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Abstract: In production and transportation systems of the oil industry, brine solu-
tions contain high concentrations of chloride and dissolved CO2, which is a very cor-
rosive medium to which carbon steel is exposed. Therefore, finding new effective
and environmentally friendly corrosion inhibitors is of great importance. The effect
of CeCl3 (in concentrations from 5 mg dm−3 to 20 mg dm−3) and oleic acid imi-
dazoline (IOA) (in concentrations from 5 mg dm−3 to 20 mg dm−3) separately and
their mixtures (in concentrations from 5 mg dm−3 to 15 mg dm−3 of CeCl3 and from
5 mg dm−3 to 20 mg dm−3 of IOA) as corrosion inhibitors of AISI 1018 carbon steel cor-
rosion in simulated brine solution saturated with CO2 at 60 ◦C were examined by means
of weight-loss testing, electrochemical measurements (polarization resistance, linear po-
larization with Tafel extrapolation, electrochemical impedance spectroscopy) and surface
analyses (scanning electron microscopy with energy-dispersive X-ray spectroscopy analy-
ses, Raman spectroscopy and X-ray diffraction). All test methods showed a higher efficiency
of compounds′ mixtures (from 62.77% to 97.94%) and a higher degree of corrosion protec-
tion compared to the action of individual compounds (efficiency from 3.43% to 94.61% for
IOA and from 57.58% to 96.27% for CeCl3). Imidazoline, a common corrosion inhibitor in
CO2-saturated systems, most likely forms a surface film with voids via its adsorption on
steel surface, while cerium carbonate tends to fill these voids by creating a more compact
film. In this way, a denser and thicker surface film is formed.

Keywords: CO2 corrosion; corrosion inhibitor; CeCl3; oleic acid-based imidazoline;
synergism

1. Introduction
Carbon capture, utilization and storage (CCUS) is considered an effective way of

reducing CO2 emissions, and it is often used for enhanced oil recovery purposes (CO2-
EOR) [1–6]. It is known that the produced fluids are quite corrosive media (they contain oil,
water, chlorides, acids and dissolved gases) that impair the integrity and useful properties
of transportation pipelines and tubing [7–9].

In oil and gas production and transport pipelines, as well as in carbon capture storage
systems, corrosion of the inner walls of the pipes, due to the presence of CO2, results in
pipeline rupture, the loss of production and transport fluid, economic losses and ecological
disaster [10–14]. Situations are much worse when high chloride concentrations are present
as well as turbulent hydrodynamic conditions [15].

Coatings 2025, 15, 93 https://doi.org/10.3390/coatings15010093

https://doi.org/10.3390/coatings15010093
https://doi.org/10.3390/coatings15010093
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-2733-1702
https://orcid.org/0000-0002-1387-7616
https://orcid.org/0000-0002-9794-1274
https://doi.org/10.3390/coatings15010093
https://www.mdpi.com/article/10.3390/coatings15010093?type=check_update&version=2


Coatings 2025, 15, 93 2 of 29

Most pipelines for systems containing CO2 (oil and gas production, geothermal sys-
tems, carbon capture, utilization and storage systems) are made of carbon steel. Although
carbon steel is subject to corrosion in exposed conditions, the reason for its wide application
is due to its favorable metallurgical properties as well as economic profitability [16–18].

One of the oldest and most common methods of protecting metals from corrosion is
the application of corrosion inhibitors [19]. Corrosion inhibitors are defined as substances
that, added in small amounts, slow down or prevent metal corrosion [20]. In the past, the
only factor in selecting an inhibitor was its effectiveness, while its environmental impact
was neglected. In addition, it was believed that effective corrosion inhibitors could not be
environmentally friendly, and environmentally friendly compounds could not be effective
corrosion inhibitors [21].

Fortunately, nowadays, the selection and application of corrosion inhibitors has moved
from an exclusively economic aspect to taking into account environmental factors, i.e., it
is necessary to satisfy the so-called E3 concept (efficiency, economy and ecology). Before
1960, the only criterion that had to be met when choosing an inhibitor was effectiveness,
and the following were widely used: chromates, phosphates, nitrates, borates, silicates and
zinc compounds. Although extremely effective as corrosion inhibitors and economically
viable, today’s chromates (like most inorganic inhibitors) are banned for health and safety
reasons. From 1960 to 1980, the focus when choosing inhibitors was on the economic aspect;
so polyphosphates, gluconates, vanadates, molybdates, carboxylates and surface-active
chelates were used. Tannins, vitamins, natural compounds and polymers were widely used
from 1980 to 1995 when ecology was the main required property of the inhibitor. From
1995 until today, inhibitors must be environmentally friendly, which is why compounds
like rare earth metal compounds, multifunctional organic compounds, mixtures of rare
earth metals and organic/inorganic compounds and the encapsulation of inhibitors are
preferred [21,22].

Chemicals in the general sense, and thus non-ecological corrosion inhibitors, cause nu-
merous environmental problems, which is why the development of “green chemistry” that
also applies to corrosion inhibitors has occurred. “Green chemistry” refers to chemicals and
chemical processes that reduce or eliminate the negative impact on the environment since
they reduce waste products, do not contain toxic compounds and improve efficiency [23].

Scientists invest a lot of effort in finding and producing inhibitors that are both highly
effective and low in toxicity. Such inhibitors are called “environmentally friendly”, “green
inhibitors” or “environmentally acceptable inhibitors” [24,25].

In the eighties of the last century, the development of a new group of corrosion
inhibitors, salts of rare earth metals (REM), began. Their development was slow, and they
did not reach the importance of organic inhibitors despite their significant effectiveness.
Among the rare earth salts, lanthanoids stand out as effective corrosion inhibitors. Cerium,
praseodymium, neodymium, lanthanum and ytterbium ions showed very high inhibitory
effectiveness on aluminum alloys [26,27].

Small animal studies of cerium compounds have shown low toxicity, which can be
related to other lanthanides. Lanthanides are economically competitive products, and the
relative prevalence of some of them (e.g., cerium) makes them additionally acceptable. The
chemical properties of the lanthanides, for example the low solubility of their oxides and
hydroxides, make them particularly suitable for corrosion inhibition [28–31]. Excellent
corrosion inhibition is attributed to the high reactivity of rare earths. In the articles, the
formation of a protective film and the inhibition of the cathodic corrosion reaction have
been proven [32–37].

Imidazolines are a special class of corrosion inhibitors that have proven to be highly
effective, and therefore, they have a wide range of applications in protection against CO2
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corrosion. In addition to being highly effective in protecting against CO2 corrosion, they
are also available and environmentally friendly. To further improve their effectiveness,
commercial forms of imidazolines are most often mixtures of imidazolines and other
compounds, i.e., these are imidazoline derivatives [38]. Imidazoline derivatives are organic
compounds based on nitrogen that act as cationic surfactants, depending on the nature
of the hydrocarbon substituting group attached to the carbon or nitrogen atom of the
imidazole ring [39]. The imidazoline head (with free electron pairs on nitrogen atoms and
delocalized π-electrons) binds to the metal surface, while the hydrophobic tail represents a
kind of barrier against the diffusion of water ions [40]. The inhibitory effect is attributed
to physical (electrostatic interaction of the inhibitor molecule and the metal) or chemical
adsorption (sharing or transfer of electrons between the inhibitor and the metal) on the
metal surface, resulting in the formation of a protective film [39].

The examination of the synergistic effect of the compounds is carried out with the
assumption of an increase in the inhibitory effectiveness in corrosion protection, as well as
due to a reduction in the doses of chemicals [38,41–46]. The synergistic action involving
rare earth metal salts as corrosion inhibitors is rarely investigated; therefore, the aim of
this work is to examine the potentially synergistic action of rare earth salt, CeCl3 and
imidazoline based compounds.

In this work, the joint/synergistic effect of cerium chloride and imidazoline on the
corrosion of carbon steel in a simulated brine solution saturated with CO2 at 60 ◦C (which
corresponds to the average temperature of the transported fluid in the oil industry) was
tested. The inhibitory action of individual components as well as their synergistic action
was tested using the mass loss method as well as the electrochemical methods of potentiody-
namic polarization, measurement of polarization resistance and electrochemical impedance
spectroscopy. The surface analysis of carbon steel samples was examined using scanning
electron microscopy with energy-dispersive spectroscopy, X-ray diffraction and Raman
spectroscopy.

