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ABSTRACT

The corrosion phenomenon in oil and gas industry is a serious issue affecting metallic structures
and pipelines. The main aggressive species flowing through oil pipelines is NaCl. The presence
of gases in the corrosive medium (CO, and H,S), increases, even more, its aggressiveness.
Usually, to mitigate corrosion, liquid inhibitors are added to the corrosive medium. In the
present study, N-hydroxyethyl-imidazoline derivatives of avocado oil was synthesized as a
green corrosion inhibitor. The test was performed on 1018 carbon steel at 5, 10, 25, 50 and
100 ppm. Electrochemical techniques as polarization curves (PC), the open circuit potential
(OCP), the lineal polarization resistance (LPR) and the electrochemical impedance
spectroscopy (EIS) were applied. The results obtained from the OCP indicates that the
inhibitor can be classified as a cathodic type one. On the one hand, PC, RPL and EIS
determined that the highest corrosion rate was obtained without the inhibitor. On the other
hand, by adding inhibitor, the corrosion resistance increased, obtaining the optimal
concentration at 10 ppm. The EIS technique in the angle phase format showed the formation
of two time constants, which indicates the inhibitor presence. Finally, the SEM analyses
showed a minor attack at 5 and 10 ppm.
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1. Introduction _ _ ) _
common practice to prevent corrosion failures associ-

Carbon steel parts in oil industry are often susceptible to
suffer corrosion damage because of the presence of
different aggressive species such as carbon dioxide
(CO,). In recent years, due to the trend of increasing
CO, injection into oil wells, preventing damage in the
hydrocarbon transporation lines has been a serious chal-
lenge. As a result, the addition of corrosion inhibitors in
the hydrocarbon production lines is currently a

ated with CO, (g) and impurities (chlorides, cyanides,
etc) (7, 2).

There are two types of corrosion inhibitors devel-
oped to prevent CO, induced corrosion; these inhibitors
are based on inorganic and organic compounds. Inor-
ganic inhibitors are mainly chromates and nitrates,
which form a film on the metal surface acting as a
barrier against corrosive species. The disadvantage of
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inorganic inhibitors is that these must be added in large
doses and sometimes they present low effectiveness.
On the other hand, organic inhibitors are added in
small doses, and as a result, the cost of investment to
inhibit corrosion is reduced. Among the different
types of organic inhibitors, imidazoline and their precur-
sors (amide) have been used successfully to prevent
corrosion (2). Oleic imidazoline inhibitors have especially
proved to be effective for protecting metallic surfaces
against corrosion. These are compounds that can be
adsorbed on the surface of the metal by the displace-
ment of water molecules, forming a protective barrier/
layer which is of an oil-like nature, avoiding free
access of corrosive agents (H,O, CI7, H" and HCO;)
and/or blocking the active sites (3, 4). The adsorption
of organic inhibitors depends on the inhibitor's molecu-
lar structure, the metal’'s surface charge and type of
electrolyte (5).

The molecular structure of imidazoline consists on a
five-membered ring, which contains two atoms of nitro-
gen (head group), a hydrocarbon chain (hydrophobic
tail) and a pendant side chain attached to one of the
nitrogen atoms. (6-8). It is well known that the adsorp-
tion of this type of inhibitors on a metal surface can
occur by either physical or chemical adsorption pro-
cesses. The chemical adsorption can be conducted by
formation of an iron-nitrogen coordinate-type bond
and by a pi-electron interaction between the pi-electron
in the head group and iron. Alternatively, the physical
adsorption is given by coulombic attraction, which
involves electrostatic attraction between the charged
metal surface and the charged molecules of the inhibi-
tor (9, 10). Some authors have mentioned that the
length of the hydrocarbon chain in the imidazoline
structure is also known for their ability to form protec-
tive films (8, 771, 12), due to the unsaturation of oil-like
tails (hydrophobic tail). This feature favors the adsorp-
tion on the metal surface by means of a flat-adsorption
process, blocking active sites and reducing the cor-
rosion process (5).

According to the above-mentioned, the aim of this
study was the synthesis of an inhibitor corrosion (N-
hydroxyethyl-imidazoline derivatives of avocado oil)
and the evaluation of its electrochemical performance.
The avocado oil is unsaturated and the predominant
fatty acid is oleic, whose amount can be up to 80% of
the total fatty acids (73). In recent years, green inhibitors
based on oleic sources have turned out to be a viable
alternative, not only for their performance, but also for
their environmental friendly nature. In the present
study, the oleic source was obtained from avocado
waste, which led to reduce the cost of inhibitor synthesis.

