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KEYWORDS Abstract In this work, two new imidazoline derivatives were successfully synthesized, and the
Imidazoline derivatives; molecular structure of which has been proved by IR, Raman and elemental analysis. The corrosion
Weight loss; inhibition performance of the imidazoline derivatives for carbon steel in 3.5 wt% sodium chloride
Electrochemical experiments; simulation-concrete-pore solution was investigated. The weight loss and electrochemical test results
Theoretical calculation exhibited that compared to the blank systems, the corrosion inhibition efficiency was effectively

enhanced with increasing the concentrations of two imidazoline derivatives, the maximum corro-
sion inhibition efficiency of weight-loss test is 96.02%. The inhibition efficiency of Electrochemical
impedance spectroscopy and Potentiodynamic polarization were 95.95% and 90.69%. EDS analysis
confirmed that two new imidazoline derivatives could effectively adsorb on the Q235 steel surface,
which was further supported by density functional theory (DFT) and molecular dynamics simula-
tions. This work confirmed that two new imidazoline derivatives exhibited a potential application in
engineering and equipment.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(R. Zhang). the application of reinforced Q235 steel bar was a common
practice in many concrete structure industries, which exhibited
superior weight capacity (Zhang et al., 2019). In terms of its
application environments, especially for buildings around/in

4 ocean, due to the existence of micro-pores in concrete build-
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Q235 steel bar, which further corroded Q235 steel bar, the cor-
rosion products will cause concrete cracking and spalling,
which will lead to the decline of mechanical properties of con-
crete, and eventually lead to the collapse of buildings, which
not only endangers the safety of the structure but also brings
huge economic losses. Thus, reducing or even eliminating the
corrosion of reinforced concrete is of great significance (Liu
et al., 2020).

Many new materials and technologies have been developed
with an objective to increase the service life of reinforced con-
crete structures. These methods including chloride extraction,
cathodic protection, application of protective coatings and
sealers, concrete re-alkalization and use of corrosion inhibi-
tors, can prevent and mitigate the corrosion of steel in con-
crete. Among the available methods, the using of corrosion
inhibitors is one of the most convenient, attractive and cost-
effective method to prevent corrosion of steel in concrete
(Ferkous et al., 2020).

Based on the mechanism of action, corrosion inhibitors can
be divided into two types: anode type and cathode type, which
can control the anodic reaction and cathodic reaction, as long
as one of the electrodes is suppressed, the corrosion rate can be
effectively reduced. Anodic corrosion inhibitors (typically,
chromate, nitrite and molybdate) can prevent or slow down
the anodic process employing forming ‘“‘protective films” on
the surface of reinforced steels (Rbaa et al., 2020). For exam-
ple, nitrite has been widely used as the main component of cor-
rosion inhibitors in the early stage because of its excellent
corrosion inhibiting effect. However, the downside of the
nitrite inhibitor is that local corrosion and accelerated corro-
sion will occur when the concentration of chloride ions reaches
a certain level, which makes nitrite inhibitor known as danger-
ous corrosion inhibitor. Besides, nitrite inhibitor is infamous
for carcinogenic alkali aggregate reaction, which significantly
affects the slump (Pan et al., 2020).

Cathodic corrosion inhibitors, such as zincate, phosphate
and organic compounds, prevent or slow down the cathodic
process through forming a passive film via adsorption, but
most of which are not effective when used alone. Thus, a lot
of research on a mixture of different types of corrosion inhibi-
tors have been reported, which usually focus on a reasonable
combination of cathode type, anode type, increasing resistance
type, reducing oxidation type and other substances. Such mix-
ing corrosion inhibitors have good rust resistance and low tox-
icity, but its synthesis method and process are complicated. It
should be noted that the addition of a large number of differ-
ent types of corrosion inhibitors mixture into the concrete can-
not guarantee uniform distribution of each type on the surface
of steel.

It has been reported that imidazoline can play an excellent
corrosion inhibition performance in concrete (Xu et al., 2020;
Kousar et al., 2019; Finsgar, 2020). Imidazoline quaternary
ammonium salt is easier to adsorb on the surface of Q235 steel
to form a protective film and play a excellent corrosion inhibi-
tion effect (Cao et al., 2019; Pakiet et al., 2019). It was reported
that the combination of iodine ion and corrosion inhibitor
could improve the corrosion inhibition efficiency (Aquino-
Torres et al., 2020; Tan et al., 2020). Therefore, the fabrication
of imidazoline derivatives was a feasible way to improve and
enhance the anticorrosion performance of Q235 steel.

Generally speaking, these inhibitors have multiple adsorp-
tion sites, which can play an excellent corrosion inhibition per-

formance in the concrete inhibitor molecules. According to the
literatures, According to the literatures (Yu et al., 2019), Zong-
xue Yu research the inhibition efficiency of benzoyl lauric acid
imidazoline quaternary ammonium salt was 91.19%, and its
active sites were mainly distributed on imidazole ring and phe-
nyl. Its active sites were not as many as SMIF inhibitor, and its
inhibition performance was much higher than that of benzoyl
lauric acid imidazoline quaternary ammonium salt. Penggang
Wang research (Wang et al., 2020) the inhibition efficiency
of the inhibitor is 88.73%, and the adsorption sites of the inhi-
bitor are not as many as those of SMIF inhibitor, and the cor-
responding inhibition effect is not as high as that of SMIF
inhibitor. SMIF inhibitors also contain iodine ions, which
can also play a certain inhibition effect. This inhibitor mole-
cule can play a good corrosion inhibition performance.

