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ABSTRACT

The principal objective of this work is to investigate and
understand the top of the line corrosion (TLC) inhibition mech-
anism in the presence of amines: diethylamine and mor-
pholine. TLC can be defined as corrosion of carbon steel under
water condensation conditions in the presence of acid gases
such as CO2, which can be a problem in wet natural gas
transportation lines. In order to define the possible interac-
tions between the tested amines and the steel surface, the
surface charge was investigated by determining the potential
of zero charge (PZC). The PZC was measured by means of
electrochemical impedance spectroscopy (EIS) in a 1 wt%
NaCl solution at different pH values. The possible inhibitive
properties of diethylamine and morpholine were first tested
under full immersion in the water phase—a condition corre-
sponding to the so-called “bottom of the line” situation in gas
pipelines, using linear polarization resistance and EIS. This was
followed by tests in the gas phase under water condensing
conditions, corresponding to TLC, when the weight loss method
was used to measure the corrosion rate. After the experi-
ments, the steel surface was characterized by scanning elec-
tronic microscopy. The inhibition was affected by the surface
charge that provided key information about the mechanism of
adsorption of amines (diethylamine and morpholine) on the
steel surface. In addition, the effect of inhibition of corrosion rate
was directly linked to the change in solution pH. Considering
that the amines were almost fully protonated in the range of pH
tested here, their vapor pressures and consequently their

concentration in the condensed water was very low.
Given that there was no chloride in the condensed water, this
further limited the inhibitive effect. In addition, when adsorbed
at the surface, diethylamine and morpholine did not seem to
demonstrate any significant filming properties because of the
weak interaction of the nonpolar groups in the amine
molecules.

KEY WORDS: bottom of the line corrosion, CO2 corrosion,
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INTRODUCTION

Top of the line corrosion (TLC) is a phenomenon
encountered in wet natural gas transportation, when
problems of corrosion appear inside the pipe as a
result of the condensation of water vapor containing
dissolved acid gases, such as CO2. One way to min-
imize TLC of carbon steel pipelines exposed to CO2

environments is by the use of volatile corrosion
inhibitors (VCIs). VCIs used in industry are often a
complex mixture of several compounds, e.g., imida-
zolines salts and light amines (triethylenetetramine,
diethylamine, methoxypropylamine, and pyridine
salts) in particular ratios.1-3

A large variety of VCIs (mixture of amines and
carboxylic acids) have been used successfully for the
protection of metallic equipment against atmospheric
corrosion during storage and transportation.4-6

Cyclohexylamine carbonate has been found to be an
effective VCI for Nd-Fe-B alloys in simulated atmo-
spheric environments, as well as under thin electro-
lyte layers.7 Morpholine has been used as a corrosion
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inhibitor and VCI for carbon steel exposed to alkaline
conditions8 and 2N H2SO4 and 2N H3PO4 solutions.9 It
has been shown that a better inhibition was obtained
in 2N phosphoric acid because in H3PO4 solution
phosphate ions probably form a bridge between the
protonated molecules of inhibitors and facilitate the
adsorption of inhibitor molecules, while in H2SO4 this
bridge is not formed as a result of low charge of sulfate
ions. Morpholine and its derivatives have been used to
prevent the corrosion of metal surfaces during transport
and storage of equipment.10 Morpholinum oligomer
(MPO) has also shown to be a good vapor corrosion
inhibitor for steels exposed to atmospheric condi-
tions. The MPO has a larger molecular size than mor-
pholine; thus, it has larger coverage on the metal
surface, providing better inhibition.11 Diethylamine was
tested in petroleum/water corrosive mixtures at
25°C12 and has been used as corrosion inhibitor for
carbon steel in aqueous solution at pH of 11.4. The
results showed that the presence of diethylamine in-
duced the formation of a layer providing protective
properties to the metal.13

