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KEYWORDS Abstract As corrosion inhibitors, a series of new amide derivatives of 13-docosenoic acid was syn-
Corrosion inhibition: thesized in yields of above 90% by reacting 13-docosenoic acid with primary and secondary alipha-
Mild steel; tic and aromatic amines. The inhibition efficiencies (%IEs) of these compounds at various
Acidic media; concentrations for the suppression of corrosion of mild steel in 1.00 M HCl exposed for 96 h (4 days)
DFT; at temperatures in the range 298-333 K were measured via gravimetric corrosion measurements. At
13-docosenoic acid amides 100 ppm, all compounds yielded satisfactory corrosion %IE in 1.00 M HCI; compounds 2 and 7

exhibited remarkable %IE of 70.0 and 74.7%, respectively. The results of gravimetric measure-
ments further revealed that compound 7 performed excellently at 60 °C, with %IE = 96.8 at
500 ppm. Quantum chemical density functional theory (DFT) calculations helped predict that com-
pound 7 should have more aromatic character, enabling it to serve as a donor-center for the empty
d-orbital of the metal atoms, leading to higher corrosion IE. The adsorption of the inhibitor mole-
cules on the surface of mild steel followed the Langmuir adsorption model, and the free energy of
adsorption (4G ,4) value indicated that the inhibitors are adsorbed through a combined physisorp-
tion and chemisorption mechanism to provide effective surface coverage.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Oil fields are generally affected by corrosion and the associated
economic loss owing to corrosion of plant systems and piping.
Statistical data indicate that corrosion is the main cause of fail-
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losses (Durnie et al., 1999; Bentiss et al., 2000; Sastri, 1998).
Numerous approaches are employed for minimization of the
wear and corrosion in petroleum plant systems and piping
under harsh conditions. One of the most economical
approaches for reducing corrosion is the use of corrosion inhi-
bitors (French, 1978; Rosenfeld, 1981; Uhlig and Rivie, 1985;
Clewlow et al., 1992). In the industrial context, organic com-
pounds comprising nitrogen, sulfur, and oxygen are exten-
sively employed for acid pickling, descaling, and cleaning, as
well as reducing metal corrosion (Sastri, 1998; Revie and
Uhlig, 2008; Mernari et al., 1998; Elachouri et al., 2001;
Frenier and Growcock, 1993). Chloride ions are highly effec-
tive for minimizing the corrosion of mild steel in hydrochloric
acid as these ions constrain the corrosion and wear by means
of the carbon-based cationic inhibitors (Luo et al., 1998;
Fedorov and Morozova, 1987; Putilova et al., 1960). Neverthe-
less, these inhibitors are not effective in plain H,SO4 medium
(Murakawa and Hackerman, 1964). This is because the surface
charge of iron in both H,SO,4 and HCl is positive. In the pres-
ence of organic compounds, the chloride ions are less readily
adsorbed on the mild steel. This is frequently encountered in
sulfuric acid solutions but is less pronounced in hydrochloric
acid (Rengamani et al., 1994; Bockris and Yang, 1991). This
is because the specific adsorption of Cl-, having a low hydra-
tion degree, creates [FeCl-],4s, which is anticipated to alter
the corrosion potential position E.,,;, consequently permitting
chloride ion adsorption (Antropov, 1963; Lorenz, 1970). In
order to prevent iron ions from entering the bulk solution,
the creation of a closely-packed layer of (FeCl-...Inh™ )4,
may minimize the anodic dissolution of iron in hydrochloric
acid solution (Morad et al., 1995; Aramaki et al., 1987). It is
recognized that the protective features of cations in H,SOy4
can be enhanced by the addition of halides (Popova et al.,
2003). Several effective inhibitors that are efficient for mitigat-
ing the corrosion of mild steel in H,SO, and HCI mediums
have been reported. Recently, nitrogen-comprising heterocy-
cles and their quaternary salts (Bockris and Yang, 1991),
organic compounds comprising isoxazolidine condensation
products of amines and carbonyls (Rengamani et al., 1994),
aromatic aldehydes (Antropov, 1963), alkenyl phenols
(Lorenz, 1970), and diallylammonium moieties (Morad et al.,
1995; Aramaki et al., 1987; Popova et al., 2003; Ali et al.,
2008a, 2008b, 2003, 2005; Ali and El-sharif, 2012; Ali et al.,
2016a, 2016b; El-sharif, 2017; Ali et al., 2012a, 2012b;
Frenier et al., 1988; Growcock and Frenier, 1986; Cizek,
1991; Monroe et al., 1963) have been reported as efficient for
preventing the corrosion of mild steel in both hydrochloric
acid and sulfuric acid solutions. To assess the impact on corro-
sion inhibition for carbon steel, a range of ethyl esters and
ethoxylated fatty acids have been examined (Osman and
Shalaby, 2003; Yordanov and Petkov, 2008).

The cationic inhibitors can undergo chemi- or physisorp-
tion on the exterior of the metal by displacing surface-
adhered water molecules to form a solid obstacle layer
(Muralidharan et al., 1995) or by the development of a dative
bond through interaction of the non-bonded (lone pair) and p
electrons in the inhibitor molecules with the empty d orbitals
of the metal (Hackerman and Hurd, 1962). Organic com-
pounds that are normally employed as corrosion inhibitors
in oil fields form a protective barrier or film between the cor-
rosive fluids and metal, either owing to their cathodic or ano-

dic behavior, or their mixed behavior (Sanyal, 1981; Revie,
2000).

A continuous determination has been conducted to develop
a corrosion inhibitor that exhibits better inhibition at low con-
centrations in corrosive mediums, while being eco-friendly
(Tabatabaei et al., 2020; Bahlakeh et al., 2019; Tabatabaei
et al., 2019a; Ramezanzadeh et al., 2019; Dehghani et al.,
2019; Tabatabaei et al., 2019b). The present work is devoted
to the synthesis of new amides derived from a natural fatty
acid (Eurcic acid) and evaluation of these derivatives as poten-
tial inhibitors of mild steel corrosion in acid medium. To the
best of our knowledge, this is the first report aiming at synthe-
sizing these compounds and studying their corrosion inhibition
tendencies.