The fact that this inhibitor can be prepared from waste is
important because it does not affect the avocado
farming as a source of food for humans, being a good
way of developing sustainable inhibitors. In addition,
the high oil content (15-30%) that is present in the
avocado fruit (73), and the high production of this fruit
in Mexico are advantages that favor the usage of
avocado oil as an alternative to oleic sources.

2. Experimental procedure
2.1. Preparation of the inhibitor

An N-hydroxyethyl-imidazoline as inhibitor, based on
avocado oil, was synthesized in the present study. For
the synthesis of the inhibitors, avocado oil was extracted
by mechanical method (pressing) from avocado waste.
The synthesis of the amide was made by mixing N-2
(hydroxyethyl) aminoethylamine (11.99 g) and avocado
oil (30g) in a 250 ml flask in a molar ratio 3:1. Then,
this solution was stirred during 2 h at 140°C. The com-
plete formation of amide was observed by chromato-
graphy (74). Finally, fatty amide was heated at 160°C
during 12 h in vacuum, obtaining hydroxyethyl-imidazo-
line. The complete transformation was observed by
chromatography method. The inhibitors were dissolved
in 2-propanol (99.9% purity). The concentrations of
inhibitor used in this study were 5, 10, 25, 50 and
100 ppm.

2.2, Preparation of the electrochemical cell

The electrochemical cell employed in this study con-
sisted of a conventional three electrodes glass cell (stan-
dard ASTM G5). An electrode made of platinum was used
as reference electrode and a graphite rod was used as
counter electrode. The material used as working elec-
trode (WE) was 1018 carbon steel. Before the tests,
cylindrical specimens (4.55 cm length, 0.63 cm diameter)
were ground to 600 grade emery paper, then these were
first rinsed with distilled water and later by ethanol in an
ultrasonic bath for 10 min. The glass cell was filled with a
3 wt% NaCl+ 10% diesel solution, and saturated with
CO, gas bubbling prior (during 2 h) and during the test
(24 h). The temperature of the test was 50°C. For each
electrochemical test, a volume of 400 ml of fresh solution
was used.

2.3. Electrochemical measurements

The electrochemical characterization was carried out by
means of polarization curves (PC), open circuit potential



(OCP), linear polarization resistance (LPR) and electro-
chemical impedance spectroscopy (EIS). For PC
measurements, it was applied a sweep rate of 1 mV/s
in a potential range of —400 to +700 mV versus the
open circuit potential. LPR measurements were
obtained by polarizing the specimens from —20 to
+20 mV versus open-circuit potential at a sweep rate
of 1.0 mV/s, meanwhile the polarization resistance (Rp)
was measured from the slope of the potential-current
curve in the vicinity of corrosion potential (Econ). The
resistance (Rp) value obtained from the measurements
was used to determine the inhibition efficiency. The
open-circuit potential (OCP) of the working electrode
was also studied. EIS was measured in an interval of fre-
quency from 100,000 Hz to 0.01 Hz, applying an ampli-
tude of —10 to +10 mV. LPR and OCP measurements
were conducted every 60 min during 24 h. EIS measure-
ments were made at different times (1, 3, 6, 9, 12, 18
and 24 h) until 24 h. A model PC4 300 Gamry potentio-
stat was used to perform the tests. After testing, cor-
roded specimens were analyzed in an optical
microscope.

In addition, to determine the interaction between the
inhibitor and the 1018 carbon steel, a study of adsorption
isotherms was carried out using the Langmiur model. To
calculate the value of the surface coverage(6), the LPR
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results were used, assuming a uniform corrosion
process in the working electrode surface.

