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The effects of the number of imidazoline ring and the length of alkyl group chain of imidazoline de-
rivatives were investigated using quantum chemical calculation, molecular dynamics simulation and
experimental techniques. Three corrosion inhibitors including symmetrical lauric acid imidazoline (SAI),
tetracyclic lauric acid imidazoline (LAI), and symmetric stearic acid imidazoline (SPI) were synthesized
and their inhibition performance was evaluated using weight loss measurement, electrochemical tech-
niques and surface characterization. The results show that SAI and LAI with the same length of alkyl
group chain, LAI with more imidazoline rings could supply a better inhibition performance since the
increase of active sites. The increase of active sites attached to the metal surface may also change the
distribution of corrosion inhibitor, which could limit inhibition performance improvement. While, SAI
and SPI with the same number of imidazoline rings, SPI with longer alkyl group chain shows a better
inhibition efficiency due to the better hydrophobic performance of alkyl groups. Among the three in-
hibitors, SPI shows the best inhibition performance, indicating that the alkyl group chain length affects
the inhibition performance more obvious than the number of the imidazoline rings.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the petroleum and chemical industries for pickling, etching
and descaling, the corrosion of metal materials exists widely un-
dergo the acid environment. Anti-corrosion strategies are usually
required during the operation to extend the service life of the steels.
One of the most effective ways is to use corrosion inhibitors to
reduce the corrosion rate, which could reduce the enormous cost of
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materials each year [1e3].
At present, organic compounds are usually synthesized as

corrosion inhibitors, such as imidazoline derivatives, quinolone
derivatives, pyridines and quaternary ammonium salts. Almost all
of their molecular structures contain some of the special atoms
such as N, O, S and P atoms, which could form a protective film on
the metal surface, preventing most metal from dissolving in the
acid solution [4,5]. Among all of the organic corrosion inhibitors,
imidazoline derivatives inhibitors are the most commonly utilized
in the oil and gas storage and transportation due to their excellent
corrosion inhibition performance and low toxicity [6e9].

Imidazoline derivatives usually contain imidazoline rings and
alkyl groups. Imidazoline rings and alkyl groups are considered to
play the critical roles in the corrosion inhibition. Until now, the
inhibition mechanisms of imidazoline and its derivatives have
already been apparent. It is generally suggested that the inhibition
performance of imidazoline and its derivatives is attributed to
characteristics of the chemical structure, i.e., its hydrophilic groups
n behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
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and hydrophobic groups. The imidazoline ring belongs to the hy-
drophilic group, while the alkyl group is considered as the hydro-
phobic group.

It is generally accepted that the lone electron pair on N atom
forms strong bonds with vacant orbital in iron atom [10,11], while
the alkyl group is inclined to upside. Thus, a protective film forms to
prevent the contact between substrate and corrosive environment.
Previous studies have demonstrated the influence of carbon chain
length on the corrosion inhibition efficiency [12e14]. It is found
that with increasing the carbon chain length, inhibit corrosion
ability increases. As the direct adsorbing site on the steels, the
imidazoline ring is also extremely significant. The strength be-
tween the steel and inhibitor molecular and the inhibitor coverage
could determine the inhibition performance. The coverage could be
affected by the distribution of alkyl group and the number of
adsorbing sites. The increase in the number of imidazoline rings is a
possible way to increase the adsorbing sites. Until now, to the best
of our knowledge, the impact of the number of imidazoline rings on
the corrosion inhibition performance is rarely reported.

In the last decades, imidazoline derivatives inhibitors that
contain one imidazoline ring have been extensively investigated
[13,15]. Simultaneously, a few works regarding imidazoline de-
rivatives inhibitors that contain multiple imidazoline rings is also
reported. Gemini imidazoline derivatives contain two five-
membered rings. Theoretically, they could adsorb on the metal
surface. Moreover, two hydrophobic groups of gemini imidazoline
inhibitors supply a barrier against corrosive species. For example,
Yang et al. [16] developed a new gemini imidazoline (GIM) corro-
sion inhibitor, which has higher surface activity than traditional
imidazoline corrosion inhibitions. In addition, there is also a certain
relationship between the number of imidazoline rings and the
corrosion inhibition efficiency. D. Gopi et al. [17] found that the
corrosion inhibition efficiency of tripodal structured imidazole
derivatives (TITM) is higher than that of bipodal structured imid-
azole derivatives (BIDM), indicating that increasing the number of
imidazoline rings can increase the corrosion inhibition efficiency.
Tang et al. [18,19] has developed two benzimidazole inhibitors and
found that increasing the number of benzimidazoles, that is,
increasing the adsorption sites of N, can also effectively improve the
corrosion inhibition efficiency. The mechanism of corrosion inhi-
bition is similar to the increase in the number of imidazoline rings.