In this work, two new imidazoline derivatives were synthe-
sized, their microstructures and anti-corrosion performances
were examined by IR, Raman, NMR and electrochemical
methods. The morphologies of Q235 steel after weight loss
tests were characterized by SEM and ESD technique. In addi-
tion, density functional theory (DFT) and molecular dynamics
(MD) simulation were employed to provide a molecular level
insights into the inhibition mechanism.

2. Experimental and computational methods
2.1. Experimental methods

2.1.1. Preparation of SMIF and SMID

The compounds SMIF and SMID were synthesized in the lab-
oratory. The oleic imidazoline was synthesized by oleic acid
and diethylenetriamine, and then n-phenylthiourea and n-
methylthiourea were added after adding 1-iodobutane, respec-
tively, to form SMIF and SMID. The specific steps are as fol-
lows: oleic acid and diethylenetriamine were added into a four-
port flask at a molar ratio of 1:1.1, heated at 140 °C for 2 h,
then dehydrated at 190-210 °C to cyclize. Subsequently, xylene
was used to carry the water out of the reaction system and
refluxed for 1.5 h to fully separate the water and diethylenetri-
amine. After adding l-iodobutane, n-phenylthiourea and n-
methylthiourea was added respectively, and reacted for 1.5 h,
The target product could be synthesized when the temperature
was kept around 140 °C and cooled to room temperature.
Finally, the products were vacuum distilled to separate other
impurities in the system (Rbaa et al., 2020; Bashir et al.,
2020; Cao et al., 2017). The chemical synthesis roadmap of it
is shown in Scheme 1.

2.1.2. Materials

The corrosion inhibition experiments were carried out on the
Q235 with the following composition (wt.%): C: <0.22%,
Mn: <1.4%, Si: <0.35%, S: <0.050%, P: <0.045%, and Fe
(for balance). Q235 steel was cut into the suitable size
(12mm x 12mm x 2 mm, 10 mm x 10 mm x 30 mm) which
were utilized for weight loss testing, surface analysis and elec-
trochemical analysis. Before setting up the experiment, these
coupons were ground using different grades of emery paper
(80-2000 grade) and degreased with anhydrous ethanol and
air-dried. These coupons were then preserved in a vacuum des-
iccator for further corrosion measurements and electrochemi-
cal measurements (Zhang et al., 2019).



Corrosion behaviors of Q235 carbon steel under imidazoline derivatives as corrosion inhibitors 3

NH,CH,CH,NHCH,CH,NH,
RCOOH

AN
SMIF
S

PN
r—c” !
N e
N
\
CH,CH,NH,
/N
R—C\/ j I
N S

ady I
CH, CH3CH2NHC<1\I§

. H -
CH,CH;NH, N e, i
S N I
L | SMID r—C7 j
\+ S
R=Cy;Hys 3 CH;CH,NHCNHCHy
Scheme 1 Reaction roadmap of imidazoline derivatives synthesis.

Inhibition experiments were carried out in a synthetic con-
crete pore solution: 0.6 mol/L potassium hydroxide + 0.2 mol/
L sodium hydroxide + saturated calcium hydroxide solution
with 3.5 wt% NaCl, (SCP solution) (Zhang et al., 2019;
Chen et al., 2019). Four different concentrations SMIF and
SMID were considered: 0.0; 1.0, 2.0, 3.0, and 4.0 g/L.

All the chemical reagents mentioned in this paper are from
Aladdin reagent network. Oleic acid: >99.0% (GC);
Diethylenetriamine: greater than 99% (GC); l-iodobutane:
greater than 98.0% (GC); n-methylthiourea: 98%; n-
phenylthiourea: 98%. Inorganic reagent: AR

2.1.3. Weight loss analysis

For weight loss measurements, the above mentioned the car-
bon steel samples with dimensions 12 mm x 12 mm X 2 mm
were used. These samples were initially weighted down before
setting up the experiment and then careful immersed in a
200 ml beaker of test solution retained at a temperature range
of 298 K in a temperature-controlled oven. After 5 days of
immersion time, these samples were taken out and wiped off
with acetone then air-dried and final weight of the samples
noted down to analyze the weight loss. The weight loss mea-
surement was achieved by calculating the difference in the
weight loss of the steel samples before and after immersion
in a blank solution. Various parameters as corrosion rate
and corrosion inhibition efficiency were calculated via this
method.

The inhibition efficiency #(%) and corrosion rate Cr were
calculated using Egs. (1)—(2):

A
Cr(mgem2h™') = A—Wt (1)

n(%) = 020 100 )

where Aw, A, t represent weight loss of inhibited and uninhib-
ited specimens (mg), surface area of specimens (cm?) and
immersion time (h), respectively. Cgy andCg represent the
corrosion rates in uninhibited and inhibited cases.

