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Abstract

Carbon steel is the principal material used in oil and gas production pipelines. However, carbon
steel is vulnerable to corrosion by corrosive media it contacts, and this causes economic losses.
The corrosion rate of carbon steel is inhibited by imidazoline, an organic corrosion inhibitor. In
this study, oleic-imidazoline was successfully synthesized from triethylenetetramine and oleic
acid under reflux at 100-140°C for 12 h. The synthesized compound was characterized for its
structure by using FTIR, UV-Vis, NMR (*H and *3C), and LC-MS/MS spectral data. Oleic-
imidazoline showed a maximum absorption peak at a wavelength of 203.8 nm (UV-Vis),
absorption peaks at 1656.51 cm~! belonging to C=N bond (FTIR), a peak at a chemical shift of
2.17 and 3.30-3.48 ppm indicating H-C—-C=N and imidazoline ring proton, respectively
(*H NMR), and a peak at the chemical shift of 164.6 ppm fitting C=N (*3C NMR). LC-MS/MS
showed that oleic-imidazoline was a major component in the synthesized compound with
[M+H]* 393.37 m/z at rt 10.87 min. The oleic-imidazoline’s performance as a corrosion
inhibitor toward low carbon steel in a 1% NaCl solution was measured using two methods,
which are Tafel polarization and weight loss. The highest inhibition efficiency percentage (%IE)
resulted from the two methods are 83.26% and 83.33%, respectively. Oleic-imidazoline reveals
good performance to inhibit the corrosion since this compound undergoes physisorption with
slight chemisorption on low carbon steel in chloride environment.
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1. Introduction

Carbon steel is the most commonly used material in oil and gas pipelines for production
lines. Because of its corrosive medium, however, carbon steel is susceptible to corrosion,
resulting in financial losses [1]. Therefore, one of the organic corrosion inhibitors,
imidazoline, has been used to slow the corrosion rate of carbon steel [2]. Imidazoline is a
heterocyclic compound containing high electron density centres, which leads to the
protection of metal surfaces from corrosion [3]. The addition of heterocyclic compound as a
corrosion inhibitor has recently become more popular since the use of this compound leads
to a more biodegradable, inexpensive, and environmentally friendly corrosion control
technique [4]. A corrosion inhibitor based on the imidazoline scaffold affects anodic and
cathodic reactions with the adsorption process on metal surfaces [5]. Furthermore,
imidazoline has a good adsorption character and can form a protective layer (film) on metal
surfaces and a monolayer that has hydrophobic properties [6—8].

Research on the structural modification of imidazoline (especially oleic-imidazoline)
as a corrosion inhibitor has been carried out. Zhao et al., (2016) had synthesized oleic-
imidazoline from oleic acid (OA) and various polyamines such as ethylenediamine (EDA),
diethylenetriamine (DETA), triethylenetetramine (TETA), tetraethylenepentamine (TEPA),
polyethylenepolyamine (PEPA) and aminoethylethanolamine (AEEA). The hydroxyethyl
group in the pendant chain can increase the hydrophilicity, whereas the aminoethyl group
will increase the hydrophobicity. Oleic-imidazoline which showed the highest activity as a
corrosion inhibitor on the oil field in China was from DETA and TETA [9]. Modification of
oleic-imidazoline from DETA had been intensively carried out to form quaternary oleic-
imidazoline which showed a 99.113% corrosion inhibition rate in hydrochloric acid [10].
Furthermore, oleic-imidazoline from TEPA and ester form of oleic-imidazoline from AEEA
showed a good performance as a corrosion inhibitor in 1% NaCl [11, 12]. In addition, oleic-
imidazoline from DETA, AEEA and TETA exhibited high activity to inhibit the corrosion
in sulfuric acid with the addition of inorganic salts, i.e. KI, KCNS and KCI [13]. All the
aforementioned research above revealed that oleic-imidazoline had a good potential to
inhibit corrosion. Therefore, in this study, synthesis of oleic-imidazoline from TETA and
technical grade of OA was conducted followed by investigating its anticorrosion activity in
chloride environment. TETA was chosen as polyamines since oleic-imidazoline synthesized
from TETA for both structural elucidation and its corrosion inhibition activity is still limited.
Meanwhile, the technical grade of OA was selected since it was economically friendly,
which has the potential to be used in the industrial scale. Synthesizing and developing oleic-
imidazoline could provide an alternative for organic corrosion inhibitor uses for both
research and industrial applications.
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2. Experimental

