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ABSTRACT ARTICLE HISTORY
The inhibition effect of 1-(2-Hydroxyethyl)-2-imidazolidinone (2-HEI) Received 2 April 2019
on mild steel (MS) corrosion in 0.5M HCI solution was investi- Revised 19 May 2019

gated at different inhibitor concentration and temperature by  Accepted 21 May 2019
electrochemical experiments, such as linear polarization resist-
ance (LPR), electrochemical impedance spectroscopy (EIS), poten- Interfaces: electrochemical
tiodynamic polarization and quantum chemical calculations. The technique’s; corrosion
inhibitor adsorption process on mild steel in 0.5M HCI system inhibitor; SEM; quantum
was studied at different temperatures (20°C-50°C). Furthermore, chemical calcula-

the surface morphology of MS was also investigated with SEM tion; adsorption

in the absence and the presence of inhibitor. The adsorption of
1-(2-Hydroxyethyl)-2-imidazolidinone on MS surface is an exo-

thermic process and this process obeys the Langmuir adsorption

isotherm. The Quantum chemical findings are good agreed with

the empirical data.

KEYWORDS

1. Introduction

MS is an alloy of Fe, which is used in structural and industrial practises due to its out-
standing mechanical properties particulars. Acid solutions handle it, and generally, it
undergoes dissolution in acidic solutions. Corrosion control approaches were used to
abstain from the MS dissolution of acidic solutions [1]. Inhibitors are the heterocyclic
structures, which are having heteroatoms such as O, N, S, P and n electrons in their
heterocyclic ring system. Through these, inhibitor structures can get adsorbed on the
surface of MS [2-4].

Heterocyclic structures like benzimidazole derivatives [5,6], triazole derivatives
[7,8], thiosemicarbazide derivatives [9], bisthiadiazoles [10], Schiff base [11], organic
dyes [12-17] and pyridine derivatives [18-24] have been tested as influential corro-
sion inhibitors for MS. Researchers have paid interest to the drugs development as
inhibitors for MS corrosion. The offer examine focussed on the inhibition effect of
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1-(2-Hidroksietil)-2-Imidazolidion on corrosion of MS in 0.5 M HCL. The study took
place at different concentrations with the raised temperature range of 20 C-50 °C.

1-(2-Hydroxyethyl)-2-imidazolidinone (2-HEI) has adsorption centers such as -OH
group; -N and O heteroatoms, NH- group and aromatic rings in its molecule and may
be assist its adsorption on the MS surface for the investigation of inhibition influence.

The corrosion inhibition effect of 2-HEI is examined by electrochemical measure-
ments. i.e. Tafel polarization, LPR and EIS measurements for MS in 0.5M HCL. The
surface morphology is studied by SEM and in theory this examine is ustifiable by util-
izer Quantum chemical assay by DFT methods.

2, Experimental
2.1. Preparation of electrode

The MS, whose composition is known ((wt%) P (0.045%), C(0.17%), N (0.009%) Mn
(1.40%), S (0.045%) and Fe (98,376)) and which is about 4 cm in length, is covered
with a polyester made with a metallic connection with a copper wire and the other sur-
face exposed. Working surface; the exposed surface is 0.5 cm”. Before all measurements,
the working surface of the electrode was polished using a mechanical polish with differ-
ent particle size sand paper (The MS specimen surface was abraded with abrasive
papers starting from 100 to 1200 grit size.) and cleaned with pure water and dried in
air, then followed by acetone degreasing before immersing in the solution.

2.2. Test solutions

The working medium at 20 °C contains 0.5M HCI (37% HCI (MERCK, Art. 317)) solu-
tion and solutions containing 1-(2-hydroxyethyl)-2-imidazolidione (2-HEI) at concen-
trations of 0.5 mM, 1 mM, 5mM, and 10 mM. The 2-HEI structure is given in Figure 1.
In each experiment, a freshly prepared solution was used. A temperature range of
20-50°C was made for solutions containing 0.5M HCI solution and 2-HEI at a con-
stant concentration of 10 mM.

