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ABSTRACT

The inhibition activity of an imidazoline derivative, namely 1-[N,N’-bis(hydroxylethylether)-
aminoethyl]-2-stearicimidazoline (HASI) for carbon steel in 5% NaCl saturated Ca(OH), solution was
investigated using electrochemical measurements in conjunction with Raman and Fourier transform
infrared (FTIR) spectroscopy techniques. Quantum chemical calculations and molecular dynamic (MD)
simulations were applied to analyze the experimental data and elucidate the adsorption behavior and
inhibition mechanism of inhibitor. The results indicate that HASI is an effective inhibitor in protecting
carbon steel from corrosion in alkaline chloride solution and acts as a cathodic type inhibitor with the
dominant suppression of cathodic reduction of oxygen. The inhibition behavior of HASI is strongly related
to its adsorption activity on carbon steel surface, which leads to an enhancing in the corrosion resistance
of carbon steel and a reduction in the corrosion rate. Density functional theory (DFT) calculations suggest
that the N=C-N region in imidazoline ring is the most active reaction site for the inhibitor adsorption
on metal surface via the donor-acceptor interactions between the lone electron pairs on nitrogen atoms
together with the m-electrons of heterocyclic and the vacant d orbital of iron atoms. The adsorption of
inhibitor on three typical surfaces (Fe (100), F;03 (110) and F304 (100)) takes nearly parallel to the
surface so as to maximize its contact with the surface, as shown as the MD simulations. The experiments
incorporating the theoretical calculation and MD simulation can provide an insight into the understanding

of interactions between the inhibitor molecules and the carbon steel surfaces.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Reinforced concrete structures are widely used in various con-
struction fields due to their excellent structural performance and
durability [1-3]. However, there are many instances of premature
failure of reinforced concrete components worldwide because of
the reinforcement corrosion, which has become a serious problem
and resulted in the huge socio-economic impact for some industrial
departments [4,5]. Generally, there are two factors causing the cor-
rosion of steel rebar embedded in concrete. One is the CO, in the air
which reacts with the alkaline components in concrete resulting in
the decrease of pH and consequently the loss of passivation of rein-
forcing steel. The other one is chloride ions which penetrate to the
concrete and ingress into the passive layer leading to the localized
or pitting corrosion of reinforcing steel [6-8].

In order to reduce or eliminate the reinforcement corrosion,
several methods have been used, including coating, cathodic pro-
tection, corrosion inhibitors and a combination of these above
techniques [9-11]. Among them, the application of corrosion
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inhibitors is envisaged as an effective and economical solution
[4,6,8-14]. Nitrite-based inhibitors are considered as the most
effective additives available on the market for the protection and
prevention of reinforcement corrosion [4,10]. However, owing
to the strict environmental restricts, the traditional inorganic
inhibitors which have been proved to be of great help for extend-
ing the service life of reinforced concrete structure are forbidden
by more and more countries [15,16]. Therefore, it is necessary to
develop environmental-friendly corrosion inhibitors to replace the
inorganic salts, either partially or totally.

The existing data suggest that the organic compounds with
functional groups such as -NH;, -OH, -SH, -COOH, -SOsH and
ring structure containing hetero atoms may be potential inhibitors
because they can interact with metals to form a protective film
on the metal surface [3,6,10,15]. Moreover, some organic com-
pounds such as amino acids, ascorbic acid, polyepoxysuccinic acid,
and imidazoline compounds as well as their derivatives have also
been claimed to be environmental-friendly [17-20]. Inrecent years,
hence, an increasing interest has been focused on the investiga-
tion of inhibition behavior of some new organic compounds for
the reinforcement corrosion and the understanding of their inhibi-
tion mechanism [17,21-27]. Generally, the organic inhibitors for
chloride reduced corrosion can act by [4,6,15,17]: (i) forming a
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film to block the adsorption of chloride ions and consequently
to inhibit the anodic, cathodic or both reactions, (ii) competitive
surface adsorption processes between inhibitor and chloride ions
or competitive migration of inhibitor and chloride ions into the
pit, (iii) leading to an increase in the chloride threshold value,
and (iv) repairing defects or pores in the film to mitigate further
corrosion. However, a perusal of literatures reveals that there are
still conflicting opinions on the effectiveness of these inhibitors on
the steel rebar, and there is very little information on the mech-
anism by which these organic substances exhibit their inhibitive
action [4,6,10,21-27]. For example, some authors reported that the
alkanolamine-based inhibitors can form a monomolecular protec-
tive layer to reduce the reinforcement corrosion by retarding both
the anodic and cathodic processes of steel rebar [28-31], whereas
other researchers found that they are not effective or have the low
inhibition efficiencies when concrete is under immersion condi-
tions [32-34]. Furthermore, many inhibitors have been claimed
only be effective when the chloride content is low, in the aggres-
sive condition such as marine environments, they seem to be not
so useful [1,10].