3. Results and discussion
3.1. Synthesis of the inhibitor

Fourier transform infrared spectroscopy (FTIR) is a
characterization technique that is ideal for studying tri-
glycerides and their reaction products as a whole (74).
Figure 1 shows the FTIR spectra of avocado oil, fatty
amide and hydroxyethyl-imidazoline. The band centered
at 3005.84 cm™' is assigned to symmetrical vibrations
with extension=C-H of alkenes located in the large
chains of the oil. The bands centered at 2924.27 cm™
and 2854.34 cm™" are assigned to asymmetric and sym-
metrical vibrations, respectively, mainly with CH, exten-
sions. The band centered at 1744.83 cm™' reflects the
absorbance of the C=0 carbonyl ester group of the tri-
glycerides or phospholipids. The rest of the bands in the
FTIR spectrum of avocado oil are located at 1461.93 cm™"
and 1377 cm™', and are attributed to C-H and CHs
flexions of the methylene group, while bands located
at 1278cm”', 123797 cm™', 116834cm™' and
1095 cm™' are attributed to the C-O extension of the
ester group in the triglyceride molecule (75). The FTIR
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Figure 1. Infrared spectra of avocado oil, fatty N-[2-[(2-hydroxyethyl) amino] ethyl]-amide (fatty amide) and hydroxyethyl-imidazoline.
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spectra of the Fatty N-[2-[(2-hydroxyethyl)amino]ethyl]-
amide derived from avocado oil (Figure 1) has a band
at 3296.81 cm™', which is assigned to the N-H of
amine. A band located at 1644.36 cm™' corresponds to
the C=0 extension of secondary amide. The band at
1554.35 cm™' corresponds to the N-H group, and the
band at 1461 cm™' corresponds to the C-N extension
of the amide (74).

Unlike the amide case, that shows two bands at
164436 y 1554.35 cm™ (16), the FTIR spectrum of imida-
zoline shows a band at 1603.07 cm~", which corresponds
to the C=N bond in the ring of imidazoline; interestingly,
this band indicates the successful transformation of the
amide to imidazoline (6, 17). The bands at
292262 cm™' and at 2853.01cm™' in the amide
spectra and the band at 292334cm™' and at
2853.67 cm™" in the imidazoline spectra correspond to
the asymmetric and symmetric vibrations of CH exten-
sion in the lipids (mainly CH,). The band at
72336 cm™' also matches the three FTIR spectra (oil,
amide, and imidazoline) that corresponds to the CH, of
methylene chains.

In addition, Figure 2 shows the 'H NMR spectrum
(300 mHz, CDs0D) used for characterize the N-hydro-
xyethyl-imidazoline derivatives of avocado oil. This spec-
trum show one peaks at 6 0.88 ppm, which is associated
with the (CHs) group. Also, it is possible to observe two
peaks at 6 2.01 ppm and & 1.58 ppm, which is related
to the protons of group (m, —CH,, 4H), while the peaks
at § 5.31 ppm and & 1.26 ppm show the protons of the
alkyl chain group of fatty acids (m, —C=CH-, 2H). On
the other hand, the peaks at 6 3.65 and 6 3.25 are associ-
ated with the protons of the imidazoline ring (m, —CH,,

S/ppm

) J //'\// J
' C /‘\/\R\/ \/ ,
D“‘7>"‘ F / / " / 1

4H). Finally, the two peaks at & 343 ppm and &
3.55 ppm are related to the protons in the pendant
group (m, —CH,, 4H) (78, 19).

3.2. Polarization curves

The polarization curves for the 1018 carbon steel elec-
trode are presented in Figure 3. In the absence of
inhibitor, the anodic branch presents an active behav-
ior, however, when reaching a potential of —291 mV,
the J.n decreased. The deceleration of the anodic
current density is due to the formation of Fe carbon-
ates films (FeCOs) on the steel surface, which is likely
partially protective since there is no passive zone.
Regarding this result, previous studies have reported
that, for prolonged exposure times, this film is not pro-
tective (20-22).

Once the inhibitor was added, the corrosion potential
of the 1018 steel electrode turned to more positive
values with respect to the same system without inhibi-
tor. On the other hand, the current density value
obtained for the 1018 steel without inhibitor
(0.06300 mA/cm?) was higher than that obtained with
inhibitor for all concentrations (see Table 1). The
lowest current density value was found after adding
10 ppm of inhibitor (0.000246 mA/cm?). The short dis-
placement of the corrosion potential (E.,,) towards
more noble potentials and the reduction in the current
density are evidence of the inhibitory effect attributed
to the adsorption of the hydroxyethyl-imidazoline on
the metal surface, forming a protective film and blocking
active sites (72, 20, 23). The addition of 10 and 100 ppm
presented the formation of passive zones at the

,CH3

Figure 2. H' NMR (300 mHz, CD;0D) spectrum for N- hydroxyethyl-imidazoline derivates of avocado oil.



