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Idesia oil-based imidazoline derivative (IOID) as a corrosion inhibitor was synthesized through the solvent

dehydration method for Q235 steel in HCl solution. It was characterized by FTIR, and the corrosion

inhibition performance was evaluated by static weight loss testing and electrochemical measurements. The

corrosion inhibition mechanism of IOID was also investigated. The results indicated that the optimized

synthetic method for IOID involved a 1:1 molar ratio of imidazoline intermediate to quaternization reagent,

under a quaternization reaction temperature of 80 °C and a quaternization reaction time of 2 h. The
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inhibition efficiency of over 99.07% was achievable when 40 ppm IOID was applied in 1 M HCl solution at

80 °C, even after the inhibitor was used for one week. The corrosion inhibition mechanism involved the
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1. Introduction

The global issue of acid corrosion in the field of gas/oil trans-
portation through pipelines has attracted significant concern for
decades."” Acidic gas and liquid remaining in deacidification
devices can cause severe corrosion to pipelines, threatening the
surrounding ecosystem through exhaust leaks.*® The chemical
production processes that involve acid leaching, descaling, and
boiler descaling are carried out under acidic conditions, which
also lead to severe corrosion of equipment at a higher rate than
in other media.®® In addition, approximately 2% to 4% of global
gross domestic product is lost due to corrosion hazards,
according to statistics, which is higher than the annual
economic losses caused by floods and fires.*' Furthermore,
about 10% to 20% of annual steel production worldwide is lost
due to corrosion, resulting in an economic loss of 3 billion
dollars per year." Therefore, to address the technical problems
related to corrosion, significant capital and efforts are invested,
leading to increased operating costs for enterprises.'** To tackle
this issue, research on corrosion inhibitors applied to acidic
media is essential, offering effective and low-cost approaches to
mitigate corrosion and prevent severe damage.' Among many
organic corrosion inhibitors, imidazoline corrosion inhibitors
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corrosion products covering the steel substrate surface and forming a dense protective film. Physical
adsorption occurred on the steel substrate surface, which played a protective role for Q235 steel.

have attracted widespread attention due to their low toxicity,
environmental friendliness and green characteristics.'>'* Some
studies show that the heteroatoms N, O and S in imidazoline
and its derivative molecules can form coordination bonds with
iron atoms in carbon steel, and the double bonds in molecules
can also form 7-d bonds with metal, enhancing their adsorp-
tion capacity and forming a protective film on the metal surface
that prevents the corrosive medium from contacting the
metal.”* Among these corrosion inhibitors, imidazoline
corrosion inhibitors play an important role in protecting metals
from corrosion. These imidazoline intermediates are positively
charged under acidic conditions and exhibit good water solu-
bility, especially at high temperatures.>** Conventionally, imi-
dazoline corrosion inhibitors are synthesized using raw
materials such as lauric acid, oleic acid and coconut oleic acid.
However, there are few reports on the synthesis of imidazoline
from natural idesia oil. Idesia oil contains rich fatty acids with
conjugated double bonds, making it a preferred source for
synthesizing imidazoline derivatives.**® Additionally, idesia oil
has the characteristics of renewability, low cost, easy availability
and is environmentally friendly. In this study, a two-step method
was used to synthesize an imidazoline quaternary ammonium
salt corrosion inhibitor using idesia oil as the raw material. The
corrosion inhibition performance was evaluated using polari-
zation curves and electrochemical impedance spectroscopy. The
surface morphology of Q235 carbon steel was also analyzed, and
its corrosion inhibition mechanism was studied by XPS,
providing a new approach for imidazoline quaternary ammo-
nium salt corrosion inhibitors.
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2. Experimental
2.1 Reagents and materials

Experiments were carried out using Q235 carbon steel as the
specimen with the following composition (in wt%): C, 0.16%;
Mn, 0.53%; Si, 0.30%; P, 0.045%; S, 0.055%; Ni, 0.3%; Cu, 0.3%;
and Fe, 98.31%. Idesia oil was purchased, and other analytical
grade raw materials including xylene, diethylenetriamine, phe-
nylboronic acid, bromothymol, petroleum ether and absolute
ethanol were purchased commercially. The corrosive medium
solution was prepared by diluting HCI (analytical grade, 37%)
with distilled water.