2. Experimental

2.1. Materials and methods

13-Docosenoic acid (Eurcic acid), phosphoryl chloride, aniline,
o-anisidine, methylamine, ethylamine, diethylamine, 1-
naphthylamine, 3-amino-1,2,4-triazole-5-thiol, and
thiophene-2-ethylamine from Sigma Aldrich were used for
derivatization of 13-docosenoic acid. A Spectra/Por Standard
Regenerated Cellulose (RC) Membrane (Spectrum Laborato-
ries Inc.) was used for dialysis. Dimethyl sulfoxide (DMSO)
was dehydrated over calcium hydride overnight and then dis-
tilled under decreased pressure at the b.p. of 648-658 °C
(4 mm Hg). All solvents were of high-performance liquid chro-
matography (HPLC) grade. Glass apparatus were washed with
distilled or deionized (DI) water. All reactions were performed
under nitrogen atmosphere. H>,SO, (Fisher Scientific Com-
pany), concentrated HCI (A.C.S), and distilled or DI water
were used for the acid solutions (1 M). Experiments were per-
formed with the electrolyte solutions in open air using the inhi-
bitor in the concentration range of 0-500 ppm.

2.2. Spectral characterization of inhibitors

Infrared spectrum was recorded on Shimadzu IR-Affinity
FTIR spectrometer. '>°C NMR and 'H spectra were recorded
with a Bruker spectrometer (400 MHZ). The samples were pre-
pared by dissolution of 0.5 ml of sample in 0.6 ml of CDCls.
The chemical shifts () are presented in ppm relative to tetram-
ethylsilane (TMS) as an internal standard. Elemental analysis
was conducted with a Carlo-Erba; Elemental analyzer, model
1106.

2.3. Corrosion study

2.3.1. Specimens

The corrosion inhibition tests were conducted by gravimetric
measurements in 1.00 M HCI using coupons made from mild
steel comprising 99.47% Fe, 0.010% P, 0.005% V, 0.005%
Cu, 0.007% Mo, 0.022% Ni, 0.037% Cr, 0.34% Mn, and
0.089% C. For the electrochemical measurement, the test spec-
imen was made in the shape of flag from a mild steel sheet of
1 mm width. The flag base was around 3 cm and insulated with
araldite, which is insulating paint. The rest of the area was
1 cm?, with an exposed area of 2 cm?. The mild steel specimen
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was roughened with emery papers of different grades (grit size
of 100, 400, 600, and so on), then de-roughened with propa-
none and cleaned with distilled or DI water. The specimen
was allowed to dry and stored in a desiccator.

2.3.2. Solutions

Solutions of 1.00 M hydrochloric acid were made from con-
centrated HCI by dilution with deionized water. The inhibitor
concentration range was 0—500 ppm. Each corrosion test was
conducted with the electrolyte solution in equilibrium.

2.4. Gravimetric measurements

Mild steel specimens, AISI 1018, with dimensions of 2.0 x
2.0 x 0.5 cm were employed for the weight loss corrosion stud-
ies. The samples were submerged in 100.0 ml of 1.00 M HCl in
the presence and absence of the corrosion inhibitors at varying
concentrations (50-500 ppm) and temperatures (298-333 K)
for 96 h (4 days). The coupons were cleaned through a process
that comprised drying the coupons with a tissue, cleaning with
propanone and distilled water, and lastly drying in an oven at
110 °C. Additional weight loss measurements were conducted
in the cases where the deviations were higher, in order to attain
the anticipated standard deviation (SD). Generally, the cou-
pons were not of the same mass and size; thus, the relative
weight loss was employed to compute the percentage inhibition
efficiency (%IE), as defined in the methods (Ali et al., 2008a,
2008b, 2003). The mean %IE was found to have a standard
deviation of 0.3% to 3.5%. For the inhibitor molecules, the
deviation in the higher concentration range was less than
0.5% in 1.00 M HCI. The rate of corrosion was computed
by means of Eq. (1) (Zeino et al., 2017; He et al., 2014):

8.76 x 10" x W )
DxAXxt

where ¢ is the exposure time (h), 4 is the specimen area (cm?),
D is the density of mild steel (g cm™>), and W is the weight loss
(8)-

The corrosion inhibition efficiency (n%) and inhibitor sur-
face coverage (0) were computed by means of Egs. (2) and (3),
respectively:

CR (mmpy) =

CR, — CR;
o= (_CR ) (2)
CR, — CR;

where CR; and CR,, are rates of corrosion in the presence and
absence of the inhibitors. The preliminary weight loss corro-
sion rate data after 96 h of immersion in 1.00 M HCI in the
presence and absence of the corrosion inhibitors are displayed
in Fig. 1. The findings showed that compounds 2 and 7 having
one and two aromatic functionalities in their molecular struc-
ture, respectively, led to minimal corrosion rates and conse-
quently had higher corrosion inhibition efficiencies and hence
were selected for further studies.

2.5. Computational procedure

The molecular geometry of the compounds was fully optimized
using density functional theory (DFT) using the B3LYP

100
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70.0 % 673 %
62.3 % .

60 56.8% 395 %
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Fig. 1 Weight loss corrosion rates and inhibition efficiencies in
1.00 M HCI in the absence and presence of 100 ppm inhibitor
molecules.

hybrid functional and 6-31g(d) basis set. The 6-31g(d) basis
set was selected as it provides the best estimation of the solva-
tion energies when using an implicit solvent model compared
to higher basis sets and often provides good correlation with
the experimental results. The 6-31g(d) basis set was selected
as it provides the best estimation of solvation energies when
using an implicit solvent model compared to higher basis sets
and often provides data in good correlation with experimental
results (Abdulazeez et al., 2019; Sulaiman and Onawole, 2016).
Geometry optimizations and vibrational frequency calcula-
tions were conducted to the minima on the potential energy
surfaces without imposing any constraints. Reactivity descrip-
tors namely, the energy of the highest occupied molecular orbi-
tal (Egoamo), energy of the lowest un-occupied molecular
orbital (Ezyar0), HOMO-LUMO energy gap (4E), electroneg-
ativity (y), global hardness (7), and fraction of electrons trans-
ferred during the metal-inhibitor interactions (AN) were
computed by following DFT-Koopman’s theorem, as
described elsewhere (Abdulazeez et al., 2019) and summarized
in Table S1. To calculate the fraction of transferred electrons,
theoretical values of 7.0 eV and 0 were assigned to yg. and N,
respectively. In order to simulate aqueous medium, Tomasi’s
polarized continuum model-self consistent reaction field
(PCM-SCRF) was adopted with water as the selected solvent
(Tomasi et al., 2005). All calculations were conducted with
the Gaussian 09 package data extraction (Frisch et al.,
2009), visualization, and analysis were accomplished using
GaussView 5.0 graphical user interface (Dennington and
Millam, 2009).

