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ion of mild steel by the
hydrolysate of an imidazoline-based inhibitor in
CO2-saturated solution

Bin Wang, *a Min Du,b Jing Zhang,b Chengjie Li,c Jie Liu,d Huanxia Liu,a

Rongrong Lia and Zhuoran Lia

The synthesized imidazoline phosphate quaternary ammonium salt has low stability, which is spontaneously

and rapidly hydrolyzed to the long-chain fatty acid amide (LFA). The hydrolysate (LFA) has been found to be

an efficient inhibitor for Q235 steel against CO2 corrosion, which yields a maximum value above 90% at

a concentration of 1000 mg L�1. The LFA inhibitor acts as an anodic type inhibitor and its inhibition

mechanism is a “negative catalysis effect”. The heteroatoms in the acyl, amine and phosphate groups in

the LFA molecule are the active centers to bond with Fe atoms to form a chemisorbed film on the steel

surface.
1. Introduction

Carbon steel is used for almost all pipelines and much of the
tubing in oil and gas industries, mainly due to its hardness,
availability and cost effectiveness.1,2 However, one of the major
problems during its usage is the low corrosion resistance in
these environments with high concentrations of chlorides and
carbon dioxide. CO2 is a naturally occurring component in
many oil and gas elds and it could also be present in the oil
due to its injection to the reservoir for secondary enhanced oil
recovery processes.3,4 In aqueous environments, CO2 dissolves
and forms weak carbonic acid. It is well-known that, at a given
pH, the weak carbonic acid is signicantly more corrosive than
strong mineral acids like sulfuric acid and hydrochloric acid,
and the acceleration effect can be explained by the increase in
electrochemical cathodic reduction generated by H+ and
H2CO3.5–7

Among different methods to inhibit CO2 corrosion in oil and
gas industries, the most-effective and economical option is the
injection of corrosion inhibitor, and the major advantage of
which is that it can be implemented in situ without disrupting
oil and gas production.8–12 Imidazoline and its derivatives are
the most frequently used corrosion inhibitors due to their
advantages of low toxicity, high-efficiency and easy
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production.13–17 Despite their wide applications, there is no
conclusive answer about the hydrolysis of imidazoline and its
derivatives, and there is also doubts about the inhibition effect
of the hydrolysate. Butler18 reported that, due to the low stability
of the imidazoline ring, up to 80% of the imidazoline has been
hydrolyzed aer 2–9 days exposure under atmospheric condi-
tions. Martin et al.19 showed that, aer brief air exposure and
a few weeks of standing, the imidazolines were converted into
their amide precursors spontaneously and rapidly. It has also
been stated that there is no obvious difference in the inhibition
effect of imidazoline and its amide-based products. According
to the studies of Watts,20 imidazolines are unstable in the
presence of water and more than 90% of which could been
hydrolyzed to their amide precursors within 72 hours at
ambient temperature. Besides, an increase in pH or tempera-
ture can result in the increase in hydrolysis rate.

Take into account the great importance of imidazoline and
its derivatives in eld applications, it is very necessary to have
an in-depth understanding of the actual composition of corro-
sion inhibitors made from them and the inhibition effect of the
hydrolysate. However, only a few studies have been conducted
so far. Due to that, it is of great interest to carry out a systematic
study. So this work aims at investigation of the effectiveness and
mechanism of the hydrolysate of imidazoline-based inhibitor
for Q235 steel against CO2 corrosion by using weight-loss
method and electrochemical measurements. Besides, Fourier-
transform infrared (FT-IR) spectroscopy, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM)
were also used to characterize the physical and chemical nature
of the adsorbed inhibitor lm. In addition, several quantum-
chemistry calculations were employed to relate the inhibition
effect to the molecular properties.
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05322k&domain=pdf&date_stamp=2019-11-09
http://orcid.org/0000-0002-6307-3405
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05322k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009063


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
4:

36
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2. Experimental
2.1. Material preparation

Q235 steel was used as the test material, its composition (wt%)
was 0.45 Mn, 0.18 C, 0.02 Si, 0.02 S, 0.01 P, Fe balance. The
sample surfaces were abraded with a series of silicon carbide
papers up to 1000 grit, and then they were washed with distilled
water and degreased in acetone, then dried at room
temperature.