Table 1. Electrochemical parameters and efficiency obtained for
the 1018 steel electrode using different concentrations of
inhibitor at 50°C.

Inhibitor Ecorr leorr B B, IE

a

(ppm) (mV/Pt) (mA/cm?) (mV/decade) (mV/decade) (%)
0 —460 0.0630 70 358 -

5 —-361 0.0288 65 212 54.2
10 —321 0.00024 58 231 99.6
25 -233 0.0058 70 182 90.7
50 -177 0.0062 56 273 90.1
100 -302 0.0060 40 212 90.4

potentials of —79 mV and —185 mV, respectively. The
improvement in the corrosion behavior of the steel in
the present study can be associated with the enhanced
properties of the passive film due to the interaction
between the molecules of inhibitor and corrosion pro-
ducts, decreasing the anodic dissolution rate of the
steel surface (9, 24).

It is worth noting that, based on the calculation of the
inhibition efficiency (IE(%)), it is observed that the
optimal concentration of inhibitor is 10 ppm, turning
out an efficiency value of 99.6% (see Table 1). The inhi-
bition efficiency (IE(%)) was determined from the
current density, calculated by the Tafel extrapolation
method, according to the following equation:

IE©9%) = [i" - i’]*1oo (1)

b

where iy, is the current density of corrosion for the system
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without inhibitor, and i; is the current density of corrosion
with the presence of inhibitor in the solution (25).

3.3. Open circuit potential (E,,)

Figure 4 presents the open circuit potential (Eop) plot
versus time for the 1018 steel electrode. In the
absence of inhibitor, the corrosion potential presents
an increase towards more positive values. Previous
studies have reported that an increase in the corrosion
potential values, towards positive ones, indicates the
formation of a passive layer (26). This fact is attributed
to the formation of a Fe carbonate layer (FeCOs) that
helps to mitigate the corrosion process (27). It is
worth mentioning that the minimum temperature
required to obtain FeCO; layer is 50°C (27). However,
after 17 h, there is a decrease in E,,, meaning that
probably the FeCOs layer increases its thickness until
17 h, and subsequently, cracks down from the steel
surface (22).

The present results reveal that the addition of the
inhibitor into the aqueous medium produces a change
in the E,, curve. Particularly, once the inhibitor was
added, the potential values decreased sharply towards
more negative potentials. This behavior indicates that
the inhibitor can be classified as a cathodic type one. It
is well known that the change in the potential values
of more than 85 mV with respect to potential that of
the system without inhibitor is associated with those
inhibitors that can be classified as anodic or cathodic
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Figure 3. Evaluation of the inhibitory effect at different concentrations (0—100 ppm) by applying polarization curves for the 1018 steel
electrode in a 3% NaCl-10% diesel solution bubbled with CO, at 50°C.
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type. If the difference between the potential values is
below 85 mV, the inhibitor is classified as a mixed-type
inhibitor (27, 28).

It is known that the dissolution of CO, in water pro-
duces carbonic acid (Equation (2)).

COz(aq) + H,0 < H2C03(aq) (2)

The H,CO3 allows to conduct the cathodic reactions that
control the corrosion process (10).

2H2CO3 + 2e” — H2 —+ ZHCO; (3)
2HCO; + 2e — 2H, + 2CO; (@)
2HT +2e” — H, (5)

Inhibitors of cathodic type are able to suppress the
cathodic corrosion reactions (Equations (3)—(5)), such as
the hydrogen evolution reaction. That is, the inhibitor
can be adsorbed on cathodic sites and competes with
the hydrogen ions, therefore, it reduces the evolution
of the H, gas (28).

3.4. Linear polarization resistance (LPR)

Figure 5 shows the linear polarization curve for the 1018
steel electrode in the presence and in the absence of
inhibitor. One can observe that the lowest polarization
resistance was obtained without inhibitor. The corrosion
process of the carbon steel in the presence of CO,
involves the anodic dissolution of iron and the cathodic
evolution of hydrogen. The main anodic reaction, in the
absence of inhibitor, is the dissolution of iron. This

—0 ppm
| —5 ppm
2200 - ~—10 ppm
[ —25 ppm
~—50 ppm
400 4 s 100 ppm

-600 -+

OCP vs Pt (mV)

-800 -

reaction is presented as follows:
Fe — Fe'™ 4+ 2e” (6)

During the corrosion process, an iron-carbonate layer
can be formed on the steel surface according to the fol-
lowing reaction:

Fet? + COL? — FeCO; 7)

When the inhibitor is added, using different concen-
trations, the corrosion resistance increased. This fact
can be linked to the formation of corrosion products
(FeCOs) and the adsorption of the inhibitor film on the
surface of the material, both layers increased the cor-
rosion resistance of the material. In addition, the satur-
ation of CO, in the electrolyte favored the adsorption
of imidazoline type inhibitors on the surface of the
material (8). After 3 h of tests, it was observed a quasi-
stable behavoir of the LPR curves of the 1018 steel elec-
trode using different concentrations of inhibitor, exe-
pecting for 10 ppm, which reached its stability after
16 h. The steady state of the corrosion process revealed
the protective nature of the inhibitor, forming a film that
can modify the properties of the metallic surface. Firstly,
the inhibitor can block active sites in short periods of
time, and subsequently, at longer periods of time, this
can produce a geometric obstruction, that is, the effect
of inhibition is originated from the reduction of the reac-
tion area of the metallic surface (20, 24). On the other
hand, the test performed without inhibitor presented
an unstable behavoir. Its worth mentioning that the
highest polarization resistance was observed at a

-1000

\
-1200
/ Addition of inhibitor
400 —4 5
0 2 4 6 8 10

12 14 16 18 20 22 24

Time (Hours)

Figure 4. Open circuit potential of a 1018 steel electrode in the absence and in the presence of inhibitor in a 3% NaCl-10% diesel

solution bubbled with CO, at 50°C.



concentration of 10 ppm. This result is in agreement with
the results obtained above in the polarization curves,
therefore, it can be deduced that 10 ppm is the
optimal concentration of inhibitor in the medium at
50°C. The inhibitory ability of the system is a function
of the adsorption of the inhibitor on the metal surface,
and this is a function of the chemical structure of the
inhibitor, the type of metal and type of medium (29). Pre-
vious studies reported that when the absorbed mol-
ecules of inhibitor exceed a certain number of atoms
on the metallic surface, being these molecules remakably
close, the electrostatic repulsion between the negative
charge of the penadant group promotes the desorption
of the inhibitor, leading to expose active sites on metal
surface and, as a result, presenting low corrosion resist-
ance (20).

Figure 6 shows the inhibition efficiency (IE(%)) calcu-
lated from the experimental polarization resistance (Rp)
data according to the following equation (5, 12):

LPR; — LPR,
— %

IE(%) =
(%) LPR,

100 8
Where LPR; is the polarization resistance with the pres-
ence of inhibitor and LPRy, is the polarization resistance
without inhibitor. The highest inhibition efficiency
(99.6%) (Table 2) was obtained at 10 ppm. It is a good
scenario to obtain high efficiencies at low concentrations
of inhibitor since the medium is not substantially
modified and the expenses associated with the addition
of inhibitor are kept low (30). These results reveal that the
inhibitor has a high affinity for the metal surface since its
adsorption on the electrode surface was relatively fast. It
is also inferred that there is a formation of a protective
film with excellent barrier properties.

3.5. Adsorption isotherm

The adsorption isotherms provide information about the
interaction between the inhibitor and the carbon steel
surface. The type of interaction is influenced by the
adsorption of the organic compounds, such as physical
adsorption and chemisorption. The type interaction
depends on the chemical structure of the inhibitor, the

Table 2. Electrochemical parameters of OCP, LPR and %lIE for the
1018 steel electrode at different concentrations of inhibitor and
at 50°C for 24 h.

Inhibitor (ppm) Eocp (MV/PY) LPR (Q-cm?) %IE
0 —571 3426 -

5 —845.1 6719.0 97.8
10 —845.1 45970.0 99.6
25 -7633 2147.0 943
50 —-883.6 2694.0 95.6
100 —-1030.7 5577.0 97.4
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type of electrolyte, the state of charge and nature of
the metal. There are different adsorption isotherm
models, such as the isotherm of Temkin, Langmuir,
Frumkin and Flory-Huggins (37). In the present study,
the Langmuir adsorption isotherm model was employed.
This model is based on assumption that each site of
metal surface have an adsorbed specie (molecule) (70).
To obtain the Langmuir isotherm, the LPR experimental
data were fitted. The degree of surface coverage (8) on
the metal by the adsorbed inhibitor can be estimated
from Equation (9).