2.2 Experimental methods

2.2.1 Synthesis of IOID

(1) Amidation reaction. Idesia oil (27.66 g) and xylene (10.00
mL) as the water-carrying agent were added into a 250 mL three-
necked flask, followed by the addition of 4 g of zeolite to prevent
bumping. After the reaction system was heated to 433.15 K, the
organic amine reagent was slowly added to the above three-
necked flask through a constant pressure funnel; the reaction
mixture was then heated to 140 °C and refluxed for 3 h until no
water droplet was generated in the water separator.

(2) Cyclization reaction. The reaction mixture was further
heated to 200 °C to remove vapour and refluxed until no water
droplet was produced in the water separator.

(3) Quaternization reaction. When the above reaction mixture
was cooled to 70 °C, quaternary amine reagent was slowly added
through a constant pressure dropping funnel, and a reddish-
brown and translucent viscous liquid product formed, which
was the imidazoline quaternary ammonium salt corrosion
inhibitor.

2.3 Product analysis methods

2.3.1 Infrared spectroscopy of IOID. The synthesized
organic corrosion inhibitor and its intermediate were charac-
terized by a Nicolet 6700 FTIR spectrometer (Thermo Fisher
Scientific) within the working range of 400-4000 cm . The
sample preparation process was carried out under a tungsten
lamp drying condition, the corrosion inhibitor and interme-
diate were mixed with the dried potassium bromide crystal
powder in a ratio of 100 : 1 respectively, and the mixed powder
was flattened into a transparent film with a thickness of 1 mm
and diameter of 10 mm by the KBr pressing method in a mold.
Its infrared spectrum was analyzed by a FTIR spectrometer.

2.3.2 Component analysis of I0ID. The components of
IOID were determined by bromothymol blue spectrophotometry
within 400-700 nm.

2.4 Performance evaluation of IOID

2.4.1 Water solubility of IOID. Water solubility of inhibitor
in corrosive medium solution was measured by adding a certain
amount of IOID to the 1 M HCI corrosive medium. The corrosive
medium solution was shaken and left at ambient temperature
for 24 h. The ambient temperature was maintained by using
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a constant temperature water bath during water solubility
measurements. The clarity, turbidity and precipitation of the
solution was recorded accordingly.

2.4.2 Weight loss measurements. The experiments were
performed using Q235 carbon steel specimens with a size of
4 cm x 1.3 cm X 0.2 cm, which were abraded with a series of
emery papers (grade 320, 500, 800 and 1200). IOID was added to
500 mL HCI corrosive medium and soaked for 24 h. After the
corrosion experiments were finished, the carbon steel test
sheets were ultrasonically cleaned, then washed with acetone
and distilled water. The corrosion rate (R) and inhibition effi-
ciency (IE%) were calculated using the following equations:

R=wls xt
1E% = [(Ry — R)/Rg] x 100%

where w is the average weight loss of three parallel carbon steel
sheets, s is the total area of the specimens, ¢ is immersion time,
and R, and R are the values of the corrosion rate without and
with addition of inhibitor, respectively.

2.4.3 Electrochemical measurements. (1) Electrochemical
impedance spectroscopy measurements: electrochemical tests
were carried out using an electrochemistry workstation. The
sample was embedded in epoxy resin with an exposed area of 1
cm?® employed as working electrode. The exposed surface of the
embedded sample was abraded successively with 100 to 1200
grade SiC papers.

(2) EIS measurements and polarization curves were carried
out in a typical three-electrode setup in the frequency range of
100 kHz to 10 mHz using a perturbation of 10 mV amplitude at
the open circuit potential (E,.p) under an atmospheric pressure
using a three-electrode jacketed test cell with a working volume
of 250 mL used as a container. This three-electrode consisted of
a saturated calomel electrode (SCE) (reference electrode (RE)),
a1 cm? Pt plate (auxiliary electrode (CE)) and a 10 mm x 10 mm
x 30 mm Q235 specimen (working electrode (WE)). The WE
with a 1 cm? exposed surface was treated before electrochemical
experiments by abrading with emery paper from 100 to 1200
grade, then rinsing gently with adequate distilled water and
washing with absolute ethyl alcohol. Polarization studies were
performed at 400 mV vs. SCE at OCP at a scan rate of 0.5 mV
s~ %, the corrosion current density value was calculated using
Tafel extrapolation, and each test was repeated three times to
ensure the accuracy of the result.