2.14. Electrochemical tests

All the electrochemical experiments were performed on an
electrochemical workstation (PARSTAT 2273) in a three-
electrode-type vessel. This three-electrode consisted of a satu-
rated calomel electrode (SCE) (the reference electrode (RE)),
a 1 cm? Pt plate (the auxiliary electrode (CE)) and the Q235
specimens with the size of 10 mm x 10 mm x 30 mm (the
working electrode (WE)). The WE with 1 cm? exposing surface
area was treated before electrochemical experiments: abrading
with emery paper from 80 to 2000 grade in turn then rinsing
gently with adequate distilled water, washing with absolute
ethyl alcohol. The WE was immersed in SCP solution for
900 s to attain a stable value of open circuit potential (OCP),
when testing OCP, the immersing time of carbon steel in solu-
tion is 3600 s, then using Potentiodynamic polarization (Tafel)
technology and electrochemical impedance spectroscopy (EIS)
measurement and polarization tests, the immersing time was
120 s and 900 s. The EIS measurements were then performed
based on OCP with an amplitude signal of 10 mV in the fre-
quency range from 100 kHz down to 50 mHz. All the abtained
EIS data were fitted using ZSimwin 3.10 software (EChem
Software). Polarization studies were performed at + 250 mV
vs SCE at OCP and the sweep rate is 0.25 mV/s. Generally,
the sweep speed of 0.25 mV/s, which can better show the polar-
ization corrosion in the corrosion system. Corrosion current
density (i) values were calculated from the obtained polar-
ization curves using Tafel extrapolation (Berisha, 2020). All
the electrochemical tests were carried out at 25 °C.

2.1.5. Characterization methods

Characterization of corrosion inhibitors: the IR spectrum and
ATR-FTIR spectrum (Spectrum One PE: USA) measurements
were carried out within the working range of 500-4000 cm ™.
The Raman spectrum (DXR) measurements were carried out
within the working range of 600-2600 cm™'. The inhibitor
molecules were characterized by 1H NMR spectra and 13C
NMR spectra (AVANCE 400).

The carbon steel specimens immersed in SCP solution with
presence and absence of inhibitor was used to investigate sur-
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face analysis by scanning electron microscopy (SEM: X Flash
Detector 5010 BRUKER Nano) (Saraswat et al., 2020).

2.2. Computational methods

Quantum chemical calculations were conducted using the soft-
ware of Materials Studio (Accelrys Ltd.). The geometrical
optimizations calculations were chosen and completed on the
cation of SMIF and SMID molecule with DMol3 module
based on the density functional theory (DFT) (Ye et al.,
2020; Asadi et al., 2020). The molecular dynamics (MD) sim-
ulation of SMIF and SMID molecules on the Fe surface was
also investigated. The iron crystal was imported and cleaved
along the Fe plane first and then a slab of 10 A was employed.
The simulations had been done with condensed-phase opti-
mized molecular potentials for atomistic simulation studies
(COMPASS) force field that were suitable for chemical and
condensed-phase systems (Ye et al., 2020; Asadi et al., 2020).
The MD simulation was conducted in a simulation box (1&
10 x 10 x 40), which uses the Forcite module using a NVT
canonical ensemble with a total simulation time of 500 ps
and a time step of 5 fs, at 298 K (Ye et al., 2020; Asadi
et al., 2020).

3. Results and discussions
3.1. Corrosion inhibitor characterization

3.1.1. IR analysis

The IR result of SMIF and SMID are given in Fig. 1. From
the Fig. 1, 3275.0 ecm™' (N—H str.), 1650.0 cm™! (C=N
str.), 1650-1640 cm™' (C=C str.), 1170.0 cm~' (C=S str.),
2925.0 cm ™' and 2842.0 cm ™' (CH2 str.), 1460.0 cm™' (C—C
str.), 1250-950 cm ™! (phenyl str.), 2900 cm ™' (CH3 str.) are
belongs to the corresponding functional groups in additives
(Ye et al., 2020; Asadi et al., 2020).

3.1.2. Raman analysis

The Raman result of SMIF and SMID are given in Fig. 2.
From the Fig. 2, 1600, 1400 cm ™' (phenyl str.), 1300 cm ™'
(CH, str.), 1650-1950 cm~' (N—H str.), 1170.0 cm~'(C=S

Transmittance/a.u.

(a) SMIF

T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm™!

Fig. 1

str.), 1080 cm~'(C=N str.) are belongs to the corresponding
functional groups in additives (Guerrab et al., 2020).

3.1.3. Physical performance

The boiling point of SMIF is 158.0 °C and SMID is 178.5 °C.
The inhibitor molecules are not soluble in water.

3.1.4. NMR analysis

The structure of SMIF and SMID were further characterized
by 13C nuclear magnetic resonance (NMR) spectroscopy.

The 1H NMR spectra and 13C NMR spectra of inhibitor
molecules shown in Fig. 3 From the IH NMR spectra in
Fig. 3, where 8 (3.25) is the hydrogen characteristic peak of
—C=N in imidazoline inhibitor, § (7.70) is the hydrogen char-
acteristic peak of 1-benzene. 6 (7.43) is the hydrogen character-
istic peak of 1 —N C=S, and & (2.16) is the hydrogen
characteristic peak of —C=C. From the 13C NMR spectra
in Fig. 3, where 3 (129.0) is the carbon characteristic peak of
-N- C=S, 3 (128.4) is the carbon characteristic peak of 1-
benzene, & (42.1) is the carbon characteristic peak of 1 beta
—C(=S)—N, and 3 (32.9) is the hydrogen characteristic peak
of —N=—C. According to the NMR of SMIF inhibitor mole-
cule, it can be estimated that the inhibitor molecules was be
synthesized successfully.

Fig. 4 displayed 1H NMR spectra and 13C NMR spectra of
SMID, where & (7.5) is the hydrogen characteristic peak of
aldimine, & (3.55) is the hydrogen characteristic peak of
—NC(=S), & (3.25) is the hydrogen characteristic peak of
—C=N. § (2.16) is the hydrogen characteristic peak of 1
—C=—C,and & (1.25) is the hydrogen characteristic peak of
methylene.