For increasing the water solubility of imidazoline interme-
diates, a novel modied imidazoline phosphate quaternary
ammonium salt was synthesized in our laboratory following
a procedure reported previously.21 The compound was obtained
with a yield of 72% and with a purity of 95%, and its structure
was shown in Fig. 1.

The test media was 2 wt%NaCl solution, which was prepared
using analytical grade reagents with double distilled water. The
solution was de-aerated by purging N2 for 2 h and then satu-
rated with CO2 gas, and the pH of the solution was 4.11.
2.2. Weight loss measurement

Three identical specimens (50 � 10� 3 mm) were used for each
test and immersed in 500 mL CO2-saturated solution with the
addition of different concentrations of inhibitor at 293 K and
333 K for 72 h. Before and aer each test, the coupons were
weighed with an analytical balance with a precision of 0.1 mg
and the mean weight losses were obtained. The corrosion
products on steel surfaces were removed in the descaling liquid.
2.3. Electrochemical measurement

The metal samples used as working electrodes for electro-
chemical measurements were embedded in epoxy resin leaving
an exposed surface area of 1 cm2. Electrochemical measure-
ments were carried out on an IM6e electrochemistry worksta-
tion (ZAHNER, Germany) and conducted in a conventional
three electrode cell, in which the reference electrode was
a saturated calomel electrode (SCE) with a Luggin capillary
bridge and the counter electrode was made of a platinum foil.
Before electrochemical tests, the working electrodes were kept
in the electrolyte for 1 h to stabilize the open-circuit potential.
Electrochemical impedance spectrum (EIS) tests were per-
formed at different immersion times with perturbation ampli-
tude of 5 mV in the frequency range from 100 kHz to 10 mHz.
Fig. 1 The structure of imidazoline phosphate quaternary ammonium
salt.

This journal is © The Royal Society of Chemistry 2019
The scanning range of polarization tests was from �60 mV to
60 mV versus the open-circuit potential with a scanning rate of
1 mV s�1.
2.4. Characterization

The samples with dimensions of 10 � 10 � 1 mm were exposed
to the CO2-saturated solution in the presence of different
concentrations of inhibitor in a closed vessel to form adsorption
lms on the steel surfaces. The XPS analysis was conducted with
a PHI 5300 spectrometer (PerkinElmer, USA) and the specimens
were irradiated with AlKa X-rays. All the tests were carried out
with a take-off angle of 45� and at a pressure less than 1 � 10�8

Torr.
The corrosion morphologies of the sample surfaces aer

72 h immersion in CO2-saturated solution with and without
1000 mg L�1 inhibitor were observed using FE-SEM SU-8010
(Hitachi Ltd., Tokyo, Japan).

FT-IR spectra were performed on a VERTEX 70 FT-IR spec-
trometer (Bruker Optics, Germany). The spectra were obtained
with 64 scans in the spectral region from 4000 to 400 cm�1, and
the resolution was 4.0 cm�1.

UV absorption measurements were conducted using a 2450
UV-Vis Spectrophotometer (Shimadzu, Japan) with quartz cell of
1 cm optical path in the spectral region of 190–280 nm. The
samples were dispersed in ethanol with ultrasonic, and then the
solutions were added into quartz cells. All spectra were deter-
mined at 25 �C and corrected for solvent background by cali-
brating the instrument to the blank solvent.
2.5. Quantum chemical calculations

Chem3D soware and Gaussian03 program were used to
establish and optimize the molecular structure of inhibitor,
respectively. Winmopec2007 program package was used to
conduct the quantum chemical calculations through PM6 semi-
empirical method.
3. Results and discussion
3.1. Hydrolysis of the imidazoline phosphate quaternary
ammonium salt

The structural characteristics of the synthesized imidazoline
phosphate quaternary ammonium salt aer brief air exposure
and two weeks of age in the dryer were conrmed by FT-IR
spectroscopy, as shown in Fig. 2. The peak at 3378 cm�1

corresponds to N–H stretching vibration. There are peaks at
2922 and 2849 cm�1 due to the characteristic asymmetric and
symmetric stretching vibrations of the CH2 groups, respec-
tively.22 The peak at 1642 cm�1 can be assigned to the amide
band (�CONH). The P]O stretching vibration absorption peak
is at 1263 cm�1, and these peaks at 1123, 1057, 991 and
954 cm�1 are assumed to be for P–O–C bending vibration in the
molecule.23,24 It is important to note the absence of the peak of
C]N bond in the spectra, this suggests that the synthesized
imidazoline-based inhibitor is hydrolyzed into its amide-based
compound.
RSC Adv., 2019, 9, 36546–36557 | 36547
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Fig. 2 FT-IR spectrum of the aged sample of imidazoline phosphate quaternary ammonium salt.
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In order to further research the hydrolysis behavior of the
synthesized imidazoline-based inhibitor, the UV absorption
measurements were conducted. Fig. 3 shows the UV absorption
spectrum (190–280 nm) of imidazoline phosphate quaternary
ammonium salt before and aer aging. The sample before
Fig. 3 UV absorption spectrum of imidazoline phosphate quaternary
ammonium salt before and after aging.