In order to elucidate the inhibition mechanism of organic
inhibitors, the investigation on the molecular configuration, elec-
tronic structure, reactivity of the inhibitors and the interactions that
happened between the adsorbed inhibitor molecules and the metal
surface is essential. Quantum chemical calculation and molecular
dynamic simulation are the most appropriate methods to achieve
this purpose [35]. Based on these techniques, the correlation of the
inhibitor molecular structure and its ability to inhibit the corro-
sion process can be obtained, and the inhibition mechanism can
be directly accounted for in terms of the chemical reactivity of
the compounds under study as well [35-37]. Quite recently, the
Materials Studio Modeling 4.0 software (developed by Accelrys Co.)
has proven to be very useful in determining the quantum chemical
parameters of organic inhibitor molecules as well as in clarifying
the interactions of inhibitor with the metal surface based on the
density function theory (DFT) with the DMol3 and Discover mod-
ule in the software package. Especially in the study of adsorption
behavior of inhibitors, much achievement was reached using this
software [36,38-40].

In this paper, the saturated Ca(OH), solutions was used to sim-
ulate the concrete pore solution, 5% NaCl was added to create the
aggressive condition. The inhibition activity of a commercial imida-
zoline derivative (labeled as HASI and shown in Fig. 1) for the carbon
steel was investigated by electrochemical measurements, surface
analysis, quantum chemical calculations and molecular dynamic
simulation. The aim of the work is to assess the inhibition perfor-
mance of this inhibitor on the corrosion of carbon steel in alkaline
chloride solution and examine its inhibition mechanism, further-
more, to elucidate the possible adsorption model on the corroding
carbon steel surface and advance the understanding of interactions
between the inhibitor molecules and the carbon steel surfaces.

2. Experimental
2.1. Materials and sample preparation

The test solution was 5% NaCl (wt%) saturated Ca(OH), solution
prepared from reagent grade chemicals and bi-distilled water. The
inhibitor tested was a type of stearic imidazoline derivatives, which
was purchased from Yixing Chemical Co. as high grade reagent
and used without further purification. The employed concentra-
tion range of inhibitor was 0.19-1.89 mM. The molecular structure
is depicted in Fig. 1.

All the working electrodes (& 8 mm x 10 mm) were cut from
the steel rebar (0.15% C; 0.15% Si; 0.44% Mn; 0.30% P; 0.03% S and

(CH,CH,0),H

(CH,CH,0),H

Fig. 1. The molecular formula and the optimized molecular structure of HASI.

balance Fe). Except for an exposed area of 0.502 cm?, the rest part
was embedded in epoxy resin. Prior to experiments, all specimens
were gradually ground with emery paper to 800 grit, then washed
with distilled water, degreased in acetone and dried with cool air.
All experiments were conducted at room temperature.

2.2. Electrochemical measurements

Electrochemical tests were performed on the Parstat 2273 sys-
tem (Princeton Applied Research) facilitated with a three-electrode
jacketed test instrument. A large platinum plate (2 cm x 2 cm) was
used as the counter electrode. The reference electrode was satu-
rated KCl calomel electrode (SCE) coupled with a Luggin capillary,
the tip of which was located about 3 mm away from the working
electrode to reduce the ohmic drop.

Except the open circuit potential (OCP) experiments, all of
the electrochemical measurements were conducted after 3 days
immersion in test solutions with and without the addition of an
inhibitor, which allowed the working electrode to reach a sta-
ble state (the OCP fluctuation was less than £10mV). The linear
polarization resistance (LPR) tests were performed in the range
—20mV to +20 mV versus OCP with the scan rate of 0.166 mVs~1.
The potentiodynamic polarization curves were obtained from
—250mV versus OCP to the potential at which the current density
increased abruptly with a scan rate of 1 mVs~!. The electrochemi-
cal impedance spectra (EIS) were collected in the frequency range
100kHz to 10 mHz at the OCP using a 10 mV sinusoidal potential
perturbation, with five points per decade. The cyclic voltammetry
curves were recorded in the scan range of —1.2 to —0.1 V (SCE) with
a scan rate of 20mV s~1. All electrochemical experiments were car-
ried out under open to air conditions. Each sample was only used
in one electrochemical test.

2.3. Surface observation and analysis

After the measurement of open circuit potential, the sample
surface was directly observed by scanning electron microscope
(Philip XL30).

Before each experiment, the carbon steel sample was rough-
ened down to 2.5 wm and immersed in the test solutions with and
without the inhibitor for 3 days, and then the Raman spectra were
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Fig. 2. Evolution of open circuit potential for carbon steel samples immersed in
different solutions.

conducted using a confocal microprobe Raman system (JY HB800)
with the excitation laser line of 632.8 nm at the range of 200 and
1800 cm™!. The FTIR spectra (Nicolet 560) were collected between
650 and 4000 cm~! at the single reflection mode.