2.4.4 Surface characterization. The morphologies and
composition of the Q235 steel specimens formed on the steel
surface were investigated using a scanning electron microscope
and X-ray photoelectron spectrometer.

The morphologies of the Q235 steel specimens after corro-
sion were observed using a JSM-7500F field emission scanning
electron microscope (SEM, Japan Electron Optics Laboratory
Co. Ltd). Before observation, the Q235 steel specimens were
rinsed ultrasonically with ethyl alcohol. The SEM was analyzed
at an accelerating voltage of 20 kV and the micrographs of the
Q235 steel specimens were obtained at different magnifica-
tions. The composition and chemical states of the Q235 steel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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specimens were analyzed using XSAM800 X-ray photoelectron
spectroscopy (Axis Ultra XPS, Kratos Analytical, UK), using Mg
Ko radiation (1486.6 eV) with the pass energy of 50 eV, beam
spot diameter of 3 mm, and power set to 300 W.

3. Results and discussion
3.1 FTIR analysis of IOID and its intermediate

3.1.1 FTIR analysis of intermediate of IOID. The structural
characteristic of synthesized intermediate was confirmed by
FTIR spectroscopy between 400-4000"" cm.

As shown in Fig. 1, the peak at 3409 cm ™' is identified as the
N-H stretching vibrational peak on the aromatic ring, the peaks
at 2922 cm ™" and 2875 cm ™" belong to C-H stretching vibra-
tional peaks of -CH,- and -CH;-, respectively, the peak at
1625 em ™" is the C=N stretching vibrational peak on the ring,
and the peaks at 715 cm ™' and 1067 cm ™" belong to charac-
teristic peaks of N-H and five-membered aromatic rings,
respectively. These peaks indicate that the product contains
a five-membered heterocyclic imidazoline ring structure, con-
firming that the product is the intermediate of imidazoline
quaternary ammonium salt.

3.1.2 FTIR analysis of IOID. The structural characteristic of
synthesized inhibitor is confirmed by FTIR spectroscopy in the
range of 4000-400 " cm.

The FTIR spectrum of IOID (Fig. 2) is similar to the IR
spectrum of imidazoline intermediate (Fig. 1). The peak at
3402 cm™ ' is the N-H stretching vibrational peak on the ring,
while peaks at 2934 cm ™" and 2849 cm™ ' belong to the C-H
stretching vibrational peaks of -CH,- and -CH;-, respectively,
the peak at 1612 cm ' is the C=N stretching vibrational peak
on the ring, the peaks at 778 cm " and 1048 cm " belong to
characteristic peaks of N-H and five-membered aromatic rings,
respectively, and these peaks are assigned to characteristic
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peaks of imidazoline. The peaks at 1454 cm ' and 1368 cm ™"
are the characteristic peaks of the C-N bond and C=P bond on
the imidazoline ring, and the peak at 2359 cm™ " is the charac-
teristic peak of C-PO;-N. These peaks are the characteristic
peaks of Idesia oil based imidazoline derivative, which is an
indication of the successful synthesis of the desired IOID.

3.2 Corrosion inhibition performance and weight loss
studies of I0ID

3.2.1 Water solubility evaluation of IOID. The water solu-
bility of inhibitor was measured and the water solubility of
corrosion inhibitor with different mass fractions at different
temperatures was also investigated. The experimental results
are shown in Table 1.

It can be seen from Table 1 that the temperature has no
obvious effect on water solubility, the quaternized imidazoline
inhibitor has improving water solubility at increasing concen-
tration, and the solution system is relatively stable, which
indicates that the synthesized inhibitor has good water solu-
bility and thermal stability.>”

3.2.2 Effect of inhibitor concentration on inhibition
performance. Inhibitor concentrations of 10, 20, 30, 40, 50, 60,
and 70 ppm were added to 1 M HCI medium solution at 30 °C,
and their inhibition effect on carbon steel was measured after
incubation in the corrosive medium for 24 h. The effect of
inhibitor concentration on its inhibition performance is shown
in Fig. 3.