As mentioned above, the inhibition performance of the imida-
zoline derivatives is mainly determined by imidazoline rings and
the alkyl group chain length. Therefore, it is also important to
survey the influence of carbon chain length for the inhibition
capability when an inhibitor contains multiple imidazoline rings,
although this effect has been reported for the inhibitor with one
imidazoline ring.

In this work, the effects of the number of imidazoline rings and
the alkyl group chain length on the inhibition performance of
imidazoline inhibitors were investigated through quantum chem-
ical calculations, molecular dynamics simulation, weight loss
measurement, electrochemical techniques and surface carteliza-
tion. HCl solution, which is usually applied in the oil and gas storage
and operation industry [20], was employed as the experimental
solution in this work.

2. Experimental

2.1. Chemicals and materials

Lauric acid (AR), stearic acid (AR), sebacic acid (AR), tetra-
ethylene pentaamine (AR) and HCl (36%e38%) were purchased
from Ke Long company, China. The sample of L360 steel was pur-
chased from Yangzhou Keli Environmental Protection &
448
Instrumentation Ltd. In this work, all chemicals are analytically
grade.

2.2. Synthesis of imidazoline derivatives

The chemical structures of the three corrosion inhibitors
(symmetrical lauric acid imidazoline (SAI), tetracyclic lauric acid
imidazoline (LAI), and symmetric stearic acid imidazoline (SPI)) are
shown in Fig.1. SAI was synthesized according to the report fromYu
et al. [15]. In this synthesis, 0.1 M (20 g) of lauric acid, 0.06 M
(11.34 g) of tetraethylene pentaamine and 60 ml of xylene were
added to a four-necked flask at 90�C. Then, the temperature rose to
140�C for 2 h. Finally, the temperature further rose to 240�C for 4 h.
SAI was dark brown solid at room temperature. The yields of SAI is
84.6%.

Similarly, 0.1 M (28.4 g) of stearic acid, 0.06 M (11.34 g) of tet-
raethylene pentaamine and 60 ml of xylene were added to a four-
necked flask at 90�C. Then, the temperature rose to 140�C for 2 h.
Finally, the temperature further rose to 240�C for 4 h. The yields of
SPI is 80.4%.

0.05 M (10.11g) of sebacic acid, 0.06 M (11.34 g) tetraethylene
pentaamine and 60 ml xylene were mixed in a four-necked flask at
140�C until water is not produced to complete amidation reaction.
After 2 h, the intermediate product was cooled down. Then 0.1 M
(28.45 g) of stearic acid added to the reaction vessel. The temper-
ature rose to 140�C for 2 h, then further rose to 240�C for 4 h until
water is not generated to form imidazoline rings. The yields of LAI is
77.3%.

In this study, infrared spectroscopy was used to characterize the
three synthetic products of SAI, LAI and SPI. The results are shown
in Fig. 2. From Fig. 2, the 2925 cm�1 and 2852 cm�1 absorption
peaks were the characteristic peaks of the CH3- and CH2- group.
The 1647 cm�1 absorption peaks were the characteristic peaks of
the C]N bond that belong to imidazoline rings. The characteristic
peaks of CeNbond of SAI, LAI and PSI are 1544 cm�1,1550 cm�1 and
1552 cm�1, respectively.

2.3. Quantum chemical calculations

Using gaussian 09W, quantum chemical calculations are carried
out by B3LYP/6-311G (d, p) method to optimize geometry of three
inhibitors. The results are post-processed and visualized by Mul-
tiwfn and VMD softwares [21].

To predict active sites of corrosion inhibitor, the frontier orbital
theory is carried to explain the interaction between the metal
surface and atoms. The results are shown in Table 1.

The system consisting of N, Nþ1 and N-1 electrons are
computed independently. qðN þ 1Þ, qðNÞ, and qðN � 1Þ represent
atomic charges including anionic, neutral, and cationic species,
respectively. qðN þ 1ÞqðNÞ, and qðN � 1Þ obtained by DFT calcula-
tion of three inhibitors with the same theoretical level. The
condensed Fukui function is calculated as follows [22]:

f� ¼qðNÞ � qðN � 1Þ (1)

fþ ¼qðNþ1Þ � qðNÞ (2)

f 0 ¼qðN þ 1Þ � qðN � 1Þ
2

(3)

2.4. Molecular dynamics simulation

Molecular dynamics (MD) simulations are conducted by



Fig. 1. The chemical structures of the corrosion inhibitors: (a) SAI, (b) LAI and (c) SPI.

Fig. 2. FT-IR spectrum of SAI, LAI and SPI.

Table 1
Quantum chemical parameters calculated for SAI, LAI and SPI.