2. Materials and Methods
The tested alloy is the AISI 1018 carbon steel with the chemical composition deter-

mined via optical emission spectrometry on a GDS 850 Leco spectrophotometer, MI, USA,
and it is composed of the following (wt.%): 0.35 C, 0.35 Si, 1.09 Mn, 0.007 P, 0.024 S,
0.09 Cr, 0.07 Ni, 0.01 Mo, 0.10 Cu, <0.01 V and Fe balance. The steel has a ferrite–pearlite
microstructure, as shown in Figure 1.

The carbon steel surface area for tests using the mass loss method was 23.72 cm2, while
for electrochemical tests, the surface area exposed to the action of the tested electrolyte
was 1 cm2. Before testing, the carbon steel samples were wet sanded with a silicon carbide
abrasive paper up to 1200 grit, washed with double distilled water, degreased in 96%
ethanol and dried in a stream of air.

The tested electrolyte is composed of 800 mL of chloride–carbonate solution (synthetic
brine solution, SBS) saturated with CO2, both without and with inhibitors (individually and
in a mixture). The chloride–carbonate solution was prepared by dissolving 30.0 g dm−3

NaCl, 0.1 g dm−3 NaHCO3 and 0.1 g dm−3 CaCO3 in distilled water. The chloride–
carbonate solution was saturated with CO2 by bubbling CO2 for 1 h before the start of
the measurement and continued during the experiment. The composition of the tested
electrolyte corresponds to the composition of natural, stratified waters of oil deposits
in Croatia, except that the chloride content has been increased to carry out corrosion
tests under severe conditions. The pH value of the prepared solution was 5.3. The pH
value was measured with a Portable Waterproof pH meter HI991300, Hanna Instruments,
Bedfordshire, UK, (pH accuracy ±0.1 pH, pH range 0.0–14.0). The chemicals used for the
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preparation of simulated brine solution were analytical grade and produced by Sigma
Aldrich, Darmstadt, Germany. In the experiment, imidazoline oleic acid (IOA), produced
by Sigma Aldrich, Darmstadt, Germany, and cerium chloride, also produced by Sigma
Aldrich, Darmstadt, Germany, as corrosion inhibitors were used. The chemical structures
of imidazoline based on oleic acid and cerium chloride are shown in Figure 2.
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anhydrate.

Both tested compounds were added individually in concentrations of 5 mg dm−3,
10 mg dm−3, 15 mg dm−3 and 20 mg dm−3, while the inhibitor mixture consisted of
5 mg dm−3, 10 mg dm−3, 15 mg dm−3 or 20 mg dm−3 IOA with the addition of 5 mg dm−3,
10 mg dm−3 or 15 mg dm−3 CeCl3 to each of these concentrations. The concentrations of
individual components used in this work are arbitrary and lower than those reported in
the literature for similar test systems. The aim in selecting concentrations was to achieve
satisfactory efficacy at as low a concentration of individual components and as low a
concentration of their mixtures as possible, i.e., use the lowest possible doses of chemicals.

All measurements were carried out at a temperature of 60 ± 1 ◦C with stirring at a
speed of 300 rpm; they were repeated at least three times, and very good reproducibility of
the results was achieved (relative standard deviation was less than 5%).

2.1. Mass Loss Measurements

Tests using the mass loss method were performed in accordance with the ASTM G-1
standard. Before immersion in the tested electrolyte, the steel coupons were prepared in
the previously described manner (treated with sandpaper, washed, degreased and dried)
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and weighed on an analytical balance with an accuracy of ±0.1 mg. After 72 h of exposure
to the tested electrolytes, the coupons were taken out, and their surfaces were cleaned
with a Clarke′s solution (ASTM G 1-03 pickling solution consists of 5% stannous chloride
and 2% antimony trioxide in concentrated hydrochloric acid), washed with distilled water,
degreased with 96% ethanol, dried in a stream of air and weighed again on an analytical
balance. The chemicals used for the preparation of Clarke′s solution and the ethanol used
for degreasing were analytical grade and produced by Sigma Aldrich, Darmstadt, Germany.
All tests were performed at least four times, and very good reproducibility of the obtained
measurement results was achieved.

2.2. Electrochemical Measurements

Electrochemical corrosion tests were performed on an EG&G PAR 378 potentio-
stat/galvanostat, IL, USA, in conjunction with the Power Suite software 2.41. An electro-
chemical cell with a three-electrode system was connected to the potentiostat. The working
electrode was a sample of tested carbon steel AISI 1018, with a circular cross-section, in-
serted into the holder of the working electrode, so that the surface of the steel exposed to
the action of the electrolyte was 1 cm2. A saturated calomel electrode was used for the
reference electrode, and two graphite rods were used for the counter electrodes.

The electrochemical measurements were performed after 24 h of stabilization of the
working electrode at the open circuit potential.

Linear polarization curves in a narrow range of potential were recorded, ±10 mV in
relation to the open circuit potential with a scanning rate of 0.1660 mV s−1, from which the
polarization resistances were determined.

Potentiodynamic polarization recordings were performed in a potential range of
±250 mV in relation to the open circuit potential with a scanning rate of 0.1660 mV s−1.
Corrosion rates were calculated using the Tafel extrapolation method. The method includes
extrapolation of the linear cathodic and linear anodic parts of the polarization curve to
their intersection, which corresponds to the corrosion current and corrosion potential from
which the software calculates the corrosion rates.

Electrochemical impedance spectra were recorded at an open circuit potential, in the
frequency range from 100 kHz to ~10 mHz and an excitation signal of 5 mV. The ZSimpWin
software 3.21 was used to analyze the recorded impedance spectra.

2.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy
(EDS) Analyses

The morphology of the carbon steel surface products after 72 h of exposure to systems
with single components and their mixtures was examined by a scanning electron micro-
scope (SEM) JEOL JSM6510LV, Tokyo, Japan, while the chemical properties of the surface
products were determined via energy-dispersive X-ray spectroscopy (EDS). Analyses of
the carbon steel were performed after exposure to the system in the presence of individual
components separately at concentrations of 15 mg dm−3 CeCl3 and 15 mg dm−3 IOA and in
the presence of a mixture of 15 mg dm−3 CeCl3 and 15 mg dm−3 IOA. This combination of
the compounds was chosen because most of the test methods showed the highest inhibitory
effectiveness at precisely this concentration of the mixture. The samples analyzed were
previously sputtered with gold.

2.4. Raman Spectroscopy

The Raman spectra of the carbon steel surface corrosion products were obtained using
a Bruker Senterra II confocal Raman microscope, Karlsruhe, Germany, with a 50× long
working distance objective. Raman excitation was performed with a Torus single frequency
of 532 nm, continuous-wave laser at a laser power of 25 mW and a laser spot diameter of
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2–3 µm. Spectra were collected in the 50–4250 cm−1 wavenumber range using a grating
with 1200 lines/mm, with an acquisition time of 30 s. The calibration was automatic using
SureCAL technology, Brucker, Karlsruhe, Germany. The peak positions were obtained
using curve fitting in the Opus software (Base Package).

The samples were analyzed in their original form, without prior preparation, after
72 h of exposure to systems with single components (15 mg dm−3 CeCl3; 15 mg dm−3 IOA)
and their mixtures (of 15 mg dm−3 CeCl3 and 15 mg dm−3 IOA).

2.5. Powder X-Ray Diffraction Analysis (PXRD)

The samples of pure carbon steel AISI 1018 and those of carbon steel after 72 h of
exposure to the synthetic brine solution saturated with CO2 and with the addition of
15 mg dm−3 CeCl3 were analyzed using the powder method on a Panalytical Empyrean
diffractometer, Malvern, UK. Copper radiation (Kα 1.541874 Å) was used for the analy-
sis with the following recording conditions: U = 45 kV, I = 40 mA, scan area 3–70◦ 2Θ,
step height 0.0131◦, scan rate 0.041683◦/s, primary beam divergence 1/2◦ and PIXcel3D-
Medipix3 1 × 1 line detector. Recorded diffractograms were interpreted using the High
Score Plus 4.9 (2020) computer program, which uses the PDF-2 database.

3. Results and Discussion
3.1. Mass Loss Measurement Method

The results of tests using the mass loss method are shown in Table 1 (values of corrosion
rates, vcorr, inhibitor effectiveness, IE, for the uninhibited system and for systems in the
presence of individual compounds and their mixtures at different concentrations, γ, and
the synergistic parameter, S).

