Figures 6.23-6.26 below. As for blank solutions at 22°C and 50°C, the

ilim does not change much with rotation rate.
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Figure 6.23: Flow effect on limiting current density at pH 5.5, 22°C.
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Figure 6.24 : Flow effect on charge-transfer current density at pH 5.5, 22°C.
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Figure 6.25: Flow effect on limiting current density at pH 5.5, 50°C.
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Figure 6.26 : Flow effect on charge transfer current density at pH 5.5, 50°C.

Beyond the threshold HAc concentration of both temperatures, the current densities do
not change with the rotation rates as shown in Figures 6.24 and 6.26. This suggests that
the cathodic reactions are not mass-transfer controlled beyond the threshold HAc

concentrations.

6.3 Anodic Polarisation Behaviour

Figure 6.27 shows the anodic polarisation of the blank solution at different rotation rates
tested at pH 5.5 and 22°C. The anodic polarisation curves indicate approximately the

same mechanism at all rotation rates.
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Figure 6.27: Anodic polarisation for blank solution at different rotation rates, pH 5.5,
22°C.

The anodic polarization behaviour of the carbon steel in CO, corrosion with the presence

of acetic acid 1s shown in Figures 6.28-6.31 below.
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Figure 6.28: Anodic polarization for solution with HAc at 1000 rpm, pH 5.5, 22°C.
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Figure 6.29: Anodic polarization for solution with HAc at 1000 rpm, pH 5.5, 50°C.
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Figure 6.31: Anodic polarization for solution with HAc at 1000 rpm, pH 5.5, 50°C.

6.4 Discussions

Based on the results of the presence of various concentrations of HAc tested at different
temperatures and rotation rates, there seems to be a threshold concentration of HAc
beyond which an inhibition occurs. This threshold concentration increases with
temperature due to the fact that inhibition is less effective at higher temperature.
Therefore, the effect of HAc on CO; corrosion of mild steel below inhibitive levels 1s

investigated in terms of the cathodic behaviour and corrosion rate behaviour.
In the presence of low concentrations of HAc in the range of 30 —100 ppm at 22°C, and

30-200 ppm at 50°C, the effects descnibed in section 6.41 and 6.42 on the cathodic

polarization behaviour and corrosion rate are observed.
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6.4.1 Cathodic Polarisation Behaviour

Cathodic limiting current density (ilim) in turbulent flow conditions of CO, corrosion
with the presence of HAc species could have contnbutions from two components, as
presented below. This approach follows the findings of Rothman [65], and later by
Mendoza [28 ].

1) Flow-independent limiting current component or ‘chemical reaction’ limiting
current.

11) Flow-dependent diffusion of main electro-active species, such as H' ions,
H,CO; and HACc species.

6.4.1.1 Flow-independent Limiting Current Component or ‘Chemical Reaction’
Limiting Current

By following Eisenberg’s expression, a linear relationship exists between the limiting
current densities (1lim) and the rotation rate to power of 0.7. Figures 6.32 and 6.33 show
that the measured ilim is affected by the rotation rate of the electrode in a linear trend as
predicted.

The salient point of the plot is the intercept is not zero that indicates a flow independent
contribution to the total measured cathodic limiting current density. Thus as in CO;

corrosion, there seem to be flow-independent and flow—dependent components.
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Figure 6.32: Limiting current densities (ilim) as a function of the peripheral velocity (U)
to the power of 0.7, 22°C, pH 5.5
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Figure 6.33: Limiting current densities (ilim) as a function of the peripheral velocity (U)

to the power of 0.7, 50°C, pH 5.5
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The plots based on Eisenberg’s correlation in Figures 6.32 and 6.33 reveal that the
intercepts are not zero and that indicates a flow independent contribution to the measured
cathodic limiting current density. This could be either due to the slow hydration of

carbonic acid or chemical reaction of HAc.

Since the reaction constant for HAc is fast, in the order of 10% s, the flow-independent
limiting current observed is not due to the slow chemical reaction of HAc dissociation.
This suggests 1t 1s due to the slow hydration of carbon:c acid as observed in pure CO,
corrosion. The limiting current due the slow hydration of carbonic acid can be calculated

from the following expression:

Nimeyeop F Cbn,co, (Du,co,k-x)

The intercept value is approximately 0.0001 A/cm? at 22°C and 0.0004 A/cm’” at 50°C

and correlates well with the calculated values as shown in Table 6.1 below.