2.4. Quantum chemical calculation and molecular simulation

Quantum chemical calculations and molecular simulations were
performed by Materials Studio Modeling 4.0 software (Accelrys
Co.). The molecular structure of the inhibitor was fully geometri-
cally optimized by DMol3 module using density functional theory
to produce highly accurate results of the molecular structure in a
relative short time.

Then the Discover program was used to simulate the
interactions between the inhibitor molecules and the iron or
oxide-covered iron surfaces by classical molecular dynamics (MD)
method with COMPASS force field. Considering the presence of iron
oxides on the sample surface after 3 days immersion, three typical
surfaces, i.e. Fe (100), F;03 (110) and F304 (100) were chosen to
simulate the adsorption process of the inhibitor molecules since
they have the least lattice mismatch. The interactions between
inhibitor molecules and Fe (100), F;03 (110) and F304 (100)
surfaces were simulated in boxes of 22.93 A x 28.66 A x 37.17 A,
26.16 A x 27.44 A x 36.80 Aand 23.74 A x 29.67 A x 38.35 A, respec-
tively. The periodic boundary conditions were applied in all three
directions and the equations of motion were integrated within the
canonical ensemble NVT. Nose method was used to control the
temperature (T=298 K) with an integration time of 1fs. The MD
simulation was stopped until the temperature fluctuation was less
than 10T and the energy deviation was less than 0.2%.

3. Results and discussions
3.1. Electrochemical measurements

3.1.1. OCP measurements and surface observation

For determining the effects of NaCl and inhibitor addition on the
corrosive behavior of carbon steel in saturated Ca(OH), solution,
Fig. 2 depicts the evolution of open circuit potential with immer-
sion time for carbon steel samples exposed to different solutions.
It is clear that the OCP immediately after immersion was very neg-
ative for all the cases, and then it increased rapidly to reach a more
positive value with immersion time due to the high alkalinity of
the test electrolyte. With the further increasing of immersion time,
the OCP gradually reached the steady state value (about —270 mV
versus SCE) for the saturated Ca(OH), system, which could be

associated with the formation of a more oxidized passive layer and
indicates that the carbon steel is in the passive state [41-43]. How-
ever, in the 5% NaCl saturated Ca(OH); solution, the OCP reached a
stable value after 8 h immersion and maintained almost constant
until 48 h, after that it shifted abruptly to most negative values and
then was likely stabilized (about —450 mV versus SCE). This shift
of potential suggests the loss of passivation of carbon steel surface
due to the chloride ion attack and the electrode is in the active state
[11,15,44]. For the system of 5% NaCl saturated Ca(OH), solution
with the inhibitor, the potential decreased slowly to more nega-
tive values with increasing of immersion time and then reached
the stabilization after 54 h. The continuous shift of potential to the
cathodic direction can be attributed to the spontaneous adsorption
of inhibitor on carbon steel surface, suggesting the inhibitor may
be has a cathodic inhibition effect.

Fig. 3 exhibits the surface morphologies of carbon steel samples
after 3 days immersion in different solutions. It can be seen that
in the saturated Ca(OH), solution, the carbon steel surface was
smooth and no noticeable corrosion sign was observed, whereas
in the 5% NaCl saturated Ca(OH), solution, the carbon steel sur-
face was seriously damaged by the localized corrosion. However,
in the presence of inhibitor in the 5% NaCl saturated Ca(OH),
solution, the specimen surface was almost as smooth as in the sat-
urated Ca(OH), solution, indicating the corrosion of carbon steel
was strongly restricted by the inhibitor.

Thus, it can be concluded that in the present study, the carbon
steel surface can be kept in the passive state due to the high alka-
linity of saturated Ca(OH), solution. However, in the presence of
5% NaCl, the carbon steel will lose the passivity and be in the active
corrosion state because of the attack of chloride ions. The addition
of an inhibitor can effectively retard the corrosion by adsorption on
carbon steel surface, probably forming a protective adsorption film
in which involved some iron oxides and hydroxides.

3.1.2. LPR, potentiodynamic measurements and Raman spectra
analysis

For obtaining a well understanding on the inhibition mecha-
nism, the inhibition behavior of HASI for carbon steel in 5% NaCl
saturated Ca(OH), solution was further studied by the LPR and
potentiodynamic polarization. Fig. 4 presents the potentiodynamic
polarization curves for carbon steel after 3 days immersion in test
solutions without and with various concentrations of the inhibitor.
Table 1 collects the relevant electrochemical parameters obtained
from the potentiodynamic polarization and LPR measurements. The
corrosion efficiency (7 pr) was calculated according to the follow-
ing equation [45]:

RO
nLer (%) = (1 - RE) x 100 (1)

where R} and R, are the polarization resistances of the carbon
steel electrodes in the uninhibited and the inhibited solution,
respectively.