EHOMO (eV) ELUMO(eV) DE(eV) h(eV) s(eV�1) c(eV) DN(eV)

SAI �5.772 0.596 6.368 3.184 0.314 2.588 0.69
LAI �5.718 0.561 6.282 3.139 0.318 2.579 0.70
SPI �5.725 0.548 6.273 3.137 0.319 2.579 0.70
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Material Studio 2017. ForMD simulations, a (12� 12) supercell with
Fe (11 0) surface was built in a box (3.03 nm � 3.06 nm� 6.25 nm).
The Fe (1 1 0) is separated from the pure iron crystal while the
energy is minimized. Expand the surface area of Fe (110) to make a
suitable supercell. Meanwhile, the 1 M HCl solution was used for
the solution of the simulation experiment. The corresponding ratio
of water molecules to hydrogen chloride is 1000/18 including
982H2O,18H3Oþ, 18 Cl� and 1 inhibitor molecule [23]. A layer of the
six layers near the bottom of the supercell was kept fixed.

The MD simulations are conducted by the COMPASS force field
at 333 K. The simulations are used by the Andersen thermostat
under NVT. The simulation time is 200 ps with the time step of 1 fs.
2.5. wt loss measurement

In thiswork, the samplewasmachined from a L360 steel pipe and
its dimensions was 40� 13� 2.5 mm3 1MHCl solutionwas purged
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using N2 gas for 4 h before the weight-loss measurement and during
the whole experiment duration. The samples were immersed in 1 M
HCl with each inhibitor of different concentrations (0, 50, 100, 200
and 400 ppm) at 60�C for 12 h. The agent, which contained 100ml of
hydrochloric acid, 10 g of hexamethylenetetramine and 900 ml of
distilled water, was used to remove the corrosion products. The
corrosion rate (v, mm/a) is calculated following Eq. (4):

v¼87600� ðw1 �w2Þ
S� r� t

(4)

where w1 is the weight prior to the experiment (g), while w2 is the
weight after the experiment (g). S stands for the surface area (cm2),
r represents the density of L360 steel sample (g/cm3), and t is
experiment duration (h) [24,25]. The inhibition efficiency (h) is
calculated following Eq. (5):

h¼ v0 � v1
v0

� 100% (5)

where v0 is the sample corrosion rate without inhibitor, v1 is the
sample corrosion rate with inhibitor, respectively.

2.6. Electrochemical measurements

The electrochemical behaviour of the sample with and without
inhibitor was measured using a CS310H system made by Wuhan
Corrtest instruments Corp. Ltd. A three-electrode system was
employed. A platinum electrode and saturated calomel electrode
(SCE) were employed as a counter electrode and a reference elec-
trode, respectively, while the L360 steel sample is employed as a
working electrode. The working electrode was ground in turn by
600, 800, 1200 grits of sandpapers.

For the EIS measurements, the 105e10�2 Hz was chosen as the
frequency range, and the amplitude was 10 mV. All the measure-
ments were carried out at the open circuit potential (OCP). After the
EIS measurement, the polarization curve was then measured. The
potential range of the polarization curve measurement was
from �0.15 to 0.3 V (vs. OCP), and the scan rate was 1 mV/s.

2.7. Surface and cross-sectional morphologies

The sample with and without inhibitor was observed using
ZEISS EVO MA 15, through which the surface and the cross-
sectional morphologies could be obtained.
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3. Results and discussion

3.1. Quantum chemical calculations

Quantum chemical calculations were used to explore the active
site distribution of organic inhibitor molecules and predict the
corrosion inhibition performance [26e29]. The electron density
distribution of the frontier molecular orbital is significant to the
adsorption sites of corrosion inhibitors. According to previous re-
ports [25], The highest occupied molecular orbital (HOMO orbit)
represented molecules to donate electrons to empty orbits ability,
while the lowest unoccupied molecular orbital (LUMO orbit) indi-
cated the capability of receive electrons from the metal surface. A
molecule with high symmetry usually has more degenerate mole-
cule orbitals. Hence, HOMO orbit, HOMO-1 orbit, LUMO orbit and
LUMOþ1 orbit were extracted with each inhibitor, as is shown in
Fig. 3.

It is speculated that imidazoline rings of the three corrosion
inhibitors participate in the adsorption process. The electron den-
sity of the HOMO orbits only distributes on one side of the inhibitor
molecule. However, the HOMO-1 orbit of SAI and SPI distributes on
the other side of the imidazoline ring, similar to that of LUMOþ1
orbits, indicating that both HOMO-1 and LUMOþ1 orbitals could be
interacted with metal surface. Therefore, SAI and SPI adsorb
through two imidazoline rings. Because the two inhibitors are not
strictly symmetrical, the energy difference is little. These orbitals
are quasi-degenerated [22], hence, making the adsorption capacity
different. For the LAI molecules, the orbitals concentrate on the two
imidazoline rings. Therefore, comparedwith SAI, the increase of the
rings might not necessarily increase the corrosion inhibition
efficiency.