_ %IE

=100 9

The degree of surface coverage (0) is related to the
inhibitor concentration (C) by Equation (10) (32). The
value of K,4s can be calculated from the interpretation
of the line on the Ci/6-axis (Figure 6).
0
Kags. G = —— 10
ads -/ (1 — 0) ( )
Where K,q4s is the equilibrium constant of adsorption and
is related to the standard free energy of adsorption-
(AG,.) according to the following equation (33, 34):

ads

AGly = —RTIn(1 x 107° Kaqs) a1

Where “R” is the universal constant of ideal gases, “T" is
absolute temperature and 1x 107° is the concentration
of water molecules expressed in mg/L (30). When plot-
ting C/0 versus Ci, a straight line with a slope value
close to 1 was obtained (Figure 7); on the other hand,
the correlation coefficient (R%), calculated from linear
regression analysis, had a value greater than 0.9997.
Both the slope and the correlation coefficient values
suggest that the inhibitor’s behavior obeys to the Lang-
muir model (70, 23, 30, 32). Interestingly, the AGZ,, value
was of —40 kJ/mol; this negative value suggests that the
inhibitor is spontaneously adsorbed on metal surface.
The magnitude of this value also indicates an adsorption
process carried out by chemisorption. Previous studies
associated free energy values equal or above —20 kJ/
mol with a physical adsorption process, that is, electro-
static interactions occur between the inhibitor and the
metallic surface. On the other hand, free energy values
around —40 kJ/mol or even more negative are associated
with chemisorption process, that is, the charge is shared
or transferred from organic species (corrosion inhibitor)
to the metal surface to form a coordinated type of
metal bond (30, 32). However, AG; . valules less negative
than —40 kJ/mol are also associated to physical adsorp-
tion, commonly interpreted as the formation of a film
adsorbed with an electrostatic character (35).
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3.6. Electrochemical impedance spectroscopy (EIS)

Figure 8 shows Bode plots in both the impedance
module (Figure 8(A)) and phase angle (Figure 8(B))
formats without the addition of inhibitor and for
different times. Figure 8(A) shows that the highest resist-
ance was obtained at 9h and 12h. Afterwards, a
decrease is observed, presenting the lowest resistance
at 24 h. The angle phase shows the formation of a time
constant at intermediates frequencies. Moreover, a

change in the angle phase is observed towards low fre-
quencies from 0 to 24 h. This change is associated with
the thinning and/or detachment of the protective layer
(FeCOs) formed on the steel surface (74), It is possible
that the iron carbonate layer remains on the steel
surface by short periods of time, but it can detach as
the time increases, presenting a higher corrosion rate
at longer times. This behavior is in agreement with the
result obtained in E,., plot (Figure 4) where, at 17 h,
the potential changed to active values. However,
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Figure 6. Inhibition efficiency (IE) as a function of time obtained from LPR measurements.
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another fact that can explain the present results is the
development of cracks in the oxide layer since, at 50°C,
this layer is porous and non-homogenuos, allowing
free access of corrosive species (H,O, H*, CI~ and
HCO3) (29).

Figure 9 shows the impedance plots with and without
inhibitor after 24 h of test. Interestingly, the Nyquist plot
for the system in the absence of inhibitor (Figure 9(A))
presents the formation of a semicircle, indicating that
the corrosion process occurred by charge transfer resist-
ance. In addition, at low frequencies, the formation of
one inductive loop was observed. This fact is associated
with intermediates adsorption species, such as FeOH
(27). The Bode plot, in the phase angle format, shows
the formation of one time constant, reaching an angle
around 60°; this fact indicates that FeCOs layer presented
poor protective characteristics. In fact, it is well known
that a phase angle of 90°, or closer, will have better pro-
tective characteristics. As a result, Bode plots, particularly,
the impedance module (|Z|) shows that the lowest resist-
ance was obtained for the system without inhibitor.

When the inhibitor is added, an increase in the cor-
rosion resistance of the carbon steel is presented; this
behavior is clearly observed in the impedance module |
Z| (Figure 9(B)), where the highest resistance was
obtained with the addition of 10 ppm of inhibitor. This
value is higher with respect to the value obtained
using the system without inhibitor. The highest resist-
ance can also be inferred by the increase in the

semicircle diameter of the Nyquist plot. The Nyquist
plot presented a charge transfer process, perceiving
the formation of one capacitive semicircle for all the con-
centrations evaluated. Moreover, the formation of induc-
tive loops at low frequencies was observed. This fact is
associated with an adsorption process of intermediates
and inhibitor molecules that cover the metal surface (27).