In order to understand how amines interact with
the steel surface, it is important to analyze the
fundamentals of inhibitor absorption. The level of
adsorption of amines depends on their chemical
structure, aqueous environment (acid or basic so-
lution), metal surface condition, and electrochemical
potential at the interface. The adsorption process is
governed by the so-called “charge” on the metal surface
and the chemical structure of the inhibitor. Physical
adsorption is a result of the electrostatic attraction
between the inhibiting ions and the electrochemi-
cally charged surface of the metal, which is defined by
the position of the open-circuit corrosion potential
(OCP) with respect to the potential of zero charge (PZC).
PZC is the potential of the where both the solution
side and the metallic side of the interface have a zero
net charge, offering itself as a natural potential ref-
erence point used to identify any other net surface
charge. If the metal potential is higher than the
potential of zero charge, the metal is said to be posi-
tively charged with respect to the PZC and the
adsorption of anions from the solution is favored.
Conversely, the adsorption of cations is preferred if
the free corrosion potential is lower than PZC.14-15

The objective of this paper is to investigate and
understand the TLC inhibition mechanism in the
presence of diethylamine and morpholine by identi-
fying the type of bond between amines and the carbon
steel surface. In order to understand the role of
amines in CO2 corrosion, carbon steel samples were
first immersed in a 1 wt% sodium chloride (NaCl)
solution in order to enable electrochemical measure-
ments. This situation corresponds to the so-called
bottom of the line corrosion (BLC) in wet gas lines, where

there is a continuous water layer present. The cor-
rosion behavior of carbon steel with and without amines
was evaluated using linear polarization resistance
(LPR) and electrochemical impedance spectroscopy
(EIS) measurements.

For TLC experiments, weight loss (WL) carbon
steel samples were used and flushmounted at the top of
the experimental setup. This enabled comparison and
validation of inhibition mechanism for the two scenar-
ios: under constant water immersion and under
condensing water conditions. In addition, the pH was
measured both for the bulk solution and for con-
densed water, before and after adding amines, in order
to properly identify the role of amines in corrosion
inhibition.

While the performance of these amines under
BLC conditions was previously evaluated, no results
have been reported in the literature on the perfor-
mance of diethylamine and morpholine as VCI for CO2

corrosion at the top of the line, where they have been
often used in commercial applications.

EXPERIMENTAL PROCEDURES

Materials and Chemicals
The analytical grade amines (morpholine and

diethylamine) used in this research were acquired
from Sigma-Aldrich†. Steel samples used for elec-
trochemical and weight loss measurements were
made of API 5L X65 carbon steel with a tempered
martensite microstructure. NaCl was dissolved in
deionized water that was saturated with CO2. The
chemical composition of the carbon steel is provided in
Table 1.

Electrochemical Measurements (Bottom of the
Line Corrosion)

For BLC experiments, an electrochemical cell
with a three-electrode configurationwas used (Figure 1).
A carbon steel API X65 rotating cylinder electrode
(RCE), a platinum grid, and an Ag/AgClsat electrode
were used as working, counter, and reference elec-
trodes, respectively. The reference electrode was placed
in a separate chamber and was connected to the
corrosion cell via a KCl salt bridge and a Luggin capil-
lary. The RCE was ground with silicon carbide paper
(600 grit), cleaned with isopropanol in an ultrasonic
bath, and air-dried before introduction into the cell.
All of the experiments were performed in deionized water
containing 1 wt% NaCl at 25°C. The solution was
deoxygenated for 2 h by sparging with CO2 prior to the

TABLE 1
Composition (wt%) of API 5L X65 Carbon Steel

Element C Nb Mn P S Ti V Ni Fe

X65 0.05 0.03 1.51 0.004 <0.001 0.01 0.04 0.04 balance† Trade name.
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introduction of the working electrode. To avoid pos-
sible noise in electrochemical measurements caused by
CO2 sparging, the sparge tube was pulled up into the
headspace during the measurements while the CO2 was
purged continuously in order to avoid oxygen con-
tamination and to maintain saturation of the test so-
lution with CO2. A pH probe was used to measure the
pH of the solution before and after adding the amine.
The rotation speed of the working RCE was set at
1,000 rpm before starting any electrochemical
measurement.