The quantum chemical parameters including energy gap (DE),
electronegativity (c), global hardness (h), softness (s) and the
fraction of electrons transferred (DN) can be calculated by the
following equations [30]:

DE¼ ELUMO � EHOMO (6)

c¼�EHOMO � ELUMO

2
(7)
Fig. 3. The HOMO, HOMO-1, LUMO and LUMOþ1 molecular orbitals densiti
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h¼ ELUMO � EHOMO

2
(8)

s¼ 1
h

(9)

DN¼ cFe � c

2ðhFe � hÞ (10)

where cFe is 7.0 eV and hFe is 0 eV. According to previous reports
[31], the corrosion inhibition performance increases with the
decreasing DE.

The higher electron density indicates that N atom in the imi-
dazoline ring is an important adsorption point. The lone pair
electrons filled the empty d-orbital in the iron surface. Parameters
of the EHOMO and ELUMO in Table 1 completely support our argument
that electrons transferring between inhibitors and the metal sur-
face is easy.

According to the reports [29], DE reflects the electron transfer
capability and chemical activity. The smaller value is beneficial to
increasing the inhibition performance. The DE of the three corro-
sion inhibitors is listed in Table 1 and sequenced as: SPI < LAI < SAI.
Carefully comparison of SAI and SPI, it is found that they have the
same number of imidazoline rings but the different length of the
alkyl group chains. Therefore, alkyl group chains would also influ-
ence the inhibition efficiency.

The local selectivity of the inhibition reactions was also studied
by the condensed Fukui function. Due to the electron transfer
controlling process, the behavior could describe the nucleophilicity
or electrophilicity of the reactants [22]. The fþand fe in Table 2 are
consistent with the electron density distributions of the HOMO
orbits. Two N atoms in the imidazoline ring with high fe are
vulnerable to electrophilic attack. Both the nucleophilic attack and
electrophilic attack could occur on N atoms of theeN¼ bond. There
is no doubt that the adsorption sites of molecules mainly distribute
in the imidazoline ring. However, the values of fþand fe of N atoms
in symmetrical positions are different, which confirm the adsorp-
tion capacity divergence of the symmetrical imidazoline ring on the
corrosion inhibitors.
es distribution of SAI, LAI and SPI molecules with B3LYP/6-311G (d, p).



Table 2
Fukui functions of the three inhibitors calculated with B3LYP/6-311G (d, p).

Atom q(N) q(Nþ1) q(N-1) f - f þ f0

SAI N1 �0.217 �0.298 �0.127 0.089 0.081 0.085
N2 �0.079 �0.096 �0.004 0.075 0.018 0.046
N3 �0.158 �0.164 �0.144 0.015 0.006 0.010
N4 �0.078 �0.096 0.001 0.080 0.018 0.049
N5 �0.219 �0.295 �0.125 0.094 0.076 0.085

LAI N1 �0.226 �0.278 �0.184 0.043 0.051 0.047
N2 �0.073 �0.085 �0.044 0.030 0.011 0.021
N3 �0.157 �0.160 �0.130 0.027 0.003 0.015
N4 �0.081 �0.090 �0.043 0.037 0.009 0.023
N5 �0.216 �0.253 �0.174 0.042 0.036 0.039
N6 �0.218 �0.253 �0.176 0.043 0.034 0.038
N7 �0.079 �0.088 �0.041 0.038 0.009 0.023
N8 �0.158 �0.161 �0.151 0.007 0.003 0.005
N9 �0.079 �0.089 �0.040 0.039 0.010 0.024
N10 �0.217 �0.263 �0.170 0.047 0.046 0.046

SPI N1 �0.219 �0.284 �0.121 0.098 0.066 0.082
N2 �0.078 �0.093 0.004 0.082 0.015 0.049
N3 �0.164 �0.168 �0.134 0.031 0.004 0.017
N4 �0.074 �0.089 �0.015 0.059 0.015 0.037
N5 �0.214 �0.293 �0.134 0.080 0.079 0.080
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3.2. MD simulations

MD simulations are widely used to investigative corrosion in-
hibitors, to not only predict the adsorption configurations on the
metal surface but also compute the adsorption energy (Eads)
[32,33]. The equilibrium configurations of SAI, LAI and SPI adsorbed
on Fe (110) surface from the side and top views are shown in Fig. 4.
Imidazoline rings adsorbed on the steel surface, and alkyl group
chains kept aloof, which are consistent with the previous quantum
chemistry calculations. The hydrophobic alkyl group chain interacts
weakly with the steel surface and provides a barrier for the metal
surface against water molecules and Cl� ions.