From the Fig. 4 13C NMR spectra, where 6 (130.6) is the
carbon characteristic peak of 1-ethylene, 6 (28.0) is the carbon
characteristic peak of —C=N and § (15.2) is the carbon char-
acteristic peak of 1 beta —C(=S)—N.

According to the NMR of SMIF and SMID inhibitor
molecule. It can be explained that the inhibitor molecules
can be synthesized.

3.1.5. Elemental analysis

The element analysis of the corrosion inhibitor was carried out
by PE 2400 II type element analyzer. The element contents of

Transmittance/a.u.

(b) SMID

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm™!

IR spectrum of SMIF (a) and SMID (b).
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Fig. 2 Raman spectrum of SMIF (a) and SMID (b).
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Fig. 3 NMR spectra of inhibitor molecules: '"H NMR spectra of SMIF in DMSO (left), '*C NMR spectra of SMIF in DMSO (right).
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the corrosion inhibitor are shown in Table 1. According to
Table 1, the theoretical content of the inhibitor is basically
consistent with the measured content. Combined with the IR
and Roman analysis results, it can be concluded that the inhi-
bitor molecules are basically synthesized.

SMID '*C-NMR spectra

L ) [

T T T T T
200 180 160 140 120 100 80 60 40 20 0
ppm

1 NMR spectra of inhibitor molecules: '"H NMR spectra of SMID in DMSO (left), 3C NMR spectra of SMID in DMSO (right).

3.2. Weight loss analysis

In order to determine the effect of corrosion inhibitor on cor-
rosion rate and corrosion inhibition efficiency of Q235 in SCP
solution, the weight loss of Q235 sample immersed in different
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Table 1 The element contents of the corrosion inhibitor.

N (%) C (%) S (%) H (%)
SMIF measured value 8.38 59.60 4.56 8.72
SMIF theoretical value 9.38 59.28 4.79 9.53
SMID measured value 9.17 57.38 5.32 7.35
SMID theoretical value 9.20 57.22 5.27 7.45

content solution was studied. Each concentration was con-
ducted three times and the average value was recorded in the
various parameters shown in Table 2 (Bashir et al., 2020).

As shown in Table 2, the corrosion rate values reduced
from 0.143 to 0.006 mg cm > h™! when added 4.0 g/L SMIF
in SCP solution. The inhibition efficiency raised to 96.02%
when 4.0 g/L SMIF was immersed in SCP solution and the
corrosion rate decreases with the increase of inhibitor concen-
tration. The reduction is directly attributed to the adsorption
of corrosion inhibitor molecules on carbon steel active sites.
Also, by increasing additive concentration the surface coverage
can be enhanced and higher inhibition performance can be
attained. The inhibition efficiency of SMIF is higher than that
of SMID. It may be that the adsorption strength of phenyl in
SMIF is higher than that of methyl in SMID, which is more
conducive to the adsorption of inhibitor molecules on the sur-
face of carbon steel.

3.3. OCP analysis

As is known that significant attention should be paid to the
stability of the open circuit potential, before each electrochem-
ical test such as EIS, and Tafel polarization (Guo et al., 2015).
The OCP values of the specimens immersed in the SCP solu-
tions in the absence/presence of inhibitors are recorded as a
function of immersion time as shown in Fig. 5

The initial decrease of OCP value in the first minutes of
exposure period can ascribe to the corrosion reactions occur-
rence on the steel substrate. This initial drop was pronounced
in the blank and inhibitor-containing solutions, and the most
negative OCP values belonged to blank specimens (Padash
et al., 2020). Extending the measurement time to 900 s, it
was observed that samples subjected to the solutions inhibited
by SMIF and SMID showed little variation at longer immer-
sion times. This can act as a sign of the formation of a stable
barrier film composed of SMIF on the steel panels, inhibiting
the contact of corrosive ions and water molecules with the steel
surface. Since almost constant values were achieved in differ-
ent solutions after 900 s, the EIS tests and Tafel polarization
were conducted after this exposure time (Yan et al., 2020).

Table 2 Parameters of weightlessness experiment.

3.4. Potentiodynamic polarization tests

Fig. 6 shows the potentiodynamic polarization curves for car-
bon steel with different concentrations of SMIF and SMID.

The electrochemical parameters such as corrosion potential
(Eorr), corrosion current density (i), anodic and cathodic
Tafel slope (f,, f.) along with the percentage of inhibition effi-
ciency (%IE) are listed in Table 3. The percentage inhibition
efficiency (%IE) was calculated using the Eq. (3):

I?O,Ir - i(’orr
1

corr

where 1‘30,_,, and i, are the values of corrosion current density
in the absence and presence of inhibitors, respectively.

The maximum decrease in current density from 16.93 to
0.69 mA/cm?2 was observed for SMIF, indicating that the inhi-
bition efficiencies of SMIF is better than SMID as the best
inhibitor. The presence of phenyl group in SMIF is resulted
in its higher inhibition performance as compared to SMID
(Singh et al., 2020). With the increase of inhibitor concentra-
tion, the current density decreased gradually, which proved
that the inhibitor molecules adsorbed on the surface of carbon
steel to form a protective film, which hindered the further cor-
rosion of carbon steel surface by corrosive medium.