It can be seen from Fig. 3 that the inhibitor has a good
inhibition effect in the HCI medium, even at a lower concen-
tration (such as 20 ppm). The inhibition rate gradually increases
and then stabilizes with the continuous increase in the inhib-
itor concentration. When the concentration of the inhibitor
continues to increase, the inhibitory effect of inhibitor also
increases, which indicates that the inhibitor has a positive effect
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Fig.1 FTIR of intermediate of 10ID.
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Fig.2 FTIR of IOID.
Table 1 Water solubility of IOID on the adsorption layer that protects the metal surface.”® When
the concentration of inhibitor was 40 ppm, the inhibition effi-
Mass fraction Temperature/°C ciency reached 95%, and the corrosion inhibition effect is better
of IOID/% 10 20 30 40 50 60 than that in ref. 11.
3.2.3 Effect of corrosion time on inhibition performance.
10% Soluble  Soluble Soluble Soluble Soluble Soluble At 30 °C, the inhibitor concentration was 40 ppm. After carbon
15% Soluble Soluble Soluble Soluble Soluble Soluble steel was corroded in a 1 M HCI solution for 1-7 days, the
30% Soluble Soluble Soluble Soluble Soluble Soluble . . .. R i
40% Soluble Soluble Soluble Soluble Soluble Soluble inhibition effect of IOID on carbon steel was investigated. The
experimental results are shown in Fig. 4.
The inhibition efficiency is the highest when the carbon steel
is corroded for 1 day in the HCl medium solution (Fig. 4).
However, the inhibition rate gradually decreases with the
100 increase of corrosion time. Because IOID is an adsorption film
ool inhibitor, the formed protective film partially falls off from
carbon steel substrate with the extension of corrosion time.?* As
80 | a result, the imidazoline quaternary ammonium salt inhibitor
covering the surface of carbon steel decreases, which reduces
§ or the inhibition rate. However, the inhibition rate is still higher
2 60t than 94.2% in the HCl medium solution after 4 d.
;zf_% sl 3.2.4 Effect of corrosion inhibition temperature on inhi-
g bition performance. The inhibitor concentration was 40 ppm,
E 40t and carbon steel was corroded in a 1 M HCl solution for 24 h at
E ol different temperatures. The effect of inhibition temperature on
carbon steel was investigated, and the experimental result is
20 shown in Fig. 5.
ol It can be seen from Fig. 5 that when the inhibition temper-
ature is below 80 °C, the inhibition rate is above 90%, indicating
0 : ; L . y y . ; ' . ! that the corrosion inhibitor exhibits better corrosion inhibition

0 10 20 30 40 50 60 70 80 90 100 110
Inhibitor concentration/ppm

Fig.3 Effect of IOID concentration on the inhibition of carbon steel in
HCl solution.
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effects at temperatures below 80 °C. However, once the inhibi-
tion temperature exceeds 80 °C, the inhibition rate decreases
significantly, suggesting that the inhibition is greatly restricted
at temperatures above 80 °C. When the corrosion inhibition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of corrosion time on the inhibition of carbon steel in HCl
solution.
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Fig. 5 Effect of inhibition temperature on corrosion inhibition of
carbon steel in HCl medium solution.

temperature is below 40 °C, the inhibition rate continues to
increase. This is because the quaternary ammonium salt imi-
dazoline inhibitor is an adsorption film inhibitor and the
molecular motion rate is low at low temperature, with the
inhibitor having less opportunity to form coordination bonds
with the metal substrate, and the inhibition rate is higher than
that of the metal surface. When the inhibition temperature
rises, the probability of forming coordination bond increases
with increasing molecule motion, and the number of inhibitors
adsorbing on the metal surface increases, favoring the forma-
tion of a layer on the film, so the inhibition rate gradually
increases.* The molecule motion rate continues to increase at
an inhibition temperature higher than 40 °C. Coordination
bonds are easily broken if the molecule motion rate reaches

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a higher level. Hence, the formed protective film is partially
damaged, the inhibition rate decreases, and the inhibitor will
desorb from the formed adsorption film.

3.3 Electrochemical studies

3.3.1 Polarization curve analysis. Fig. 6 shows the poten-
tiodynamic polarization curves for carbon steel with different
concentration of inhibitor measured via electrochemical tests.