2.3. Electrochemical measurements

The EIS measurements were performed in 0.5M HCI solution and containing various
concentrations of 2-HEI at 20°C on MS that is 0.5cm” surface area after steady state
condition was ensured for 30 min without de-aeration of the solution. A conventional
three-electrode system was connected to an electrochemical CHI 604 A (potentiostat/
galvanostat (serial number: 6A721A) for all EIS measurements. The working electrode

NH
(o
(_oH

Figure 1. 1-(2-Hydroxyethyl)-2-imidazolidinone (2-HEI).
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(MS), a counter electrode (platinum (2 cm? surface area)) and a reference electrode
(Ag/AgCl (3 M KCI)) were used for the analyses. The counter electrode was a platinum
electrode, and a Ag/AgCl (3M KCl) electrode was used as a reference. Prior to the
implementation of the test, it was necessary to reach a stable potential state; therefore,
the electrode was immersed in the test solution for 30 minutes at open circuit potential
to achieve steady state condition. The measurements of EIS were then fulfilled in the
OCP by applying a signal with a perturbation of 10mV peak to peak in a frequency
range from 10° Hz to 10> Hz.

LPR Measurements: The corrosion potential was initiated at a value of 10 mV lower
and the range of up to 10 mV was more positive than the one obtained by scanning at
a scan rate of 1mV/s. The R, was derived from the slope of the acquired potential-
current curves.

The PD curves were obtained from a cathodic potential of —1.000 V(Ag/AgCl) to an
anodic potential of —0.100 V(Ag/AgCl) versus Ag/AgCl (3mol L' KCI) with respect
to the E,p. The scanning speed was 1 mV/s.

2.4. Sem studies

Surface investigation of MS was fulfilled by using scanning electron microscope (a Carl
Zeiss Evo 40 model).The micrographs of MS surface were recorded after 120 h expos-
ing the uninhibitor and 10 mM 2-HEI comprising 0.5 M HCI test solutions.

2.5. Quantum chemical calculations

Quantum chemical calculations were carried out by complete geometry optimization
using standard Gaussian 03 programme package (USA). The molecular structure of the
2-HEI molecule was optimized by DFT with the 6-311++G(d,p) basis set of orbitals of
atomic as exercised in the programme package of Gaussian 03 [25,26].

3. Results and discussion
3.1. Change of open circuit potential with exposure period

Figure 2 presents the variation of the E,, of the MS with time in 0.5 M HCI solution in
the absence and presence of 0.5 mM-10mM 2-HEI at 25°C. Seemingly, E,., remains
nearly unrevised after 60 min (in absence of 2-HEI it was —0.507 V (vs. Ag/AgCl,
3M KCl) and in the presence of 10 mM 2-HEI it was —0.476 V (vs. Ag/AgCl, 3M KCl)),
which is demonstrative of the steady state.

3.2. Potentiodynamic polarization measurements

The polarization behavior of MS in 0.5M HCI in the presence and absence of different
inhibitor concentrations under investigation is expensed in Figure 3(a,b). It is established
that i..,, values decreased a good many in inhibitor presence and diminished with aug-
menting inhibitor concentration while Ecorr values were remain nearly unchanged.
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Figure 2. The open circuit potential-time curves of MS obtained in 0.5M HCl (®) solution contain-
ing various concentrations (0.5mM (), 1.0mM (x), 5.0 mM (4) and 10.0mM (A4)) of 2-HEI.
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Figure 3. Potentiodynamic polarization curves of MS electrode obtained in 0.5M HCI solution (A)
and containing 0.5 (4), 1.0 (¢), 5.0 (W) and 10.0mM (@) 2-HEI at 20°C.

From the polarization plots, it is explicited that both cathodic hydrogen evolution
reaction and anodic metal dissolution were inhibited after the supplement by 2-HEI to
both acid solutions. This means that the supplement by 2-HEI modifies barely cathodic
and anodic slopes. The curves of Tafel lines almost remained the same display the
inhibitive action to represent adsorption of inhibitor structures on the MS surface and
engorging of active zones [27].

