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Effects of alkanolamine molecules on the corrosion inhibition of L80-1Cr steel were studied in a CO»-saturated 1
wt% NaCl solution at well downhole temperatures of 20 and 80 °C. The electrochemical results showed lower
corrosion rates at 20 °C, for which corrosion rates were more influenced by the alkanolamine injection. The
experimental results and molecular modelling calculations using DFT revealed that alkanolamine adsorption/
desorption played a determining role in the kinetics and characteristics of FeCO3 formation. Additionally, the

dependency of inhibitor efficiency on both chemical structures and adsorption energy on Fe(110), FeCO3(104)
and Fe3C(001) was demonstrated, resulting in the highest efficiency provided by ethanolamine.

1. Introduction

Despite their susceptibility to CO, corrosion, carbon and low alloy
steels are the most commonly used materials in oil and gas production/
transmission infrastructure; due to their relatively low price, availabil-
ity, mechanical characteristics, ease of use in construction, and eco-
nomic effectiveness by corrosion inhibition [1]. When CO; dissolves in
water and hydrates to carbonic acid (HyCOg), it promotes electro-
chemical reactions between the steel surface and the aqueous phase,
leading to iron dissolution [2-7]. In some circumstances, corrosion
products or mineral scales can precipitate on the surface, which likely
has a significant influence on the corrosion mechanism(s). This elec-
trochemical process has been under investigation for more than four
decades, but the corrosion mechanisms occurring at the
metal-electrolyte interface are still the main subject of research [8,9].

Iron carbonate formation in the form of siderite (FeCOs3) is the most
commonly observed corrosion product in an aqueous NaCl-containing
medium saturated with CO2 This has been proved to be one of the
most important factors governing the rate of corrosion [1,10]. The in-
fluence of this layer on the corrosion rate of steel has been researched
and documented in the literature [11-15]. Indeed, the iron carbonate
layer can slow the general corrosion process by acting as a physical
barrier to the diffusion of ionic species involved, covering up a portion of
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the steel surface, and preventing the underlying steel from further
dissolution. In other words, under certain conditions, FeCO3 precipita-
tion on the steel surface blocks the active sites of dissolution and creates
a barrier to the diffusion of the electrochemically active species,
resulting in a significant reduction in the corrosion rate. Iron carbonate
layer growth depends primarily on the kinetics of the electrochemical
reactions. As more iron carbonate precipitates, the layer grows in a
higher density and thickness. However, the steel surface continuously
corrodes under the layer, creating “voids” between the layer and the
steel surface. When the rate of precipitation at the steel surface equals or
exceeds the rate of corrosion, dense, protective layers form, which are
sometimes very thin but still protective. The opposite scenario occurs
when the corrosion process undermines the newly formed layer faster
than precipitation can fill in the voids, and a porous and unprotective
layer forms which can be sometimes very thick [16].

The protectiveness of the iron carbonate layer is strongly dependent
on several parameters such as CO5 partial pressure [11-14], concen-
tration of ionic species [17,18], pH and temperature [19-22]. Temper-
ature is one of the most crucial parameters that influences the corrosion
of mild steel in CO5 environments. At low pH values (when the solubility
of FeCOs is high), an increase in temperature accelerates both the mass
transport in the bulk solutions and the kinetics of chemical and elec-
trochemical reactions at the metal-electrolyte interface. This leads to an
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increase in the corrosion rate [23,24]. The peak in the corrosion rate has
been reported in the literature to be between 60 °C and 80 °C [20-22].
Below ~ 60 °C, no protective layer is formed and the corrosion products
are porous and not well adherent to the steel surface. At temperatures
higher than about 60 °C, the FeCO3 layer becomes denser and more
adherent to the surface, creating a solid barrier between the metal and
the electrolyte, which reduces the corrosion rate of the steel [25-29].

Due to the formation of various corrosion products with unpredict-
able and uncertain levels of protectiveness, the use of corrosion in-
hibitors is considered as one of the suitable and economical methods for
reliable production of oil and gas [30,31]. The addition of corrosion
inhibitors effectively secures the metal against an acid attack. Inhibitors
on the metal surface mainly act as a competitive absorbant against the
aggressive ions. The adsorption on the metal surface is influenced by the
surface nature and its charge-transfer properties, the type of aggressive
electrolyte, and the chemical structure of inhibitors [32]. Most in-
hibitors are organic molecules possessing N, S, P and O hetero-atoms.
There are different types of inhibitors of which organic corrosion in-
hibitors are mostly applied in the oil and gas industry. The organic
corrosion inhibitors are layer-forming agents and are usually adsorbed
on the surface of metals through a physical or chemical process. The
mechanism of adsorption of most corrosion inhibitors can be understood
by the determination of the adsorption properties of organic corrosion
inhibitors [33]. The adsorption energy of inhibitor molecules can be
calculated at the electronic level using Density Functional Theory (DFT).
Most of the commercial organic corrosion inhibitors comprise of
N-containing molecules amines, quarts, imidazoline, etc. which effec-
tively adsorb on the metal surface and inhibits the corrosion processes.
There are various factors which influence the adsorption and efficiency
of corrosion inhibitors, such as the molecular structure of the inhibitors,
inhibitor concentration, exposure time, electrolyte chemistry, temper-
ature of the system, etc. [34].

Despite the existence of several studies, discussing the inhibitive
effects of N- containing organic molecules on mild steel [35,36], the
atomic interaction of the inhibitors with the steel surface is still unclear
in the present literature especially when iron carbonate is formed at high
temperatures. Thus, it is an important subject to understand whether
amine-based corrosion inhibitors have a complementary effect on iron
carbonate or are detrimental to its formation. The aim of this compre-
hensive study is to investigate the effect of amine-based organic corro-
sion inhibitors on bare 1Cr steel and the pre-formed FeCOs using
electrochemical techniques as well as molecular modelling. In addition,
inhibitor injection frequency experiments were studied to understand
the role of the application method in corrosion mitigation. For this
purpose, the electrochemical behavior of steel grade L80-1Cr has been
investigated at 20°C and 80°C, the typical temperatures of oil produc-
tion wells of the Danish sector of the North Sea. To assess the electro-
chemical behavior of the material and to measure corrosion rate,
different electrochemical techniques such as Open Circuit Potential
(OCP), Linear Polarization Resistance (LPR) and Electrochemical
Impedance Spectroscopy (EIS) were used. Furthermore, for a compre-
hensive understanding of the inhibitor adsorption mechanism, different
surface characterization techniques, including Scanning Electron Mi-
croscopy (SEM) equipped with Energy Dispersive Spectroscopy (EDS),
and X-ray Photoelectron Spectroscopy (XPS) were employed.