Adding inhibitor to the HCI corrosion medium solution has
negative effects on the cathodic reaction and anodic dissolution
of carbon steel (Fig. 6). The polarization curve tends to move to
the lower left with increasing inhibitor concentration, and the
self-corrosion potential moves significantly to more negative,
but the shift in amplitude is less than 85 mV. Therefore, this
inhibitor should be categorized as a cathodic type inhibitor.
This finding shows that protection from aggressive solution
may significantly influence the coverage rate of corrosion inhi-
bition molecules on carbon steel surface. The inhibition effi-
ciencies calculated from the polarization tests present the same
trend as those obtained from the weight loss measurements.
The shape of potentiodynamic polarization curves in the
inhibited solutions significantly changed with respect to those
in the blank solution, suggesting that the corrosion process on
steel surface was deeply affected by corrosion inhibitor.

The electrochemical parameters such as corrosion potential
(Ecorr), corrosion current density (I.or;) and other parameters
with inhibition efficiency are listed in Table 2.

With the increase of inhibitor concentration, the current
density decreases gradually. In this case, an effective protective
film is formed when inhibitor molecules adsorb on the carbon
steel surface, which prevents further corrosion of carbon steel
surface by the corrosive medium. This shows that the synthe-
sized inhibitor can effectively inhibit the corrosion of carbon
steel in HCI solution.

=—0 ppm
+—20 ppm
+—40 ppm
+ 60 ppm
~— 80 ppm
100 ppm

E/V(vs.sec)

6|

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
logi(A/ecm?)

Fig. 6 Polarization curves of carbon steel under different concen-
trations of corrosion inhibitor in HCl solution.
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Table 2 Electrochemical parameters of polarization curve fitting of IOID in HCl solution
Conc. (ppm) Ecorr (MV vs. SCE) Leorr (LA cm™?) Np (%) Ret (Q cm?) CPEq (uf cm™?) 1, (%)
Blank —439.7 87.12 — 144.3 — —
20 —475.7 17.03 80.45 835.7 146.5 82.73
40 —454.6 11.25 87.09 1072 110 86.54
60 —480 10.14 88.36 1403 106.4 89.71
80 —472 8.46 90.29 1615 105.6 91.06
100 —519.4 7.25 91.68 2009 99.5 92.82

3.3.2 Electrochemical impedance spectroscopy. Fig. 7 (A)

. . Qa1 (B) Q41

shows Nyquist plots and Bode plots for carbon steel in hydro- ] —<
chloric acid solution with different concentrations of I0ID. ] & -

The Nyquist plot in Fig. 7 contains only a clear semi-circular —4

arc, and there is no obvious second peak in the Bode plot. This
indicates that the electrochemical behavior of the system can be
fitted to impedance spectra using an equivalent circuit model
with a single time constant.** Additionally, the radius of the
capacitive resistance arc of the Nyquist diagram in the hydro-
chloric acid solution medium is significantly larger than that in
the absence of corrosion inhibitor, indicating that IOID
embodies good acidic corrosion inhibition performance.

Since both the Nyquist plot and Bode plot exhibit the char-
acteristic of a single time constant, simple equivalent circuit
models can be used to fit the experimental data. The specific
parameters of the equivalent circuit can be obtained through
fitting and used for further analysis of the performance of
corrosion inhibitors. EIS spectra were analyzed using the
equivalent circuit in Fig. 8(A) and (B) in 1 M HCl solution in the
absence and presence of inhibitor, respectively.

In Fig. 8, R, is the charge transfer resistance, Ry is the
solution resistance, Cq; is the constant phase angle element, R,
is the membrane resistance of the product, and C, is the
membrane capacitance of the product. Fig. 8(A) is used to fit the
spectrum measured when no corrosion inhibitor is added to the
HCI solution medium, where a significant number of corrosion
products are deposited on the surface of carbon steel. Fig. 8(B)

() 07

B Oppm
® 20ppm
A 40ppm
v 60ppm

) Z"/ohm )
log ‘ Z|Q.em?

T T T T 1
0 40 800 1200 1600 2000 00 P

Fig. 8 Equivalent circuit diagram used to fit the impedance spectrum
of carbon steel: (A) absence of inhibitor and (B) presence of inhibitor.

is used to fit the spectrum measured when the corrosion
inhibitor is added to the HCI solution medium. Compared to
Fig. 8(A), it is more suitable for situations where non-ideal
capacitance behavior occurs on the electrode surface, such as
on rough surfaces or adsorption layers. In addition to the above
three components, the equivalent circuit diagram of Fig. 8(B)
also contains membrane capacitance of product (C,) and
membrane resistance of product (R.p); therefore, it is suitable
for situations where there is an adsorption layer on the elec-
trode surface. The corresponding fitted parameters were pre-
sented in Table 3.

