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Abstract The inhibition and adsorption behavior of 2-
undecyl-1-sodium ethanoate-imidazoline salt (2M2) and
thiourea (TU) on N80 mild steel in CO2-saturated 3 wt.%
NaCl solutions was studied at 25°C, pH 4, and 1 bar CO2

partial pressure using electrochemical methods. It was found
that inhibition efficiency (η%) increased with increase in
2M2 concentration but decreased with increase in TU
concentration with optimum η% value at 20 mg l−1 TU.
The data suggest that the compounds functioned via a
mixed-inhibitor mechanism. The inhibition process is attrib-
uted to the formation of an adsorbed film of 2M2 and TU via
the inhibitors polycentric adsorption sites on the metal
surface which protects the metal against corrosion. A
synergistic effect was observed between TU and 2M2.
Potential of unpolarizability, Eu, was observed in the
presence of 100 mg l−1 TU which was shifted positively in
the presence of 2M2–100 mg l–1 TU blends, which suggests

that the presence of 2M2 stabilized the adsorption of TU
molecules on the surface of the metal. The adsorption
characteristics of 2M2 were approximated by Langmuir
adsorption isotherm.

Keywords Adsorption . CO2 corrosion . Imidazoline .

Mild steel . Synergism . Thiourea

Introduction

Corrosion of metal in CO2-saturated solutions is a complex
process due to the variety of corrosion active species present
in the solution and has been widely investigated [1–7] and
recognized as a major factor in the degradation of oil and gas
pipelines. To reduce the aggressiveness of CO2-saturated
solutions, inhibitors are used and acknowledged to be the
most cost-effective and flexible means of corrosion control in
the oil and gas production industry [8–11]. One class of
inhibitor which has proven to be most effective in CO2-
saturated systems and widely applied for protecting CO2

corrosion of oil and gas pipelines is the imidazolines [10–
17]. This is probably due to their effectiveness, availability,
and environmental friendliness. In order to further improve
the performance of imidazolines as inhibitor of CO2

corrosion, commercial inhibitor formulations usually consist
of its mixtures with other compounds [18].

One organic compound which is a component of some
commercial inhibitor formulations for acid media is thiourea
(TU). The use of TU as corrosion inhibitor of metals in acid
media goes as far back as 1946 [19] and has attracted lots of
researchers into investigating its effects and mechanism on
the corrosion of metals, owing to its strong adsorbability and
its consequent influence on the interfacial characteristics
[20–26]. TU is reported to have a narrow inhibition
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concentration range in acid media, beyond which it turns into
a corrosion accelerator [20–22]. This concentration range is
reported to be temperature and pH dependent [21, 22]. Until
recently [27], the use of TU as corrosion inhibitor in CO2-
saturated solutions has not been published in the open
literatures even though commercial formulations are com-
posed of it. This is probably due to the variety of the
complex dynamic phenomena surrounding TU chemistry
[28] which makes its inhibition mechanism very poorly
understood, especially in complex CO2-saturated systems.

It is an established fact that the inhibiting action of organic
molecules is due to the adsorption of the additive on the
metal/solution interface which may lead to a structural
modification in the electric double layer with subsequent
reduction in the rates of the anodic as well as the cathodic
electrochemical reactions, and that the molecular structure,
and more especially the functional group of the inhibiting
molecules has a large influence on corrosion inhibition
mechanism [29]. This adsorption phenomenon could occur
via electrostatic attraction between the charged metal and
the charged inhibitor molecules, dipole-type interaction
between unshared electron pairs in the inhibitor with the
metal, pi-interaction with the metal, and a combination of
all of the above processes [29–31]. However, the mutual
effects of two different organic compounds having two
different functional groups, which may influence the
adsorption characteristics and consequently the corrosion
mechanism has not been properly documented.