PD curves for MS in 0.5M HCI with and without 2-HEI are epitomised in Figure 3.
As it can be seen from the figure, addition of the 2-HEI affected the cathodic and
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anodic parts of the PD curve diagnosis that the 2-HEI is a mixed-type inhibitor.
Therewithal, the anodic and cathodic density of current also decreased with the
increasing corrosion inhibitor concentrations [28]. Furthermore in Figure 3, the
observed E.,,, values were; —508, —490, —485, —484, —475mV for 0, 0.5, 1, 5, 10 mM
2-HEI continuing media, respectively.

As the anodic potential curves do not have linear Tafel fields, the current density of
corrosion and efficiencies of inhibition could not be calculated from the parameters
obtained from the Tafel slopes in the anodic and cathodic directions. For this reason,
icorr values were determined by exploiting equation of Stern Geary;

lcorr = B/Rp (1)

where R, is the resistance of polarization which were specified from impedance data,
B is 0.026V [29]. The determined values were 526x107° A cm 2, 8.44x10 >,
9.2x107° 10.4x10"° and 36.1x10°> for 10, 5, 1, 0.5, and 0mM 2-HEI including
media, respectively. As it can be seen obviously, the calculated values were diminished
with augmenting 2-HEI concentration. The inhibition process of 2-HEI was recom-
mended consequently an immobilisation mechanism of the actives zones on surface,
which can occur by physical and/or chemical adsorption. Similar results for imidazoli-
dinone derivates were reported in the literature. Tang et al. [5] reported that inhibition
efficiencies of MS corrosion increased by increasing of 2-aminomethyl benzimidazole
(ABI), bis (2-benzimidazolylmethyl) amine (BBIA) and tri (2-benzimidazolylmethyl)
amine (TBIA) concentrations. These values were 74.15, 92.19 and 94.14% for 2 mM
ABI, BBIA and TBIA in 1.0 M HCI solution according to potentiodynamic techniques,
respectively. Aljourani et al. [6] studied the corrosion inhibition effect of benzimida-
zole, 2-methylbenzimidazole and 2-mercaptobenzimidazole on the MS in 1.0M HCI
solution. The corrosion inhibition efficiencies were found to be 52.2, 57.1 and 88.7% at
250 ppm of inhibitors, respectively.

3.3. EIS measurements

Figure 4(a,b) indicate the Bode and Nyquist curves for MS in 0.5M HCI without and
with different concentrations of inhibitor. It is indicated from this curves that EIS reply
of MS in both acids has comparatively altered later the make addition of inhibitor. As
can be seen obviously in Figure 4(a,b), Nyquist curves are decadent into the real axis
and not excellent hemicycle as awaited from theory of EIS for reputed circuit of equiva-
lent and this is always attributed to the roughness, impurities, grain boundaries, distri-
bution of surface active sites and inhomogeneity of the MS surface ascent from surface
snafu or interfacial phenomena. The ideal capacitive behavior is not seen in this case
and hence a constant phase element CPE is introduced in the circuit to give a more
accurate fit [30-33]. The consequences defined subjacent can be explicated in the way
of equivalent circuit of the electrical double layer displayed in Figure 5 [34]. The value
of R have been estimated from the difference in EIS at lower and higher frequencies
[35]. The values of Cq were determined using the following relation:

Cdl = Y, (Wmax)n71 (2)
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Figure 4. Nyquist (a) and Bode (b) plots of MS electrode obtained in 0.5M HCI solution (7) (inset)
and containing 0.5 (4), 1.0 (¢), 5.0 (M) and 10.0mM (@) 2-HEI (solid lines show fitted results).

where W, = 2I1f. The Cdl value is the relation to the frequency at which the
imaginary component of impedance is maximum (fi,,.,) [36].

Electrical equivalent circuit diagram (Figure 5) generally used for modeling metal/
solution interface [37-40].