It can be seen from Fig. 4 that the presence of inhibitor strongly
decreased the cathodic corrosion current densities and resulted in
a negative shift of the corrosion potential (Ecorr), while the anodic
corrosion current densities were reduced with increasing concen-
trations of the inhibitor. These results suggest that the inhibitor has
a stronger inhibition effect on the cathodic oxygen reduction than
the anodic dissolution of iron, and the compound acts as a cathodic
type inhibitor. This inhibition effect can be ascribed to the surface
structure change due to the inhibitor molecules being adsorbed
on the carbon steel surface. The shape of polarization curve in all
cases was similar, indicating that the addition of the inhibitor did
not change the anodic and cathodic reaction mechanism.
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Table 1
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Electrochemical parameters obtained from the potentiodynamic polarization and linear polarization data for carbon steel electrodes in 5% NaCl sat. Ca(OH), solutions without

and with various concentrations of inhibitor.

Conc. (mM) Ecorr (mV versus SCE) icorr (RACM™2) —Bc (mVdec) Ba (mVdec) Ry (kQcm?) ner (%)
Blank —512 241 62 74 6.48

0.19 -614 0.98 65 75 14.6 55.6
0.38 —630 0.72 66 78 193 66.4
0.76 —641 0.60 78 81 239 72.9
1.89 —661 0.35 82 84 344 81.2

Moreover, it also can be seen from Fig. 4 that when the anodic
polarization potential moved to more positive potential, the pitting
was accompanied by a sharp current density increase for all cases,
and all the pitting initiation potentials measured on the carbon steel
in alkaline chloride solutions without and with the inhibitor were
below the oxygen evolution potential. These reveal that the occur-
rence of pitting was initiated by the Cl~ attack rather than the effect
of local OH~ depletion on the electrode surface. These results are
in good agreement with those reported in publications [11,22].

Table 1 clearly shows that by increasing inhibitor concentra-
tions, the corrosion current densities decreased, while both the
polarization resistances and inhibition efficiencies increased. These
suggest that the inhibition effect of HASI on the carbon steel cor-
rosion in alkaline chloride solution is dependent on the inhibitor
concentration and the amount of inhibitor molecules adsorbed on
carbon steel surface increases with increasing concentrations of the
inhibitor. A definite negative shift of the E¢o;r indicates the inhibitor
behaved as a cathodic type inhibitor with the dominant control of
cathodic oxygen reduction reaction [46].

Previous studies [47-49] demonstrated that in alkaline solution,
the compositions of oxides formed on iron surface play an impor-
tant role in the cathodic reduction process of oxygen. In order to
further understand the effect of inhibitor on the cathodic oxygen
reduction, the cyclic voltammetry curves were recorded in 5% NaCl
saturated Ca(OH), solutions without and with 0.76 mM HASI, as
shown in Fig. 5.

It is evident that in the blank solution, the overlapping anodic
peaks at —0.63V and —0.61V can be observed during the anodic
scan process, which can be assigned to the oxidation reactions from
ferrous compounds (also probably comprise partial ferric species)
to ferric oxides and/or hydroxides, as reported before [50-52]. In
the backward scan, the reduction peaks of ferric species to ferrous
ones can also be clearly resolved. However, after the addition of an
inhibitor, it is apparent that during the forward scan process, the
corresponding oxidation peaks became smaller compared with that
in blank solution, while the anodic current density decreased. This
suggests that the adsorbed inhibitor molecules on electrode sur-
face not only effectively retarded the anodic dissolution of iron, but
also enhanced the stability of ferrous species to be further oxidized
(Fe%* only) into ferric ones.

Fig. 6 depicts the Raman spectroscopy for carbon steel samples
after 3 days immersion in test solutions without and with 0.76 mM
HASI. Because of the Raman signs were weak at low inhibitor con-
centrations, here only the Raman spectroscopy at high inhibitor
concentration is presented. It can be seen that for the blank solu-
tion, a strong peak at 509 cm~! was observed with a smaller band
at 375cm~!, which can be assigned to the ferrihydrite due to Fe3*
oxides and hydroxides are the most poorly ordered and crystal-
lized form [50,51,53]. This indicates that in the blank solution,
the corrosion products formed on the carbon steel surface mainly
consist of ferric oxides and/or hydroxides. However, in the pres-
ence of inhibitor, only one weak peak at 668 cm~! appeared in the
spectrum, which can be assigned to the Fe304 [50,51,53]. These
results reveal that the addition of an inhibitor largely restricted
not only the formation of ferrous compounds, but also the further
oxidization of ferrous species into ferric ones by the adsorption

interactions with the oxides on the carbon steel surface, subse-
quently preventing the precipitation as the Fe3* species. This is
consistent with that obtained from the cyclic voltammetry.