The PZC was identified by means of EIS at different
pH. Prior to any measurement, the OCP was mon-
itored for about 8 min to 10 min to ensure a stable
value, which was typically within 5 mV of the initial
value, and the fluctuation of the OCP was < ±1 mV. EIS
was conducted at different potentials with respect to
the OCP using the frequency range of 10 kHz to 0.1 Hz,
by taking seven points per decade. The amplitude
was 10 mV (root mean square) from the applied po-
tential. The experimental matrix is shown in
Table 2.

Corrosion rate was assessed by LPR, by polarizing
the working RCE by ±5 mV from the OCP, using the
scan rate of 0.125 mV/s and B value of 26 mV. LPR and
EIS measurements were taken every 40 min during
the total exposure time of 14 h. All measurements were
performed using a Gamry† potentiostat/galvanostat.
The full experimental matrix for BLC experiments is
shown in Table 3.

Weight Loss Measurements (Top of the Line
Corrosion)

The experimental setup used for evaluating the
efficacy of VCIs under TLC conditions is shown in
Figure 2. As the conductivity of condensed water is
very low and the condensed water layer is not stable over
time, may be discontinuous, and is often very thin, it
is difficult to perform electrochemical measurements on
samples exposed to TLC conditions, so the WL tech-
nique was used to measure the time-averaged corrosion
rate at the top of the line. A WL carbon steel API X65
specimen in the form of a disc (exposed area = 7.92 cm2)
was prepared following the same procedure described
in the previous section. The WL specimen was flush-
mounted at the top of the experimental setup, and its

pH probe

Condenser

Thermocouple

CO2 gas in

Reference
electrode

Counter
electrode Working electrode

(rotating cylinder
electrode)

FIGURE 1. Experimental setup for electrochemical experiments
(BLC).

TABLE 2
Experimental Matrix for Identification of Steel Surface

Charge

Total pressure (bar) 1
pCO2 (bar) 0.96
Solution 1 wt%
pH 3.8, 5.1, 5.3
Solution temperature 25°C
Working electrode X65 carbon steel
Speed (rpm) 1,000

TABLE 3
Experimental Matrix for Bottom of the Line Corrosion (BLC)

Total pressure (bar) 1
pCO2 (bar) 0.96
Solution 1 wt%
Solution temperature 25°C
Working electrode X65 carbon steel
Amines (ppmv) 0, 100, 400, 800
Speed (rpm) 1,000

pH probe Weight loss
specimen

Thermocouple (gas phase)

Thermocouple 
(water phase)

CO2 gas in

FIGURE 2. Experimental setup for evaluating efficacy of VCI candi-
dates for TLC.
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temperature was controlled at 32°C using a cooling coil.
In order to have condensation, the gas temperature
was set to 65°C, while the aqueous solution at the
bottom of the cell was maintained at 72°C.

Weight loss corrosion rate was determined by fol-
lowing the ASTM Standard G1,16 as follows:

CR = ðK ×WÞ=ðA × t × ρÞ (1)

where CR: corrosion rate in mm/y, K: conversion factor
8.76 × 104 = 24 h/d × 365 d/y × 10 mm/cm, W: weight
loss in g, A: area in cm2, t: time of exposure in h, and ρ:
density of steel, 7.87 g/cm3.

A pH probe was used to measure the pH in the
bottom solution before and after adding the VCI. The
experimental setup used for measuring the pH of the
condensed water under TLC conditions is shown in
Figure 3. In order to distinguish the effect of amine on
the pH of condensed water from the effect caused by
dissolved iron ions, a Type 304 (UNS S30400(1))
stainless steel specimen (exposed area = 7.92 cm2) was
used and prepared following the same procedure as
described in the previous section. The condensed water
was collected in the condensation collection cup and
the pH was measured in situ as shown in Figure 3. The
detailed TLC experimental matrix for the experi-
mental work is shown in Table 4.

Surface analysis of the exposed electrode was in-
vestigated by scanning electron microscopy (SEM).
Imaging was performed at an accelerating voltage of
15 kV using a secondary electron signal.