2. Material and methods
2.1. Material and specimen preparation

The specimens used in this study were made of a martensitic 1Cr steel
(L80) in the quenched & tempered condition with a chemical compo-
sition listed in Table 1. The specimens were machined into a cylindrical
shape with a total surface area of 3.95 cm?. The surface of the specimens
was mechanically polished with SiC papers up to P1000 grade. Imme-
diately after polishing, the specimens were degreased using ethanol,
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Table 1
Chemical composition in wt% of the L80-1 Cr steel.
Material C Cr Mn Mo P Si S Fe
API 5CT L80 0.40 1.10 0.75 0.20 < 0.20 < base
— 1Cr 0.035 0.040
Steel

rinsed with de-ionized water, and then air-dried. The dried specimens
were then mounted on a specimen holder and immersed in the test so-
lution. At the end of the tests, the specimens were immediately
retrieved, rinsed with ethanol, dried in air and stored in a desiccator for
further assessments.

2.2. Electrolyte preparation

The electrochemical experiments were conducted on the 1Cr steel
samples in a COy-saturated 1 wt% NacCl solution at 20 °C and 80 °C.
Before immersing the specimen in the solution, the electrolyte was
sparged with nitrogen for about 12 h to deoxygenate. The gas was then
switched to CO, and bubbled for 4 h in order to saturate the solution.
After gas bubbling, the pH of the solution was measured to be 3.9 for 20
°C and pH 4.2 for 80 °C. Three alkanolamines (possessing alcohol and
amine functional groups) including ethanolamine, diethanolamine and
triethanolamine with pKa values (at 25 °C) of 9.5, 8.88, 7.8, respec-
tively, were used in the current study. An amount of 200 parts per
million by volume (ppmy) of inhibitors was injected into the solution.
After inhibitor injection and before the immersion of the bare 1Cr steel
samples, the solution was de-aerated again for at least 30 min in order to
remove possible trapped oxygen during the injection. In another phase
of this work, in order to study the effects of the inhibitors on the iron
carbonate layer, NaHCO3 was added to adjust the pH of the solution to
6.5 in order to facilitate iron carbonate precipitation prior to the alka-
nolamines injection. After pH adjustment, the solution was again de-
aerated for at least one hour with CO2 gas bubbling. During testing,
CO4 gas was continuously bubbled to the solution to maintain its satu-
ration and avoid any oxygen entrance.

2.3. Electrochemical and weight loss measurements

The corrosion tests were carried out in an airtight 1.5 L glass
container using a standard three-electrode cell. An Ag/AgCl reference
electrode was placed in contact with the solution through a glass-luggin
capillary and a concentric platinum wire ring was used as the counter
electrode. The corrosion potential (E.,) was monitored and the linear
polarization resistance (LPR) was measured every 1.5 h. During LPR
measurements, the potential was scanned in a potential range of + 10
mV vs. open-circuit potential (OCP) at a scan rate of 0.167 mV/s. Based
on our previous experience, a duration of 1 h was chosen for the system
to stabilize the initial OCP. After the OCP stabilization, the EIS mea-
surements were performed by applying an AC signal amplitude of 10 mV
vs OCP in a frequency range of 10 mHz — 10 kHz.

The weight loss method was employed to calculate the corrosion rate
for the steel samples in the COg-saturated 1 wt% NaCl solution without
and with alkanolamines injection at 20 and 80 °C after 24 hr. For this
purpose, after rinsing and drying, the initial weight of pre-immersed
specimens was measured by a calibrated weighing tool with the accu-
racy of 107 gr. After the immersion tests, the corrosion products on the
surface, if any, were removed using Clark’s solution in accordance with
the standard procedure mentioned in ASTM G1-03, and then the final
weight and weight loss were (W) obtained. The corrosion rate was
eventually obtained based on the following equation:

w
Corrosion  rate (mm/yr) —=8.76 x 104m 1)
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where “W” is mass loss in grams; “T” is time of exposure in hour, “A” is
the exposing surface area in cm?, and “D” is density in gr/cm®.

2.4. Experimental conditions and procedure

As listed in Table 2, initially, the effect of the alkanolamines on
L80-1 Cr steel at two temperatures of 20 °C and 80 °C was studied in the
COy-saturated electrolyte. A 200 ppm, concentration of the alkanol-
amine was injected into the solution at the beginning of the experiment
and then electrochemical experiments were conducted. To understand
the injection frequency of the inhibitors, another set of experiments was
carried out in the NaCl solution in which the alkanolamines were
intermittently injected to observe their effects on the corrosion behavior
of L80-1 Cr steel. In this strategy, three different procedures were
established as shown in Fig. 1a. In case I, the 200 ppmy inhibitor was
initially injected before immersing the sample in the solution. In case II,
the same amount of inhibitor was injected after 12 hrs of the immersion,
which means that the sample was pre-corroded for 12 hrs. In case III, a
two-time injection of the inhibitors was done; (1) initial injection,
30 min before electrochemical measurements and, (2) final injection
after 12 hrs of electrochemical measurement. All electrochemical ex-
periments were performed at least twice and the average values with
error bars are reported in the Results section.

As iron carbonate is the main corrosion product that may form over
the steel material in a CO5 environment, therefore, the inhibitive effect
of alkanolamines on iron carbonate formation was also studied. For this
purpose, two injection frequency cases were selected as shown in
Fig. 1b. In the first case, the sample was anodically polarized with the
current density of 61.1 pA/cm? in the NaCl solution at 80 °C and pH 6.5
for 24 hrs in order to accelerate Fe>" ion dissolution into the solution.
Then, the alkanolamines were injected under the OCP conditions to
observe how they influence the formation and growth of FeCOs. In the
second, after the anodic polarization, the OCP condition was applied on
the sample in the solution for 24 hrs before injecting the alkanolamines.
This enables the system to get saturated with Fe?" ions and as a result,
FeCO3 was formed on the surface. Then, the effect of the alkanolamines
on the corrosion behavior of the pre-formed FeCOj3 layer was studied.
After each experiment, the samples were cleaned in deionized water,
flushed with ethanol and air-dried. All samples were stored in a desic-
cator before further characterization analyses.