Based on the above results, it is reasonable to interpret why
HASI acted as a cathodic type inhibitor. It is pointed out that in
alkaline solution, the octahedrally coordinated surface ferrous ions
[Fe(II)OH™] are the electrocatalysis active centers for the cathodic
reduction of oxygen on the oxide-covered iron surface [48]. In the
inhibited solution, the inhibitor can largely reduce the formation
of iron oxides and hydroxides due to the covering of adsorbed
inhibitor molecules on the carbon steel surface, resulting in the
reduction in the amount of active sites. In addition, the HASI
molecules can also preferably adsorb on these active sites, block-
ing the direct contact of oxygen dissolved in solution with the
ferrous ions. Hence, the cathodic reduction reaction of oxygen is
suppressed by the adsorbed inhibitor molecules according to the
catalytic mechanism which is completely described by E.]. Calvo
[47-49].

3.1.3. Electrochemical impedance spectroscopy

Fig. 7 shows the complex-plane impedance and Bode plots for
carbon steel in alkaline chloride solutions without and with various
concentrations of the inhibitor. As would be expected in the blank
solution, a large decrease of the impedance modulus was obtained,
which reveals an increase in the corrosion rate on carbon steel sur-
face due to the presence of chloride ions in test solution. However,
after the addition of an inhibitor, the impedance modulus of the
electrodes gradually increased by increasing concentrations of the
inhibitor, the low frequency limit of the impedance was nearly one
order of magnitude greater than that in the blank solution when the
inhibitor concentration was 1.89 mM. These results indicate that
the development of protective adsorption film on electrode surface
due to the increasing in amount of inhibitor molecules adsorbed on
electrode surface and the corrosion of carbon steel was effectively
retarded by the inhibitor [14,44,54].

It is well known that in alkaline solution, a two-layer oxide
film consisting of an inner barrier layer and an outer porous layer
is present on the carbon steel surface. The corrosion rate of car-
bon steel is mainly dependent on the property of the barrier
layer. According to the reports in the literature, the corresponding
impedance spectra for carbon steels in alkaline chloride solution
are composed of two time constant [17,23,42-44]. The one at
high frequencies is associated with the behavior of the protective
film formed on electrode surface, which consists of the adsorbed
inhibitor molecules, iron oxides and hydroxides. The other one at
low frequencies is related to the charge transfer reactions occurring
in pores and defects of the protective film that determines the redox
process of iron, as described in the previous papers [15,44,54].
Owing to the forming of a more compact and stable protective
adsorption film with HASI on the electrode surface, a wide and
high phase angle region appeared at the middle frequency range,
as shown in Fig. 7b. Based on the above facts and practice state of
carbon steel electrodes, the impedance results can be interpreted
by the equivalent circuit shown in Fig. 8, which has been suc-
cessfully used to analyze EIS data for steel in alkaline electrolytes
in the literature [15,44,54-58]. In this circuit, Rs represents the
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Fig. 3. SEM images for carbon steel samples after 3 days immersion in different
solutions: (a) sat. Ca(OH), solution; (b) 5% NaCl sat. Ca(OH), solution; (c) 5% NaCl
sat. Ca(OH); solution with 0.76 mM inhibitor.

solution resistance, Ry is the film resistance, Rt represents the
charge transfer resistance of the electric double layer. Consider-
ing the roughness and in-homogeneities of solid electrode surface,
here, the constant phase elements CPE; and CPE, are used to
replace the film capacitance and the double layer capacitance,
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Fig.4. Polarization curves for carbon steel in 5% NaCl sat. Ca(OH); solutions without
and with different concentrations of inhibitor.
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Fig. 5. Cyclic voltammetry curves (1st-4th cycle) for carbon steel electrode
immersed in 5% NaCl sat. Ca(OH), solutions without and with 0.76 mM inhibitor.
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Fig. 6. Raman spectra for carbon steel examples after 3 days immersion in 5% NaCl

sat. Ca(OH); solutions without and with 0.76 mM inhibitor.

respectively, and the value can be assessed by the following equa-
tion [59,60]:

Zepe(w) = Yy (o) ™" (2)
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Table 2

Electrochemical parameters obtained from the EIS data for carbon steel electrodes in 5% NaCl sat. Ca(OH); solution without and with various concentrations of inhibitor.
Conc. (mM) Rs (2cm?) CPE; Rr (k2 cm?) CPE; Ret (k€2 cm?) s (%)