2.6. Surface characterization

Field-emission scanning electron microscope (FESEM) analy-
sis was conducted for a mild steel specimen with dimensions of
1.0 x 1.0 x 0.2 cm, immersed in 50 ml of 1.00 M HCI with and
without the inhibitors for 24 h. At the end of 24 h, the speci-
men was rinsed with anhydrous ethanol and deionized water
and dried at room temperature. FESEM micrographs were
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recorded using a TESCAN LYRA 3 field-emission scanning
electron microscope equipped with an energy-dispersive X-
ray spectroscope (EDX) detector.

2.7. Synthesis of inhibitors

2.7.1. Part 1: Preparation of Docos-13-enoyl chloride 1

Dimethylformamide (DMF; 5 ml) in dry benzene and a solu-
tion of 13-docosenoic acid (0.5 g, 0.0015 mol) were placed into
a one-necked round bottom flask. The flask was equipped with
a condenser. A dropping funnel was used to slowly add phos-
phorus oxychloride (POCI;) to the mixture given the endother-
mic nature of the reaction. The mixture was stirred for 10 min
and heated in oil for 1 h at 90 °C. The mixture was rotary
evaporated for 10 min to remove all the solvent. The 13-
docosenoyl chloride thus-made was used for additional reac-
tion in the second part.

2.7.2. Part 2: Preparation of 13-docosenoic amides

A primary or secondary aliphatic and aromatic amine, namely
(aniline, o-anisidine, methylamine, ethylamine, diethyl amine
I-naphthylamine, 3-amino-1,2,4-triazole-5-thiol, and
thiophene-2-ethylamine; 0.0015 mol) in dry benzene (30 ml)
was placed into a round-bottom flask. A guard tube was used
with the flask. A dropping funnel was used to introduce the
mixture, which was then stirred for 45 min. When the reflux
temperature was reached, the reaction mixture was stirred
for 12 h while gradually cooling to room temperature (TLC,
n-hexane: ethyl acetate, 7:3, v:v). The mixture was firstly
washed with petroleum ether at 40-60 °C then at 80-100 °C.
All solvents were removed and evaporated with a rotary evap-
orator to afford 13-docosenoic acid amides 2, 3, 4, 5, 6, 7, 8,
and 9 respectively.

2.7.2.1. Preparation of Docos-13-enoic acid phenyl amide 2.
Yield (95%), as brown oil. IR (KBr): v = 2928, 2852, 1435,
1375, 3010, 3022, 1627, 1599, 3324, 1665, 1557 and
1266 cm~'. '"H NMR, &: 0.86(t, 3H, —CH3); 1.24-1.33(q,
28H, —CH,—CH,—CH,); 1.56(m, 2H, —CH,—CH,CONH—);
1.98(q, 4H, =—CH—CH,—CH,—); 2.30(t, 2H, —CH,-
—CONH—); 5.33(t, 2H, —CH—CH—); 7.00-7.82(m, 5H,
=CH— Aromatic); 12.25(br, |H, —NH—). '*C NMR, &:
14.10 (1C, —CHs); 22.69(1C, —CH,—CH3); 26.52(1C, —CH,-
—CH,CO—); 27.222C, —CH,—CH=); 29.17-32.61(13C,
—CH,—); 34.10 (1C, —CH,—CO—NH); 122.4-130.36(5C,
=CH— Ar); 13438QC, —CH=—CH—); 170.04(1C,
=C—NH— Ar); 178.99 (1C, —CONH). Co3sH4/NO (413.37):
Calc. %, C, 81.29; H, 11.45; N, 3.87, Found%: C, 81.34. H,
11.40; N, 3.41.

2.7.2.2. Preparation of Docos-13-enoic acid (2-methoxy phenyl)
amide 3. Yield (96%) as a light brown oil. IR (KBr): v = 2922,
2839, 1443, 1332, 3009, 3011, 1630, 1616, 3345, 1742, 1575,
1210 and 1274 cm™'. 'H NMR, &: 0.86(t, 3H, —CH3); 1.24—
1.33(q, 28H, —CH,—CH,—CH)); 1.69(m, 2H, —CH,—CH,-
CONH—); 1.94(q, 4H, —CH—CH,—CH,—); 2.25(t, 2H,
—CH,—CONH—); 3.87(s, 3H, —OCH,;); 5.87(t, 2H,
—CH—CH—); 6.85-7.37(m, 4H, —CH Ar); 11.79(br, 1H,
—NH—). 13C NMR, §: 14.10 (1C, —CH3); 22.68(1C, —CH>-
—CHs;); 25.30(1C, —CH,—CH,CO—); 27.22(2C, —CH,-

—CH=);  28.34-32.61(13C, —CH,—); 3395 (IC,
—CH,—CO—NH); 56.05(1C, —O—CH3); 112.27—125.81(4C,
—CH— Ar); 12845(1C, NH—C—Ar); 130.002C,
—CH—CH—):  154.48(1C, —C—OCH;):172.00 (IC,

—CONH). CyyH49NO, 443.38): Calc. %, C, 78.50; H, 11.13;
N, 3.16, Found%: C, 78.52; H, 11.15; N, 3.11.