Tonic liquid molecules of inhibitors classified into anodic,
cathodic or mixed type depending upon the shift in the E,,,.
values of inhibited metallic specimens for the |E, | values of
the uninhibited metallic specimen. In fact, the prepared
organic compounds are cationic surfactants. If this displace-
ment in |E,, | values are more than 85 mV then inhibitors
may be categorized as cathodic or anodic type. If these dis-
placements are less than 85 mV then inhibitors can be classified
as mixed type (Douche et al., 2020). In the present case, max-
imum displacements in the E,,.values were 242 and 135 mV,
indicating that SMIF and SMID acts as anodic type inhibito,
which was further supported by relatively more shifts in the
values of f. as compared to the values of f3,. Inspection of
Fig. 4 reveals that potentiodynamic polarization curves are
parallel and similar in different concentrations of the studied

T C SMIF SMID

(K) (g/L) CR (mg.cm 2h™ ") n (%) CR (mg.cm 2h™") n (%)
blank 0.143 £+ 0.005 - 0.143 £ 0.005 -

298 K 1.0 0.054 + 0.004 62.25 + 0.024 0.061 + 0.005 57.34 + 0.039
2.0 0.033 + 0.005 76.92 £+ 0.032 0.043 + 0.007 69.93 £+ 0.050
3.0 0.014 + 0.005 90.21 + 0.035 0.020 £+ 0.004 86.01 £+ 0.031
4.0 0.006 £+ 0.005 96.02 £+ 0.034 0.010 + 0.003 93.01 £ 0.025
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Fig. 5 Variation of the corrosion potential of carbon steel in SCP solution (a) SMIF (b) SMID (c) 4 g/LSMIF and 4 g/L SMID.

inhibitors indicating that these molecules inhibit metallic cor-
rosion by blocking the actives sites present over the metallic
surface without changing the mechanism of carbon steel corro-
sion (Douche et al., 2020; Sahoo et al., 2019). The mechanism
of corrosion inhibition can be explained as follows: the inhibi-
tor molecule mainly inhibits the anodic reaction, thus inhibit-
ing the whole reaction system (Qiang et al., 2019).

3.5. Electrochemical impedance spectroscopy

Fig. 7 shows the Nyquist plots for carbon steel with different
concentrations of SMIF and SMID.

Nyquist plots consist of a depressed capacitive loop along
with the real axis and their size increases with increasing the
concentration of inhibitor molecules (see Fig. 7), indicating
that the corrosion of carbon steel in SCP solution is controlled
by polarization resistance (R,) (El Faydy et al., 2016). For a
carbon steel corroding in SCP solution, R, is associated with
several types of resistances such as film resistance (R), solution
resistance (Ry), and charge transfer resistance (R,,) etc. that is
R,=R;+R;+R,.

It consists of solution resistance (Rgs), film resistance (Ry),
charge transfer resistance (R.) and constant phase element
(CPE;,CPE,). The impedance function of CPE can be repre-
sented by the following Eq. (4): (El-Hajjaji et al., 2018)

|
Zcpe = Y, [(je),] 4)

where Y and n is the magnitude and exponent (phase shift) of

the CPE, respectively, 7 = —1 is an imaginary number and o
is the angular frequency. Properties of CPE depend on the
value of n (El-Shamy et al., 2015). n = —1, CPE stands for

inductive reactance. n = 0, CPE is refer to pure resistor.
n = 0.5, CPE stands for Warburg impedance. n = 1, CPE
stands for pure capacitor. The Cy; and C; are calculated using
the following Eq. (5) (Qiang et al., 2021; Tan et al., 2021):

C = Yo(w) " = Yo2n/)""! (5)

The values of EIS parameters such asRg, Ry, CPE, Y, and n
obtained by fitting the EIS spectra are listed in Table 4.

As shown in Table 4, the value of R; increases and n
decrease with increasing the inhibitor concentration, which is
resulted of an increase in the thickness of the electrical double
layer on the metal/solution interface and/or decreases in the
value of dielectric constant due to the displacement of pre-
adsorbed water molecules by the inhibitors. It can be seen that
the values of ngvary from 0.8565 to 0.6183. This parameter,
which is also known as roughness and/or heterogeneity factor,
can give us some useful information regarding the surface
heterogeneity or geometry (roughness). It is obvious from
Table 4 that in the case of without inhibitor solution. The
value of n is 0.6183, indicating the increase in surface rough-
ness as a result of severe iron dissolution. For the inhibitor-
containing solutions the different concentrations of SMIF
and SMID value is higher than without inhibitor, which can
be demonstrated by the parameter of n. The decrease of n
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Fig. 6 Polarization curves for carbon steel corrosion in SCP solution (a) SMIF; (b) SMID; (c) 4 g/LSMIF and 4 g/L SMID.

Table 3 Potentiodynamic polarization parameters for carbon steel corrosion in the absence and presence of different concentrations
of SMIF and SMID.

Inhibitors Concentration (g/L) Ecore (mV vs SCE) icorr (MA/cm?) f, (mV) p. (mV) n (%)
Blank 0.0 —635.394 16.93 329.959 144.48 /
SMIF 1.0 —573.571 10.02 625.685 68.818 40.81
2.0 —526.066 5.83 471.966 169.123 65.57
3.0 —494.150 3.02 372.804 195.373 82.19
4.0 —393.638 0.69 245.008 103.057 95.92
SMID 1.0 —579.096 11.01 413.963 52.910 34.96
2.0 —551.103 6.97 375.887 38.263 58.82
3.0 —541.253 4.17 304.993 106.525 75.37
4.0 —506.640 1.73 239.625 124.649 89.80

value can prove that the inhibitor molecules adsorb on the sur-
face of carbon steel and inhibit the corrosion of carbon steel
surface by corrosive medium, thus reducing the surface rough-
ness of carbon steel (Cao et al., 2019; Singh et al., 2017). The
values of the electric double layer capacitor (Cq4;) and the film
capacitor (Cy) show a downward trend (Tan et al., 2020). This
indicates that the SMIF and SMID molecules replace the H,O
molecules on the Fe electrode surface to forming a dense anti-
corrosion film (Qiang et al., 2020; Tan et al., 2019).