Fig. 4 The molecular structure of long-chain fatty acid amide (LFA).

36548 | RSC Adv., 2019, 9, 36546–36557
aging exhibits maxima at 226 nm, together with a weak feature
at 203 nm. The former represents the characteristic absorption
peak of imidazoline, which is attributed to the n / p* transi-
tion of nitrogen atom and p / p* transition of the ve-
membered ring.25,26 The weak peak at 203 nm belongs to the
amide.27 However, as to the sample aer aging, the character-
istic absorption peak of imidazoline disappears, and the curve
shows only a higher peak which is assigned to amide. So the
result of UV measurements is consistent with that of FT-IR
spectroscopy. Aer brief air exposure and two weeks of age,
the synthesized imidazoline-based inhibitor is spontaneously
and rapidly hydrolyzed into its amide-based compound, namely
the long-chain fatty acid amide (LFA), and the structure of
which is shown in Fig. 4.

In the presence of water, which is from the imidazoline
compound itself under the condition of drying incompletely or
from the surrounding air, the hydroxide ion produced by water
decomposition is simply attracted to the imidazoline molecule
by strong electrostatic forces, and the hydrolysis reaction
occurs as show in Fig. 5.28 Therefore, as the results shown in
the FT-IR and UV absorption spectrums, aer two weeks of
age, most of the imidazoline compound is hydrolyzed into its
amide-based compound, and which is also the research object
in this work.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Hydrolysis reaction of imidazoline quaternary ammonium salt in the presence of water.
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3.2. Weight loss measurement

The values of corrosion rate (y) and inhibition efficiency (h)
which are obtained by weight loss measurements at 293 K and
333 K aer a 72 h immersion period are presented in Table 1.
The values of y and h are calculated based on the following
equations:29

n ¼ 8:76� 107Dm

rAt
(1)

h ¼ n0 � ninh

n0
� 100% (2)

where r is the steel density (kgm�3), Dm represents the mass loss
(g), t corresponds to the immersion time (h), A is the electrode
area (cm2), n0 and ninh are the corrosion rates (mm y�1) of Q235
steel in the absence and presence of inhibitor, separately.

The data listed in Table 1 show that the LFA inhibitor can
protect Q235 steel from CO2 corrosion efficiently both at 293 K
and 333 K. The corrosion rate decreases and inhibition efficiency
increases with increasing inhibitor concentration at both
temperatures. This trend may be due to the fact that the higher
the concentration, the greater the amount of adsorption of LFA
molecules on the steel surface and the less the number of the
active sites available for corrosion. The maximum h of
1000 mg L�1 LFA are 93.3% at 293 K and 90.9% at 333 K,
respectively. Inspection of Table 1 also exhibits that the corrosion
rate increases, while the inhibition efficiency decreases with
increasing temperature from 293 K to 333 K at the same
concentration. The former phenomenon could be explained by
the fact that the increase in temperature accelerates all the
corrosion processes like transfer process of reactive species from
Table 1 Corrosion rate and inhibition efficiency values obtained from
weight lossmethod at various LFA concentrations at 293 K and 333 K in
CO2-saturated solution

Concentration (mg L�1)

293 K 333 K

n (mm y�1) h (%) n (mm y�1) h (%)

Blank 0.3289 0.6153
50 0.2136 35.1 0.4250 30.9
100 0.1617 50.8 0.3308 46.2
200 0.1168 64.5 0.2731 55.6
400 0.0799 75.7 0.2374 61.4
700 0.0348 89.4 0.1251 79.7
1000 0.0220 93.3 0.0562 90.9