RESULTS AND DISCUSSION

Identification of Steel Surface Charge
The phenomenon of adsorption is influenced by

the chemical structure of the inhibitor, the charge
distribution or dipole moment of the inhibitor mole-
cules, and the charge of the metal surface. The metal
surface charge is defined by the position of the free
corrosion potential (OCP) with respect to its PZC. The
PZC is extremely sensitive to surface conditions (e.g.,
pH, impurities), with pH being the most important
factor.17-18 Taking into account the previous state-
ment, experiments were performed at pH values of 3.8,
5.1, and 5.3. The pH 3.8 was the “natural” value
obtained when water was saturated with 1 bar (100 kPa)
CO2 at room temperature (25°C), while pH values of
5.1 and 5.3 were obtained after adding 400 ppmv of
diethylamine or morpholine, respectively. In order to
determine if the change of the PZC after addition of the
amines was solely a result of a change of pH, an
experiment at pH 5.3 without inhibitor was performed
first to have a reference point. It is important to
mention that these pH values fall within the typical
range found in condensed water.

According to Lorenz, et al.,19 the PZC can be
determined from EIS measurements through the cal-
culation of the double layer capacitance, Cdl. In this
research project, to identify the Cdl, EIS measurements
were recorded at different potentials with respect to
the OCP on a freshly polished electrode (see Figure 4).

TABLE 4
Experimental Matrix for Top of the Line Corrosion (TLC)

Total pressure (bar) 1
pCO2 (bar) 0.66
Solution 1 wt%
Solution temperature at the bottom 74±2°C
Gas temperature 65±2°C
Sample temperature 32±2°C
Water condensation rate (mL/m2/s) 0.6
Working electrode X65 carbon steel
Amines (ppmv) 0, 400

pH probe

Sampling port

Condensation
collection cup

FIGURE 3. Experimental setup for measuring the pH of the con-
densed water under TLC conditions.
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FIGURE 4. Nyquist plot of carbon steel in 1 wt% NaCl solution at
25°C as a function of potential. pH = 5.3.

(1) UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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There, it can be seen that for pH 5.3 there is a
depressed charge-transfer semicircle which is charac-
teristic of non-uniform metal surface. In that situa-
tion the capacitance, Cdl, is replaced in the analysis by a
so-called “constant phase element” (CPE).20 The same
behavior was seen at pH 5.1 and 3.8 (not shown in this
manuscript).

To confirm the existence of the CPE, the logarithm of
the imaginary part of the impedance was plotted with
respect to the logarithm of the frequency in the high-
frequency domain (Figure 5). The impedance of the
CPE is defined as follows:20

ZCPE =
1

Qeff ðjωÞα
(2)

where 0 < α < 1 and Qeff is the CPE coefficient, which
can be interpreted as the effective high-frequency ca-
pacitance. The value of the slope of the continuous
line, shown in Figure 5, provides the coefficient α = 0.74
at −0.7 VAg/AgClsat and pH 5.3, which confirms the
presence of the CPE in the high-frequency domain. The
Qeff can be obtained directly from the imaginary part
of the impedance as:

Qeff = −sin
�
απ

2

�
1

ð2πfÞα ImPart
(3)

The calculated Qeff vs. frequency is plotted in
Figure 6. The asymptotic value of Qeff obtained at high
frequency is the best estimate of the double layer CPE
coefficient and is termed Qdl.

20 It is important to point
out that the assessment of Qdl should be made at
frequencies significantly larger than the largest
characteristic relaxation frequency for the system. Only
in this range, the error in assessment of Qdl is of the

order of 1%. Note that for a value of α = 1, the Qdl value
directly corresponds to Cdl. This was the first step
toward interpretation and evaluation of impedance
data, and does not depend on any specific equivalent
circuit model.

Finally, the equation proposed by Brug, et al.,21 is
used to calculate the value of Cdl given that the
values of Qdl, α, and solution resistance Rs are
known:

Cdl =R
ð1−αÞ
α

s Q
1
α

dl (4)

The solution resistance (Rs) is found at the in-
tersection of the high-frequency impedance with real
axis in the Nyquist plot (Figure 4).