2.7.2.3. Preparation of Docos-13-enoic acid methyl amide 4.
93% yield as a brown oil. IR (KBr): v = 2919, 2850, 1461,
1366, 3011, 1631, 3340, 1681, 1525 and 1226 cm™'. 'H
NMR, 3&: 0.86(t, 3H, —CHj3); 1.24-1.33(q, 28H, —CH,—CH,-
—CH,); 1.61(m, 2H, —CH,—CH,CONH—); 1.99(q, 4H,
=CH—CH,—CH,—); 2.31(t, 2H, —CH,—CONH—); 2.79(s,
3H, —NH—CHs;); 5.36(t, 2H, —CH—CH—); 7.25(br, 1H,
—NH-). *C NMR, &: 14.01 (1C, —CH;); 22.69(1C, —CH,-
—CHs); 24.72(1C, —CH,—CH,CO—); 25.79(1C, —NH—CH3);
27.23(2C, —CH,—CH=); 29.09-32.61(13C, —CH,—); 33.91
(1C, —CH,—CO—NH); 130.302C, —CH=CH-—); 179.06
(1C, —CONH). C»3H4sNO (351.35): Cale. %, C, 78.57; H,
12.90; N, 3.98, Found%: C, 78.60; H, 12.92; N, 4.00.

2.7.2.4. Preparation of Docos-13-enoic acid ethyl amide 5. 95%
yield as a brown oil. IR (KBr): v = 2929, 2843, 1435, 1375,
3010, 1626, 3324, 1731, 1520 and 1200 cm™'. "H NMR, &:
0.86(t, 3H, —CH3); 1.20(s, 3H, —NH—CH,—CH3;); 1.24-1.33
(g, 28H, —CH,—CH,—CH,); 1.63(m, 2H, —CH,—CH,-
CONH—); 1.97(q, 4H, —CH—CH,—CH,—); 2.32(t, 2H,
—CH,—CONH—); 3.27(m, 2H, —NH—CH,—); 5.35(t, 2H,
—CH=CH—); 8.6(br, 1H, —NH—). '*C NMR, §&: 14.10 (1C,
—CHs;); 14.85 (1C, —CH3); 22.69(1C, —CH,—CH3); 25.80
(1C, —CH,—CH,CO—); 27.22(2C, —CH,—CH=—); 29.09-
32.70(13C, —CH,—); 34.17 (1C, —CH,—CO—NH); 34.70
(1C, —NH—CH,); 130.36(2C, —CH—CH—); 179.77 (1C,
—CONH). C54H4;NO (365.37): Calc. %, C, 78.84; H, 12.96;
N, 3.83, Found%: C, 78.79; H,12.93; N, 3.83.

2.7.2.5. Preparation of Docos-13-enoic acid diethyl amide 6.
96% yield as brown oil. IR (KBr): v = 2924, 2840, 1445,
1377, 3009, 1600, 1742 and 1226 cm™'. '"H NMR, &: 0.79(t,
3H, —CHs); 1.18(t, 6H, —NH—CH,—CHj3); 1.29-1.33(q,
28H, —CH,—CH,—CH,); 1.55(m, 2H, —CH,—CH,CONH—);
1.93(q, 4H, —CH—CH,—CH,—); 2.24(t, 2H, —CH,-
—CONH—); 3.27(q, 4H, —NH—CH,—); 5.30(t, 2H,
—CH=—CH—). 'C NMR, &: 14.09 (1C, —CH,); 13.07 (2C,
—CH;); 22.67(1C, —CH,—CHs;); 24.74(1C, —CH,—CH,-
CO—); 25.59(2C, —CH,—CH=—); 29.01-30.90(13C, —CH,—);
32.60 (1C, —CH,—CO—N); 41.36(2C, —N—CH,); 130.3(2C,
—CH—CH—); 172.24 (1C, —CONH). C,sH35;NO (393.40):
Calc. %, C, 70.32; H, 13.06; N, 3.56, Found%: C, 70.35; H,
13.11; N, 3.60.

2.7.2.6. Preparation of Docos-13-enoic acid naphthalene-1-yl
amide 7. 97% yield as a brown oil. IR (KBr): v = 2923, 2853,
1475, 1376, 3011, 1627, 3381, 1741, 1578 and 1227 cm™'. 'H
NMR, & : 0.86(t, 3H, —CH3); 1.24-1.33(q, 28H, —CH,—CH,-
—CH,); 1.61(m, 2H, —CH,—CH,CONH—); 1.96(q, 4H,
=CH—CH,—CH,—); 2.33(t, 2H, —CH,—CONH—); 5.36(t,
2H, —CH=—CH—); 7.34-7.86(m, 7H, —CH— Aromatic);
7.93(br, 1H, —NH—). 3C NMR, & : 14.01 (1C, —CHj;);
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22.69(1C, —CH,—CH,;); 24.27(1C, —CH,—CH,CO—); 27.30
(2C, —CH,—CH=—); 29.85-32.60(13C, —CH,—); 34.01 (1C,
—CH,—CO—NH); 109.4-128.3(9C, —CH— Ar); 132.32(2C,
—CH—CH—); 134.16(1C, —C—NH— Ar); 179.50 (IC,
—CONH). C3,H4NO (463.38): Calc. %, C, 82.88; H, 10.65;
N, 3.45, Found%: C, 82.92; H, 10.63; N, 3.49.

2.7.2.7. Preparation of Docos-13-enoic (5-mercapto-2H-
[1,2,4]triazole-3-yl) amide 8. Yield (94%) as a yellow oil. IR
(KBr): v = 2916, 2862, 1443, 1357, 3010, 1620, 3270, 3140,
1631, 1515, 1220 and 2540 cm™'. '"H NMR, &: 0.87(t, 3H,
—CH3); 1.24-1.33(q, 28H, —CH,—CH,—CH)); 1.63(m, 2H,
—CH,—CH,CONH—); 1.96(q, 4H, =CH—CH,—CH,—);
2.34(t, 2H, —CH,—CONH—); 4.20(br, 1H, —SH); 5.42(t,
2H, —CH=—CH—); 8.3(br, 2H, —NH—). '3C NMR, &: 14.11
(1C, —CH3;); 22.69(1C, —CH,—CH3;); 24.73(1C, —CH,—CH,-
CO—); 27.23(2C, —CH,—CH=); 29.08-32.61(13C, —CH,—);
34.18 (1C, —CH,—CO—NH); 131.7(2C, —CH=CH—); 142.0
(1C, =C—SH); 148.0(1C, =C—NH-—triazole); 172.0 (1C,
—CONH). Cy,H44N,4,OS (436.32): Cale. %, C, 66.01; H,
10.16; N, 12.83; S, 7.34, Found%: C, 66.05; H, 10.12; N,
12.85; S 7.32.