In continuation of an extensive project being carried out
in our laboratories on the inhibitive properties of imidazo-
line derivatives in CO2-saturated NaCl solutions under
various experimental conditions, we present here the
adsorption and inhibition mechanism of an imidazoline
salt, 2-undecyl-1-sodium ethanoate-imidazoline salt (2M2)
containing both >C=O and >N– functional groups (Fig. 1a),
and its synergistic behavior with thiourea, a thiocarbonyl
compound containing >N– and >C=S functional groups
(Fig. 1b), on N80 mild steel in CO2-saturated 3% NaCl
solutions using electrochemical techniques. The techniques
are well suited for in situ monitoring of electrochemical
processes in the metal/solution interface from which the
adsorption as well as corrosion inhibition mechanism can
be deduced. The surface morphological changes on the
corroding steel surface were observed using scanning
electron microscope (SEM).

Experimental

Materials preparation

N80 carbon steel cut from its parent pipe was used as the
test material for these experiments and has the chemical

composition shown in Table 1. The steel sheet was cut into
coupons of dimension 1×1×0.8 cm. The coupons were
degreased with acetone in an ultrasonic water bath for about
10 min, air dried, embedded in two-component epoxy resin,
and mounted in a PVC holder. A copper wire was soldered
to the rear side of the coupon as an electrical connection.
The exposed surface of the electrode (of area 1 cm2) was
wet polished with silicon carbide abrasive paper up to 800
grits, rinsed with ethanol, placed in an ultrasonic acetone
bath for about 5 min to remove possible residue of
polishing and air dried. This was used as the working
electrode during the electrochemical test.

The test media was 3 wt.% NaCl solution saturated with
carbon dioxide gas at atmospheric pressure by continuous
purging with carbon dioxide. The gas exit was sealed with
distilled water. When needed, sodium bicarbonate
(NaHCO3), was added to adjust the pH. The temperature
was maintained at 25±1°C in all the experiments by
placing the cell on a thermostated water bath. The pH was
monitored with PB-10 Sartorius pH/temperature (°C) meter
(with accuracy of ±0.01) that was carefully calibrated with
two buffer solution (pH 4 and 7). Electrochemical measure-
ments were made using a PARSTAT® 2273 electrochemical
measurement system connected to a computer. All chem-
icals used were of analar grade.

Experimental procedure

Experiments were conducted in a three-electrode 1,000-ml
glass cell setup with the counter electrode made of a
platinum foil and the reference electrode being a saturated
calomel electrode (SCE) connected to the cell externally
through a Luggin capillary tube positioned close to the
working electrode (N80 carbon steel) by 3 mm apart to
minimize the ohmic potential drop.
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Fig. 1 Three-dimensional structure of a 2-undecyl-1-sodium
ethanoate-imidazoline salt (2M2) and b thiourea
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The glass cell was filled with 750 ml of the test solution,
de-aerated and saturated with carbon dioxide. The free
corrosion potential was followed immediately after immersion
until the potential stabilized within ±1 mV. Linear polarization
resistance (LPR) measurements were taken at ±5 mV around
the corrosion potential, by using a potentiodynamic scan at
0.1 mV s−1 followed by EIS measurements over the
frequency range of 100 kHz to 10 mHz with a signal
amplitude perturbation of 5 mV. The potentiodynamic
polarization sweeps were conducted at a sweep rate of
0.2 mV s−1. The solution and metal coupon were changed
after each sweeps. All experiments were conducted at pH 4
to ascertain a uniform concentration of the corrosive carbonic
species. For each experimental condition, two to three
measurements were performed to estimate the repeatability.
The repeatability was quite good, and the changes observed
in the results reflect influences of various parameters beyond
the experimental error.

Results and discussion

Inhibition by imidazoline (2M2)

Electrochemical impedance measurements

The impedance plot for N80 carbon steel in 3% NaCl
solutions in the absence and presence of 2M2 at pH 4 and
25°C is illustrated as Nyquist plots in Fig. 2. All the EIS
plots have a depressed semicircle at high frequencies with
center under the real axis, which is the characteristic for
solid electrodes and has been attributed to roughness and
other inhomogeneties of the electrode [32, 33]. The high-
frequency capacitive loop is attributed to the double layer
capacity in parallel with the charge-transfer resistance (Rct).
Though it is probably a composite value representing
dissolution of the iron and other alloying elements, it is
governed by the dissolution of iron since iron is the major
component of the alloy and iron is a highly active metal in
acidic media [34].