Yo_cpe, (271 S"cm~2) m Yo.cpe, (71 S"cm~2) ny

Blank 8.6 52.7 0.80 1.23 909 0.57 6.26
0.19 103 31.6 0.81 3.16 311 0.48 12.8 51.1
0.38 8.8 27.5 0.82 3.84 216 0.42 183 65.8
0.76 9.7 25.8 0.80 4.95 164 0.41 22.3 71.9
1.89 10.6 24.5 0.80 7.53 157 0.47 34.6 81.9

where Y is the CPE constant, w is the angular frequency (in rad/s),
j2=—1,is theimaginary number and n is the CPE exponent. Depend-
ing on n, CPE can represent resistance [Zcpg =R, n=0], capacitance
[Zcpe = C, n=1], inductance [Zcpg =L, n=—1] or Warburg impedance
for(n=0.5)[44,61]. The associated impedance parameters are listed

(a) 18 :
= Blank
5L ° Blank + 0.19 mM "
A Blank +0.38 mM E ~
v Blank +0.76 mM N el
o 2| < Blank+189mM et
£ —— Fitted et
o Z/kQem
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Blank +0.19 mM

Blank + 0.38 mM
Blank + 0.76 mM
Blank + 1.89 mM _|

39p / 913ue aseyq-

30

Frequency / Hz

Fig. 7. Complex-plane impedance (a) and Bode (b) plots for carbon steel electrodes
exposed to 5% NaCl sat. Ca(OH), solutions with different concentrations of inhibitor.

CPE,

[ 1
L

CPE,

R
Rct

Fig. 8. The equivalent circuit for impedance analysis.

in Table 2, where the inhibition efficiency (7g;s) was calculated by
following equation [12]:
Ret — R?t

——= x 100
Ret

nes (%) = (3)
where Rgt and R are the charge transfer resistances in the unin-
hibited and the inhibited system, respectively.

Fig. 7 clearly shows that the EIS results were well fitted to the
equivalent circuit. From Table 2, it can be seen that the values of
R¢ and R increased, whereas the values of Y, that represents CPE4
and CPE; decreased by increasing inhibitor concentrations, which
suggests that the amount of inhibitor molecules adsorbed on the
electrode surface gradually increased and consequently resulting
in the decreasing of active sites necessary for the coupled dissolu-
tion reaction. The increasing of Ry indicates that the development of
a compact protective film on the electrode surface by the inhibitor
adsorption, thereby enhancing the corrosion resistance of carbon
steel [15,17]. The decrease in the capacitance values (Yo_cpg, ) may
be related to the displacement of iron oxides and/or hydroxides
existing on carbon steel surface by the adsorbed inhibitor molecules
[14,15]. The reduction in values of Yy cpg, can be ascribed to a
decrease in the dielectric constant or an increase in the double
electric layer thickness due to the inhibitor adsorption on the elec-
trode surface [59,60]. The increasing of R.¢ indicates that the charge
transfer reactions occurring in the protective film were strongly
restricted by the adsorbed inhibitor molecules. This reflects that
the structure of electrode surface is improved and the carbon steel
gets more resistant to the chloride attack, consequently leading to
the decrease of corrosion rate. Moreover, by carefully examining
the data listed in Tables 1 and 2, it can be seen that the values of
neis are very close to those of npr, suggesting that they are in good
agreement.

3.2. FTIR spectroscopy analysis

The electrochemical experiments showed that the inhibition
effect of inhibitor is strongly related to its adsorption behavior on
the carbon steel surface. For determining the presence of inhibitor
on the sample surface, Fig. 9 displays the FTIR reflection spectra
for carbon steel specimens after 3 days immersion in test solutions
without and with 0.76 mM inhibitor, as well as the spectrum for
pure HASI. It can be seen that in blank solution, only CO, bands
at 2337 and 2360cm~! were detected on the surface of carbon
steel [27,62]. By comparison, we find that the majority of the bands
observed in the spectra of carbon steel samples immersed in solu-
tion with the inhibitor closely resemble those appearing in the pure
HASI spectra. The bands at 2920 and 2850 cm~! can be assigned
to the —-CH,- asymmetric and symmetric stretching vibrations,
respectively [63,64]. These results indicate that the aliphatic hydro-
carbon chain in the inhibitor molecule did not participate in the
adsorption process of inhibitor. However, it is noticeable that there
are some distinctive differences between the adsorbed inhibitor
spectra and that of the pure HASI: (i) the band at 1651 cm™!,
as the characteristic stretching vibration of C=N in the imidazo-
line ring [64,65], was not observed in the spectra of adsorbed
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Fig. 9. FTIR spectra of pure HASI and carbon steel surface after 3 days immersion in
5% NaCl sat. Ca(OH); solutions without and with 0.76 mM inhibitor: (a) Blank; (b)
with inhibitor; (c) pure HASI.

inhibitor, confirming that there is the chemisorptions of imidazo-
line ring at carbon steel surface, (ii) the bands appeared at 1466,
1122 and 1076 cm™! in the spectra of pure HASI, assigned to the
C-N stretching vibrations, suffered the major loss in intensity and
shifted to the lower wave numbers in the spectra of adsorbed
inhibitor, suggesting that there is the strong adsorption interac-
tion between the inhibitor molecules and the iron and/or iron
oxides on carbon steel surface [64-66]. These facts reveal that the
nitrogen atoms in imidazoline ring as the active centers partici-
pated in the adsorption process. Thus, it can be concluded that the
inhibitor HASI is really present on the carbon steel surface by the
adsorption.