2.5. Surface characterization and phase analysis

The morphological and elemental analysis of the corrosion products
were investigated using a Zeiss Supra FEG-SEM using 20 kV acceleration
voltage, assisted with Energy Dispersive X-ray spectroscopy (EDS)
analysis equipment. Grazing Incidence X-Ray Diffraction (GIXRD) was
also used to determine the phase composition of the formed layer using a
Bruker D8 Advance. The instrument was operated at 35 kV and 50 mA
with Cr-Ka radiation (A = 0.22909 nm). The incidence angle was 3° and
the 26 ranged was selected from 35° to 85°, with the step size of 0.05°,
and a 10 s count time at each step.

X-ray photoelectron spectroscopy (XPS) spectra were recorded using
a commercial XPS-Thermo Scientific system. The base pressure in the
experimental chamber was below 10~° mbar. The spectra were collected

Table 2

Experimental conditions of electrochemical experiments used in this study.
Parameter Condition
Material 1Cr steel
Solution 1 wt% NacCl in Deionized water, CO5 Saturated
Temperature 20°Cand 80 °C
CO,, partial pressure 0.98 bar at 20 °C and 0.53 bar at 80 °C
Rotation 300 rpm
Inhibitor concentration 200 ppm,,

Test duration 24 and 72 hrs
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using Al Ka X-ray source (1486.6 eV) radiation and the overall energy
resolution was about 0.8 eV. High-resolution scans with 0.1 eV steps
were conducted over the following regions of interest: C1 s, N1 sand O
1s. Surface charging effects were compensated by referencing the
binding energy (BE) to the C 1 s line of residual carbon set at 285.0 eV
BE. XPS spectra were deconvoluted using a non-linear least-squares al-
gorithm with a Shirley baseline and a Gaussian-Lorentzian combination.
Thermo Avantage software, version 5.9913, was used for all XPS data
processing.

2.6. Computational details

The DFT calculations were performed in a pseudopotential plane-
wave formalism with the Quantum Espresso package [37]. The
adsorption energies for water, ethanolamine, diethanolamine and trie-
thanolamine on a Fe(110) surface and a FeCO3(104) surface were
calculated to model the different behavior of water and the alkanol-
amines on pristine and COy corroded iron. The adsorption energy of
ethanolamine was also calculated on a Fe3C(001) surface.

To perform slab calculations on Fe(110), FeCO3(104) and Fe3C(001),
15-20 A of vacuum between the material slabs was inserted. The slabs
for each of the materials consisted of four molecular layers. The fourth
molecular layer (furthest from the side of the adsorbates) was frozen
during the geometry optimizations. The lattice parameters used for each
material were found by optimizing the cell parameters for the corre-
sponding bulk material, using the same pseudopotentials, exchange-
correlation functional that was later used for calculating adsorption
energies, in order to minimize the effects of surface strain on adsorption
properties. For FeCO3(104), only the gamma point was used during
geometry optimizations, for Fe(110) a 4x4x1 k-point sampling was used
and for FesC(001) a 6x6x1 k-point sampling was used. The revPBE
functional [38] with added semi-empirical dispersion corrections were
employed in the DFT-D2 implementation [39-41]. The s6 parameter for
revPBE was 1.25, and a 12 Bohr cutoff was used for Fe calculations [39].
The C6 vdw parameters for Fe were reduced by a factor of 33 to take into
account the decreased polarizability of cations when they are bonded
within an ionic material [42-44]. All pseudopotentials were ultrasoft
(US), Projector-Augmented Wave (PAW) and Norm-Conserving (NC)
were generated using revPBE, and were taken from PS Library 0.2.5 [45,
46]. The kinetic energy cutoff was 40 Ry, and the density cutoff was
400 Ry, which has been shown for similar setups to provide converged
adsorption energies [43,44].

In order to assess the specific molecular interaction with the model
surfaces, the adsorption energy was calculated using Eq. (2).

(E.xu(/'afe) - (Einhibimr) (2)

The dual functional groups of the alkanolamines allow for the
adsorption with either group to the solid surfaces. The adsorption en-
ergies of both binding geometries were calculated. Using this conven-
tion, the more negative the adsorption energy, the stronger is the bond
between the molecule and the surface.

Eml.mrpmm = E.su(/ht'e+xnhihi1er -

3. Results

3.1. Molecular modelling simulation using density functional theory
(DFT)

Amines contain a sp3 hybridized nitrogen atom on which another
element or functional group can be bonded with three single bonds.
Ethanolamine, commonly named monoethanolamine (MEA), is an
organic chemical compound that has both primary amine and alcohol
functionalities and acts as a weak base. All amines have a lone pair of
electrons. However, the readiness with which the lone pair of electrons
is available for co-ordination with a proton determines the basic
strength of amines. The inhibitive effect of ethanolamine is achieved by
donating the unshared pair of electrons from the nitrogen atom,
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Fig. 1. . (a): Inhibitor injection frequency on L80- 1Cr steel, (b) Inhibitor injection frequency on the steel covered with iron carbonate (FeCO3) corrosion products.

followed by a surface complex-forming [32]. Adsorption energy calcu-
lations using DFT were conducted to further study the interaction be-
tween tested inhibitors and Fe(110) and FeCO3(104) stable surfaces in
the gas phase. In Table 3, the calculated adsorption energies of the most
stable bonding geometry of each alkanolamine on the surfaces are
shown. When comparing the adsorption energy on Fe and FeCOg sur-
faces, water as well as all alkanolamines had more negative values for
the FeCOg surface indicating a stronger bond. On Fe surfaces, however,
water had the least negative (—31 kJ/mol) adsorption energy value
representing the weakest bond with Fe surface in comparison to the
alkanolamines. Among different alkanolamines, diethanolamine had the
most negative adsorption energy value (—122 kJ/mol) on the Fe surface,
thus formed the strongest bond. The adsorption energy value trend for
the FeCO3 surface was slightly different than the Fe surface. Water still

had the least negative value (—106 kJ/mol); however, amongst the
alkanolamines, ethanolamine and diethanolamine had more negative
values (—152 and —151 kJ/mol, respectively) than triethanolamine.

The inhibitor adsorption energy was estimated in water by
comparing the adsorption energy of the inhibitor with that of water in
Table 3. This estimation is based on the fact that an inhibitor molecule
needs to replace water molecule(s) already bonded at the interface. The
size of the inhibitor molecule at the interface can govern either one or
two water molecules need to be displaced from the surface. For etha-
nolamine, one water molecule was chosen, and for diethanolamine,
however, a single and couple of water molecule(s) were selected for the
-OH and -NH anchoring group, respectively.
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Table 3
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Adsorption energy values of the alkanolamines as the inhibitors and the difference in the adsorption energy of the alkanolamines and water (AEadsorption) N Fe(110),

Fe3C(001) and FeCO3(104) surfaces using DFT (in kJ/mol).

