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a b s t r a c t

The mechanism and the kinetics of mild steel corrosion in deaerated aqueous acetic acid solutions was
investigated. The behavior of the steady state voltammograms, obtained at pH 3 to pH 5 and acetic acid
concentrations up to 41.5 mM, showed that the direct reduction of undissociated acetic acid is not sig-
nificant, in contrast to what is commonly reported in the literature. Nevertheless, acetic acid was shown
to influence the corrosion process, first by increasing the cathodic limiting current through buffering the
hydrogen ion concentration at the metal surface, and second by inhibiting the rates of both anodic and
cathodic charge transfer reactions by chemically adsorbing onto the metal surface. Considering these
mechanistic observations, a comprehensive mathematical model was developed and verified, using the
experimental results. The counterpoising effect of acetic acid on the limiting current and the rate of
electrochemical reactions was shown to be able to justify the inconsistent and sometimes contradictory
behavior previously reported in the literature. Additionally, increasing the temperature was shown to
have a synergistic effect with acetic acid concentration on the observed corrosion rates. This behavior is a
result of shifting corrosion currents towards the mass transfer controlled range at elevated temperatures,
where acetic acid has a determinant effect.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Besides carbon dioxide (CO2) and hydrogen sulfide (H2S), short
chain organic acids such as formic acid (CHOOH), acetic acid
(CH3COOH), and propionic acid (CH3CH2COOH) are amongst the
common corrosive species encountered in the oil and gas industry
[1e5]. Organic acids are commonly reported to be present in the co-
produce aqueous phase with concentrations up to several hundred
milligrams per liter [6e9]. Amongst the organic acids, acetic acid
(HAc in short) is the most abundant species [6,7,9,10], which has
been commonly used to represent the effect of all organic acids in
corrosion studies, at least as far as it concerns the oil and gas
industry.

Reports on the significance of organic acids in corrosion of
pipeline steel can be found as early as the 1940s [11], however, the
subject gained little attention until 1980's. To date, there seems to
be a consensus on the significance of acetic acid in corrosion of mild
steel, however, the reported effect of acetic acid on the observed
).
corrosion rates in the literature appears inconsistent or even con-
tradictory in some cases, as discussed in the following.

Numerous research studies have focused on elucidating the
corrosion mechanisms related to the presence of acetic acid in oil
and gas transmission pipelines. Gulbrandsen and Bilkova [12]
studied the effect of acetic acid on CO2 corrosion of X65 mild
steel. The authors reportedmixed behavior of corrosion rates at low
and high temperatures as the concentration of acetic acid was
increased. Based on their observations at 25 �C, corrosion rates
decreased with increasing acetic acid concentrations, whereas the
opposite behavior was reported at 80 �C. This was justified based on
observation of an inhibitive effect of acetic acid on the anodic re-
action. The authors argued that the combination of anodic reaction
retardation and increase in cathodic reaction rate, as a result of
direct acetic acid reduction, leads to this mixed behavior. In 2007,
George and Nesic [13] investigated the effect of acetic acid on
aqueous X65mild steel corrosion under CO2 and N2 atmospheres in
controlled pH experiments. The reported corrosion rates at pH 4,
with or without CO2 present, showed a significant increase with
addition of a 100 ppm (1.66 mM) acetic acid, whereas further in-
crease of acetic acid concentration to 1000 ppm (16.6 mM) did not
result in significantly higher corrosion rates. The authors also
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reported that as temperature was increased to 40 �C and 60 �C, the
addition of 100 ppm acetic acid had a more pronounced effect on
increasing the corrosion rates. The increased corrosion rates in the
presence of acetic acid was associated with the direct acetic acid
reduction during the corrosion process. The authors also confirmed
the previous reports of a slight inhibitive effect of acetic acid on the
iron dissolution reaction. Using a similar approach as George and
Nesic [13], Okafor et al. [14] studied the effect of acetic acid at
temperatures up to 80 �C and acetic acid concentrations up to
5000 ppm. It was reported that increasing the acetic acid concen-
tration resulted in higher corrosion rates at all the studied condi-
tions. The increased corrosion rates were justified by the direct
reduction of acetic acid, which was claimed to be supported by a
higher activation energy obtained for cathodic reactions when
acetic acid was present. However, the reported cathodic polariza-
tion curves in that study appear to be significantly influenced by
the limiting current almost in all conditions, hence, the electro-
chemical activation energies could not be obtained with reasonable
confidence. In 2012, Jia et al. studied the effect of acetic acid in CO2
corrosion of 3Cr low-alloy steel [15], reporting a significant increase
of corrosion rates by increasing the total acetic acid concentration
from 0 to 2000 ppm. The author associated the higher corrosion
rates with the direct reduction of acetic acid as well as its effect on
degrading the protective corrosion product layer. Nevertheless, the
arguments used to justify the observed behavior could be ques-
tioned when considering the lack of proper solution speciation
control in their experiments. One should consider that increasing
the acetic acid concentration from 0 to 2000 ppm could decrease
the solution pH dramatically; a key factor when discussing the
corrosion behavior which was not included in analysis of data in
that study [15]. Zhu et al. [16] also studied the CO2 corrosion of N80
carbon steel in acetic acid containing solutions with emphasis on
elevated temperatures and CO2 partial pressures. A significant in-
crease of corrosion rates with increasing acetic acid concentrations
at 90 �C was reported, which were justified by similar arguments
used by Jia et al. [15].

Considering the brief review above, the increased corrosion
rates in the presence of acetic acid were commonly justified by
presuming that acetic acid is directly reduced at the metal surface.
According to this mechanistic view, as a weak acid, acetic acid is
only partially dissociated in the aqueous phase (Reaction (1)).
Hence, both acetate ions (Ac�) and undissociated acetic acid
Fig. 1. The ratio of undissociated acetic acid concentration to total acetate species
concentration in 0.1 M NaCl solution for various pH values at 30 �C and 60 �C. The
labels from left to right show the ratio at pH 3.0, pH 4.0, and pH 5.0.
(molecular HAc) are present in an aqueous solution, while their
relative concentrations are defined by the solution pH (Fig. 1).

HAcðaqÞ#Hþ
ðaqÞ þ Ac�ðaqÞ (1)

In this corrosion mechanism, the anodic iron dissolution (Re-
action (2)) is accompanied by two parallel cathodic reactions,
namely, hydrogen ion reduction (Reaction (3)) and the direct
reduction of the undissociated acetic acid (Reaction (4)).