Table 1. Results obtained using the mass loss method.

System γ
(mg L−1)

vcorr
(mm year−1)

IE
(%) S

Synthetic brine solution 0 1.57 / /

IOA

5 1.02 35.03 ± 0.02

/
10 0.58 63.06 ± 0.51
15 0.49 68.79 ± 0.49
20 0.17 89.17 ± 0.92

CeCl3

5 0.53 66.24 ± 0.03

/
10 0.52 66.88 ± 0.15
15 0.53 66.24 ± 0.26
20 0.56 64.33 ± 0.18

CeCl3 + IOA

5 + 5 0.29 81.53 ± 0.90 1.17
5 + 10 0.22 85.99 ± 0.94 0.87
5 + 15 0.26 83.43 ± 0.88 0.62
5 + 20 0.14 91.08 ± 1.02 0.40

CeCl3 + IOA

10 + 5 0.13 91.72 ± 1.12 2.60
10 + 10 0.14 91.08 ± 0.98 1.37
10 + 15 0.13 91.72 ± 1.04 1.27
10 + 20 0.12 92.36 ± 1.22 0.47

CeCl3 + IOA

15 + 5 0.11 92.99 ± 1.15 3.13
15 + 10 0.08 94.90 ± 1.45 2.45
15 + 15 0.05 96.82 ± 1.86 2.76
15 + 20 0.06 96.18 ± 1.88 1.15



Coatings 2025, 15, 93 7 of 29

The corrosion rate, vcorr, was calculated according to Equation (1):

vcorr
(
mm year−1) = (m 1 − m2)

tρA
(1)

where m1 and m2 are the average mass of samples before and after exposure, respectively;
A is the surface of the carbon steel exposed to the electrolyte; t is the exposure time, and ρ

is the iron density.
The effectiveness of the inhibitor was calculated from the corrosion rates according to

Equation (2):

IE (%) =

(
v0

corr − vinh
corr

v0
corr

)
× 100 (2)

where v0
corr is the corrosion rate of carbon steel in the system without inhibitor, and vinh

corr is
the corrosion rate of carbon steel in the system with individual inhibitor or in the presence
of individual inhibitors’ mixtures.

The measured mass loss, i.e., the calculated corrosion rate of carbon steel in a chloride–
carbonate solution saturated with CO2 at 60 ◦C is vinh

corr = 1.57 mm year−1, is in accordance
with literature data [47].

The corrosion rate of carbon steel in the presence of cerium(III) chloride is lower (from
0.52 mm year−1 to 0.56 mm year−1) compared to the uninhibited system (1.57 mm year−1);
however, the corrosion rates and inhibitor effectiveness do not change significantly with
increasing CeCl3 concentration (vinh

corr from 0.52 mm year−1 to 0.56 mm year−1, i.e., IE
from 64.24% to 66.88%). The lowest corrosion rate of carbon steel, i.e., the highest ef-
fectiveness with the addition of CeCl3, was achieved at a concentration of 10 mg/L
(vcorr = 0.52 mm year−1, IE = 66.88 ± 0.15%).

The system in the presence of an imidazoline-based oleic acid inhibitor showed a
decrease in the corrosion rate (from 1.02 mm year−1 to 0.17 mm year−1) and an increase in
effectiveness (from 35.03% to 89.17%) with an increase in the concentration of the inhibitor
(from 5 mg dm−3 to 20 mg dm−3). The highest inhibitory efficiency, IE = 89.17%, was
achieved via IOA at a concentration of 20 mg/L.

The synergistic effect of the mixture of two compounds, IOA and CeCl3, as corrosion
inhibitors is expressed through a synergistic parameter, S, which is determined according
to Equation (3) [48,49]:

S =
1 − IEIOA − IECeCl3 + IEIOA·IECeCl3

1 − IEIOA+CeCl3

(3)

where IEIOA and IECeCl3 are the inhibition efficiencies of individual compounds, respec-
tively, while IEIOA+CeCl3 is the inhibition efficiency of a mixture of IOA and CeCl3. Values
of the synergistic parameter greater than one indicate a synergistic effect of the compounds,
while values less than one indicate their antagonistic action [49,50].

Mixtures of compounds IOA and CeCl3, in most of combinations, show synergistic
action (S > 1) and higher inhibitory effectiveness (from 81.53% to 96.82%) compared to
individual components (IE is from 64.24% to 66.88% for CeCl3 and from 35.03% to 89.17% for
IOA). The highest inhibitory efficiency, IE = 96.82%, was achieved at a mixture concentration
of 15 mg/dm3 CeCl3 and 15 mg/dm3 IOA.

3.2. Results of Electrochemical Measurements
3.2.1. Linear Polarization in a Narrow Range of Potential, Ecorr ± 10 mV

Figure 3 shows the values of polarization resistances, Rp, with relative standard devia-
tion (less than 5%) determined from the recorded linear polarization curves in a narrow
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potential range, Ecorr ± 10 mV, for different concentrations of individual components (CeCl3
and IOA) and their mixtures after 24 h of exposure to tested electrolyte.
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Figure 3. Polarization resistance values, Rp, with relative standard deviation, determined from
recorded linear polarization curves in a narrow potential range, Ecorr ± 10 mV, for various concentra-
tions of individual components (CeCl3 and IOA) and their mixtures.

The values of electrochemical kinetic parameters (jcorr—corrosion current den-
sity, vcorr—corrosion rate, Rp—polarization resistance, IE—inhibitory efficiency and S—
synergistic parameter) determined from linear polarization curves and recorded on the
AISI 1018 carbon steel in a narrow potential range, Ecorr ± 10 mV, after 24 h exposure to the
tested electrolyte, are shown in Table 2.

In all tested systems, in the presence of individual components, CeCl3 and IOA as
well as their mixtures, a shift in corrosion potentials in the positive direction, an increase
in polarization resistance values and a decrease in corrosion rates compared to the blank
system were observed. The efficacies of the tested compounds as corrosion inhibitors,
individually and in their mixture, were calculated from the corrosion rate values according
to Equation (2). The synergistic effect of each compound’s mixture was calculated according
to Equation (3).

In the case of IOA, an increase in polarization resistance, from 275.1 Ω cm−2 to
3555.1 Ω cm−2, with an increase in concentrations from 5 mg dm−3 to 20 mg dm−3 of IOA
is observed. The corrosion rate decreases from 1.115 mm year−1 to 0.077 mm year−1,
and the effectiveness of IOA as a corrosion inhibitor increases from 11.8% to 92.89%. IOA
achieved its highest effectiveness, 92.89%, at a concentration of 20 mg dm−3.

The values of polarization resistances, Rp, for CeCl3 show an increase (from
508.4 Ω cm−2 to 3082.9 Ω cm−2) with an increasing concentration (from 5 mg dm−3 to
20 mg dm−3). The corrosion rates range from 0.232 mm year−1 to 0.055 mm year−1, and
the effectiveness of CeCl3 as a corrosion inhibitor increases from 81.66% to 95.65%. In the
system with CeCl3 as a corrosion inhibitor, the highest efficiency, 95.65%, was achieved at
the highest concentration of the compound, 20 mg dm−3. Compared to the action of IOA
alone, CeCl3 alone shows greater effectiveness in protecting AISI 1018 carbon steel from
corrosion under the tested conditions.
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Table 2. Electrochemical kinetic parameters determined from linear polarization curves and recorded
on the AISI 1018 carbon steel after 24 h exposure to the tested electrolyte.