The use of CPE instead of double layercapacitance (Cdl) could be linked to a more
accurate fit in the case of deviation from an ideal capacitor as a result of different phys-
ical phenomena like surface roughness, inhibitor adsorption, porous layer formation,
etc.The double layer capacitance value, but, provides a better validation of the equiva-
lent circuit model and can be determined from the CPE according to the following
equation [26,41-43]:
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Figure 5. Electrical equivalent circuit diagrams used to modeling metal/solution interface. R: solu-
tion resistance, R,: polarization resistance, CPE: double layer capacitance and film capacitance for
uninhibited and inhibited solutions, respectively. R, corresponds to charge transfer resistance
(Re) and diffuse layer resistance (R;) at the metal/solution interface in the absence of inhibitor
(R, = R + Ry. R, includes the accumulated species (R;), R, and film resistance (R9, (R,’=
Ry (R + Ra) + Ra + Rp.

Table 1. Electrochemical parameters of MS in 0.5mol L™ HCl solution in the absence and pres-
ence of different concentration of 2-HEI.

EIS LPR
Cinny (MM)

Eror R, R, CPE Ca R,

(mV) Q) Qcm?) (x10°s"Q ' em™d  n %) (x10°sQ T em 3 (Qcm) ;%)
Blank —508 1.9 72 266 0.91 180.4 71
0.5mM —490 1.7 250 156 0.89 69.6 103.5 208 65.7
1.0mM —485 1.5 282 151 0.89 759 102.7 278 743
5.0mM —484 1.9 308 150 090 76.8 106.2 294 75.7
10 mM —475 1.7 494 136 091 854 102.9 500 85.7

Cq values determined from CPE parameters, Y, and n, as described in Ref. [43].
. -1
Zcpe = [Yo(jw)"] (3)

Where j is the imaginary root, Y, is the extent of the CPE, w is the angular frequency,
and n (-1 <n<1) is the diversion parameter with regard to the phase shift vanity the
microscopic oscillation of the MS surface [44].

The efficiency of inhibition (1) % was determined using the following equation:

R,—R
n% = ( PR, P) % 100 (4)
P

Where R, and R, are the polarization resistance with and without 2-HEI
respectively.It was found that (1) improved with an increase in the 2-HEI concentra-
tion as seen Table 1 [45].

When we compared our study with the literature data, e.g. Wang et al. [46] studied
the inhibition effect of aromatic imidazolidinone and its derivate. They found R, and
inhibition efficiency as 206.4 Q cm® and 92.9%, at 25mg L™ concentration of inhibi-
tor in the 3.5 wt.% NaCl solutions. Yiice et al. [47] also investigated the inhibition per-
formance of thiohydantoin derivate in 0.1 M HCI solution on MS. And they showed
that the inhibition efficiency of this inhibitor was around 97% from the EIS results. In
another study, Okafor et al. [48] measured the behaviors of inhibition of 2-undecyl-1-
ethylamino imidazoline (2UEI) in 3% NaCl solutions. The inhibition efficienciees
increased with the increasing of inhibitor concentration and reached 90.61% in
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CO,-saturated 3% NaCl solutions. Zhao and Chen [49] carried out the corrosion
inhibition effects of oleic-based imidazoline (OIM) and sodium benzoate (SB) on
MS in a CO,-saturated solution. The results showed that, the compounds adsorbed
in their protonated forms on the metal surface. Li and et al. [50] showed for a 3 g/L
acetic acid (HAc), where 0.1 g/L imidazoline (IM) as a mixed-type inhibitor that R,
and inhibition efficiency is 99.4%, at N80 carbon steel in CO2-saturated NaCl solu-
tion containing acetic acid. Moreover, Ikenna et al. [51] investigated the inhibition
efficiencies of 5-(4-hydroxy3-methoxyphenyl)-2,7-dithioxo-2,3,5,6,7,8-hexahydro-
pyrimido[4,5-d]pyrimidin-4(1H)-one (PP), in CO2 corrosion was studied by means
of electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
(PDP) were complemented with scanning electron microscopy (SEM), techniques to
assess the corrosion inhibition performance. They found the inhibition efficiency as
98%. Our impedance results will be improved and 2-HEI will support the literature
studies by taking into account the physical and chemical meaning of the inhib-
ition properties.