Molecule Anchoring group Eadsorption Fe (110) Eadsorption FeCO3 (104) Eadsorption FesC (001)
Water —OH -31 — 106 — 62
Ethanolamine (C2H;NO) —NH, — 84 — 152 — 125
—OH - 59 —123 -
Diethanolamine (C4H;;NO3) —NH — 122 — 151
—OH - 69 - 129
Triethanolamine(CgH,5NO3) —-N “ — 141
—OH -73 — 134

Differences in adsorption energy between inhibitor and water

Molecule # water molecules replaced Anchoring group
Ethanolamine (C;H;NO) 1 —NH,
Diethanolamine (C4H;1NO2) 1 —OH

2 —NH

AEadsorption Fe(110) AEagsorption FeCO3(104) AEadsorption Fe3C(001)

- 53 — 46 — 63
— 38 - 23 -
— 60 +61

# The chosen unit cell of the Fe(110) surface was too small to fit an N-bonded triethanolamine without artefacts from interactions with the periodic images.

3.2. Binding energy calculation using XPS at 20 °C

To confirm the assumption of the alkanolamine chemisorption and
elucidate the nature of the organic thin-layer formed on the Fe surface,
X-ray photoelectron spectroscopy (XPS) analyses were carried out. For
comparison purposes, the XPS spectra as shown in Fig. 2 were obtained
on the steel surfaces, which were previously immersed in the pure
alkanolamines. All XPS spectra show complex forms, which were
assigned to the corresponding species through a deconvolution fitting
procedure. The high-resolution N 1 s spectrum of the sample treated by
the alkanolamines shows the peaks indicative of the presence of
different nitrogen-containing molecules on the steel surface. The
deconvoluted N 1 s spectrum for pure ethanolamine shows two main
peaks (Fig. 2a). The first peak located at approx. 397.0 eV has the largest
contribution and is attributed to the coordinate nitrogen in ethanol-
amine bonded with the steel surface and the second peak at the binding
energy of 399.5 eV corresponds to the bonds of C-N and the unproto-
nated N atoms in the ethanolamine structure. In Fig. 2b, the first peak is
located at approx. 402.1 eV which is at a higher binding energy,
attributed to positively charged nitrogen, and could be related to a
protonated nitrogen atom (=N*TH-) in the diethanolamine structure. A
similar trend has been observed in Fig. 2c for triethanolamine.

3.3. Electrochemical responses at 20 °C and 80 °C

3.3.1. LPR measurements

The results obtained from the LPR measurements (corrosion poten-
tial and polarization resistance) on 1Cr steel at the temperatures of 20 °C
and 80 °C are shown in Fig. 3. The comparison of Figs. 3a and 3b shows
that the evolution of the corrosion potential depends on the exposure
temperature. In Fig. 3a, the samples tested in the alkanolamine-
containing solution at 20 °C show different corrosion potential trends
without a significant variation over the period of the experiment. Only
the reference sample shows a slight OCP delay from — 630 mV to about
— 650 mV, probably due to the breakdown of the pre-immersion, re-
sidual air-formed oxide film [47], leaving more active sites on the sur-
face which somewhat increased the corrosion tendency of the sample. At
80 °C, however, the corrosion potential for all samples slightly increased
with time (Fig. 3b), suggesting the formation of a protective layer by
electrochemical redox reactions. For instance, the E,, for the sample (i.
e. reference sample) at 80 °C increased in the solution with ethanol-
amine injection from approximately — 660 mV to — 640 mV and then
remained unchanged. In comparison, the injection of the alkanolamines
resulted in a nobler corrosion potential for the steel sample, indicating a
less thermodynamic tendency to corrosion.

The corrosion rates of the 1Cr steel samples in the uninhibited and
inhibited conditions were acquired after 24 h of immersion in the so-
lution at 20 and 80 °C based on the weight loss technique and are pre-
sented in Fig. 3e and f. The corrosion rates of the samples at 20 °C were

13000
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Fig. 2. The XPS deconvoluted profiles of N 1 s for pure (a): ethanolamine, (b):
diethanolamine and (c): triethanolamine.
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Fig. 3. Variations of: (a, b) E.,r as a function of time, (c, d) polarization resistance as a function of time, and (e, f) the corrosion rate (mm/yr) obtained by weight loss
technique; for the L80-1 Cr steel samples in 1 wt% NaCl solution for 24 hrs without and with the addition of 200 ppmv of different alkanolamines at 20 °C and 80 °C,

respectively.

about 4.4, 2.5, 3.2 and 3.8 mm/yr for the uninhibited sample and those
inhibited by ethanolamine, ethanolamine and triethanolamine, respec-
tively. Indeed, the results show a lower the corrosion rate for inhibited
samples in Fig. 3e, which are found to be consistent with the higher final
polarization in Fig. 3c. For instance, the polarization resistance of the
reference sample as a function of time for L80-1 Cr steel at 20 °C in
Fig. 3c shows an about constant corrosion resistance of 130 Q.cm?,

whereas ethanolamine shows the highest resistance value (i.e., the
lowest corrosion rate in Fig. 3e) of approx. 200 Q.cm? corresponding to
70% increase in comparison to the reference sample. In addition,
diethanolamine and triethanolamine exhibit a corrosion resistance of
170 Q.cm? (60% increase) and 160 Q.cm? (50% increase), respectively.
Whereas, at 80 °C, both Rp values and corrosion rates reveal a compa-
rably lower corrosion resistance even with the addition of the
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alkanolamines see Fig. 3d and f. This means that the samples exposed to
the amines-containing solution at the higher temperature show only
10-20% increase in corrosion resistance compared to the reference
sample. The inhibition efficiency for the different alkanolamines at 20
CE 80 °C was calculated based on Eq. (3) and is listed in Table 4. The
table confirms the lower efficiency of the inhibitors at the high tem-
perature, which is likely attributed to the less controllable acceleration
of electrochemical reactions.