2.7.2.8. Preparation of Docos-13-enoic(2-thiophen-2-yl-ethyl)-
amide 9. 96% yield as a brown oil. IR (KBr): v = 2920, 2843,
1443, 1377, 3011, 1631, 3320, 1630, 1536 and 1200 cm~'. 'H
NMR, & : 0.86(t, 3H, —CHj3); 1.24-1.33(q, 28H, —CH,—CH,-
—CH,); 1.55(m, 2H, —CH,—CH,CONH—); 1.96(q, 4H,
—CH—CH,—CH,—); 2.14(t, 2H, —CH,—CONH—); 3.01(t,
2H, —CH,—CH,—NH—); 3.50(t, 2H, —NH—CH,—); 5.33(t,
2H, —CH=—CH—); 6.82—7.14(m, 3H, =—CH— thiophene);
7.38(br, 1H, —NH—). '3C NMR, 3: 14.30 (1C, —CHj,); 22.69
(1C, —CH,—CHs;); 25.70(1C, —CH,—CH,CO—); 27.68(2C,
—CH,—CH=); 29.70-32.94(13C, —CH,—); 34.40 (1C, —CH>-
—CO—NH); 32.60(1C, —NH—CH,—CH,—); 42.9(1C,
—NH—CH,—CH,—); 123.76-126.97 (3C, =—=CH— thiophene);
130.372C, —CH=—CH—); 141.46(1C, =—C—S— thiophene);
179.21 (1C, —CONH). C,gH4NOS (447.35): Calc. %, C,
75.11; H, 11.03; N, 3.13; S, 7.16, Found%: C, 75.10; H,
11.00; N, 3.60; S, 7.20.

3. Results and discussion

3.1. Characterization of 13-docosenoic amides

The new amide derivatives 2, 3, 4, 5, 6, 7, 8, and 9 were
prepared in excellent yields from low-cost materials: aniline,

o-anisidine, methylamine, ethylamine, diethyl amine 1-
naphthylamine, 3-amino-1,2,4-triazole-5-thiol, and
thiophene-2-ethylamine, respectively, with 13-docosenoic acid,
as shown in Schemes 1, 2, and 3.

The FTIR spectra of compounds 2, 3, 4, 5,6, 7, 8, and 9
show bands in the regions of 2915-2930 and 2840-
2855 cm ™' corresponding to C—H stretching and bands at
3010-3025 and 1600-1630 cm ™! for =C—H, C=C aromatic,
and alkene stretching, respectively. New amide bands
appeared in the regions of 1630-1740 and 3320-3380 cm ™
for —C=—0 and N—H, respectively. The profile of compound
6 showed no N—H amide stretching in this region. A new band
appeared at 1210 cm™' due to the methoxy group for com-
pound 3. Furthermore, the 'H NMR spectra of the amide
derivatives 2, 3, 4, 5, 6, 7, 8, and 9 showed major signals for
(—CHj;) at 6 0.79-0.87, (—CH,—CONH) at ¢ 2.14-2.34;
(—CH,—CH,—CH,—) at § 1.24-1.33; (—CH—CH,CH,—) at
o 193-199; (CH,CH,CONH—) at &6 1.55-1.69;
(—CH—CH—) at ¢ 5.33-5.78; and (br, —NH—) at § 7.25-
12.25. Compounds 2, 3, and 7 showed new aromatic protons
(=CH— Ar) at 0 6.85-7.86. Moreover, compound 6 showed
a signal of (—NH—CH,—) at ¢ 3.27. New signals appeared
at 6 3.01, 3.50, and 7.38 for (—CH,—CH,—NH—),
(—NH—CH,—), and (br, —SH), respectively, for compound
9. The '*C NMR spectra of 2, 3,4, 5, 6, 7, 8, and 9 presented
major carbon signals at 6 13.07-14.30 corresponding to
(—CHjs;). Signals were also observed at 6 22.67-22.69 (CH,-
—CHs3); 0 24.27-26.52 (—CH,—CH,CO—);  25.59-27.68
(—CH,—CH=); 6 28.34-32.94 (13C, —CH,—); 6 32.60-33.91
(—CH,—CO—NH); ¢ 172.01-179.50 (1C, —CONH); and §
130.00-134.38 (—CH=—CH—). New signals appeared at ¢
25.79, 34.70, and 41.36 corresponding to (1C, —NH-CH3),
(1C, —NH—CH),), and (2C, —N—CH,) for compounds 4, 5,
and 6, respectively. Compound 3 showed a methoxy signal at
0 56.05 for (—O—CH;) and a signal at 0 154.48 for
(—=C—OCH3). Furthermore, the compounds showed aromatic
carbon signals at 109.4-130.36 for (—CH— Ar) and 128.45-
170.04 to (—=C—NH— Ar) for compounds 2, 3, and 7. Com-
pound &8 showed signals at ¢ 142.0 and 148.0 for (1C,
=—C—SH) and (1C, =C—NH—triazole), respectively. On the
other hand, compound 9 presented major signals at ¢ 32.60,
42.90, 123.76-126.97, and 141.46 for (1C, —NH—CH,—CH,-
—) and at 429 (1C, —_NH—CH,—CH,—), 123.76-126.97
(3C, =CH— thiophene), and (1C, =—=C—S— thiophene). The
results of preliminary weight loss corrosion rate measurement
after 96 h of immersion of mild steel in 1.00 M HCI in the
absence and presence of the inhibitors 2, 3, 4, 5, 6, 7, 8, and

CH; CH;
OH POCI, cl
_—
DMF/benzene
(6]
0 90°C
@
Scheme 1  Schematic diagram of synthesis of acid chloride (1).
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Scheme 2 Schematic diagram of synthesis of acid amide derivatives (2-5).