In the absence of the inhibitor (Fig. 2 inset), the
impedance spectrum is characterized by a low-frequency
inductive loop. The inductive loop is ascribed to the
adsorption of species exhibiting negative change in the
surface coverage with potential [34, 35] on the surface of
the metal. As the 2M2 is added into the system, the
inductive loop is transformed into an oblique line (of about
45°) at the low frequency; a typical feature of Warburg

impedance. The Warburg impedance is an indication of
diffusion control as species transfer through surface film or
mass transport through the electrolyte. A closer look at the
curves also shows an indication of a capacitive loop at low
frequency in the presence of 2M2.

Two apparent characteristics are observed on the
impedance spectra in Fig. 2 on addition of 2M2. Firstly,
the high-frequency capacitive loop increases with increase
in 2M2 concentration. The appreciation of the impedance
can be ascribed to the inhibition of the iron dissolution
process due to the adsorption of 2M2 molecules on the
iron surface. Secondly, the low-frequency capacitive loop/
Warburg impedance increases in length with increase in
2M2 concentration. This is assumed to be due to another
factor that affects the corrosion process. This factor is also
dependent on the 2M2 concentration.

The impedance data were analyzed using the equivalent
circuit (EC) models shown in Fig. 3. The circuit comprises
of a hierarchical arrangement consisting of two stacked
resistance-constant phase element pairs. Rs represents the
solution resistance, Q1 and Q2 represent the constant phase
element (CPE), Rct the charge-transfer resistance, and Ra the
equivalent resistance. In the absence of inhibitor (blank), a
negative resistance and capacitance CPE were used to
represent the arcs with an inductive character, since it is
more difficult from a physical view point to justify the use
of very high inductance. This is in accordance with
Macdonald’s approach [34, 36]. Warburg impedance (W)
was incorporated within the equivalent circuit (Fig. 3b) to
model the low frequency response observed in the presence
of the inhibitor.

In order to account for the roughness and inhomogene-
ities of the solid electrode [37–39] and the frequency

Fig. 2 Nyquist plots for N80 carbon steel in CO2-saturated 3% NaCl
solutions containing 2M2 at pH 4 and 25°C. Inset Blank and
20 mg l−1 2M2

Element C Si Mn P S Al Cu Nb Ni

Composition (wt.%) 0.52 0.23 1.50 0.011 0.008 0.01 0.07 <0.005 0.02

Table 1 Chemical composition
of the N80 carbon steel
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independent phase shift between an applied AC potential
and its current response [40], the capacitance in the ECs is
substituted by an empirical constant phase element. The
CPE has been extensively described in the literature [41–
43]. The impedance, Z, of the CPE is defined as:

ZCPE ¼ Yo
�1 jwð Þ�n ð1Þ

where Yo and n are the CPE constant and exponent
respectively, ω is the angular frequency in rad s−1 (ω=
2πf) and j2=−1 an imaginary number. The characteristic
frequencies fmax were obtained from the semicircles
maxima and used to calculate the associated capacitance
(C) from the equation [44]:

C ¼ Yo 2pfmaxð Þn�1 ð2Þ

The fitting Nyquist plots deduced from the experimental
and simulated data, shown in Fig. 4, show that the fitting
results are in good agreements with the experimental data.

In accordance with the EC given in Fig. 3b, the
polarization resistance (Rp) is given as:

Rp ¼ Rct þ Ra ð3Þ

where Ra is the equivalent resistance. The Rp derived from
the Nyquist plots are given in Table 2. The values were
found to increase with increase in 2M2 concentration
indicating inhibition of the corrosion process. The Rp

values measured from the LPR technique, also shown in
Table 2 are in good agreement with the determined Rp

values from the impedance plots.