System γ
(mg dm−3)

Ecorr
(mV)

jcorr
(µA cm−2)

Rp
(Ω cm−2)

vcorr
(mm

year−1)

IE
(%) S

SBS 0 −718 109.0 252.9 1.265 / /

IOA

5 −709 98.86 275.1 1.115 11.86 ± 0.04

/
10 −672 24.28 1195.2 0.282 77.71 ± 0.38
15 −645 8.23 3329.8 0.096 92.41 ± 1.17
20 −644 6.34 3555.1 0.077 92.89 ± 0.95

CeCl3

5 −685 18.00 508.4 0.232 81.66 ± 0.79

/
10 −679 15.78 745.9 0.183 85.53 ± 0.53
15 −690 10.10 1577.2 0.117 90.75 ± 1.32
20 −696 4.76 3082.9 0.055 95.65 ± 0.71

CeCl3
+

IOA

5 + 5 −662 12.40 727.1 0.144 88.62 ± 0.57 1.42
5 + 10 −675 17.78 565.9 0.206 83.72 ± 1.31 0.16
5 + 15 −657 7.33 2040.9 0.085 93.28 ± 1.05 0.13
5 + 20 −656 7.10 1883.1 0.082 93.52 ± 1.30 0.04

CeCl3
+

IOA

10 + 5 −669 22.76 490.1 0.264 79.13 ± 1.44 0.61
10 + 10 −639 7.37 2085.1 0.085 93.28 ± 1.99 0.48
10 + 15 −636 3.17 5417.4 0.037 97.08 ± 1.43 0.24
10 + 20 −642 3.89 3880.9 0.045 96.44 ± 0.93 0.03

CeCl3
+

IOA

15 + 5 −658 9.29 807.4 0.108 91.46 ± 1.35 0.95
15 + 10 −648 4.73 2171.5 0.055 95.65 ± 2.03 0.47
15 + 15 −634 2.24 5975.3 0.026 97.94 ± 0.45 0.53
15 + 20 −635 3.40 5415.5 0.039 96.92 ± 0.28 0.06

Mixtures of 5 mg dm−3 CeCl3 and IOA (from 5 mg dm−3 to 20 mg dm−3) do not show
an increase in polarization resistance compared to the individual components. However,
at higher concentrations of CeCl3 (10 mg dm−3 and 15 mg dm−3) in mixtures with IOA
(5 mg dm−3, 10 mg dm−3, 15 mg dm−3 and 20 mg dm−3), an increase in polarization
resistances is observed compared to the individual components. In mixtures of 15 mg dm−3

CeCl3 added to IOA, the highest values of polarization resistance were achieved. Tests
at the highest concentrations of the tested mixtures (20 mg dm−3 IOA in a mixture with
5 mg dm−3, 10 mg dm−3 and 15 mg dm−3 CeCl3) show a decrease in resistance compared
to the values of polarization resistances achieved at previous lower concentrations. A
possible explanation is that for organic compounds, which IOA is, a critical micellar
concentration has been reached [51]. The lowest corrosion rate, 0.026 mm year−1, and
the highest inhibitory efficacy, 97.94%, were achieved in the presence of a mixture of
15 mg dm−3 CeCl3 and 15 mg dm−3 IOA. Although most combinations of CeCl3 and IOA
mixtures show better performance in corrosion protection of AISI 1018 carbon steel under
the tested conditions, compared to the individual components, a synergistic effect (S > 1)
was demonstrated only for the 5 mg dm−3 CeCl3 and 5 mg dm−3 IOA combination.

3.2.2. Potentiodynamic Polarization with Tafel Extrapolation

Polarization curves recorded on carbon steel AISI 1018 in a chloride–carbonate solution
saturated with CO2 at 60 ◦C without the addition of inhibitors, in the presence of individual
components and their mixtures, are shown in Figures 4 and 5.
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Figure 4. Polarization curves recorded on carbon steel AISI 1018 in a chloride–carbonate solution
saturated with CO2 at 60 ◦C without the addition of inhibitors and in the presence of different
concentrations of individual components. (a) CeCl3 and (b) IOA after 24 h of exposure to the tested
electrolyte.

Electrochemical kinetic parameters (jcorr—corrosion current density, vcorr—corrosion
rate, −βc and βa—cathodic and anodic Tafel slope, respectively, IE—inhibitory efficiency
and S—synergistic parameter) determined from the polarization curves are summarized
in Table 3. The inhibitory efficacies of individual compounds and their mixtures were
calculated according to Equation (2), and the synergistic effects of mixtures of compounds
were calculated according to Equation (3).

Table 3. Electrochemical kinetic parameters determined from the potentiodynamic polarization
curves recorded in a potential range of Ecorr ± 250 mV relative to the open circuit potential.

System
γ

(mg
dm−3)

Ecorr
(mV)

jcorr
(µA cm−2)

−βc
(mV

dec−1)

βa
(mV

dec−1)

vcorr
(mm

year−1)

IE
(%) S

SBS 0 −713 124.6 410.69 75.01 1.446 / /

IOA

5 −689 117.0 406.04 68.30 1.358 6.09 ± 0.01

/
10 −623 15.75 229.49 94.09 0.183 87.34 ± 0.25
15 −625 6.72 200.76 91.94 0.078 94.61 ± 0.95
20 −582 11.42 152.81 91.62 0.133 90.80 ± 0.87

CeCl3

5 −677 17.87 211.92 23.37 0.207 85.68 ± 0.56

/
10 −684 14.55 171.32 32.15 0.169 88.31 ± 0.68
15 −700 4.67 144.11 49.16 0.054 96.27 ± 0.94
20 −694 4.76 117.50 47.30 0.055 96.19 ± 1.03

CeCl3
+

IOA

5 + 5 −641 15.62 133.12 24.57 0.181 87.48 ± 0.75 1.07
5 + 10 −658 13.78 112.01 29.18 0.159 89.00 ± 0.67 0.14
5 + 15 −650 3.54 83.68 58.37 0.041 97.17 ± 1.24 0.07
5 + 20 −654 3.54 78.13 50.71 0.041 97.17 ± 1.35 0.12

CeCl3
+

IOA

10 + 5 −660 29.91 245.85 28.64 0.347 76.00 ± 0.35 0.46
10 + 10 −625 5.08 76.05 65.99 0.059 95.91 ± 0.77 0.36
10 + 15 −626 3.70 96.94 66.75 0.043 97.03 ± 0.69 0.36
10 + 20 −625 3.70 92.44 78.31 0.043 97.03 ± 0.73 0.36

CeCl3
+

IOA

15 + 5 −639 6.87 77.62 22.18 0.080 94.47 ± 1.02 0.63
15 + 10 −630 5.83 101.39 30.79 0.067 95.37 ± 1.11 0.10
15 + 15 −625 2.74 63.49 59.50 0.032 97.78 ± 0.78 0.09
15 + 20 −629 3.21 84.60 58.80 0.037 97.44 ± 0.25 0.13
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Figure 5. Polarization curves recorded on carbon steel AISI 1018 in a chloride–carbonate solution
saturated with CO2 after 24 h of exposure to the tested electrolyte at 60 ◦C without the addition
of inhibitors and in the presence of different compounds’ mixtures: (a) 5 mg dm−3 CeCl3 and
different concentrations of IOA, (b) 10 mg dm−3 CeCl3 and different concentrations of IOA and
(c) 15 mg dm−3 CeCl3 and different concentrations of IOA.

The mechanism of CO2 carbon steel corrosion has been a controversial subject for
decades. The system is very complex, involving many chemically and electrochemically
active species in an acidic CO2/H2O system. CO2 dissolves in water, which then reacts
chemically with water to form a weak carbonic acid, H2CO3, which dissociates in two
steps. In the first step, it dissociates into a hydrogen ion, H+, and a bicarbonate ion, HCO−

3 ,
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which in the second step, dissociates into a hydrogen ion, H+, and a carbonate ion, CO2−
3 ,

according to the following reactions:

CO2 (g) ↔ CO2 (aq) (4)

CO2 (ag) + H2O(l) ↔ H2CO3 (aq) (5)

H2CO3 (ag) ↔ HCO−
3 (aq) + H+

(aq) (6)

HCO−
3 (aq) ↔ CO2−

3 (aq)+H+
(aq) (7)

Water as a solvent can dissociate according to the following reaction:

H2O (aq) ↔ OH−
(aq)+H−

(aq) (8)

Under the tested conditions, the anodic corrosion reaction is the oxidation of iron from
steel according to the following reaction:

Fe(s) ↔ Fe2+
(aq) + 2e− (9)

Cathodic reactions of CO2 corrosion involve the reduction of the hydrogen ions,
H+, either directly or via other weak acids present in the system (H2CO3, HCO−

3 , H2O),
according to the following reactions [52]:

2H+
(aq) + 2e− ↔ H2 (g) (10)

2H2O (l) + 2e− ↔ 2OH−
(aq) + H2 (g) (11)

2H2CO3 (aq) + 2e− ↔ 2HCO−
3 (aq) + H2 (g) (12)

2HCO−
3 (aq) + 2e− ↔ 2CO2−

3 (aq) + H2 (g) (13)

It was found that under the test conditions analogous to those in this work, carbonic
acid affects the limiting cathodic current but has no effect on the charge transfer current.
The charge transfer current depends only on pH, indicating that hydrogen ion reduction is
the main cathodic reaction (this mechanism is called the “buffering effect”) according to
Reaction 10. The direct reduction of carbonic acid is insignificant compared to the reduction
of hydrogen ions [52,53].