2.1. General

The chemicals used for synthesis, test, and analysis were triethylenetetramine (TETA),
NaCl, CH,Cl,, acetone, methanol (MeOH), NH,OH 25%, and Na,SO, anhydrous purchased
from Merck, while the technical grade of oleic acid (OA) from PT. Brataco Chemika with a
composition of 80.80% OA, <18% linoleic acid (LNA), and <6% stearic acid (SA). All
chemicals were used without any purification before use. Oleic-imidazoline was synthesized
by reflux method which required a three-neck round-bottom flask, condenser, oil bath,
magnetic stirrer, hot plate, and thermometer. The reaction was monitored using thin-layer
chromatography (TLC) on precoated 0.25 mm thickness of Si 60 GFs4 plates (Merck) and
TLC spots were visualized under UVzs4. The corrosion inhibition activity tests were
performed using an electrochemical method with an eDAQ 450 potentiostat-VVersasatat Il
and gravimetric method. The materials used for corrosion inhibition activity tests were a low
carbon steel JIS G3123 grade SGD 400D with a diameter of 5 mm and a length of 4-5 cm
obtained from PT. Citra Tanamas with a composition of C 0.08%, 0.40% Mn, 0.19% Si,
0.033% P, 0.021% S, and 99.276% Fe as working electrode (WE), SCE as reference
electrode (RE), and platinum as auxiliary electrode (AE). As a comparison, the commercial
sample of corrosion inhibitor was obtained from PT. Pertamina (Persero). UV-Vis Shimadzu
UV2540 in MeOH spectroscopic grade (Merck), FTIR Shimadzu IR Prestige 2 in KBr pellet
(Merck), 500 MHz NMR Bruker Avance operating at 500 MHz (*H) and 125 MHz (3*C) in
CDClIs (Merck), and LC-MS/MS with LC system ACQUITY UPLC® H-Class System
(Waters, USA) and MS Xevo G2-S QTof (Waters, USA) in MeOH spectroscopic grade
(Merck) with the addition of formic acid (Merck) were used for structural elucidation of
oleic-imidazoline. LC-MS/MS parameters were adapted from previous research [14].

2.2. Synthesis of oleic-imidazoline

Oleic-imidazoline was synthesized from TETA (5 mmol) and OA (5 mmol) in a three-neck
round-bottom flask connected to a condenser equipped with a magnetic stirrer and
thermometer. After heating with reflux at 100-140°C for 12 hours, the mixture then was
worked up by extraction by using CH,Cl,: brine solution (1:1, v/v) to collect the organic
layer. The organic layer then was dried using Na,SO, anhydrous, evaporated, and stored in
a desiccator. The synthesized compound then was identified using TLC with CH,Cl,: MeOH
(8:2, v/v) with one drop of NH,OH 25% as an eluent, and further characterized by using
FTIR, UV-Vis, NMR (*H and *C), and LC-MS/MS.

Oleic-imidazoline was obtained as dark-brown oily-solid, R 0.80 in CH,Cl,: MeOH
(8:2, v/v) with one drop of NH,OH 25%; FTIR (KBr pellet) vmax (cm~1): 3291.83 (N-H),
3008.25 (C—H sp?), 2924.75-2853.07 (C—H sp?), 1656.51 (C=N), 1643.12 (C=C), 1547.80
(N—H), 1465.09—1375.29 (C—H sp?), 1271.31 (=C—N), 723.84 (cis C—H); UV-Vis (MeOH)
Amax (NM): 203.8; *H NMR (500 MHz, CDCls) & (ppm): 5.33 (2H, q, 7 Hz), 4.23 (3H, br s),
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3.62-3.26 (4H, m), 2.92-2.42 (8H, m), 2.16 (2H, t, 7 Hz), 2.01 (4H, g, 7 Hz), 1.59 (2H, qi,
9.5 Hz), 1.37-1.24 (20H, m), 0.87 (3H, t, 7 Hz); 3C NMR (125 MHz, CDCl3) & (ppm):
164.6,130.1, 129.9, 56.7, 54.3, 54.1, 53.2, 52.9, 52.9, 32.0, 29.9, 29.8 (4C), 29.7, 29.5, 29.4,
29.3 (2C), 27.3, 25.7, 22.8, 14.3; and LC-MS/MS (MeOH-HCOOH): dominant LC rt
10.87 min, MS (25-60 eV, m/z): 393.37 [M+H]* calculated as CasHaN,*, 376.34, 349.33,
320.30, 308.30, 306.28 (base peak), 280.26, 268.27, 254.25, 238.22, 224.20, 210.19, 196.17,
184.16, 170.13, 156.13, 141.10, 127.09, 113.07, 98.06, 87.09, 71.06.