This journal is © The Royal Society of Chemistry 2019
bulk solution to the steel surface and chemical and electro-
chemical reactions.15 The decreasing inhibition efficiency with
temperature could be due to that the increase in temperature
shis the adsorption–desorption equilibrium of LFA adsorption
to the desorption process, resulting in a lower surface coverage by
LFA molecule, thus decreasing the inhibitive action.30

3.3. Potentiodynamic polarization

The weak polarization curves for Q235 steel aer 24 h of
immersion in CO2-saturated solution with the addition of
varying concentrations of LFA inhibitor at 293 K and 333 K are
shown in Fig. 6. The curves are shied to more positive
potential region with the increase in inhibitor concentration,
and the maximum shis of Ecorr values are more than 85 mV at
both temperatures. Table 2 shows the values of all kinetic
parameters such as corrosion potential (Ecorr), anodic and
cathodic Tafel slopes (ba, bc) and corrosion current density
(Icorr). The anodic and cathodic interaction coefficients (fa, fc)
and inhibition efficiency (h%) are calculated using the following
equations based on the electrochemical theory:31

fa ¼ i

i0
exp½ðE0 � EÞ=ba� (3)

fc ¼ i

i0
exp½ðE � E0Þ=bc� (4)

h ¼ i0 � i

i0
� 100% (5)

where i and i0 are the corrosion current densities with and
without the presence of inhibitor, respectively. E and E0 are the
inhibited and uninhibited corrosion potentials of specimens,
separately. The date listed in Table 2 indicate that the LFA
inhibitor shis the polarization curves to much lower corrosion
current density values with affecting Tafel slops obviously and
the inhibition efficiencies (h%) increase with increasing inhib-
itor concentrations at the studied temperatures. It can also be
shown than the values of fa and fc are all smaller than 1 and the
former is much lower, which suggests that the inhibitor can
control both anodic and cathodic reactions and inhibit the
anodic process more effectively. The apparent activation ener-
gies (Ea) of corrosion process with and without inhibitor are
obtained based on the following Arrhenius equation and are
given in Table 3.32

log
icorr;2

icorr;1
¼ Ea

2:303R

�
1

T1

� 1

T2

�
(6)
RSC Adv., 2019, 9, 36546–36557 | 36549
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Table 3 The values of apparent activation energy derived from
Arrhenius equation for Q235 steel with various inhibitor
concentrations

C [mg L�1] Blank 100 400 700 1000
Ea [kJ mol�1] 20.27 21.19 25.49 31.10 32.64

Fig. 6 Weak polarization curves of Q235 steel in CO2-saturated
solutionwith varying concentrations of LFA inhibitor at (a) 293 K and (b)
333 K.
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where icorr,1 and icorr,2 correspond to the corrosion current
densities at temperature T1 (293 K) and T2 (333 K), separately. As
seen in Table 3, in the presence of inhibitor, the Ea values
increase with increasing concentration, and the values of Ea are
Table 2 Electrochemical data for Q235 steel with the addition of differe

C [mg L�1] Ecorr [mV SCE] ba [mV dec�1] bc [mV d

293 K
Blank �716 48.4 447.9
100 �712 82.2 226.1
400 �697 115.2 256.4
700 �683 135.8 381.8
1000 �628 133.3 295.6

333 K
Blank �742 57.5 443.2
100 �735 90.3 193.4
400 �668 121.4 214.0
700 �579 98.4 348.3
1000 �573 139.7 200.5

36550 | RSC Adv., 2019, 9, 36546–36557
all larger than that of the solution without inhibitor. Based on
this result and the results from Table 2, the LFA inhibitor can be
considered as an anodic type inhibitor and the mechanism of
its inhibition is “negative catalysis effect” on the basis of Cao's
theory.33 The data obtained from weight-loss method and
polarization curves are very consistent, although the absolute
values of h% are different, and the difference is mainly because
of the different immersion time for the various test methods.
3.4. Electrochemical impedance spectroscopy (EIS)
measurement