9 are presented in Fig. 1. The results reveal that in the presence
of molecules 2 and 7 having one and two aromatic functional-
ities in their molecular structure, the corrosion rate of the mild
steel was minimal, indicative of higher corrosion inhibition
efficiencies. Hence, these species were selected for further
studies.

The surface of the mild steel specimens immersed in 1.00 M
HCl in the absence and presence of 100 ppm of the inhibitors
(compounds 2 and 7) at room temperature for 24 h was char-
acterized. The results reveal that the morphological features of
the specimen immersed in the electrolyte without the inhibitors
(Fig. 2b) suffered severe corrosion attack leading to the forma-
tion of pits all over the surface, compared to the freshly pol-
ished specimen (Fig. 2a). Corrosion was, however, minimized
on the specimens immersed in the electrolyte containing
100 ppm of compound 2 (Fig. 2¢) and compound 7
(Fig. 2d). This clearly indicates the propensity for adsorption
of the molecules on the surface of the metal to form protective
films and suppress corrosion attack, as found from the prelim-
inary gravimetric corrosion measurements.

3.2. Effect of concentration and temperature

The corrosion inhibition efficiencies and corrosion rates of the
mild steel samples exposed to varying concentrations of 2 and
7 (50-500 ppm) are presented in Table 1. As shown in the
table, the corrosion inhibition efficiencies of the molecules
increased with increasing concentration due to the greater sur-

face coverage of the metal by the molecules. Optimum efficien-
cies of 90.3% and 96.8% were achieved at 500 ppm and 298 K
for 2 and 7, respectively, making 7 an excellent inhibitor of
mild steel corrosion in acidic medium. Donor heteroatoms
and aromaticity have been identified as key factors that con-
tribute to the corrosion inhibition efficiency of organic mole-
cules (He et al., 2014; Abdulazeez et al., 2019). It is therefore
anticipated that compound 7 having more aromatic character
and hence greater ability to serve as a donor-center for the
empty d orbital of the metal atoms would exhibit greater cor-
rosion inhibition efficiency.

The impact of temperature on the corrosion inhibition effi-
ciency of the molecules was further examined, as presented in
Table 1. Increasing the temperature of the solution led to a
decrease in the corrosion efficiency of the molecules. This is
because at elevated temperatures, the electrostatic force of
attraction between the atoms of the metal and adsorbed inhi-
bitor molecules is weakened and the rate of dissolution of
the mild steel sample increases. Thus, this result establishes
that adsorption of the inhibitor molecules on the surface of
the metal occurs mainly through electrostatic attractions
(Hamdy and El-Gendy, 2013). With increasing temperature,
the corrosion inhibition efficiency of 7 did not change signifi-
cantly because of its capability for strong adsorption on the
surface of the metal, forming a protective inhibitor sheath,
which shields the metal from corrosion attack. The results of
the temperature studies reveal that molecule 7 exhibits a
remarkable inhibition efficiency of 95% at 60 °C (333 K).
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Scheme 3  Schematic diagram of synthesis of acid amide derivatives (6-9).

Fig. 2 FESEM micrographs of (a) freshly polished mild steel specimen, (b) specimen immersed in 1.00 M HCI in the absence of
inhibitors, (c) specimen immersed in 1.00 M HCI containing 100 ppm of compound 2, (d) specimen immersed in 1.00 M HCI containing
100 ppm of compound 7.
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Table 1 Weight loss data at different concentrations (50-500 ppm) and temperature (298-333 K).

Inhibitor conc. (ppm) 298 K 313 K 333 K

C.R / mmpy (S} n% C.R / mmpy (S] n% C.R / mmpy (G} n%
Blank 7.304 - - 10.50 - - 15.65 - -
()]
50 3.243 0.556 55.6 5.303 0.495 49.5 8.611 0.450 45.0
100 2.194 0.700 70.0 3.266 0.689 68.9 5.135 0.672 67.2
200 1.767 0.758 75.8 2.730 0.740 74.0 4.305 0.725 72.5
400 0.978 0.866 86.6 1.837 0.825 82.5 3.131 0.800 80.0
500 0.708 0.903 90.3 1.375 0.869 86.9 2.254 0.856 85.6
)]
50 2.636 0.639 63.9 3.938 0.625 62.5 6.262 0.600 60.0
100 1.846 0.747 74.7 2.856 0.728 72.8 4.462 0.715 71.5
200 1.322 0.819 81.9 2.047 0.805 80.5 3.256 0.792 79.2
400 0.754 0.896 89.6 1.197 0.886 88.6 1.957 0.875 87.5
500 0.233 0.968 96.8 0.451 0.957 95.7 0.782 0.950 95.0

The interaction between the inhibitor molecules and surface
of the metal was further investigated from the adsorption iso-
therms. Some commonly used adsorption isotherms are the
Langmuir, Frumkin, and Temkin isotherms, each of which
relates the surface coverage (6) to the concentration of the inhi-
bitor molecules according to a set of given equations (Ramesh
Saliyan and Adhikari, 2008).

The experimental data from the weight loss studies were fit-
ted to the Langmuir adsorption isotherm according to Eq. (4):
C 1
0 - Kud,&' * ¢ (4)
where K, is the adsorption equilibrium constant. A plot C/0
vs. C for molecules 2 and 7 (Fig. S1) gave linear fits with slopes
of 1.0340, 1.0739, and 1.0846 at 333, 313, and 298 K for 2 and
0.9877, 0.9954, and 0.9992 at 313, 298, and 333 K for 7, respec-
tively. Equation (5) was used to compute the Gibbs free energy
of adsorption (Ramesh Saliyan and Adhikari, 2008):

AGugs = —RTIn(1 x 10°K ) (5)

where 1 x 10° is the water concentration in mg L™, Typically,
AG 45 values exceeding —40 kJ mol ™! are related to chemisorp-
tion, while values less than —20 kJ mol~! are generally attribu-
ted to physisorption. As shown in Table 2, the 4G, values of

Table 2 Langmuir adsorption data of 2 and 7 at different
temperatures.