From the polarization resistance values, the inhibition
efficiency (η%) values were determined from the equation:

h% ¼ Rp inhð Þ � Rp

Rp inhð Þ
� 100 ð4Þ

where Rp and Rp(inh) are the uninhibited and inhibited
polarization resistance, respectively. The inhibition efficien-
cy was found to increase with increase in 2M2 concentra-
tion and the maximum inhibition efficiency (of about
94.2%) was obtained at 400 mg l−1 2M2. The inhibition
efficiency values obtained for the EIS and LPR methods are
in good agreement.

Potentiodynamic polarization measurements

Figure 5 shows the potentiodynamic polarization curves
of N80 mild steel electrodes in CO2-saturated 3% NaCl
solutions containing different concentrations of 2M2. The
corresponding corrosion potential (Ecorr) and corrosion
current density (icorr) are listed in Table 2. With the
increase of 2M2 concentration, both the anodic and
cathodic currents were inhibited. Based on this result,
2M2 is considered as a mixed-type inhibitor. Meaning that
it reduces the anodic dissolution of the mild steel and also
retards the cathodic reactions. Concerning the anodic
region in relation to the zero current density potential,
there is no evidence of passive film formation onto the
electrode surface either in the presence or in the absence
of the inhibitor. However, an anodic displacement of the
corrosion potential (Ecorr) and a decrease in the corrosion
current density (icorr) with increase in 2M2 concentration
were also observed. This indicates the inhibiting effect of
2M2 on the mild steel corrosion which can be related to its
adsorption on the steel surface blocking active sites.

A closer observation of the polarization curves in Fig. 5
reveals two linear portions on the anodic polarization
curves at 2M2 concentration ≥50 mg l−1. This behavior
indicated that the anodic reaction in the presence of 2M2
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Fig. 4 Simulated and experimentally generated impedance diagrams
for N80 mild steel in CO2-saturated 3% NaCl solutions in the absence
(blank) and presence of 100 mg l−1 2M2 at pH 4 and 25°C

Fig. 3 The electrochemical equivalent circuit used for simulation of
impedance data of N80 mild steel electrodes in a uninhibited and b
inhibited CO2-saturated 3% NaCl solutions
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exhibits different characteristics at different potentials. At
low potentials, the dissolution rate is dependent on the
concentration of adsorbed 2M2 molecules. Increase in the
potentials leads to desorption of the adsorbed 2M2
molecules. At a given potential, which is dependent on
the concentration of 2M2 molecules, the dissolution rate is
under control by the same species determining the reaction
rate in the absence of inhibitor (blank). This observation is
clearly seen and discussed more in the presence of
inhibitor blends (2M2–TU).

From the calculated values of icorr, the inhibition
efficiency (η%) of 2M2 was calculated from the following
equation:

h% ¼ iocorr � icorr
iocorr

� 100 ð5Þ

where iocorr and icorr are the uninhibited and inhibited
corrosion current densities, respectively. The results
obtained are as shown in Table 2. It can be seen that 2M2
inhibits the corrosion of N80 carbon steel to an appreciable
extent and that the extent of inhibition is dependent on the
inhibitor concentration. This is consistent with the EIS and
LPR results.

Adsorption behavior

Figure 6 shows the adsorption curve for 2M2 on N80 mild
steel in CO2-saturated 3% NaCl solutions at 25°C. The plot
is characterized by an initial steeply rising part indicating
the formation of a monolayer adsorbate film on the mild
steel surface [45, 46] and as more inhibitor molecules
become adsorbed at higher concentration, the adsorption
rate is reduced. From a theoretical standpoint, the inhibition
action of organic molecules has been regarded as a simple
substitution process, in which an inhibitor molecule (I) in
the aqueous phase substitutes an x number of water
molecules adsorbed on the surface [31, 47, 48]:

I aqð Þ þ xH2O adsð Þ! I adsð Þ þ xH2O aqð Þ ð6Þ

The inhibitor molecules may then combine with Fe2+

ions on the metal surface, forming metal–inhibitor
complex. The resulting complex could, depending on its
relative solubility, either inhibit or catalyze further metal
dissolution [45].