(%) = (R”““’“;‘; = rvumica) 100 ©)

P Inhibited

Inhibitor efficiency

Due to the better corrosion inhibition of ethanolamine and dieth-
anolamine in comparison to triethanolamine (Fig. 3¢ and d), it was also
planned to study the injection frequency effect of these two alkanol-
amines on the corrosion behavior of the steel surface. Fig. 4 shows the
LPR results of 1Cr steel at 20 °C. Two different frequency strategies were
considered (see Fig. 4a and b). In the first case, when alkanolamines
were injected after 12 h of corrosion, (Fig. 4a), the resistance value was
sharply increased from about 125-185 and 170 Q.cm? for ethanolamine
and diethanolamine, respectively. In the second one, the alkanolamines
were injected two times, (Fig. 5b) before starting the experiment and
after 12 h of immersion. Despite the effective initial inhibition levels
provided by the alkanolamines similar to the previous condition, the
results in Fig. 4b show that there is no significant change in the resis-
tance value when the alkanolamines were reinjected after12 hours. The
polarization resistance is approximately 190 Q.cm? for both ethanol-
amine and diethanolamine. The proposed mechanisms of inhibitions
provided by the alkanolamines in the various injection frequencies will
be discussed in the Discussion section.

During higher temperatures (60-80 °C), the possibility of iron car-
bonate formation in CO,-saturated solutions increases [23,24], which
sometimes protects the steel surface from further corrosion. Therefore,
in the presence of the alkanolamines, their effect on the formation of
iron carbonate products was also worth study. To form a FeCOs layer, it
is important to maintain optimal temperature and pH conditions for the
NaCl solution which were selected to be 80 °C and 6.5, respectively. The
results from LPR measurements (polarization resistance) for the samples
under these conditions are shown in Fig. 5. In Fig. 5a, when the alka-
nolamines were injected from the very beginning (just after polariza-
tion), the protectiveness provided by FeCO3 formation was postponed to
a longer immersion time (i.e., once there was a sharp increase in Rp
value) as compared with the reference sample. In the reference sample,
for example, the significant rise in the Rp value induced by the protective
FeCOs3 formation starts after 4 hrs, however, the sample exposed to
ethanolamine delayed by 26 hrs. Also by injecting diethanolamine and
triethanolamine, the FeCOs layer was delayed to effectively protect the
substrate by 6 and 14 hrs, respectively. In the other scenario, the sample
was initially polarized at an anodic current density of 61.1 yA/cm? for
24 h to form a FeCOj3 layer (after 24 hrs) and then the alkanolamines
were injected into the system. In Fig. 5b, it can be seen from the LPR
trends that there is a small effect on the Rp value by alkanolamine in-
jection, suggesting no significant inhibitor efficiency in this case.

3.3.2. Electrochemical impedance spectroscopy investigation
Fig. 6 presents the results of the EIS measurements of the samples in
the solution without and with alkanolamine injection at 20 °C and 80 °C

Table 4
Comparison in the inhibition efficiency of the various alkanolamines at different
temperatures of 20 °C and 80 °C.

Inhibitor type Inhibitor efficiency (%) at Inhibitor efficiency (%) at

20°C 80°C
Ethanolamine 46.7 35.5
Diethanolamine 33.1 22.2
Triethanolamine 26.1 6.6
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after 24 hrs immersion. The Nyquist plot for the samples exposed at
80 °C shows two incomplete and depressed semicircles, one at high-
medium (HF-MF) frequencies and one at low frequencies (LF), which
are partly overlapped with each other. Samples in alkanolamine-
containing solutions show a higher diameter for both semicircles
compared to the reference sample. Whereas, the Nyquist plot for the
sample exposed to the solution at 20 °C in Fig. 6 presents one oval
semicircle. At both temperatures, the diameter of the semicircles, which
indicates the polarization resistance, is the highest for ethanolamine.
The EIS results of the experiments at 20 °C and 80 °C were further
analyzed using the numerical fitting with the most commonly used
equivalent electrical systems related to corroding steel. The electro-
chemical system shown in Fig. 7a is a simple Randle’s system with a
single time constant, representing a homogeneous interface. The system
has a solution resistance (Rs), a double layer capacitance (Cq) and a
charge transfer resistance (R¢). This corresponding electrical equivalent
circuit system was used to fit Nyquist plots results for the uninhibited
sample at 20 °C experiments. Fig. 7b represents the second system well
fitted with experimental data obtained at 20 °C for the inhibited sample
and at 80 °C (Fig. 6) for all samples. The system has a double-time
constant, signifying the presence of two layers. The system has a solu-
tion resistance (Ry), a film capacitance (Cg), a pore resistance (Rpr), a
double layer capacitance (Cq) and a charge transfer resistance (Rep).
Different circuit element values as shown in Fig. 7 were fitted on the EIS
data (Fig. 6) obtained in the solution without and with the initial in-
jection of the alkanolamines at 20 and 80 °C and the results are listed in
Table 5. The fitted data are discussed below.

Furthermore, to understand the effect of inhibitor injection on the
kinetics of FeCO3 formation, EIS measurements were conducted and the
obtained Nyquist data are shown in Fig. 8 at various immersion times.
Fig. 8a presents the Nyquist plots for the reference sample, note that an
abrupt change in impedance values occurred before 32 hrs, which can be
considered as the initial point for the formation of FeCO3 corrosion
product. Similarly, Fig. 8b and c show the cases for ethanolamine
injected before and after the formation of FeCO3 corrosion products,
respectively. In Fig. 8b, when ethanolamine was injected and before the
formation of FeCOs, there is a gradual change in the impedance results
with time until 52 hrs which is also consistent with LPR results (Fig. 5a),
confirming the delay in FeCO3 formation caused by an antagonistic steel
surface/inhibitor interaction. However, in the third case when etha-
nolamine was injected after the formation of FeCOs, the impedance
trends were comparable to the reference sample. After 48 hrs, the
amplitude for both cases is similar which may indicate a similar pro-
tectiveness conferred by the corrosion product layer on both samples.
The evolution of various interfaces on the sample surface after the
alkanolamine addition can be characterized with the fitted EIS param-
eters, as typically listed for triethanolamine injection in Table 6, using
the equivalent circuit in Fig. 7b, which is commonly used to simulate the
surface of an electrode with a top layer having a low conductivity [24,
25].