To obtain the adsorption energy of imidazoline derivatives, Eads
(the values of adsorption energy) and Ebind (binding energy) were
computed by following formula [34]:

Eads ¼ Etotal � (Esurfaceþsolution þ Einhibitorþsolution) þ Esolution (11)

Ebind ¼ �Eads (12)

where Etotal stands for the total energy of a system, kcal/mol; Esur-
faceþsolution represents the total energy of a system in the absence of
inhibitors; Einhibitorþsolution is the energy of a simulation system in
the absence of the iron crystal; Esolution refers to the solution energy.
Table 3 shows negative value of adsorption energy for each inhib-
itor, indicating that on the Fe (110) surface, the corrosion inhibitors
can adsorb spontaneously [34]. Obviously, Eads of SAI is much
higher than LAI and SPI, and Eads of SPI is �303 kcal/mol, which is
the most negative value among the three inhibitors.

The adsorption strength between three corrosion inhibitors and
metal surface is represented using Ebind that is the additive inverse
of Eads. In general, the larger the Ebind is, the stronger the corrosion
inhibitor adsorption on Fe (110) surface is. From Table 3, the Ebind is
in the order of SAI (224 kcal/mol)< LAI (292 kcal/mol)< SPI
(303 kcal/mol), demonstrating that SPI adsorbs the best on the iron
surface. This suggests that SPI could have the best inhibition
performance.

Compared with SAI, LAI has two more imidazoline rings,
resulting in that the Ebind of LAI is much higher than SAI. It can be
speculated that more imidazoline rings offer more active sites for
adsorption. Accordingly, it is expected that an increase in imida-
zoline rings probably improve the inhibition performance of in-
hibitor. In addition, LAI has four imidazoline rings, however, not all
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imidazoline rings of LAI successfully adsorb on the iron surface
(Fig. 4c). This may also affect the inhibition performance of inhib-
itor. Furthermore, the increase in the length of alkyl group chain
could also enhance the inhibition performance based on the com-
parison between SAI and SPI. As listed in Table 3, Ebind of SPI is
higher than LAI, indicating that the length of alkyl group chain may
play more significant part in the improvement of inhibition ability
than the number of imidazoline ring.

3.3. wt loss

The average corrosion rates through weight loss measurement
are shown in Table 4. Above all, the samples in the solutionwithout
inhibitor are severely corroded since the average corrosion rate
reach up to 6.756 mm/a, which is an extremely high corrosion rate.
After the addition of SAI, the corrosion rate decline dramatically.
The corrosion rate with 50 ppm SAI is 0.935 mm/a in 1 M HCl so-
lution which is over seven times smaller than that without inhib-
itor. As SAI concentration increases, the corrosion rate follows a
volatility trend, the minimum corrosion rate is present at 100 ppm
where the inhibition efficiency of SAI is 86.93%. While, the corro-
sion rate with LAI shows different trend with the increasing con-
centration of inhibitor, i.e., corrosion rate decreases with the
increasing inhibitor concentration. At 400 ppm, the value of v is
0.813 mm/a and its inhibition efficiency is 87.96%. After addition of
SPI, the relationship between inhibitor concentration and the
corrosion rate shows the same trend similar to LAI. The minimum
corrosion rate is 0.692 mm/a at 400 ppm and its inhibition effi-
ciency is as high as 89.76%. Generally, it is considered that the in-
hibition performance following the sequence: SPI > LAI > SAI. This
result is in good agreement with quantum chemistry calculation
and MD simulation. It confirms that the effect of length of the alkyl
group chain on inhibition performance is more obvious than the
number of imidazoline rings.

3.4. EIS

EIS data of sample in the solution with each inhibitor are shown
in Fig. 5. It clearly shows that each Nyquist diagrammainly consists
of a single semi-circle, however, it is not a standard semi-circle
since the presence of frequency dispersion because of the in-
homogeneity of the sample surface and distribution of electrode
active sites [35,36]. Therefore, only one time constant are present
without andwith three corrosion inhibitors. The loop diameter that
could roughly represent the corrosion resistance varies with in-
hibitors and their concentrations. Compared with the presence of
inhibitor, the blank group shows a capacitive loop with a minimum
diameter size, suggesting the working electrode is poorly corrosion
resistant. While, the diameters of the all capacitive loops of the
samples in the solution with the inhibitor are much larger than the
blank sample. This indicates that the inhibitor could successfully
adsorb on the steel surface and hence the formation of protective
films.