The angle phase plot shows the formation of two time
constants for all the concentrations evaluated. The pres-
ence of one time constant at high frequency (100000 Hz)
is attributed to formation of an inhibitor layer self-
assembled on the carbon steel surface (3). However,
these time constants were displaced towards the
region of intermediate frequencies with the increase of
concentration. For example, the lowest concentration
(5 and 10 ppm) of inhibitor presented the formation of
one time constant (not well defined) in the high fre-
quency region, displaying the highest phase angle
value (73°) at 10 ppm. This fact is attributed with an
increase in the thickness of the inhibitor layer formed
on carbon steel surface, resulting in an increase in their
protective ability (74). Concentrations ranging from 25
to 100 ppm presented phase angle values that
decreased and experienced a displacement towards
intermediate frequencies. Likely, this displacement is
associated with the desorption of the inhibitor layer
due to an increase in concentration. This fact was pro-
moted by electrostatic interactions among the molecules
of inhibitor. Consequently, the best performance of
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inhibitor was obtained using 10 ppm. Previous studies
have reported that the optimal concentration is a func-
tion of the packing efficiency of the molecules on the
metal surface. When the inhibitor is not concentrated
enough, there are unprotected sites, but when this is pre-
sented in excess is possible that electrostatic repulsion
force (due to interaction between the surfactant tails)
will occur, which prevent an efficient packing leaving
unprotected sites on the metal surface (3, 5). Other
authors have reported that electrostatic repulsion can
occur among the negative charges of the pendant
group, which is part of the molecular structure of the imi-
dazoline, resulting in the desorption of the molecules of
inhibitor. This fact results in the promotion of

unprotected sites, manifesting high corrosion rates (22).
Previous studies have also reported that the molecules
tend to adsorb at right angle (perpendicularly adsorb)
on the metal surface when adding high concentrations
of inhibitor because of a repellent function between mol-
ecules. As a result, unprotected sites are present on the
metal surface since the adsorption in the parallel direc-
tion can cover a larger area on the metal surface (217).
On the other hand, the phase angle plot (Figure 9(C))
shows a second time constant in the intermediate fre-
quency region. This time constant experiences a displa-
cement towards the low frequency direction when the
concentration ranges from 25 to 100 ppm. The presence
of this time constant indicates the formation and



evolution of the corrosion products layer, while the dis-
placement is associated with its thinning (3). On the con-
trary, the time constant observed for 5 and 10 ppm
moves towards a high frequency direction, which is
attributed to the adsorbed inhibitor, protecting comple-
tely the carbon steel surface.

The evolution over time of the EIS plots to the
optimal concentration (10 ppm) is presented in Figure
10. Figure 10(A) indicates a corrosion process domi-
nated by charge transfer resistance. This result shows
an increase in the semicircle diameter as elapsed time.
The Bode plot in impedance module |Z| (Figure 10(B))
shows that the highest resistance was presented at
18 h. The phase angle plot (Figure 10(C)) displays the
formation of two time constants for the different con-
centrations of inhibitor. These time constants are
located in the high and intermediate frequency
region. Interestingly, the presence of the second time
constant is notable at 3 h due to the adsorption of
inhibitor on the metal surface. The imidazoline-based
inhibitors have higher adsorption energy than water
molecules, that is, molecules of inhibitor are absorbed
preferently on the metal surface, resulting in a high cor-
rosion resistance (23).

It is worth mentioning that previous studies using imi-
dazoline-based inhibitors have observed that the
addition of diesel (oil-like part) into the corrosive solution
promotes the rapid adsorption of the inhibitors. This fact
promotes the reduction in the corrosion rate and helps
to increase the inhibition efficiency (29). The time con-
stant established at high frequencies is associated with
a film formed of inhibitor on the metallic surface, mean-
while that time constant located at low frequencies is
related to the corrosion products layer. The maximum
value of the phase angle (73°) was presented at 24 h in
the high frequency region. One can note that when
the phase angle is increased as a function of time, in
the high frequency region, it evolves towards a higher
frequency direction. The time constant formed at inter-
mediates frequencies also moves towards higher fre-
quencies. This fact indicates the effect of inhibition in
the dissolution process of iron, which is influenced by
the adsorption of the molecules and indicates the
union and self-assembly of the inhibitor film on the
surface of the metal (712, 74). The reactive sites of imida-
zoline molecules located in the imidazoline ring (head
group) favor the preferential adsorption of the imidazo-
line ring on the metal surface by the formation of coor-
dinated bonds with atoms on the metal surface (27).