From a practical point of view, it is very necessary to understand
the aereffect of the used corrosion inhibitors. So EIS method
was used to study the growth and decay laws of the LFA inhib-
itor lm. Fig. 7 and 8 display the results of EIS test in form of
both Nyquist and Bode plots with different immersion times at
293 K and 333 K, respectively. The Nyquist plot in solution
without inhibitor at 293 K is characterized by a depressed
semicircle and an inductive loop at high and low frequencies,
separately. The existence of inductive loop is usually related to
the adsorption of an intermediate product (FeOHads) during the
active dissolution of carbon steel.34,35 The depressed semicircle
forms with the centre under the real axis are characteristic of
solid electrodes and are due to geometrical factors such as
roughness and inhomogeneities of electrode surface.36,37 The
plots for sample steel without LFA inhibitor at 333 K and with
the addition of 1000 mg L�1 LFA at the immersion time of 504
and 600 h at 293 K exhibit one depressed semicircle at high
frequency region and a long tail with an angle of about 45� to
the real-axis at low frequencies. This behavior suggests that the
corrosion process is under diffusion control. It also can be seen
nt concentrations of inhibitor at 293 K and 333 K

ec�1] icorr [mA cm�2] fa fc h%

46.5
34.8 0.6193 0.7646 25.2
18.5 0.1608 0.4378 60.2
7.1 0.0316 0.1801 84.7
2.9 0.0010 0.0981 93.8

126.3
98.9 0.5915 0.8121 21.7
65.0 0.0266 0.7560 48.5
32.9 0.0004 0.6076 74.0
14.5 0.0001 0.2768 88.5

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 EIS spectra plots for Q235 steel in CO2-saturated 2% NaCl
solution in the presence of 1000 mg L�1 LFA at different immersion
times at 293 K: (a) Nyquist plots (b) Bode phase angle plots, (c) Bode
modulus.

Fig. 8 EIS spectra plots for Q235 steel in CO2-saturated 2% NaCl
solution in the presence of 1000 mg L�1 LFA at different immersion
times at 333 K: (a) Nyquist plots (b) Bode phase angle plots, (c) Bode
modulus.
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that, aer the addition of LFA inhibitor, the phase angle plots
show two peaks, which indicates that there exits two time
constants. The existence of time constant at high frequency can
be ascribed to the presence of LFA inhibitor lm formed on the
sample surface.38 Therefore, the corresponding equivalent
circuits used for analyzing the EIS spectra are exhibited in
Fig. 9. Fig. 9(a) and (b) are employed for the Nyquist plots
This journal is © The Royal Society of Chemistry 2019
characterized by an inductive loop and a long tail at low
frequency region, respectively. Fig. 9(c) is used for all the other
Nyquist plots. In which, Rs represents the solution resistance, R1

+ R2 corresponds to the charge transfer resistance Rct, L is the
inductance, Zw is the Warburg impedance, and Rf is correlated
with the lm resistance.
RSC Adv., 2019, 9, 36546–36557 | 36551
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Fig. 9 Equivalent circuits used for modeling of the impedance data.
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CPE is the constant phase element, which is introduced into
the circuit to compensate for non-homogeneity in the system.
CPE is dened in impedance as follow:

ZCPE ¼ Y�1 (ju)�n (7)
Table 4 EIS fitting parameters for Q235 steel in CO2-saturated solution
times at 293 and 333 K

Temperature (K) Time (h) Cdl (mF cm�2) (n1)

293 Blank 75.4(0.76)
24 17.3(0.78)
72 3.8(0.78)
120 3.5(0.86)
168 2.5(0.93)
216 6.9(0.94)
312 7.2(0.88)
408 12.6(0.89)
504 16.8(0.78)
600 19.1(0.77)

333 Blank 447.1(0.82)
24 380.1(0.83)
72 149.5(0.84)
120 65.9(0.86)
168 32.8(0.89)
216 39.8(0.91)
312 87.9(0.88)
408 120.6(0.85)
504 119.5(0.82)
600 128.7(0.82)

36552 | RSC Adv., 2019, 9, 36546–36557
where Y and n are the CPE constant and exponent, separately. j2

¼ �1 represents the imaginary number and u corresponds to
the angular frequency in rad s�1 (u ¼ 2pf). The double-layer
capacitance (Cdl) and inhibition efficiency (h%) are obtained
from the following equations:39
with and without 1000 mg L�1 LFA inhibitor after different immersion

Rct (kU cm2) Rf (U cm2) Zw (kU cm2) h (%)

0.384 — —
2.782 23.7 — 86.2

10.520 537.6 — 96.3
23.432 844.6 — 98.4
28.436 883.4 — 98.6
26.369 876.3 — 98.5
20.436 667.3 — 98.1
14.961 573.4 — 97.4
9.704 519.4 1.247 96.0
3.987 328.6 1.362 90.4
0.097 13.4 13.23
0.639 15.9 — 84.8
0.758 44.7 — 87.2
1.376 115.8 — 93.0
2.606 313.1 — 96.3
1.724 217.3 — 94.4
1.443 97.1 — 93.3
1.094 37.4 — 91.1
1.086 24.6 — 91.0
0.986 21.4 — 90.2

This journal is © The Royal Society of Chemistry 2019
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Cdl ¼ Y(2pfmax)
n�1 (8)

h% ¼ Rct � R0
ct

Rct

(9)

where fmax corresponds to the frequency at which the imaginary
component of impedance is maximal. R0

ct and Rct are the charge
transfer resistances in the absence and presence of inhibitor,
separately. The main tting and calculated results are shown in
Table 4.