With SAI, the diameter of semi-circle varies with the inhibitor
concentration and the maximum value is present at 400 ppm,
which seems to be inconsistent with the weight loss measurement
inwhich theminimum corrosion rate appears at 100 ppm. It should
note that the EIS data just stand for the instantaneous corrosion
rate, while the weight loss data represents the average corrosion
rate during the test duration. As the concentration of LAI and SPI
increase, the corrosion rates increase and the maximum values in
loop diameters for LAI and SPI are both present at 400 ppm. At
400 ppm, the diameter size for three inhibitor follows the order:
SPI > LAI > SAI, indicating that SPI shows the best inhibition
performance.



Fig. 4. Adsorption structure of three corrosion inhibitors on the Fe (1 1 0) surface SAI (a and b); LAI (c and d); SPI (e and f).

Table 3
The Eads and the Ebind of corrosion inhibitor molecules on Fe (1 1 0) surface.

Corrosion inhibitor Eads (kcal/mol) Ebind (kcal/mol)

SAI �224 224
LAI �292 292
SPI �303 303
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For quantitative analysis, an equivalent circuit was proposed to
fit EIS result, as listed in Fig. 6. In equivalent circuit, Rs is solution
resistance. The double layer capacitor (Cdl) is taken place by con-
stant phase element (CPE) since the capacitive loop is not a
452
standard semi-circle. The impedance of CPE can be described as:

ZCPE ¼
1

Y0ðjuÞn
(13)

where Y0 is the admittance and n represents the diffusion
index, �1 � n � 1. If n ¼ 1, the CPE is equivalent to Cdl [37,38]. Rct is
the charge transfer resistance.

The fitting parameters are shown in Table 5. Without inhibitor,
Rct is extremely small, only 35.7 U$cm2. Once the addition of in-
hibitor, the value of Rct increases greatly. Themaximum Rct for SAI is
172.8U$cm2which is present at 400 ppm. The increased value of Rct
and the decreased value of Y0 mean thickening of the double-layer



Table 4
The average corrosion rates of L360 steel in 1 M HCl solution with and without
inhibitors.

inhibitors concentration(ppm) v ± SD (mm/a) h (%)

Blank 0 6.756 ± 0.006 e

SAI 50 0.935 ± 0.062 86.15
100 0.802 ± 0.042 86.93
200 0.918 ± 0.027 86.41
400 0.904 ± 0.009 86.62

LAI 50 1.067 ± 0.006 84.20
100 0.919 ± 0.030 86.40
200 0.847 ± 0.023 87.46
400 0.813 ± 0.012 87.96

SPI 50 0.970 ± 0.022 85.64
100 0.884 ± 0.034 86.91
200 0.815 ± 0.004 87.93
400 0.692 ± 0.022 89.76

Fig. 6. The equivalent circuit diagram.
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capacitance [39,40]. It also indicated that the corrosion inhibitors
mainly control the charge transfer process which change electrode
surface condition to protect the steel. In summary, SPI shows the
best corrosion inhibition performance in impedance spectroscopy
test, it suggests that imidazoline rings and alkyl group chains
mutual determine the inhibition performance of inhibitors.
3.5. Polarization curves

Fig. 7 depicts the polarization curves without andwith corrosion
inhibitors in 1 M HCl solution. The corrosion potential (Ecorr),
corrosion density (icorr), anodic Tafel slope (ba) and cathodic Tafel
slope (bc) can be calculated using Tafel extrapolation method [41],
as listed in Table 6. It clearly found that Ecorr of the blank sample is
higher than that with inhibitor at each concentration. With
Fig. 5. The Nyquist diagram of the sample in 1 M

453
inhibitor, icorr of the sample is much lower, indicating the formation
of inhibitor film adsorbed on sample surface [42]. Generally, the
Tafel slopes including ba and bc of the steel sample with inhibitor
are higher than that of samplewithout the inhibitor, demonstrating
the inhibition of anodic and cathodic reaction rates resulted from
the inhibitor.

In the presence of SAI, Ecorr decreases from�0.429 V to�0.490 V
(vs. SCE) when the inhibitor concentration increases from 0 to
200 ppm. At 400 ppm, icorr is 0.00019 A/cm2, which is over 44 times
higher than that of sample without the inhibitor, showing that the
corrosion rate has been dramatically mitigated. According to the
shape of the polarization curves, the ba is much bigger than the
blank sample, therefore, it is easy to know that the anodic reaction
is greatly inhibited [43]. The pseudo passivation in anode curves
could be related to form inhibitor film. Besides, the cathodic Tafel
slope with SAI is also slightly higher than the blank sample, sug-
gesting that the hydrogen evolution is inhibited in some way.

In the presence of LAI and SPI, almost the same change trend
with SAI could be seen. The difference is that at the same inhibitor
concentration icorr of SPI is smaller than SAI and LAI. Obviously, the
structure of the inhibitor affects the inhibition efficiency. Polari-
zation curves results agree with EIS result. The increase of active
sites makes the adsorption capacity of LAI stronger and easier to
adsorb on metal surfaces. On the other hand, although two
HCl with (a) SAI, (b) LAI and (c) SPI at 60 �C.