The inhibition efficiency percentages were calculated
by using the resistance values of bode plot in the impe-
dance module format |Z| at 24 h (see Table 3). The results
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were obtained by using the Equation (12), where R; is the
resistance with the inhibitor and Ry is the resistance
without the inhibitor. As shown in the results of El%
obtained by LPR. The results of El% by EIS indicated
that 10 ppm is the optimal concentration.

IE(%) = @*mo (12)

3.7. Analysis by SEM

Analysis by SEM (Figure 11) show the degradation experi-
enced by the 1018 steel surface in the presence and in
the absence of inhibitor. The enhanced corrosion protec-
tion provided to the 1018 steel electrode is attributed to
the FeCOs layer formed on its surface. The formation of
this layer is a function of the limit of solubility of Fe**
and CO§* ions, that is, when the concentration of ions
is exceeded, they combine to form solid iron carbonate
films (Equation 3). These films are formed due to a pre-
cipitation process; firstly, nucleation occurs on the
metal surface, followed by the growth of the crystalline
film (36). However, there is also evidence that these
layers do not cover completely the metallic surface,
resulting in some unprotected areas and/or porous
areas between the metal and the FeCOs; crystals (37). In
this study, in the absence of the inhibitor, the formation
of a layer of FeCO5; was observed (see Figure 11). This
layer presented cracks, which likely provided free
access to the corrosive species (H,0, CI~, HY, HCO3),
resulting in its detachment, and therefore a high cor-
rosion rate.

On the other hand, the addition of the inhibitor
improved the corrosion resistance of the material. A
more homogeneous surface on the metal is observed
at 5 and 10 ppm. This is because a dense and homo-
geneous corrosion product layer was formed at these
concentrations. This fact suggests that defects on the
metallic surface were blocked (9). It is worth mentioning
that there is a good inhibitor protection on the metal
surface, because the stripes produced by the roughing
during the metallographic preparation were observed.
However, a heterogeneous metal surface at 25, 50 and
100 ppm was observed. This fact is related to the adsorp-
tion of inhibitor, which depends on number of molecules
adsorbed; that is, when molecules are too close, electro-
static repulsion can occur among them, leading to their
desorption (3). This phenomenon was explained more
in detail in Section 3.6 (EIS). Due to the presence of
unprotected sites, there will be interaction between the
aggressive species on the metal surface, leading to the
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Table 3. Electrochemical parameters of EIS resistance and %IE for
the 1018 steel electrode at different concentrations of inhibitor
and at 50°C for 24 h.

Inhibitor (ppm) EIS resistance (Q-cm?) %IE
0 3214 -

5 6820.5 95.2
10 46113.1 99.3
25 2063.3 84.4
50 3765.7 914
100 6400.5 94.9

formation of carbonates and/or Fe chlorides. It is clear
that a uniform corrosion process was carried out at all
inhibitor concentrations, observing a major attack to
25, 50 and 100 ppm.

S5 1 PRy
SR
@30 ;g@s{

2
l; A

50 ppm

4. Conclusions

In the present study, imidazoline inhibitors based on
avocado oil had a better performance compared to the
performance presented in the absence of inhibitor. Inter-
estingly, the optimal concentration was obtained at
10 ppm, resulting an efficiency of 99.6%. At higher con-
centrations, an electrostatic repulsion can affect the
adsorption of the molecules, leaving the material unpro-
tected. On the other hand, the optical analysis revealed
that saturation of CO, in the solution helped to the for-
mation of corrosion products layers, such as iron carbon-
ates (FeCOs). These layers contribute to mitigate the
corrosion process. The formation of the FeCO3 and the
adsorption of the inhibitor on the metallic surface

100 ppm

Figure 11. Surface analysis of 1018 steel after being subjected to corrosion in the absence and presence of an inhibitor in a solution of

3% NaCl-10% diesel saturated with CO, at a temperature of 50°C.



helped to improve the protection against corrosion of
the carbon steel. Therefore, one can deduce that the
tested inhibitor is suitable to protect the carbon steel
in presence of CO,, NaCl and H,0.
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