3.3.3 Adsorption isotherm analysis. Table 4 shows the
measurement results of the corrosion inhibition rate and
coverage rate of carbon steel when different concentrations of
corrosion inhibitor were added to the HCI solution medium.

The adsorption thermodynamic of corrosion inhibitor was
analyzed. After substituting the concentration of corrosion
inhibitor and the corresponding coverage rate 6 into the

+—0ppm
+2ppm
4= 40ppm
60 ppm
+ $0ppm
100 ppr

i | ©

*—20ppm
440 ppm
60 ppm
+—80ppm
«— 100 ppm

Zlohm &

logf, Hz

2 3 4 5 6

logf, Hz

Fig. 7 Nyquist plots (A) and Bode plots (B and C) of carbon steel in hydrochloric acid solution containing different concentrations of 101D (the

impedance was normalized by the area).
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Table 3 Fitting results of the EIS curves of corrosion inhibitor in HCl medium

Parameter Symbol Unit Model 1 (R(QR)) Model 2 (R(C(R(QR))))
Solution resistance Ry Q 10.5 10.2
Charge-transfer resistance R Q 1500 1450
Constant phase element Q Ss 1.2 x107° —
CPE index n — 0.85 0.8
Double layer capacitance Cap F — 2.5 x 107°
Adsorption layer resistance Rags Q — 200
Adsorption layer capacitance Cads F — 1.0 x 1077
Table 4 Corrosion inhibition rate of concentration of corrosion 80
inhibitor in HCl medium Y=1.0384X
70 7 2
Conc./ppm wg! v/mg em ' h™* /% 0/% R™=0.9993
60 1
0 0.3020 12.0994 0 0
10 0.02647 1.0605 91.23 91.22 .50
20 0.02613 1.0469 91.35 91.34 é
30 0.0201 0.8053 93.34 93.31 &40 H
40 0.0096 0.3846 96.82 96.81 %
50 0.00887 0.3554 97.06 97.04 301
60 0.0098 0.3926 96.75 96.71
70 0.01033 0.4139 96.58 96.57 201
10
adsorption isotherm, the adsorption process of corrosion 0 T T T T T T . :
inhibitor conformed to the Langmuir adsorption isotherm, as 0 -2 3 40 50 60 70 80
C (ppm)

shown in the following formula:

C 1
R C
0 Kads *

where C and K,qs are the inhibitor concentration and equilib-
rium constant, respectively. The standard free energy of
adsorption (AGoqs) was calculated using the following equation:

AGY%, = —RTIn(55.5K,45)

where 55.5 is the molar concentration of water in the solution
expressed in mol units (mol L™'), R is the gas equilibrium
constant and temperature T is 303.15 K.

The correlation coefficient (R*) of C/f and C of the corrosion
inhibitor is close to 1 (Fig. 9). Estimations of K,qs and
AGY4s according to the above equations indicated that the
corrosion inhibitor has stable and uniform adsorption on the
surface of carbon steel in hydrochloric acid solution. The
adsorption of corrosion inhibitor on the surface of carbon steel
in hydrochloric acid solution follows the Langmuir adsorption
isotherms with the formation of a layer of film that prevents
steel from corrosion by the medium. Conventionally, this
adsorption type belongs to chemisorption when AGay, is greater
than 40 k] mol " due to the sharing of charges or charge
transfer from the inhibitor molecule to the metal surface to
form a covalent bond. When AGY is lower than 20 kJ mol™*,
this adsorption type was considered as physisorption, and the
adsorption behavior between metal and inhibitor molecules is
mainly driven by electrostatic attraction. When AGY, is
between 20 k] mol~* and 40 k] mol*, the inhibitor adsorption
involves both interaction of chemisorption and physisorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 9 Relationship between C/6 and C of the corrosion inhibitor in
HCl solution.

The corrosion inhibitor molecules can adsorb spontaneously
(Table 3). When AGQ4s is —41.56 kJ mol ', the corrosion
inhibitor forms a chemical bond and stably adsorbs on the
surface of carbon steel through the hydrophilic groups, exhib-
iting a good protective effect.