2.3. Tafel polarization method

Electrochemical measurements were conducted using the cyclic voltammetry method in a
1% NaCl saturated with CO, based on previous work [11]. Three electrodes, WE, RE, and
AE, were arranged as an electrochemical cell in a beaker glass which contained corrosion
medium solution in the absence and presence of various concentrations of corrosion inhibitor
(100-500 ppm). The potentiodynamic polarization then was recorded within the potential
range of —2000 to +500 mV at a potential scan rate of 50 mV/s. The electrochemical
parameters and the percentage of inhibition efficiency (%IE) were obtained by using the
Tafel polarization which was processed by using Equation 1 while the corrosion rate (Cr in
mm-y 1) was evaluated using Equation 2, where 12, and leor (MA/cM?) is corrosion current
densities in the absence and presence of corrosion inhibitor, respectively, K represents rate
constant, EW represents equivalent weight in g/equiv., d represents tested low carbon steel
density (g/cm?), whereas A is the area of the sample (cm?).

%IE =[1—%}-100 (1)
corr
Icorr -K-EW

G =4 A

(2)

2.4. Weight loss method

Gravimetric measurements were carried out in a 1% NaCl environment in the presence of
various concentrations of corrosion inhibitor (100-500 ppm). The soaking time was adjusted
for 6 h at room temperature. After soaking, low carbon steel was removed from the corrosion
medium solution and washed with bi-distilled water and acetone, then dried and weighed.
The results obtained then were compared with low carbon steel immersed in the corrosion
medium without the addition of oleic-imidazoline. The Cr (mm-y~!) and %IE were
calculated following Equations 3 and 4, respectively, where W represents weight loss (mg),
d represents tested low carbon steel density (g/cm®), A represents the area of the
sample (cm?), t represents the time of exposure (h), whereas v, and v (mm-y~1) are the
corrosion rates in the absence and presence of corrosion inhibitor, respectively.
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2.5. Corrosion Protection Mode Analysis of Oleic-Imidazoline

Analysis of corrosion protection mode of oleic imidazoline was carried out by extracting the
corrosion medium solution using CH,Cl,:brine solution (1:1, v/v). The collected organic
layer then was identified using TLC with the same condition as previously stated. Further,
FTIR characterization was also conducted.

3. Results and Discussion

3.1. Oleic-imidazoline synthesis

In this present study, oleic-imidazoline from TETA and technical grade of OA was
successfully synthesized using reflux following the reaction scheme illustrated in Figure 1.
According to Figure 1, the formation of oleic-imidazoline consisted of two steps, i.e.
amidation and cyclization, which involved water elimination in both steps [15]. The using
of technical grade of OA will produce oleic-imidazoline in a mixture with other fatty acid-
imidazoline, such as linoleic-imidazoline and stearic-imidazoline, but the predominant
synthesized compound was oleic-imidazoline, which was confirmed by using FTIR,
UV-Vis, NMR (*H and *3C), and LC-MS/MS spectral data.

H,N H Q A Q H
N[+ _ o _ N

Hlg OH ™2 N H

7 7 7 7 H 3

Al—HZO

N7 NJ[\/N}H
-/ 2
Figure 1. Reaction scheme of oleic-imidazoline synthesis.

FTIR spectra of oleic-imidazoline showed characteristic peaks of imidazoline at
wavenumber (vmax) 0f 1656.51 and 1271.31 cm*! indicated C=N and =C—N in imidazoline
ring, respectively. In addition, the hydrocarbon chain in the synthesized compound which
was formed from unsaturated fatty acid exhibited absorption peaks at vmax Of 3008.25
(C—H sp?), 1643.12 (C=C), and 723.84 cm~! (cis C—H) together with 2924.75-2853.07
(stretching C—H sp®) and 1465.09-1375.29 cm~! (bending C—H sp?). This compound also
showed peaks for stretching N—H and bending N—H at vmax Of 3291.83 and 1547.80,
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respectively, belonging to the pendant group [16]. Moreover, maximum absorbance in
UV-Vis spectra of oleic-imidazoline appeared at the wavelength (Ama) Of 203.8 nm,
specified as C=N from imidazoline moiety [11-12].