Fe2þðaqÞ þ 2e�#FeðsÞ (2)

2Hþ
ðaqÞ þ 2e�#H2 ðgÞ (3)

2HAcðaqÞ þ 2e�#H2ðgÞ þ 2Ac�ðaqÞ (4)

However, in more recent years, evidence has been mounting
that suggests acetic acid is not a significant electroactive species
and its sole contribution to the cathodic currents is through the
homogeneous Reaction (1). In this mechanistic view, acetic acid
merely acts as a hydrogen ion carrier in the solution and its pres-
ence would only increase the mass transfer limit of the cathodic
currents. This mechanism points to the fact that at mass transfer
limiting current, where the surface pH is increased, the chemical
equilibrium of acetic acid (Reaction (1)) shifts towards acetic acid
dissociation, therefore, acetic acid acts as an additional source of
hydrogen atoms at the metal surface. In 2011, Amri et al. [17]
studied the effect of acetic acid in CO2 corrosion in the context of
top of the line corrosion of X65 mild steel. The authors reported
that when the corrosion current was controlled by the electro-
chemical reaction rates (as opposed to mass transfer limited) at
lower pH values, increasing the acetic acid concentration did not
significantly affect the observed corrosion rates or the corrosion
mechanism. It was reported that the effect of acetic acid wasmainly
related to increasing the limiting current and that the direct
reduction of acetic acid was insignificant. It was also suggested that
acetic acid inhibits the anodic reaction and therefore local changes
in its surface concentration could trigger localized attack. In
another, more systematic study, Tran et al. [18] investigated the
behavior of the cathodic polarization curves in mildly acidic envi-
ronments, with acetic acid being the only weak acid present in
solution. The polarization curves were obtained on 304 stainless
steel in order to eliminate the interference of anodic reactions on
the observed cathodic current. It was explicitly shown that the
concentration of acetic acid did not affect the charge transfer
controlled portion of the cathodic sweeps. Therefore, the authors
concluded that acetic acid is not involved in a charge transfer
processes directly, and its main contribution was buffering the
surface hydrogen ion concentration, thereby increasing the limiting
currents. However, considering the possible influence of the
alloying compounds of 304 stainless steel (~20 wt % Cr, and 10 wt %
Ni) and the passive layer on the electroactivity of the metal surface,
the experimental findings of Tran et al. [18] on stainless steel could
not be considered valid for mild steel, without further verification.
In 2016, Kahyarian et al. [19] investigated the effect of acetic acid on
the polarization behavior of pure iron and X65 mild steel. Based on
the experimental data obtained using rotating disk electrodes and
potentiodynamic measurements, the authors showed that acetic
acid did not significantly contribute to the charge transfer
controlled currents for concentrations up to 1000 ppm. Hence, the
mechanism proposed by Tran et al. [18] was also proven to be valid
for iron and mild steel surfaces.

The present study expands on the experimental conditions
covered previously by Kahyarian et al. [19], in order to further
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elucidate the underlying mechanisms of the aqueous mild steel
corrosion in the presence of acidic acid. A quantitative analysis of
the results, using comprehensive mathematical calculations, is
included in the present study, to provide a detailed description of
the mechanistic observations. Ultimately, these mathematical re-
lationships can be incorporated into mechanistic corrosion rate
predictive models [20,21] for application in more elaborate corro-
sion scenarios.
2. Materials and methods

2.1. Experimental procedure

The experiments were carried out in a 1 L glass cell with a
conventional three electrode arrangement and a silver/silver
chloride reference electrode, similar to that described in an earlier
study [22]. The supporting electrolyte was 0.1 M solution of sodium
chloride in deionized water in all of the reported experiments. The
targeted solution composition was achieved by addition of the
desired amount of glacial acetic acid followed by adjustment of the
solution pH using small amounts of dilute HCl or NaOH solutions.
All the chemicals used in the present study were analytical grade.
The solution was then purged using nitrogen gas for minimum of
90 min while the oxygen content of the outlet gas was monitored
(Orbisphere 410). The maximum allowed dissolved oxygen content
before introducing the working electrode into the solution was
1 ppb.

Theworking rotating disc electrode (RDE) wasmade of an API 5L
X65 mild steel disc (composition given in Table 1) with 5 mm
diameter, press-fitted into a Teflon™ electrode holder (Pine in-
struments). The electrode was abraded with 1000 grit silicon car-
bide paper and further mirror polished using successively finer
silicon suspensions, down to 0.25 mm, prior to each test. The elec-
trode was then rinsed and sonicated in isopropanol for 5 min and
dried with nitrogen gas. The working electrode was inserted into
the glass cell while the nitrogen gas flowwas temporarily increased
and further electrochemically treated as described in detail else-
where [19]. As the last step, the open circuit potential (OCP) was
monitored for 10 min prior to electrochemical measurements in
order to assure a steady OCP reading (maximum allowed drift of
±2 mV over 5 min).

The polarization curves were obtained using stair case voltam-
metry with the scan rate of 0.5mV s�1 and sampling period of 2 s�1.
The anodic and cathodic polarization curves were obtained in
separate experiments, by sweeping the potentials from OCP to-
wards more positive and more negative potentials, respectively.
The reported results were corrected for ohmic drop using the so-
lution resistance obtained from electrochemical impedance spec-
troscopy (EIS) measurements, performed after polarization
measurements. The EIS measurements were conducted at OCP in
the frequency range of 0.2 Hze5 kHz with an AC perturbation po-
tential of ±5 mV.

The reported corrosion rates were obtained from linear polari-
zation resistance (LPR) measurements, conducted in separate ex-
periments, following the abovementioned preparation procedure.
For LPR measurements, the potential range of ±5 mV vs. OCP and
scan rate of 0.125 mV s�1 was used. The experimental conditions
are summarized in Table 2.
Table 1
Chemical Composition of the X65 Mild Steel in wt%.

S P V C Cr Mo Si Ni Mn Fe

0.009 0.009 0.047 0.13 0.14 0.16 0.26 0.36 1.16 Balance
2.2. Numerical methods and mathematical modeling

2.2.1. Water chemistry calculation
The solution speciation can be obtained considering the chem-

ical equilibria of the involved homogeneous reactions. In an
aqueous solution containing acetic acid, the two homogeneous
reactions are the acetic acid dissociation shown via Reaction (5) and
water dissociation shown via Reaction (6).

HAcðaqÞ#Ac�ðaqÞ þ Hþ
ðaqÞ

CAc�ðaqÞCHþ
ðaqÞ

CHAcðaqÞ
¼ KHAc (5)

H2OðlÞ #OH�
ðaqÞ þHþ

ðaqÞ COH�
ðaqÞCHþ

ðaqÞ
¼ Kw (6)

The chemical equilibria corresponding to acetic acid and water
dissociation can be mathematically expressed as Equation (5) and
Equation (6), respectively, using the equilibrium constants listed in
Table 3.

Assuming that acetic acid concentration in the gas phase was
negligible, the total acetate concentration (Ct,HAc) may be related to
undissociated acetic acid concentration (CHAc) through a mass
balance relationship described as Equation (7).