3.3.3. Surface characterizations

Fig. 9 shows the XRD patterns of the corrosion products formed on
the specimens during the electrochemical experiments in the 1 wt%
NaCl solution. Peaks corresponding to cementite (FesC) were detected in
the corrosion products at both 20 °C and 80 °C, whereas, siderite
(FeCOs3) was only detected on the corroded surface at 80 °C. For injec-
tion frequency of the alkanolamines on steel at 20 °C, only Fe3C was
discovered along with the main GIXRD peak corresponding to the
martensite. At 80 °C and pH 6.5, both Fe3C and FeCOg (siderite) were
identified in the GIXRD pattern. The high-intensity peak for siderite
which was recorded at 20= 48.40° on the corroded samples at 80 °C
corresponded to the (104) plane [48].

Fig. 10a, b and c represent cross-sectional SEM images of reference
and ethanolamine and triethanolamine samples, respectively, after 24
hrs immersion in the solution at 80 °C. The SEM images show a
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corrosion product layer with a similar thickness of about 30 pm for the
samples, while the layers on the reference and triethanolamine samples
(Fig. 11a and c) seem to be less dense (more porous) compared with
ethanolamine. Fig. 10d typically represents the morphology of the
corrosion products formed on the reference sample at 80 °C. The figure
shows a layer with prismatic shape crystals covered the surface, which
reveals the characteristic feature for iron carbonate as previously re-
ported in the literature [29,49].

Fig. 11 shows the SEM images of the cross-section of the samples
after implementing the inhibitor injection frequency cases at a temper-
ature of 20 °C as explained in Fig. 1a. Based on the GIXRD patterns in
Fig. 9, at 20 °C, no corrosion products were formed on the surface, and
the thin layers presented on the surfaces in Fig. 11 are the FesC that
remained after ferrite oxidative dissolution. In Fig. 11a and b, when
ethanolamine and diethanolamine were injected after 12 hrs of pre-
corrosion, a thin adherent layer of Fe3sC was observed. In Fig. 11c and

d, however, when the alkanolamines were injected twice before and
after 12 hrs, a more porous and non-adherent layer of FesC is observable.
Intermittent (cracked) porosities were also visible within the top layer
(Fig. 11a and d).

Fig. 12 shows the cross-sectional and top-view SEM images of the
anodically polarized sample exposed to the solution without and with
triethanolamine at a temperature of 80 °C and pH 6.5. The EDS
elemental maps of iron, carbon and oxygen taken from the cross-section
of the sample inhibited by triethanolamine are also prepared in Fig. 12d.
The results in Fig. 12 in conjunction with the GIXRD patterns indicate
the presence of FeCOj3 corrosion products together with a residual Fe3C
network in the samples. Fig. 12a represents the reference sample, which
shows a thick layer of FeCO3 corrosion products (approx. 16 pm), where
FesC is incorporated between the surrounding FeCOs3 corrosion prod-
ucts. Fig. 12b and c represent the sample exposed to triethanolamine
after and before the formation of FeCOs corrosion products,
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Fig. 6. Results of electrochemical impedance measurements: Nyquist plot for
L80-1 Cr steel exposed to 1 wt% NaCl solution at 20 °C and 80 °C, without and
with the addition of 200 ppmv of different alkanolamines after 24 hrs.

respectively. When triethanolamine was injected before (Fig. 12c), the
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both the nature and morphology of the corrosion products, influencing
the corrosion behavior of 1Cr steel in a CO5 environment. The results
also showed how the use of the inhibitors and the injection times can
alter the corrosion behavior and the kinetics of FeCOg3 formation (Figs. 3,
4, 5 and 8). This effect was linked to the characteristics of the FeCO3
layer developed at higher temperatures influencing their protectiveness.

Although amines can act as the pH modifier of the solution, by which
the corrosion behavior slightly changes; the basic inhibitive mechanism
of amines is that they get chemically adsorbed (chemisorbed) on the
steel surface [50,51]. The XPS spectra in Fig. 2 demonstrated that the
interaction between the inhibitor and the steel surface is mainly due to
the formation of a bond between the N electron pair and the electron
cloud at the metal surface. In this interaction, the N-containing func-
tional groups of amines act as the predominant unshared electron pair
donors to the electron-depleted dehydrated steel surface [52]. The DFT
calculations are consistent with this viewpoint, because the adsorption
energies in Table 3 for binding with the nitrogen functional group are
stronger than water and the alcohol functional group of the amines. As a

Table 5

EIS parameters obtained based on the fitted curves on experimental data ac-
cording to equivalent circuit presented in Figs. 7a and 8b for L80-1 Cr steel
exposed to 1 wt% NaCl solution at 20 °C and 80 °C, without and with the
addition of 200 ppm, of the different alkanolamines after 24 hrs.

1 1
FeCOj3 corrosion products are more porous and thicker (approx 0.18 um) Sample Ra @ Cap - ™ Rpr @ Cep? & np
. ; cm? em 2" cm? cm 25"
compared to the sample exposed with ethanolamine after the layer
formation (Fig. 12b) At the temperature of 20 °C
o : Reference 128 1235 0.77 -
. . Ethanolamine 19 110 x 10° 0.84 170 747 1
4. Discussion Diethanolamine 17 64 x 10° 0.85 141 700 0.98
Triethanolamine 12 199 x 10° 0.81 136 861 0.99
The temperature variations between the limiting ranges of At the temperature of 80 °C
20 — 80 °C in the oil production wells in the Danish sector can signifi- Reference > 646 x 107 10025 1104 0-99
p i K o 8 Ethanolamine 12 893 x 10° 0.86 31 1168 0.94
cantly change the corrosion resistance of utilized steel tubes. In general Diethanolamine 4 666 x 10° 1.00 36 1158 0.95
terms, the results presented in this paper confirm the importance of the Triethanolamine 4 632 x 10° 091 30 1237 0.95
temperature variations as one of the governing factors, which affects
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Fig. 7. (a) Simplified Randle’s system showing a single layer interface, (b) a double-time constant circuit showing a perforated film interface or perforations filled

with corrosion product.



S. Gupta et al.

Corrosion Science 195 (2022) 109999

1200
—@— 28 hrs a)
1000 —@—32 hrs
—@— 438 hrs
800 —@— 52 hrs
B 68 hrs
&
g 600 72 hri/
o 50
£
N 400 o
/ 25
o
200 $ ol
0 50 100 150
0 ¢ é
0 200 400 600 800 1000 1200
Zreal (Q'cmz)
1200 1200
—@— 28 hrs b) —@—28 hrs C)
—@—48 hrs ——48 hrs
o 800 [ —e—52hrs 800 | —®—S52hrs )
g 68 hrs E 68 hrs
S 600 72 hrs S 600 72 hrs_ /50
2 < g
N 25 g
400 ‘ 400 2
200 200
0 0 &
0 ¢ ‘ 0 40 80 120 0 0 50 100 150
0 200 400 600 800 1000 1200 0 200 400 600 ) 800 1000 1200
Z,. (Q.cm?) 7,y (Q.cm?)