Based on the electrochemical data in this project, the
possible processes involved in the inhibition process on
the electrode surface are, the dissolution of iron Eq. 7,
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Fig. 5 Polarization curves for N80 carbon steel in CO2-saturated 3%
NaCl solutions containing 2M2 at pH 4 and 25°C

Table 2 Polarization, EIS, and LPR parameters for N80 mild steel in CO2-saturated 3% NaCl solutions in the absence and presence of 2M2
at 25°C

2M2 concentration
(mgl−1)

Polarization method EIS method LPR method

−Ecorr (VSCE) icorr (µAcm
−2) η% Rp (Ωcm

2) η% Rp (Ωcm
2) η%

Blank 712.3 53.0 – 153.5 – 169.8 –

20 713.6 32.7 38.3 226.3 32.2 291.7 41.8

50 697.5 14.5 72.7 975.5 84.3 1,036.0 83.6

100 639.2 5.4 89.9 1,212.3 87.3 1,493.0 88.6

150 639.2 4.5 91.5 1,680.9 90.9 2,373.0 92.8

400 665.1 3.3 93.8 2,637.2 94.2 2,827.0 94.0

800 619.2 3.9 92.5 2,463.5 93.8 2,504.0 93.2
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the formation of an insoluble iron–imidazoline (Fe
([2M2])2) complex (the inhibiting film) Eq. 8 and the
dissociation of Fe([2M2])2 complex Eq. 9:

Fe!k1 Fe2þ þ 2e� ð7Þ

Feþ 2 2M2½ ��!k2 Fe 2M2½ �ð Þ2
� �þ 2e� ð8Þ

Fe 2M2½ �ð Þ2
� �!k3 Fe2þ þ 2 2M2½ �� ð9Þ

Equation 8 is assumed irreversible and the dissocia-
tion of the iron–imidazoline complex Eq. 9 negligible.
Such complexation process is combined with adsorption
of the inhibitor [24]. Inspection of the imidazoline
structures in Fig. 1 reveals that 2M2 is composed of a
five-member ring containing nitrogen elements, a C-11
saturated hydrophobic group and a hydrophilic ethanoate
ion. A compound with polycentric adsorption sites of this
nature may interact with the corroding metal and hence
inhibit the corrosion reaction in one or a combination of
ways. Thus, it may be difficult to assign a single general
inhibition mechanism to the retardation of the corrosion
process. However, in addition to the insoluble Fe–2M2
complex found, 2M2 can also be adsorbed on the metal
surface by the formation of an iron–nitrogen coordination
bond and by a pi-electron interaction between the pi-
electron in the head group and the iron. This adsorption
gives rise to a large covered surface area with a small
number of adsorbed molecules. Therefore, high inhibition
efficiency could be obtained by relatively low concen-
trations of the imidazoline. The adsorption on the surface
of the mild steel creates a barrier for mass and charge
transfer. At the same time, the increase of inhibitor
concentration above a certain value has little effect on
the inhibition efficiency. This conclusion is confirmed by
the fact that the inhibition efficiency does not increase
linearly with 2M2 concentration, as shown in Fig. 6. As
revealed from the figure, the inhibition efficiency main-
tained almost constant values for 2M2 concentrations
above 100 mg l−1.

It is acknowledged that adsorption isotherms provide
useful insights into the characteristics of the adsorption
process and the mechanism of corrosion inhibition [49].
The experimental data obtained from the potentiodynamic
polarization measurements were applied to different ad-
sorption isotherm equations. It was found that the data
fitted the Langmuir adsorption isotherm (Fig. 7). According
to the Langmuir adsorption isotherm, there are no interac-
tion forces existing between the adsorbed molecules, and
the energy of adsorption is independent of the surface

coverage (θ). The Langmuir adsorption isotherm could be
represented using the equation [50]:

c=q ¼ 1=kads þ c ð10Þ
where θ is the degree of surface coverage (θ=η%/100), kads
is the equilibrium (or binding) constant of the adsorption
reaction and c is the inhibitor concentration (in moles/l).
The kad value of 3,579.1 was deduced from the plot and
denotes the strength between the adsorbate and adsorbent.
Large values of kad imply more efficient adsorption. The
constant kad is related to the standard free energy of
adsorption $Go

ads by the equation:

kads ¼ 1

55:5
exp

�$Go
ads

RT

� �
ð11Þ

The value of 55.5 being the concentration of water in
solution expressed in moles per liter. The calculated
$Go

adsvalue of −30.23 KJ mol−1 indicates a spontaneous
chemical adsorption of 2M2 on the surface of the metal at
25°C.

Effects of thiourea

Thiourea has been widely used as corrosion inhibitor and
interacts strongly with the surfaces of d-metals (e.g. iron).
This interaction has the character of chemisorption and it is
similar to those of halide ions that involves sharing or
donation of electron pairs [51, 52]. It is however reported to
progressively lose its efficiency at higher concentration due
to formation of soluble thiourea complex [24, 53].

Figure 8 illustrates the impedance spectrum (as Nyquist
plots) for N80 mild steel in CO2-saturated 3% NaCl
solutions containing different concentrations of TU (0–
100 mg l−1) at pH 4 and at 25°C. All the spectra consisted

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20

c/(mM)

c
/θ

/(
m

M
)

Fig. 7 Langmuir isotherm for the adsorption of 2M2 on the surface of
N80 mild steel in CO2-saturated 3% NaCl solutions at pH 4 and 25°C
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of single depressed semicircles similar to those obtained in
the presence of 2M2. At the studied concentrations, the
diameter semicircular arc decreases with the increase of
thiourea concentration but greater than that obtained in the
absence of inhibitor (blank). The decrease is attributed to
the reduction of the inhibition process probably due to a
possible formation of soluble thiourea complex.

The impedance data were analyzed using the equivalent
circuit models shown in Fig. 3 and the fitting Nyquist plots
deduced from the experimental and simulated data, shown
in Fig. 8 (inset) indicate that the experimental and
calculated results are in good agreements. The electrochem-
ical parameters from both the electrochemical impedance
and polarization measurements are listed in Table 3. The
addition of thiourea increased the Rp values, indicating
inhibition ability. The Rp values, however, decreased with
increase in TU concentration. From the Rp values, the
inhibition efficiency was deduced using Eq. 4. Inhibition
efficiency was observed to decrease with increase in TU
concentration. The optimum inhibition efficiency value was
obtained at 20 mg l−1 TU. A similar trend and optimum TU
concentration were previously reported by He et al. [27] for
X70 steel in saline solution saturated with CO2.

Figure 9 depicts the polarization curves for N80 mild
steel in CO2-saturated 3% NaCl solutions containing
different concentrations of TU (0–100 mg l−1) at pH 4
and at 25°C. The polarization parameters deduced from the
curves are given in Table 3. TU was observed to
significantly reduce the anodic and cathodic reactions as
evident in the reduced corrosion current densities and Ecorr

was also observed to shift negatively with increase in TU
concentration. These characteristics indicate that TU is a
mixed corrosion inhibitor for N80 mild steel in CO2-
saturated 3% NaCl solutions under the present experimental
conditions. At 100 mg l−1 TU there was an indication of a
current “plateau” at the anodic curve resulting in two
potentials; the corrosion potential Ecorr and the potential of
unpolarizability Eu. Similar behavior has been previously
reported for the acidic dissolution of iron in the presence of
iodide and organic inhibitors of different compositions
[54–59]. Eu indicates the commencement of desorption of
strongly adsorbed species on the electrode surface, above
which the coverage of inhibitor decreases rapidly [54, 58].
The mechanism for such anodic dissolution of metals in
the presence of inhibitors (in this case TU) that results in
the presence of Eu is as explained in Okafor and Zheng
[59].