Ct;HAc ¼ CHAc þ CAc� (7)

In a solution without an externally induced electric field, the
concentration of the charged species must also satisfy the elec-
troneutrality constraint as shown by Equation (8).X
i

ziCi ¼ 0 (8)

In addition to the four equations discussed above (Equations
(5)e(8)), the known solution pH and NaCl concentration can be
used to fully resolve the system of equations in order to obtain the
concentration of six chemical species (Hþ

(aq), HAc(aq), Ac�(aq),
OH�

(aq), Naþ(aq), Cl�(aq)). Considering that there are no ferrous ions
present in the solution initially, the concentration of this species in
the bulk solution was arbitrarily taken to be 10�6 M. The results
obtained from the water chemistry calculation are shown in Fig. 1,
where the ratio of undissociated acetic acid to the total acetic acid
concentration is demonstrated for various pH values at 30 �C and
60 �C. At low pH values, the high concentration of hydrogen ion
shifts the acetic acid dissociation equilibrium towards the left-hand
side, so that most of the acetate species are in the form of undis-
sociated acetic acid. On the other hand, the dissociation equilibrium
dictates that the majority of acetate species is in acetate ion form at
near neutral pH values. Fig. 1 also shows that a moderate change in
temperature does not profoundly alter the solution speciation.
2.2.2. Electrochemical model
In order to quantify the polarization behavior of the studied

system and also to ultimately estimate the corrosion rates, a
comprehensive mathematical model of electrochemical/mass
transfer behavior was developed similar to that discussed in detail
elsewhere [20,21]. While the electrochemical reactions at the metal
surface define the observed current/potential response of the sys-
tem, the rate of these reactions themselves are dictated by the
surface concentration of the involved electroactive species, which
are determined by the mass transfer towards/away from the elec-
trode surface. The mass transfer for a RDE consists of three parallel
processes. Convective flow of the bulk fluid leading to a flux of the
chemical species.Molecular diffusion as a result of the concentration
gradient of the chemical species. Electromigration of the ionic spe-
cies arising from the presence of an induced or spontaneous electric



Table 2
Summary of the experimental conditions.

Experimental Conditions

Test apparatus Rotating disk electrode
Three-electrode glass cell

Temperature 30 �C
Rotation rate 2000 RPM
Electrode material X65 mild steel
Supporting electrolyte 0.1 M NaCl
pH 3.0, 4.0, 5.0
Total acetate concentration 0 mM

1.66 mM (100 mass ppm)
8.30 mM (500 mass ppm)
16.60 mM (1000 mass ppm)
41.50 mM (2500 mass ppm)

Table 3
Equilibrium and reaction rate constants where K ¼ kf/kb.

Parameter Reference

KHAc ¼ 10

�
� 1500:65

T � 6:50923 �logðTÞ � 0:0076792 �Tþ18:67257

�
ðMÞ

[37]

Kw ¼ ð10�3rwÞ2 10
�
�
a1þa2

T þa3
T2
þa4

T3
þ
�
a5þa6

T þa7
T2

�
logð10�3rwÞ

�
ðM2Þ

a1 ¼ -4.098, a2 ¼ -3245.2, a3 ¼ 2.2362, a4 ¼ -3984E7,
a5 ¼ 13.957, a6 ¼ -1262.3, a7 ¼ 8.5641E5

[38]

kf ;HAc ¼ 8:7� 105 ð1=sÞ [39]

kb;w ¼ 1:4� 1011 ð1=M:sÞ [40,41]
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field. The flux of any given species i can be described through
Equation (9) [23].

Ni ¼ �ziuiFCiVf� DiVCi þ vCi (9)

The concentration distribution of each chemical species may be
calculated by using the species conservation law, which can be
mathematically expressed via Equation (10), also known as the
Nernst-Planck equation.

vCi
vt

¼ �V:Ni þ Ri (10)

Considering the symmetrical geometry of the RDE, the
tangential and radial species flux components of Equations (9) and
(10) can be neglected. Furthermore, the mobility of ions can be
estimated using Einstein-Smoluchowski relationship (ui¼Di/RT),
with diffusion coefficients listed in Table 4. Therefore, for a one-
dimensional semi-infinite geometry in the direction x normal to
the metal surface, Equations (9) and (10) can be simplified to
Equations (11) and (12) , respectively.

Ni ¼ � Di
vCi
vx

� ziDiFCi
RT

vf

vx
þ vxCi (11)
Table 4
Reference diffusion coefficients at 25 �C.

Species Diffusion coefficient � 109 (m2/s) Reference

HAc 1.29 [42]
Ac� 1.089 [42]
Hþ 9.312 [23]
OH� 5.273 [42]
Naþ 1.334 [23]
Cl� 2.032 [23,42]

Fe2þ 0.72 [23]
vCi
vt

¼ Di
v

vx
vCi
vx

þ v

vx

�
ziDiFCi
RT

vf

vx

�
� vx

vCi
vx

þ Ri (12)

The average bulk movement of the fluid in the direction normal
to the surface is accounted for by the convective flow term vxC,
where vx describes the velocity profile inside the diffusion layer.
For a laminar flow regime of a RDE, the analytical solutions for
the velocity profile (vx) and the diffusion layer thickness (d) are
shown as Equation (13), where a ¼ 0.510, and Equation (14),
respectively [24].

vx ¼ �au
�u
y

�1 =

2
x2 (13)

d ¼
�
3Dlim

ay

�1 =

3�u
y

��1

=

2
(14)

Furthermore, the effect of homogeneous chemical reactions:
acetic acid and water dissociation, are reflected by the Ri term in
Equation (12). In a generic form, the rate of chemical reaction j
(Reaction (15)) can be calculated as shown in Equation (16).

Xnr

r¼1

Cr#
Xnp

p¼1

Cp (15)

Rj ¼ kf ;j
Ynr

r¼1

Cr � kb;j
Ynp

p¼1

Cp (16)

The rate of production (or consumption) of a species i (Ri in
Equation (12)) can be expressed in a matrix format as Equation (17).
The kinetic rate constants of the chemical reactions can be found in
Table 3.2
66664

RHþ
ðaqÞ

RHAcðaqÞ
RAc�ðaqÞ
ROH�

aq

3
77775 ¼

2
664

1 1
�1 0
1 0
0 1

3
775�

�
RHAc
Rw

�
(17)

Considering the discussion so far in this section, Equation (12) is
applicable for each chemical species present in the system (Hþ,
HAc, Ac�, OH�, Fe2þ, Naþ, Cl�) in order to determine their con-
centration distribution inside the diffusion layer. However, for this
set of equations to be complete, the electric potential appearing in
the electromigration term also needs to be specified. This param-
eter can be characterized through an additional relationship known
as the “electroneutrality” constraint as described by Equation (8).

2.2.2.1. Initial and boundary conditions. At the initial time (t ¼ 0), it
can be assumed that awell-mixed solution comes into contact with
the metal surface. Hence, the concentrations of the chemical spe-
cies throughout the diffusion layer are constant known values,
defined by the chemical equilibria of the solution, as discussed in
Section 2.2.1.

At the bulk solution boundary, where x¼ d, the concentration of
chemical species remains unchanged at all times (t � 0). Therefore,
the boundary condition can be defined based on the known con-
centration of species, identical to those of the initial conditions.

The boundary condition at the metal/solution interface is based
on the electrochemical reaction rate calculations. For an electro-
active chemical species, the flux at the metal/solution boundary is
equal to the rate of the corresponding electrochemical reaction.
Therefore, for species i involved in electrochemical reaction j, the
flux at the metal surface can be described through Equation (18).



Table 5
Electrochemical reaction rate relationships and parameters.