From Fig. 8, the inhibition performance of molecules:
SMIF > SMID. The fluctuation range of Ry value is too small
to be ignored, the great changes of Ry and R,can be explained
that SMIF and SMID corrosion inhibitor molecules adsorb on
the surface of carbon steel, forming an adsorption protective
film, effectively delaying the rate of metal corrosion. It suggests
that corrosion inhibition occurs by adsorption of SMIF and
SMID molecules at metal interfaces. The equivalent circuit
model used to interpret the impedance results is given in Fig. 9.
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Table 4 Electrochemical impedance parameters for carbon steel corrosion in the absence and presence of different concentrations of

SMIF and SMID.

Inhibitors C R Yot 173 ng Ry Cf Yre ¥ 17° n, Ry Cdl Rp Q 1, e
(g/L) (Qcm) (@ 'em2sY) (Qem?) (uF ecm™2) (Q ' em ™2 s (Qcm?) (uF cm™?) (%)

Blank 0.0 1024 1821 0.6183 648 23.64 91.26 0.6099 322.8 14.14 981  / 0.003767

SMIF 1.0 1071 2815 0.8565 1073  20.47 48.60 0.8710 21.72 9.84 1105 12.91 0.006206
20 1094 1275 0.7162 2729  13.81 4.584 0.7860 17.14  7.18 2757  64.65 0.002550
3.0 1270 40.66 0.6907 3468  14.88 7.929 0.6753 4538  5.50 8018  87.87 0.003344
40 1114 3771 0.6701 5326  6.62 6.22 0.6275 9903  3.37 15,240 90.69 0.001592

SMID 1.0 11.09  89.00 0.6098 490 20.6 46.87 0.8894 713 11.1 1214 19.29 0.002830
20 1129 15.62 0.7598 1500  14.73 72.10 0.6384 21.83 7.95 1533 36.20 0.002277
3.0 11.69 2287 0.6588 2275  13.9 27.94 0.6490 18.8  7.18 2305  57.68 0.002393
40 1147 9451 0.6540 4354  7.01 4.073 0.7378 381.6  3.87 4747 78.49 0.003128

Zsimwin software is used to fit the impedance spectrum,
and the Chi sauared in the software is used to evaluate the fit-
ting degree. The smaller the value is, the more it indicates that
the fitted circuit is the same as the real circuit. And the Chi
sauared value is more than 0.05, indicating that there is no cor-
relation between the real circuit and the analog circuit. The X2
in the manuscript is far less than 0.05, indicating that the fitting
circuit is the real circuit in the corrosion system. From Table 3,
% is far less than 0.05.

From Fig. 8, the inhibition performance of molecules:
SMIF > SMID. The increase in surface smoothness in the
presence of SMIF and SMID molecules was further supported
by the Bode plot. It can be seen from Fig. 8 that phase angle (o
°) increases with an increase of inhibitors’ concentration and
the maximum increase in phase angle was —51.5° at the opti-
mum concentration. However, for the ideal capacitor, the
phase angle values —90° and the constant slope is —1. In the
present study, the values of slope range from —0.4805 to
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Fig. 8 Bode plots for carbon steel corrosion in SCP solution with different concentrations of SMIF and SMID.
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Fig. 9 Equivalent circuit for the analysis of the EIS data.

—0.7710, and the phase angle ranges from —41.30 to —51.5°
(Tiiken et al., 2012). It indicates that in the present analysis,
the carbon steel interface did not behave as an ideal capacitor.
The deviation from the ideal capacitive behavior is attributed
to surface roughness (Goyal et al., 2018).

In Fig. 8(a), the corrosion resistance of carbon steel can be
reflected by the low-frequency impedance modulus Z. the lar-
ger the impedance modulus Z, the better the corrosion resis-
tance (Yadav et al., 2015). From Fig. 8(b), the phase angle ¢
increases with the increase of inhibitor concentration. The
phase angle @ has a maximum value in high-frequency range,
which indicates that inhibitor molecules can adsorb on the sur-

face of carbon steel to form a protective film, it can effectively
prevent corrosion.

It can be seen from Fig. 8(b), there are two peaks in phase
angle ¢, indicating that there are two reaction time constants;
Fig. 7, Nyquist shows a capacitive circuit, and the impedance
spectrum is basically consistent, indicating that the reaction
mechanism of the electrode in SCP has not changed. The mole-
cules of SMIF and SMID can adsorb on the surface of carbon
steel in solution to form a protective film to further prevent
corrosion of carbon steel surface by corrosive medium
(Qiang et al., 2019).

3.6. Corrosion inhibitor adsorbed on steel surface

3.6.1. SEM analysis

Fig. 10 shows the morphology of carbon steel surfaces under
different conditions. Fig. 10(a) shows carbon steel surface mor-
phology dip in blank SCP solution for 5 days at 298 K. Fig. 10
(b) shows carbon steel surface morphology dip in 4 g/L SMID
SCP for 5 days at 298 K. Fig. 10(c) shows carbon steel surface
morphology dip in 4 g/L SMID SCP for 5 days at 298 K.