Table 6.1: Intercept values at 22°C and 50°C of the chemical reaction limiting current-

calculated versus experimental values.

Test Condition Limiting Current Density at Intercept (A/cm’)
22°C 50°C

Blank (Calculation) 0.00012 0.00039

Blank (Experiment) 0.00008 0.0004

30 ppm HAc 0.0001 0.0004

100 ppm HAc 0.0002 0.0004

Since HAc does not contribute to the chemical reaction limiting current, we can suggest
that the distinct limiting current regions observed with 30 —100 ppm at 22°C and 30-200
ppm at 50°C is due to mass transfer or diffusion of acetic acid species and other species

present in the solution.
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6.4.1.2 Flow-dependent Limiting Current Density

The mass transfer limiting current density arising from the presence of acetic acid can be

calculated from the following expression.
tlim =F km[HAc]»

where km 1s the HAc mass transfer coefficient in m/s and [HAc]s1s the bulk concentration
of HAc.

The mass transfer coefficient, kn, is obtained from the expression for the rotating cylinder

correlation (Eisenberg 1954):

0.7 0.7
sh="29 _ 50791 x Re®x Sc°*% = 0.079x EJ x (ij
D v D

where d is the diameter of the electrode in m, D is the diffusion coefficient in m*/s, Re is

the Reynolds number and Sc i1s the Schmidt number.
The temperature dependence of the diffusion coefficient is given by:

D=D, I f"_'f]
T, \ u

where Dre is the diffusion coefficient at a reference temperature Tr; | is the viscosity in
kg/(m s) and Lirr 15 the viscosity at a reference temperature. At 20°C, the Urer of water 1s
1.002 x 10” kg/(m s) and the Drrof hydrogen ion is 9.31x10°m¥/s [82 ].

The density of water in kg/m’is found from:

p =1152 3 -0.5116 T , where T is temperature in K;
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and the water viscosity 1s given by

1.3272(20~1)~0.001053(¢—20) 2
t+105

p#=p,,10 { } ,t1s temperature in °C.

Similarly, the limiting current densities due to the diffusion of H' ions and H.COs

molecules can be calculated by the expression proposed by Eisenberg et al.

6.4.1.2.1 Limiting Current due to Hydrogen Ion (H") and Carbonic Acid (H,CO3)
Species

Based on the experimental results of blank solutions at both 22°C and 50°C, the
contribution of limiting current due to reduction of hydrogen ions (H") and carbonic acid
(HzCOs) species is determined by subtracting the chemical reaction limiting current
component at each rotation rate. The experimental data and calculated values are

compared as shown in the Figures 6.34 and 6.35.
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Figure 6.34 : Comparison of the limiting current due to H" and H,CO; species at 22°C.
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Figure 6.35 : Comparison of the limiting current due to H" and H,CO; species at 50°C.
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6.4.1.2.2 Limiting Current Density due to Acetic Acid

The limiting current density due to acetic acid (HAc) 1s calculated by subtracting the
contribution of limiting current density from other species of the blank solution.

The calculated values and experimental data of the ilim due to HAc species are presented
in the Figures 6.36- 6.39. Both the calculated and experimental limiting current increases
with the penpheral velocity. At low concentration of 30 ppm, the experimental and

calculated values correlate well at both 22°C and 50°C.
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? 0.0008 .
2 —0— 30 ppm,22 C(Ex periment)
T 00007

[=]

Q

Limiitng current density,ili
(=B, o ! ¢

:

o

¥ T

4] 05 1 1.5 a7 25
Peripheral velocity, U™ (m/s)

Figure 6.36: Calculated limiting current density due to HAc vs experimental ilim.
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Figure 6.37: Calculated limiting current density due to HAc vs experimental ilim.
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Figure 6.38: Calculated limiting current density due to HAc vs experimental ilim.
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Figure 6.39: Calculated limiting current density due to HAc vs experimental ilim.