The polarization curve recorded on carbon steel after 24 h of exposure to the inhibitor-
free system (black curve in Figures 4 and 5) shows cathodic corrosion currents partly
influenced by mass transfer, while the anodic polarization curves show a linear dependence
of current and potential, indicating a region of active dissolution, i.e., iron oxidation [54].

In the presence of IOA, an inhibitory effect on the cathodic and anodic process was
observed, i.e., a shift in the cathodic and anodic polarization curves towards lower val-
ues of the corrosion current density and thus lower corrosion rates. Such an inhibitory
action is more pronounced with an increase in the concentration of IOA, which is evi-
dent from the polarization curves (Figure 4) as well as the kinetic parameters contained
in Table 3. The slopes of the anodic Tafel lines in the presence of IOA change slightly
(68.30 mV dec−1–94.09 mV dec−1) compared to the value of the slope in the uninhibited
solution (75.01 mV dec−1), which points to the effect of IOA in the way that it adsorbs
on the metal surface, blocks the active sites and prevents the anodic reaction from taking
place rather than changing the mechanism of the anodic reaction [13,14,51]. The dominant
cathodic reduction reaction in the test conditions (CO2-saturated brine solution, pH ≈ 5) is
the reduction of hydrogen ions produced via the dissociation of carbonic acid. The slope of
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the cathodic Tafel line of the uninhibited system is high (410.69 mV dec−1) in electrolytes
due to the influence of diffusion of H+ ions on the cathodic reaction. In the presence of IOA,
a decrease in the slope of the cathodic Tafel line (406.04 mV dec−1–152.81 mV dec−1) is ob-
served, but it is still high, indicating the influence of diffusion on the cathodic process [15].
In the presence of IOA, the corrosion potential is shifted towards more positive values
(from −689 mV to −582 mV), which indicates a preference for inhibiting the anodic reaction
and is associated with the formation of a protective film [17,51]. At higher concentrations of
IOA (from 10 mg dm−3 to 20 mg dm−3), the corrosion potential shift in the anodic direction
is greater than 85 mV compared to the system without inhibitors, classifying it as an anodic
type of corrosion inhibitor under the tested conditions [18–23,51]. It slows down corrosion
by reducing the rate of the anodic metal dissolution process. The values of inhibitory
effectiveness, shown in Table 2, increase with the increase in IOA concentration and reach
a maximum value of 94.61% at a concentration of 15 mg dm−3, which is attributed to the
binding of imidazoline molecules to the metal surface. The structure of IOA (Figure 2a)
shows the existence of delocalized electrons in the imidazole ring as well as a free electron
pair on the nitrogen atoms. The adsorption of IOA on the surface of carbon steel AISI 1018
can be explained in the way that IOA can donate these π-electrons and free electron pairs
to the empty d-orbitals of iron [55,56].

The presence of CeCl3 causes a shift in the corrosion potential slightly in the positive
direction (from −677 mV to −699 mV) compared to the blank system (−713 mV). At all
tested CeCl3 concentrations, a displacement of the cathodic and anodic branches of the
polarization curves towards lower corrosion currents is observed. The corrosion current
densities (from 17.87 µA cm−2 to 4.67 µA cm−2) and corrosion rates (from 0.207 mm year−1

to 0.054 mm year−1) are significantly lower compared to the values recorded for the same
concentrations in the presence of IOA (from 117.0 µA cm−2 to 6.72 µA cm−2 and from
1.358 mm year−1 to 0.078 mm year−1) and the blank system (124.6µA cm−2, 1.446 mm year−1).
CeCl3 significantly reduced the slope of the cathodic Tafel line (from 211.92 mV dec−1

to 117.50 mV dec−1) compared to the blank system (410.69 mV year−1), as shown in
Figure 4 and Table 3, indicating the effect of CeCl3 on the cathodic reaction. The sustained
high slopes of the cathodic Tafel lines indicate the influence of diffusion on the cathodic
reaction [15]. The slopes of the anodic Tafel line are significantly lower (from 47.30 mV dec−1

to 23.37 mV dec−1) compared to the uninhibited system (75.01 mV dec−1), indicating an
influence of CeCl3 on the anodic corrosion reaction of ferrous oxidation. The effectiveness
of CeCl3 in protecting AISI 1018 carbon steel from corrosion increases with increasing
concentration (from 5 mg dm−3 to 15 mg dm−3). However, a deviation from this trend was
observed at the highest tested concentration (20 mg dm−3), where a slight increase in the
corrosion rate and a decrease in inhibitory efficiency, compared to values at 15 mg dm−3

CeCl3, were observed, which can be explained by the increase in chloride concentration
when adding a higher concentration of CeCl3 [33,57–59]. CeCl3 showed the behavior
of a mixed corrosion inhibitor with a predominant influence on the anodic process. The
highest inhibitory efficiency, 96.27%, was shown by CeCl3 at a concentration of 15 mg dm−3,
which potentially can be attributed to the formation of cerium carbonate under the tested
conditions [57].

The corrosion potential values for all tested compound mixtures show a shift in the
anodic direction compared to the blank system (−713 mV). The range of corrosion potential
for the compound mixtures ranges from −660 mV to −625 mV; in some mixtures, only
a negligible increase in potential (slightly above 85 mV) compared to the uninhibited
system was observed. The values of corrosion currents and corrosion rates are very low
in the presence of the compounds′ mixtures, which are already at low concentrations
of compounds. The slopes of the cathodic and anodic Tafel lines in the presence of the
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mixtures of compounds are comparable or lower to those determined in the systems
with the individual components, indicating the effect of the mixtures of compounds on
the cathodic and anodic corrosion reactions. The mixture of tested compounds blocks
the metal surface and reduces the areas available for cathodic and anodic reactions to
occur [57]. From the above results, the mixture of CeCl3 and IOA compounds showed the
activity of a mixed corrosion inhibitor with a significant effect on the anodic reaction of iron
oxidation. The highest inhibitory efficiency, 97.78%, was shown by the mixture composed of
15 mg dm−3 CeCl3 and 15 mg dm−3 IOA. Most of the mixtures of compounds did not show
synergistic action, since as individual components, they achieved high inhibitory efficiency.
Nonetheless, an enhanced corrosion protection effect was certainly noted compared to
individual compounds. Synergistic action (S = 1.07) was proven only for the combination
of the lowest concentrations of compounds: 5 mg dm−3 CeCl3 and 5 mg dm−3 IOA, with a
corresponding effectiveness of 87.48%.

At higher concentrations of individual components and their mixtures, an increase in
the slope of the anodic polarization curves, immediately after Ecorr, is observed (seen in
Figures 4 and 5), and it is attributed to the adsorption of the inhibitor onto the steel surface.
This is followed by an abrupt increase in the corrosion current density with increasing
potential, indicating the desorption of the inhibitor. The surface coverage of the adsorbed
inhibitor usually decreases with increasing potential because the adsorbed compounds
become unstable at high polarization potentials [60].

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

The phenomena at the electrolyte/carbon steel surface interface were investigated
using electrochemical impedance spectroscopy. Nyquist and Bode impedance spectra
recorded on carbon steel AISI 1018 in a chloride–carbonate solution saturated with and
without CO2 and in the presence of individual components, CeCl3 and IOA, are shown in
Figure 6, while spectra recorded in the presence of mixtures of compounds are shown in
Figures 7–9.

The recorded impedance spectra for all tested systems are matched to the equiva-
lent electrical circuit models, as shown in Figure 10. EIS parameters determined by that
matching are presented in Table 4.

Based on the presented Nyquist and Bode diagrams, the points represent the experi-
mental values, while the lines represent the values of the assumed theoretical model of the
electrical equivalent circuit. The results of matching experimental and theoretical values
show a very good agreement, with a deviation of less than 5% for each spectrum. Selected
theoretical models of electrical circuits, according to the literature, are used to interpret
impedance spectra recorded under similar conditions as those listed in this paper [52,61,62].