Fig. 10. Frontier orbital distribution of HASI molecule: (a) HOMO and (b) LUMO.

Fig. 11. Fukui function distribution: (a) Fukui function for electrophilic attack (f~);
(b) Fukui function for nucleophilic attack (f*); (c) Fukui function for radical attack

).

3.3. Quantum chemical calculation and molecular dynamic
simulation

For further understanding the interactions between the
inhibitor molecules and the carbon steel surfaces, the quantum
chemical calculation and molecular dynamic simulation were per-
formed. The optimized molecular structure of inhibitor is shown
in Fig. 1. Fig. 10 presents the localization of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), respectively.

According to the frontier molecular orbital theory, the formation
ofatransition stateis due to aninteraction between frontier orbitals
(HOMO and LUMO) of reacting species. HOMO is often associated
with the electron donating ability of a molecule, whereas LUMO
indicates its ability to accept electrons. As can be seen from Fig. 10,
the HOMO is distributed over the entire imidazoline moiety due to
the presence of lone electron pairs in the nitrogen atoms and the
delocalization of m-electrons in the imidazoline ring, which indi-
cates that the preferred active sites for an electrophilic attack are
located within the region around nitrogen atoms belonging to the
imidazoline ring. The LUMO is mainly located on the N=C-N region
in the imidazoline ring, which reveals that the preferred active sites
for a nucleophilic attack are located in the N=C-N region. These
results suggest that the N=C-N region in the imidazoline ring is the
probable reactive site for the adsorption of inhibitor on the carbon
steel surface. It has been found that the adsorption of an inhibitor on
metal surface can occur on the basis of donor-acceptor interactions



434

L. Feng et al. / Electrochimica Acta 58 (2011) 427-436

L
()8 Rae atte J0%on 2120

. L » &
e e ey

Fig. 12. Location of adsorbed inhibitor molecule on (a) Fe, (b) Fe304 and (c) Fe, 03 surfaces, respectively. The left is top view, and the right is side view.

between the lone electron pairs in heteroatoms together with the
Tr-electrons of heterocyclic compound and the vacant d orbital of
the metal surface atoms [45,67-69]. Thus, unoccupied d orbital of
iron atom can accept electrons from the inhibitor molecule to form
coordinate bonds. In addition, the inhibitor molecule can accept
electrons from the iron atom with its anti-bonding orbitals to form
back-donation bonds.

In order to further determine the local reactivity of functional
groups in the inhibitor molecule, three kinds of Fukui functions (i.e.
f*,f and f°) were also calculated and depicted in Fig. 11. For sim-
plicity, only the calculated Fukui functions and the atomic charges
over the nitrogen (N), oxygen (0) and carbon (C) atoms in the imi-
dazoline ring are listed in Table 3.

The Fukui function is defined as the first derivative of the elec-
tronic density p(7) with respect to the number of electrons (N) in a
constant external potential v(7) [70]:

1) = (35;;)) )
u(7)

By finite difference approximation, Fukui index can be derived
as follows [36]:

S =qN+1)—q(N) (for nucleophilic attack) (5)

fi = ak(N)—q(N —1) (for electrophilic attack) (6)

_ q(N+1)—qi(N-1)

fl? = 5 (for radical attack) (7)

These Fukui functions determine the direction of the elec-
tron transfer in the interactions between the adsorbed inhibitor
molecules and the metal surfaces.

As can be seen from Table 3, the nitrogen and oxygen as well as
some carbon atoms possess the excess of negative charge. Among
the nitrogen atoms, the highest negative charge is located on the
N18 and N20 in the imidazoline ring, while among oxygen atoms
the highest negative charge is found in 031 and 037. It is confirmed
that the more negative the atomic charges of the adsorbed center,
the more easily the atom donates its electrons to the unoccupied
orbital of metal [37,71]. Therefore, these atoms with excess nega-
tive charge should be the active adsorption sites. However, it should
be noted that due to the passivation effect of H atom, the reactivity
of O atoms will be reduced [72]. Thus, the N18 and N20 may be the
most active adsorption sites.