Fig. 8. Nyquist plots at different time intervals for (a) reference sample, (b) ethanolamine injected before the formation of FeCO3 corrosion products and (c)
ethanolamine injected after the FeCO3 products were formed; on L80-1 Cr steel in 1 wt% NacCl solution at 80 °C.

Table 6

EIS spectra results based on fitted curves on experimental data obtained at various immersion times according to equivalent circuit in Fig. 7b for injection frequency
experiments for L80-1 Cr steel exposed to 1 wt% NaCl solution at 80 °C, with triethanolamine at 200 ppm, concentration injected before and after the formation of the

FeCO3 corrosion products.

Test condition Immersion time, hrs Ret Q.cm? Ca pQ’l.cm’z.s“ n; Ry Q.cm? Cre pﬂ’l.cm’z.s" ny

Triethanolamine injection on FeCO3 28 1466 17158 0.92 363 4489 0.95
48 1658 15399 1.00 410 4015 1.00
72 1783 9039 0.92 453 3783 0.86

Triethanolamine injection before FeCO3 formation 28 19 59427 0.79 58 1083 0.95
48 71 24455 0.87 68 1547 1.00
72 1732 14097 0.92 432 3121 0.91

result of the strong surface bonds, in particular the negative difference in
adsorption energy between the amine and water (Table 3), a durable top
layer can potentially be formed and the iron dissolution on the under-
lying steel substrate can be limited. The calculations are consistent with
the alkanolamine binding stronger than water for all surface models.
This leads to the establishment of a higher corrosion resistance of 1Cr
steel in the alkanolamine—containing NaCl solution as compared to the
reference sample (see Fig. 3c, d, e and f). The iron dissolution resulted in
a residual FesC layer on the corroded surface (Fig. 11). When the alka-
nolamines were injected initially and after 12 hrs (Fig. 11c and d), the
surface layer was more porous compared to that injected once at the
beginning of the experiment (Fig. 11a and b). When the alkanolamines
were injected for the first time, they immediately bind at the active sites
on the steel surface (adsorption), leading to less iron dissolution. But, the
subsequent desorption of the initially injected inhibitors happened after

10

the alkanolamines reinjection could cause the layer detachment as
shown in Fig. 11c and d.

However, at the higher temperature (i.e., 80 °C), while the alka-
nolamines play a role in the morphology of FeCO3 corrosion products
(Fig. 12), the efficiency for the alkanolamines is comparatively low
(Fig. 3¢, d and Table 4). Table 5 shows that there is a difference in R
values at 20 °C and 80 °C in which the lower R value is observed at a
temperature of 80 °C. It should be pointed out that the overall adsorp-
tion property of nitrogen groups on the steel surface mainly depends on
the bulkiness of the attaching groups [39]. But, the groups attached to N
in all types of the alkanolamines used in this experiment are not bulky
enough to strongly bond with the steel surface. On the other hand, the
entropy of molecules adsorbing on a solid surface is about 2/3 of their
corresponding gas or liquid phase entropy [53,54]. This means that for
small inhibitor molecules, such as alkanolamines, which only replace
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Fig. 9. Grazing incidence X-ray diffraction patterns for the corrosion products formed on steel surface at (a) 20 °C, pH 3.92, (b) 80 °C, pH 4.2 (c) 20 °C and pH 3.92
when alkanolamines were injected before and after 12 hrs, (d): 80 °C, pH 6.5 when alkanolamines were injected before FeCO3 formation and (e): 80 °C, pH 6.5 when
the alkanolamines were injected on a pre-formed FeCOj3 layer. The Cr-Ka radiation with a wavelength (1) of 0.22909 nm was used during the GIXRD experiments.

Epoxy resin

Epoxy resin

Fig. 10. SEM images for L80-1 Cr steel exposed to 1 wt% NaCl solution, (a): cross-sectional view of the sample without amine injection at 80 °C, (b): cross-sectional
view of the sample exposed to the ethanolamine-containing solution at 80 °C, (c): cross-sectional view of the sample exposed to the triethanolamine-containing
solution at 80 °C, (d): surface morphology of the reference sample without amine injection at 80 °C.

one (ethanolamine) and one or two (diethanolamine) water molecules
from the surface, the entropy of the adsorption is negligible, because the
loss of entropy of the adsorbing alkanolamines is almost cancelled by the
entropy gaining by desorbing water molecule(s). However, since the
alkanolamine molecule is bulkier than the water, the entropy of

11

adsorption can be slightly negative which disfavors the adsorption at the
higher temperature. Therefore, the small alkanolamines in this study
could easily desorb from the metal surface with time. Especially at
elevated temperatures, the adsorption/desorption occurs faster and the
free energy of the adsorption is weaker because of the unfavorable
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Fig. 11. Cross-sectional SEM images for L80-1 Cr steel exposed to 1 wt% NaCl solution at 20 °C, (a) ethanolamine injected after 12 hrs of the immersion, (b)
diethanolamine injected after 12 hrs of the immersion, (c) ethanolamine injected before and after 12 hrs of the experiment, (d) diethanolamine injected before and

after 12 hrs of the experiment.
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Fig. 12. Cross-sectional SEM images for L80-1 Cr steel exposed to 1 wt% NaCl solution at 80 °C; (a) without alkanolamines injection, (b) with triethanolamine
injected on FeCOj3 corrosion products, (c) with triethanolamine injected before FeCOg3 corrosion products formation. The top view images are also inserted in the
figures (d) EDS elemental map of iron, carbon and oxygen taken from the cross-section of the sample inhibited by triethanolamine presented in Fig. 12c.

entropy of adsorption. The easy desorption of the alkanolamines mole-
cules from the surface resulted in a less corrosion inhibition at the higher
temperature. Consequently, when the electrochemical conditions were
provided for iron carbonate precipitation, a porous layer was formed
(Fig. 12c¢). Therefore, the FeCOs3 layers did not provide any kind of
protection to the steel surface (Fig. 5). As a result, the solution could
readily penetrate the porosities and continued the dissolution of the
underlying steel layer.