Charge transfer rates n a m E0,j vs. SHE (V) k0 j, ref Ea (kJ/mol)

ic;Hþ ¼ �nHþ Fk0 Hþ ðCs
Hþ ÞmHþ e

�
�aHþ nHþ FðE�E0 Hþ Þ

RT

�
1 0.43 0.5 0.00 7.58 � 10�8 110.6

ia;Fe ¼ nFeFk0 FeðCs
OH� ÞmOH� e

�
ð2�aFe ÞFðE�E0 Fe Þ

RT

�

pH < 5 or CHAc > 0

2 0.50 1 �0.44 2.27 � 101 29.5

ia;Fe ¼ nFeFk0 FeðCs
OH� ÞmOH� e

�
2ð1�aFe ÞFðE�E0 Fe Þ

RT

�

pH ¼ 5 and CHAc ¼ 0

2 0.65 0 �0.44 2.05 � 10�5 -
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Nijx¼0 ¼ � sijij
njF

(18)

Based on the analysis of the experimental results (Section 3.1),
acetic acid was not considered to be involved in any
electrochemical reaction. Also, considering that the water
reduction reaction is not significant at the corrosion potential, it
was not included in the model. Hence, the electrochemical re-
actions considered in the model consisted only of one cathodic
reaction, hydrogen ion reduction (Reaction (3)), and one anodic
reaction, iron oxidation (Reaction (2)). Due to negligible con-
centration of H2 in the solution (which is stripped out by the
nitrogen bubbling through the solution), no significant contri-
bution of hydrogen oxidation reaction over the potential range of
interest is expected. Hence, the current density resulting from
hydrogen ion reduction was calculated in the form shown in
Table 5, which considers the cathodic half reaction only. The
related kinetic parameters, including the transfer coefficient a,
the reaction rate constant ko, and the reaction order mHþ,
were obtained based on the experimental data as discussed in
Section 4.

The current density resulting from iron dissolution (Reaction
(2)) can be calculated by considering the anodic half reaction only,
since the ferrous ion reduction may also be assumed negligible,
because of its low concentration and the potential range of interest.
The rate of iron oxidation reaction, at the active dissolution range
observed in lower pH values (e.g. below 5), is known to have a first
order pH dependence [25,26,30]. It is also known that the mecha-
nism of iron oxidation reaction at the vicinity of corrosion potential
changes at near neutral pH values [25,26,28]. Therefore, two
different reaction rate relationships were considered, one for lower
and the other for higher pH values, as shown in Table 5. These re-
lationships are based on previously reported behavior, with a
strong pH dependence in more acidic solutions and no dependence
at higher pH values [25,28]. The change of mechanism is also re-
ported to coincide with a change of apparent Tafel slope. The ki-
netic parameters reported in Table 5 were obtained based on the
experimental results of the present study, as further discussed in
Section 4.

The current/potential relationships used to calculate the rate
of electrochemical reactions are listed in Table 5. The negative
sign in Equation (18) is due to a sign convention where cathodic
currents are taken as negative while anodic currents are positive.
Furthermore, all the reactions are written in “cathodic” form (e.g.
Reactions (2) and (3)), so the reactants on the left hand side are
represented with a negative stoichiometric coefficient (sij) and
the products on the right hand side are represented as positive
values.

Equation (18) can be expanded using a matrix notation in order
to include all the electro-active species:
"
NFe2þðaqÞ

jx¼0

NHþ
ðaqÞ

jx¼0

#
¼
�
1 0
0 �1

�
�

2
664
iFe
2F
iHþ

F

3
775 (19)

For non-electroactive species, the flux at the metal surface is
zero, as it is a non-porous non-reactive barrier:

Nijx¼0 ¼ 0 (20)

The flux Equations (19) and (20) can be used to describe the
boundary conditions for all chemical species at the metal surface.

In order to calculate the cathodic and anodic current in
Equations (19), the potential at the metal surface (E) needs to be
known. That is true for the case where electrode potential is the
controlled parameter (such as in potentiodynamic measure-
ments). However, when the calculations are done to obtain the
corrosion rates, the potential at the metal surface is not explicitly
known. In that case, an additional relationship is required to
relate the potential at the metal surface to other known param-
eters. This can be achieved by introducing the charge conserva-
tion at the electrode surface based on the mixed potential
theory. That suggests the net current resulting from all j elec-
trochemical reactions is equal to zero, mathematically expressed
as Equation (21).X
j

ij ¼ 0 (21)

2.2.2.2. Numerical solution. Table 6 summarizes all the relevant
mathematical equations required to develop a comprehensive
mathematical model as discussed above. These equations form a set
of non-linear, coupled, partial differential equations to be solved
numerically. Considering a simple one-dimensional computational
space, the finite difference method can be used to solve the equa-
tions. This method is commonplace in mathematical modeling of
electrochemical systems with similar geometry and has been dis-
cussed in detail elsewhere [23,29].

The partial differential equations are discretized using second
order Taylor's series approximations. The time integration is done
explicitly, using Euler approximation. The resulting algebraic
equations can be written in a matrix format, as a tri-diagonal co-
efficient matrix multiplied by the unknown concentrations and
solution potential. The final solution can then be obtained through
different solution algorithms such as Neman's “BAND” open-source
code where it is solved by LU decomposition method [23,29]. The
presence of nonlinear terms, such as those in the electromigration
or chemical reactions relationships, makes some of the terms in the
coefficient matrix to be a function of other concentrations and/or
potential, i.e. they are not explicitly known. In the approach used in



Table 6
Summary of equations used in the mathematical model.

Electrode surface boundary

Nijx¼0 ¼ � sij ij
njF

for electroactive species

Nijx¼0 ¼ 0 for non-electroactive speciesP
i
ziCi ¼ 0P

j
ij ¼ 0 for unknown electrode potential

Diffusion layer

vCi
vt ¼ Di

v
vx

vCi
vx þ v

vx

�
ziDiFCi
RT

vf
vx

�
� vx

vCi
vx þ Ri

for all species

P
i
ziCi ¼ 0

Bulk boundary conditions

Ci ¼ Cb
i

for all species

F ¼ 0 arbitrary reference potential

Fig. 2. Polarization behavior of X65 mild steel in solution of pH 5, at 30 �C, 2000 rpm,
0.1 M NaCl, and undissociated acetic acid concentrations 0 mM, 0.6 mM
(Ct,HAc ¼ 1.7 mM), 3.0 mM (Ct,HAc ¼ 8.3 mM), and 15.1 mM (Ct,HAc ¼ 41.5 mM).
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the present model, the final solution was obtained iteratively by
using an initial guess for the unknown terms of the coefficient
matrix eusually the last calculated value of the unknown terme

until the desired accuracy (R2¼10�12) was achieved.

3. Results and discussion

In general, the reduction of any weak acid in an aqueous solu-
tion, including acetic acid used in the present study, is thermody-
namically identical to that of hydrogen ion reduction. This can be
readily shown through the reversible potential of the two reactions
based on the Nernst equation, where the concentration of the weak
acid and its conjugate base are defined by the chemical equilibrium
of theweak acid dissociation. Therefore, the difference between the
hydrogen ion reduction and the direct reduction of the weak acid
resides only in the kinetics of these electrochemical reactions. The
two reactions can therefore be distinguished by investigating the
cathodic polarization behavior of the system in the charge transfer
controlled current range.