The total lim comes from the contribution of CO; corrosion and due to the presence of
HAc species. However, we observe that the cathodic polansation curve for the blank
solution does not show a distinctive limiting current. Thus, it is envisaged that the
reduction process consists of a mixed cathodic process. Hence, the ilim calculated is not
representative and gives higher values of limiting current densities than the experimental
results. This is evident from the comparison between the calculated total limiting current

density and experimental values as presented in Figures 6.40-6.43 below.
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Figure 6.40: Comparing calculated total limiting current to experimental 1iim.
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Figure 6.41: Comparing calculated total limiting current to experimental ilim.
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Figure 6.42: Companing calculated total limiting current to experimental ilim.
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Figure 6.43: Comparing calculated total limiting current to experimental ilim.
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6.1.4.2.3 The Effect of HA¢ Concentration on ilim

In both cases at 22°C and 50°C, the cathodic himiting current densities increase with the
increase in HAc concentration. This increase can be attributed to the presence of more
acetic acid species to be transported and reduced on the surface. The increase in ilim with

concentration is shown in Table 6.2 below for both 22°C and 50°C.

Table 6.2: Experimental and calculated limiting current densities.

HAc Limiting Current Density, ilim (A/cm”)

Concentration { 22°C 50°C

Experimental | Calculation | Experimental | Calculation

30 ppm 0.0003 0.00025 0.0007 0.0008

100 ppm 0.00075 0.0004 0.0013 0.0014

6.4.2 Corrosion Rate

A substantial increase in corrosion rate is recorded with the presence of only minute
concentrations of HAc. At 22°C, a significant increase of 100-180 % is registered with
the presence of 30-100 ppm as compared to the system without HAc. The same
phenomenon is observed at 50°C with the contribution of higher temperature. The
increase in cathodic reaction in CQ; corrosion is due to the acetic acid contribution to
hydrogen 1ons through possibly dissociation and reduction. It is worth noting that the
higher the concentration of acetic acid present, the higher is the concentration of

hydrogen 1ons produced.

At higher temperature, the diffusion coefficient of acetic acid 1s higher which results in
more species availability, approximately a twofold increase of corrosion rate with 30 ppm
HAc at 50°C than at 22°C. At room temperature, the value of diffusion coefficient of HAc
is 1.24 x 10° m%/s whereas at 50°C the value is 2.45 x 10 m?%s, which is 100% higher.
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The threshold value acetic acid of approximately 400 ppm and 800 ppm 1s believed to be
due to inhibitive effect of acetic acid at 22°C and 50°C respectively. The higher threshold

at higher temperature relates to reducing efficiency of inhibition at higher temperature.

The companson of the vanation of the measured limiting current density (ilim) and
corrosion current density( icorr ) with the peripheral velocity is shown in Figures 6.44-
6.49. As observed in previous data, ilim increases linearly with the velocity indicating the
effect of diffusion in the reduction process. However, the corrosion current density
(icorr ) only varies a little with the velocity. In general we can conclude that the icorr
values are practically lower than the ilim and independent of the penpheral velocity. Thus
with the presence of the HAc species, the overall corrosion process taking place on the

surface of the electrode 1s mainly controlled by a charge transfer process.
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Figure 6.44: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different peripheral velocity.
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Figure 6.45: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different peripheral velocity.
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Figure 6.46: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different peripheral velocity.
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Figure 6.47: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different penipheral velocity.
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Figure 6.48: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different peripheral velocity.
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Figure 6.49: Comparison of the measured limiting current density (ilim) with the

corrosion current density (icorr) at different peripheral velocity.

6.4.3 Comparison between Experimental Corrosion Rates and Predictive Models

The results from the RCE experiment are compared to the DWM 95, Cassandra 93/95
and NORSOK models. DWM 95 and Cassandra 93/95 take velocity as input whereas
NORSOK takes wall shear stress as input. The comparisons are shown in Figure 6.50 and
6.51 below. At the test done at 22°C, the experimental results for blank solution register
low corrosion rates. In general, Cassandra 93/95 correlates well with the expenimental

result.
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Figure 6.50: Companson between experimental corrosion rates and predictive
models at 22°C.
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Figure 6.51: Companson between expenmental corrosion rates and predictive
models at 50°C.
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6.5 Conclusions: RCE

Acetic acid shows inhibitive property at higher concentration where the corrosion rate is

reduced at 400 ppm and 800 ppm at 22°C and 50°C respectively.