12

The calculated adsorption energy for ethanolamine is less negative
than diethanolamine (see, Table 3). The reason is that the more bulky
group attached to the N atom, the more the steric effect can be, leading
to a weaker bond between amines and the steel surface. It means that
among the different alkanolamines used in this study, ethanolamine has
the less negative absorption energy level due to the nature of the
attaching group to the N atom (—NH). However, the results show the
highest R value (Fig. 3 and Table 5) and efficiency (Table 4) for
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ethanolamine, which is in contradiction to its absorption energy level. It
is believed that depending on the size of the inhibitor molecules, water
can be replaced from the steel surface by the inhibitor molecule, leading
to a net increase in entropy, which in turn would lead to stronger
binding. This has been observed e.g. for the amphiphilic molecule
TOFA/DETA imidazoline molecule [55]. The bonding geometries of the
inhibitor molecules on the Fe(110), Fe3C(001) and FeCO3(104) planes
are presented in Fig. 13a-j. Generally, the atomic-scale distance between
inhibitor molecules and those of the substrate provides an appropriate
condition for the chemical bonding. The chemical structure of etha-
nolamine and diethanolamine bonded on the surface with the N-con-
taining functional group is also schematically shown in Fig. 13k and 1,
respectively. Since ethanolamine has a single linear arrangement of
atoms, if two molecules of ethanolamine cover the sample surface, then

2.324

HO HO
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the gap between both molecules is not enough (Fig. 13k) for the water
molecule in come to contact with the sample surface on both Fe(110) (i.
e., anode site) and Fe3C(001) (cathode site) as shown in Fig. 13b and f,
respectively. This limits the exposed areas of the surface to the solution
and provides a better efficiency for corrosion inhibition. However, in the
case of diethanolamine in Fig. 131, the gap between two diethanolamine
molecules is big enough for the water molecule to go in and contact with
the sample surface. This means that although diethanolamine more
strongly binds with the Fe surface, it results in a poorer corrosion
resistance than ethanolamine, due to the interference of water molecules
against the performance of diethanolamine.

In Table 3, the adsorption energy values for all three alkanolamines
bonded to FeCOg corrosion products is similar regardless of the bonding
geometries of the different inhibitor molecules on FeCO3(104) in Fig. 13.

Water molecule

HO\/\ N /\/OH HO _~ N ~_-OH
H

H

Fig. 13. Optimized bonding geometries for some inhibitor molecules on various model surfaces (a-j) and schematic view of packing efficiency difference between
ethanolamine and diethanolamine (k-1). The bonding geometries are: ethanolamine bonded to (a) Fe(110) with -OH, (b) Fe(110) with —NH,, (c) FeCO3(104) with
—OH, (d) FeCO3(104) with —NH, group, (e) Fe3C(001) with —OH, (f) Fe3C(001) with —NH,; diethanolamine bonded to: (g) Fe(110) with —OH, (h) Fe(110) with
—NH group, (i) FeCO3(104) with —OH, (j) FeCO3(104) with —NH. The color code: bright red (large radius) = Fe, dark red (small radius) = O, blue-grey = N, yellow

=C, aqua=H.
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This led to no significant difference in the polarization resistance value
after the injection of alkanolamines (Fig. 5b). For the samples with the
pre-formed FeCOs top layer, the Cg values in Table 6 gradually
decreased, which indicates the further precipitation of the FeCOg3 layer
as reported by Farelas et al. [56]. The Cg. decrease has been linked to the
layer becoming denser and less porous [57], as confirmed by the
increasing values of Ry, (see, Table 6), which also is consistent with the
corrosion rate obtained by LPR with time (Fig. 5b). On the other hand,
the solution could have penetrated the porosities and continued the
dissolution of the underlying steel reflected by the decrease in Cq;. The
slight increase in Re; with time from 1466 Q.cm? to 1658 Q.cm? suggests
that the precipitated FeCO3 may have still given some degree of pro-
tection. However, the increase is too low for claiming a further protec-
tiveness by this layer, and the fitted data confirm the LPR corrosion rate
observed in Fig. 5a, which was almost constant.

However, when the alkanolamines were injected on the steel surface
from the beginning of the experiment at the higher temperature, its
molecules cover the metal surface and the saturation of Fe?" is post-
poned to a longer time, thus the limited dissolution of the underlying
steel layer continues as reflected by the decrease in Cq with time
(Table 6). Due to the absence of a protective corrosion product layer, Rt
insignificantly increased from the initial value of 19 Q.cm? to 71 Q.cm?
after the immersion time of 48 hrs. Furthermore, once the solution was
saturated with Fe?", the iron carbonate was formed on the surface sites
other than those areas blocked by the triethanolamine, leading to a
significant R increase to 1732 Q.cm? after 72 hrs (Table 6). Later on,
the triethanolamine desorption from the surface during FeCO3 forma-
tion caused the generation of porosity within the corrosion product layer
(Fig. 12¢) [58].

5. Conclusions

Different electrochemical methods along with molecular modelling
were used to study the effect of temperature (20 °C and 80 °C) on L80-1
Cr steel in the CO9-saturated 1 wt% NaCl electrolyte without and with
the injection of different types of alkanolamines. The following main
conclusions were drawn from this study:

e The chemical structures of the alkanolamines and adsorption energy
of both Fe(110) and FeCO3(104) played determining role in effi-
ciently inhibiting the corrosion occurrence. Among the alkanol-
amines, ethanolamine had the best efficiency compared to the other
alkanolamines, increasing the R;, value by about 70%.

The DFT modelling showed that the observed inhibitor efficiency for
the ethanolamine and diethanolamine correlated with the adsorption
energy of the inhibitors on the model surfaces. Ethanolamine
adsorption energy compared to water adsorption energy was favor-
able on all model surfaces. Ethanolamine was found to be signifi-
cantly better at replacing water than diethanolamine was on the
surface of the corrosion product FeCOs.

The temperature of the solution also plays a role in the inhibitor
efficiency of the alkanolamines. At the higher temperature, there was
a lower efficiency of alkanolamines inhibitors, due to higher corro-
sion kinetics and more desorption of alkanolamines from the
surfaces.

The formation of the corrosion products (FeCO3) was postponed due
to the alkanolamine injection. When the alkanolamines were injec-
ted at the beginning of the experiment, a porous FeCO3 corrosion
product layer was formed, leading to a lower polarization resistance
value.

In the cases of injection frequencies, the reinjection of the alkanol-
amines did not provide more protectiveness than that by the pre-
formed FeCOs layer.
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