Inhibitor Temperature /| Kads (x1072) / AG,qs |
K Lmol ™! kJmol ™!
298 2.27 —24.8

?) 313 2.13 -25.9
333 1.89 -27.3
298 2.71 —25:3

@) 313 2.56 —26.4
333 2.38 -27.9

the molecules are intermediate between those of the two clas-
sifications, suggesting that the molecules undergo both chemi-
cal and physical adsorption on the surface of mild steel
(Ramesh Saliyan and Adhikari, 2008; Luo et al., 2017).
Furthermore, the activation energy for the corrosion of
mild steel in 1.00 M HCI in the presence and absence of 2
and 7 were computed by applying the Arrhenius equation

(Eq. (6)):

E,
logCR:m—HogA (6)
where T is the absolute temperature, 4 is the Arrhenius pre-
exponential factor, and R is the ideal gas constant
(8.314 J K~ mol™!). A plot of log (CR) against the reciprocal
of temperature gave straight lines for both the blank medium
and the medium containing the inhibitors, as shown in
Fig. 2a and b. The values of E, obtained from the slopes
(Table 3) reveal that the activation energy increased from

Table 3 Activation parameters of mild steel corrosion in the
presence of (2) and (7) molecules.

Medium  E, / kJmol™!  AH* / kJmol™'  AS* / Jmol 'K ™!
Blank 18.03 37.68 —179.3
(V)]

50 23.38 60.75 —173.8
100 20.15 54.51 —177.1
200 21.34 60.08 —175.8
400 29.61 91.10 —167.1
500 30.06 94.24 —166.8
(@)

50 20.46 53.84 —176.8
100 21.20 59.20 —176.0
200 21.70 64.05 —175.3
400 22.95 72.99 —173.8
500 26.29 87.88 —171.8
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18.03 kJ mol™" for corrosion in the blank medium to 30.06 kJ -
mol~" and 26.29 kJ mol™! at 500 ppm in the presence of 2 and
7, respectively. This indicates that addition of the inhibitors
reduced the rate of corrosion by increasing in the activation
barrier for the dissolution of mild steel. The thermodynamic
functions, including the standard entropy of activation (45%*)
and the standard enthalpy of activation (4H*) were computed

by applying Eq. (7):

CR —AH" { R AS* }

log (7)

T ~3303RT 8N T 2303R

where N is Avogadro number and h is Planck constant. By
plotting log (CR/T) against the reciprocal of the temperature,
intercepts [log(R/Nh) + A45%/2.303R] and straight slope lines
[-4H*/2.303R] were obtained, as shown in Fig. 3c and d for
2 and 7, respectively. The results are summarized in Table 3.
The results reveal an increase in the enthalpy of activation
(4H*) with an increase in the inhibitor concentration, which
suggests that the decrease in the corrosion rate in the presence
of the inhibitor molecules is mainly controlled by kinetic
parameters (Aljourani et al., 2009). A gradual increase in the
entropy of the system (4S5*) was also observed upon addition
of the inhibitor molecules. This indicates that in the presence
of the inhibitors, the disorderliness decreases in the course of
transition from the reactants to the activated complex, which
is reflected as an overall decrease in the corrosion rate
(Abdulazeez et al., 2019) Comparing the inhibitive perfor-
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g_ ]
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] d
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¢ y=-1.0522x +3.8729
dd. y=-1.1148x+3.9898 f
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mance of the studied molecules with those of other reported
molecules with similar molecular structures (Table 4) revealed
that the molecules performed satisfactorily and could serve as
inhibitors of mild steel corrosion in acidic medium (Abdel
Hameed et al., 2018; Kannan et al., 2018; Xu et al., 2017;
Khanra et al., 2018; Wu et al., 2019; Farhadi et al., 2017;
Zhang et al., 2019; Gerengi et al., 2018; Rai et al., 2018;
Khalaf et al., 2020; Frisch et al., 2009) (see Table 5).

3.3. Computational results

The lowest energy conformers representing the most stable
geometries of the molecules 2, 3, 4, 5, 6, 7, 8, and 9 are pre-
sented in Figs. 4 and 5. According to molecular orbital theory,
the degree of interaction between two reacting molecules
depends on the distribution and energy levels of their frontier
orbitals (Pople and Gordon, 1967). Hence, to understand the
underlying mechanistic processes leading to the observed inhi-
bitive properties of the molecules under study, the distribution
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), as well as the
energy gap maintained between the levels, were inspected.
Frontier orbital inspection of the molecules in Figs. 4 and 5
revealed that the HOMO and LUMO orbitals are distributed
over the substituents across the amide functional group as well
as the respective heteroatoms for all molecules except
compounds 4, 5, and 6 for which the HOMO orbitals are

(b) 24
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Fig. 3  Arrhenius plots (a, b) and transition state plots (c, d) of mild steel corrosion in 1.00 M HCI in the presence of (2) (a, c¢) and

(7) (b, d).
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Table4 Comparison of the inhibitive performance with other reported molecules (Abdel Hameed et al., 2018; Kannan et al., 2018; Xu
et al., 2017; Khanra et al., 2018; Wu et al., 2019; Farhadi et al., 2017; Zhang et al., 2019; Gerengi et al., 2018; Rai et al., 2018; Khalaf

et al., 2020).

Inhibitor Test medium  Method of evaluation Metal coupon  IE%  Ref.

Heterocyclic amide derivatives 1.0 M H,SO;  Gravimetric, PDP Carbon steel 95%  (Abdel Hameed et al., 2018)
Carboxamide derivatives 1 N HCI EIS Carbon steel 98% (Kannan et al., 2018)
Fatty acid soap 3.5% NaCl EIS Copper 96%  (Xu et al., 2017)
Fatty acid derived from microalgae 1.0 M HCI Gravimetric, EIS Mild steel 95%  (Khanra et al., 2018)
Fatty acid derivative 3.5% NaCl EIS Mg alloy - (Wu et al., 2019)
Fatty acid derivative 3.5% NaCl PDP Mg alloy = (Farhadi et al., 2017)
Fatty acid derivative 3.5% NaCl EIS Copper 99%  (Zhang et al., 2019)
Nitrone-based fatty acid 1.0 M HCI Gravimetric, PDP, EIS  Steel 95%  (Gerengi et al., 2018)
Fatty acid derived from microalgae 1.0 M HCI Gravimetric, EIS Mild steel 96%  (Rai et al., 2018)
Surfactant derived from cooking oil 1.0 M HCI EIS, PDP Steel 98%  (Khalaf et al., 2020)
Amides derived from natural fatty acid 1.0 M HCl Gravimetric Mild steel 96%  (Present study)

PDP: Potentiodynamic polarization, EIS: Electrochemical impedance spectroscopy.