3.3.4 SEM analysis of Q235 carbon steel. Fig. 10 shows the
morphology of carbon steel surfaces under different conditions.
Fig. 10(A) shows surface morphology of original carbon steel
uncorroded; Fig. 10(B) shows surface morphology of carbon
steel corroded in 1 M HCI solution in the absence of corrosion
inhibitor, Fig. 10(C) shows surface morphology of carbon steel
corroded in 1 M HCI solution in the presence of corrosion
inhibitor whose concentration is 40 ppm.

It can be seen from Fig. 10(A) that the surface of carbon steel
is less corroded. From Fig. 10(B), it can be seen that after the
carbon steel is immersed in the hydrochloric acid solution
without a corrosion inhibitor, some corrosion pits are observed.
Moreover, a layer of obvious corrosion product forms on the
surface of the carbon steel. While these corrosion products can
protect the metal surface from further corrosion to a certain
extent, once the partial corrosion products are destroyed, more
severe pitting corrosion will occur. In Fig. 10(B), the corrosion
degree of the carbon steel surface is not uniform, and the entire
carbon steel surface exhibits severe corrosion. In Fig. 10(C), the
corrosion of carbon steel is not obvious, the surface of carbon
steel is relatively smooth, and there is an adsorption film on the
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Fig. 10 Scanning electron microscope of carbon steel. (A) The surface of the original uncorroded carbon steel; (B) the surface of carbon steel
corroded in 1 M HCl solution without corrosion inhibitor; (C) the surface morphology of carbon steel corroded in 1 M HCl solution with 40 ppm

corrosion inhibitor.

surface of carbon steel. Because the corrosion inhibitor mole-
cules adsorb on the surface of carbon steel, it is completely
covered by a layer of corrosion inhibitor molecules. This
improves the surface smoothness of carbon steel, and hinders
the corrosion caused by acidic media.

3.3.5 XPS studies. The high resolution and XPS full spectra
obtained for the surface of carbon steel immersed in 1 M
hydrochloric acid solution containing 40 ppm of corrosion
inhibitor is displayed in Fig. 11.

Surface N, C, O and Fe elements were detected after carbon
steel was corroded in HCIl solution containing 40 ppm of
corrosion inhibitor for 24 h at room temperature.

The high-resolution spectrum of Fe 2p exhibits peaks at
710.20 eV, 713.37 eV and 724.59 eV (Fig. 12). The peak at
710.20 eV is assigned to the characteristic peak of Fe-Cl in the
ferric compound, FeCl,, which is attributed to the reaction
between hydrochloric acid and carbon steel base. The peak at
713.37 eV is associated with the satellite peak of Fe-Cl in FeCl,,
while the peak at 724.59 eV belongs to carbon steel substrate. In
the N 1s spectrum, the peak at 399.12 eV is identified as the
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Fig. 11 XPS full spectrum of the carbon steel surface after corrosive
treatment using 1 M hydrochloric acid solution containing 40 ppm of
corrosion inhibitor.

13438 | RSC Adv,, 2025, 15, 13431-13441

C=N bond of the C=N-C group, while the peak at 399.77 eV is
the C-N bond of the -CH-NH, group in the imidazoline
quaternary ammonium salt. The results show that the imida-
zoline quaternary ammonium salt adsorbs on the surface of
carbon steel, and an N atom in the imidazoline ring reacts with
the empty d orbital in the iron atom to form a stable Fe-N
coordination bond. This improves the activation energy of
anode reaction in the corrosive medium and the corrosion rate
of carbon steel is reduced significantly by the corrosion inhib-
itor. In the O 1s spectrum, the peak at 529.55 eV belongs to the
Fe-O bond of FeO, where Fe base is oxidized, the peak at
531.06 eV corresponds to the P=0- bond of the imidazoline
quaternary ammonium salt. In the C 1s spectrum, the peaks at
529.55 eV and 284.80 eV are characteristic peaks of C. The peak
at 284.33 eV is consistent with the C-C bond of -CH,CH,-,
while the peak at 284.80 eV is linked to the C-H bond of -
CH,CH,-. The surface composition analysis of corroded carbon
steel shows that carbon steel reacts with hydrochloric acid to
form FeCl, and oxygen dissolved in the corrosive medium forms
FeO. The FeCl, and FeO corrosion products closely cover the
surface of carbon steel to form a dense protective film. On the
other hand, one end of the corrosion inhibitor molecule con-
taining the C=N-C group is connected to the iron base, so it
closely adsorbs on the surface of iron substrate. The long non-
polar alkyl chain in the corrosion inhibitor molecule is far away
from the metal surface and extends to the end of the corrosive
solution, forming a layer of hydrophobic film to prevent the
corrosive medium from contacting carbon steel. The corrosion
inhibitor has a protective effect for the surface of carbon steel,
indicating that the inhibitor molecules form a stable adsorption
film on the surface, which is consistent with the adsorption
thermodynamics results discussed earlier. In addition to phys-
ical adsorption, corrosion inhibitor molecules also participate
in chemical adsorption, and these two kinds of adsorption
behavior synergistically protect the carbon steel surface.