Further characterization then was carried out by using NMR. *H NMR (500 MHz,
CDCIs) exhibited characteristic peaks of imidazoline scaffold from unsaturated fatty acid
[9, 17]. Peaks at a chemical shift (64) of 3.62—3.26 ppm (4H, m) indicated the formation of
the imidazoline ring, whereas peaks at 6y 2.16 ppm (2H, t, 7 Hz) showed the proton on
hydrocarbon chain nearest to the imidazoline ring (H-C—C=N). Other protons indicating an
unsaturated hydrocarbon chain had appeared at 64 5.33 (2H, g, 7 Hz) for proton attached on
C=C alkene, 2.01 (4H, q, 7 Hz) for proton adjacent to C=C alkene, and the rest at oy 1.59
(2H, qi, 9.5 Hz), 1.37-1.24 (20H, m), 0.87 ppm (3H, t, 7 Hz) for the remaining hydrocarbon
chain. In addition, peaks from the pendant group pointed at 6y 2.92—-2.42 (8H, m) correlated
to four —CH groups attached to the nitrogen atom which having proton appeared at oy 4.23
(3H, br s). 3C NMR (125 MHz, CDCls;) showed a specific peak of imidazoline-derived at a
chemical shift (6c) of 164.6 ppm belonging to C=N [18]. Moreover, peaks at ¢ 130.1 and
129.9 ppm indicated the C sp? from C=C alkene in the unsaturated hydrocarbon chain.
Actually, in the C sp? region (8¢ 130.4—128.0 ppm), there were additional four peaks
correlated to two alkenes from linoleic-imidazoline, as another constituent of synthesized
oleic-imidazoline from the technical grade of OA. In addition, peaks at d¢c 56.7—52.9 ppm
corresponded to C sp® bonded to the nitrogen atom in both imidazoline ring and pendant
group, while peaks at §¢c 32.0-14.3 ppm indicated C sp® in the hydrocarbon chain.

To analyze the oleic-imidazoline composition, LC-MS/MS spectra were recorded. LC
chromatogram of oleic-imidazoline exhibited predominant peak (>80%) at a retention
time (rt) of 10.87 min represented oleic-imidazoline with [M+H]" 393.37 m/z, calculated as
C24Ha9N4™. The proposed selected fragmentation of oleic-imidazoline was illustrated in
Figure 2. Two minor peaks were also observed at rt 10.52 and 11.52 min for linoleic-
(IM+H]" 391.38m/z, CyHsN4*) and stearic-imidazoline ([M+H]"™ 395.38 m/z,
C24Hs1N4™), respectively. Oleic-imidazoline exhibited rt between linoleic- and stearic-
imidazoline since it was less polar than linoleic-imidazoline but more polar compared to
stearic-imidazoline. All the spectrum data indicated that oleic-imidazoline had been
successfully synthesized.
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Figure 2. Proposed selected fragmentation scheme of oleic-imidazoline.

3.2. Effect of inhibitor’s concentration on Tafel polarization analysis

Tafel polarization curves of the oleic-imidazoline and commercial sample were displayed in
Figure 3. Oleic-imidazoline was found to be effective in inhibiting the corrosion of low
carbon steel in chloride environments similar to commercial sample. Figure 4 displayed
the %IE and Crg of both corrosion inhibitors as a function of the inhibitor concentration used
on the Tafel polarization method. According to Figure 4, the Cr decreased and therefore
the %IE improved as the inhibitor concentration was increased. This result exhibited that
inhibitor is adsorbed to a larger degree on the metal surface as the inhibitor concentration is
increased, which leads to the restriction of interaction between corrosive environment and
metal surface [3, 19]. Oleic-imidazoline and commercial sample at 500 ppm demonstrated
the best %IE as 83.26 and 84.41%, respectively. A slight difference in %IE makes the
synthesized oleic-imidazoline can be used as an alternative corrosion inhibitor.
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Figure 3. Tafel polarization curves of oleic-imidazoline (a) and commercial sample (b).
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Figure 4. Corrosion rate and percentage of inhibition efficiency with various concentration of
oleic-imidazoline (a) and commercial sample (b) using Tafel polarization method.