1 | sus010 10.0kv 15

SU8010 10.0kV 15.0mm x30 LM(UL)

Fig. 10  (a) The surface of Q235 steel in SCP solution; (b) the surface of Q235 steel in 4.0 g/L SMIF; (c) the surface of Q235 steel in 4.0 g/

L SMID.
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Fig. 11  (a) Surface of Q235 steel after corrosion (b) EDS energy spectra of green ellipse in Fig. 11a.
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Fig. 13 The ATR-FTIR of pure corrosion inhibitor and corrosion inhibitor adsorbed on steel.

The surface of carbon steel shows obvious corrosion holes
and seriously damaged in a blank SCP solution. In Fig. 10(b
and c), it can be found that the corrosion degree on the surface
of the Q235 is significantly reduced. The order of the flatness of
carbon steel surface: SMIF > SMID > Blank.

In the SCP solution with SMIF and SMID inhibitor, a
layer of film can be seen on clearly the surface of carbon
steel. The morphology of the film and its EDS diagram
and element analysis are shown in Fig. 11. The SEM dia-
gram of film of the carbon steel surface after wiping and
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Fig. 15 Optimized configuration of SMIF, SMIF " and their frontier molecular orbital.

its EDS spectrum and the element analysis are displayed in
Fig. 12.

From Figs. 11 and 12, in the SCP solution with corrosion
inhibitor, the film uniformly covers the surface of carbon steel.
After the film is wiped, the surface of carbon steel is even and
smooth without obvious corrosion phenomenon. EDS shows
that corrosion inhibitors element in the adsorption film on
the surface of carbon steel. The carbon steel surface after wip-
ing also contains inhibitor elements, which indicates that the

adsorption film formed by inhibitor molecules, the film can
prevent the corrosion medium adsorbing on the surface of
Q235 and prevent the occurrence of corrosion effectively
(Chugh et al., 2020).

3.6.2. ATR-Ftir

Infrared absorption spectroscopy is helpful in the general char-
acterization of corrosion inhibitors structure. The corrosion
inhibitor structures are revealed by the FTIR spectra of pure
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corrosion inhibitor and steel immersed in corrosive solution
with corrosion inhibitor for 5 days as shown in Fig. 13
(Shubina et al., 2016).

The infrared spectra of the inhibitor molecules adsorbed on
the steel surface and the pure inhibitor molecules have corre-
sponding peaks at 3000 cm ™! and 1500 cm™', the formation
of a corrosion inhibitive layer by SMIF and SMID adsorption
on the mild steel surface is further confirmed (Javadian et al.,
2017).

3.7. Adsorption isotherm model studies

Adsorption isotherms are of importance in evaluating the ther-
modynamic parameters of adsorption and understanding the
possible mechanism of interaction between corrosion inhibi-
tors and carbon steel surfaces. To clarify the nature of adsorp-
tion, several different adsorption isotherms (Langmuir,
Temkin, Frumkin, etc.) were applied to evaluate the adsorp-
tion performance of inhibitors. Among these isotherms, the

Table 5 Quantum chemical values of corrosion inhibitor.

Inhibitor Enomo Erumo AE

SMIF —1.817 —1.188 0.629
SMID —1.607 —0.773 0.834
SMIF* —2.186 2.130 0.056
SMID™* 1.620 0.602 1.018

(d)ESP

(d) ESP

Optimized configuration of SMID, SMID* and their frontier molecular orbital.

Table 6 The adsorption energy of SMIF and SMID on Fe.

Edsorpiion(kcal/mol) Fe(110) Fe(111) Fe(001)
SMIF —227.155 —43.660 —33.019
SMID —103.637 —64.574 —21.527

Langmuir adsorption isotherm was ultimately found to best
match the adsorption characteristics of the inhibitors, and
the following Eq. (6):

C[n/l/o = I/Kad.v + Cinh (6)

where C;,, represents the inhibitor concentration, 6 devotes the
fraction of steel surface covered by inhibitor, which can be
defined as 0 = 1,005 70/ 100 estimated, and K, represents
the equilibrium constant of the whole adsorption process,
which measure the strength of the adsorption forces between
the inhibitor molecule and the carbon surface.

Generally, from the thermodynamics view, a larger inhibi-
tor K value means a more efficient adsorption process and bet-
ter inhibition performance. K value of SMIF and SMID is
relatively high, implying that SMIF and SMID adsorbed on
the carbon steel surface leads to high protection efficiency
(El Aoufir et al., 2020).

The plot of C;,;,/0 versus Cy,;, is shown in Fig. 14, the slope
of which is useful for obtaining the K, value. The linear cor-
relation coefficient (R?) values of the inhibitors all reach above
0.99. In addition, the standard free energy (AGS[,S) of inhibitor
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adsorption on a metal surface, is calculated by the following
Eq. (7):

AG’, = —RTIn55.5K (7)

ads —

where 55.5 denotes the value of the molar concentration of
pure water, R, which equals to 8.314J(mol - K). represents
the universal gas constant, and T is the temperature in Kelvin.
AG!,, obtained from the Langmuir adsorption isotherm by
weight loss for the adsorption of SMIF is —12.76 kJ- mol™!
and SMID is —11.44 kJ-mol'. Negative values of AG?,_ indi-
cate that the adsorption of the inhibitor onto the steel surface
is accepted from the thermodynamics point of view and indi-
cates the spontaneity of the adsorption process (Chafiq et al.,
2020). In general, a more negative value of AG",  implies the
stronger trend of the adsorption strength of inhibitors adsorb-
ing onto the metal surface. Furthermore, it is widely accepted
that if Angsis less negative than —20 kJ-mol™!, it is identified
as physical adsorption, or can be called electrostatic interac-
tion happening between both the charged inhibitor molecules
and the steel surface. However, if Angsis more negative than
—40 kJ-mol~' it implies chemisorption, in this process, the
inhibitor molecules are adsorbed onto the steel surface
(Ferkous et al., 2020). In summary; Corrosion inhibitor mole-
cules are physically adsorbed on the surface of carbon steel.