3.4 Corrosion inhibition mechanism by I0ID

The analysis of adsorption thermodynamics shows that the
adsorption of corrosion inhibitor on the surface of carbon steel
in hydrochloric acid solution meets Langmuir adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 High-resolution spectra of carbon steel surface after corrosion in 1 M of hydrochloric acid solution containing 40 ppm of corrosion

inhibitor.

isotherms, which prevents the steel from corrosion induced by
the corrosion medium. The imidazoline quaternary ammonium
salt molecules produce chemical adsorption on the surface of
carbon steel and the lone pairs of N atom in the inhibitor
molecule provide empty d orbital for iron, so that the corrosion
inhibitor forms a coordination bond with steel substrate and
produces a stable protective film, thereby effectively inhibiting
the corrosion to carbon steel. The weight loss method, electro-
chemical method and scanning electron microscope analysis
shows that the corrosion inhibitor adsorbs on the surface of
carbon steel in hydrochloric acid solution, which plays
a protective role for carbon steel. Carbon steel encountered total
corrosion in hydrochloric acid solution, while the inhibitor can
adsorb quickly and stably on the surface of carbon steel to form
a layer of dense and stable protective film, which has a protec-
tive effect. The analysis of XPS shows that carbon steel substrate
reacts with hydrochloric acid and produces FeCl,. Fe also reacts
with oxygen dissolved in the corrosive medium to form FeO,
and these FeCl, and FeO corrosion products closely attach on
the surface of carbon steel, which prevents further corrosion of
inner carbon steel. The end of the corrosion inhibitor molecule
containing a C=N-C group is connected to the iron substrate,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which adsorbs closely on the surface of iron substrate. The long
chain alkyl group in the inhibitor molecule is far away from the
metal surface and extends to the end of the corrosive solution
medium, forming an adsorption film. This protective barrier
prevents the corrosive medium from contacting carbon steel,
which is conducive to reducing corrosion. Physical adsorption

00@®@ O C oo

Fig. 13 Schematic illustration of the adsorption mechanism of
corrosion inhibitor on the carbon steel surface.
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and chemical adsorption formed by corrosion inhibitor mole-
cules play a synergistic protective role.

More specifically, the interaction between corrosion inhib-
itor and metal surface is illustrated in Fig. 13.

4. Conclusion

Idesia oil based imidazoline corrosion inhibitor was synthe-
sized by the solvent dehydration method. After optimization,
the synthesis process of IOID used a 1:1 molar ratio of imida-
zoline intermediate to quaternization reagent, the quaterniza-
tion reaction temperature and time was 80 °C and 2 h,
respectively, with a desirable water solubility and thermal
stability.

The inhibition efficiency reached 99.07% after 40 ppm of
IOID was placed in hydrochloric acid solution below 80 °C. The
corrosion inhibitor still exhibits excellent corrosion inhibition
performance after one week.

The analysis of scanning electron microscopy, the electro-
chemical method and XPS show that carbon steel substrate
reacts with hydrochloric acid and produces FeCl,. During
corrosion, carbon steel substrate also reacts with oxygen dis-
solved in the corrosive medium to form FeO, and these corro-
sion products closely cover the surface of carbon steel, which
prevents further corrosion of the inner layer. The adsorption
mode of IOID on the surface of carbon steel belongs to Lang-
muir isotherm adsorption, with a AGog, of —41.56 k] mol ™', and
the C=N-C group in the corrosion inhibitor molecule is
attached on the surface of iron substrate and prevents corrosive
substances to directly contact the surface of carbon steel, which
is conducive to protecting carbon steel. The corrosion inhibitor
synthesized in this study can be applied to crude oil pipelines to
prevent acidic corrosion.
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