Inspection of the structure of TU (Fig. 1b) reveals that
the organic compound contains both N and S atoms. S-
containing substances have been shown to preferentially
chemisorb on the anodic sites on the surface of iron in
acidic media, whereas N-containing substances tend to get
protonated and preferentially physisorb on the cathodic
sites [60, 61]. Thus, TU has the ability to inhibit both the
anodic and cathodic reactions, giving rise to the observed
mixed inhibition mechanism.

In order to access the mutual effects of TU and 2M2 on
the corrosion of N80 mild steel in CO2-saturated 3% NaCl
solutions, electrochemical measurements were taken in
solutions containing 100 mg l−1 TU–20 mg l−1 2M2 and
100 mg l−1 TU–400 mg l−1 2M2 corresponding to [TU]/
[2M2] ratios of 5:1 and 1:4, respectively. These concen-
trations were chosen to access the interaction of TU and
2M2 at very low and very high 2M2 concentrations,
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Table 3 Polarization, EIS, and LPR parameters for N80 mild steel in CO2-saturated 3% NaCl solutions in the absence and presence of TU at
25°C

TU concentration (mgl−1) Polarization method EIS method LPR method

−Ecorr (VSCE) icorr (µAcm
−2) η% Rct (Ωcm

2) η% Rp (Ωcm
2) η%

Blank 712.3 53.0 – 153.5 – 169.8 –

20 679.8 4.0 92.5 1,745.8 91.2 2,038.0 91.7

50 696.6 7.6 85.8 1,392.7 89.0 1,734.0 90.2

100 730.3 14.0 73.6 535.9 71.4 769.7 77.9
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respectively. Based on the least inhibition efficiency
obtained and the presence of Eu at 100 mg l−1 TU, the
later was chosen for synergistic investigation with 2M2.
The results obtained are as depicted in Fig. 10 and the
electrochemical data listed in Table 4.

From Fig. 10, it is observed that the TU–2M2 combi-
nations produced more effects on the anodic and cathodic
reactions compared to those displayed by only TU and
2M2, and slightly shifts Ecorr in the cathodic direction
compared to the blank solution. This indicates a synergistic
effect between TU and 2M2. At low 2M2 concentrations
(100 mg l−1 TU–20 mg l−1 2M2) depicted in Fig. 10a, the
addition of 20 mg l−1 2M2 to 100 mg l−1 TU had a little
effect on Ecorr compared to the values of TU alone and also
resulted in a positive shift of the potentials of unpolariz-
ability, Eu. This is interpreted to be due to increasing
stability of the species adsorbed on the electrode surface
[58]. Eu was not observed in the presence of 2M2 but in
100 mg l−1 TU; therefore, the improved inhibition
efficiency is most likely due to the improved adsorption
stability of TU species by 2M2. At high 2M2 concentration
(100 mg l−1 TU–400 mg l−1 2M2) depicted in Fig. 10b,
Ecorr was not significantly affected compared to that of
100 mg l−1 TU and a positive shift in Eu was also observed.
However, the rate of the anodic reaction beyond Eu was
observed to be at the same rate as those in the presence of
400 mg l−1 2M2 alone. This indicates that the blend
inhibitors (TU–2M2) combines the advantages of both TU
(high Eu ) and 2M2 (high anodic inhibition). From the
results obtained it could be deduced that the shifting of Ecorr

towards the negative in the blend inhibitors is due to the
adsorption of TU and the increase in the values of Eu due to
the increase in stability of TU adsorption by 2M2. The latter
may be caused by the interaction between TU/(Fe–TU)
complex and 2M2 ions. Chemisorption of TU molecules, like
that of I− as hinted by Kuznetsov and Andreev [62], may
decrease the hydrophilicity of metal surfaces and enhance the
adsorption of 2M2. Also, competitive adsorption between
TU and 2M2 may also contribute to the observed synergism.
However, from the results obtained in this study, the co-
operative adsorption between TU and 2M2 seems to be the
dominant mechanism of inhibition.