Below the inhibitive level, the corrosion rate increases drastically with the presence of
acetic acid. At 22°C, we see approximately 100-180% increase in corrosion rate with the

increase in acetic acid concentration. At S0°C, 100-400% increase is registered.

The cathodic reaction 1s limiting current controlled with the presence of HAc but at high

concentration it changes to mixed reaction of diffusion and charge —transfer control.

The flow independent contribution to the measured cathodic limiting current density is
due to the slow hydration of carbonic acid and not due to the chemical reaction of HAc .
The corrosion current density (icorr) 1s much lower than the mass limiting current transfer

(1lim) which indicates the cathodic reduction is govemed by activation control.

Cassandra 93/95 correlates well with the experimental results of the blank solution but

does not accommodate the presence of acetic acid.
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7.0 CO; PREDICTION WITH THE PRESENCE OF ACETIC ACID

A corrosion prediction equation 1s developed based on the experimental results of the
static and RCE flow-simulated tests conducted at pH 5.5. The static tests represent the
stagnant and low-flow conditions where as the RCE tests simulate turbulent-flow
conditions. The prediction equation is then validated against the experimental data from

the tests conducted at other test conditions.

7.1 Prediction Equation Based on Static Tests

The relationship between corrosion rate and acetic acid concentration is plotted at

different temperatures below the Ts and shown in Figure 7.1 below.
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Figure 7.1: Prediction based on pH 5.5 static tests below Ts.
Corrosion rates vary almost linearly with the concentration of the added acetic acid. In

general, this linear relationship can be represented by best-fit equations. The best-fit

equations, as shown in the figure, reveal a good correlation and suggest a good linear
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relationship between corrosion rate and the acetic acid concentration. This relationship

can be expressed as:

Corrosion Rate (CR) = Corrosion rate of blank solution (CRb) + Constant x [HAc]

where, [HAc] = Concentration of acetic acid (ppm).

Thus, the corrosion rate of mild steel in CO,-containing solution with the presence of
acetic acid can be predicted by adding the contribution of the acetic acid to the blank
COITOSION rate.

The constant in the equation, which is the slope of curve, varies with temperature and
could be approximated by plotting the slopes against temperatures as shown in Figure

7.2.

HAc Prediction
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Figure 7.2: The variation of slopes with the temperatures.
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Thus, by incorporating the temperature-dependent constant, the corrosion of mild steel in

CO;-containing solution with the presence of acetic acid can be predicted by the

following expression

CR =CRb + (0.0001(T) + 0.006) x [HAc]

where, T = Temperature in °C , [HAc] = Concentration of acetic acid (ppm).

The comparison of the predicted corrosion rates based on the above prediction equation

and experimental results are shown in Figures 7.3 -7.6.
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Figure 7.3: Comparison between experimental data and predicted corrosion rates at

pH 3.8.
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The predicted corrosion rates agree well with the experimental results at pH 3.8. At 22°C,
the equation under-predicts the corrosion by 12 — 21 %. However, at higher HAc
concentration than 210 ppm, the equation over predicts the corrosion rate by 5%. At

other conditions, the equation predicts conservatively by 3-30%.
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Experimental corfosion rates (mm/yr)

Figure 7.4: Comparison between experimental data and predicted corrosion rates at
pH 5.0.

The validation at pH 5.0 shows that at 22°C, the equation under-predicts the corrosion by

23 — 48 %. However, at higher temperatures, the equation over predicts the corrosion rate

by up to 25 %.
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Figure 7.5: Companison between experimental data and predicted corrosion rates at

pH 5.5.

The validation at pH 5.5 shows that the equation under predicts between 15% and 60 %

for the temperature range of 22°C to 60°C. However, at higher temperatures of 70°C to

75°C, the equation over predicts the corrosion rate by up to 30 %.
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Figure 7.6: Companson between experimental data and predicted corrosion rates at

The equation under predicts between 7 and 55% of most condition at pH 6.0.

pH 6.0.
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7.2 Prediction Based on RCE Tests

7.2.1 RCE Tests at 22°C.

The relationship between corrosion rate and acetic acid concentration is plotted at
different rotation rates as shown in Figure 7.7 below. The linear relationship is only

observed below the inhibitive threshold of HAc concentration and this 1s plotted as shown

in Figure 7.8.
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Figure 7.7: RCE tests at 22°C.
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Figure 7.8: Prediction based on RCE at 22°C.