The experimental conditions in the present studywere designed
so that the electrochemical activity of acetic acid, as an additional
oxidizing species, could be properly distinguished. In these exper-
iments, at a fixed solution pH the concentration of acetic acid was
varied. Since the charge transfer rate from hydrogen ion reduction
is constant at a constant pH, any increase in the charge transfer
controlled current density indicates that the direct reduction of
acetic acid is significant and it is occurring in parallel. In contrast, if
the charge transfer controlled current density remain unchanged
for different acetic acid concentrations, one can conclude that the
direct reduction of acetic acid is not significant.

Furthermore, all the reported polarization curves in this section
show a significant increase in mass transfer limiting current, as the
concentration of acetic acid is increased. However, the behavior of
the mass transfer limiting current is the same irrespective of
whether acetic acid is directly reduced or not, thus, the variation in
the limiting current density cannot be used to determine the
electrochemical activity of acetic acid. The effect of acetic acid
concentration on change transfer controlled currents is presented
in section 3.1 below, and its effect on limiting currents is discussed
in section 3.2.

3.1. Electrochemical activity of acetic acid

The typical polarization curves at pH 3, pH 4 and pH 5 for
increasing acetic acid concentrations are reported in Figs. 2e4. In
these graphs the anodic polarization curves typically consist of a
linear range, just above the OCP, followed by a current maximum
and another linear range at more positive potentials. The cathodic
polarization curves also consist of a linear range just below the OCP,
associated with the hydrogen ion reduction, followed by the mass
transfer limiting current and another linear range at more negative
potentials associated with the water reduction reaction. The dis-
cussion below is mostly focused on the electrochemical reactions in
the vicinity of the OCP. That is, the anodic current densities below
the anodic current maximum and cathodic current densities up to
the limiting current.

Fig. 2 shows the polarization curves obtained at pH 5, where a
significant change was observed by addition of 0.60 mM undisso-
ciated acetic acid (Ct,HAc¼ 1.66 mM). The shift of OCP towards more
positive potentials can be explained when considering that the
cathodic polarization curve was under mass transfer control in the
absence of acetic acid, and the significant increase of the limiting
current by addition of acetic acid leads to an increased OCP. In the
presence of acetic acid, a Tafel behavior is clearly observed in the
cathodic polarization curves, particularly when the acetic acid
concentration was further increased. The comparison of the charge
transfer controlled currents did not indicate any increase in charge
transfer rates that could be associated with direct reduction of
acetic acid. Actually, one can observe a slight decrease with
increasing acetic acid concentration, a behavior that will be dis-
cussed further below. The cathodic polarization curves obtained at
acetic acid concentrations up to 15.1 mM (Ct,HAc ¼ 41.5 mM) further
support these observation.

The anodic polarization curves in Fig. 2 show a significant
change in the polarization behavior by addition of 0.60 mM un-
dissociated acetic acid. In the presence of acetic acid, a Tafel slope
of approximately 40 mV was observed, which agrees well with
the typical Tafel slopes reported in the literature for anodic iron
dissolution in acidic solutions [13,25]. The same 40 mV Tafel
slope was obtained in the experimental data reported below for
lower pH values with or without acetic acid present. However at
pH 5, as shown in Fig. 2, a notably different behavior with an
apparent ~90 mV Tafel slope and a significantly higher rates of
the anodic dissolution reaction was observed when no acetic acid
was present. A similar effect has been repeatedly reported in the
literature that suggests a significant change in the electro-
chemical behavior of the iron dissolution reaction occurs as the
solution pH is increased towards neutral values (pH 5 and higher)
[25,26,30,31]. This can be better understood by considering the
well-known categorization of El Miligy et al. [26] who suggested



Fig. 3. Polarization behavior of X65 mild steel in acidic solution of pH 4, at 30 �C, RDE,
2000 rpm, 0.1 M NaCl, and undissociated acetic acid concentrations 0 mM, 1.4 mM
(Ct,HAc ¼ 1.7 mM) and 7.1 mM (Ct,HAc ¼ 8.3 mM).

Fig. 4. Polarization behavior of X65 mild steel in acidic solution of pH 3, at 30 �C, RDE,
2000 rpm, 0.1 M NaCl, and undissociated acetic acid concentrations 0 mM, 1.6 mM
(Ct,HAc ¼ 1.7 mM), and 8.2 mM (Ct,HAc ¼ 8.3 mM).
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that the iron dissolution in mildly acidic environments passes
through four ranges as the potential is increased towards more
positive values. The four ranges are characterized with different
Tafel slopes and reaction orders, depending on the solution pH
and the electrode potential [26]. Ordered from more negative
towards more positive potentials, the authors categorized these
ranges as active dissolution, characterized by 30e40 mV Tafel
slope, transition, characterized by observation of the first current
maximum, pre-passivation, characterized by a 120 mV Tafel slope,
and passivation that occurs after the second current maximum
[26]. The 40 mV Tafel slope observed in most conditions in the
present study is a characteristic behavior of the iron oxidation in
the active dissolution range. The increased Tafel slope at higher pH
values suggests that the iron dissolution was at the transition/pre-
passivation range. Nevertheless, the above discussion does not
explain why the presence of acetic acid shifts the OCP back into
the active dissolution range. The complete picture can only be
seen when considering the behavior of cathodic currents as well.
The comparison of the cathodic polarization curves in Fig. 2,
shows that at pH 5 when no acetic acid was present, the mass
transfer limited cathodic currents were extended into the po-
tential range well above the OCP, up to �0.425 V (vs. SHE). That
means, the pH at the surface remains significantly higher than
the pH in the bulk solution even when the electrode was polar-
ized anodically. Therefore, the change in the electrochemical
behavior of the iron dissolution reaction with addition of acetic
acid is merely a result of increased cathodic limiting currents and
consequently decreased surface pH to that of the bulk solution at
potentials equal or higher than OCP (anodic potential range).

A smaller, but notable decrease of the anodic dissolution rate
was observed as the acetic acid concentration was further
increased. The anodic current densities at these conditions were
slightly retarded while the observed Tafel slopes remained un-
changed, what was observed as a slight shift of open circuit po-
tentials toward more positive values. This same behavior has been
frequently reported in the literature, suggesting that acetic acid
slightly inhibits the iron dissolution reaction [10,12,17].

The polarization curves at pH 4 with and without acetic acid are
shown in Fig. 3. The Tafel behavior is clearly observed in the solu-
tions containing acetic acid, with charge transfer controlled cur-
rents showing no significant increase with increasing acetic acid
concentration. The inhibiting effect on the anodic dissolution
reaction can be clearly observed with the increase in acetic acid
concentration.

The polarization curves at pH 3 are shown in Fig. 4. This con-
dition is of particular significance, since the Tafel behavior is clearly
observed even when no acetic acid was present. At this condition
also, increasing the acetic acid concentration did not result in any
increase of the charge transfer controlled cathodic current (in the
Tafel range), further supporting the argument that acetic acid is not
directly reduced at the steel surface. Actually, an opposite effect
was clearly observed that suggests a significant inhibiting effect of
acetic acid on cathodic currents. The similar effect was noticeable at
pH 5 and pH 4 as well (in Figs. 2 and 3), however, it was not as
clearly discernible. The inhibitive effect on the anodic dissolution
was also observed at pH 3 similar to what was shown at higher pH
values.