3.3. Effect of inhibitor s concentration on weight loss analysis

The %IE and Crg of oleic-imidazoline and commercial sample as a function of the inhibitor
concentration used on weight loss method was presented in Figure 5. Based on Figure 5,
similar trends on %IE and Cg were observed with the previous inhibition corrosion method.
With this method, oleic-imidazoline demonstrated a slightly higher %IE at 500 ppm
(83.33%) than the commercial sample at the same concentration (500 ppm, 80.00%). The
higher %IE of oleic-imidazoline was due to the interaction between electron-donating groups
such as imidazoline ring, amino groups in pendant chain, and double-bond (r-electron) in
imidazoline ring and hydrocarbon chain [19].

Figure 6 plotted the comparison of the %IE as a function of the inhibitor concentration
used for both Tafel polarization and weight loss methods. According to Figure 6, the %IE
obtained was not significantly different, especially in a higher concentration of inhibitor.
The difference in %IE was probably due to the longer immersion time in the weight loss
method which can cause the dissolution of the linkage between metal and inhibitor making
the increase of Cr[3]. However, both methods showed that the corrosion of low carbon steel
in chloride environments was significantly reduced in the presence of an oleic-imidazoline
inhibitor compound.
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Figure 5. Corrosion rate and percentage of inhibition efficiency with various concentration of
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Figure 6. Corrosion inhibition activity of oleic-imidazoline and commercial sample in 1%
NaCl using electrochemical (a) and gravimetric (b) methods.

3.4. Corrosion protection mode analysis of oleic-imidazoline

Analysis of corrosion protection mode of oleic-imidazoline was carried out after corrosion
inhibition test by using FTIR. The FTIR spectra of oleic-imidazoline before and after
corrosion test were presented in Figure 7. By comparing the FTIR spectra in Figure 7, it was
observed that there were still typical peaks of imidazoline at vmax 1654.48 and
1272.39 cm! belonging to C=N and =C—N in the imidazoline ring, respectively. In
addition, it was also detected a new peak in low intensity at vmax 1725.37 cm~! which
indicated the structural change in oleic-imidazoline after the corrosion test. The new peak
probably represents C=0 amide which indicates the hydrolysis process during the corrosion
test (Figure 8). However, since there were still characteristic peaks of imidazoline and only
slightly altered the imidazoline ring structure, it can be stated that the corrosion protection
mode of oleic-imidazoline was physisorption with slight chemisorption [20].
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Figure 7. FTIR spectra of oleic-imidazoline before and after corrosion test.
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Figure 8. Proposed structural changes of oleic-imidazoline after a corrosion test.

The corrosion protection mode of oleic-imidazoline was found in agreement with the
other organic corrosion inhibitor containing high electron density and long hydrophobic
chains [13]. The proposed mechanism of oleic-imidazoline’s performance on inhibiting
corrosion on the metal surface was illustrated in Figure 9. Oleic-imidazoline has n-electron
and N heteroatoms which are rich in lone pairs, making the adsorption of imidazoline on the
metal surface. Meanwhile, the hydrocarbon chain forms a hydrophobic layer as a protective
film on the metal surface which can block the active site of corrosion on the metal surface
from the corrosive environment [21-23]. The adsorption behavior of the protective film is
determined by the electrostatic interaction between the heteroatom and the double bond of
the corrosion inhibitor and the metal surface [20, 24]. The protective layer of the inhibitor
will break the corrosion linkage which allows the w-electron donor of imidazoline to the
empty orbital of the metal surface resulting in the higher value of %IE [21]. The high %IE
value of oleic-imidazoline is summarized due to the barrier effect of physical and chemical
interactions from the heteroatoms with the metal surface.
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Figure 9. Proposed mechanism of oleic-imidazoline absorption on metal surfaces.

Conclusions

In this research, oleic-imidazoline was successfully synthesized by reacting
triethylenetetramine (TETA) and technical grade of oleic acid (OA) under reflux for 12 h at
100—-140°C. The structure of the synthesized compound was elucidated by using FTIR,
UV-Vis, NMR (*H and *3C), and LC-MS/MS spectral data. The corrosion inhibitor activity
test towards low carbon steel in a 1% NaCl solution indicated that oleic-imidazoline can be
used as a potential corrosion inhibitor compared with commercial sample with the highest
inhibition efficiency percentage (%IE) was 83.26 and 83.33% in 500 ppm using Tafel
polarization and weight loss methods, respectively. The corrosion protection mode of oleic-
imidazoline was physisorption with slight chemisorption since the corrosion inhibition test
slightly altered the imidazoline ring structure.
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