Similar to the prediction based on static tests, the RCE prediction relationship can be

expressed as:

Corrosion Rate (CR) = Corrosion rate of blank solution (CRb) + Constant x [HAc]

where, [HAc] = Concentration of acetic acid (ppm).

The variation of the constant in the corrosion prediction equation at 22°C with rotation

rates 1s plotted in Figure 7.9.
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Figure 7.9: The variation of slopes with the rotation rate.

Thus, the corrosion rate prediction at 22°C can be expressed as:

CR = CRb + (0.000001(R) + 0.0303) x [HAc] ;

where CRb = Corrosion rate of blank solution, R = Rotation rate in rpm , [HAc] =

Concentration of acetic acid (ppm)

7.2.2: RCE Tests at 50 C.

Similarly at S0°C, the relationship between cormrosion rate and acetic acid concentration is
plotted at different rotation rates as shown in Figure 7.10 below. The linear relationship is
observed beiow 100 ppm, which is the inhibitive threshold of HAc concentration. This
relationship is plotted in Figure 7.11.
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Figure 7.10: Relationshtp between corrosion rate and acetic acid concentration as plotted
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Figure 7.11: Best-fit equations for relationship between corrosion rate and acetic acid
concentration at S0°C.
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The change of the slope with the rotation rate is plotted below.
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Figure 7.12: The vanation of slopes with the rotation rate.

Thus, the corrosion rate prediction at 50°C can be expressed as:

CR = CRb + (0.000005(R) + 0.0342) x [Hac]

where R = Rotation rate in rpm , [HAc] = Concentration of acetic acid (ppm)

In order to include the effect of temperature in the prediction equation, the vanation of
the constants with the temperature of both expressions at 22°C and 50°C is plotted for

each rotation rate and this 1s presented in Figure 7.13.
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Figure 7.13: The variation of the constants with the temperature.

We observe that the corrosion rates are slightly affected by the increase in rotation rate at
both temperatures. The prediction equation can be expressed as

CR = CRb + (0.0003(T) + 0.03) x [HAc] ;

where T = Temperature in °C, [HAc] = Concentration of acetic acid (ppm)

The comparison of the predicted corrosion rates based on the above prediction equation
and experimental results are shown in Figures 7.14 —7.16.
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Figure 7.14: Validation of the prediction equation at pH 5.0.

The prediction equation predicts conservatively for all cases at pH 5.0.
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Figure 7.15: Validation of the prediction equation at pH 5.5.

The prediction equation under predicts for most cases at pH 5.5.
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Figure 7.16: Validation of the prediction equation at pH 6.0.

The prediction equation predicts well for all cases at pH 6.0.

7.3: Conclusion

The corrosion rate of carbon steel in CO; corrosion with the presence of acetic acid can

be predicted based on the static tests and RCE tests.

For static and low flow condition, the corrosion of mild steel in CO,-containing solution

with the presence of acetic acid can be predicted by the following expression

CR (mm/yr) = CRb + (0.0001(T) + 0.006) x {Hac]

where, CRb = Blank corrosion rate (mm/yr), T = Temperature in °C , [HAc] =

Concentration of acetic acid (ppm).
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For turbulent condition, the prediction equation can be expressed as

CR (mm/yr) = CRb + (0.0003(T) + 0.03) x [HAc] ;

where, CRb = Blank corrosion rate (mm/yr), T = Temperature in °C | [HAc] =

Concentration of acetic acid (ppm).
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8.0 CONCLUSIONS

Based on the static and RCE studies on the effect of acetic acid species on the corrosion
of mild steel in the CO,-saturated brine condition, the following conclusions are

established.

8.1 Roles of Acetic Acid in CQO; corrosion

The presence of acetic acid drastically increases the corrosion rate of mild steel in CQO;

corrosion below the scaling temperature and below the inhibitive threshold of acetic acid

concentration. The increase in the corrosion rates are attributed to the following reasons:

1) Extra cathodic reaction.