Based on the polarization behavior of the studied system, it is
reasonable to conclude that acetic acid is not a significant
electroactive species in the conditions considered in the present
study (i.e. if there is any cathodic current resulting from
reduction of acetic acid it is overshadowed by its inhibiting
effect on the charge transfer rate of hydrogen ion reduction).
Specifically, the results shown at pH 5 and 15.08 mM acetic acid,
where CHAc/CH

þz1500, suggest that the reaction rate constant for
acetic acid direct reduction is at least three orders of magnitude
lower than that of hydrogen ion reduction, considering that the
over potential is identical for both reactions [1] (based on the
Nernst equation with concentration terms defined by acetic acid
equilibrium). Therefore, it can be assumed that the contribution
of direct acetic acid reduction in the typical conditions encoun-
tered in the oil and gas industry would be insignificant as
compared to hydrogen ion reduction. Thereby, the corrosion
process of mild steel in mildly acidic solutions containing acetic
acid is a result of only two electrochemical reactions: hydrogen
ion reduction as the sole cathodic reaction and the iron disso-
lution as the sole anodic reaction. However, the polarization
curves reported in Figs. 2e4 suggest that the presence of acetic
acid significantly affects the corrosion process, first by increasing
the mass transfer limiting current and second, by inhibiting the
charge transfer rate of both the cathodic hydrogen ion reduction
reaction and the anodic iron dissolution reaction. These pro-
cesses are the subjects of further discussions in the following
sections.
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3.2. Effect of acetic acid on limiting current

The reported polarization curves in Figs. 2e4 showed that the
limiting current density is significantly affected by acetic acid
concentration. As concluded in the previous section, the hydrogen
ion reduction is the only cathodic reaction in the present discus-
sion. The limiting current is therefore a result of the depletion of
hydrogen ion concentration at the metal surface. In accordance to
this local change of pH at the limiting current condition, the local
chemical equilibrium of acetic acid (Reaction (1)) at the surface
shifts towards acetic acid dissociation. Consequently, the acetic acid
dissociation is acting as an additional source of hydrogen ions,
further increasing the limiting current. Therefore, the cathodic
limiting current is consist of two components:

� The mass transfer of hydrogen atoms from the bulk to the metal
surface followed by their reduction at the surface.

� The mass transfer of undissociated acetic acid followed by ho-
mogeneous dissociation to hydrogen ions and acetate ions in-
side the diffusion layer, succeeded by reduction of the produced
hydrogen ion at the surface.

The effect of acetic acid on mass transfer rates was also studied
in experiments at a fixed solution composition while the rotation
speed of the RDE was varied. Fig. 5 shows the typical polarization
curves obtained at 125, 500, and 2000, rpm at pH 3 where no acetic
acid was present (Fig. 5A) and when the solution contained
8.13 mM undissociated acetic acid (Fig. 5B).

For the case where the hydrogen ion reduction reaction follows
the acetic acid dissociation reaction, the limiting current density
can be expressed through Equation (22), for a RDE flow geometry
[32].

ilim ¼
nFD
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In the absence of acetic acid, the second term in the denomi-
nator of Equation (22) as well as the acetic acid concentration term
disappear. Hence, Equation (22) reduces to the well-known Levich
equation where the limiting current is proportional to u0.5. The
results obtained in the absence of acetic acid at pH 3 were found to
agree well with this expected trend, as shown in Fig. 6.

In the presence of acetic acid, Equation (22) suggests that the
behavior of limiting current vs. u0.5 would depend on the kinetics
and the equilibrium constant of the acetic acid dissociation reaction
as well. Nevertheless, the linear behavior obtained in the presence
of acetic acid, as shown in Fig. 6, suggests that the flow dependent
term (first term in denominator) has remained significantly larger
than the chemical reaction dependent term, even at rotation speeds
as high as 2000 rpm. Considering that the denominator of Equation
(22) is defined only by the environmental conditions and physi-
ochemical parameters, the limiting currents in the system studied
here could therefore be represented by the superposition of
hydrogen ion and acetic acid mass transfer from the bulk. That is
shown to be indeed the case in Fig. 7, where the limiting current is
presented as a function of the sum of hydrogen ion and undisso-
ciated acetic acid concentrations. It should be noted that the
different diffusion coefficient of acetic acid and hydrogen ion, as the
only species dependent parameter, should be accounted for in this
treatment. The linear behavior of the trendline and the fact that it is
crossing the origin, justifies this approach. These results suggest
that acetic acid is a strong buffer in the sense that the kinetics and
the equilibrium of its dissociation equilibrium allows this species to
readily dissociate and buffer the hydrogen ion concentration at the
metal surface, whenever the hydrogen ion concentration deviates
from the equilibrium. In other words, undissociated acetic acid is
primarily a “carrier” for hydrogen ions and increases the effective
concentration of hydrogen ions in mild steel corrosion.

4. Estimation of physiochemical parameters

Themathematical model developed in Section 2.2.2, was used to
obtain the physicochemical parameters of the studied system. This
was achieved by determining appropriate values by fitting the
model to the experimental data. The kinetic parameters of the
electrochemical (hydrogen evolution and iron dissolution) re-
actions were obtained by using only the experimental data where
no acetic acid was present. This step was considered necessary to
assure that the estimated parameters were free of any interference
due to the presence of acetic acid. Fig. 8 shows the comparison of
the model (dotted black lines) with the experimental data at pH 3
to pH 5, using the estimated parameters shown in Table 5.

The transfer coefficient for the hydrogen ion reduction (0.43)
was slightly lower than the commonly accepted theoretical value of
0.5, however, similar deviations have been previously reported
[33,34]. The iron dissolution reaction showed a significant change
in the kinetic parameters at pH 5 (compared to pH 3 and pH 4)
where the Tafel slope increased from 40 mV at pH 4 to approxi-
mately 90 mV at pH 5. As discussed above, this behavior has been
frequently reported in the previous studies [25,26,30,31], and
suggests that at this environmental condition the mechanism of
iron dissolution in the vicinity of corrosion potential is no longer in
the active dissolution range. Based on this observation, a different
charge transfer relationship was used for this particular condition
(Table 5). As noted in section 3.1, this behavior was only observed at
pH 5 when no acetic acid was present.

4.1. Inhibiting effect of acetic acid

Considering that the direct acetic acid reduction was shown to
be insignificant in the conditions of the present study, the model
developed above based solely on hydrogen ion reduction and iron
dissolution reactions, should be able to describe the steady state
voltammograms obtained in the presence of acetic acid. However,
the inhibiting effect of undissociated acetic acid on the charge
transfer rates also needs to be quantified for more accurate pre-
diction of both the polarization curves and corrosion rates.

The inhibiting effect of acetic acid on the anodic and cathodic
charge transfer rates was quantified in terms of its adsorption on
themetal surface acting as aweak corrosion inhibitor that results in
blockage of the active sites of the electron transfer reactions.
However, considering numerous surface active species, such as
water, chloride ions, as well as anodic and cathodic reaction in-
termediate species and the non-uniformity of the steel surface, a
detailed mechanistic description of this phenomena is well beyond
the scope of the present study, hence, a semi-empirical approach
was employed. In this approach, the rate of electrochemical re-
actions in the presence of acetic acid was assumed to follow
Equations (23) and (24):

iHþ;HAc ¼ iHþ ð1� qcÞ (23)

iFe;HAc ¼ iFeð1� qaÞ (24)

Since the reaction rate constants were known from the condi-
tion without acetic acid present, the surface coverage of acetic acid
(q) could be determined by the apparent rate constants from the
experimental data as shown in Equation (25). Here k0,HAc is the



Fig. 5. Polarization behavior of X65 mild steel in acidic solution of pH 3, at 30 �C, 0.1 M NaCl, and various rotation speeds. A) CHAc¼0 mM, B) CHAc¼8.2 mM.