Table 5 Quantum chemical reactivity descriptors of non-protonated molecules at B3LYP/6-31g(d).

Electronic properties Compounds
() (3) 4 (5) (6) (7) () ©)
Enowmo (€V) —6.10 —6.09 —6.31 —6.31 —6.31 —5.73 —6.25 —6.12
ErLumo (€V) —0.34 ~0.29 0.84 0.85 0.81 ~1.17 ~0.20 ~0.20
AE (eV) 5.75 5.79 7.15 7.17 7.12 4.55 6.04 591
x (eV) 3.22 3.19 2.73 2.73 2.75 3.45 3.23 3.16
n (eV) 2.87 2.89 3.57 3.58 3.56 2.27 3.02 2.95
AN 0.65 0.65 0.59 0.59 0.59 0.77 0.62 0.64
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Fig. 4 Optimized geometries and frontier orbital distributions of molecules (2) to (5) at B3LYP/6-31g(d).

distributed over the double-bond present in the aliphatic frag-
ment of the compounds. This reveals the tendency of the mole-
cules to donate charge from the electron-rich centers to the
vacant d-orbitals of the metal and their ability to accept
back-donation from the atoms of the metal, leading to the for-
mation of strongly adsorbed films that protect the metal from
corrosion attack. The HOMO-LUMO energy gap (4E) is a
measure of the reactivity of a molecule and reveals the charge

transfer characteristics of the molecule. It is generally believed
that molecules having lower AE values exhibit higher charge
donation capability and act as better corrosion inhibitors
(Abdulazeez et al., 2019). Comparison of the AE values of
the molecules, summarized in Table 4 (non-protonated mole-
cules) and Table S2 (protonated molecules), shows that mole-
cules 2 and 7 having energy gaps of 4.556 and 5.756 eV,
respectively, are predicted to possess higher propensity
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Fig. 5 Optimized geometries and frontier orbital distributions of molecules (6) to (9) at B3LYP/6-31g(d).

towards charge donation to the atoms of the metal and conse-
quently higher corrosion inhibitive tendencies. This is attribu-
ted to the presence of aromatic groups on the molecules that
serve as centers for electron donation to the metal atoms, in
agreement with the results obtained from the gravimetric cor-
rosion measurements. Similar results were obtained for the
protonated molecules, as presented in Table S2.

Electronegativity () depicts the electron attracting power
of a molecule and is used to indicate the tendency of a given
molecule so serve as an effective corrosion inhibitor. In line
with the Sanderson’s principle of equalization (Sanderson,
1976), molecules having higher electronegativities rapidly
attains equalization with atoms of the metal and such mole-
cules exhibits lower corrosion inhibitive performance. How-
ever, having higher electronegativity could favor the rapid
acceptance of electron back-donation from atoms of the metal
leading to higher corrosion inhibitive performance. Hence,
comparing  values among the molecules revealed that mole-
cules 2 and 7 having values 3.226 eV and 3.456 eV, respectively
could serve as effective inhibitors of mild steel corrosion in
acidic medium, in agreement with the experimental data.

The resistance of a given molecule to electron density dis-
tortion is measured by its global hardness (n) (Parr et al.,
1999, 1991). According to the hard-soft acid-base theory
(HSAB) (Geerling and Prof, 2003), molecules having higher
7 values are mostly less reactive compared to those with lower
n values due to their lower propensity to donate charges.
Therefore, an effective corrosion inhibitor is the molecule hav-
ing lower n value in addition to other electronic properties. A
closer look at the n values of the molecules (Table 1) revealed
that molecule 2 and 7 having values of 2.878 eV and 2.278 eV
possess higher tendencies to serve as effective inhibitors of mild
steel corrosion compared to other molecules, in agreement
with the experimental corrosion studies.

AN represents the fraction of electrons transferred from the
inhibitor molecules to atoms of the metal upon interactions. It
is usually used to indicate the direction of flow of electrons
between the inhibitors and atoms of the metal. Positive values
of AN indicates that electron are transferred from the inhibitor
molecules to atoms of the metal, while negative values repre-
sent the reverse case (Saha, 2015). Comparing values of AN

of the inhibitor molecules revealed that molecule 7 having
higher values of 0.778 in the non-protonated form (Table 4)
and 0.696 in the protonated form (Table S2) has the tendency
to serve as efficient inhibitors of mild steel corrosion, which
agrees with the experimental data. Overall DFT-based quan-
tum chemical calculations yielded results in good agreement
with gravimetric corrosion inhibition studies and revealed the
significance of aromaticity in the design of highly effective cor-
rosion inhibitors.

4. Conclusion

As corrosion inhibitors, a group of new amide derivatives (13-
docosenoic acid amides) was synthesized in high yields
(>90%) from 13-docosenoic acid with primary and secondary
aliphatic and aromatic amines, for the first time. The main
objective of the study was to synthesize inhibitor molecules
from fatty acids that would provide effective protection of
mild steel from corrosion in acidic media. The inhibitor having
more aromatic character performed better than the aliphatic
congener, where the former serves as a donor-center for the
empty d-orbitals of the metal atoms and exhibited a higher
corrosion inhibition efficiency of 96.8% at 500 ppm. Adsorp-
tion of the inhibitor molecules on the surface of mild steel fol-
lowed the Langmuir adsorption model and the values of the
free energy of adsorption (4G,y) indicated that the inhibitors
are adsorbed on the metal through a mixed physisorption and
chemisorption mechanism. The results are indeed very promis-
ing and pave the way for exploiting the excellent ability of
these amides to inhibit the corrosion of mild steel. Further
study has to be carried out to investigate the effectiveness of
the inhibitor molecules in acidic media for a longer duration
and with flowing systems using additional techniques for cor-
rosion inhibition study.
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