This can be envisaged to be similar to that of the dissociation and reduction of carbonic

acid in the CO; corrosion. The extra cathodic reactions with the presence of acetic acid

are from extra source of hydrogen ions (H") from dissociation and direct reduction of

acetic acid on the electrode surface. The sequence can be proposed as that of Crolet [18]:
a) Dissociation of acetic acid.

CH;COOH (sol ) 9 CH:COOH (ads) = CH;COO + H' (ads); H (ads) + ¢ 2> H
b) Duirect reduction of undissociated acetic acid molecules.

CH;COOH (sol ) » CH,;COOH (ads) + ¢ > CH;COO + H

As highlighted by Garsany [37], the dissociation of acetic acid is fast, such that it is

difficult to distinguish the above two reactions.
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Thus, with the relatively large increase in the corrosion rate, we conclude that the
cathodic reactions consist of both the dissociation and direct reduction of the acetic acid

molecules.

2) Solubilising ferrous ion (Fe*")

Below scaling temperature and without the presence of acetic acid, the film formed is not

protective. The formation of iron carbonate (FeCOs) can be represented by:

Fe* + HCOs =FeCO; + H'

The formation of the protective FeCO; film depends on many factors, such as high
temperature that accelerates the growth of the film, and high pH and Fe** concentration

that reduce the solubility of iron carbonate,

Acetic acid solubilises the ferrous ion (Fe*") in the iron carbonate (FeCO;) corrosion film
promoting formation of iron acetate film, which is known to be soluble and hence not
protective. We believe that below the scaling temperature, the thinning effect as proposed
by Hedges [14] i1s not dominant as a film is not fully formed. This is evident in the

invariant scaling temperature with or without acetic acid present in the system.

Beyond the scaling temperature, the thermodynamics and kinetics of protective film
formation competes with the thinning effect from solubilising of ferrous iron by acetic

acid and this results in delay in the formation of the protective film.

8.2 Prediction Equations

The corrosion rate of carbon steel in CO, corrosion with the presence of acetic acid can

be predicted based on the static tests and RCE tests.
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For static and low-flow condition, the corrosion rate (mm/yr) of mild steel in CO,-
containing solution with the presence of acetic acid can be predicted by the prediction
equation,

CR (mm/yr) = CRb + (0.0001(T) + 0.006) x [HAc].

For turbulent-flow condition, the prediction equation 1s given by

CR (mm/yr) = CRb + (0.0003(T) + 0.03) x [HAc];

where, CRb = Corrosion rate of blank solution (mm/yr), T = Temperature (°C) , [HAc] =

Concentration of acetic acid (ppm).
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9.0 FUTURE WORK

The formation of surface film is important in CO; corrosion of carbon steel and low
alloy steels since this can influence the corrosion control methodology. The iron and
carbonate ions concentrations and other environmental parameters such as pH, affect
precipitation kinetics of FeCO; film. Once the film is nucleated, the subsequent
formation and growth are dependent on temperature of the solution. Based on the
open literature, the corrosion films formed in CO; —containing solution can be of
different morphology and thickness consisting of iron carbide (Fe:C) and iron
carbonate (FeCOs) films. The presence of acetic acid solubilises the ferrous ions that
delays the formation of protective FeCOs; films below the scaling temperature.
Furthermore, the suggestion that acetic acid thins the FeCO; films above scaling
temperature 1s also feasible. Thus, the interaction of iron acetate and iron carbonate
films in the CO; corrosion requires further studies to explain the observations from
the current study. The studies of the interaction of surface films can be conducted by
the use of Scanning Electron Microscopy (SEM), AFS and other visual
morphological methods. SEM and metallurgical microscopy can be used to examine
surface morphology. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy

(XPS) can be used to identify the structure and composition of the films.

Furthermore, as inhibition s commonly employed in corrosion control of CO»
corrosion of carbon steel, further study is required to establish the effect of inhibitor
on the CO; corrosion with the presence of acetic acid species. This is important in
order to determine whether the inhibitor used for CO; corrosion is effective and

quantify the dosage of inhibition with the presence of acetic acid.
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