Fig. 6. The behavior of the limiting current density vs. square root of rotation speed in
acidic solution of pH 3, at 30 �C, 0.1 M NaCl.

Fig. 7. Limiting current density at various hydrogen ion and undissociated acetic acid
concentrations on X65 RDE, 2000 rpm, 30 �C, 0.1 M NaCl and CHAc from 0 mM to
8.2 mM.
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apparent reaction rate constant in the presence of acetic acid and k0
is the reaction rate constant at similar conditions but when acetic
acid was not present.

k0;HAc
k0

¼ ð1� qÞ (25)

As noted in Equation (25), the calculation of q required the k0
where no acetic acid was present to be known explicitly. As shown
in Figs. 2e4, pH 3 was the only condition where the pure charge
transfer controlled cathodic current was observed without acetic
acid being present, and the anodic polarization curves were not
affected by local pH due to cathodicmass transfer limitation. Hence,
the k0 values could be obtained from the experimental data,
directly. Thereby, pH 3 was selected as the base condition for the
discussion on the inhibitive effect of acetic acid on the charge
transfer rates. Fig. 9 demonstrates the values of surface coverage
obtained as described via Equation (25), using the experimental
data at pH 3 and extended acetic acid concentrations.

The coverage effect associated with the acetic acid adsorption
shows a logarithmic trend with the undissociated acetic acid
Fig. 8. Comparison of the experimental and calculated (dotted back lines) polarizion
behavior of X65 mild steel in acidic solutions in the absence of HAc, at 30 �C, 0.1 M
NaCl, RDE, 2000 rpm, and various pH values.
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concentration, as shown in Fig. 9. Transforming this functionality
(Equation (26) to Equation (27)) shows that acetic acid follows a
Temkin type adsorption isotherm.

q ¼ A lnðCHacÞ þ B (26)

eðrqÞ ¼ KCHac (27)

where K ¼ e
B=A and r ¼ 1

=A. However, the observed inhibiting effect

was different for the cathodic and anodic reactions. That is due to
the semi-empirical treatment of these parameters where the effect
of the numerous surface active species and non-uniform steel
surface are all lumped into the two constants of Equation (26). The
difference in the observed inhibitive effect on the cathodic and
anodic currents suggests a competitive adsorption scenario. At
anodic currents, acetic acid is competing with electrochemical
hydroxide adsorption as the reactions intermediate of the iron
dissolution [25,35,36], while at cathodic currents it is the electro-
chemical hydrogen ion adsorption in competition with acetic acid.

Fig. 10 is a comparison of the experimental results at pH 3 with
those calculated by the model. The agreement of the results
showed that the inhibitive effect of acetic acid was properly re-
flected through the Temkin type adsorption isotherms discussed
above.
4.2. Temperature effect

An increase in temperature affects the charge transfer and the
mass transfer rates as well as the adsorption of acetic acid, and the
solution speciation (as discussed in section 2.2.1). Fig. 11 shows the
experimental polarization curves obtained at pH 3 for 30 �C, 40 �C
and 50 �C, A) in the absence and B) in the presence of acetic acid.

The effect of temperature on mass transfer rate is through tem-
perature dependence of the terms in the Nernst-Planck equation,
which includes the diffusion coefficient in molecular diffusion and
electromigration terms. The flow velocity (vx) in convective flow
term is affected by the temperature dependence of physical prop-
erties of water, such as viscosity and density. The temperature
dependence of these parameters are summarized in Table 7.

The effect of temperature on charge transfer rate can be
Fig. 9. The variation of q, defined by Equation (25), as a function of undissociated acetic
acid concentration for cathodic currents (green diamonds) and anodic currents (red
squares). Error bars are based on the standard devation of at least three repeats. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
characterized by an Arrhenius law type of expression and the
activation energy of the electrochemical reactions. Fig. 12 shows
the temperature dependence of the apparent reaction rate con-
stants, where the slope of the trendline represents the activation
energy of a given reaction (Ea/R). Therefore, the temperature
dependence of the electrochemical reactions can be expressed
through van't Hoff's law:

k0 j ¼ k0 j;ref e

�
� Ea

R

�
1
T� 1

303

		
(28)

The effect of temperature on inhibition by acetic acid can be dis-
cussed in terms of the parameter q as shown in Equation (27),
where K is the adsorption equilibrium constant with an Arrhenius
type temperature dependence (K¼K0 e

-Ea/RT) and r¼b/RT. Therefore,
Equation (26) can be restated as Equation (29) to accommodate for
the temperature effect.

q ¼ RT
b

ðlnð½HAc�Þ þ lnðK0ÞÞ �
Ea
b

(29)

The only unknown parameter in Equation (29) is Ea, the acti-
vation energy of the acetic acid adsorption equilibrium constant. As
shown in Equation (29), Ea is represented by the intercept of the
trendline (-Ea/b) in a q vs. T graph as shown in Fig. 13. From these
results, the temperature effect on the inhibition by acetic acid is
expressed by the last two equations shown in Table 7.

The temperature dependence of the physiochemical parame-
ters, as summarized in Table 7, were incorporated into the model
and the predicted voltammograms were compared with experi-
mental data. Fig. 11A shows the comparison for the case without
any acetic acid present, while the predicted voltammograms for a
solution at pH 3 and 8.2 mM undissociated acetic acid concentra-
tion is shown in Fig. 11B. Here again a reasonable agreement was
found while at more negative potentials close to limiting current
densities, slight deviations between the predicted apparent Tafel
slopes and the measurements were observed.

The effect of increased temperature in the presence of acetic
acid is demonstrated in Fig. 14 based on the prediction of the model
at pH 5. These results shows a synergistic effect of temperature
with undissociated acetic acid concentration on the corrosion rates
that further elucidates the inconsistent behavior of corrosion rates
in the presence of acetic acid as reported in the literature (see
Fig. 10. Comparison of the experimental and calculated (dotted black lines) polarizion
behavior of X65 mild steel in acidic solutions demonstrating the inhibitive effect of
acetic acid of pH 3, at 30 �C, 0.1 M NaCl, RDE, 2000 rpm.



Fig. 11. Comparison of the experimental and calculated (dotted black lines) polarizion behavior of X65 mild steel in acidic solutions demonstrating the temperature effect at pH 3,
0.1 M NaCl, 2000 rpm RDE at 30 �C (blue line), 40 �C (green line), and 50 �C (red line). A) 0 ppm HAc, B) 500 ppm HAc. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 7
Temperature dependence of the physiochemical properties.