Figure 7 represents the Cdl values calculated
from Equation (4) with respect to the applied potential,
E, at different pH. The minimum value on the Cdl vs.
E curve represents the PZC of the electrode. The PZC is
the point where the double layer changes its po-
larity. The values of PZC at the selected pH values are
shown in Table 5. As it can be seen, the values of
PZC obtained at pH 5.1 and 5.3 are more negative than
those observed at pH 3.8. Such an effect may be a
result of the change of the species concentration in
solutions (in this case H+ ions in an acidic solu-
tion).22 Comparing the values of the PZC with the
corresponding OCP values, it is possible to deduce
that the steel surface is positively charged with respect
to the PZC at the conditions of the present study (see
Table 5).

Figures 8 and 9 show the likely mechanism of
electrostatic adsorption of amines on a positively
charged steel surface exposed to NaCl solutions.14,23

In solutions with dissolved CO2 (mildly acidic
solutions), amines quickly protonate as a result of
their basicity. The Cl− ions and water molecules
adsorb on the steel surface and interact with the
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FIGURE 5. Representation of the logarithm of the imaginary part of
the impedance vs. the logarithm of the frequency at the potential of
−0.7 VAg/AgCl and pH 5.3. The slope of the red line leads to the α
coefficient in Equation (2) being obtained.

10–2 10–1 100 101 102 103 104

1E–3

0.01

0.1

Q
ef

f

Qdl

f

FIGURE 6. Effective CPE coefficient defined by Equation (3) as a
function of frequency at −0.7 VAg/AgCl and pH 5.3.
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protonated amine forming electrostatic bonds
(Figure 8). Protonated amine molecules can adsorb on
the steel surface only if they are charged negatively;
otherwise, they need intermediates such as Cl− ions.

For the case of unprotonated amines, the nitrogen
atom (heteroatom) has a free electron pair that can
form Van der Waals bonding with the steel surface;
see a possible configuration in Figure 9. In both cases
(protonated and unprotonated), amines can easily
desorb because they do not form a strong (chemical)
bond. The formation of a donor-acceptor bond
between the metal and inhibitor is not possible be-
cause the non-oxidized steel surface is not an
electron acceptor. In order to form a donor-acceptor
bond, the acceptor should have an opening in the
outer electron orbitals, available to accept two elec-
trons. In addition, the oxygen atom of the mor-
pholine molecule cannot form Van der Waals bonding
with the steel surface because it has an even lower

TABLE 5
Values of the PZC and (OCP-PZC) Recorded for Carbon

Steel Electrode Immersed in 1 wt% NaCl Solutions in the pH
Range (3.8 to 5.3) at 25°C

pH 3.8 pH 5.1 pH 5.3

PZC (VAg/AgCl) −0.7 −0.8 −0.8
OCP (VAg/AgCl) −0.62 −0.68 −0.69
OCP-PZC (V) 0.08 0.12 0.11

Feδ+

Cl–

+NH2

H
O

H

H
O

H

Feδ+

Diethylamine

+NH2

Feδ+

Cl–

H
O

H

H
O

H

Feδ+

Morpholine

FIGURE 8. Possible interactions between protonated amine func-
tional groups and metal surface.14,23 (↔): Electrostatic interaction
between induced dipole (Feδ+) and anion (Cl−). (–·): Hydrogen
bonding. ( · · · ): Electrostatic interaction between permanent dipole
(H2O) and cation (−NH2

+). (◂—▸): Van der Waals bonding.
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FIGURE 7. Cdl value calculated from Equation (5) with respect to
applied potential at different pH. (a) pH = 3.8, (b) pH = 5.1, and
(c) pH = 5.3.
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FIGURE 9. Possible interactions between nonprotonated amine
functional groups and metal surface.14,23 (↔): Van der Waals
bonding.
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electron-donor capability than nitrogen atom in the
same molecule.24