Three electrical equivalent circuits were used in the analysis of impedance spectra.
The circuit shown in Figure 10a was used in the analysis of spectra recorded in the blank
system, while the circuits shown in Figure 10b,c were used for spectra recorded in systems
containing individual components of CeCl3, IOA and in the presence of their mixtures.
The circuit shown in Figure 10c was used in the analysis of the recorded spectra exhibiting
an inductive loop, and the circuit shown in Figure 10b was used in the absence of an
inductive loop.
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Figure 6. Nyquist and Bode diagrams of impedance spectra recorded on AISI 1018 carbon steel in 

chloride–carbonate solution saturated with and without CO2 and in the presence of different con-

centrations of individual compounds, CeCl3 (a) and IOA (b) after 24 h of exposure to the tested 

electrolyte at 60 °C. 

Figure 6. Nyquist and Bode diagrams of impedance spectra recorded on AISI 1018 carbon steel
in chloride–carbonate solution saturated with and without CO2 and in the presence of different
concentrations of individual compounds, CeCl3 (a) and IOA (b) after 24 h of exposure to the tested
electrolyte at 60 ◦C.
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Figure 7. Nyquist and Bode diagrams of impedance spectra recorded on AISI 1018 carbon steel in
chloride–carbonate solution saturated with and without CO2 and in the presence of mixtures of
IOA (in concentrations of 5 mg dm−3, 10 mg dm−3, 15 mg dm−3 and 20 mg dm−3) and 5 mg dm−3

of CeCl3.
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Figure 8. Nyquist and Bode diagrams of impedance spectra recorded on AISI 1018 carbon steel in
chloride–carbonate solution saturated with and without CO2 and in the presence of mixtures of IOA
(in concentrations of 5 mg dm−3, 10 mg dm−3, 15 mg dm−3 and 20 mg dm−3) and 10 mg dm−3

of CeCl3.
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Figure 9. Nyquist and Bode diagrams of impedance spectra recorded on AISI 1018 carbon steel in
chloride–carbonate solution saturated with and without CO2 and in the presence of mixtures of IOA
(in concentrations of 5 mg dm−3, 10 mg dm−3, 15 mg dm−3 and 20 mg dm−3) and 15 mg dm−3

of CeCl3.
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Figure 10. Equivalent electrical circuits used for the analysis of the recorded impedance spectra of
AISI 1018 carbon steel in (a) a chloride–carbonate solution without inhibitors and (b,c) in the presence
of individual components (CeCl3 and IOA) and their mixtures.
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Table 4. EIS parameters (with chi-square distribution, χ2) determined by fitting the recorded
impedance spectra in the tested electrolytes with the assumed electrical equivalent circuit model.

System
γ

(mg
L−1)

Rel
(Ω

cm−2)

Qinh
(µS sn)

Rpo
(Ω

cm−2)
ninh

Qdl
(µS sn)

Rct
(Ω

cm−2)
n L

(Henri)

RL
(Ω

cm−2)

IE
(%) S χ2

(·10−4)

SBS 0 6.742 / / / 1463.7 332.5 0.806 / / / / 1.02

IOA

5 6.889 395.8 15.54 0.826 244.8 344.3 0.826 / / 3.43 ± 0.01

/

1.01
10 6.632 104.9 8.467 0.811 286.4 1086.0 0.779 / / 69.38 ± 0.64 2.74
15 6.364 287.6 119.7 0.749 167.9 3257.0 0.718 / / 89.79 ± 0.84 4.86
20 6.101 95.39 92.81 0.822 86.48 5203.0 0.765 / / 93.61 ± 0.56 2.61

CeCl3

5 6.593 62.64 102.5 0.892 143.5 783.89 0.968 558.5 330.9 57.58 ± 0.27

/

1,49
10 6.832 132.4 64.07 0.857 59.81 1159.7 0.794 862.8 327.8 71.33 ± 0.86 3.51
15 6.867 24.77 27.89 0.848 68.70 2035.0 0.908 803.9 314.3 83.66 ± 0.55 2.44
20 6.593 56.05 19.90 0.858 45.06 3677.6 0.947 883.1 310.5 90.96 ± 0.78 2.43

CeCl3
+

IOA

5 + 5 6.657 179.7 23.91 0.763 189.2 935.2 0.738 944.9 364.5 64.45 ± 0.06 1.15 2.24
5 + 10 6.202 169.9 22.63 0.737 172.3 1050.1 0.831 877.5 355.2 68.34 ± 0.35 0.41 4.23
5 + 15 6.688 38.06 21.98 0.747 168.1 1836.9 0.837 / / 81.90 ± 0.98 0.24 1.77
5 + 20 6.776 13.86 22.38 0.763 225.9 1829.3 0.905 / / 81.82 ± 1.12 0.15 3.69

CeCl3
+

IOA

10 + 5 6.785 91.96 9.78 0.798 191.3 893.2 0.826 952.6 372.1 62.77 ± 0.69 0.74 2.70
10 + 10 6.620 80.12 24.52 0.748 237.0 2245.1 0.782 / / 85.19 ± 0.78 0.59 1.48
10 + 15 6.618 62.67 12.99 0.735 124.6 6539.5 0.788 / / 94.92 ± 1.29 0.58 2.16
10 + 20 6.654 37.02 17.35 0.709 153.0 5836.1 0.739 / / 94.30 ± 1.32 0.32 3.12

CeCl3
+

IOA

15 + 5 6.798 169.0 18.84 0.782 178.4 1424.0 0.776 970.0 354.5 76.65 ± 1.45 0.67 1.53
15 + 10 6.986 75.95 15.40 0.765 180.9 2711.5 0.747 860.0 228.7 87.74 ± 1.39 0.41 1.17
15 + 15 6.811 33.61 40.06 0.802 180.3 5831.4 0.722 857.7 209.6 94.30 ± 1.68 0.29 5.07
15 + 20 6.359 147.8 12.22 0.703 29.32 5435.0 0.785 / / 93.88 ± 0.29 0.17 1.55

The elements of the chosen electrical equivalent circuits are as follows: electrolyte
resistance, Rel, charge transfer resistance, Rct, pore resistance of the inhibitor film, Rpo,
inductance, L, resistance of the inductance, RL, constant phase element equivalent to the
capacity of the electrochemical double layer, Qdl, and constant phase element equivalent to
the capacity of the inhibitor film, Qinh. A constant phase element, in the electric equivalent
circuit, is used instead of a capacitor because it compensates for surface inhomogeneity,
geometric irregularity, roughness, and porosity of the electrode, etc., [62,63].

The impedance of a constant phase element is calculated according to

Z =
1
Q
(jω)−n (14)

where Q is the proportionality factor; j =
√
−1, ω = 2π f and n are the dispersion coefficients

associated with surface inhomogeneity. Depending on the value of the coefficient n, the
constant phase element can be represented by a resistor (for n = 0 R = Q−1) or a capacitor
(for n = 1 C = Q). The physical meaning of coefficient n has not been fully clarified [64,65].

The inhibitory efficacy, IE, of individual compounds, CeCl3 and IOA, as well as their
mixtures was calculated according to the following equation:

IE =
Rinh

ct − R0
ct

Rinh
ct

× 100 (15)

where Rinh
ct represents the charge transfer resistance of carbon steel for the system in the

presence of individual CeCl3 and IOA compounds and their mixtures, while R0
ct represents

the charge transfer resistance for the uninhibited system.
The Nyquist diagram recorded on AISI 1018 carbon steel in a synthetic brine solution

saturated with CO2 and without an inhibitor shows the existence of one capacitive semicir-
cle, as shown in Figure 6. The Bode diagram shows the existence of a single time constant,
which indicates an active corrosion process and the formation of corrosion products that
do not possess good protective properties [66]. In the analysis of the recorded impedance
spectrum for the uninhibited system, the equivalent circuit shown in Figure 10a was used.
For similar test conditions, according to the literature, the same equivalent circuit in the
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analysis of the recorded impedance spectra is used, and by matching the recorded spectrum
with the assumed model, a very good agreement was achieved (χ2 = 1.02·10−4). Although
the recorded polarization curves for the uninhibited system (Figure 4) show the influence
of diffusion on the cathodic reaction, it is not observed in the recorded impedance spec-
trum. Therefore, the application of the model that includes the Warburg element would
result in a large error [67]. The high value of the proportionality factor Qdl = 1463.7 µS
sn is in accordance with the literature data and is consistent with the high value of the
double layer capacity in synthetic brine solutions saturated with CO2 as a result of the large
surface area available for the deposition of corrosion products. This can be explained by
the ferrite–pearlite microstructure of AISI 1018 carbon steel, where ferrite preferentially
dissolves during active corrosion processes while cementite remains, protruding from the
steel surface [62,63,68].