Surface morphological observation

The surface morphologies of the N80 carbon steel specimen
in CO2-saturated 3% NaCl solutions in the absence and
presence of 20 mg l−1 2M2, 100 mg l−1 TU, and 20 mg l−1

2M2–100 mg l−1 TU at 25°C and pH4 after 2 h of
immersion were examined using SEM. The results obtained
are as shown in Fig. 11. In the absence of inhibitors
(Fig. 11a) a very rough surface was observed due to rapid
corrosion attack on the carbon steel in the CO2-saturated
solution. The attack was relatively general with slight
evidence of selective corrosion. In the presence of the
20 mg l−1 2M2 (Fig. 11b) and 100 mg l−1 TU (Fig. 11c), the
rough surface is reduced indicating the inhibition effect of
2M2 and TU on the surface of the metal. This, as described
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Fig. 10 Polarization curves for N80 carbon steel in CO2-saturated 3%
NaCl solutions in the absence and presence of a 20 mg l−1 2M2,
100 mg l−1 TU, and 20–100 mg l−1 TU and b 400 mg l−1 2M2,
100 mg l−1 TU and 400 mg l−1 2M2–100 mg l−1 TU at pH 4 and 25°C
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Fig. 9 Polarization curves for N80 carbon steel in CO2-saturated 3%
NaCl solutions containing TU at pH 4 and 25°C
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earlier, is due to the formation of protective inhibitor layers
that create a barrier for mass and charge transfer. However,
the selective dissolution of some areas on the surface of the
metal is visible indicating that the inhibitor layers are not
very protective and thus the anodic and cathodic sites on
the surface of the metal are still exposed to the corrosion
active species in the CO2-saturated system. In the presence
of the inhibitors blend, 20 mg l−1 2M2–100 mg l−1 TU
(Fig. 11d), the surface roughness is visibly reduced
compared to those in the presence of 20 mg l−1 2M2 and
100 mg l−1 TU. This behavior is related to the proposed
synergistic effects between TU and 2M2 leading to a more
compact and protective film on the surface of the metal, and
an enhanced inhibition efficiency of over 94%.

Conclusions

The inhibition behavior of 2M2, TU, and TU–2M2
blends for N80 mild steel in CO2-saturated 3% NaCl

solutions was investigated and the following conclusions
were drawn:

1. 2M2 and TU are effective inhibitors for the corrosion
of N80 mild steel in CO2-saturated 3% NaCl solutions
and the extent of inhibition is dependent on the
compounds concentration. The inhibition efficiency
(η%) increased with increase in 2M2 concentration
but decreased with increase in TU concentration with
optimum η% value at 20 mg l−1 TU. Both compounds
functioned via a mixed-inhibitor mechanism.

2. The compounds inhibit the corrosion reactions via their
polycentric adsorption sites on the surface of the metal.
This adsorption gives rise to a large covered surface
area with a small number of adsorbed molecules.

3. The adsorption characteristics of 2M2 were approxi-
mated by Langmuir adsorption isotherm.

4. A synergistic effect was observed between TU and
2M2 due to interaction between the inhibiting com-
pounds. Potential of unpolarizability, Eu, was observed

2M2/TU concentration
(mgl−1)/mgl−1

Ratio (2M2/TU) Polarization method

−Ecorr (VSCE) icorr (µAcm
−2) η%

Blank Blank 712.3 53.0 –

20/100 1/5 743.9 3.0 94.3

400/100 4/1 721.9 1.5 97.2

Table 4 Polarization
parameters for N80 mild steel
in CO2-saturated 3% NaCl
solutions in the absence and
presence of 2M2/TU mixture
at 25°C

Fig. 11 Scanning electron
micrographs of the N80 mild
steel surface after 2 h immersion
in CO2-saturated 3% NaCl
solutions in the a absence and
presence of b 20 mg l−1 2M2,
c 100 mg l−1 TU and d
20 mg l−1 2M2–100 mg l−1 TU
at 25°C and pH 4
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in the presence of 100 mg l−1 TU which was shifted
positively in the presence of 2M2. The results suggest
that the presence of 2M2 stabilized the adsorption of
TU molecules on the surface of the metal.
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