Bottom of the Line Corrosion Experiments
In order to study the inhibition by the selected

amines, the experiments were performed first with the
specimen fully immersed in the water phase followed
by experiments in the gas phase. The results for mor-
pholine are shown in Figures 10 and 11. In the
absence of amine, corrosion rate (CR) was 2.8 mm/y
and OCP was −0.64 VAg/AgCl. In the presence of
morpholine, the final CR did not significantly
change with concentration (around 2 mm/y). When
compared to the uninhibited condition (2.8 mm/y), the
decrease was not practically significant. The OCP
after adding amines became more negative. Such
an effect is most likely a result of the decrease
in H+ ion reduction at the steel surface (from increase
of pH).

Figure 12 shows the impedance diagrams in the
Nyquist plane at different times. One can see
depressed semicircles at high to medium frequencies
and inductive loops at low frequencies. The
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FIGURE 10. BLC rate of carbon steel RCE immersed in 1 wt% NaCl
solution in presence and absence of morpholine at 25°C as a function
of time.
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FIGURE 12. The Nyquist plot of carbon steel immersed in 1 wt%
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400 ppmv morpholine.
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solution in presence and absence of diethylamine at 25°C as a
function of time.
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high-frequency semicircles are associated with the time
constant of the charge transfer process and the
double layer capacitance. The inductive loop may be
attributed to the relaxation process obtained by
adsorbed species such as Clads

− and Hads
+ on the electrode

surface. The presence of morpholine increases the
impedance but does not change other aspects of the
process. The charge transfer resistance, Rt, is given by
the intersection of the low-frequency end of the Nyquist
curves with the abscissa. The Rt was used as an
alternative method to calculate the CR. Figure 13 shows
a good agreement between CR measured by LPR and
EIS. The same behavior is observed in the presence of
diethylamine (Figures 14 and 15).

In the light of these measurements, one can con-
clude that morpholine and diethylamine have
shown poor inhibition of carbon steel immersed in a
mildly acidic CO2-containing environment. In order
to clarify if the decrease of corrosion rate after the

addition of the amines was a result of the increase of
pH or a result of the adsorption of amines on the steel
surface, a comparison between the measured cor-
rosion rate and calculated corrosion rate using
MULTICORP†,(2) was performed, shown in Table 6.
The corrosion rates after the addition of the amines (at
400 ppmv) are similar to the calculated corrosion
rate in the absence of the amines but at the same pH.
Therefore, the decrease of corrosion rate could be
ascribed to the increase of pH and not to the ad-
sorption of the neutral amines. It is understandable
because these amines were easily protonated in the
acid solution, the ratio of [Amine]/[AmineH+] being
equal to 10−8.5 and 10−11 for morpholine and diethy-
lamine, respectively.

Top of the Line Corrosion Experiments
The comparison of TLC rates obtained by WL is

shown in Figure 16, followed by surface images taken
after the tests, shown in Figure 17. The error bars in
Figure 16 represent the standard deviation between two
weight loss samples. The results show that without the
inhibitor present, the carbon steel specimen was

TABLE 6
Comparison of the Measured Corrosion Rate and Calculated

Corrosion Rate Resulting from a pH Change

Chemicals
Measured

pH
Measured
CR (mm/y)

Calculated
CR Using
Software
(mm/y)
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CR Without

Adding Amine
at the Same
pH (mm/y)

Blank 3.8 2.8 4.6 −
Morpholine
(400 ppmv)

5.3 1.9 1.6 1.85

Diethylamine
(400 ppmv)

5.1 1.4 1.6 −
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FIGURE 16. Corrosion rate by weight loss measurement of the TLC
specimens (water condensation rate = 0.6 mL/m2/s) with and without
amines. Note: VCI candidate concentrations on x-axis are the
injected concentration for the bottom solution.

FIGURE 17. Visual images of sample exposed to corrosion in the co-
condensation of water (water condensation rate = 0.6 mL/m2/s) in the
presence of (a) no inhibitor, (b) 400 ppmv diethylamine, and
(c) 400 ppmv morpholine after 2 d.
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FIGURE 15. OCP of carbon steel RCE immersed in 1 wt% NaCl
solution in presence and absence of diethylamine at 25°C as a
function of time.