Table 5
Parameters fitted from the EIS data of sample in 1 M HCl with and without
inhibitors.

Inhibitor Concentration (ppm) Rs (U$cm2) Y0 ( � 10�4)
(U�1$Sn$cm�2)

n Rct (U$cm2)

Blank 1.05 33.47 0.87 35.7
SAI 50 0.95 6.56 0.69 91.2

100 1.10 1.53 0.80 125.5
200 1.20 2.52 0.78 97.5
400 1.12 1.97 0.80 172.8

LAI 50 1.52 3.20 0.78 82.3
100 0.97 2.91 0.78 110.2
200 0.99 2.48 0.79 171.2
400 1.02 2.34 0.81 203.6

SPI 50 0.99 3.18 0.76 103.6
100 1.02 2.76 0.78 195.1
200 1.43 1.81 0.77 351.9
400 1.32 0.88 0.84 455.4
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hydrophobic groups of SPI and SAI form barriers preventing L360
steel from dissolving in water, SPI is more effective than SAI since
the longer alkyl group chain of hydrophobic groups [44,45].
3.6. Adsorption isotherm

A commonly accepted mechanism is that most of the organic
corrosion inhibitors hinder corrosion by adsorbing on the steel
surface. Generally, three types of adsorption mechanisms are listed
for corrosion inhibitors: chemisorption, physisorption, and chem-
isorption together with physisorption.

The test result shows that Langmuir adsorption isotherms is the
Fig. 7. Polarization curves of L360 steel in 1 M HCl w
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most suitable to depict adsorption behavior of three corrosion in-
hibitors properly. Langmuir adsorption isothermal is calculated
based on Eq (14):

Cinh
q

¼ 1
Kads

þ Cinh (14)

where Cinh stands for the inhibitor concentration, mol/L, q refers to
the coverage rate, %, Kads represents the adsorption equilibrium
constant. The coverage of the corrosion inhibitor (q) is the same as
the h data measured from weight loss. The Kads is associated with
the DGads shown in Eq. (15):

Kads ¼
1

55:5
expð�DGads

RT
Þ (15)

where 55.5 is the molar concentration of water, mol/L, DGads is
adsorption of Gibbs free energy, J/mol; R is gas constant (8.314 J/
(mol$K)), T is the absolute temperature in the system, K [46e48].

Fig. 8 shows Langmuir adsorption isotherm fitting curves at
60�C. Based on adsorption isotherm theory, the negative value of
DGads means that SAI, LAI and SPI has adsorption ability on the
metal surface strongly. When DGads < �40 kJ/mol, chemisorption
plays a significant role in forming a coordination bond between
charged corrosion inhibitor molecules and charged metal surfaces,
while DGads > �20 kJ/mol, the principal function is physical
adsorption. And �40 kJ/mol < DGads < �20 kJ/mol regard as the
synergy of chemisorption and physisorption [46].

The DGads values of SAI, LAI, and SPI are �66.21 kJ/
mol, �58.79 kJ/mol, �56.77 kJ/mol calculated by equation (14) and
ith and without inhibitors (a) SAI (b) LAI (c) SPI.



Table 6
The parameter of the polarization curve of L360 steel in 1 M HCl with and without inhibitors at 60�C.

Inhibitors concentration (ppm) E (mV) icorr (mA$cm�2) ba (mV$dec�1) bc (mV$dec�1)

blank �429.4 8.450 60.3 120.6
SAI 50 �468.6 0.596 226.8 170.4

100 �505.0 0.356 227.7 178.8
200 �489.5 0.594 286.9 188.1
400 �467.5 0.190 158.0 131.4

LAI 50 �489.7 0.505 246.5 139.5
100 �497.5 0.447 235.4 161.5
200 �486.0 0.229 230.7 133.0
400 �466.9 0.163 172.7 134.0

SPI 50 �456.4 0.596 243.9 110.9
100 �443.0 0.223 167.0 109.0
200 �460.0 0.138 178.4 122.1
400 �462.6 0.082 185.5 103.4

Fig. 8. The Langmuir adsorption isotherm curve with (a) SAI, (b) LAI, and (c) SPI in 1 M HCl at 60 �C.
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equation (15), respectively. It is visible that the types of adsorption
mechanisms for corrosion inhibitors are chemisorption, and the
reaction could occur spontaneously.
3.7. SEM analysis

Fig. 9 shows the SEM images after specimenswere immersed for
12 hwithout andwith corrosion inhibitors at 400 ppm. As shown in
Fig. 9a, the severe corrosion has occurred on the surface without
inhibitors since a uniform area covered by lots of corrosion prod-
ucts. In contrast, the surface of the L360 steel is smooth with
400 ppm corrosion inhibitors (Fig. 9bed). This phenomenon
directly illustrates that the corrosion inhibitor (SAI, LAI, SPI) ad-
sorbs on the steel surface and cover the L360 steel to inhibit
corrosion in the acid environment.