Parameter Relationship Reference

Water density (kg/m3) rw ¼ 753:596þ 1:87748 T � 0:003562 T2 [28]
Water viscosity (cP)

m ¼ mref 10

0
B@1:1709 ðTref �TÞ�0:001827ðTref �TÞ2

ðT�273:15Þþ89:93

1
CA
Tref ¼ 293:15 K; mref ¼ 1:002 cP

[43]

Diffusion coefficient Di ¼ Di;ref
T
Tref

mref
m

[23]

HAc adsorption, cathodic
qc ¼ 8:86� 102 T

303:15

�
lnðCHAcÞ þ 10:61þ �61385

R

�
1
T � 1

303:15

��
This study

HAc adsorption, anodic
qa ¼ 1:57� 10�1 T

303:15

�
lnðCHAcÞ þ 9:02þ �2248

R

�
1
T � 1

303:15

��
This study
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Section 1). Fig. 14 shows that a maximum corrosion rate exists at
each condition, which is increased at higher temperatures and is
greatly influenced by acetic acid concentration. The decreasing
trend of corrosion rates, observed in Fig. 14 is a result of acetic acid
Fig. 12. Temperature dependance for the reaction rate constant without acetic acid
present at pH 3, 0.1 M NaCl, for hydrogen ion reduction (blue diamonds) and iron
oxidation (red squares). Error bars are based on the standard devation of at least three
repeats. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
inhibitive effect on the charge transfer cathodic and anodic currents
when the corrosion current is controlled by the rate of electro-
chemical reactions. Whereas, the increasing effect on the corrosion
rate stems from the buffering ability of acetic acid and the resulting
increase in limiting currents, when the corrosion current is under
mass transfer control. At elevated temperatures, the increased rate
of anodic and cathodic reactions shifts the corrosion current to-
wards the mass transfer limiting range, as readily observed in the
polarization behavior in Fig. 11. This combined effect leads to
extremely high corrosion rates at elevated temperatures in the
presence of acetic acid.
5. Corrosion rate prediction

The performance of the mathematical model developed in the
previous sections was further examinedwith the comparison of the
estimated corrosion rates with the experimental data. Fig. 15 is the
comparison of the corrosion rate data obtained by linear polariza-
tion measurements at pH 3, pH 4, and pH 5 with and without acetic
acid present. At pH 3 and pH 4 where the corrosion current is
mostly under charge transfer control, increasing acetic acid con-
centration decreased the corrosion rates. At pH 5 and in the absence
of acetic acid, the corrosion current was under mass transfer con-
trol (Fig. 2), therefore, by addition of 0.6 mM undissociated acetic
acid, the corrosion rate was rapidly increased, but further increase
of acetic acid resulted in a slightly lower corrosion rate. The effect of
acetic acid on the observed corrosion rates shown in Fig. 15 was in



Fig. 13. Temperature dependance for acetic acid adsorption at pH 3, 0.1 M NaCl, and
CHAc ¼ 8.2 mM, for hydrogen ion reduction (blue diamonds) and iron oxidation (red
squares). Error bars are based on the standard devation of at least three repeats. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 15. Comparison of the experimental and calculated corrosion rates of X65 mild
steel in acidic solutions, at 30 �C, 0.1 M NaCl, 2000 rpm, at various pH and Ct,HAc values.
Dashed boxes show the predicted values. Error bars are based on the standard devation
of at least three repeats. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

A. Kahyarian et al. / Electrochimica Acta 258 (2017) 639e652650
complete agreement with the expected behavior as discussed in
Section 3.

The performance of the model was further examined in the
parity plot shown in Fig. 16 where the experimental data
was compared with the calculated corrosion rates for a wider
range of environmental conditions and solution compositions
(22 �C < T < 60 �C, 2 < pH < 5, 0 mM < Ct,HAc < 16.6 mM,
125 rpm < rotation speed < 2000 rpm). Most of the calculated data
points are within 20% of the measured values and in almost every
case within a factor of two.
6. Conclusions

- The experimental results and the quantitative analysis reported
in the present study showed that the direct acetic acid reduction
does not significantly contribute to the cathodic currents in
acidic solutions.

- Acetic acid was shown to be a strong buffer which was fully
dissociated under mass transfer limiting conditions, meaning
Fig. 14. The estimated corrosion rates for mild steel in pH 5, 0.1 M NaCl, 2000 rpm RDE
with respect to temperature and total acetic acid concentration.

Fig. 16. Comparison of the predicted corrosion rates with experimental results for a
wide range of parameters. 22 �C < T < 60 �C, 2 < pH < 5, 0 mM < Ct,HAc < 16.6 mM,
125 rpm < rotation speed <2000 rpm. Additional experimental data from Zheng et al.
[44] and George et al. [13]. Dashed lines and the dotted dashed lines represent 20% and
one fold deviation, respectively. Error bars are based on the standard devation of at
least three repeats.
that the kinetics of the dissociation reaction were not rate
determining.

- The inhibitive effect of acetic acid was explained through its
adsorption on the metal surface, which was well defined by a
Temkin type adsorption isotherm. Different adsorption con-
stants over the anodic and cathodic current suggested a
competitive adsorption scenario depending on the electrode
potential and the dominant electron transfer reaction.

- The results reported in the present study suggest that the
presence of acetic acid affects the acidic corrosion of mild steel
through two mechanisms:
� Acetic acid increases the corrosion rate through buffering the
Hþ concentration at the metal surface, if the corrosion current
is under mass transfer control.
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� Acetic acid decreases the corrosion rate by inhibiting the
charge transfer rates, if the corrosion current is under charge
transfer control.

- Elevated temperatures were shown to have a synergistic effect
on acetic acid corrosion by shifting the corrosion current to-
wards the mass transfer limiting condition, where acetic acid
has a determinant effect.
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Nomenclatures

A Surface area, m2

Ci Concentration of species i, M
Cb
i Concentration of species i at bulk, M

Cs
i Concentration of species i at metal surface, M

Di Diffusion coefficient of species i, m2/s
Di;ref Diffusion coefficient of species i at reference temperature,

m2/s
E Electrode potential, V
Ea Activation energy, J
E0j Standard potential of reaction j, V
F Faradays constant, C/mol
DHj Enthalpy of reaction j, kJ/mol
ij Current density of reaction j, A/m2

Kj Equilibrium constant of reaction j
k0j Rate constant of electrochemical reaction j
k0 j;ref Rate constant of electrochemical reaction j at reference

temperature
kf Forward reaction rate constant
kb Backward reaction rate constant
mi Reaction order with respect to species i
nj Number of transferred electrons in electrochemical

reaction j
nr Number of reacting species
np Number of produced species
Ni Flux of species i, mol/m2 s
r Temkin adsorption isotherm correlation coefficient
R Universal gas constant, J/K mol
Ri Reaction rate of species i, M/s
sij Stoichiometric coefficient of species i in reaction j
T temperature, K
Tref Reference temperature, K
t Time, s
ui Mobility of species i, m/s
vx Velocity along x axis, m/s
x Distance from metal surface, m
zi Charge of ion i
aj Transfer coefficient of electrochemical reaction j
d Diffusion layer thickness, m
m Water viscosity, kg/s.m
mref Water viscosity at reference temperature, kg/s.m
q Surface coverage by acetic acid
rw Density of water, kg/m3

y Kinematic viscosity, m2/s
f Electric potential inside liquid, V
u Angular velocity, rad/s
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