The Rct values decrease sharply from 293 K to 333 K at the
same immersion time, leading to a decrease in inhibition effi-
ciency. Furthermore, the Cdl values increase with the increase in
temperature which suggests that less LFA molecules are adsor-
bed on Q235 sample surface at higher temperature.40 It is also
observed from Table 4 that, aer the addition of LFA inhibitor,
the Rf and Rct values increase signicantly at both studied
temperatures from 24 to 168 h, suggesting the increase in inhi-
bition efficiencies within 168 h, and which reach the maximum
values of 98.6% at 293 K and 96.3% at 333 K, respectively.
However, the change trend of the Cdl values is opposite to that of
Rct. The increase in inhibition efficiencies and the decrease in Cdl

values can be ascribed to the adsorption of LFA molecules at
metal/solution interface by replacing of water molecules to form
Fig. 10 SEM images for Q235 steel after being corroded in CO2-
saturated 2% NaCl solution for 72 h at (a) 293 K and (b) 333 K.

This journal is © The Royal Society of Chemistry 2019
an inhibitor lm,41 and the lm is further enhanced by the
increase in LFA adsorption to the steel surface with immersion
time. Aer 168 h, the Rct values decrease and Cdl values increase
slightly with further increasing immersion time, this suggests
that the desorption of the adsorbed LFA molecules on the steel
surface occurs until reaching the dynamic equilibrium of
adsorption and desorption. But even aer 600 h of immersion
time, the inhibition efficiencies at both temperatures are still
above 90%, which conrms again that LFA is an effective corro-
sion inhibitor for Q235 steel against CO2 corrosion and the
inhibitor has long active period which is very benecial and
necessary for eld applications.
3.5. SEM analysis

The surface morphologies of Q235 specimens aer immersion
for 72 h in the test solution at 293 K and 333 K were examined
using SEM, as exhibited in Fig. 10 and 11. In the absence of
inhibitor, the surfaces are seriously damaged and roughened
because of the rapid and aggressive corrosion attack and which
results in the formation of large numbers of corrosion products.
The corrosion products with different morphologies cover the
specimen surfaces completely at 293 K and 333 K, respectively.
In the case of adding 1000 mg L�1 LFA into the solution, the
Fig. 11 SEM images for Q235 steel after being corroded in CO2-
saturated 2% NaCl solution in the presence of 1000 mg L�1 LFA
inhibitor for 72 h at (a) 293 K and (b) 333 K.

RSC Adv., 2019, 9, 36546–36557 | 36553
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Fig. 12 XPS spectra of Q235 steel after 24 h immersion in CO2-saturated solution: (a) Wide-scan XPS spectra, (b) High-resolution spectra of N1s
at 293 K and (c) 333 K.
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thin inhibitor lms are observed clearly to be present on the
sample surfaces as shown in Fig. 11, and the sample surfaces
are well protected, even some original grinding scratches are
observed. Furthermore, the inhibitor lm formed at 293 K
seems to bemore continuous and compacted than that at 333 K,
which may be also the reason for the higher inhibition effi-
ciencies at 293 K.

3.6. XPS analysis

XPS technique was employed in order to study the composition of
the adsorbed layer on the sample surface aer addition of
1000 mg L�1 LFA inhibitor. The results of XPS analysis were
presented in Fig. 12. TheWide-scan XPS spectra provides evidence
Table 5 Binding energies (eV) of sample surface after 24 h immersion i
temperatures

Specimen Elements

Without inhibitor at 293 K Binding energy (eV)
With inhibitor at 293 K Binding energy (eV)
With inhibitor at 333 K Binding energy (eV)

36554 | RSC Adv., 2019, 9, 36546–36557
of the presence of C, O, N and Fe, among which, the signals of C
and O are detected with higher intensities. The presence of C
and N peaks at both temperatures are due to that they are the
basic component of the LFA inhibitor structure, and which is also
the possible reason why the P element is not detected.