Further analysis of Fukui functions (Fig. 11) shows that the N18
and N20 in the imidazoline ring are the most susceptible sites for
the electrophilic attacks as they present the highest values of f~,
0.178 for N18 and 0.098 for N20 (Table 3), respectively. On the other
hand, N18 and C19 are the most susceptible sites for the nucle-
ophilic attacks. These sites present the highest values of f*, which
are 0.090 for N18 and 0.085 for C19. Moreover, the oxygen atoms
in the hydrophilic side chain have lower values of Fukui indices. It
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Table 3

Calculated Mulliken Fukui functions and atomic charges for the part atoms of inhibitor molecule.
Atom f fr I Charge Atom f fr I Charge
N18 0.178 0.090 0.134 —0.450 N25 0.004 0.003 0.004 —0.382
C19 0.072 0.085 0.078 0.334 028 0.011 0.013 0.012 —0.493
N20 0.098 0.014 0.056 -0.424 031 0.011 —0.010 0.000 —0.563
C21 —0.034 —0.018 —0.026 —0.069 034 0.012 0.005 0.009 —0.497
C22 —0.040 —0.022 —0.031 —0.081 037 0.006 0.005 0.006 —0.561

Table 4 4. Conclusions

The interaction energy of inhibitor molecules with Fe, Fe,05 and Fe;04 surfaces.

Species Einter (k] mol™")
Fe/HASI 284
Fe,03/HASI -157
Fe304/HASI —-226

has been found that the sites with the highest values of f* and f~
in molecular structure are the most susceptible sites for the nucle-
ophilic and electrophilic attacks, respectively [72-74]. Therefore,
it can be concluded that the N=C-N region in the imidazoline ring
is the most active reaction site, and the adsorption of inhibitor as
neutral molecules on the carbon steel surface can occur directly by
sharing of electrons between the nitrogen atoms and iron atoms,
in which involving the displacement of water molecules from the
metal surface.

The molecular dynamic simulation can reasonably predict the
most favourable configuration of the adsorbed inhibitor molecules
on metal surface [30,73]. Considering the presence of iron oxides
(such as Fe;03 and Fe304) on the carbon steel surface in alka-
line solution, so we choose three typical surfaces, i.e. Fe (100),
F>03 (110)and F304 (100) to simulate the adsorption behavior of
inhibitor molecule. Fig. 12 displays the configurations of adsorbed
inhibitor molecules on Fe, Fe304 and Fe,03 surfaces, respectively.
The calculated interaction energies (Ejnter) according to the follow-
ing equation [73] are listed in Table 4.

Einter = Ebond - Enonbond (8)

where Eyqnq is the total energy of system after the adsorption of
inhibitor molecule on the metal surface and E,gppong 1S the sum
of the energy of metal surface and the inhibitor molecule before
adsorption.

It is clearly observed from Fig. 12 that the inhibitor molecules
were adsorbed in nearly parallel mode to the three typical surfaces
SO as to maximize its contact with the metal surface. This adsorp-
tion mode can be attributed to the strong interaction between the
imidazoline ring and the metal surface. As stated above, N atoms in
the imidazoline ring can offer electrons to the unoccupied d orbital
of iron to form coordinate bonds, and anti-bonding orbital of -
electrons in the imidazoline ring can also accept the electrons from
d orbital of iron to form feedback bonds [67-69]. In addition to
the chemical interaction just described, the physical interaction
between the inhibitor molecules and the metal surfaces driven
by the van der Waals dispersion forces may be also contribute to
the net molecule surface attraction since the strength of physical
interaction generally scales with the size of the molecule [75,76].

Table 4 apparently shows that the interaction energy between
the inhibitor molecules and Fe atoms presented the lowest value
of —284 k] mol-!, followed by the Fe304 with —226kJmol-! and
Fe,03 with —157 k] mol~1. This indicates that strong adsorption
interactions occurred between the inhibitor molecules and the
three different surfaces, yet the adsorption on the Fe surface was
the most stable, and on the Fe;03 surface was the least. This also
gives a reasonable explanation why only Fe304 was detected on the
carbon steel surface after the addition of an inhibitor.

(1) The inhibitor (HASI) has shown good inhibition performance
for the corrosion of carbon steel in alkaline chloride solution.
The inhibition effect increased with increasing concentrations
of inhibitor.

(2) The electrochemical measurements show that the compound
acts as a cathodic type inhibitor through forming a protective
adsorption film to suppress dominantly the cathodic reduction
of oxygen.

(3) Quantum chemical calculation results reveal that the nitrogen
atoms belonging to the imidazoline ring are the most active
adsorption sites by which the inhibitor molecules can directly
adsorb onto carbon steel surface via the sharing of electrons
with iron atoms.

(4) The MD simulation suggests that HASI molecules adsorb on
metal surface in the planar manner with the higher negative
interaction energy and the adsorption stability decreases in the
following order Fe > Fe304 > Fe,05.

(5) Data obtained from experiments along with the quantum
chemical calculation and MD simulation results can provide
a more complete scheme of the interactions between the
inhibitor molecules and the metal surfaces.
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