3.4. Adsorption isotherm

To utilize corrosion thermodynamic parameters and adsorption operations of MS in
acidic environment, estimates were executed in the temperature range 20-50 °C in the
presence and absence of inhibitor (in the case of 0.5M HCI concentration of inhibitor
is 10 mM), after 1h of immersion.

Surface coverage degree (0), for different concentrations of 2-HEI (C;,;,) in 0.5M
HCI solution is obtained from EIS measurements and these data are applied to a suit-
able adsorption isotherm.

A straight line is yielded in the plot of C,,/0 versus Ci,y, (Figure 6), thus calculated
correlation coefficient is very close to unity. The slope is also very close to unity.
Adsorption of 2-HEI from 0.5 HCI solution on the surface of MS corresponds to iso-
therm of Langmiur adsorption, which is presented by Eq. (5).

14
12 - R?=0,9968
10 -
61 ‘
4 4
2 o
0 . . . : " :
0 2 4 6 8 10 12 14

C (mM)

Figure 6. Langmuir adsorption plot of MS in 0.5M HCI solution containing different concentrations
of 2-HEI.
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The equilibrium constant value, K,4s of 38.12x10> M !, demonstrates the high
adsorption of 2-HEI on the surface of MS. The AGe,4 on surface of MS can be deter-
mined with the following equation:

AGS 3 = -RT(In 55.5K,4) (6)

The calculated value of AG-,q, is —29.87 k] mol '. The negative AG-,q4, value ensures
strong and spontaneous adsorption of 2-HEI film on the MS surface. Generally, the
magnitude of AGe,qs up to —20KkJ kJ mol or less negative implies the electrostatic
interactions exist between the charged molecules and the charged MS surface (physi-
sorption). On the other hand, the magnitude around —40kJ mol ' or more negative
indicates charge sharing or transfer from the inhibitor molecules to the MS surface
(chemisorption) [45-56]. For this reason, the 2-HEI adsorption on the surface of MS
includes both physisorption and chemisorption.

Figure 6 shows adsorption isotherm of Langmuir for 2-HEI on MS. A reasonable
straight line is obtained (r* = 0.99) with a slope equal ~1 2-HEI The worth 55.5 in
this situation is the concentration (M) of H,O in solution [57]. This lean and negative
values of AG°,4; demonstrates spontaneous and presumably both physical and chemical
inhibitor adsorption in 0.5 M HCI solution [58].

Electrostatic and/or donor acceptor interplay between vacant d-orbitals of Fe atoms
at the surface and electron density of S and N atoms and aromatic ring molecules eluci-
dates the adsorption of inhibitor structures on the MS surface [59,60].

3.5. Effect of temperature

In order to examine the temperature effect on inhibition performance of 2-HEI, EIS
and PD measurements were fulfilled at various temperatures, ranging from 20 to 50 °C,
in the absence and the presence of 10mM 2-HEI after 1h exposure. The obtained
results are given in Table 2. As it is clear from Table 2, it is visible that the corrosion
current densities increase in both without and with inhibitor and with the rising of
temperature, and the inhibition efficiency decreases, showing that inhibition of 2-HEI
is temperature-dependent [5]. The increasing Ea (%) with temperature suggests that
the interactions of the inhibitor molecules with the surface of metal are more chemical
than physical.

Table 2. Effect of temperature MS electrode obtained in 0.5 mol L' HCl in the absence and pres-
ence of 10.0mmol L~" 2-HEI solutions electrochemical parameters.