The results of bonding energies are listed in Table 5. The
peaks of C1s at 284.6 eV are used to correct for the charge
effects. The presence of N1s peaks at 399.6 and 400.5 eV provide
clear evidence that the LFA molecules have been chemically
adsorbed on the sample surface, since the physically adsorbed
LFA molecules have been already rinsed off by triply distilled
water when the samples are taken out of the test solution. It can
also be observed that the bonding energies of N1s at both
n test solution with and without 1000 mg L�1 LFA inhibitor at studied

C1s N1s O1s Fe2p3/2, Fe2p1/2

284.6 — 532.3 713.5, 727.4
284.6 399.6 530.8 709.9, 723.9
284.6 400.5 531.5 713.0, 726.3

This journal is © The Royal Society of Chemistry 2019
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Fig. 13 Equilibrium structure of the LFA inhibitor.

Table 6 Natural atomic charge in the LFA inhibitor

Atomic Charge (C) Atomic Charge (C)

N1 �0.516643 O12 �0.305350
C4 �0.206201 O13 �0.742107
C5 �0.145469 O14 �0.684905
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temperatures are higher than that of N1s in pure imidazoline
molecule,42 whereas the binding energies of Fe2p for the
inhibited sample are smaller than that for the uninhibited
sample. Therefore, it can be deduced that the Fe atoms on the
steel surface and N atoms in the LFA molecular occur chemical
coordination. Thus the N1s peaks can be tted into three peaks
as shown in Fig. 12(b) and (c) at 293 K and 333 K, respectively.
The lower binding energy at 398.7 eV can be ascribed to the
presence of –NH2 and tertiary N atom in the LFA molecule,
whereas the peak at 399.9 eV is assigned to the –CONH
group.43,44 Besides, the peak at 401.1 eV at 293 K and 401.7 eV at
333 K correspond to the N atoms interacted with the Fe
surface.45,46 The binding energies of Fe2p peaks suggest that the
rust layer on the steel surface is composed of a mixture of FeO,
FeCO3, Fe3O4, Fe2O3 and FeOH.43,44,47 During the process of
preparing specimens, it is inevitable for Fe to be oxidized
because of its activity. Besides, the main ingredient of corrosion
products for steel exposed to the CO2-saturated solution is
FeCO3, and FeCO3 can be hydrolysed and oxidized to FeO/
FeOOH when exposure to the air.48 The binding energies of
O1s for the inhibited specimen could correspond to O in the
rust layer, O in the LFA inhibitor and O in the LFA molecule
which interacts with Fe surface, thus the peaks of O1s for the
inhibited specimen are more intense than that for the unin-
hibited sample, as shown in Fig. 12(a).
N6 �0.313026 O16 �0.562347
C7 �0.178418 C18 �0.169664
C8 0.105354 C19 �0.096805
C9 �0.053696 N20 �0.515365
O10 �0.680919 C22 0.617164
P11 1.722593 O23 �0.573802
3.7. Quantum chemical analysis

Quantum chemical calculations were performed to characterize
the relationship between the molecular structure and the
inhibition performance of LFA inhibitor. Fig. 13 displays the
This journal is © The Royal Society of Chemistry 2019
optimized equilibrium conguration of the LFA molecular. It
shows that the groups in which the active heteroatoms N, P, and
O are located are in one plane approximately, and this is
benecial for the formation of stable inhibitor lm on the steel
surface. Moreover, the hydrocarbon chain is approximately
perpendicular to the above plane, which plays an important
effect on separating the sample surface from corrosion solution.

The local electron densities of charges have been proven to
be very important for physicochemical properties of
compounds as well as many chemical reactions.49 Table 6 lists
the natural atomic charges of optimized equilibrium congu-
ration of LFA. In LFA, N1, N6, N20 and all O atoms carry more
negative charges which suggest that they prefer to offer elec-
trons to the Fe atoms for forming coordinate bonds. While the
atoms of C8, C22 and especially P11 are the positive charge
centers to accept electrons from the 3d orbital of Fe atoms for
forming feedback bonds.
RSC Adv., 2019, 9, 36546–36557 | 36555
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Table 7 Fukui indices and components of molecular orbitals of LFA