3.8. Theoretical studies

3.8.1. Quantum chemical calculation

The above experimental results show that SMIF and SMID
adsorbs onto the steel surface via physical adsorption. It is nec-

essary to acquire more information on the inherent nature of
SMIF and SMID to understand the adsorption mechanisms
on the carbon steel surface (Majd et al., 2019).

Figs. 15-16 shows that the electron donating region of
SMIF and SMID inhibitor molecule is mainly located at
C=S, and the active region for obtaining electrons is mainly
distributed on the imidazole ring. SMIF molecule containing
a phenyl can provide the certain electrons, which makes the
SMIF molecules more incline to adsorb on the surface of Fe
superior to SMID molecules. Quantum chemical calculated
results are in well agreement with experimental results.

As regards the higher HOMO energy of an inhibitor mole-
cule, it can be easier to donate electrons to the empty or unoc-
cupied orbitals of the metal. Correspondingly, if the LUMO
energy is lower, the inhibitor molecule can be easier to receive
electrons from the metal. Therefore, lower values of AE are
prone to get better inhibition efficiency. Energy band gap
(Enomo-Erumo = AE) is perhaps the most important reactivity
parameter and its low value is synonymous with high chemical
reactivity and therefore high inhibition performance.

In the present analysis, values of AE obey the order: SMIF
(0.629) < SMID(0.834). SMIF*(0.056) < SMID™"(1.018),
whether in the solvation or protonation, all consist with the
order of inhibition efficiency determined by experiments. The
A e value of SMIF in ionic liquid is the lowest, which indicates
that SMIF is the softest and the most active, so it has the high-
est inhibition efficiency.

3.8.2. The molecular dynamics (MD) simulation

MD simulation was carried out for providing insightful infor-
mation for adsorption mode of the corrosion inhibitor cations

SMIF (110) Side view

SMIF (110) Top view

SMID (110) Side view

SMID (110) Top view

Fig. 17 The most stable configuration for the SMIF and SMID cation adsorption on the Fe (110), (111), (001) surface.
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SMIF (001) Side view SMIF (001) Top view

SMID (001) Side view SMID (001) Top view

SMIF (111) Side view SMIF (111) Top view

SMID (111) Side view SMID (111) Top view

Fig. 17 (continued)

on the Fe surface and evaluating the interaction energy of the MD simulation was carried out to provide an insightful
corrosion inhibitor with the Fe (110), (111), (001) surface information for adsorption mode of the cation of SMIF and
(Chafiq et al., 2020; Verma et al., 2018). SMID on the carbon steel surface and to evaluate the interac-
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tion energy of inhibitor molecule with the Fe surface. The
adsorption energy of SMIF inhibitor molecule and Fe can be
calculated by Eq. (8), the more negative the value, the more
stable the system and the better the corrosion inhibition per-
formance of the molecule.

Eadsorpriun = Etutal - (Esurfaz'e + Einhibitor) (8)

According to the molecular dynamics simulation, the
adsorption energy is listed in Table 6.

Fig. 17 shows the equilibrium configuration for the adsorp-
tion state of the cation of SMIF and SMID on the Fe surface.
It can be clearly seen that the favorite adsorbed sites of SMIF
and SMID locate at imidazole ring and C=S bond, which can
adsorb on the Fe surface effectively. Generally, the more neg-
ative adsorption energy means a stronger interaction between
the adsorbent and adsorbate (Elgendy et al., 2019). The
adsorption energies in Table 5 show that the adsorption
strength of SMIF is superior to SMID. The calculated is
results well supported by the experimental investigations.

4. Conclusions

In this work, we successfully fabricated two novel inhibitors,
and their molecular structures were confirmed by IR, Raman
spectroscopy and elemental analysis. The corrosion inhibition
performance was proved by weight loss experiment and elec-
trochemical experiment. The inhibition mechanism was stud-
ied by DFT and molecular dynamics simulation. The main
conclusions can be drawn as follows:

(1) The results of weight loss test show that SMIF exhibits
better inhibition effect than that of SMID, and the inhi-
bition efficiency of SMIF could reach 96.02%. The inhi-
bition efficiency of these two inhibitors increases with
increasing the concentration of inhibitors.

(2) Electrochemical test results exhibit that the open circuit
potential show that the inhibitor is an anode type inhibi-
tor and can form an adsorption film on the steel surface.
Potentiodynamic polarization show that the corrosion
inhibitor molecules formed protective film on the surface
of carbon steel, which also prevented the charge trans-
fer. The electrochemical impedance spectroscopy further
proves that the inhibitor molecule belongs to anode type
inhibitor molecule.

(3) EDS and FTIR showed that the inhibitor molecules
existed on the surface of carbon steel, and the adsorp-
tion isotherm proved that the inhibitor belonged to
Langmuir adsorption, which is consistent with the con-
clusion of electrochemistry. The conclusion is also con-
firmed by computational chemistry.

This investigation would give a positive guidance for our
future work.
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