R, (Q cm?) CPE (x10°s" Q7" em™?)
T(C°) Blank 2-HEI Blank 2-HEI 1(%)
20 72 494 266 136 854
30 42 250 379 161 83.2
40 22 108 690 178 79.6

50 13 59 731 274 78.0
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The value of Ea determined in the inhibited solution (56.8kJ mol ') being higher
than the value of Ea in the uninhibited solution (45.5k] mol™!) shows that a physical
(electrostatic) adsorption has occurred in the first stage [18,40].

Besides, the increase in Ea can be correlated with the increase in the thickness of
the double layer [40]. But, the process of adsorption could not be graded as merely
chemical or physical. Owing to competitive adsorption with H,O structures, the
adsorption criteria type acquired from the activation energy of change can not be
taken as a stable. Hence, the adsorption of 2-HEI on the MS surface from HCI solu-
tion occurs by way of both chemical and physical transactions synchronically with
largely first one [53].

In Figures 7 and 8, the EIS results in 0.5M HCI solution with and without
10 mM 2-HEI were displayed, seriatim. The R,,, CPE acquired from fitted EIS datum
and efficiencies of inhibition were epitomised in Table 2. The R, values diminished
slowly because of inhibitor release structures from the surface due to the tempera-
ture effect, which also proves adsorption of physical. The R, values were estimated
as 59Q cm” and 13 Q cm? for inhibitor presence (in the case of 0.5 M HCI concen-
tration of inhibitor is 10 mM) and uninhibitor conditions at 50 °C, seriatim. As it is
seemingly seen from Table 2, estimated efficiencies of inhibition remain consider-
ably high (78%) even the highest temperature. Furthermore, many inhibitors
replace with H,O slowly with temperature in OHP, thus the CPE values tend
to remain.

Figures 9 and 10 show the PD results in the uninhibitor and inhibitor at tempera-
tures of 20°C, 30°C, 40°C and 50°C. As shown in Figure 9, the temperature has an
important effect on both cathodic and anodic current values for the uninhibitor solu-
tion. In addition, the dissociation and hydrogen evolution reactions of MS dissociate
faster with the current values. The anodic party as well exhibits change in the gradient
with augmenting temperature. It is correlated to changed kinetics for passing between
Fe*tand Fe*" ions [61]. As it is visible from Figure 10, the acquired valid values for
either cathodic or anodic aspect are still lower than weighed in uninhibitor solution,
beneath raised temperature conditions. The intimate cathodic and anodic reactions
have exceedingly affected by the adsorbed inhibitor structures. Besides, the temperature
in the inhibitors has a higher value with the cathodic. Increasing the temperature of
the desorption process of inhibitory structures from the MS surface. This was previ-
ously explained by the interaction with the MS surface with strong adsorption.
However, further enhance in the temperature decreases the affects of inhibitor in the
interface, which indicate that inhibitor adsorption occurs fewer affirmative. In order to
attain rate of corrosion from PD result sicorrand cathodic Tafel curves values were des-
ignated from Figures 9 and 10 which show cathodic reactions in the uninhibitor and
inhibitor, including solutions at different temperatures. In addition, the i, values are
indicated in the 2-HEI results at different temperatures. The estimated parameters of the
corrosion approach each other with increasing temperature. The mechanism of inhibition
was explicated from E, values designated with assist of equation of Arrhenius, Eq. (7).
However, the i, values gained from EIS results were salvaged to designate the E, of
corrosion. The acquired Arrhenius plot for MS in 0.5 M HCI in the presence and absence
of inhibitor is expensed in Figure 11. The E, value is based on the slope of these curves.
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Figure 7. Nyquist plots of MS electrodes in 0.5M HCI solution in the absence at different tempera-
ture (a) 20°C (@), 30°C (m), 40°C () and 50°C (A).

The E, values were determined as 45.5k] mol ! and 56.8kJ mol ' for uninhibitor and
inhibitor conditions, respectively. When inhibitors are present, the decrease in E, value
is elucidated by the coordinated formation complexes of Fe*" and inhibitor structures.
2-HEI structures are chemically adsorbed on the MS surface by complex formation with
Fe?* [62-64].

icorr = Aexp(—Ea/RT) ?7)
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Figure 8. Nyquist plots of MS electrodes in 0.5M HCI solution presence of 10.0mM 2-HEI at differ-
ent temperature 20°C (@), 30°C (H), 40°C (¢) and 50°C (A) after fitted results.