It is worth to note that there are more blisters and cracks on the
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surface with 400 ppm SAI than that of LAI and SPI. The hydrogen
produced by the reaction of metals and solution leading to the
defect in the coverage of the corrosion inhibitor film. When the
concentrations of SAI and SPI both are 400 ppm, the surface of the
steel is smooth with few cracks or corrosion products.

The cross-sectional SEM images were examined using back-
scattering diffraction (BSD) model through which the elemental
composition difference on the cross-section could be reflected
based on the grayscale. It clearly reveals that a corrosion product
layer is formed on the blank sample, and the thickness of this layer
is around 19 mm (Fig. 9e) which is higher than other cases.
3.8. The mechanism of corrosion inhibitors

The widely accepted mechanism of imidazoline derivatives is
that N atom provides a lone electron pair to form a coordination



Fig. 9. Microscopic morphologies of the surface and the cross-section of L360 steel in 1 M HCl for 12h: (a) blank; (b) SAI; (c) LAI; (d) SPI (e) blank; (f) LAI; (g) SAI; (h) SPI.
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bond with the empty orbit of iron, while they are unlikely to be
adsorbed by electrostatic attraction because it is not charged [49].
According to the analysis of adsorption isotherm, there is chemi-
sorption between the inhibitor and the steel surface (Fig. 7).
Through quantum chemical calculations, the main active sites is
located on the imidazoline rings, and both the nucleophilic attack
and electrophilic attack occur easily on N atoms of the eN ¼ bond
(Fig. 3 and Table 2).

LAI has four imidazoline rings, which have more active sites
than SAI, resulting in better corrosion inhibition performance.
Although it can easily adsorb on the steel surface because of more
active sites, the orbitals densities distribution of LAI mainly oc-
cupies one side of four imidazoline rings (Fig. 3). This means that it
is not easy for all the imidazoline rings adsorb simultaneously on
the iron surface, resulting in that the surface coverage is limited
(Fig. 4c and d). Therefore, the increase in the number of imidazoline
rings could improve the inhibition efficiency through increasing
the number of active sites. However, the increase in active site on
the steel surface could also affect the distribution of inhibitor,
limiting the improvement of inhibition efficiency.

Alkyl group chain of SPI is longer than that of SAI, while the
inhibition performance of SPI is better than SAI, demonstrating that
the longer alkyl group chain could offer a better inhibition perfor-
mance when the number of imidazoline ring is the same. The
growth of the carbon chain obviously enhance the ability to isolate
water molecules or corrosive species. Compared to SAI, carbon
chains of SPI are easier to extension in the HCl solution (Fig. 4e and
f). Despite the imidazoline rings affects the performance of corro-
sion inhibitors, there are differences in the adsorption capacity of
the two rings of SAI and SPI since the length of alkyl group chain is
different.

In a certain range, with the carbon chain length increases, the
inhibition performance promotes due to the better hydrophobic
performance. On the other hand, as the number of imidazoline
rings increases, the corrosion inhibition efficiency is slightly
improved. Moreover, the increase in the alkyl group chain length
affects the inhibition performancemore obviously than the number
of the imidazoline rings.
4. Conclusions

The molecular simulation and experimental results
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demonstrate that the number of imidazoline rings and the length of
alkyl group chain are the key factors which affects the inhibition
performance of imidazonline derivatives on the L360 steel in HCl
solution.

All three corrosion inhibitors follow Langmuir isotherm
adsorption, the types of adsorption mechanisms for corrosion in-
hibitors are chemisorption, and the reaction could occur sponta-
neously. At 400 ppm, the maximum corrosion inhibition efficiency
of SAI, LAI and SPI is 86.62%, 87.96% and 89.76%, respectively. From
the electrochemical test results, it also conforms to this rule. And
the three corrosion inhibitors are all mixed corrosion inhibitors,
mainly for charge transfer process control.

With the same length of alkyl group chain, the inhibitor with
more imidazoline rings could supply a better inhibition perfor-
mance since the increase in active sites for the adsorption. How-
ever, the increase of active sites may also change the inhibitor
distribution on metal surface, which could limit the improvement
in inhibition performance.

With the same number of imidazoline rings, the inhibitor with
longer alkyl group chain shows a better inhibition efficiency due to
the better hydrophobic performance. Compared with SAI, LAI and
SPI, SPI shows the best inhibition performance, indicating that the
alkyl group chain length affects the inhibition performance more
obviously than the number of the imidazoline rings.
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