In the presence of CeCl3, compared to the blank system, an increase in the real and
imaginary impedance components on the Nyquist diagram (Figure 6) is observed. This
increase is in line with the increase in CeCl3 concentration, which can be attributed to the
formation of a protective film [69]. The recorded spectra show the existence of a small
inductive loop in the very-low-frequency range. The inductive loop indicates that the
adsorbed inhibitor layer becomes unstable and desorbs from the metal surface, which
enhances the relaxation adsorption–desorption processes of the inhibitor. As a result of
the destabilization of the adsorbed inhibitory layer, the anodic dissolution of the metal
increases [70,71]. In the Bode plots, there is one phase angle peak where the maximum
broadens and increases with increasing CeCl3 concentration, which can be attributed to the
formation of an inhibitor film on the carbon steel surface [66]. The impedance modulus also
increases with increasing CeCl3 concentration. Since the recorded impedance spectra in the
presence of CeCl3 show the existence of an inductive loop, the equivalent electrical circuit
shown in Figure 10c was used in the analysis. The influence of diffusion, which is visible in
the recorded polarization curves in the presence of CeCl3, is not visible in the impedance
spectra, and the equivalent circuit with the Warburg element was not used. According to
the values in Table 4, the charge transfer resistances, Rct, in the presence of CeCl3 are higher
than the charge transfer resistance for the blank system (332.5 Ω cm2), and they increase
(from 783.9 Ω cm2 to 3677.6 Ω cm2) with increasing CeCl3 concentration (from 5 mg dm−3

to 20 mg dm−3). The values of the constant phase element, Qdl, show lower values (from
143.5 µS sn to 45.06 µS sn) compared to the uninhibited system (1463.7 µS sn), indicating
the adsorption of CeCl3 on the steel surface. The inhibitory efficiency, calculated according
to Equation (15), increases (from 57.58% to 90.96%) with increasing CeCl3 concentration
and achieves the highest value, 90.96%, at 20 mg dm−3 CeCl3.

The presence of IOA in the synthetic brine solution on the recorded Nyquist diagrams
(Figure 6) is manifested through the increase in capacitive semicircles with increasing
IOA concentration. At concentrations above 5 mg dm−3 on the Nyquist diagrams, and
especially the Bode diagram, in addition to the time constant in the low-frequency range,
the appearance of a time constant in the high-frequency region is observed. The maxima
of the high-frequency phase angle peaks increase with increasing concentration as do the
impedance modules. All the above indicates the formation of an inhibitory film of IOA
on the steel surface [39,66]. The electrical equivalent circuit shown in Figure 10b was
used in the analysis of the recorded impedance spectra, and a very good agreement was
achieved (χ2 = 1.01·10−4–4.86·10−4). The analysis results, contained in Table 4, show an
increase in charge transfer resistance (from 344.3 Ω cm2 to 5203.0 Ω cm2) with increasing
IOA concentration (from 5 mg dm−3 to 20 mg dm−3), which indicates the protective effect
of the inhibitor film against carbon steel corrosion under the tested conditions. Lower
Qdl values (from 286.4 µS sn to 86.48 µS sn) compared to the blank system (1463.7 µS sn)
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indicate the adsorption of IOA onto the carbon steel surface. The decrease in the double
layer capacitance, i.e., Qdl, can be explained (via the Helmholtz model) by the replacement
of water molecules (high dielectric constant) on the steel surface with inhibitor molecules
(low dielectric constant). Another explanation is the increase in the double layer thickness
due to the adsorption of larger organic inhibitor molecules on the steel surface, which
results in a decrease in the double layer capacitance [72,73]. The effectiveness of IOA as
a corrosion inhibitor increases with increasing concentration (from 3.43% to 93.61%) and
shows the highest effectiveness, 93.6%, at a concentration of 20 mg dm−3.

The impedance spectra (Nyquist and Bode plots) recorded for mixtures of CeCl3 and
IOA compounds are shown in Figures 7–9, while the results of the fitting with equivalent
electrical circuits (shown in Figure 10b,c) are contained in Table 4. The recorded impedance
spectra in the presence of compound mixtures, in some combinations of concentrations,
show the existence of an inductive loop. For them, the best fitting is achieved with the model
shown in Figure 10c. For those combinations of compound mixtures, whose spectra do not
show the existence of an inductive loop, the best fitting is achieved with the equivalent
circuit model shown in Figure 10b. For all tested combinations of CeCl3 and IOA mixtures,
a single capacitive semicircle is observed in the Nyquist plots in the high- and medium-
frequency range, and for some tested mixtures, an inductive loop is observed in the
low-frequency range. The irregular shape of the semicircle is an indicator of the impedance
frequency dispersion at the interface and a characteristic of the inhomogeneity of the
carbon steel surface [74,75]. In the presence of compound mixtures, the Bode plots show
the appearance of phase angle peaks in the low- and high-frequency range. The phase
angle maxima in the low-frequency range are higher and more extended compared to the
blank system, while the phase angle maxima in the high-frequency range increase and shift
to the higher frequency range with increasing compound mixture concentrations. All this
indicates that the tested compound mixtures form an inhibitory film on the steel surface [39].
The recorded impedance spectra for the compound mixtures are like those for IOA but
with a more prominent inhibitory effect, especially with the addition of 10 mg dm−3 and
15 mg dm−3 CeCl3 to IOA. The influence of CeCl3 on the improved inhibitory action of
IOA is more pronounced when adding CeCl3 in higher concentrations, specifically at 10 mg
dm−3 and 15 mg dm−3. Table 4. shows that with an increase in the concentration of CeCl3
(from 5 mg dm−3 to 15 mg dm−3) added to IOA (from 5 mg dm−3 to 20 mg dm−3), high
values of charge transfer resistances are achieved (from 893.2 Ω cm2 to 6539.5 Ω cm2). The
mixture of 10 mg dm−3 CeCl3 and 15 mg dm−3 IOA showed the highest charge transfer
resistance, 6539.5 Ω cm2, and the highest inhibitory efficiency, 94.92%. The Qdl values in the
presence of the compound mixtures are lower than the Qdl values for the blank system and
comparable or in some cases even lower than the Qdl values for the system in the presence
of IOA. Thus, in the presence of the compound mixtures, a protective layer is formed
on the surface of the carbon steel that has better protective properties compared to the
system in the presence of a single IOA. Although the synergistic effect of the compounds
CeCl3 and IOA (S > 1) was proven only in the case of the lowest concentrations of the
compounds, 5 mg dm−3 and 5 mg dm−3, at higher concentrations of CeCl3 (10 mg dm−3

and 15 mg dm−3), the effect of the compound mixtures in corrosion protection is clearly
enhanced. The addition of CeCl3 at concentrations of 10 mg dm−3 and 15 mg dm−3 to
IOA caused higher inhibitory efficacy (from 67.77% to 94.92%) compared to the single IOA
(from 3.43% to 93.61%).

3.3. Carbon Steel Surface Morphology

Most methods used for testing the effect of CeCl3 addition to IOA on inhibitory
activity showed the best effect for the mixture of 15 mg dm−3 CeCl3 and 15 mg dm−3
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IOA. Therefore, this mixture of compounds was chosen for surface analysis, as well as the
concentrations of the individual compounds. Figure 11 shows SEM images of the surfaces
of AISI 1018 carbon steel after 72 h of exposure to a CO2-saturated brine solution in the
presence of individual compounds of 15 mg dm−3 CeCl3 (a), 15 mg dm−3 IOA (b) and their
mixtures (c). The corresponding EDS mapping analysis of elements on the carbon steel
surface is shown in Figure 12.
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A SEM image of the carbon steel surface after 72 h of exposure to the synthetic brine
solution saturated with CO2 in the presence of 15 mg dm−3 CeCl3 (Figure 11a) shows a
porous and non-compact surface film. Such a surface is in accordance with the results
obtained via the mass loss method (where the exposure to the tested electrolyte also lasts
72 h), whereby in the presence of CeCl3, an inhibitory efficiency of 64.24% to 66.88% is
achieved. EDS analysis and element mapping (Figure 12a) suggest that the formed thin
film is a Ce-O-C compound, which according to XRD analysis (Figure 13), corresponds
to cerium carbonate, Ce2(CO3)3. The Raman spectrum for the system in the presence of
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15 mg dm−3 CeCl3 (Figure 14a) suggests the existence of a symmetric stretching mode of
the Ce–O vibrational unit at 454 cm−1 [76].
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The formation of rare earth carbonates in CO2 aqueous systems, with available CO2−
3

ions, is thermodynamically favorable. The mechanism of formation corresponds to the pro-
cess of capturing dissolved CO2 near the metal surface, thereby reducing the corrosiveness
of the medium [77–79]. The formation of cerium carbonate, Ce2(CO3)3, can be explained
using the following reactions:

CeCl3 (s) → Ce3+
(aq) + 3Cl−(aq) (16)

2Ce3+
(aq) + 3CO2−

3 (aq) → Ce2(CO3)3 (s) (17)
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The carbonate anion comes from the dissociation of carbonic acid formed according
to Equation (5). The dissociation of diprotic carbonic acid occurs in two steps. The first
step (Equation (6)) is fast, while the second step (Equation (7)) is slower and occurs at ap-
proximately neutral pH. Therefore, it is assumed that the precipitation of cerium carbonate
is analogous to the precipitation of iron carbonate in an acidic medium according to the
following reactions [77,80]:

2Ce3+
(aq) + 3HCO−

3 (aq) → Ce2(HCO3)3 (s) (18)

Ce2(HCO3)3 (s) → Ce2(CO3)3 (s) + 3H+
(aq). (19)

A SEM image of the carbon steel surface after 72 h of exposure to the synthetic brine
solution saturated with CO2 in the presence of 15 mg dm−3 IOA (Figure 11b) shows a
denser film compared to the surface layer in the presence of CeCl3. However, voids are
observed, indicating that the layer does not have fully protective corrosion properties.
The adsorption of imidazoline on the steel surface can be physical or chemical. In its
molecular structure (Figure 2a), imidazoline has a heterocyclic ring with a double covalent
bond (π-delocalized electrons) as well as free electron pairs on nitrogen atoms. These are
also active sites through which IOA can be attached to the steel surface. In the case of
chemisorption, it achieves a coordinative type of covalent bond in which it fills the empty
d-orbitals of iron with its electrons, while in physical adsorption, an electrostatic interaction
is achieved between the negatively charged part of the IOA molecule (π-electrons or free
electron pairs on nitrogen) and the positively charged surface of the metal. Also, the
hydrophobic hydrocarbon chain on the ring of the IOA molecule hinders the interaction of
water molecules with the steel surface [40,81]. Adsorption through the active sites of the
IOA molecule is confirmed by EDS element mapping (Figure 12b) and recorded Raman
spectrum (Figure 14b). The Raman spectrum for pure IOA is shown in Figure 14b. The
band at 1354 cm−1 corresponds to C-N stretching, while the band at 1583 cm−1 corresponds
to N=C stretching in the heteroatomic ring [82,83]. The broad peak around 3400 cm−1

represents the asymmetric O-H stretching region for water [84].
The SEM image of the steel surface after exposure to a mixture of CeCl3 and IOA

(Figure 11c) shows the existence of a dense and compact surface film. Low corrosion
rates and high inhibitory effectiveness determined via the mass loss method after 72 h
of exposure to a mixture of 15 mg dm−3 IOA and 15 mg dm−3 CeCl3 prove that the film
created in that time period has good protective properties. The Raman spectrum of the
steel surface after exposure to the mixture of compounds (Figure 15) shows the existence
of bands at around 1200 cm−1 and 500 cm−1, which correspond to C-N stretching and
Ce-O stretching, respectively [76,82,83]. The small shift in stretching modes compared to
individual components is a consequence of the interaction of components adsorbed on
the electrode surface. The improved/synergistic effect of the mixture of compounds and
carbon steel surface layer after exposure to mixture can be explained by the pore plugging
effect of cerium carbonate [85,86]. Cerium carbonate fills the pores of the IOA adsorbed
film and makes the surface film more compact and with better protective properties.

Surface analyses showed the existence of protective films on the surface of carbon steel
after 72 h of exposure to the system in the presence of individual components, CeCl3 and
IOA, as well as their mixtures. However, the protective properties of the film formed in the
presence of compound mixtures are much better, as confirmed by the results obtained via
the mass loss method. Electrochemical tests show high inhibitory efficiencies of individual
compounds; however, since they were carried out after 24 h of exposure to the tested
electrolytes, it is possible that their efficiency decreases with time. The mass loss test
lasted for 72 h, after which the achieved inhibitory efficacies of the tested individual
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compounds, CeCl3 and IOA, were significantly lower compared to the values obtained via
electrochemical methods. The protective properties of the inhibitory layers of individual
compounds decrease with time, possibly due to the desorption of the adsorbed inhibitor.
Furthermore, the mixture of compounds showed synergistic action and better corrosion
protection (lower corrosion rates and higher inhibitory efficacies) than the individual
compounds. Cerium, as well as other rare earth elements, in combination with other
compounds/coatings, is known for its so-called self-healing properties that depend on pH
value and time [87,88]. Obviously, with longer exposure time, the porosity of the primary
inhibitor film formed by IOA decreases, since the pores are filled with cerium carbonate.
Such a layer is more compact and protects better against corrosion, but it is probably formed
over a longer period (certainly more than 24 h).
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4. Conclusions
Based on the test results, for the sake of simplicity of this review, Table 5 shows the

concentrations of individual components as well as the concentrations of the compound
mixtures, where they achieve the lowest corrosion rates, vcorr, and the highest inhibitory
efficacy, IE, (divided by test methods).

Table 5. Selected concentrations of individual components and their mixtures with the corresponding
lowest corrosion rates and highest inhibitory efficiencies proven via individual testing methods.

Mass Loss Method Linear Polarization Potentiodynamic Polarization EIS *

System
γ

(mg
dm−3)

vcorr
(mm

year−1)

IE
(%)

γ
(mg

dm−3)

vcorr
(mm

year−1)

IE
(%)

γ
(mg

dm−3)

vcorr
(mm

year−1)

IE
(%)

γ
(mg

dm−3)

IE
(%)

SBS 0 1.57 / 0 1.27 / 0 1.45 / 0 /
IOA 20 0.17 89.17 20 0.08 92.89 15 0.08 94.61 20 93.61

CeCl3 10 0.52 66.88 20 0.06 95.65 15 0.05 96.27 20 90.96
CeCl3 + IOA 15 + 15 0.05 96.82 15 + 15 0.03 97.94 15 + 15 0.03 97.78 10 + 15 94.92

* The EIS method does not determine the corrosion rate.
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• Mixtures of tested compounds, IOA and CeCl3, showed mainly enhanced activity in
corrosion protection compared to individual activity;

• Most of test methods showed that the mixture of compounds of 15 mg dm−3 IOA and
15 mg dm−3 CeCl3 achieved the lowest corrosion rate (0.03 mm year−1–0.05 mm year−1)
and the highest inhibitory efficiency (94.92%–97.94%);

• IOA can be categorized as an anodic corrosion inhibitor, while CeCl3 and the mixture
of CeCl3 and IOA act as mixed corrosion inhibitors with a predominant influence on
the anodic process;

• The inhibitory effect of individual components and their mixtures is realized by the
formation of a protective film on the steel surface: IOA by its physical/chemical
adsorption on the steel surface and CeCl3 by the formation of a protective layer of
cerium carbonate, while the mixture of IOA and CeCl3 creates a porous layer of
adsorbed IOA, with cerium carbonate filling these pores;

• The results obtained via the mass loss method and surface analysis can be considered
more reliable compared to electrochemical tests since they provide information about
the effectiveness and synergy of the compounds over a longer period (72 h) compared
to electrochemical tests (24 h);

• According to results obtained via the mass loss method and surface analysis, the
effectiveness of individual components decreases with time, but the effectiveness of
mixtures of compounds is stable and high, and their synergistic action was determined;

• To gain a better insight into the inhibitory effect of the tested compounds and their
synergy, electrochemical tests will be conducted in the future over a longer period;
measurements will be carried out at different temperatures, and the nature of the
adsorption of individual compounds and their mixtures will be determined.
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analysis, T.B., G.B., K.Ž. and H.O.Ć.; Investigation, T.B.; Resources, G.B. and T.B.; Writing—original
draft preparation, T.B. and G.B.; Writing—review and editing, T.B., G.B., K.Ž. and H.O.Ć.; Visualiza-
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