3.7 SEM analysis

The surfaces of MS specimens in 0.5 M HCI solution without and with optimum con-
centration (10 mM) 2-HEI for 120 h exposure are given in Figure 12(a,b). As it is seen
from Figure 12(a), the surface is highly damaged with lots of pits and cavities in the
inhibitor absence, and this confirms MS dissolution in the aggressive medium. In
Figure 12(b), the inhibited MS surface is smooth, no pits and cavities, and this con-
firms inhibition occurring on the MS surface. This improvement in surface protection



JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 13

-2

-3

logi (A cm?)

4

-5

-6 1 L 1 1 1
0% 08 07 06 05 04 -03 02 -01

E/V (Ag/AgCl)

Figure 9. Potentiodynamic polarization curves of MS electrode obtained in 0.5M HCl solution in
the absence 20°C (@), 30°C (m), 40°C () and 50°C (A).
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Figure 10. Potentiodynamic polarization curves of MS electrode obtained in 0.5M HCI solution
presence of 10.0mmol L™' 2-HEI at different temperature 20°C (@), 30°C (m), 40°C (¢) and

50°C (A

is due to the formation of protective film or reduction of the rate of corrosion on the
MS surface.

3.6. Theoretical calculations

Quantum chemical calculation of 1-(2-Hidroksietil)-2-Imidazolidion (2-HEI) was uti-
lized to understand the relationship between the electronic properties of molecular
structure and the corresponding inhibitive effect on the surface of metallic. Figure 13
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Figure 11. Arrhenius plots for the MS electrode in 0.5M HCl (s) and containing 10.0 mmol L™
2-HEI () solutions.

shows optimized geometry structures of HOMO and LUMO of the studied compound.
According to Koopmans’ theorem, the energy of Eyomo is directly related to the ion-
ization potential (I) while the energy of Egonmo is directly related to the electron affin-
ity (A) [65]. The geometrically optimized structure and electronic properties (Egomos
Erumo, Total energy, Dipole movement) were obtained by DFT/B3LYP/6-311G
(++ d,p) method. Other quantum chemical parameters such as energy gap (AE), Total
energy, Dipole moment (u), global hardness (y), softness (), and absolute electronega-
tivity () was calculated [66-70] and the results are presented in Table 3. The values
determined in this study were 5.663 eV for band gap —0.645 eV for E;ymo; —6.308 for
Enomo, respectively. These have demonstrated the high adsorption ability of 2-HEIL
We have determined electronegativity, stiffness and softness to give more information
about 2-HEI (Table 3). The values were 3.477 eV for electronegativity; 2.832eV for
hardness and 0.353 eV for softness respectively.

The Mulliken charge of atoms in inhibitor molecule is shown in Figure 13(a). The
highest negative charge is located on oxygen, and this clearly indicates strong inter-
action occurring between ester oxygen and a metal ion. The HOMO value is higher in
the zone to the oxygen and nitrogen (Figure 13(b)), which is attributed to the presence
of a lone pair of electrons in the nitrogen and oxygen atoms of inhibitor. Therefore,
the preferred active sites for donating electrons in the 2-HEI are mainly located in the
regions around the oxygen and nitrogen atoms. The LUMO densities in the ring region
were higher (Figure 13(c)), indicating the preferred active regions for accepting these
electrons. Therefore, it is reasonable to assume that oxygen is donating electrons and
forming a strong interaction with untreated d-orbitals of the metal, while the nitrogen
in the protonated ring region accepts electrons from the metal surface containing the
chloride ion.