(2) Software developed by Institute for Corrosion and Multiphase
Technology, Ohio University.
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corroding at a time averaged (TLC) rate of 0.9 mm/y,
and its surface was fully covered by a corrosion product
layer. In the presence of diethylamine andmorpholine,
the corrosion rate at the top decreased to 0.6 mm/y and
0.5mm/y, respectively. Asmost of themorpholine and
diethylamine were protonated in the solution at the
bottom of the cell, the concentration in solution should
be almost constant because the protonated inhibitor
cannot evaporate. In order to avoid any losses of the
nonprotonated inhibitor in the gas phase, a condenser
was used. It can be hypothesized that when the
evaporated amine dissolved in the condensed water at
the top, it increased the pH, thereby decreasing the
TLC rate. In order to corroborate this hypothesis, the
condensed water was collected in the condensation
collection cup and the pH was measured in situ over 2 d.
The average pH of the condensed water increased from
pH 4.3 in the absence of inhibitor to pH 4.7 and 4.8 after
adding morpholine and diethylamine, respectively. It
was explained in the previous section that amines do not
form an adsorbed layer as a result of the positively
charge steel surface in the absence of chlorides. The
samebehavior should be expected at the top of the line,
and as in the condensed water there are no chloride ions,
so no adsorption of protonated amine on the steel
surface was expected.

The results show that morpholine and diethyla-
mine did not fully protect the steel specimen exposed
to the TLC conditions. The SEM images of this
specimen surface (Figures 18 through 20) confirmed
this conclusion, showing alternating corroded and
protected areas, especially in presence of morpho-
line. The protonated morpholine molecule contains an
oxygen atom that could form an electrostatic bond
with the positively charged surface. In this case, the
oxygen atom displays electron-donor capability,
while the nitrogen atom does not, as it is protonated.
This can lead to adsorption of protonated morpho-
line on the steel surface, via the oxygen. However, the
reason why this adsorption has not been uniform,
leaving the steel surface only partially protected,

15 kV

15 kV

15 kV

× 100

× 1,000

× 1,000

100 μm

10 μm

10 μm

11 55 SEI

11 55 SEI

11 50 SEI

(a)

(b)

(a)

(b)

FIGURE 19. SEM images at different magnifications and locations
([a] corroded surface and [b] protected surface) of the sample in the
presence of 400 ppm of morpholine after 2 d.

15 kV 15 kV10 49 SEI 10 49 SEI× 100 × 1,000100 μm 10 μm

FIGURE 18. SEM images at different magnifications of the blank sample after 2 d.
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remains unclear. More experiments, possibly
considering the use of force spectroscopy, need to be
done in order to explain this phenomenon. Literature
indicates that in alkaline environments, these
amines have been successfully used because they
exist as neutral molecules and the metal surface is
probably changed (resulting from the presence of
oxides).8

CONCLUSIONS

In this work, electrochemical techniques of
electrochemical impedance spectroscopy, linear
polarization resistance, and the weight loss method
were used to study bottom of line corrosion to help with
the understanding of top of the line inhibition
mechanism in the presence of diethylamine and
morpholine in a CO2 environment and mildly acidic
pH. The mechanisms were investigated by studying the
inhibitor interaction with the steel surface. As a
result of this study, the following conclusions
were drawn:
v The corroding steel surface is positively charged
with respect to the potential of zero charge
(PZC); therefore, the adsorption of anions (Cl−)
or permanent dipole is favored at the bottom of
the line.
v The type of bonding and related interaction be-
tween amines and steel surface were identified by
considering the steel surface charge: it was found that
the type of bonding is governed by electrostatic
interactions.
v A rather small decrease of TLC rate in the presence
of morpholine and diethylamine could be attributed to
the increase of pH after their addition into the
aqueous solution.
v Morpholine and diethylamine were protonated in
acidic solutions and did not have significant filming
properties.
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