Atom fEr FNr fNr FNr HOMO (%) LOMO (%)

N1 0.0734022 �0.2229978 0.0000038 0.0008992 7.34 0
C2 0.0604661 �0.1836976 0.0001016 0.0240409 6.05 0.01
C3 0.0444501 �0.1350406 0.0000199 0.0047088 4.45 0
N4 0.3005192 �0.9129852 0.0020181 0.4775281 30.05 0.20
C5 0.0282455 �0.0858106 0.0139339 3.2970758 2.82 1.39
C6 0.0467243 �0.1419496 0.0078646 1.8609422 4.67 0.79
C7 0.0070495 �0.0214166 0.2633235 62.3082935 0.70 26.33
O8 0.0024715 �0.0075085 0.0922819 21.8359839 0.25 9.23
P9 0.0006133 �0.0018632 0.2977164 70.4464312 0.06 29.77
O10 0.0001272 �0.0003864 0.0471406 11.1545317 0.01 4.71
O11 0.0002476 �0.0007522 0.0245162 5.8010872 0.02 2.45
O12 0.0006963 �0.0021154 0.1214809 28.7451275 0.07 12.15
O13 0.0024275 �0.0073748 0.0038550 0.9121802 0.24 0.39
C14 0.0467708 �0.1420909 0.0000180 0.0042592 4.68 0
C15 0.0094130 �0.0285969 0.0000295 0.0069804 0.94 0
N16 0.1021873 �0.3104477 0.0065069 1.5396797 10.22 0.65
C17 0.0002199 �0.0006681 0.1003134 23.7364184 0.02 10.03
O18 0.1909700 �0.5801718 0.0098052 2.3201320 19.10 0.98
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Frontier orbital electron densities of atoms are known to be
useful for characterizing the donor–acceptor interactions. The
HOMO (highest occupied molecular orbital) and LOMO (lowest
occupied molecular orbital) densities are critical to the elec-
trophilic electron density (fEr ) in a donor molecule and the
nucleophilic electron density (fNr ) in an acceptor molecule,
respectively. However, strictly speaking, frontier orbital electron
densities can be only used to characterize the activity of various
atoms in the same molecule. So the values of Fukui index are
needed in order to compare the activities between different
molecules, and which can be obtained by normalizing the
frontier orbital electron densities through the energy of the
corresponding frontier molecule orbitals: FEr ¼ fEr /EHOMO, F

N
r ¼

fEr /ELOMO.50 The larger the values of Fukui index, the easier for
the atoms to accept electrons or to provide electrons during
a chemical reaction. Besides, the sum of orbital coefficients's
square of participants (in percentage) is used to characterize
their contribution to some molecular orbitals.

As shown in Table 7, the HOMO of LFA molecule is distrib-
uted over the acyl and amine groups and is mainly constitute by
N1, C4, C5, N6, C7, C8, C18, N20 and O23, which suggests that
they facilitate to denote electrons to Fe atoms and form coor-
dinate bonds. The LOMO of LFA is mainly located on the
phosphate group and is constitute by C9, O10, P11, O12, O13,
O14 and C22, which indicates that they prefer to accept elec-
trons from Fe atoms and form back-donating bonds.51 There-
fore, the LFA molecule can interact with the steel surface
through the acyl, amine and phosphate groups to form multi-
adsorption centers for providing excellent inhibition
performance.
4. Conclusions

(1) The synthesized imidazoline phosphate quaternary ammo-
nium salt is spontaneously and rapidly hydrolyzed into its
36556 | RSC Adv., 2019, 9, 36546–36557
amide-based compound (LFA) aer brief air exposure and two
weeks of age.

(2) The present work shows that the hydrolysate (LFA) of
imidazoline-based inhibitor can efficiently protect Q235 steel
against CO2 corrosion. It offers very long-lasting effective
corrosion inhibition efficiencies. The inhibition efficiencies
increase with increasing inhibitor concentration but decrease
with the increase in temperature.

(3) The LFA inhibitor acts as an anodic type inhibitor and the
mechanism of its inhibition is “negative catalysis effect”.

(4) The formation of stable adsorption lm of LFA inhibitor
on the steel surface is mainly through the chemical bonds
between the heteroatoms in the acyl, amine and phosphate
groups in the LFA molecule and Fe atoms on the metallic
surface to form multi-adsorption centers, as it was demon-
strated by the SEM, XPS and quantum chemical analysis in this
work.
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