Adsorption of an inhibitor on the MS surface may take place on the basis of donor-
receptor interactions between the unshared-electrons of the heterocyclic compound
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Figure 12. SEM images of MS samples: after immersion for 120h (a) in 0.5mM HCI solution with-
out inhibitor and after immersion 120h (b) in 0.5M HCI solution in the presence of 10.0 mmol L™
2-HEl.

and the empty d-orbitals of the MS surface atoms. Therefore, the energies of the
boundary trajectories must be taken into account. The adsorption of 2-HEI on the sur-
face of the MS as a neutral molecule can occur directly, including displacement of the
water molecules from the MS surface and the sharing of electrons between the nitrogen
atoms and the surface of the MS. Also we may emphasize that N containing hetero-
cyclic inhibitor compounds most probably adsorb on MS surface (physisorption) in
horizontal position, in 2HEI two N atoms may direct molecule such as a blanket on
MS surface and cover surface like an inhibitor film. Most probably these events are
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(a)

(b)

Figure 13. Optimized molecular structures of 2-HEI. with Mulliken charge (a), HOMO (b) and LUMO
(c) orbitals.

Table 3. The calculated quantum parameters for 2-HEI by DFT/B3LYP/6-311G (++ d,p) method in
water phase.

Inhibitor Enomo (eV) ELumo (eV) AF (eV) B (eV) 7 (eV) s(ev™)
2-HEl —6.308 —0.645 5.663 3.477 2.832 0353

Enomo: Energy of the highest occupied molecular orbital.
ELumo: Energy of the lowest unoccupied molecular orbital.
AE: Energy gap between LUMO and HOMO.

p: electronegativity.

7: global hardness.

s : global softness.

done physical interaction which is evident in from the value of AG-,4, obtained. So we
may say that comparison of theoretical HOMO and LUMO energy band gap and
experimental adsorption data correlate each other. Furthermore it proves literature
findings which offer physical adsorption of 2-HEI derivatives. Not only physical but
also some chemical interactions may occur on metal surface in outher Helmlholtz
layer. The main idea in inhibitor applications is development of inhibitor barrier layer/
film/accumulation between metal and corrosive medium. And the protection of the
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inhibitor molecule increases with increasing adsorption energy and adsorption layer.
Some times first layer of adsorption may occur with dominant effect of chemical inter-
actions but other layer may interact as physical and accumulation on the surface may
protect surface and push the corrosive speciments out from the metal surface. In this
study we proved that experimental data were correlated via quantum chemical
calculations.

4. Conclusions

From the current work, the following points can be concluded:

1. The EIS results indicated that MS was prevented from dissolving of MS surface
by adsorption of 2-HEI. EIS results displayed that the corrosion rate diminished
since strong adsorption features of 2-HEI molecules on the MS surface by way of
electronegative nitrogen, oxygen atoms and electron rich rings. The 2-HEI com-
pound studied are good inhibitors for MS in 0.5 M HCIL. The efficiency of inhib-
ition increases with the inhibitor concentration.

2. The addition of 2-HEI causes a decrease in both cathodic and anodic
currents.The corrosion potential (E.,,) of 2-HEI was observed to shift towards
more noble potentials with increasing additive concentration, indicating the
inhibitors to be of anodic character and formation of a surface film.

3. The adsorption behaviour of 2-HEI confirmed to the isotherm of Langmuir
adsorption and included adsorption, both physical absorption and chem-
ical absorption.

4. The negative value of AGe,4, showed that the adsorption of inhibitor molecules
on the surface of MS is spontaneous. The AGe-,4s value, —29.87 k] mol ™, dis-
played that 2-HEI interacted with the MS surface by way of chemical type
adsorption behavior, regulation with vacant d-orbitals of Fe atoms. Moreover,
temperature works showed that efficiencies of inhibition were high (78%) even at
the highest temperatures.

5. SEM exhibited a uniform smooth surface formation on the MS with inhibitor,
indicating the formation of a good protective layer on the MS surface. The
powerful interaction between 2-HEI and MS surface was also sighted from SEM
pictures even after 120 h early fallout.

6. This study shows that theoretical calculations are suitable for experimental elec-
trochemical observations.
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